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The theory of nuclear electron capture is reviewed in the light
of current understanding of weak intaractioné._\ Exp—erimental methods
and results regg;ding-captpre probabilities, capture ratios, and
.EC/B+ ratios aré,summarize@l Radiative electron captuge is dis-
cus%ed; including both theory and-éxperiment. Atomic ‘wave-~function
overlap and electron exgh;nge effects are_covered, as are atomic
transitions thgp‘éccomp;ny'nuclaér electron capture. Tables are
provided.%o éss;st the reader in détermining quantitiés of intefest

for specific-cases.
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1. INTRODUCTION

1.1 History

L e v

In B decay, a nuciéﬁs can capture an electron {(or a positron)
insteaa'of em?tting one. ?his pégsibility, inherent in the Fermi
(1934) theory of B emission; was first suggested by,Yukawa and
Sakata (1935, 1936, 1937). fhe'density of atomic bound electrons at
the nucleus makes orbital electron capture significant, particularly
for,s electrons in heavy atomsl Detection of the emitted neutrino is
a major expérimegtﬁl wndertaking tﬁat has not yvet met with_success
(DaviE; et al., 1968; -see also Physics Today 25, August 1972,'pf 17;
Béhcall, 1972).' Even the nuclear recoil from neutrino emission is
very difficult t6 detect (Crane, 1948), unless extraordinary ingenuity
is ‘brought to ﬁéai {Goldhaber Sgﬂél-v 1938). X rays and Auger
electrons émitted in the deexcitation of the ionized ‘daughter provide
more ;éadily detectaple,Aalbéi%-ind;rect, signéls of the capture
pro;es;. -

,.Al;are% (1937) first gained experimental evidéﬁcg for the existence
_of huéiear electron captuxe by détectfng Ti K x;rags emitted in the
deday’bf 48§.R'A Geiger counter was emploved; pqsit;ons were bent
away;gy é magnétic fieid, and the x-ray energy was egtablished approxi-
mately from an Al absorption curve. Gamma-ray internal conversion
could not Be excluded as a possible origin of thé Ti K X rays. A

completely conclusive demonstration was brought about the following

yvear, when Alvarez {1938a, b} used differential absorption to identify



Zn X x rays from the decay of 67Ga. Related cloud-chamber experiments
were performed by Oldenburg (1938) and by Williams and Pickup (1938),
after an uasuccessful attempt by Jacobsen {1937)}. The capture of L
electrons was first cbserved by Kirkwood et al. (1948) and Pontecorvo
et al. (1949), who mixed radiocactive 37Ar with the gas in a proportional
counter and found a peak due to Cl L x rays in the spectrum. Dougan
(1961) first measured M-electron capture in 71Ge.

Following the work of Fermi (1934) and Yukawa and Sakata (1935,
1936, 1937), the theory of allowed electron capture was developad by
Bethe and Bacher {1936) and Mgller (1937a, b). Generalizations in-
cluding forbidden transitions were carried out by Marshak (1942},
Bouchez et al. {1950; Bouchez,- 1952}, Brysk and Rose (1958), Fuibtsrd (13€5)
Rotinsen (1965), Zweifel (1954, 1957, 195%),

h}pnﬁpinski {1966)., and Behrens and Ji3necke (1969), among others. The
subject has been reviewed by Robinson and Fink {1955, 1940}, Bouchez
and Depommier (1960), and Berénjg:i:.L 963}?\’ lg%z?‘tﬁ')o'c'iuctions‘ to the theory

are contained in the books by Schopper (1966) and Wu and Hoszkowski

(1966) .

1.2. Xnergetics
L P W W Y

We dencote by WO+1 the energy (mass) difference between parent and
daughter neutral atoms:

wo=su . -AEE |, (1-1)

in units such that hnmé=c=1. Here, AWnu is the energy difference

cl
between the parent nucleus (A,Z) and the daughter nucleus (A,Z-1).

The gquantity A lEEx] is the total change in electron binding enerqgy
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b_etween parent and-da'gghter atoms, which arises because all electron
energy levéls move up in the potential well as the nuclear charge
deqreases by one unit (the elgctro; cloud "expands"). The bindigg—
erge‘rgy charge A,ZExI is ﬁot I;egligible; it amounts to 20 keV for
2=85, for example.

Let Ex'-be the binding energy- of the captured'elgctron in t@e
daughter_ atom. We neglect the energy of atomic rec-oil from
neutrino emission; its 1arg§st.valﬁé, ;n 7Bg decay, ié oglj 57 eV.
Because of imperfeqﬁ'atpﬁic ﬁavg—function overlép; the dauéhter atom's

elegtronic ex'c'i)tation :energy-will exceed ,Exll by an amount that we

denote by ER' "The average of this rearrangement energy ER

, taken
over many atbms, is small {of the order of a few eV), but in those
ingividual £r§nsitions'iq ﬁhich.;ubﬁténtial shaﬁeup or shakeoff {in~
éernal ionizafion) oCccurs, ER can’ﬁe quife significaﬂt (Sec.'S).- The

neutrino energy is

g w; +1 - IE;'[‘- Eg (1-2)

or

q‘.z L A_IzEx[ +1 - |E};![ - Eg (1~3)

The atomic excitation energy.[Ex'] + By is,released'éféer the capture
event in a cascade of Auger and radiative transitions, except'for
energy carried into the continuum in shakeoff. The energy threshold

for electron capture from orbital x is

- AW

ey 21 F AIEEXI +_lE’x'l + By (2-4)

Positron emission is energetically possible, and competes with
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orbital. éTectron. capture (Segs. 3.4, 3.5) ‘if WQZL, or

A 2 3 ' . -5
LU l+A|EEx|+ER (1-5)

i.3. Atomic Effects.
P e Y

Nuc.:fliea:'c‘ electron c'aptufe by its very nature stands at the inter-~
face between I;uclear. and atomic physics. Only in the crudest of
aééroximations can the atomic e]:ectron cloud be treated as-merely the
donor .of the elgctrc:tn that ;i.s capturéd. Nevertheless, the importéncg '
of treating B decay.in general, .a.nd‘.electron :.;apj:ure__i_n particular, .as
tranéformatior-m of the vr;ole ‘atom was not- quantitativ‘elfy taken '-ini-:.o
account until ;Benbist—Gueutal._{JBSO_, _1953a, b)) wmrote. her thesis. .The
idea of including- atomic va;.:ia.ble_s in the description of initial 'and_

final states was pursued by Odiot and Daudel (1956} and formulated

eglegantly by Bahcall (1?623.,]_963a,‘b) .

The fact( that "the entire atom is transformed in electron-capture
decay is 'reflveqted m the- energetics {Sec. 1.2} and ih the effect of
imperfect atomic. wave—function o;rerlap on the transition rate (Sec.

T2.5). “Furthermore, atomi-c transitions such as shakeup az-').d shakeoff
(int;arnal ionization) can t;ake place as an integralqpa:_ct of the radio- .
a;-:ti:Ve. decay (Sec. 5), C_U:lite dist.i;nct from the Auger and x-ray cascade
through which the daughter atom is’ s'ﬁ,bse‘c‘iur‘ant}y déexcii;é;i. ’ .Atom'iq

effeéts’ in nuclear decay -have recently been reviewed by Emery (1972),

Crasemann (1973}, Freedman -(1974), and Walen and Briangon (1975).
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1.4. Radiative Electron Capture
MMWV\_W

The existence of a low~intensity continuous photon spectrum
accompanying B% decay was first observed by Aston (1927) anq Bramson
(1930)l . The basic theory of.radiaéive 8 decay was developed in-
dependently by Knipp and Uhlenbeck (1936), who were seeking an
explanation for the obsexrved phatqn continuum, and by‘Bloch {(1936),

who was unaware of the experimental work and was motivated by purely

theoretical considerations based on Fermi's theory of B decay'and
Diiac'g theory of the positron. Mgller (1937a, b) and Morrison and

Schiff (1940} pointed out that “internal brensstrahlung (IB} should be

!

-emitted.in the course of nuclear electron capture as well as in B

decay, and independently worked out the theory. Mgller {(1937a, b} in

particular, was interestéd in differentiating between the Fermi and

Kﬁngpiﬁéki—uhlénbeck couplings. Internal bfemgstréhlung fram electron
bapt#re yas first deteété@ by Bradt Eé.ilr {1946): A numbér-gf rgports
followed, describiné thefébéeryation-gf IB. at high energies; all of
these data we?g %onBistent with the Mor¥rison-Schiff ‘theory. - A étudy
of tﬁe SSFé_IB spectxum”by Padénsky'and Ragetti (19545, however,
sﬁéwéé.ah'ﬁnexpééteq étéég rise of tﬁe-IB intensi£y_at iow photon
ener;%es:' Tpe;e.daéa ﬁére @nly explaineé after Glauber and Martin
11956; ygrtin and Glaubér;:%9§8) developed an elaborate and much more
acgu?ate thebrj of IB in‘electron éapture, in whiép coulonb and
scrgeniné effects are taken into accougt and capture from L and M
shellé‘is included. Altﬂéugh originally restricted to a}lowed transi—

tions, this theory was later generalized to electron-capture trangitions
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of arbitrary degree of forbiddenness by Zon and Rapopo;i (1968; Zon,

1971).

1.5. significance
LY S N

Research_on electron-capture probabilities and ratios is being
pﬁrsue& as a faéet of basic science and because of the importance of
apﬁlications. ‘Eléctrpn capture plays a pért in the decay scﬁemes of
some . 500 radionuclides, “60 of which are commercially available.
Nuclear decay by electron capture is not only relevant to nuclear
scignée buat alse to geochemistry, cbsmology and astrophysics (Trimble
aﬁd Reineé, 19?3), nuclear medicine (Dillman, 1968, 1970), and -
t@ghhology. The measurement of K/B+ ratios is one of the more sensitive
ways of dete;migin?itpper)l@mi;_gnlthé Fierz interference term
(Schopper,- 1968). Ratios of allowed electron capture from various
shells are én@epepdept of_nuclea; factors and reflegt purely atomic
Pproperties; these ratios are sensitive t¢ bound-electrop wave func-
tions at the nuclear surface and to electron exchange and imperfect

atomiz wave~function overlap (Bahgall, 1962g, 1963a, b).
1.6, Scope of Review
MMM

In Sec. 2 of this article,.we discuss the theory of allowed and

forbidden nuclear electron-capture. Formulae and tables are providéd

that enable the reader .to calculate transition rates and ratios of
interest. Special attention is.paid, in Sec. 2.5, to electron-
exchange and atomic wave~function overlap effects on the transition

probqbility; Experimentsl methods for the measurement of electron-
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ecapture probabilities and ratios-and of EC/B+ ratios are described and
compared in Sec. 3. Published data ;re listed, critically evaluated,
and compared.with theory. In Sec. ;, the theory of radiative electron
capture and exgerimental work on internal bremsstrahlung are thoroughly
reviewed and tables for the calculation of IB spectra are provided.
Section 5 is dévoted to a discussion of atomic transitions that
accompany nuclear electron capture.

We have made an effort at compléteness in covering the subject.
Some information—ﬁas been included Ehat is now of merely historical
interest, but we have attempted to be adequately critiecal in thé final
evAiuation and‘comparison of resulkts. Meson qaptﬁre, though
interesting and closely related to our subject, has not been included.

We~hope-£hat this aéticlé may prove useful for both ‘theoretical
and experimental researéhers in need 6f a‘;omplete survey of.whaﬁ is
knéﬂn aboﬁt nuclear e;ecﬁ%oﬁ capture, and tﬁat it will be of help to

nuclear physicists and chemists and to workers in radionmuclide

metrology,  nucliear medicine, and.in related areas.
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2. ELECTRON-CAPTURE THEORY

2.1, The B Decay and Electron-Capture Hamiltonian
. ] - i 2

and Transition Rates
B e

Tt is usually assumed that all the weak interaction pro-
cesses can be described by a universal fundameﬁtal Hamiltonian
density (current~current interaction)(Marshak et
EEL°; 19693 Schopper, 1966; Blin~Stoyle, 1973). A general dis-
cussion of such phenomenological interaction currents in nu~
clear systems is given by Lock et al. (1974). TFor
the special case of nuclear P decay, this Hamiltonian density

hag the forml

HB(x) = =G

~1/2 + _
62 EIp(x)Lp(x) + h-c.] (2-1)

where Jp and Lp denote the hadron and the lepton ¢mrrent,
respectively. The B=decay coupling tomstant G5 is related to

the universal weak coupling constant G by

GB = G coso, (2=2)

where 8 is the Cabbibo angle.

Although Eq. (2-1) well describes such procesces as B and
1 decay, it represents an incomplete theory because it is not
renormalizable. Thus, higher~order corrections camnmot be cal-
culated. In the last few yéars, however, renormalizable models

1961,
(first proposed by Weinberguand Salam, 1968 ) have been developed.

NRIGINAL PAGE IS
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These models are based on gauge thecries unifying the weak and electro-
magnetic interactions (Abers and Lee, 1973; Lee, 1973; Bexnstein, 1974;
Weinberg, 1974; Beg and Sirlin, 1974). These gauge theories imply that

the weak interaction operates through a -neutral curxrent in addition to

the previously known charged current. Phenomena induced by neutral currents
occur mostly in high-energy physics, but they can be found in atomic physics
as well (Bouchiat and Bouchiat,'1974). Nevertheless, for the purposes of
the present paper, the Hamiltonian of Eg. (2-1) is sufficient and we shall
deal only with this form of the weak-interaction. theory.

In nuclear B decay, we must consider the three processes

(Z,8) + (Z+1,A) + e + ;; (g~ decay)
+ +
(Z,2) » (Z~1,A) + & + v, (B decay}
(2,8) + e = (z-1,a) + v, {electron capture).

—Here, {z,8) signifies an atomic nucleus of mass number A and atomic

number Z, e den;tes an electron and e+, a positron, ve is the neutrino,
and ;;, the antineutrino.

In order to discuss the general features of these weak-interaction
précessas and theii interrelations, we fiist consider the decay of a
éingle neutron or proton, assuming that the individual nucleons in the
nucleus are independent of one another and behave like free particles.

In the case of nuclear B decay, we need only the electron part

of the lepton current, which can be expressed as

Lu(x) = itpve(x)yu(l+w(5)gbe{x), _ (2-3}

. 3
where wv and we are the field operators2 and YA the Dirac matrices.
e
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The nucleons, unlike the leptons, interact strongly as well.
This leads to complications, and consequently it is not possi-
ble to express the hadron current so simply in terms of field
operators (Mirshak et al., 1969; Blin-Stoyle, 1973).
If; however, we apprdximately tredt the nucleons as poiat parti-
cles, neglecting the influence of the strong interaction, then

the hadron current is
= iv 3 2-4
Jp_( x) 1¢pT11( 1+h’5) 1 (2-1)

where A = "CA/CV = 1.251£0.009 (Kropf and Paul, 1974). The

Hamiltonian density then has the form

HB(x) = GBE-1/2{$p(x)Y11(1+M5)‘pn(X)—Je(X)Yﬂ(lHS)wve(X) + h.c. }
(2=5}

The corresponding transition matrix elements for the three basic

procegses in muclear B decay are

n+p+e + v, HB- = (:peﬁT)'e Iﬂg(x}d’:}x‘ﬂ;’ (2~6a)
prn+e + Vg MB+ = <ne+vel‘fHB(x)dl"xl p> (2-6b)
pre amay Moo = Savy| fms 000" v (260

with Hg(x) 'according to Eq. (2-5), the transition matrix elements

become
M _ = a2 20mty g )T v (1A )u 30T v (1+y)v ]
B~ = g Uty Ty - Hplyt T 5 Mg e Ty T 5/

e

(2~7a)
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MéJ, = Gﬁz-l/ 2 27c)l+6( t;n-qeqr:t-qve-qp).fi'n\rp( lle;j)uP;J Eﬁ'\,'-ru(lﬂs)"e]
{2-7b)

T m1/2,. b _ - _
Mpg = Gﬁa (2n) ﬁ(qn+que-qp—qe)£unyu(1+A75)uP][uﬁxp(l+75)ueJ.
(2~7c)

The gqls afq the fqurfmomenta of the particles indicated by the
subscripts, -and §(q) is ‘the ﬁirac delta functi&ni

- Equations ('2-'7)(.ha.ve been derived for the decay-of a single,
pqiht-iike'nucleon. 'T; consider the decay of é nucleon in s
complex nucleus, we transform the wave function used in Egs. (2-7)
:E‘r‘om momentum Qpac‘é to configuration space. . For this purpose,
fphg 3—dim9nsipn;1'moﬁent;m-depenéent_éart of tﬁe-délta function

ié réplacgd by
&(B) =‘(én)”?J;’iP'r&3r (2-8)

(Blin-Stoyle, 1973). We introduce the plane-wave snintinms of

the Diraczgquatioﬁhfqr the particles,

. iPeT
- > ¥
¢,(psT) = m € 2, (2-92a)
.and for the antiparticles, )
. T L
S - i T -ip.r i
o, (=B 0B = Cg (B ,7) = 'Yaq’é(l’a’;) = v e . (2-9b)

Here, a and b denote particles and antiparticles, respectively,

and C is the charge conjugation operator. We find

3 ~1/2 + & .
MB_,f EBE 2n6(Ep+Ee_+E§;-En)IﬁE(pp,r)Yp(l+lY5)

x ¢n(;nv9Fe-(§evF)Tu(lfT5)¢;; (~pz F9ry _ (2-10a)
- e e -
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-1/2 G
Myt = Gg2 2“6(En+Ee++Eve-Epﬂ$;(pn’r)Yu(1+AYE)
> &> o > ho3 o
x ¢P(pp,r)a‘ve(pve,r)'rp(1+75)¢ e+(-pe+,r)d r; {2~10b)
a4 a-L/2 o o
Moo = GﬁZ EEG(Enjike EP Ee-j‘¢n(pn,r)Tu(l+lY5)
> > > e )
x ¢5(Pye r)?ﬁ‘ve( P, )7, (1+75)9 (B, T)E7T (2-10c)

Inside the nucleus, we replace the nucleon plane waves by bound
spinor wave functions, and represent electrons or positrons by
wave functions which are solutions of the Dirac equation for an
extended charged nucleus surrounded by atomic electrons.u Fur=~
thermore, it is convenient to split off the delta function and
the factor 2n by writing My = 2nd (=) (e[ | 1)
The hadron parts of Bgse. ( 2-10a-c) can now be expanded into

multipoles (Schopper, 1966; Konopinski, 1956; Bouchez and De-

pommier, 1960; Weidenm#iller, 1961):
= K+M-M =M
[4: fYn(lJ"MBmi]YhY}: = E :(-1) agr (T Tr (8. (2-11)
KLsM
Here, i and f denote initial and final states, and
LM
TLLO = 1LYL {2=-128)
and
T, = (DY G (2~12b)

KL1

5

are the multipole operators.
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The expansion coefficients é;is(r) can be derived from the

relation

M - [ 4 M
() =.J s b (2-13)
Inserting Egs. 2-11) and (2-13) in Egs. (2-10a-c), we find for the
njatz:ix' elements
/ -1/2 K+H
<f| Hye Ii> = 6,2 KLZ:SM( -1) B 6 (1+M§)Tms¢n nucl]

x Ucb;’-'(jz)(lﬂ )TKIBqJ-( q)d91 ept]r dr; (2-1ka)

G e B [

. + ) - -M T . 2 ; .
. [ { %e(g)(1+Y?)?u5¢e+(-z>dglept] rPar; (2-11)

<f|HEc|i> g 2‘1/22( 1)K+Mj‘n¢ (1+MS)TKLS X nuci]

KLsM

£j¢ (q)(1+T5)TKLS¢ -(Z)dQlept]r dr. (2—145?

Here, q denotes the, momentum for neui:r:.no or a.ntineutr:.no, and
¢ +(+Z) is the electron or positron wave fnnctlon.in the Goulomb
f_:.eld of a nucleus of atomic nunmber 2. -

We ;expand‘ the electron (positron) and mewtrino (antinentrine) -
contlnnum vave functlons in partial spher1ca1 waves ¢ (Konopinskl,

1966; Schﬂlke, 19643 Weidenmﬂller, 3.961)

e e

-<z) = Za Yoz, (2-15a)
e
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®
¢, (@) = be N ¢, (0 (2-15b)

* — 3k e L 5
b 4(-B) = =Y 9 _(2) = D (-1 a% ., 4 (-2, (2-15¢)
K B e'e e
(-q) " (g @M g (2-15)
o (~q) = =v,p (g} = -1 b* ¢ =-qJ- -
Vo 2 v, S K Ky

The spherical waves ¢E here have the form

(sign m)fK(Z,r)XH;
&:(z) = , (2~16)
g (Tt
K K

where we have
gz = ;2 E C(z%j;y-mm)Yzwam, (2-17)
- -

the x™ (m:ﬁ%) are two-component Pauli spinors, the C(E%ﬁiu‘mm)

are Clebsch~Gordan coefficients, and the Yﬁ are spherical har-

monics. The index ¥ is

. 1
2 J=2- )

K= P (2"‘18)
-(g+1), j = £ +'%

and gK(Z,r) and fé(Z,r) are the large and small radial wave
functions, respectively:
The antiparticle (positron) wave function is (Rose, 1961)
-
-7
gIC( sr)xK

§1(-2) = . (2-19)

st ze) P
(~sign R ¢ Z,r)x_K
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" The neutrino radial wave fuécéions.can be written explicitly:
. B
o [l
¢ (a) = (2-20)
. i "
HCE
where E-iésign Ky aﬁd jz(qr) is the spherical Bessel function.
For the.antineutrino we have
RPN
=) = B (2-21)
S -u
Jg(qr))_(_K

The expansion coefficients & and b e in Egs. (2-15) are deter-

mlned by the condltlon that the continuum wave functlons ¢ (%)

and ¢ (q) become asymptotlcally equal to a plane wave plus in--
e

comlng (or outgolng) spherical waves (Schillke, 1964; Weiden~

_mﬂller, 1961) ‘

T PUR
(P’se) B Fﬁp C(zeEJe’pe Sese)

e e .' -
. - -iEQKe+(n/2)(%e+l)3
x ¥, (ple (2~22)
s 5.
(q,s Y = bnG(2 2;, ,‘p.\;-svsv)Yz YouAD (2=23)

A Y‘“ .
nge,.ééiis #he‘coqlomb phaSE'gBﬂhring, 1965,-195?).
‘ It-is'usef%i; furthermore, to introduce reduced hadron and
ieptgn gatriﬁ-eléments-by applying the Wigner;Ecka£t theorem;

From Eqs. (éﬁl#é-c)'and (2;15a-c) we find
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CENDRECON PINENE R

KLsM Keug

K\)llv
KiMej +u Jf K J:i__ je K jv

x (~1) v
-Mf M Mi -ue -M -u.v
* *
* a:ceuebkvu“‘kq’p ” (-1+M5)TKL5” ¢n>
2
x{o, (B) AT || 8, (adriars (2-2ha)
e i v

- N RE
(il 6T T’ 55
KLsM Ke‘pe
Py
Bedeg s | 92 X difl 3y KO
x (_1) e [+

“He MM I, Moy

X a;:eu eb:vp‘{Kq’n '\(1*'7‘75”1{1.5” ¢p>

x<¢K (q) "(1+Y5)TKL5 “ ¢, (-Z))rgdr; (2~24b)
v e

< fIHEG, i> - GBZ-l/EZ: Z(_l)Jf-Mf+jv-uv

KLsM r:v'p.u
Jf K Ji dy K Iy *
K+M
x (1) b K}
- - - v v
Mf " M:|'. Ty M By

x j‘@n " ( 1+7w5)’.PKLS " ¢P> |

o, @ [ | 4, (2ear. (2-24c)
v P-4


http:ebKvV.JK
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Here,‘x (ZK; Ll’ L21 LB’ Ml_?"‘

and subshells of the atomic clouwd from which the electron can be

} denotes the different shells

captured. The states of the initial neutron or proton are speci-
fied by !JiMj}, and those of the final nucleon, by ]Jfo>.

The similarity of Egs. (2~24a), (2-24b), and (2-2%c) suggests
that we need to derive the final formulae of the cbservables
for only one type of decay (B~, B*, or EC) and can hence obtain
.results for the other decay m;des. For this purpose, we trans=-
%orm,Eés. k2—24b,c) into a form that is similar to that of ﬁq..
62724a), by interchanging initial and final states in the redpced
iepton matrix elements. Taking inte account the relation (Weiden-

miller, 1961)

g JlamTg | = D g D (e

and the fact that here the reduced matrix elements are defined as’

real quantities, we obtain

Al =0 35 ™

KLsM Kol
Koty
K=z+M+j +p_ +1 Jf K J:i. je K jv
x (1) v
Mg MM, -ﬁé M-
*
éue Kqug 'a |(1+1Y5)TKLS“ *p

X <:¢K (—Z)||(1+Y5)TKLS,|¢K (q£>r2dr; . (2~26a)
e v
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Celigglid= 220 2y T

KLsM.-Kv';Lv
K J\ j K
K—s+M+j“#pv+1 Jf i} Jy
x (=1)
-Mf M M pk =M -p

ie
x b:vll-v(-l) X xj@n ”(1+M'5)'I‘KLS ” ¢p>
"<: ¢KX(Z)|,(1+Y5)TKLSII¢Kv(qX>r?dr. (2-26b)

The transition probability per unit time can mow be found from
standard quantum~mechanical formulae. By applying first-order
time~dependent perturbation theory (the YGolden Rule'), the de~

cay constant A and the half life t are given by

KBi = (2n2) (% i)-l/a = 21:(2J.+l)-l§ : E ;
B T M:-LQM S gSv

N f

for BE=decay, and by

A, = (2.n2)(tx)'1 = 21:(2Ji+1)-lz Z

M"Mf BerSy
x S <tfge |

i
for electron capture from the atomic x-shell. By inserting the _ .

2
paqzdp ae_ dq, (2u)q6 (2~27)

2 B
a ? a0, (21) (2-28)

matrix element given by Eq. (2-2ka) in Eq. (2-27) and making use of
the orthogonality relstions for Clebsch-Gordan coefficlents and

3j~symbols, we find
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Ag= = Go(2m) (21 ™ %2 2. Zj(aKﬂ)'l/ 20472
o ) K xk,|Is
x < %H(hms)_TKLB“ 8,0

. 2 .
< ()Y 2<¢K (2) "(1+75)TKL5“ S (-q)>r2dr} 4°dp. (2-29)
. e 0 v
Similarly, by combining Egs. (2-26a) and (2-27), we have

Agy = Gg(20) P(20,41)” j W Zc -1) S(axm)'l/ 2(4 )1/ 2
’ KoK

x <¢n‘“(l+lT5}.TKLs'”¢p> 7
x'(’-ﬂt)_l./ EQK (-2) | l:(l+T5)Tk:T—'S n‘px ( q»radr} qadp. {2-30)
e ' AY

The electron-capture‘ decay- constant is found by inserting

Eq. (e-asb) in Eq. (2-28):

A, = Gy (21:) 3(2J+1)'1(1/2)Zz E :i -I)é(éi(+1)'l/?

Cx (lm:)l/ 2(% II(1+M5>'-?;@,;\\¢ p)

e 12
L1/ 2 - 2. 1.2 -
x (™ <¢Kx(Z)'«f'“(:.L+T5)TKLs“'¢K‘,(q)> i (2-31)
. The reutrino momentum q is .giv‘en by
q =W, 4, (2+~32)

where w is the total trans:.tlon energy between initial and. f:mal

X 2)

sta.t.es (+he d:,fference between i:he atomic masses, minue m cz, see Sec

o
and- Wé denotes the energy of the bouad electron (in the daughter
atod). This is Wi=l- [E}'{ I, where E! is the binding emergy of

the electron. Because the electron and neutrino wave furctions
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féxe~we11%&npwnzﬂﬁhs::C2516D%T2421)],~we can ‘evaluste the reduced
‘lepton ‘matrix elerents. explicitly (Schlllke, 196%; Weidenitiller,
196 X). 5Egr¥the3§hiee¥kfhdsfdf‘;e&uqedfﬁéptoﬂ:matfixtéléments
:appearﬁng~1n ‘Egs. ;£2<29), (2=3C), and’ (2231), we have
‘-‘EI%Z‘; 'r“;: . 5 ig N , . e
) §gg;(Z)1F(lf151?KLé“~?K (ql} = gK (Z)[Jg 3 (K$,K )
* B Gy, (1: )" ‘)] *+ Catgn wf, l(Z)[ Kﬁéﬁ"]@é,‘fg“;‘)
v
nt PERE
] o
& 31 KL iy =i )f (2-33)
for the .electron=heutrino matrix 'element,

. ?(’lir%)w‘gg:qx | aedme | x -3

= Sg ‘(Z)}[J' * 'KL,S(K KX K*) t- J(R:' KLS\( K ,"IC )]

-

N

[Py A T :’ :‘_‘-“'_‘ H » p . :'l_:-.-; o .,.:- E_":':"f" . ,..: \«;&“_‘;{ o ,; T ;’ . ...;-'-.
+ {(5¥gn ﬁé)%kéCZ)iamgﬁKLéi fbﬁf») 'Jﬂé%KLg(‘ﬁgfﬁvg (e=3
i B -
For the SIscEESIFantitiedtinG matilk SHGHRE, A
(i) ,ga,i_‘(ﬁzll,l (LT %K,.'(q»
g ( Z)[J" KL (K 11() +‘]ﬂ, GKL( K)]

(51gn r )f (-Z)[ m Gyl (-K ,g Yo+ Jg .(;16;3E$)] 22;355
e .

for thé positroti-heutrino matrix &lement. The quantity Gy, (h‘ ;)4
inttroduced by 1den-ﬁller {1961): represents the spln-angular

part of tHese reduded lepton matrix eléments:
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GKLs(nf,ni) = {(2s+l)(2K+1)[2£f(nf)+1][22(ni)+1](2;f+1)(2ji+})}l/é

o )+2(n )+L - F.-]
x i 1 £ (-1) * £
K 5 L
'x c(g(nfag(_gi)L;oe) e 5 Hnpte (2-36)
33 % May)

Here, we have Wn)=m i€ n>0 and E(n)=|n|-1 if n<D, where n
‘gtands for +x and ~x3 C is a Clebsch~Gordan coefficient, and
the braces dencte a Wigner 9 j=symbol.

We3now'consider the relation between B~ and B¥ decay. It

-is ea511y shown.that the following relations hold:

(- 1)1 S(lm)l/2<¢ (z)ll gt o, & -a)> -

=g (Z)[JE KL(K ,r:) + 32 K-_L(lc,-ﬁ)]
: .(siénj‘r:;?'fn (_Z')[jz Glﬁus(-Ke' k_tv) + ijIC[;s(.-Ke’-Kv)]" (2—3‘?)

Thus, we. see from Eg. (2-35) that the product of the two reduced

=matr1x elements in Eqs (2—30) -can be replaced as follows:

.,<;l| c1+u_5>%;;-lx><ll<i-v5>jfms >
=B K1 T I =M <5 v T -

4 ' ' (2~38)
Consequently,4 we can derive the formulae for B+ decay from those

for B~ decs.y by making. the following substitutions:
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B™ decay p* decay

G > -G (2-39)

Here, G repreé‘e’nt's thé terus whick_x are due to parity non-conserv-
a-f.i’dn (‘e“.g., electron polarization or B=Y ciréular polariia:{-tiéx;-
cdi‘rela';;i()n). The relation between BY .decay and. electron cap~
ture i:sfes'ta‘t')li"shed' by the sibstitutions Lef. "E'qs. ( 2-30), (2-31),

(2#33), (2-33)]

pt decay ‘eléctron sapture
fK_ (~z2) . - -“fK._ \(Z)
e é
g, (52) * g, (B (2240).
.og &

“wheTe g, (Z) and £, €2Z) are the iaf‘g‘;e and gmall compénénts .of .
e e ' :
the béund=staté eledtron radfal wave funétions, respectively-

Ai}_:erﬁé‘gively; wé can start from FS: déday Lef. Egss (2<29) and

(2#3h) va. Bas: (3231) ana (2433)1¢

B:- décdy =+ egléctron capturé
- 3y Car) S PRLC T,
v . Y
e s s (an)
VIS . )

£ ]]cl+iv5)?_mé" i+ (s1)%s ]](ltxys)rﬁé” i (2=bia)

continvnm=elédtron bound~eledtron
3 R 1
weve fibction wave funétion
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For the decay probabilities as given in Eqs. (2-29) and (2-31), this
préscriptién can be.replaced by oﬁé mentioned by Behrens and.

JHnecke (1959):

B~ decay - + electron capture

q i “q |

KB ] D (-1 7E AT | De (2-51D)

Tn this description of the elecdtron-capture and P-decay
processeg‘, thr-ee important points have not been considered:

1.. The‘hadron curr;nt in the form éf ﬁqﬂt(a-h) is an approx-~
imation which is only valid for bare nucle;ns-' The exé&ct form
of this current is discussed under the heading,;gggggg,gngégggr
1:_;_9@_ in Sec. 2.2.3.

2. -THe,Hamiitogian_agd transition matrix elements used
here refeé‘fb a-single-part;clé pro&ess; -The description must
‘bé générqlizéq fb; ﬁgp case of ‘many nucleons iﬁ the initial and
final states. This point is discussed iﬁ Sec. 2.2.3.

3. " A*complete deseription.of the initial and final states
must incluée thé electrons of the atomic clpud--'Sénce the nu-~
ciaar charge and the number of glectrons‘are diéferent in the
initiél and_final,;tgies, the atogic-electrqn‘wave functions of
thegg_tﬁo sta£e§ aré-not orthogonal, and the overlap between
éhém is not perfect. This lemds to some modifications of the

transition rate (exchange and overlap corrections) and to higher-
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order procésses [(e-g., ag.to;’.onization). These- points are dis-

.cussed in Secs. 2.5 and 5.

2.2. ZIlectronrCapture Trangition Rates

2.2.1." General Re 1 e T itd Probabili

In dg:gqqgs:_l.x;g @;:_ax}sition patrixz elements and transition
rates .for .the t_hrgae weak nuclear Qe_r::a_.y modes, we have peointed
out how these decay types are related. From here on, we consider
‘electron cp.p‘tpre :only. We simplify Eq? (2~31), discuss the elec-
tron and neutrino radial wave fqpc’t:’_.;nis__in the. lepton. part,
and generalize the hadron part through methods of elementary-
particle physics. '

We first note that Eq (2-33) ig invariant under the svh-
sgtij;ptj:gn v "K? and setk -I:c Ig We also introduce the gb,-
breviation (Bﬂh:.r'lng, 19%3a, 1963h; Behrens and. Bumng, 1971)

PaE

8 [MK(R R ?15351915(;;;’,4{!)'1 ;(im)l/ 2[(a‘J 1) (exe)] 28

b

% [J Sr1s(7E v)+:]£ rs (= TRer 7k )] radr, (2=42)

rx

|k lyand B ois k __qglgmhzmlmm {Belireps and

‘ggeglég!\ .].969) of the bound=state eélectron radial wave ﬁ.qctlon
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(ERWF), discussed in Sec. 2.2.2. For k,=~1 we have B =g, (0
equal to the value of the wave function g_,(r) at r=0.
For the total capture probability from all atomic shells

we then have

- ()t )7 = o (a—%‘lz (243)

xxx

(Behren_s and Jinecke, 1969; Bouchez and Depommier, 1960; Brysk
and Rose, 1958). The sum in Eq. {2-43) externds over all atomic
subghells from which an electron can be captured. For closed
shells, n, eéuals 1. For partially filled shells, n is equal
to the relative occupation number of elecftrons in the shell.
The 'quantiéj Cx corresponds t; the shape factor of fi decay-

Taking into account only the lowest-order terms in the summa~

tion over ic and kv' .Cx has the form
= [ G )l e dm (k k(l))]2
= 14 %'y - +»Kx xmL P
[HL(k k(z))-!-(lc /x dm (K k(z)]
+ (k k(z)) Ce_/k dm (% 1:(2)):]:2
{Mla-l xy +'cx'xmL+l %'
AJ O[H {1, 1)+(;< /k )m (1, 1)] (2-kk)

The clagsification of allowed and forbidden electron=
capture transitions is similar to that in B decay (Schopper,

19663 Konopinski, 19663 Behrens and Jinecke, 1969):



AJ=0,1

Ad=0,1

Ad=ns>1

Ad=n>1
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T =+1 allowed

it

ninf;vl first non~-unique forbidden
Riﬁf;(ni)n o't non~unique forbidden
ninfz(wl)nyl (n-1)P unique forbidden

Here, (Ji,ni) and (Jf,uf3 denote spins and parities of the

(2~45)

initial and final nuclear states, and we have AJﬁlJi-Jf|. Hence,

we can write in Eq., (2~4k)

L = Ag for AT >0

L=1 for AJ=0
(1)
k\’

-k +1
x

1{(2) = I~k +2.
v X

(2-46)

The gquantities K and k are related by Eq. (2-18) to the total

angular momentum jx and the orbital angniar momentuy %x of the

bound electron. Similarly, Ky and Kv determine jv and 2“ of

the continuum wave function of the emitted neutrino.

The values of Ex for bound electrons are as follows:

K (1s) g, = -1 My (3s) K =
Ly (2s) ke = =1 M, (3py /2) Ky, =
L!2 (2n, /2) k= 41 My (3p3 /2) K, =
b (eegn) e =2 My o B4n) k=
U VAR
ORpg
2003 401

Arry


http:7i1f=(.lw
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The function f% in Eq. (2-43), which corresponds to the inte-

grated Fermi function of B decay, has the form
2
£ = (n/2)a, 8 7B . (2-48)

The factor Bx takes account of the effects of electron exchange

and overlap; it is discussed in Sec. 2.5.

.2+2.2. Bound~State Flectron Radial Wave Functions

The electron radial wave functions fK(r) and gu(r) are a
solution of the Dira¢ radial differential equation or of the
equivalent integral equation (Rose, 1961; Behrens and Bllhring,
1971). It is convenient to consider instead the functions

Hk(r), hk(r), J,Jk'(r), and dk(r) introduced by BHhring (1963a):

k <1 i
p.4 -l -
ka(r) =B (p ) * [(2e -1)11 EHkx(r)'-:-hkx(r)] (2-49a)
Fx >0
_ k ~1 - x
g () = Bx(pxr) * fCEEx-l)EEJ (r/R)ka (r)+dk ()3} {2-49b)
x . X x ;
et 1/r
£ (D) = -p(p0) * L2 DT I, (2)-g (o) (2-490)
X x pq
. ’ <0
et -1 , i
g_,kx(r) =B (px) * [(2e -1 [Hkx(r) -hkx(r}l (2-49a)

Here, R is the nuclear radiuws, or equivalent radius of & uni-
formly chérged nucleus.
The first of two aspects of the electron radial wave func—

tions that require more detailed consideration is the behavior
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of these functions inside the nucleus: the dependence of the
electron and nentrino radial wave functions on-the distance r
from the center of the nucleus must be subsumed into the nuclear
matrix elements [cf. Bg. (2-42)]. The r-dependence of the elec-
tron radial wave functions inside the nucleus depends essentially
on the form of the nuclear charge distribution.

Secondly, the Coulomb amplitudes Bx must be considered;
they can only be calculated numericélly by solving the Dirac
equation for an extended nucleus and for a self-consistent atom-
ic potential. The value of ﬁx is essentially determined by the
shape of the charge distribution of thé surrounding atomic elec-
trons.

In many of the earlier papers on P decay and electron cap-
ture, the expansion of the functions Hk(r), DkCr),-hkCr). and

dk(r) in powers of r is earried out (Behrens and BHhring, 1970):

B (7) =ZOHn(k)(r/R)n; (2-50)
=

the different powers of r are then incorporated into the defini-
tion of the nuclear matrix elements {Behrens and Jinecke, 1969;
Bihring, 1963a,b). The nuclear charge distribution has been ap=~
proximeted throughout by a uniformly charged sphere of radius R,
equal to the .nuclear radius. Because this charge distribution is
discontinuous at R, the power-series expansion of the electron
radial wave functions is only valid inside the nucleus. Usable
B=decay and electron~capture formulae have been derived by trun-

cating this series and extrapolating the resulting polynomials
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outside the nuclear radius (Behrens and JHnecke, 1969; Bﬁhring,
196%a). However, this apprcaéh is unsatisfactory: contrary to
general bélief, a significant contribution (or even the main con-
tribution) to the nuclear matrix elements originates from the
region r>*R, particularly if the initial and final nucleons are
in different shells (Behrens and BHhring, 1971; de Rmedt, 1968).

It might be expected that this difficuliy could be avoided
by using a more realistic, smooth muclear charge distribution,
such as a modified Gaussian or a Fermi distribution. However,
for such distributions the B-decay and eleétron—capture formulae
do not converge at all (Behrens and Bihring, 1970, 19?;), because
the nuelear matrix elements are introduced by integrating 2 power
series term by term, a dubious procedure if the upper limit of
the integral is infinity. Only if the potential V(r) vanishes
iéenticallﬁ, as for the meutrino, is this procedure justified.
Tﬁus, the neutrino radial wave functions (spherical Bessel func-
tions) canjbe expanded in powers of r. The electron radial wave
functions, on the other hand, can be expanded in powers of the
mass and energy parameters of_tﬁe electron and the nuclear charge.
The coeificiénts in this expansion still are functions of r ard
depend on the shape of the charge distribution. We find‘(Behrens
and Bilhring, 19%1)

oA
Hkx(r) =Z () TH2pt2k_-1) D) (v)(p')(g)

1=0 w0 p=0

X I(k 20,29, p50) (m R 22y RYZVP(az) P, (2-51a)
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w 2u-1
== (2% -1)!! 21
(r) = 2. v (?“- x
st. %;‘3‘_ =1 ol (ap)! (2}l 2k 1) v) o )(R)
R Tk g2, 20-1,030) (m BT, BYTIP (a) (2-51b)
2v+l
(2k ~1}1! 2u .
Dy (=) = i 7 oY)
. Z‘o V=0 p=0 (2! (2‘“2“ +1) ( P )(ﬁ)
X T(k] , 2p+1, 2041, p37) (m R) 2V R) 2VHLl=p (7)., (2-51c)
i 2 (2 1)” 2
a, ( y = ‘ 1 - (-1yV(E /2% [z
T ;) v=0 ch; (2}1) -.(2}14'21{ +1) (\))(p )(R)
X I( ks 20+, 2V,p4 r)( meR) 2“;1'2‘5( wa')‘Z-v-'p( az)’. (2-514)

?hg"symbol m, has been retained in these eguations; even though
we use natural units -ﬁ:c:me:l, because m_ will be used as an
expana;.;'.on parameter. The expansion coefficients I(Rx,m-,h,pir)
depend orn the form of the nuclear chai‘éga distribuiion dnd on

the parameters 'I;xg m, n, and ps The order m is the suh of the

exponents of (meR), (WR);- ahd aZ; the number.n is the sum of the

exponents of (WR) and (aZ). - The functions I with p=0 are trivial:

Zf(k'x,m,n,O;’r') = 1. (2-52)

Th‘e fun.c'tiom? I with p>0, up to order m=3, are listed in Appen-
gix A2.2 (Behrens and Blihring, 1971). For aZ=0, Egs. (2-51) re-
-duce to the usual expansion-in powers of r (Bfihring, 1963a).

Up to'and including terms of order n=0. the functions

Hk' (), h, (r), Dk (r), and d, (F) are*
‘R I 4 "X X
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H}{ (r} = 1 + esew (2‘-538')
x
hk (r} = O + ene (2"53b)
X
WXR ak
D, (r) = rranl i ey I(kx,l,l,l;r) T eae (2-53¢c)
X x x
m R
dk (I‘} = -E.l{_g‘:i + ser (2"536)
X X

As usual, a is the fine~structure constant, and Z is the atomic
number of the parent nucleus.

The important function I(kx,l,l,l;r), which gives the large
Coulomb terms in ron-unique forbidden transitions, tekes the fol-
lowing forms for the three most widely used charge distributions
{Behrens and BHhring, 1970, 1971):

(1) Tor a uniform charge distribution

p(r) = (2~54)

0, Rfrge

we have (Behrens and B#hring, 1971)

(521 5
ook ) (B OS=R
I(kxglglglgr) =4

2
2k +1 R 3 Zk +1

X R _ Ry Tx "
X X p.o

L

{(ii) In a shell-model or modified Gaussian distribution

(Behrens and BHhring, 1970)

&°
o(x) = N{lmg‘-)e}e =, (2-550)
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where
TSIyt (2-56b)
{(2+38)a v
the equivalent uniform radius R is related to the parameters a

ané A .as

R = a[5(2+5A)/2(2+3A931/2; (2~5%)
for this distribution, we have

2k _+1 ® 2k A (Ekx-l)!!
ok erf(y)'(l*2+3a)"WE'TEE"
X 2xy x

m 2m+1]
1

* [erf(y)- i g 2m+Ll) 11

where erf(y) is the error functi‘on,
Y

2
erf(y) = 1/2‘[ dt, ¥ = %
o

I(-}cleylgl;r) =

(2-58)

anpd

= E5(2+5A)72(2+3A}]1/2,

(iii) - For a Fermi distribution (Behrens and Bihring, 1$70)

p(r) = -3aZc“3NE1+eCr'°)/5J'1, (2-59)
with -
N = [1ex2(6/0) 260,000,
the equivalent uniform ra.dius B is
37+10n°e b 24 7n ok - 3067w (b,c 0) Ve
R=c {2-60)

3c “+3n c3b --18c2b3 (b ¢} o)



The function I(kx,l,l,l;r) takes the form

1 L2 1___3_ )
I(k,lll,r) % () 32k+3()
- 2(2kx+1)%l§r3('b,c;r)-?x WB(‘D,G;O)]
2k ~1

Gy 2 X m
+ 22k +1)(2k +2)(3) m§= ' (1)

(BKX-I)'

" Tt @ (o

‘where the functions L are defined as

w (b,c;r)

(-) Z( 1) m (e ) y TSC

m=1
= o [%]] -
P Sl 41
(E I‘Za (n)(-r;—"")n"z'%(-l)n'l (=% %e °)%, rx
¢ gm0 = m=1
{n)

(Schucan, 1965). Eere, & stends for

(n) m (27
8, = (1) B a2 T Sent

‘where the B2m are Bernoulli mumbers:

1

. - 1 1
By =1y By =718, = ~35: B =3

LR

At r=c, L is given by

w (bye10) = (—)“Z( D" = (R k),
* m=l

where £{n) is the Rieman zeta function.
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(2-61)

{2-62)

(2+63)
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The functions I(kx.,l,lil) TEqs (2-58), (2-58), an¢ (2~61)]
have been derived neglecting the small influence of the atomic
electron cloud on the r-dependence of the electron radial wave
functions inside the nucleus. These functions are illustirzied
in Fig. 2-1.

Ye consider next the Coulomb amplitudes BX of the bound
atomic electrons. These quantities can be calculated by inte-
grating the Dirac equation in the potential of the nuclear and
atomic charge distributions.6 The value of Bx is essentially
determined by the potentizl outside the nucleus, i.e., by the
electronic screening of the nuclear electrostatic field. The
finite nuclear size and the shape of the nuclear charge dis-
tribution have less influence on BX. The potential produced hy
the nuclear charge and the atomic electron cloud can be derived
- approximately from statistical models {Gombas, 1974, 1957). bv

solving the Thomas-Fermi or the Thomas-Ferwi-Dirac equations.

A more exact form of the potential cen be derived thro:gh seli-

consistent Hartree-Fock methods (Hartree, 1957; Slater, 1960;

Rfﬁg.ggﬁs’, ]]..ggi,) Purke and Grant, 1967; Gra‘n’c, 19703 Lindgren angd
Both methods of finding the extranuclear potential can

only be carried out numerically and have been pursued by many

investigators. The Thomas~Fermi and Thomas-TFermi~Dirac equa-

tions have been solved for potentials and eigenvalues, for exam-

ple, by Gombas (1956), Thomas (1954), Latter (1955), Shalitin (1965,

1967), and Yonei (1966, 1967). The self-consistent field methods

offer the best possibility for obtaining good atomic electron wave

ORIGINAL PAGE
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functions, but require extensive numerical calculations (Hartree,

1957; Slater, 1960; Mayers, 1972; Burke and Grant, 1967; Grant,
Lindgren and Rosén, 1974},

19703 o In a simplification first introduced by Slater (1960,

Vol. 2), the exact exchange potential is approximated by the

exchange potential of an electron gas with local electron demn-

sity p{r)s iece,

1/3

v_(r) = 2o 220 (2-64)

This Slater exchange potential tends to zero as the radius be-
comes large, whlle the exact potential tends to a/&- To correct
this diserepaney, Latter (1955) has suggested replacing the
Slater term in the region of large radiué by a/r- Statistical
exchange potentials heve been discussed extensively by Gombas
(1967 -
Herman and Skillmen (1963) have tabulated nonrelativistic
Hartree-Fock~Slater potentials and wave functions for elements
with Z=2 to 103, including the Latter tail correction. Exten-
sive nonrelativistic caleulations with the exact Hartree-Fock
form of the exchange potential have been performed by Froese~-Fischer
(1972p) and Mann t1967, 1968). Approximate analytic nonrelativistic
Hartree=Fock wave functions have been derived by Watson and Free-
man {1961a,b) 4 'Mélli (1966), ‘and Roetti and Clementi (1974).
Because relativistic effects im-atomic structure are re~
markebly important, even for lighé elements, a number of rela-
tivistie selfhcoﬁsistent-field calculations (mostly Hartree~Fock-

Slater) have been carried out (Libermen ¢% al,, 1965;
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Nestor et al., 19663 Tucker et 21., 1969). Most comprehensive

is the work of ILu et al. (1971), who have published tables of
energies and of expectation values of r, r"l. r-3, re, and rq

for each orbital, of the total energy, and of the potential func-
tion. They have included the effect of finite nuclear size, us-—
ing a Fermi charge distribution.

The possibility of making better approximations than Slater's

Kohn and Sham (1965},
for the exchange potential has been discussed bxﬁﬁosen and Lind-
gren (1968) and Lindgren and Schwarz (1971).

The most sophisticated method of calcuwlating atomic wave
functions involves the use of relativistic Hartree-Fock codes;
here the exchange term is included without approximation (see
e.z. Mann and Waber, 1973; Desclaux, 1973).

Unfortunately, in most published atomic-structure calcula-~
tions no explicit values are given for the Coulomb amplitudes or
electron wave functions at the nueclear yadius. TFor applications
to electron capture, special calculations have therefore been car-
ried out; thése are listed in Table 2.1. Tor comparison among the
various calculations, the most important electron radial wave=-
function ratios are listed in Tables 2.2-2.8, For s electrons,
the nonrelativistic ratios for a point nucleus are included in
the comparison. Tor Pl/? electrons, on the other hand, it is
meaningless to compare nonrelativistic wave functions in the
field of a point nucleus (proportional to ar at small r) with

relativistic electron wave functions in the field of a finite

nucleus [proportional te b(l+cr2+...)]. We also do not compare

ORIGINAI PAGE I8
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absolute values of electron wave functions, nor do we list other
ratios than those contained in Tables 2.2-2.8, because the mag-

nitudes of the nuclear radius R chosen by different authors are

not the same, and moreover, some authors report gK(R) and fK(R),
.while others instead report the amplitudes Bx.

We can draw the following conclusions from Tables 2.2-2.8:

(1) TFor the s-electron ratios (Tables 2-2-2.5), there is
excellent agreement between the nonrelativistic Hartree~Fock

calculations of Froese~Fischer (19?21$and Winter (1968)
and the relativistic Hartree-Fock caleculations of Manm and
Waber (1973). An exception is the gg /gs ratio. However, here
relativistic effecis might play soms iolelbecause of the high
atomic numbers (Z270).

(2) Relativistic effects become notable in gL /gK for Z>15,
in ng Ll for 7>30, and in gN /ng and go /gN1 for Z>60. For
gL /gK, relativistic and nonrelativistic ratios differ by 50%
foi very heavy nuclei. For all other ratios, relativistic effects
are small (<2% for the ng/gL and gN /gM.1 <8% for the ggl/ggl).

(3) The electron radial wave-function ratios from Hartree-
Fock caleculations lie systematically below those from Hartree-
Fock~Slater and Thomas-Fermi-Dirac calculations, especially for
low atomic numbers.-

(4) For -the K, L, and M ratios, the Hartree-Fock-Slater
calculations agree with the Thomas~Fermi-Dirac calculations to

within 2.5% for Z>hO.
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(5) The gflfég ratios of Brysk.and Rose (1958) deviate sys-
tematically_from“éll other calculations in the range 20<Z<80
(Table 2.2). Therefore, these values should be discarded.

of the'various\metﬁods discussed above, the self-consistent
relativistic Dirac-Hartree-Fock cdlculations of -atomic structure
afe based on the soundest theoretical grounds (Mayers, 1972; Burke
;nﬁ Grant, 1967). It might'COHSéduently be eﬁfebted that the wave
funb@ions of Maym and Wdaber (1973) would be most accurate, and
should preferably be used for analjzing electron~-capture exveri-
ments-?‘ Table 2;9wcontains a compilation of elec?ron radial
wave~function amplitudes decording to Mann and Waber (1973).

. . k -1
"For prdctical -reason, we have listed the products Bxpx x instead

of the-ampiitudeg Eé- -it is always this product which appears in
i formilas for the ddcdy constant Lrg. (2<49)7.

chause'thq electron-capture rate is'essentiaily proportional
.to'the_electron-dénsitf at the nucleus, different chomical en-
virontefits or other macroscopic  perturbations (prcssure, temper-
ature, etc.) can affect the decay constant. 'Such effects are

‘most noticeable.in capture from outer electron shells (Emery, 1972;

‘Crasemann, 1973).

2.2.3. Nuclear F Facto d Nuclea trix Flement

Fo;m fagtors and form factor coefficients. The electron-
capture transition matrix elements tFq. (2-4)] were formulated in
Sec. 2.1 uhder the éssﬁmpfion that- the vector and axial vector

interactions govern the process.- However, the hadron part of this

(Hihguy- '
: r P,

-&f


http:noticeable-.in

ks

transition matrix element is only an approximation. In the most

general case. we must make the substitution
Liv v -A i 2
<iunyp(l+kY5)up)+<il W u];} (2-65)

in Eg. (2~7c), where f and i represent the final and initial
muclear states, respectively. The vector and axial vector had-
ron weak current are denoted by V1L and Au. According to Stech
and Schlllke (1964} and Schillke (1964), we decompose this V-4
nuclear current into form factors depending on the square of
the momentuﬁ transfer (Armstrong and Kim, 1972; Bottino and

) - Holstein, 1974).
Ciochetti, 1973; Donnelly and Walecka, 1972, 197334\ Ve use a
cova}iant décompoéition, which is strictly valid in the Breit
system. A fransformation in the frame in which the initial nu~-
clegs is at rest is easily performed because the decay energies
are low compared with the nuclear rest masses. The correction
dve to this transformation is of the order f;l/M, where & is
the momentum of the nucleus and M is its mass. In this approxi-

mation, the hadron matrix element depends only on the momentum

transfer aﬁﬁf-ﬁg. It can be expanded as

- J ~M_ +M
<= | Dry, = 2D T )2

KLsM
1/2 -M R 2.
x (2J,+1) TKLS(QJ EFSY P a9 (2~66)
M. MM
£ i

is the irreducible tensor defined by Bgs- (2-12);

v

‘Here, TKLs

Ji’ Jf and Mi’ Mf denote the spins apd magnetic quantum numbers
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of the initial and final nuclear states, respectively, and R is
the nuclear radius.

This treatment of the nuclear current, similar to methods
used inzelementary-particle physics, has the advantage of being
completely independent of any assumption about the detailed form
of the f=-decay op?rators. A1l information sbout the nuclear cur—
rent and all effects due to the strong interaction (induced terms,
exchange cprrents, relativistic nucleon motion inside the nucleus,
ete.) are contained in the Fform factowstLS(qa); they determine
the outcome of P-decay and electron capture experiments and are
the only gquantities, as far as nuclear structure is concermed,
that can be extracted from experimental datz.

We neglect, for the moment, the initial electromagnetic
interaction between electron and nuclens, i.e. the fact that
there is a bound electron in the initial state. Then the form
factors FKLS(QZ) can be expanded in powers of q2 Lin analogy
with the expansion of spherical Bessel functions (Stech and

Schillke, 1964)]:

2y 0 _ (R 1
Tiee(a) = Fiue “HELe3T it (267)

The form-factor coefficients are then

2
i (2-68)

U (-1)“(2NfaL+1)!s(2N)n( d
d gq =0

N
= F...(a
KLs RN one1) 1in q2) KLs
These form-factor coefficients contain all the information about
the initial and final muclear states and the V-A operator. Since

q equals wo if the initial nucleus is at rest, we have gR<C.1,
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whence the form factors are slowly varying functioms of qa. There-
fore, only the first one or two terms will be significant.

In reality, however, we must take into account the fact that
there is a bound-state electron wave function in the initial state.
i th tum transfer g, to th lens is 3.5% -3 if the

ence, e momentum transfer gy to the nucleus is qu=p_-q, 1
center of mass of the initial nucleus and electron is at rest.

The ¥ourier transform8 of the lepton part of Eq. (2-10¢) is

L
=iger .
L(Eﬁ) —je X uvyﬁ(1+Y5)¢e-(r)d3r (2-69)
or
L(EN) = v, (Lrg)e e“(EN+Ex) {270}

{Schopper, 19663 Stech and Schillke, 196k). Hence, Eq. (2=7c) be-

come§
Moo & (< VA LTy (Bavg) ¢e..(21’15+?q;) dei - (2-71)

‘The hadron mat?ix element corresponds to a transition from the
initial state i! to the final state f, whereas the Fourier trans-
form ¢e'(aﬁ+3¥) induces an electromagnetic transition from i to
i!'. The integral over qﬁ corresponds to an integration over all
momenta of the intermediate initial states, because we have

Er--ﬁs-* . The Coulomb interaction in the initial state there~-
N i dx

fore entails that tepms of the form

-]

J o) Fyy (af ey dag (2~72)
0
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appear in eléctron-capture formulae (Schillke, 1964), where I(qﬁ)
has four @ifferent possible forms [Eq. (2-42)]1:

~

[ EXORMCIORNCIORS

dr

e

(q&R)L \[gg(r) layr) ipleyr) rPdr

Hay) = DT 2

Ifk(r) jlqur) jL(qﬁr) rdr

[2.00 seta® jylafe) PPar. (2-73)

By expanding the spherical Bessel functions in powers of r and
the electron radial wave functions gK(r) and fK(r) as discussed
in Sec. 2.2.2: [Eqs. (2-49) and (2=51)1, ve obtain new form-fac~

tor coefficients {Behrens and Bilhring, 1971)

oo

Fepe(Bsmation) = | 3t@)Fy (aD)a%da, (2-7)
0
whére
) L | . L+2N )
I(q) = % 51%?—;“ (-1%) I(k,msn,p;T) jL( ar) r2dr- (2-75)
Q

Terms in which these neéw form factors occur always contain powers
of aZ. Terms that are ihdependent 6f oZ contain the simpler form~

factor coéfficients FELS [Egs. (2-67) and (2-68)].

Reléﬁign|betgeen form-factor éoefficients .and nuclear matrix

eléments. The form factors or form-factor coefficients can only
bé expressed in terms of nuclear matrix elements, in general, if

some apprOximations are made. First, it is assumed that the
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nucleons inside the nucleus interact with leptons in the same way
as Iree nucleons do (impulse-apﬁroximation treatment). Meson ex-
change (Blin-Stoyle, 1973; Lock &t al., 1974) and
other many~body effects are hence neglected.

The B-decay Hamiltonian must be used with various many-body
nuclear wave functions that can only bé calculated in the frame-
work of specific nuclear models. Thus, the uncertainties of
nuclear~structure theory are carried over into the nuclear matrix
elements or form~factor coefficients.

Finally, the sxial~vector constant A for nucleons embedded
in a complex nucleus is renormalized in & different way from .
that for free nucleqns; hecause the mesonic currenis behave dif-
ferently for free and bound nucleons, and new mesoric currents
appear that are absent for free nucleons. Thus, A is in principle
not & constant overkthe whole ranép of nuclei. For light nuclei,
a deviation of A from the free-nucleon value by V7% has been found

. Szybisz, 1975;
{Wilkinson, 1973a, 1973b, l9'74aAEricson et al.,
1973 ; Ohta and Wakamatsu, 1974),

Under these assumptions, we develop the relation befween
form=factor coefficients and nuclear matrix elements for a pure
V<A nucleon current of the form given in Eq. (2~4). Induced terms
will be discussed later. We have {Stech and Schiilke, 1964; Behrens

and Bithring, 19?1)9

K=

T ¥ N
(-1) IRKLS (kx'mi nip)

Vv, N
FKLS (kx!m,nip)

(2-76)
A

1§

N K-L, A
FKLS (kxs'mylfhp) ("’1) LX %S(kxlmin1p)s
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where the nuclear matrix elements are denoted by %RKLSN(kX,m,n,p)
and AmKLSN(kx,m,n,p)- The meaning of the indices has been ex-
plained in connection with the form-factor coefficients.

The nuclear matrix elements are [Eq. (2-42)]
J. X Ji

f
V. N A N
{“’«KLS (‘kx,m,n,p)ﬂ mﬁs (kx,m,n,o)}
M. M M,
R T i

J

-M
() £ 1

= Etm/(zJi+1)]1/2H..Juﬂéu,z,...A;Jfonf)

A

L+2N
x 23;1:{(%) I kx,m, n, p3r}( 1+7\Y5)TgLst+}j

H

x wi(l, 29 - -A;JiMini)dTldT

2

cedty. (277)
Here, ¢f and wi are the nuclear many-particle wave functions of

:the final and initial statey —respectively, which depend on all the
coordinates of the A nucleons. The sum over j runs over the A
nucleons, and all the operators are single-particle coperators
operating on the jth nuclecn only. The tT is the isospin opera-

tor changing a proton into a neutron. The term with 1 gives the

V matrix element while the term with Av_. leads to the A matrix

5

element. The multipole cperators T H have been defined in Egs.

KLs
(2=45).

The nuclear matrix elements of Eg. (2-77) must be calcnlated
on the basis of appropriate nuclear models. This is a complicated
problem which reguires special considerations for each particular
8 transition. One=body operators O? must be used in Eq. (2-77),
which can be expanded (Bohr and Mottelson, 1969) as
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02 <alo| mé.;; , (2-78)
- ] o, A N

‘where aB‘ is the annihilation opérator for a proton in the single-

partlcle state B and ca is the creatlon operator for. a neutron in

the snlg;le-particle state o - Here, o and B represent a complete

set of s:.ngle-partlcle quantum numbers- We .can, therefore, virite

m;% (k .m,n,p) 7;;(-1‘) 35 (aK+1)‘1/ 2<a|i 8 K\B>ca3, (2-79)

with i;V;A_and

;-*r IH‘aN -
= (R, Ik ammipsr)Tpy s

o L2 o
= (- i(ki,m,nipir)¥5TKts- (2~80)

The expansion coe:ffic:j,giﬁgs GGB ‘dre

-‘J J J -
s oy T +K il
cup=Coe I Gyt ] S (2-81)
-where
.-é- = (_1)j+m p

Jm_ - J~m
. It- follows that,, how‘evér 'coﬂlplicated the quélear statés may be,
- the . éxact nuclear matrix elements between many-body statég can
%e expéhdé& in-a 1inear'combiﬁation of single~-particle métgix

‘elements (Donnel]:;;r ;and Walecka, 1972, 19'?33 Foi:' example, methods

of calculat:.ng the coeff:l.clents G B

model are discussed by de Shal:Lt and Talmi ( 1963) ‘Formulae for.

in the framework of the shell

nuclear ma.tr:uc elements w:.th:Ln the :.sosp:m formal:l.sm are also given 'by

‘de Shalit and Talml (1963).
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. Once'tﬁe set of numerical coefficients cmB has been determined,
_ the‘ngclear matrix elements can be computed if we are able to de-
duce reiiable valueé for the single-particle matrix elements. In
Egs. (2-8k), we thereforetlist the single-particle expressions for
all the nuclear matrix eléments in terms of radial-integral and
angular-momentum gquantum numbers (Brysk, 1952; Talmi, 19533 Rose
and Osborn, 1954; Berthier and Lipnik, 1966 Lipnik and Sunier,
19663 Delabaye and iipnik, 19663 Strubbe and Callebaut, 1970).

The compact form of Egs. {2~-84) is that given by Behrens and Bilhr-
ing (1971). The orbits of the nucleons are assumed to have defin-~
ite angular momentum, asin the jj—coﬁpling shell model. In the
same notat&on as used for the electron wave functions [Egs. (2-16)

and (2-17)1, the nuclear wave functions can be written

. B
(sign «) £ ()x,

i3
¢ (r) = (2-82_)

1
gx(r)xf;
The orbit of a nucleon is identified by the number k, defined as
for leptons:

' k>0 if & = j4(1/2)
el = 56(1/2); - (2-83)
: ﬁ K<O if 2 = j=(1/2)

The large component of the nuclear radial wave functions is de-

L

noted by g and the small component, by f . The single~particle

. values-of the nuclear matrix elements then are -
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VN -1/2(., 5

TIKKO(kx,m,n,p) = ‘E(EJi-!-l) {GKKO(Kf,K:i)
) r K+2N >

x Ig}(rgkf)('ﬁ) I(kx,m,n,p;r)gi(r',mi)r ar
0

+ sign (Kf) sign (K‘i) GKKO(—Kf,'—Ki)

L]

. K+2N ’ o>
XJ- ff(rncf)(-ﬁ) I(kx,m,n,p;r)fi(r,ni)r dr:}-, (2—&&)
0]

AN _ _ \-1/2 -
mm._'l(kx,m,nm) = @2Ji+l) {GKL].(Kf’Ki),
.CB ) r L+2N 2
) R G R A

0

-+ sign '(Kf) sign (Ki) GKLl(—rcf,-nci)

T L p L2 L,
% jff(i'"'cf)(ﬁ) I(kx,m,n,p;r-)fi(r, Ki)r dr}, (2-8%)‘ .
o .

N _ “1/2f . . .
_Amﬂo(kxm,nf) = \E(2Ji+1) sign (Ki) GKKO( Kf;-l'r:i)
f r 2N . : 2. -

o % I gf(r., K.‘f) (ﬁ) I(kx,m,n,p;r) fi(r; mi)r dr
8] -

+ sign ( Kf) GKKO(-"Kf’ K'j_)

A K4+20 ) s
% J‘ ff(r, ncf)(%) . I(kx,m,n, p;r)gi(r, Ki)r dr}. (2-8ic)
O
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~1/2

v k ~ - - - 4 -
sign (k2 GKLl(Kf,;gi)

hLl(k' m,n,p) —‘(E(ZJi+l)

2 r Ly2N . >
x J{gfcrfﬁf)(ﬁ) Ika,m,n,p;r)fi(r,Ki)r dr
o .

+-sign (Kp) Gypy Ckpaky)
o ) -‘r L+2N 2' N -
X j\ff(r,Kf)(ﬁa Icgf,m;n,pgr)gi(r,zi)r dr}. .‘(278#d)
O - -
The indices i and f refer to the initial and final states of the
nucleon undergoing decay. The radial quantum numbers of the or-
bits are not explicitly indicatgd. The gquantity GKLs(nf’ni) is
‘defined through Eq. (2-36).
If relativistic nuclear wave functions are used (Miller and
JKrutov et al,, 1974)y "
Green, - 19?2, Mlller, 19?2, Krutov and Savashkln, 19?39/\the nuclear.

radlal wave functions must be normalized to satisfy the -condition

= . R s ) .

\l* g,‘z('r,.i'c').r%dr + Lf fa(r)-,n')rzdr = 1. (2~85)
0 0 . -

In most cases, relat1v1st1c nuclear wave functlons are not known,

whence actual calculatlons sust be performed in the context of

nonrelativistic nuclear models. It is then Decessary to find the

small components flrsx) of the nuclear radial wave functlons.l

It is possible to express f{r,k) in terms of g(r,k) bf using the

‘Dirac equation in the sonrelativistic limit, if the spin anguiar -

and the radial parts of the wave functions are conside?ed sesarste-

ly (Behrens and Blhring, 1971). In tpe_nonrelativistié limit one

" then finds
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flr,e} = -2%1[(1—3 + -K-:-.—]'-Jg(r,rc), (2-86)

where M is the nucleon mass, and g(r,K) igs the solution of the
single~particle Schr¥dinger equation. In this case, the radial

wave functions g(r,x) must be normalized according to

I 22(r, K)rfdr = 1. (2-87)
0

The matrix elements of Egs. (2-84z) and (2-84b) are usuwally
called nonrelativistic because their radial parts depend only
on the radial functions g{r,x). The terms confaining both

f f( K f) and fi( T :c;.L) constitute small relativistic corrections
that can usually be omitited.- On the other hand, the matrix ele~
ments of Eqs. (2~84c) and (2~84d), which contain f(r,x), are
called relativistic matrix elements.

The radial momentum. operator P is

1.4 1., _
Pr=§('&?+}')’ (2-88)
hence we have
f(r,0) = -Z-ﬁ-ﬁpr+§]g(r, K). (2-89)

For a bound nucleon state in a srherical potential, on the other

hand, the relstion

L{ 2, x(xsl) -
+ 50 (pr +——;—2-—-)g(r, K = mking(r, K) (2-90)
holds, where Ekin is the Icinetic energy of the nucleon The ratio

of relativistic to nonrelativistic single-particle matrix elements
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can, therefore, be estimated as

M/ (Ek /2M)1/ 2

It has been shown that some approximations must be made in

0.1. (2~91)

going from relativistic nuclear wave functions to the nonrelativ-

istic limit. Some of the relativistic form-factor coefficients,

however, can be related to. nonrelativistic coefficients on the

basis of CVC theory (Stech and Schillke, 1964; Fujita, 1962; Eich~
- Schopper, 19663

ler, 1963; Damgaard and ¥inther; 1965;4Blin-Stoyle and Nair,

1966; Blin-Stoyle, 1973), " - The most important

such relations are (Behrens and Blhring, 1971)

TNl ‘
= E U ey 0) = (wo+2.5){“c—) :ca:x,m,n,p;x)dﬂooojg}

0

et

oz F =1 ' : v
- -E‘{ J]-( ) I(kxsmsn! P?X)GXU(I‘)TOOO:]OJ (2-92) ]

and

/2 ¥n 1k2 V_ N~1
-(2K+1+2N) [K/( 2K+1)] Fyyoq~2NEC(K+1) /( 2kK+1)] F;{Kﬂl
. K42N
- (ur0+2,§)RVFgKO-Qz[J(%) U(r)TKKOjg]. (2-93)

Additional relations are given by Behrené and Bibhring (1971).
Because the old Cartesian notation for nuclear matrix eie-

ments is used in méﬂy papers, the connection between form~factor

Acoefficients and nuclear matrix elemen%s is liéted in Cartesian

notation in Table 2.10.
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Induged interactions. As indicated in Sec. 2.1, the hadron
current is influenced by £he presence of the strong interactions.
It can be shown (Delorme and Rho, 1971), that hence the simple
nuclear current of Eg. (2-4) must be replaced by the most general

current

= 1$'(p') E ) [; O +F, (1Yp'+M)O

i=V,8, N,
A,P,T
+ G.olci?;m)m.(i}’;':fM)ol(i}"ﬁm)] v (p), (2-94)
1P 1 B P
where we have
Ul s M
Q = 0" =1 = ,O =
o =M% = 3900 T 039,00, = Y5’ i9,Ys
and
T
O‘p. = G}th?\YE'

Because the binding energy B of the nucleons inside the nucleus
is always small compared with their mass M, the off-mass-shell
effects are expected to be negligible {of order B/M). In the
standard impulse~approximation treatment, the nucleons are there-
fore taken on their mass shell, ij.e., (i?E;M)u(p)=0 is assumed.
Then the terms associated with the coupling constants F&, Gi’

and Hi vanish. On replacing q11 by the corresponding differential

operator (Behrens and Bilhring, 1971; 1974) gye obtain

p ﬁ;[Y +1fH Ga—— + ied )+f ( u + ieAp)

+ Ay, 75+1fT uv75(ai + ied )+ipy 5(§~— + ied ﬂ Py (2-95)
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“Ffor the case oT-P~ -decay. Tn Bt decay and electron capture, the

Hermitian conjugate current is

4+ e - bi) R 9
iJ.p = 11Pn1:?"uﬂ:.tﬂgmi( ax“ le%va“?s(?}g “J:EAu')*AYpYB

- it 9, 5(6 - deA )+f s (—-— - ied ] . (2=956)

"By comparing Eqs. (2-95) and (2-96), the formal substitutions can
be determined that must be made for the induced coupling con-
stants.in going from B~ to Bt decay, from Bt decay to electron
capture, or-from-B~-decay to electron -capture (Behrens and Bilhring,
1974} .. '

-Between B™ and ﬁ"‘ decay, the following correspondences hold

[in addition to those indicated in Fq. (2-39)1:

B~ decay Bt decay
Ty g LY
fs - ~fg
.fT/)\ + -fT/A (2-97)
Y Y
el =igh
e 11 = =1e i-'-

For 87 decay and -electron-capture, the hedron -current (and
therefore also the hadron part of the transition matrix element)
‘hag the same Torm: Thus, beyond the substitutions indicated in
E'q. {2~40), it is orly mecessary to.replace wo by W_+W_ to go from

Pt decay to Electron capture.
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Starting from B~ decay, on the other hand, the Ffollowing
substitutions apply [in =ddition to those indicated in Egs. (2-41)

and (2-42)1:

$7 decay electron capture
fM -> fM
fs > -fS
fT/K +> -fT/?L (2-98)
fp/l *+ fP/K
leAu + - —ieh

The quantities fM, gt f& and fP are the coupling constants for
the weak magnetic, induced scalar, induced tensor, and induced
pseudoscalar interactions, respectively (Marshak et
al,, 1969; Schopper, 1966; Blin-Stoyle, 1973; Blin-Stoyle and
Nair, 19663 Kim, 1974).

The conserved-vector-current theoéy predicts the values

(Blin-Stoyle and Nair, 1966)

fy = (up—un)/amm 0.0010,
£, = 0 ’ (2~99)

for fM and fS; here, up and unrare the anomalous magnetic moments
of the proton and neutron, and M is the nucleon mass.

The guantity Au=(A,icb) in Fq- (2~98) is the potential of the
external electromagnetic field, which in this case is the static

electric field of the nuclear charge, for which we have A=0,
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-e¢=V(r)=%§II(r)- The terms containing AP must be included to
assure gauge invariance of the Pamiltonian.

By applying the Dirac eguation, the operator F%: in Eq.
(2=96) can be replaced by the transition energy UI=t Y, .

Like the simpie current of Eg. (2~4), the general current
given by Eq. {2-96) consists of two parts, one of which Lorentz-
transfomslike a four-vecter, the other like an axial vector. We
make use of this property. In the nuclear matrix elements with~
out induced interactions [Eq. (2=77)1, the spherical temsor oper-
ators TKLs and 75 TKLs occur:

M LT M
l.TLLO 1-1LYL

le-T§L0 = KYE.iLYE

M

Tk ¥

KL

I~K+1, 1M
i

1 e (=1)

M . L-K+1 I=M _
7\75. TKL]_ AT (~1) lLiKL {2=-100)

The nuclear operators 1? 175, & and M; behave under rotation like

) scalars, pseudoscalars, vectors, and axial vectors, respectively.
Introduction of the general current of Eg. (2-~95) makes it neces-
sary to replace these operators by more complicated operators
which have the same transformation properties (Behrens and Bilhring,

1971} :
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1= jg = 1- 1fMBa V4T BE‘I'- -—U(r)]
A . ad
?ws g = ’\Y5+1fTBU'V-fPBY5[W"J" N U(r)] ’
g - _3V = U+t Br <V1+f ﬁabd'--—- U(rﬂ -ifg BV,
8 o = aBergplal-np vi- L U] by ¥ (220D
- T T o R P'5

These substitutions, in Eg. (2-76) via Eq. (2-77), lead to the
form-factor coefficients that correspond to the general nuclear
current. The expressions for the observables in terms of form-
factor coefficients remain unchanged (Sec. 2.2.3; Stech and
Schiilke, 1964; Bithring and Schillke, 1965). Only the definition
of the form-factor coefficients in terms of nuclear matrix ele-
ments and coupling constants is changed;

The form-factor coefficients in terms of nuclear matrix

elements appropriate for electron capture are as follows:

V N
K.KO(k manvp) = m’K:(O(k MWy Nyp )

+ B8 1{[&/{ 2141)1Y 2(I(r/R)K+2N (2K 1420 I(r) 4Tt (1) BT, )

+ [(K+1) /C2Ra1) 1Y/ 2([( 2/R) Lot (1) 42T ()] B"—‘mn)}

{2=102a)

* fSR"l( I( r/R) () 141 R-0Z0( ) ] BTKKO),

A A M
FII\;KO(R , Milyp ) = mKKO(k’ Ty Typ )

- fTR"l{iZK/( 2k+1)1Y/ 2([( r/R) PN (2K41428) T(x) 42T (2] BTgTKK-ll)
+ L) /(2Ke1) 1Y 2({( 2/RY S L onre ) 4T ()] BYSTKK+11)}

- f R™ G(r/R)K”’zNI(r)Eer-aZU(r)JB (2=102b)

P Ts5 KKO)
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‘ - g, m,n,p) mmq“‘ m,n,p)
fMR 1t[(Kﬂ)/(am:L)Jl/ 2( j(r/R)K+2N-lf(2K+l+2N)I(r)+rI'(r)]ﬂYS Tk 11)
[K/( 2K+1)31/ 2(‘[( r/R)K+2N'1f2NI(r)+rI'(1‘)] g™ mn)

( J‘ ¢ r/R) K+2NI( r) Lt R-—u.ZU( r)d BTKKl)} ' '(2—1().20)

AFN (k m,n,p) = AAm.ﬁﬂ(k My, p)
- fR 1{[(K+1)/(2K+1)]l/ 2( [( r/R) K- l[(2K+1+2N)I(r)+rI'(r)3BT e 11)

~ LK/ 2K+1)31/ 2({( r/R) K+2N_1[2NI(r)+rI'(r)]BTKK 11)

+ ( I (r/R) f{+2NI( ) E.WCT)R-aZU( ] BYBTKK'!)} , ( 2~102d)

B _ Vg ,
Frlg;{ 1, mam0) = M7 (e, mansp) ’

+ fRT -E(K+1)/(2K+l)]l/20( /R)K+2N EEENIm”I'(r)]BYS ")
( I ( /R)K+2N 11(1-) EW'R-chU(r)]BTKK_ll)}

- _st'lEK/( PK+1)] :_Mz(]‘( r/R) K"'a_N“ataszI(rhrI’ 1(z) I‘BTKKO)’, (2-102e)

-‘-'AFN ll(:k? myn,0) = }LAT»IIEK 1l(k m,n,p)
- o { E(K+1)/(2K+l)]1/ 2(f<r/R)K+2” 2 aNI( )41 () 18T, )
(Ic:ﬁﬁ*m 1I(r)[W'R—aZU(r)J[3Y5 - 11)].

F fPR 1£K/(2K+1)]1/ E(I(r/R)K+2N‘2E2NI(r)+rIT(r)]BY

5 KKO) (2-1025)


http:2NI(r)+ri'(r)1.PT
http:r/R)K+2N-'lE2NI(r)+rI'(r)]PTK-K+.11
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VEJ:{K:fuckr nmyp) = V‘T&I}Iml(k , Wity p)
+ 'fMR'l{E K/( 2%+1) 3_1/ 2 (j( /R L o130 20) T 24T (1) BY T )
. U (/R F Ny [w!R-az0(x)] BTKK+11)}
-t R (ke A2k 1Y 2‘( f (/R oRe302M) () +2T () 1BT )
S KKO
(2-192g)

A N
F§K+11(k» Mansp) = Ay, (e, mamsp)

‘% ﬁfR-l{[K/(2K+iﬁ31/2(Jkr/R)#*2N[(2K+3+2N)I(r)+r1}(r)]BTKKl)
+ (J‘( r/R)‘K+1+2NI( r)lv 1 R-aZ0(r)] ﬁysTKKﬂl)}

o+ fPR'1[(K+1)/( 2:1) 1Y E(I(r/R)K+2Nr(2K+5+2N)I(r)+r:['(r)]ﬁ75 mo)
For brevity, we have written I(r) instead of
J.(kx,m,n,g r); we have I'({r)=dl/dr.

In addition to the single-particle matrix elements of Egs. (2-84),

(2—102h)
the following are required:

PN % S ) . 1/2

(x/R)T T G(r) BT/ = £2/(23,+1) 17 4Gy (ki)

x\[g (ryx )(1“/R)K'!.2I\T (r)gi(r,ni)radr

+:sign (Kf) sign (Kil GKKO(-Kf’—Ki)‘

x Jf 2ok (/R ()2 () rzdr}, ' (2-1038)
o .
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(.[ (z/ R)Lﬁfa‘]‘_‘?g r) BYETKL];) = [2/( ‘?Ji’”l')]l/a{'GKLl.( Ke1Ky)

o

x\[gf(rsKf)(r/R)L+2N¢(r)gifr,Ki)radr
0

+ gign (Kf) sign (Ki) Gkhl(;Kfy'Ki)

< If T ) (2/R) L+2N¢( r)f, (r, tci)rzdr}, F2-103b)
0

(J(r/R)K+2N¢(-I‘)BT;TKKO) = L2/( 2Ji+1)11/ 2{-Sign () Gyl "f’""i)

'x\fgf(r,Kf)(r/P)K+?N¢(r)fi(r,ki)rzdr + sign (Kf) GKKO(-Kf,Ki)
)]

=]

x jff(r, Kf)(r/R)K+2N¢(r)gi(r. Ki)rzdr}, (2~10%3¢)
]

(I(r/R)IﬁzNCb(r).BTKLl) = La/( 2Ji+l)31/ 2{-sign (x;) Gy € Kf1"Ki)

j-x‘[gf(r,xf)(r/R)L+2N¢(r)fi(r,Ki)rzdr + sign (Kf) GKLl(-Kf,gi)
S . )

% ~[ff( T3K f)( r/R)L+2N¢(r)gi(r, Ki)rzdr}. {2-103d)

. Q
Here, ¢(r) stands for I(kx,m,n,p;r) or rI'(kx,m,n,p;r) or a linear

" combination of these integrals. The question whether a finite
coupling constant fT exists for the induced tensor interaction
has aroused great interest of late. 8Second~class currents (Wein~

berg, 1958) manifest themselves in principle only through the



65

coupling constants fS and fT, and fS vanishes in accord with the con-
served vector cu?rent theoxry. Hence, the d?termination'of fT is con-—
nected with the very guestion of the existence of second-class currents
in B decay and electron capture..ll Although this problem has been dis-—
cussed extensively in the literature (Wilkinson, 19703,1971, 1972a,
197;./72, 19741.:; Alburger and Wilkinson, 1970; Kim, 1971; Hoistein and
Treiman, 1971; Vatai, 1971, 1971y Wilkinson and Alburger, 197%;
Blomguist, 1971; Wolfenstein and Henley, 1571; Lipkin, 19270, 1971; Kim
and Fulton, 1871; Bl}n-stoyle_gi al., 1971; Laverne and Dang,
1971‘; Alburgex, 1972; Tribble and Garvey, 1974; Towner, 1973; Greenland,
1275) anhunaﬁbiguous answer concerning the existence of second-class
currentg has not yet been obtained. 'An excellent review of this matter
has been writt;n by Wilkinson (1971/72).

In view of the uncertainty about second-class currents, Kubodera
et al. (1973) have recently pointed out tﬁat one cannot neglect the

nucleeon binding effects, i.e., off-mass-shell phenomena and exchange

currents. Thus, at least as far as the éxialuvector part is concerned,
one should sE?rt with the-most general current [Eé. (2-94)1. _But then
the large nupber of coupling constants complicates the problem to such
an éﬁteﬁt that it can be dealt with only under some siﬁ@lifying assump--
tions, i.e., minimal coupling. Fuétherﬁore, special models for the
meson éxdhange currept mist be used. Follqwing this line of attack,
Kubodera et al. (1873) were able to cglculate explicitly off-mass-shell
.and ﬁéson—e%change aeffects f;r some special cases, and to demonéfrate

-theii importance (EmEu1§£§ EEL., 1973).
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2.2.4. Explieit Expression for the Quantities MK(gx,ku) and

mK(k k)

By expanding electron and neutrino radial wave functions as
outlined in Sec. 2.2.2 and introducing the form-factor coefficients
defined in Sec. 2.2.3, we can derive from Bg. (2-42) explicit ex-

. - M
pansions of the guantities ﬂK(kx,kv) and mK(kx’kv)' If we take
into account only dominant terms (of lowest order in the expansion
of electron and neutrino radial wave functions), we arrive at the
following simple forms for MK(kx’ku) and mK(kx’kv) {Behrens énd
Jdnecke, 1969; Behrens and Bfihring, 1971):

)
For allowed transitions,

V. 0
Mo(l,l) = Figor
Ml(l,l) = -AF§Ol; {2-104)

for first-forbidden transitions,

M (1,1) = A0 Fo oo H(1/3)od AF011(1 1,1,1)-(1/3M R FOll,
mo(l,l) = (1/3)3 011'
M (1,1) = v 201+(l/3)aZ(1/3)1/2 v 510(1 1,1,1)
1/2 V 0 1/2
~ (1/3MR(1/3) Fl10-(1/3)az(2/3)
x lll(1 1,1, 1)=(1/3) (Y +qx)R(2/3)l/2 Ag0 g
n (1,0 = (/R[5 Y2 V5 /M2 4 ]
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M(1,2) = -(1/3)%(3[(2/3)1/2 v 210 (1/3)1/2 ¥ gll ’

M (2,1) = =(1/5)p, rlc2/5)%2 50 wamM2 40 1,

A0
M(1,2) = <(1/3)q R "F 15

ADO

M2(2,1) = -(1/3)p R "Fypq (2~105)
For higher forbidden transitions, we have
Kk -1 (1)
ML(kx,ks’l)) =K (R * (g B " { f(2Le1) /112 V50 o a
+ (2 41) “1/2 o(kx,l,1,1)+[(2kx+1)-1 (2k(1)+1)-quR]
x Vg ELO (2k 1) ez E(L-;-l)/L]l/a AFO (k 1,1,1)
- I¢ 2kx+1)'1wa+( ?_kgl)ﬂ)“qurz] [(z+1)/21%/2 AFng}, (2=106a)
(1)
k =1
mp (ke k(l)) = K (p R) x (qu) (2kx+l)-lR
v 0 1/2 LD
% { B -L(T+1) /8] AFLL]_}, (2=106b)
(2) L (2) =1 / (2) /
2 % 1/2 2 ~1/2
ML(k sk ) = -KL(p R) qu) (1+1) [(Ek.x-l)(akv -1}
x {V 0 o, k(e))(L+l)-1E(L+1)/L]1/ 2 Ag gm} (2-106¢)
(2) K -1 (2)
2 0
ML+1(k k ) = KL(p R * (q_xR) AF(L+1)L1 (2~1064)
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Here we have introduced the abbreviations

K = (1/2)1/2[(2L)I!/(2L+1)!!Jl/zf(Ekx-l)!(Zkil)ﬂl);3-1/2; (2-1072)

k= E(zL)ls/Z2L+1)!1]1/2[(2kx-1)z(2k£é)-1)11’1/2. (2-107b)
The two quantities KL_and KL are related by
RL_l = E(2L+1)/IJ1/2KL. (2-108)

The energy of the bound electron in the parent atom is defined
as wx=l-]Ex|, where Ex is the binding energy in the parent atom.

The electron momentum P, is given by
b = (14 Y2 (2-109)
X X

V. VN
The form-factor coefficients are VFgst AF} FQLs(kx‘msﬂ-p) and

¥Ls®

AFgLs(kx,m,n;p); they are related to the nuclear matrix elements

as indicated previously. The synmbols V and A refer to vector and

axial vectbr; K specifies the rank, L the multipolarity, and s the
spin of the spherical tensor operators that are involved. The ra-

dial dependence of this operator is rL+2N or rL+2N

I(kx,m,n,p;r).
These form-factor coefficients occur in accordance with the expan-
sion of the electron radial wave functions discussed in Sec. 2.2.2.
In Eqs. (2~47) through (2~49) we have only presented the dom~
irant terms of the multipole expansion and the expansion of the
electron radial wave functions for linear combinations of form-
factor coefficients. Complete expressions are listed in Appendix
A?.1 (Behrens and Blihring, 1971). Unless there are strong cancella-

tions between different terms connected with the form-factor coef-

) ficients, the higher-order terms can be neglected-
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2-3. Tormulae for Allowed and Forbidden
WMVW\’MV
’ Transitions
g T A el P

2.3.1. Allowed Transitipns
In allowed trensitions, electrons can only be captured from

orbits with Kx=i1’ ife¢ey from the K, M2,... shells

Iys Los Mo,
[cf. Bgs. {(2-44)~(2-47)]. This result is based on the approxi-
mate neglect of contributions from higher-order (so-called second-
forbidden) terms (see Appendix A2.2). Capture‘from orbits with
‘=t2, for example, would be governed by matrix-element combina-

tions Mi(B,l),‘Ma(E,l), etc., which are smaller than Mb(l,l) and

Mi(l,l) by at least a factor p R0.02. Consequently, we have

Qx(g=i2) < uxlo'hqx(n=¢1)

[Eq. (2-44)], and capture from orbits with ¥=Z2 can be expected
to be difficult to observe. However, capture from such states in
principle offers a possibility of determining the higher—-forbidden
contributions separately from the leading terms-

For the quantity-cx we find

(V50 42, A0
6, = (B oy (2-110)

qus. (2=4k4) and (2-104)]1. Inserting this result in Eq. (2-43)

leads to

V 0 2 4 0 2 2
= (6%t >{( #5000 By 2

. (2=111)

+qBB+q_f_’| +a0e
nLl 1 e 7 nL2 L, L2 L,
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for the decay constant. Hence it is easy to derive the ratios
of the capture probabilities from different subshells. The L—,/K

ratio, for example, is

2 2.2
A /Ay = (0. g> BE B, )/AnqiBiB,) . (2-112)
A S A T T A KBy,

2.3.2. First-Forbidden Non-Unigue Transitions
Considering., as before, only the dominant terms in non-
unique, first-forbidden transitions, we find that electrons with
'the guantum numbers K .-il, *2 are captured. TFor K, Ll’ La, Ml’

Mz,... capture, we have

~

- [Mc(l,l)-'i—mo(l,l)] 2+[Ml(l,l)¥ml(l,l)]2+M§(1,2)+Mg(l,2) (2-113)

(Eqs. (2-b4)~(2-46)1. The upper sign holds for K, Ly, M ,000 cap-
ture and the lower, for I.2, Hg”" capture. The quantities
ML(kx’kv) in Eg. {2-113) are defined through Egs. (2~105). If
there is no cancellation between the different terms in Egs.
(2-105), we can simplify Eg. (2-113). Because we have W =1~ [EK[,
with |EKL::0.2 and R=0.003Lﬁ.1/ 5 <0.02, ve can usually neglect

terms multiplied by R and W _R. Then we find (Vatai, 1973)

AO

A Y2
Cx_z +(1/3)aZ (1,1,1,1)~- (1/3)w R 01]]

Oll

+ [ 101~ (aZ/E)(l/{_') 0(1 1,1,1)- {—‘ 111(1 1,1, 1)}

0 A Y 2

2 1/2 v o )
_ + (wOR} /9R(2/3) 110-(1/{_3 11;} {AF ] (2-114)
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This result shows that, even in ?he case ¢f first-forbidden non-
unique trapsitions, the quantity Cx to a very gooé approximation
dées not d;pénd on the particular éubshellif;om which the electron
is captured. As for allerd electron capture, the ratios of the
capture probabllltles from different subshells are therefore in-
depenident of the form-factor coeffic¢ients. Thus, these ratios
ﬁavebtﬁe same forhlas.éiven in Ey. (2-81).

In mony cases, éspsciéily for the Heavier nucléi, we have

aZ»>W R. Then Eg. (2-11%) can be 51mp11f1ed further.

~

=‘[ A0 o0H(1/Pe AZ0

2
SPCRES 1)]

+ [ 101-(0:2/3)(1/(") llo(1 1,1,1)-{2 A“Fi'll(l 1,1 1)}] (2-115)

ffé? capﬁuié-from k=2 (L, M,, M ,..u) states,. we have

3

o = (2,02, 1, (2-116)

or expllcltly [cf. Eqs. (2-105)]

\

o, E(p R) /93[[(2/3)1/ 2 Vg glo (1/ﬂ Arg’u} { ]} J (2-117)

Cpmparison 6f Eq. (2-117) with Eq. (2-11k) suggests that g=12

‘capture is, negligibly small as against capture from K=*1 orbits.

-2.3.3. First-Forbidden Unigue Transitions

Considering dominant -terms in Egs. (2-105) for unique first~
N - N . ’ [y R -
forbidden transitions, we find that- subshells with ¥=%1, *2 can

I

cbnt;ibuté GBehrgné and J&necke; 1959). TFor éapture.from gx=il

(X, L., - Ml; Mé,u..) states, wé have
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A0 Y202 0y, 2 _
C = (Fau (R /9)qx ' (2-118)
and for capture from x =i2 (L., 3, Mﬁ,.--) orbits, we find
A 0 2 -
c, = ( 211) (®/9)y, (2-119)

Tt follows from Egs. (2-43) and (2-118) that the Ll/K capture
ratio is
Py = € 52 B. )/(n,q BB, ) (2-120)
X = nLqL 1, By, /(ngagPyBy) -
11711
Expressions for the Lz/K, Ml/K, LE/LI’ and Ml/L1 capture ratios

are entirely analogous. TFor the L3/L1 ratio, on the other hand.

we have
Ay /A = (ng pi qi ﬁf, By )/(ny qL BL e (2-121)
3 l 3273737373 1717171

Other kx=2 to kx=1 capture ratios are analogous to Eg. (2-121).

2.3.4. (Ie))~Forbidden Upigue Transitions

Taking only dominant terms in Eq. (2-1064) into account, we

have for szx

2(kx-l) 2( L-kx)

(2L—2J11 2i~1) Py Q.
% = (a- 1)11( LL-:Ll)ZR (2%, D)1 B(Lk )1t ° (2-123)

For XK, L., Lz, Mi, M2"" capture, for example, we obtain

c = Ag gL 11) {( 21-1) 1'} ( g)2(I-1) (2-124)
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2.3-5. Some Gene;él Remarks on Hisher~Forbidden
Non-Uﬁigue T;ansitiong

Spec1al formulae for the higher-forbidden non—unlque cap-
ture rates can easxly be derived from Egs. (2-106) in analogy
with the-first-forbidden non-unique tramsition rate [Bgs. (2-113)
rto (2-115)1. Thg following géneral statements can be made re-
garding sﬁch:higher-fgrbidden-capture’transitioné:

(1) As for Ad=1 first~forbidden non-unlque transitions,

these capbure rates -depend only on six different form~factor co-
VA(0) Vi(0) ¥ (0)(k \1,1,1), "A5(0)

efflc%ents,_v1g., Ti-11° 11.0° LLO 111’
%F (k 1,1,1), AFéoi .1 Expre551ons for these rates are

therefore no more complicated than those for flrst-forbldden
tran51t10ns.

(ii)::If‘we neglect terms multiplied by R and u. R, as in
Eq. (27114?, the capture ?atios from shells w%th the same kx
value do not'depend ontéhe nuclear-}orm-factor coefficients.
_Fbrm-factor coefficlents can_therefore be determlned by inves-
tlgatlng capture ratlos only it ratlos of capture fronm stateg
w1th dlfferent k ‘are _measured (e.zg. L /K M /K)(Vatal, 1973},

(111) Non-unlque Lth~forb1dden capture rates are always -

proportioﬁél to a féctor
R
{( 21111} l*(qu)aL(px/qx) x

EEQS. (2—106)] Conseqﬁently, such. capture probabilities de~

crease very rapldly w1th 1ncrea51ng degree of forblddenness.
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2.k, Flectron-Capture to Positron-Decay Ratios
CLr

2.4.1. QGeneral Expression

For allowed as well as forbidden transitions, the following

general result for EC/B* ratios holds [Egs. (2-2), (2-7), (2-10)1:

= - =125
Moo e+ (Zx:nxcxfx) / (fBJ,C(w) ) (2-125)
Here, fB+ is the integrated Fermi function (Behrens and Jinecke,

1969):
Py

£ = J £~ 2R3 W) dp, (2-126)
0

where p is the positron momentum {in units of moc), the maximum

2—1)1/2, W is the positron energy (in units of

momentum is §O=(wo
moce), 7' is the atomic number of the daughter nucleus, F(Z,W) is
the Fermi function, and ETWT is the spectrum shape lactor, averaged
over the gt spectrum; The form of the shape factor for different
types of BT decay has been discussed, for example, by Schopper
k1966), Behrens and Jinecke (1969), and Behrens and Bithring (1971).
To calculate the integrated Fermi function f we need the
continuum-electron radial wave functions g_lér) and f+l(r). Con~
ventionally, these functions {and hence the Fermi function) are
evaluated at the nuclear radius (r=R). However, recent discussions
indicate that a less ambiguous result is achieved if the Fermi

function is evaluated at the center of the nucleus {r=0) (Schopper,

1966; Behrens and Bilhring, 1958, 1972; Blin-Stoyle, 1969). This
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latter definition of tﬁe Fermi function is appropriate:for the
éleqtron;captuée formalism in the present paper {Sec. 2.2.2){
A number of detailed caloulations and tabulations of the Fermi
‘fynction-F(Z,w) ‘and of thé integrated Fermi funetion f(Z,HO)
exist- -However, in éany instances finite nuclear size ggd
écreeging bjto;ﬁitél ;1ectrons has not been éaken fully into
account.: The fermi—function,fgr a -point nucleus withoﬁt screen~
ing is listed in the National Bureau of Standards tables (1952) ~
and in éipaper b& Rose and Perry (1953) .. Dzhelepov and Zyryanava
(19565 havé caicuiatea tge Fermi-fuhction énd the integr;ted
Ferm1 function (at r—R) by addlng correctlons for screenlng and
finite size to the functlons for a point nucleus. Several '
.authors (Matese and Johnson, - 1966 Durand, 1964, Brown, 1964),
‘1however, have noted that the screening correctﬂons of Reitz
.(19503 used by Dzhelepov and quyanova are 1ncorrect for higher
electronimompnta. )

i Febmi fuﬁctions*eﬁaluated numericélly {at r=R) from.an exacf'
-soluyion 6f the Dirac equation for a nucleus with finite size,
. but without’écreening; ﬁave been tabulated by Bhalla and Rose
(1960, 1961, 1962, 196#) It was later showﬂ,'however, that
these tables are not entlrely correct for p051trons of hlgher

“

momenta (Bﬂhrlng, 1967, Huffacker and Laird, 1967; Behrens and
*  Asai and Ogata, 1974).

Bﬁhrlng, 1968 Blln—Stoyle, 1973, P- 38 /\Fbr a.. few elements,

Bﬁhrlng (1965) has carrled out an exact numerlcal 1ntegrat1on

of«the Dlrac equatlon, taklng into conslderatlon flnlte nuclear
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size aﬁd screening. By employing a methed similar to that of
Bilhring, extensive tables of the Fermi function (at r=0) and
graphs of the integrated Fermi funcition have been published by
Behrens and J¥necke {1969); this calculation takes exact ac~
count of both finite nuclear size and electron screening. Nu-
merical integration of the Dirac equation, including finite size
and screening, has also been carried out by Suslov (1966, 1967,
1958a ), Theoretical K/b+ ratios have also been listed by Sus-
lov (1970b) .The extensive tabulations of the Fermi function

(at r=R) and of the integrated Fermi function by Dzhelepov,
Zyryanova, and Suslov (1972) a;e based on these calculations.
éus}ov, howe;er, inclﬁded in the electrostatic potential caused
by the atomic electrons a Slater exchange term.12 While the ex-
change term is applicable to the bound orbital electrons, it is
_not appropriate for the continuum states; this is self-evident
for positrons and has also been shown for emitted B~ particles
{Matese aﬁd Johnsoﬁ, 19665 Behrens and Jinecke, 1969, p- 25).

It way be for this reason that Suslov!s calculations do not
agree at low B energies with his Thomas=Fermi-Dirac calcula-
tions : and with results of other
authors (Behrens and JY¥necke, 1969; Bhalla and Rose, 1960, 19561,
1962, 1964).

An extensive taﬁul&tion of log f (at r=R) and of capture-~to-

positron fétios, with an accuracy of two to three éigits;has been

compiled by Gove aﬁd Martin {(1971). ‘These values were obtained
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by correcting point-nu;leus continuum radial wave functions for
finite nﬁclgar size aﬁd screening.

In all‘éalculatibng discusséd so far, the finite size of
the nucleus was rep%ésented by the qimplest'model,‘gig-, a uni-
:formly chargéd sphere of radius R, equal to the nuclear radius.
A ﬁone Tealisfié charge digtribution has been emploved by Behrens
and'Bﬁhring'(lé?Oj;'wﬁo‘héve shown that the influerice of the
.Sﬁape'of'the charge ﬁistribution on the Fermi function can be

) _ (see also Asal and Ogata, 1974).
neglected in most. cases A‘An analytical parametrization of the

Fermi function and of the integrated Fermi function (for a pointe~
like nucleus), of the sereening corrections, the finite nuclear-
" size effects, and of the dependence-of allowed B .decay on the

guéléar radivs has beén_deriﬁed by Wilkinson (197Cb, 1970c¢, 19704;

1'_970-6, 1972b,1973¢ Wilkinson and Macefield, 1974).

2.4.2. 7 Allowed Trangitiogs
T S : V02
For allowed transitions, for which we have C(W):Qx=( FbOO)

+L(AF261)2; the EC/B* ratio has.a very simple form:

M/ Mg = B/ B - ' (2-127)

This ratio cdnsequeptly does not depend on the form=factor coéf—
ficien%é,.jugt-lige_th; capture ratiés- However, for the EC/pY
ratio there’are %ﬁo effects that‘can lead to small deviations
-fféﬁ-thg ;esglt predicted by Eg. (2-127):

’ :: Gi) If hiéher—or&er terms‘(Appendix A2.1).contribute sig-

-nificantly, the differences between'Cx and C(W) must -be talken
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into account [Sec. 2.1; Egq. (2-40)]. For allowed transitions, the cor-

rection factor of Eg. (2-127) can be given explicitly. HNeglecting terms

in‘F(N)(l,m;n,p} and form-factor coefficients of rank two, we find

121
{Appendix A2.1; Behrens and Buhring, 1971)13

' 2 2
AK/A6+ = (fK/fB+)Il+(Al+y 2,)/(1+y) 1, (2-128)

where

3/2 (0)/AF(0))

— —_ — V.
A, = (2/3)7 {2 (WA - [1+(uy v )W IRCE 1/ F o]

+ 232 4Gy ) MR PEO) PRO

171 1107 F1o1’~ (?/3) (AW RaZ

X

a_ (1) a_{(0) n_ (1) {0)
[(1/9) Oy, (1,1,1,1)/ ;1) +( le(l,z,z,l)/AFlOl)]

2 = — — {1) (0)
/27w [20(wk¢W)—2[1+(2ulyl)/w](Aylol/AF101>, (2-129)

- 2/3) [+ Gy vp) /ﬁ]R(Vng’l/"Fég(’)) - (2/3) (1, 47 Rz

i
H

(" 1,2,2,1 /%9 - e ) (1,2,1,1/8 0 ]

x

000 000’ " Fooo 000
+ (2/9)w032{2(wk+ﬁ}—[1+(Eiyl)/ﬁﬂkvfégé/vfégé), (2-130)

and y = vfégé/AFégi. Here, the energy W and the Coulomb function ai

+ .
are averaged over the B spectrum (Behrens and Janecke, 19269); Yl stands

;‘:'or [1-{a2Z) 2] 1/2.

+
Equations (2-128) to (2-130) also apply to other allowed EC/B
+ + .
ratios (Ll/B P L2/B ,_Ml/8+, vv.). In most mixed allowed transitions,

the form-factor coefficient vfégé is isospin-forbidden,
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and hence very small- Thus, we.generally have y<<1(Blin-Stoyle,

1973: Bertsch and ¥ekjian, 1972). Hence A, is the important cor-

1
rection tefm.' The form-factor*coéfficienf ratio v ig%/AFggi, rel- .

ativistic‘pver nonrglativistic,.depends sensitively on the nuclear
structure and is difficult to calculate. This ratio is of the or—

(1) (0) A (l) (0)
der ~0.1., The ratios Flol(l 1,1, l)/ 101, 101 101,

and AF&%% can however be estlmated more ecasily. -They generally

1ie in the range 0.5-2.0. Taking into account only the latter

- form-factor coefficient.ratios leads to the estimate A ==0.03 for

(1,2,2, 1)/A

" Z=80.

{ii) A second cause far deviatioﬁs of the EG/B+ ratio from
the iredicf%oﬁ of Eq: (2—1275 1ieé in'e}ectromagnetic radiative
correctiéns-to‘thé glectronjcap?ufe gnd B+.decay.rates,jfor ax;'
-ample for the emission of interhéi bremésfrahlugg. Radiative

corrgc?ioné for allowed B transitions, especially for the super-
‘allowed 0f+0? tran;itiqns,‘ﬁave been discuééed e;tensi;ely (Mar~

shak et al., ‘ ) 1969, Slrlln, 19573 KHllen, 1967; chus

; and Norton, 1970; Beg et ald, . - " 1972; Jaus and Rasche,

, 19705 J‘aus, 1972 Sirlin‘, 19743 Roos, 19743 ‘Suzuki' end Yokoo,-19?5)
For allowed B tran81tlons, the effect of radiative correc-

‘ tlons can be’ descrlbed, flrst by.a renormallzatlon of the vector -

- and axlal-vector goupllpg constapts,
. A 3
CV +-Cv(l+ EEQ, (2-131)

¢, » o (158D, (2-132)
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{Blin-Stoyle, 1973), and secorid, by a known modification of the
B spectrum. This second point affects the integrated Fermi func-

tion:

fB+ +-fB+{1+aR(w,Z)}. (2-133)

In Eqs. (2-131) and (2-132), C and D are the so~called model-
dependent radiative corrections; they depend on details of the
weak and strong interaction theories (Sirlin, 1967; KHllen, 1967;
Dicus and Norton, 1970; Beg et 2l,., 19723 Sirlin,
Roos, 1974; Wilkinson, 1975), These
A@Odel-dependent radiative corrections cannot 25 yet be calculated
without ambiguity, but they caneel in EC/B* ratios The model=-
independent radiative correction fact;r f1+6R(w,Z)J is well~
knoﬁn to‘o?der o (Sirlin, 1967: KHllen, 19573 UVicus and Norton,
1970). This correction factor can be fourd, for example, in the
work of Wilkinson and Macefield (1970), where semianalytical for-
milae and.nomograms are given. The terms of order Za2 and Zaa3
have also been calculated (Jaus and Rasche, 1970; Jaus, 1972).
For electron capture this model—independent-part of the radiative
correction differs, however; from that discussed for Bt decay.
Unfortunately, -no explicit calculation has been carried out as yet.
Some contrary statements notwithstanding (Vatai, 1971, 1972b;
Eman eb gl.s 1973), Behrens and Blihring ( 1974)
have pointéd out that the existence of second-class currents,

i.e., of a‘ Finite value of ﬁr, does not significantly affect

EC/BY ratios. This fact follows in principle from the equalitylh

19743
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of the hadron parts,:or of the form-factor coefficients, for elec—

fron capture and B+ decay (Sec. 2:2.3).

2.4.,3. Nop~Unigue Forbidden Transitions

The EQ/6+ ratios for ndp;uniéue forbidden'transitions are
propor{::ional.‘ho an additional f.act-or ¢, /T . tt:i;e quentity C_is
'given by. Fas. (2-4b), (2-105), and (2-106}. The cqrrespoﬁding
forﬁulaé for the shape: factor C(W) can, for exaﬁgle, be found in
‘the pap;rs by Behrens and JHnecke (1@59} and' in Behrens and Bﬁhrihg
'(19?1)- Thése formulae show that the EC/BY ratios for non-unmique
.forbidden transitions generally depenc on the'relative values Af
the nuclear form-fa;tdf coeffi;jents, i-e-,‘on the details of the
nuclear ;trucﬁyren

- There is one exception from tﬁis rulé, however, in the caée

of nénrunique Eirst-forbidden t?ansifions- When the Efapproximaf
tion Em(2-115)3 is ap;'_blﬁ".cable, the EC/B* ratios from k=1 .
states are independent of the ﬁucleaﬁ matrix elemeﬁté, and have
the same ;g;ues aé for-allowed_?fansitiong. The aﬁpiicability
of the E-approximation‘ban.pq tested experimentaiiy by investi-

. gating the shape factor of the B spectrum.

é;&.#. Ugjgﬂg“Fozﬁidden T;gns;tioné
For fﬁe (L—l)St uniqﬁé'forbié@en transitions, explicit ek~
pressions for the rgtgos CX/ETﬁT cén be given. The formulae for
Qx can-be taken from Eg.‘(2-123), and for C(W), for example, from

. the work of Belrens and JHnecke (1969). We fingd


http:proportional.to
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_1[ 2(k, ~1) ECL-kx)]
c_/C(W) ={(2kx-1)!|:2(1.-kx)+1]l} B, a,

L -1

=T

Here, ?xn is a special Coulomb function defined, for example, by
Behrens and Jinecke (1969). As before, barred symbols denote
quantities averaged over the B"' spectrum.

For K, L

10 Lo Ml’ ME"" capture, Eq., (2~134) takes the

simpler form

0, /BT = L(zn)13 g 20D

L -1
x Z[?\npz(n-l)qz(L-n)][(2!1-1)![2(L—n)+1]!]-1} , (2-135)

n=1



83

2.5, Atomic Matrix Elements: Exchange and Overlap Corrections
e b T T P T e

2.5.1. Introduction
According to the usual theory of allowed orbital electron capture

(Sec. 2.3), the pr;bability that a K electron is captured by the nucleus
is

A = quzgjnpK(og 12 (2-136)
where G is the B-decay coupling constant, ¢ is the energy of the neu-
trino that is emitted, £ is the appropriate combination of nuclear
matrix elements, énd I¢K(0)|2 is the square of the parent atom's ls elec-
tron wave function at the nucleus. In’Eq. (2-136), no atomic matrix
elements are included. ‘

Benoist-Gueutal (1950, 1953b) First suggested that atomic electrons

.must be included in a complete description of the nuclear electron-

’
i

-capture process. éﬁe estimated the effect of imperfect atomic overlap
on the total electéon capture rate of 7Be by calculating the electron-
capture probability for various final atomic states. Due to the lack
of accurateiy known wave functions for excited Li atoms, Bencist—
Gueutél only concluded that the decrezse in the £otal decay rate was
less than 36%. Odi;t and baudel (1956} made a quantitétive calculation
of the 37Ar L—to—ﬁ capture ratio, using wave functions for the entiFe
atom. Odiot and Daudel’s prediqtion of 0.10 for the 37Ar L-to-K capture
rétio has subsequently been verified by experiment.

The discrepancy between the tra@itional theory of electrgn capture

(Brysk and Rose, 1958) and experiments on L-to-K electron-capture ratios

indicated that a critical examination of the theorvy was needed. Bahcall
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{19623 ,1963a,b, 19653 made a comprehensive study of the role of atomic
electrons in the nuclear electron-capture process, emphasizing the
importance of the indistinguishability of electrons and of the change
in nuclear charge by one unit from initial to final atomic states,
aspects which were neglected in the usual theory. In Bahecall's work,
ground-state wave functions were used for the initial and final atoms.
The importance of the presence of an inner-shell hole in the daughter
atom was pointed out by Vatai (19681b),

In this section, we consider the effect of atomic éverlap_and
exchange corrections on the total electron-capture rate and on various
subshell capture ratios. We also discuss the calculation of atomic
matrix elements. This subject has rece.ntly been reviewed by Genz (1973 8&)

and Vatai (l973c).'ﬁhe calculations of electron density at the nuclear

surface are discussed in Sec. 2.2,

2.5.2. Effect of Atomic Overlap and Exchange on Total

Capture Rates

Bahcall (1963a,b) used second guantization to formulate the nuclear
electron—capture process. For allowed transitions, the probability per
unit time that a nucleus will capture any of its atemic electrons aad

leave the daughter atom in the final state IA'> is

@ = Cen i aon () Wy Huan, (2-137)
where
u@a') = <a'fe (0 e (2~138)
and
q(a') = w +L+[E(G)-E(a’)-1]. (2-~139)

0



85

Here, Wy is the difference- between init%al and final nuclear masses;
E(G) and E(_A'j are the 1_:otz-él en‘ergies of thé initial and final atomic
electrons, inciﬁaing thei? régtvmasses.

. If bﬁe uses a single-partiéle representation of G?; the total

electron—capture rate can be written

BT FLALY iy (2-140)
: A0 A0
where
. 2 -1, 2, 2 _
Ay EEEED Ak )I*b(o)l (2-141)
is ihe:usual'total electron cépture rate. We have
7«'..5 &Zen” q(ls')z |¢b(0)| [- e(ls Y+e(b')
+ A.Aq(A')<Glab|A'><A' Iab|G>], (‘2-142)
and
“AX = q(ls')e E?r b b ¢b (OMb (0) Ag (A')
o - 2' i 2 ) (2-143)
S <G[ab |A'><A'|ab ]G>
and
alls') = W, tE(G)-E(G")-e(1s'), (2-144)
and .
Ag(a') = E(c')-E(a')+e(ls'), (2-145)

'where e{ls’ ) 15 the X blndlng energy 1n the flnal ator.
.The second and thlrd terms in Eq. - (2—140) are the contributions. dne
to imperfect atomic overlap and- exchange capture, respectively. By

‘applylng closure to sum the electron—capture probablllty over all pos-

~51ble final atOMLC states, Bahgall found
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2
At a1 3°R(G) ‘
Ale L ‘ (2-146)
30 alls") 822
and
R,_(0) , g
AT 4 2 i) T+1 bras|-briss|. (2-147)
Aooglle ) RO N/ 1e b Tyy ‘

'The contributions of overiap and exchahge are of the opposite sign.
Théy'partially cancel each other in the total capture rate. The net
effect ‘on the total capture probability does not exceed a few percent

P .

if q(ls') is greater than, or of the order of, 50 keV.

2.5.3.) Overlap and Exchange Corrections on Cagpture Ratios

The electron-capture rate, including: the atomic matrix element in
. £ - v *

_the theory, can be written

O . .
Ai = xiBi' i=KLMNr.e.o,s (2-148)

where li is the transition rate from the usual theoxry and’Bi iz the

gégpange—correctiqn fabtor introduced by Bahecall to take account of the

* ‘
- ’

exchange .and overlap contribution.

For, allowed transitions, the L/K capture ratio can then be written

(2-149}

+2 (}1:;;1) (283-1) 73 3

(2-150)

- . 2‘7
(g_L RO) .7 g

2 B ('
Lo T
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where‘
0 2 2

A, g.q, ;
1 I N
) Tz (2-151)
J _gjqj

. 0 2.1 2%Y

1y ng qLi

— == {2-152}

K lae % \K
‘The g's are neutrino energies and the g's, charge-densities _at the

nuclear surface.

.'“In Eqs. (2-149)and(2—150), the dlfference in binding enerdy among’

the L. subshells has been neglected.

2

A 51m11ar expre551on applles for M/L capture ratios:

(2-153)-

Most theoret:l.cal and experlmental work has been done- on K,‘ I and M

“ceptpre for allowed transitions. thtle research has been performed on

ExY

N’ capture. -We proceed to review various_theoretical'calpulations dealing
with;the Qverlhp:end exchange ‘corrections.

Bahcall s approach. Iﬁ'order»to overcome the~difficult§ of caicu—

. . .
- [

lat:r.ng and sumang an J.nf:.nlte number of separate contr::.but:.ons from the

,f:Lnal atomlc states, Bahcall (1962a,1963a b, 19653)15ed the follow:l.ng

Aapprpxlmatlons: (1) The 1nnermost electrons are almost 1nert. (2) The
"oﬁter-eiecf.rori 'States' (outside the 3s shell) form a.practically .complete

'set. (3)° The energy avalla.ble for a g:l.ven nuclear trans:.tlon is nearly
:Lndependent of the parta.cular states occupled by the outer electrons in

‘*he flna; atomt



parts,

atomic> = |inner> X |outer>.
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Bahcall separated the atomic state vectors into two independent

(2-154)

He then invoked closure to perform the sum over the infinite number of

final atomic states, obtaining

g .
where ki is the usual electron-capture rate, and we have

£ 2

i

wi(O)

B.
1

The capture amplitudes are

£(3s")

£(2s")

f(ls'}

[

<ls'|ls><2s’|25>¢35(0)~<1s'|35><2s’]25>¢ls(0)

<2s']3$><ls'lls>¢és(0);

<ls'|1ls><3s8"' |3s>P, (0)-<1g'|2s5><3s' [3s>p.  (O)
2s 1s

<35'[25><ls'lls>¢3s(0)i

<2s' |2s><3s" |3s>). (0)-<25']1s><3s" |3s>P. (0)
1ls . 2s

<3$']ls>§25'l2s>¢3s(0)-

The primed orbitals pertain to the daughter atom.
The L, -to-K and M,-to-L, capture ratios can be written

and

1

17ty
0 0
A A \%s n
b 1) Py [m) ryx
AK AK BK AK
0 0
A A\ B A
O L B R I
- - r
A...T.: RL BL kL

(2-155)

(2-1586)

(2-157)

{2-158)

(2-159)

{2-160)

(2-161)
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vwhere. the exchange coxrection factors are

B , 2
K (s,
B . 2
N W LWL N
) BL1 EGsT Y9, (0)

To compare these calculated capture ratios with measurements, correction

must be made for capture from pl/2 states.

) calculate the atomic matrix elements <ns'|ns>, Bazhcall used
nonrelativistic Hartree~Fock groundéstatp‘wave functions for parent and

I3

daughter” gtoms. (Watson, 1960; Watson and Freemah, 1961b),
The following comments cén be made on Bahcall's theory:

(l).'ihe-éssgmptibﬁ that™-the neutrino energy is independent of final

_sﬁaies:of the atom, and the use of the closure approximation without

corredtion for occupied states. tend to lead toward undereastimation of

the overlap cdorrection.

(2) ‘Thg overlap correction is small for K and Ly

capture, but is

much larger for Ml cépture: Therefore, Bahcall's approacﬂ will over—,

L , M /T,
estimate the M -to-L, capture ratio. correction factor X & 7.

1

f3) . Multiple .exchange processes énd the exchange between imner -

1

&natauter‘elgctrops are neglected.

» - -

(4{.‘The effect of the-inner-shell vacancy in the daughter atom is-
neglectéd.

1973b)
Vatai's'apéatzh-'vaﬁai (;968b,1979q}calcu;ated-the~capture transi-

A

ﬁioﬁ?tb”the most ‘prominent state IA> of the final atom. In state [A>,

[]
.
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except for the captured electron, all the other electrons retain their
quantum numbers. Vatai obtained the exchange and overlap correction

coefficients as

e 12
, = (2-164)
B, = v
1
and

£, = ¥y (0)<2s’ |28><2p' | 2p><3s57 |3s>...

= b, (0)<2s? |1s><2p® |2p><3s" |38>...

- ¢3S(0)<3s'|1s><2s'|2s><2p'|2p>...
{2-165)

Similar expressions for fL and fM are obtained by exchange of 1ls with
2s and 1s with 3s, respectively, in the fK expression. If overlap cor-
rections for p and d electrons are neglected, one obtains the same fi
expressions as those of Bahcall [Egs. (2-157) to (2-159)1].

In Vatai's calculation, the effect of the inner hole in the
daughter atom on the exchange integral is estimated by perturbation
theory.

vatai used the analytic Hartree-Fock wave functions of Watson and
Freeman (1961b)for the initial state and as unperturbed wave functions
for the final-state calculation. He estimated the overlap correction
for the inner.p and d electrons inclﬁding the multiplicity by calculating
the overlap integral with the wave functions of Watson and Freeman for
both parent and daughter atoms. The overlap integrals of outer electrons
are set equal to 1 in Vatai's calculation.

With regard to Vatai's approach, we note the following points:
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{1) Some contributions due to processes involving shakeup or
shakeoff are neglected.

(2) The use of perturbation theory to calculate the exchange
integrals introduces a discrepancy of 10-40% in the value of these
integrals compared with Froese's HF calculations (Faessler et al.,

1970).

(3) The overlap corrections are only rough estimates.

{4). Vatai, like Bahcall, neglects multiple exchange processes.

Faessler's calculation. Faessler et al. (1970) recalculated the

Bahcall exchange corxrections, taking into account the inner—shell vacancy
that after electron capture exists in the daughter atom. Faessler et al.
used the H;rman—skillman (1963) Hartree-Fock—-8later and Froese—-Fischer
(1965, i969) Hartree-Fock programs_t; calculate hole—state wave func-
"tions and exchange and overlap integrals. Although some of the exchange
_integrals calculated with the two programs differ by as much as 50%,

the axchange correction factors agree to within 3%. This indicates

that the exchange correction, being a ratio, isg insensitive to the model
wave Ffunctions, due to cancellation of erroré. Faessler et al. con-
cluded thatvﬁhe influence of rearrangement effects on the L/K énd M/L
capture ratios ié far too small to account for the discrepancy between

theory and experiment, although it does affect the theoretical capture

ratios in the ridght direction.

Relativistic calculations. Suslov {1970a)followed Bahcall's

approach and used relativistic Hartree-Fock-Slater wave functions to
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calgulate the exchange and overlap corrections for 145ZS98. The wave,
éqnééions we;é obtained by'numéfical integration- of birgc's.equaéionh
using a nonieiativigtic p;tentiai (Herman and Skillman, 1963} for
i4é§$73,-ana an analogous relativistic potential (Li#eiman é;_gl;:
-1965;)‘ for ?274. Finite nuclear size‘m;as included through tl-le
_uniformly-charged-sphere model. .For 1552537, the new relativist?é
values‘of éK' BLi, BMi, XL/KT and XMl/Ll are #uitg close to'BahcallEs
(1963a, b) fesults; the differences do not exceed 5%. Fof 7238, tﬁe
exchange correction decreases as % increases, and for large Z it is
nearly constant. The rg%ativistic‘éibhéhgéiébrreé%éd-éﬁbtﬁré
fétioé‘dg notrnafrow the gap between theory and experiment.
ga;gin'gné BlicherE-Toft (19?6) performed another relativistic
calculation of.elec£ron~cap#ufe ratios for 637328 using tﬁe same
aﬁ%rgach as Vatai's. The'fequired:wavé functions and elecéron
vadial aengipiés-were'calcuiatea with a rélativistic Hartreefslater
p;oggam with fiﬁite'nuclear.size.w The K and.Ll electron radial
ldéASfty—ét thédnuéléar'surface, gaicuiated by Martin gnd 3lichértf
Tof£‘(i§70), agrees with cher.caiculations {Zyryanova and Suslov;
lésg;'ﬁeh;ens and Jénecke}-lBSSr‘Wiqter;'196é; Susi&v, 19708 Jwithin

1%, -and the exchange-ovérlap factors agree very well with the pre-

sent results based on Vatai's approach.
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'2.5.4. 'Bvaluation of Atomic Matrix Elements,

Atomic matrix elements <ms'lnsz are not only required for the

-

. cdlculatlon"df exchange -and overlap corrections, but also .for deter~

ar

-

"1 . - )
mining autolonization rates-in B-decay and electron-capture transitions,

and.for shake~up calculations (Sec. 5). The dégree of orthogonality of
the' wave functions is the important point in the evaluation of the over-
lap-integrals <ms™|ns>. Overlap integrals ‘that involve ground-state

weﬁe-ﬁg@ctiqns from parent to daughtdr atoms are not very sénsitive to

“the choice of‘the atomic potential because the inner shells are‘closed

shelIe. Overlap 1ntegrals calculated with the analytlc Hartree~Fock

'wave functlons of Watson and Freeman, with Herman—Sklllman Hartree—

Fock—Slater wave. functlons, or w1th Froese-Flscher Hartree-Fock wave

functlons, all agree to better than 5% (Faessler et al., 1970) However,

% “ta,
- - -

for calculatlons of 1nner-she11 vacancy - states {e. g., ls and 2s hole

states), the atomic. model 15 1mportant as the hole-state wave functions -

»are~sen51t1ve to the potentlal. In the Herman—and—Sklllman (1963) code,

e;qgle electrpnic configurations having open shells are treated on the

eamehbasle_as configurations having only closed -shells. Consequently,

‘tﬁe Wave,fuﬂction of an electron in an open sheéll is nét necessarily

"

-
- h

‘orthdgopal-to a’single-electron wave function that describes an electron

of the same symmeﬁry species and in the same configuration, but from a

cloged shell. For example, the 1s electron wave function for an atom
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with a X vacancy may not be orthogenal to the 2s wave function of the
atom, if it_has e_fuil ql'subshell. The:overlap integrals between open-
shell-ané closed-shell single—electrbn'ﬁave functions, involving the
gfound state of the ﬁarent"atom and a deep hole state of the déugﬁeer:
'-catn tﬁe-_.ref-ore_ contain a .sizabie error if it. is computed with Herman-
Skillman wave func:tion’s_'.(Fae_sslezv' et al., 1970).

In Froese~Fischer's (1965, 19'69)‘ and Bagus' (1964, 1965) approaches,
the.orthogonality between self-consistent field orbital wave functions
witgAthé sameisymmetrj,ié:taken into aceeunt by introducing off-diagonal
Lag;a@giah multipliers into'%he Haxtfee-Fock_equationsl For_closed
sﬁelis,~a unita?}-trensfotmation can be found bétween the occupied
orbltals, such that the iagranglan multlpllers ars in d;agonal form.

’The addltlonal requlrement ‘that the off—dlagonal Lagrangian multlpllers
be eero ee?ves as a unique definition of the self-consistent field

- orbitals. fbﬁ-epen—shellfsystems, it- is not possible to reduce the
_Lagfengian“muieipliers,Eﬁaé'couple open and closed shells of the same
.symmetry:tenéero {ﬁoothaan, 196q; Roothaan and Bagus, 1963).

TheJNe—like-end Ar-like ns hole states have been calculated by
Bagus (1964, 1965). The off—diagona% Legrangian multipliers between
opee:ena qloseﬁ'shells‘@ns'ms, are large for 1s-hole states and becdme
sﬁalier fof 3s hole staﬁes. The effect of including the off-diagonal

Lagranglan multlpllers for Ar—llke ions 1s that the 1s orbltals of the

-ls—hole states haVe a node, an extended tall appears in the 1s wave

v ¥ - - - -

fundtlons (Bagus,‘1964). qu 1arge-r, E (r}) becomes

i s 77
:@25 is ’ e35 1s
, & L - I -
':315{::) ¥ 25(3:1 ——=r (). (2-166)

\le - - 1s
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" The features introduced by the off-diagonal Lagrangian multipliers
in the“ﬁroeSe—Fischer Hartree-Fock hole-gtate wave functions explain
thelgifferencee betueen:overlap integrals obtained by using Herman-
$k%;1man and Eroese—fiSCher wave functions in the work of Faessler
g}jgi:ﬁ(léfo)i

--To resolve the 'discrepancy between the overlap matrix elements
<n!1lnl> of Faessler et al. and of Vatai, we have recalculated these
matrrx'eiehente~for hr h&, I—, and M~capturs with Bagus' accurate
enalytic.HartreeirocK Ar grouna—staﬁe.and €l ns hole-state wave func-
tions (Bagus , 1964). Our results -:from Baéus' wave functions agree with t.
overlap*matrlx elements calculated by Faessler et al. (19270) with uthe

Hartree—-Fock program of Froese—Flscher to better than 1%. ’

2,5.5. Comparison Among Theoretical Exchange

Correction$ to Capture Ratios
. In Sec. 2.5.4, we have deScribed evidence that the Hartree-Fock

program of froese—Fischerfis best suited for the evaluation of the

_exchahge and overlap integrals. We have therefore recalculated the

,exchange correctlon factors u31ng the Froese~Fischer program (Froese-

-Flscher, 19723 )and ‘have 1nc1uded the effect of the ns Hole present in
the daughter atom. “Two sets-of values were computed, one based on
Bahcall's approach, the other follow1ng Vatai's ansatz that includes

the overlap correctlon for both inner and outer electrons (Table 2. ll).

The results computed by varlous‘workers according to Bahcall's approach

(Faessler et al., 1970 Suslov, 1970 a3;Bahcall, 1963a /b, 1964, and ouxr
(Tabtle 2.12).

present calculatlons) agree very well {within 5%) o The results of
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Mar?ih'én& Blichert-Toft. (1970) coincide with our present calcula-
atiéﬁé based on Vatai's approach. In Figs. 2-2 and 2-3, the exchange
. Li/K - M_,/L
cdorféc¢tion factors ¥ and X are shown, as recalculated by us
‘with the_Froése-Fiséhér -(1972a) code. For comparison, the results
fiom the tWo. relativistic caleulations (Suslov, 1970z Martin and
Blichaert-T6ft, 1970) are also included. In general, the results from
Vatai's approach are smaller than those following Bahcall's theory.

-

2.5:6: Correlation Effécts in Electron-Capture Ratios

All thebretical work reviewed in Sec. 2.5.3 contains the'
iﬁdepéndentfpért?cle:approximation. Effects due to electron correla-
?ibhs_are ﬁegleéted.

GoverSe-and Blok (1974C)have observed that the experimental L/K
ééﬁtﬁré'faﬁios~séém to oscillate about the theoretical curve, gnd sﬁém

geésted that correlation effects between the orbital electrons might

cause this disecrebancy. - This assertion remains to be proven.

2.5.7. ‘Conclusion
&hé e¥change and overlap correction factors are not very sensitive
ko - the choice of the atomic potential, due to compensation between the

election density at the nucleus and the atomic matrix element <ns|ms'>.

- . - . = d

e importance of including an appropriate inner-shell hole in the
Qatghter atom after electfon -capture, stressed by Vatai (1968b, 1970a),

lS not borne cut by the work of Faessler et al. (1970) noxr by our pre~
sent calculatlons, 1f Bahcall' approach is followed. On the other
hand, the vresence of. the inner hole has a s1gn1£1cant effect on Ehese

eorrection Factors if ‘they are @alculated wxﬁh’Vatal.s formulae.
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The effect of exchange on electron-capture ratios has been treated
in a similar way in the two existing theories, those of Bahcall (1963a,b,
1965g) and Vatai (1970}, while the overlap corrections are treated dif-
ferently. Because the overlap corrections are important for low-%
elements, the difference in exchange and overlap correction factors
between Bahcall's and Vatai's approaches shows up ¢learly in light
atoms. -

our recalculateq correction factors permit a direct comparison of
results based on'Bahcall_L's and Vatai's approaches. Vatai's formulation
‘causes an underestimation of L)K.capture ratios at low-Z, but leads to
M/L capture ratios in fzir agreement with experiment. On the other
hand, Bahcall's approach yields better agreement to L/K ratios with
experiment, but overestimates the M/L capture ratios.

Toe solve this problem, a-new calculation is needed in which overlap
corrections are treated more carefully. Electron correlation must be
includéd, at least by means of configu;ation interactions. More
accurate experimental capture ratios in the lpw—Z region are needed to

provide a better test of theory.
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3., EXPERIMENTAL METHODS AND RESULTS

‘THe experimental determination of nucléar electron-capture ratios
from various atomic shells and of K;capture to positron-emission x/8")
ratios hds been the subjéct of considerable effort because of the
imppxtaﬁce ;f these éuantitiés in various contexts. Aspects of ofB;tal
électréﬁ é;ptufé have been reviewed by Robindon and Fink (1855, 1960),
Bouchez and Depommler_(1960, 1965}, Depommier (1968), Fink (1965; 1966,

: 1965a, .
1968 1969), Berenyl (1963a,n}968a), Genz (1971b, 1973a), and FltZ—

,patrlck {1973): In recent yedrs, several new measurements of L/K,

L]

M/L and R/B+'ratios have been performed and much effort has been devotea

, to réducing experimental uncertainties, so that comparisons ¢an be made

With'diffeient_theoreticai calculations of atomic wave functions and of
éiéét?bﬁ-éx@hangé and’ impérfect atomic wave-firction overlap effects:
In this section we classify the methods employed to determine

capture.ratios and compare their potential veliability. From the vast

Botly ofrekperimental data reported in the literature, we seleét a

_llmlted 115t of - capture and K/B Yatios that can be condidered highly

-rellable and use these values for comparison with theory.

Rélative t;ahsitioh,probabilifies ate commonly used in experiméntal

work; thése are related as follows ¥o thé transition probabilities per

‘gnit tifie as defined ik Egs. (2-27); (2-28) and (2-43):

(3-1)
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where

PEC + PB+ + PB_"= 1, {3-2)
and

poox o Mo (3-3)

K A7 L FM T AN

c C C

where

PK+PL+?M_+...=1. (3-4)

Cérresponding relations hold for capture from subshells.
The probability of orbital electron capture from the K shell or
from any of the L or M subshells depends upon the nature and energy of

the transitiof. %he capturg process cannot be detected directly because
of the éitremeljhlow interaction probability of ‘the emitted neutrino.
The éaptﬁre_rate can thersfore only be determined from the intensity of
gubsgquénﬁly emitted radiation, such as 'x rays or Auger electrons given
off during reorganization of the _electronic cloud after capture and

Y rays or convea.:'sion-electrons sfrom the daughter nucleus. in principle,
the';.‘ecoii 6;‘3 the fina]: nucleus can zlso be measured, but the recoil
kine?:i:c': energy is alt;*ays very small. The ]:a.rgest recolil (57 eV) occurs
in-the transition 7Be - 7Li.

Mathods for megsuring cagﬁure probabilities vary according to the
‘n§eéay scheme of the radiénuclide, the energy and relative.intensitya;f;
the eﬁitted radiation, available detect;rs,-ané réquiiements for
'ngcessary qofrectians. The gethods can be classified according to the
information they provide.

'One‘group of methods yields ratios of capture probabilities from
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- different shells,

e (3-5)
T BT
K K L L

From ‘these ratios, a consistent set of capture p;obabilities can’ be
" deduced with the -aid of Eq. (3-4):

’ ‘P P P
- Ll ,omfp, N
PK = {; B [} +_P (} + B )

K

oo P
B =P ’J‘- (3~6)

I
N
£

‘Equations {3-6) can also be used with reliable theoretical capture
- ratios.
‘Seme methods pertain to situations in which the L and M x-ray or

Auger-electroh peaks cannot be resolved. Such methods lead to the

./ Tx

capture probability ¢an be cbtained directly:

determination of a capture ratio P , from which the relative K-

P
ko e
K »

In several other methods, PKPK is determined, where W is the

KrshellﬂfluoreScence yleld. With the.appropr;aﬁe value for“mK

(Bamﬁyﬁék et al., 1972}, the relative K-capture probability can be-
calculated.

If the transmtlon energy exceeds twice the electron rest enerdgy

(2mgj)g‘thep 9051t;on em1351on.1s possible as an alternative nuclear
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decay process., In such cases, it is of interest to measure ratios of
K-capture to positron-emission probability or of the total electron-

capture to positron-emission rate,

P A P A
K - K : EC = .C 5 . (3~8)

gt Fpr gt

Table 3.1 contains a compilation of methods reported in the
1it¢ratu:e; these are discussed in Secs. 3.1, 3.2, and 3.4. The usual
corrections for background, dead time, detector efficiency, etc., are

taken for granted.

3.1. Determination of Capture Ratios

' Capture ratios have been determined both with eXternal and internal
sources. In general, it is difficmit to measure capture ratios with
external sources, because large corrections are required fo£ source
self-absorption, air scattering, window abscrption, and fluorescence
yvields. During the last few years, capture ratios have therefore more
frequently been measured by internal-source techniques in which these
difficulties are avoided, provided the radioactive atoms can be dispersed
thronghout the sensitive wolume of the counter. Internal-source methods
fall into two major classes: 'at low atomic numbers, gasecuns compounds
are mixed with the counting gas of a proportional counter, while at
high Z crystal scintillators are preferred that have the radioactive
atoms built into the lattice, thus minimizing distortions due to escape

of x rays from the sensitive counter volume.
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.1.1. Spectrometry with Intereal Gas_Sources
A radioactive gas or the vapoxr of a ;r.‘adioact:i.ve metal;prgan'ic

compound is added to the ceenting gas of a proportional counter. The
prompt cascade of x rays- and Auger el:ectrora:s, wl:lich-follows the capture
eventl is inteérafeﬁ.by.tﬁe.hetector to prdduce a single K peak et.the
K—electron blndlng energy -of the daughter atom. Similarly, L, M,...
peaks are produced by events. from h:l.gher shells. Ii: is };;sually assumed
that’'all L and'M' x rays and Auger electrons are completely absorbed .
inside: the counter. However, as Vatal (1968d, 1970b) has p01nted out,
-the escape of’L X rays is not always negllglble a Erlorl, and becomes
espec;ally 1mportant 1f tha L X-ray.-energy lies just below the K—shell‘
.b}?dlpg energy of the counte:‘ggs. ?he L peak contains a contribution

from;chabtqre,events.which arises from K x rays that escape from the

sensitive. volume. of the. counter. -

r

o ’ LT N . 73
Typical K, L, anq M peaks <£from:an internal lGe_sourc,e are shown
in Pig. 37, - - From the measured. intensities 'IK" II.' IM— of these peaks,

the: 1;';'11:'_1:.0-- of ‘capture. probabi:l‘l.ities: can be deduced:

P -
L L .
= =7 [1 U (k pKa+kB,PKB,),] -w kP Ko (3 9‘)
P2 I- . P P
M_ M S K
==k 4 =P, k 1 - — .
Pi.. I, P.LKKQD!. PLKKBB
« = . h PK
- . ..|.. -
PKa_wL?' [1 Kpmka} {3~10)
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Here, o and wm are the XK~ and L-shell fluorescence vields of the

daughter atom, and ka’ kéy and ﬁa the fractions of Kua, KB', and Lo

X rays in the K and L series. The K and L x-ray escape probabilities

from the detector sensitive volume are denoted by P P and P_ .
Ko "KB Lo

There are two limiting cases. The first of these is Method 1 of
fable 3.1, in which escape of x rays from the counter volume is avoided.

Then Egs. (3-9) and (3-10)} have the simple form

I
M

B I P
S -I—L; ~ ) (3-11)
K L

P

=
L"le

Absence of x-ray escape can be realized approximately when the
counter is operated at high pressure. Gas fillings of argon~propane and
" argon-methane mixtures at up to 22 atm have been used. Since the
development of the wall-less multiwire p;oportional counter (Drever
et al., 1957;, 1857b), this tvpe of detector has been employed success-
fully by various groups. The principal advantage of such a multiwire
counter is that escape can be made very small. A central counter is
surrounded by a ring of additional counters (Fig. 3-2). An inner
circle of wires serves as the cathode for the central counter. Alternate
wires in an outer circle se&ve as anodes and cathodes of a set of ring
counters. The sepsitive vplume of the detector is then separated into
two parts. The main central counter and the ring counters are operated
in an%icoincidence.
‘ A block diagram of electronics for the operation of a multiwire
proportional counter is shown 'in Fig. 3-3. WNegative };igh voltage is

often applied to the outer case of the counter and to the field tubes.
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This approach is superior to grounding the cathode and using positive
high voltage on the center wire, with a large potential difference across
the coupling capacitor between center wire and the first preamplifier
stagey leading to problems of leakage and spurious discharge.
For the determination of L/K ratios at 2<20 and M/L ratios at Z<40

it is necessary to detect Aunger electrons and soft x rays below 500 eV,
down to a few eV. Most recent advances in low-~energy proportional-
counter technique are related to the electronic system (Dougan et al.,
1962a; Renier et al., 1968; Genz et al., 1971la). Proportional-counter
spectrometry of radiation below 4500 eV is affected by certain problems
that are less important or negligible at higher energies: (1) After-
pulses from primary ionizing events can occur (Dougan et al., 1962a;
Renie; EE.E%:{;lgGS? Gepz et al., 1971a; Campiom, 1968, 1973}; (2)
degradation tails from peaks of higher energy can appear (Renier et al.,
1968; Genz et al., 197la; Heuer, 1966; Vaninbroukx and Spernol, 1965:
Spernol, 1967); (3) small pulses can be mutually induced between ring
and center counters in multiwire detectors (Genz et al., 197la; Drever
95_2;3,11957); {4) the anticoincidence gate may cause front- and back-
edge clipping of large pulses, producing smaller pulses (Dougan et al.,
1962a; Renier et al., 1968; Genz et al., 197la); (5) large deadtime
may arise when radiation of higher energy is present in high inten;ity
(Dougan et al.. 1962a; Renier et al., 1968; Genz et al., 197la). The
electronic system shown in Fig. 3-3 is designed to overcome these
problems, except for long deadtime and degradation tails.

The shape of the spectrum produced by events between a few and 500 eV
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depeﬁds on the initial number of ion pairs. The energy required to
produce an ion pair in an argon-propane mixture is 27 eV.- Peaks pro-
duced by several ion pairs can be satisfactorily fitted with a Poisson
distribution {Campbell and Ledingham, 1966), while the spectrﬁm due
to single-electron events cannot be represented accurately py an
exponential or guasi-exponential function, as it varies with gas
multiplication {(Gold and Bennet, 1966: Genz, 1968, 1973b).

Corrections for several effects must be applied. (1) Escape

probabilities PKa and PK of Ko and KB X rays from the sensitive

B
volume of the counter must be accounted for. These escape propabilities
can be separated into the additive probabilities Pl' that a X x ray
escapes from the central counter through the ends, Pz, that a K x ray

escapes from the central counter and hits a cathode wire, and P that

37
an x ray escapeé from the central counter and passes through a ring
counter without being detected. All these corrections can be kept
below 1%. A careful study of the escape probability‘in multiwire
counters has been made by Vatai (1970b). (2) An important correction
mlv.lst be made for degraded L and K events in the energy region below the
peaks. The total contribution from.such avents can be determined by
extrapolation parallel to the energy axis to low energy, as has been
demonstrated down to 80 eV (Genz et al., 1971a}. The degradation
correction can amount to several percent but has not been taken into
account in many investigations. This leads to apprecilable differences

in results (Heuer, 1966; Totzek and Hoffmarn, 1967; Genz et al., 187la;

Pengra et al., 1972). {é) Condensation of radiocactive metal-organic
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vapor on the counter wall can lead to an increase in background. (4)
Values of the fluorescence yield W and of the Ko/KB8' x-ray intensity
ratios can usually be taken from literature. The largest source of
error in this method arises from the uncertainty in the IL/IK or IM/IL
intensity ratio. In the determination of M/I, capture ratios, errors in
PL/PK largely cancel [see Eg. (3-10)]. Uncertainties in ka and kB have
been greatly reduced since the new calculations of Scofield {1974)
became available, which agree very well with experiment (Scofield, 1975).
If transitions take place to several levels in the daughtexr
nucleus, thén only mean capture ratios‘are measured. Several of the
most reliable mean ratios have been measured by internal gas-source
spectrometry. In thg use of nuclides that decay by electron capture to
a ‘level that is deexcited by a y transition, coincidences can be mea~
sured between K and L events detected in a multiwire counter and f rays
dgtectedswith NalL (Tl} scintillators surrounding the proportiocnal .
counter. The capture ratio for transitions to the excited state can
be deduced from the measured intensities IL—Y and IKry of I, and K
events gated by the y rays. Eguation (3-9) applies, with I, and Iy

and I - An analogous procedure can be employed ih

replaced by IL_Y Ky

M/L~ratio measurements. In addition to the corrections already

mentioned, accidental and sum coinéidences mast be taken intd account.
In the second limiting case of internal gas spectrometry (Method 2

of Table 3.1}, all K x rays are allowed to escape from the sensitive

volume of the counter. Then we have PKa=1 and PKB= 1, Bg. (3-9) vields

)

I
. Ly )-o -
T = IK(l w ) -wk . (3-12)

A
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and Eg. {(3-10) becomes

. P ! P

P I

M M X K

S== =M1+ zmuk ] - ==u ke, (3-13)
PL IL PL X o PL KkB

Here, L X-ray escape is considered negligible. Experimentally, total
K x~-ray escape has seen approximated with single-wire proportional
counters filled with a low-%Z gas at low pressure (Pontecorvo et al.,
1949; Langevin, 19542;195?, 1956; Langevin and Radvanyi, 19543, 1955;
Radﬁangi, 1955a; Scobie, 1957z Kiser and Johmston, 1959). Corrections
are needed to acccunf for (1) non-escape of K x rays, (2) escape of L
X rays,'(3} wall and end effects, (4) . the fluorescence
yield W and (5) the fraction ka of Ko. x rays in the
total x-ray group. Additional uncertainties may arise from separation
of éhe K and L peaks and from their degradation tails.

With single-wire proporticnal counters containing a gaseous radio-
active source m%xed with the counter gas, reliable measuremen£s are no
longer limited to events with energies above %200 eV. Recent advances.
in single~wire pféportional—counter techniques (No. 3 in Table 3.1{

have éﬁtended the sensitivity of precision measurements to make possible
the detectior; of single- and few~electron events down to essentially
Zeroc ‘energy, even in the éresence of intense more energetic radiation
(Fink,'196é;:Genz, 1968, 1973a). These improvements were attained ﬁith
more sophisticated low-noise electronics and through an understanding of
the degradation spectrum (Genz et al., 1971a) and of after-pulses
{Genz et al., 1968). Single- and few-electron peaks have been resolved

on the basis of their spectral shape (Renier et al., 1968} or by fitting
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a Poisson distribution (Genz et al., 1971a, 1972; Pengra et al., 1972).
The techniques of single-electron spectrometry have been applied by
Renier et al. (1968) in a precision measurement of the M/L capture
ratio of 3?Ar. In this case, the peak due to capture of L-shell
electrons has a mean energy of ZéO'eV, and the M spectrum is a single-
electroﬁ peak because the enerqgy released in a capture event (W5 eV) is
lowexr than that reguired to produce an ion pair (v26.5 eV in argon—
propane}. The spectrum due to singile electrons was determined experi-
mentally by introducing ultravioclet photons into the counter to prpauce
photoelectrons of only a few eV. This experimentally determined single-
electron spectrum was fitted in the M region (Fig. 3-4) of the
composite M and L spectrum (Fig. 3-5) and extrapolated to zZerc energy.
The small afterpulses which may follow a primary event in the counter
- gas were kept from entering the analyzer by introducing an electronic
paralysis tige of up to 3.8 ms following each primary pulse. A block
diagram of the electronic circuit is shown in Fig. 3-6.

The principal errors in this method arise from fitting the sinéle—
electron spectrum to the M-peak shape and from establishing the zero-
energy calibration of the analyzer. The spectrum must be corrected for
background and degradation tails. The ratio PM/PL is a very sensitive

Wy [Eq. (3-13)].

function of ka, but it is rather insensitive to
Internal gas spectrometry for the precision determination of
electron-capture ratios is limited to sources with atomic numbers below

#50, because with heavier atoms toco many x rays escape from the

sensitive counter volume, even at high counting-gas pressures. Although
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this escape probability can be calculated in principle, the accuracy
qf the measurements is severely affected.

In earlier days,- some L/K capture ratios were determined by
measuring trajectories produced in a cloud chamber by X.and L events
from a radicactive gas (Radvanyi, 1952a, 1955a). This approach is

included in Table 3.1 for Wistorical reasons as Method 4.

3.1.2. Spectrometry with Internal Solid Sources

The internal gas spectrometry technique fails at hiéh 2z becagse
too many K x rays escape. To circumvent the problem, the propoftioﬁal
counter can be repldced by scintillation crystals if the radioactive
atoms can be built into the crystal lattice (der Mateosian; 1953).
Ffom thé measured intensities of X, L, and M events the capture ratios
can then be deduced. The'advantage of the method (No. 5 in Table 3.1}
is that self-absorption of the emitted radiation can be neglected.

It is required, however, that the scintiilation behavior not be dis-
turbédvby addition of the source material. élustering must be avoided.

The source crystal can be placed directly on the photocathode of
the multipl?er tdbéf. Groupé at Heidelberg have used NaI (Tl) and
CsI ({Na) crystals doped with appropriate isotopes for the determination
of electron-capture ratios by the internél—ééurce technique. Leutz
.et al. (1966) grew NaI(Tl) crystals containing 2025 ana 2% as &
constituent of the crystal lattice, and Schulz (1967a) doped the

"scintillator with 83Rb and 18505. Furthermore, 131Cs has been built

into the lattice of CsI{Na) scintillation crystals. To use doped

crystals for spectrometfry it is necessary that the radioactive nuclei
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be unlformly dlstrlbuted in the scintillator. To aveid absorption‘
effects caused by 90551b1e surface concentration and precipitation of
act1v1ty at graln boundarles, Ravn and Bggeholt (1971) used Cs, Pt (CN} ¢

H.0O doped with 19_3Pt,for the determination of the. M/L capture ratlo in

2
the decay of 193Pt} This scintillator material has several advaﬁtagesl

Platinﬁm beihé 6ne:of the main.eonstituenté:of the crystal, 193P£ is
ﬂbribﬁemical‘reasons.enspred a completely uniform distribution. The
cryetai'exhibits light yields-and relaxation times coﬁparable to those
of NaI(Tl).

T@e,principal sources of error must be overcome in this method.
The‘;adidaqtive source must form a true solution; if the radiocactivity
1od§ee non—dg;foamly at dislocations or grain boundaries, absorpgioa
effeéts,e5cur;.'50hu12 (1967b) has investigated the problem and has
developed a chemlcal and a phy51cal criterion to decide Whlch radior-
actlve.lsotopes form true mixed crystals with NalI{Tl). She finds that
Rb, Cs, Ba, Os, Tl, and Bb do form such mixed crystals, whexeas P, Ca,
Mn, ;. as, ¥, Sn, Ce, and Bi do not,' Joshi. et al. (1963) have studied
the effects of non—unlfo;glty of miking and the paenomena.of over-

.aetiqatioa apd'poéeoningf The second main source of exrror arises from
'EK éeéafleecapehfrom reéions near the surface; which'results,in the
‘recording of K—eapture evenes as L- or M-capture events.

- To cor;ect:for ;~;ay-escape, basically -two metﬁode have been used.
f‘; wellitype:NaI(Tl) h?;léw prystal can be employed to:eurround’the
-Naile)lcaésta;-ihae coﬁtéins the:in#ernal ;eadioac%ive source (Fig.

3~7). Escaping X X rays from electron capture and iodine XK x rays
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associated with the detection-process are absorbed in the outer crystal

and-are recorded. as simultaneous events, so that fo X-ray escape cor-

_ rections are required. The method has been used by Joshi and Lewis
{1960) , Joshi '(1961), Smith and Lewis (1966}, Goedbloed (19708)Jand’ by
Goe@bloed‘gé_g}, (1968, 1970b) who have discussed it in detail.

. An alternative approach to correct for x-ray escape involves mea-

- surement of the ratios of the areas A, B, and C'of the K, L,.and M

peaks for several source crystals of different sizes (Figs. 3-8 and

- 2

3*9)."Leutz et al. (1966f have shown that correction .for escape can

.be most accurately performed Hy ﬁlotting the ratios A/(2+B) and C/B-

against the surface—tb—ﬁblume ratio of the doped crystal and extrapolating

linearly to a su;face»té—volume ratio of zero. Thus, values of

‘PKZ(PK4P£)-éﬁdZéM/PL are found that correspond to a measurement with

{aq'ipfinite;y la?ge crystal.

**. Corrections must be applied for (1) sum effects, (2) self-

.absorption, if ‘clustering occurs, A{3) };fos\sible influence qf internal

o T . . . 204
conversion or B background (as in the case of T1) . K x-ray escap¢
"i_s_‘\a.écounted for- if dne of the above~described techniques is used.

The method of internal solid source spect:r:ométry can be made very

accurate.
_A' reductipn'_ in the-noise level was attained by R%vn and Bggeholt

Lo~

(1971) by .means’ of a _cc;incid_ehc_e system in which two low-noise photo—

multiplier tubes were coupled to a lgBPt-ddped crystal. Crystal and
phétomultiplier assembly were cooled to -35°C -to redude dark current

(Fig. 3-10).
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In the case of nuclides that undergo electron capture to an
excited state, internal solid-source spectrometry with coincident y rays
is possible. The intensities of I, and K events are measured in the
source crystal in coincidence with ensuing vy rays (Fig. 3-11). -
Accidental coincidences must be taken into account. In favorable

cases this method can be made quite accurate.

3.1.3. Spectrometry of K and L X Rays with External Sources

This method (No. 6 in Table 3.1) is based on the determination of

the intensities I, of L % rays and I . of K x rays from singles spectra

LX KX

as measured with proportional counéers or NaI(Tl) detectors. The
sources, placed ocutside the sensitive volume of the detector, are
usually prepared by drop deposition, but metal grains (Johns et al.,
1957), sources prepared by painting (FujiWara-gzngi., 1964), and
vacuum-evaporated sourceé (Venugopéla Rao and Crasemann, 1965) have
been used.. The i/K ratio is deduced from the relation

e Be e . (3-14)

Po  Tgx Ypp U

where wK is the K-shell fluorescence vield, MLL is the partial L-shell

fluorescence vield following I, capture, wLK is the partial L
fluorescence yield following Ko X-ray emission, and Ao is the number of
I-shell vacancies. produced on the average when a K~sheil vacanéy is
fillea.

Correctio@s must be m;de to account for (1) self-absorption, (2)

absorption between source and detector, {3) solid angle, if different
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detectors are used for the measurement of L and K x rays, (4) effi--

- ciency of the detectors,’ (5) interfering effects due to v rays and

internal-conversion electrons. There is some uncertainty in Ber and

in tbe ?1uorescence yvields NK"mLK’ and_mLL

, which can usually be found
-+in the litefature (Barbynek et al., 1972).. -An additional uncertainty

.Fan g;ige‘froﬁ.degraéed L. X rays at the 1oﬁ~energy side of ﬁhe I;peak.
‘C%pture ratios can be determined by this method in'the case of
. nuclides -that decay from gréugd staée to groﬁnd state or to an éxcited
{-;étaétable state. For nugiei that d;bay by a prominent transition,
ambng,pthers.‘to fhe dround state of the’ daughter, mean L/K ratiog cén
be_obtained.( Though oftgn used, the-.-method is. not very accurate, because
:-P;/PK‘is a small difference between éwp large quantities, and-?he
‘ paxtigi-Lrshell'fiuqréscence vields greatly affects the result.

Vénugopala Rao- and Crgsemann'(19655, and Venugopala Rac et al.

(1966a) have measured the L and K x-ray intensities relative to the K

X-ray intensity_of a 109c& reference source and thus deduced PL/PK of
1181 - 204 : ' . ) 202
. 1W and T}. Kramer et al. (1956). have determined PL/PK of P-Tl

203

By3épmparing the intensity ratio iLX/IKX with that of a’'* Hg reference

source. - In addition to -the need for corrections indicated earlier,

-

the guantities n

KT’ w_., w__-and the internal conversion coefficients

LL" 'IK

&L,énd.ak of the reference source must be Known. -With an apgopriatély

v -

chosen reférence nuclide’ these corrections can partly cancel.
s . - . . y
For nuclides decaying.to an excited state that is followed by
Y-ray emission, coincidences can be determined between K X rays and

T‘rayé'anq between T X rays .4nd y rajs. From the measured coincidence
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counting rates IK_X-—Y and ILX—-Y and from the singles rate IY, the L/K-

capture ratio can be found:

P /I we
= Iy Y UKL (3-15)
k| Txx—y/ Ty Pn mﬁ"

The L X rays have usually been measured with proportional counters, and

e

[

the X x ra&s and y rays, with NaIl({Tl) detectors. This method is an
extension of that based on Egq. (3-14). It requires the same principal
corrections and suffexs from the same uncertainties; accidental and sum
coincidences must also be taken into account.

A special techniéue was emgloyed by McCann and Smith (1968) in
their work on 1333&- These authors used a NaL(Tl) detector to measure
the L and K x-ray spectra gated by the sum coincidence peak of the

356-keV and 8l-keV Y rays, which were absorbed in another NaX(Tl)

detector.

Measurement of (Lqevent)fﬁKex—ray) Coincidences. This method (Na. 7
in Table 3.1) has been employed by Christmas (1964) to determine the
L/K~cagture ratioc of 204'I‘l. Coincidences between L x rays and K x rays
were nmeasured by means of two NaI(Tl) detectors, and PL/EK was deduced.
In a similar approach, Konstantinov and Perepelkin (1961) used a 4w
proportional counter filled with a Xe—CH4 mixture. Coincidences between
L events (L x rays and L Auger electrons) in the top part and K x rays
in the bottom part of the counter were detected. A sufficiently thick
backing material permitted only K x rays to penetrate to the bottom

counter.

The method requires corrections for (1} self-absorption of L x rays
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and Auger electrons, (2) absorption of K x rays in the backing foil,
(3) escape of K X rays from the detectors, (4) detector efficiencies,
including solid angle, (5) accidental and sum coincidences, and (6)
influence of possible v rays. Values of N and K-shell and L-shell~
fluorescence yields can usually be found in the literature (Bambynek
et al., 1972); they contribute to the overall uncertainty. The method

vields mean PL/PK values if the nuclide decayvs by more than one

electron-capture branch.

3.2. Determination of the Relative
WW

K-Capture Probability PK
e i T an i S

In addition to the determination of capture ratios, there are
various other methods from which the relative capture proba$ility PK
ca? be deauced. Some of these consti;pte a direct measurement of PK.
:In various others the product PK@K is determined. All measurements'
described in this section employ external sources, placed outside thé

sensitive volume of the detector.

3.2.1. Measurement of K X Ravys or Auger Electrons and

v Rays. or Conversion Electrons

Spectrometry of K x rays and vy rays. The principle of this method

(No. 8 in Table 3.1) ig to measure the intengities IKx of the emitted
K x rays and IY of the y rays and hence to deduce the K-capture

probability:

T /IY = aKQK[1+PK(l+a)/aK}. {3-16)
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Here, u, is the K-shell fluorescence yield, while d;ménd o are the K-

shell and total conversion coefficients, Sources have been prepared L,
simple drop deposition. Proportional counters as well as NaI(Tl) and

Ge{lLi) detectors have been used.

.

Principal corrections are required for (1) self-absorption of the
K x rays, (2) absorption between sourée and sensitive volume of the
detectors, (3) efficiencies of the detectors for K x rays and y rays,
and (4) solid angles. Values for the fluorescence yield 0 and the
conversion coefficients are reguired. If‘internal conversion can be

neglected, Eg. (3-16) becomes simply IKX/IY = PKmK.

Bayer- et .al. (1972) used this method to measure the K x-ray

interisities in the 140Nd - 140Pr -> 140Ce decay chain and to deduce

Py of 140Nd. Wapstra et al. (1954, 1957) and Friedlander .and Orr

(1951b) employed two nuclides that decay to ‘the same exciied,level in
the daughter nucleus, one by electron capture and the ‘other by B
emission. The iﬁtensity ratio of the K x rays and y rays from the two

nuclides was determined and hence the ¥-capture probability:

_l . .
(I /Iy)EC(I /IY)B = 1+PK(l+u.)/0LK. (3-17)
Corrections are required mainly for (1) sum effects, and (2} con-
tributions of radiation from higher levels. K-shell and total conversion

coefficlents are usually taken from the literature.

Spectrometry of K X rays or Auger elecﬁfons and X conversion

electrons. The principle of this method (No. 9) is to measure the

intensity I

- of K x rays and IeK of K conversion electrons (Avignon
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et al., 1955). The K-capture probability is found from the eguation

I /IeK = mK[1+PK(l+a)/aK]. {3-18)

Moussa and Juillard (1956) have measured the intensities IKA of K
Auger electrons and IeK of K conversion electrons and used a relation

and (l~wK);

similar to Eg. (3-18) with I__ and e replaced by IKA

KX
respectively. Magnetic 8" spectrometers were used to detect the
electrons and a Nal(Tl) scintillation counter for the x rays.

Corrections must be made for (1) self-absorption of the K X rays
or Auger electrons, (2} absorption between source and detector; (3)
efficiencies of the detectors including solid angles; and {4} radiation

from higher levels, if present. Fluorescence yvields and internal con-

version coefficients are usually taken from the literature.

Determination of K X-ray emission rate and disintegration rate.

This method (No. 10) requires determination of the K x-ray emission

rate I preferably with a large proportional counter filled to a suf-

KX!
ficient pressure to absorb all K x rays. In addition, the disintegra-—

tion rate I0 must be determined, preferably by means of a coincidence

technique as used in absolute standardization of radicactive sources.

The value PKw is found from the relationship

K

PKwK = IKX/IO, {3-19)

where w is the K-shell fluorescence yield.
The method is described in detail by Taylor and Merritt (1965. To

check the K x-ray emission rate, a second fairly independent approach
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can 'be used (Bambynek, 1967a) utilizing a medium-solid-angle arrange-

ment witﬁ ; proportional counter or a thin NéI(Tl) crystal as detector
(Bambyﬁeﬁ ég_gl.; 1966; Bambynek, 1967b). The detection system for
determining the disintegfation rate has been described by Campion
(1959). It consists of a 4w flow-type pillbox proportional counter
placed between two NaI(Tl) detectors. A calibrated y spectrometer

also
{(Vaninbroukx and Grosse, 1966) has,been used to determine the dis-

A

integration rate.

‘Radicactive sources have been prepared forexperiments of this
type by drop deposition, electrodeposition, and evaporation in vacuum.
Sources have been mounted on thin metallized plastic foils for the
determination of the disintegration ;ates, then they were sandwiched
between absorber foils to stop all Auger electrons, so that K x-ray
emission rates could be measured in a high-pressufre proportional counter.

Thé principql correcéions that must be applied in éhe K_%fray
measurements are-for (1) self—absofption, (2) foil absorption, (3)
x-ray countér efficiency (normally nea; unity), and (4) the.effept of
¥ rays and B+ particles, if present. The corrections in the detefmina—
tion of the. disintegration rate by .the coincidence method are small and
well-understood, and involve only parameters that can be determined
experimentally as an integral part of the measurement. The fluorescence
yvield mK
This méthod has been applied in 1aborator;es speéializing in the

is usually taken from the literature (Bambynek et al., 1972).

standardization of radionuclides, and has yielded several of the .most

reliable P values.

K
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3.2.2. Coincidence Measurements

With nuclides that decay by electron capture to an excited level in
the daughter nucleus, coincidences can be measured between x rays or
auger electrons (from the capture process) and y rays or gonversion

~ electrons (from the deexcitation of the daughe_y"statej. Such measure-—

ments can serve to determine capture probabilities or their ratios.

Measurement of K X—ray and y-ray coincidences. In this method

(No. 1l), coincidences are measured between K-X rays in_one detector

and y rays in anocther detector.’ '(‘)ne finds

P =1 /I

W = Tey (3-20)

,YJ'

where I is the. (K x-ray)-{y-ray) coincidence counting rate, IY is

KX—y
the s':i:rigles ¥ ra{:e, and wK is the K-shell fluoréscence yield of the
daughter atom. Sources for such experiments have mostly been prepared
by drop evaporation; howeve;r, plated (Grotheer et al., ;1.969) ' el'ect'_;:o—
plated (Thomas et al., 1963}, gaseous external sources (Bresesti et al.,
1964; Winter et al. ,l965b) gnd metal powders {(Perrin, 1960; Millar

et dl., 1959) have also been used.

Different combinations of detectors have been employed; in most
ca-ses proportional counters served for the K x rays and Nal(T1)
detectors for the v rays or for both radiations. Solid state detectc;rs
have also been used recently: Nal{Tl)-Ge{Li) {Raeside et al., 1969;
Myslek et al., 1971); Ge(Li)-Ge(Li) {Schmidt-Ott and Fink, 1972), and
Si(Li)-Ge(Li) (Genz et al., 1973c}.

Corrections must be applied principally for the following effects:
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"{i) self-absorption antd abSorptithn of K ¥ rays “hetween source and--—— -
sengitive volume of the detector, (2) efficiency of the K x-ray

detector, including solid angle, (3) detection of y rays or conversion
electrons in the x-ray detector, {4) contrxributions from positrons, if
present, and (5) sum and accidental coincidences. Values of the
fluorescence yield W, can usually be taken from the lite?ature. “In
order to avoid uncertainties due to the insufficiently known fluorescence
yields, De Wit and Wapstra (1965) in their measurements on 195Au and

202

97Hg compared the intensity ratios I Y/IY with that of a Hg

K-
reference source. With an appropriately chosen reference nuclide, the
fluorescence yields practically cancel. On the other’hand, knowledge
of PK'of‘the reference muclide is required.

With gucl?des dgcaying t? an exciteq level that is folldowed by a
-y cascade'to the ground state, triple coincidences have been measured,

The K-capture probability can then be found from the relation

T

Py = _.K_Xﬂ’ (3-21)
KK I
yi-vy2
where IKX~Y1—Y2 is the rate of the (X x—ray)-(Yl)—(Yz) triple coingi-

dences, and I iz the (Yl)-(Y2) coincidence rate. In addition to

Y1-Y2
the coxrections mentioned previously, directional correlations must be
taken into accéunt.

The coincidence method permits determination of the K-capture
probability for transitions to an excited level in the daughter nucleus.

By appropriate choice of y-ray window settings one can select a par—

ticular electron-capture transition among several in the same decay.
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This technique (No. 12) has been employed to determine the ratio of K~

capture pxobabilities to different levels (denoted here by 1 and 2):

PKl KX—Yl‘ KX~Y2\
= / . {3-22)
PK2 Iyl / Iyz }

The result does not depend upon the fluorescence yield and the effi-

ciency of the K x-ray detector. In most cases, NaI(Tl) detectors have
been used for the X x rays and y rays (Lewin et al., 1965), but
Nal{Tl)-Ge(Li)} (Schmidt-Ott et al., 1968; Schmidt-Ott, 1970; Cook and
Johns, 1969; Lourens et al., 1970) and Si(Li)-Ge(Ii) combinations

- (Lourens, et al., 1970) have also been employed. The method has been

used mostly to determine the energies of electron capture transitioms.

Measurement of (K x-ray and Auger-electron)-(y—ray) coincidences.

If coincidences between K X rays or Auger electrons and vy rays are
measured (Method 13}, the K-capture probability PK'can be directly
deduced:

I
I (3~23)

Very thin {(e.g., vacuum-evaporated) sources of large area are reguired
to keep self-absorption down. Xramexr et al. (1962a) employed this
method with a double proportional counter operated at sufficiently high
pressure to detect all X x rays and Auger electrons. The source was
placed so as to attain a 471 so0lid angle. Gamma rays were detected
with a WaI(Tl) scintillation counter. Vatai and Hohmuth (1968) emploved

a 4w CsT(T1) detector system to register K evenits and a CsI(T1})

detector for the y rays.

B
AU BAGE U
s
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Corrections‘are required for (1) self-absorption of K x rays and
Auger electrons, (2) absorption of x rays and electrons in the backing
foil of the source, (3) incomplete realization of the 4w solid angle,
(4) accidental coincidences, (5) detection of v rays in the K-event

detector, and (6) influence of positrons, 1f present.

Measurement of (K x—ray)-(y-ray) sum coincidences. In this method

{No. 14), which was first used by Gupta and Iha (1956), the pulse-
height spectrum of K x rays and y rays is measured in one single
detector. The spectrum {Fig. 3-12) contains a K x-ray peak, a y-ray
peak, and a sum.peak arising from (K x-~ray)-{y-ray) coincidences in the
detector. From the measured areas AY and AXY of these peaks, the
capture probability can be deduced:

i S (3-24)
K K I A +A -
Y Y Ry

In most cases, a Nal({Tl) detector has been employved for measurements of
this type. Das Mahapatra and Mukherjee (1974) used a Ge(Li) detector,
and Campbell and McNelles (1972) employed a sandwich detector con-
sisting of two CsI(Tl) crystals with the source in between.

Corrections must be made for (1) self-absorption and absorption of
K xrays between source and sensitive volume of the detector, (2} effi-
ciency of the K X-ray counter, including solid angle, (3) accidental
coiﬁcidences, and (4) separation of overlapping parts of the Y—r;y and
sum peaks.

Gupta (1958) has used this method with triple sum coincidences.

He observed the pulse-height spectrum in a single NaI(Tl) detector and
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determined the areas Ry., and Alz of Kx—Yl—YZ and Y;Y, Sum coincidence

peaks. The K-capture probability is

i v e A P
Tz P22

P

(3-25)

Instead of employing a single detector, it is possible‘to measure .
coincidences between XK X rays in one NaI(Tl) detector and sum coinci-—
dences of Y and Yy in a second NaI(Tl) detector. The K x rays are

then gated by the Y1+Y2 sum coincidences. The ratio of the corr?sponding

intensities is equal to P w_. 1IN & tew cases, in which capturs

K
KK
¢ forvidéen due to ensryetics, the L-capture fraction cean

4]

-

. . - -
re -epsored directly (Wonstra 2 2l,, 15274 7e Teer

Iy
of

21
- s ¥

Measurement of (K x-ray)-(y-ray) and (K x-ray) - (K x-ray) or

.

{K x-ray)-{K conversion electron) céincidencés. This method (No; 15)

can be applied to nuclides that decay to an excited level in the daughtex
nucleus that is deexcited by a converted y transition. The approach was
developed by Pruett and Wilkinson (1954); it is based on measuring
coincidences between K X rays from the electron-capture process and y
rays from the daughter nucleus, and adaitionally, coincidences between

¥ x rays from the electron capture process and K X rays from internal

conversion. The K-capture probability can be deduced from the relation

Z(IKX—Y/IY)/(IKX—KXZIKX) = 142, (1+0) /0., (3-26)

where IKX—Y and IKX-KX are the coincidence counting rates, and IY and

IKX the corresponding singles rates. Drop-deposited sources and

NaT (T1) detectors were used in these experiments. Results are

independent of the fluorescence yields, but the K-shell and total con-
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coincidences must be applied..

3 -
Hansen {1275) has determined PK of'l 9Ce by -measuring coincidences

between K x rays and y rays and K x rays and K conversion electrons.

v

L

"The phbtbns were measured by Si{ri) ard NaI(ﬁIL;detecﬁpxs,bahd the"
electrons, bj‘means of a magnetic B spectrometer. PK can- be deduced

from the. relation

K=

Fx

1+p T I
ek <Y

In addition to the usual corrections, sum and accidental coincidences

must be considered. Fluorescence vield and conversién coefficients

need not be known. The method is only applicable to nuclides with a

simple decay scheme lacking a y cascade in the daughter.

Measurements of coincidences_bhetween K X rays or Auger electrons

and conversion electrons. Coincidence measurements of this type (Method

16) for the ‘determination of P

x Were first made by Brosi et al. (1959),

who observed the K X-ray spectrum gated by K- and IL—conversion electrons
(Fig. 3-13) and determined coincidence and singles intensities. The

K-capture probability can be deduced from the relation

l+PK IKX—eK IKX—eL
il e 4 e (3-28)
K ek el

where IKX—eK and IKX—eL are the (K x-ray)-(K-conversicn electron}) and

(K x~ray)- (L-conversion electron) intensities,respectively, and IeK and
IeL are the corresponding singles rates. The X x rays have been mea-
sured with NaI(T1l) detectors, and the conversion electrons, with

magnetic B spectrometers. Knowledge of the K-shell fluorescence yield
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and the x-ray and electron detector efficiencies is not reguired.
Corrections must be madg to account for (1) accidental coincidences,
(2) sum effects due to K x rays from electron capture and internal con-
version, {3) possible effects of other converted vy transiti;ns in
cascade, and (4) possible effects of electron capture to higher levels.
Instead of utilizing coincidences-between x iays and conversion
electrons, it is possible to determine PK from coincidences between K

Auger electrons and X or L conversion electrons., From the measured

intengities, PK iz found:

1+P I I
K _ ( KA-eK)  [“KA-eL (3-29)
PK IeK IeL
T PR
) Here, KA-eK and IKAweL are the c01nc%dence rates betwesen K_Auger

electrons and K and L conversion electrons, ;espectively. -This method
{No. 17) has been usgd by Marelius et al. (1967), who employed two
magnetic spectrometers, The necessary,cofrectioné are essentially the
samé as those in Method 16.

A slight variation of this approach has been used by Sparrman et al.
{1966) ,- who measured the K Auger-electron spectrum in coincidence with
K .and L conversion -electrons by means of two long~lens spectrometers.
The value For PK was found f¥oﬁ

i+p T o
P K _ IKA-eK NEC {3-30)
K Ka-eLf %k

The K and L conversion coefficients must be known. In addition to the
corrections mentioned above, efficiencies for detecting XK and L con-

version electrons and the absorption of these electrons between source
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and detector must be taken inteo account.
Pich et al. (1971) measured the K x-ray spectrum in a Ge(Li)

detector gated by X conversion electrons which were detected in a pro-

portional counter. ~ By this method (No. 18), they detéimined‘PK from

-

the ratio of the (K x—ray)}-{(K-conversion electron) coincidence rate

IKX-eK and the K conversion-electron singlés. intensity IeK:
B g = Tpy ox/Tex. {3-31)

Corrections are needed for (1) accidental and sum coincidences, (23
self~absorption and absorption of K X rays between. source and detector,
and (3) efficiency of the X x-ray detector.

With nudlides decaying to a metastable level of the daughter{
Durosinmi~Etti et al. (1266) have measured K x rays by means of a
NaI(T1l). detector in coincidence with X conversion electrons detectéd
with a surface barrier detector. The K-capture prcbability was deduced

from the -egquation

P = IKXIeK i _ “g (3-32)
K TIT1I ite  1+a” ‘
Y ~eX
Here, IKX’ IeK’ and IY are the measured intensities of X x rays, K con-

version electrons, and Yy rays, respectively; is the (X x-ray)-{(X-

I
KX-eK
conversion electron} coincidence rate, aK is the K conversion co-
efficient, and ¢, the total conversion coefficient. These conversion
coefficients must be known. Corrections are needed for (1) X and Y

detector efficiencies, including solid angle; (2) absorption between

source and detectors, and (3) overlap of spectrum peaks.
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Measurement of triple coincidences between K X rays, y rays, and

internal-conversion electrons. This method (No. 19) was used by Thun

et al.{(1966), who determined the triple coincidence rate'IKx_Y_eL,

measuring X x rays with a NaiI(T1l) crystal, y rays with a Ge{Li)
-detecfbg, and T conversion electrons with a magnetic spectrometer; the

coincidence rate IY oL, between y rays and L conversion electrons was

simqltanéously determined. Then we have

I
P = —SXY-eh

i (3-33)

Iy-eL

A different approach was Faken by Tornkvist and Strom (1968) in
their measurements on 133Ba decay. These workers determined éK
-directly from triple coinéidences between K X rays, Y rays, and K or L

conversion electrons detected with a lens spectrometer. The K-capture

probability was deduced from

Py (IKx—y-ek y (IKX—'y—-eL

?K ) \;Y“GK ?Y—eL - 3
Sources were prepared by evaporation in vacuum. Corrections must
aEcount for (1) accidental and sum coincidences, (2) directional cor-
relations kwhich can ‘be minimized by proper choice of the angle between

- detectors), and {(3) escape of iodine K X rays from the NaI(Tl) detector.

3.3, Experimental Capture Probabilities PK' PL,'and PM;
WMWWWW
Comparison with Theory )
NPT P gt PPt P Sl N NN

3.3.1. Experimental Results

All experimentally determined, published values of PL/PK, PM/P r

.

. . 2. .
PLM../PK' PKQK’ and PK are listed in Table 3 In the many cases in



128

which authors gquote PK while they actually have measured PKMK' we list

the latter product, recalculated from the authors' PK and wK. In some
cases, authors do not specify the value of mK'which they used; these
are indicated by "+." Some :entries in Table 3.2 have been revised from
the original publication. For example, the PLM-./PK ratio for 109Cd
{(Moler and Fink, 1965) was revised by the authors, who communicated
this to Durosinmi-Etti (1966}. Vatai (1968hL,1970b} has noted that the
long PM/PL value of Moler and Fink (1965) was not corrected for escape
of Ag Iy X rays. Applying a corresponding correction and making use of

newly reported valwes for ka~and k (Salem et al., 1974) and mK

BI
(Bambynek et al., 1972) and a theoretical PL/PK ratio yields P /P, =
0.205+0.020. Similar corrections have been made to the 1135n PM/PL ratio of

Manduchi et al. (1964b).

From among the entries in Table 3.2, we have selected those results
that can with certainty be judged as reliable, because they were
derived from measurements with pure, carefully prepared sources, all
nécessary corrections being determined and clearly described. (The
impoxtance of pure sources has been emphasized, for example, by Raman
et al. (1973), who suggest that discrepancies in measured PL/PK ratios

113
of Sn may be due to variable amounts of 2504 119Sn present in the

113 . . .
1154 Sn.) We have omitted results published without indication of
error limits, or with errors in excess of 15%. The information
provided in most publications is unfortunately less than complete. It

is therefore probable that we have cmitted some "good" results from

the 1list of selected values. The selected PL/PK measurements are
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listed in Table 3.3, the PM/PL ratios in Table 3.4, and selected wvalues
of PLM../PK' PKmK, and PK in Table 3.5. The K-shell fluorescence yields
used to deduce the capture ratios PK in Table 3.5 were calculated -fxrom

the equation

W
(—K—)l/ 42 A+Bz+cz3. {3-35)
lumK

The constants A, B, C were determined by fitting this expression to
the Aselezcted "most relizble" experimental fluorescence vields listed
by Bambynek et al. (1972), with exception of those deduced from P‘KwK
_measurements. The fluorescence yields -calculated in this manner axe
practically the same as those recommended by Bambynek et al. (1972);
slight changes in the last digit are within the stated error limits.
We wse the transition energies QEC evaluate'd by Wapstra and Gove
(1971) , except in cases where these were deduced from measurements of
electron capture_ratios.. TIn those.cases, we_have .used QE o determi.neéi-
from measurements of internal~bremsstrahlung spectra or (p,n) reaction

thresholds. For a few transitions, no independent QEC -energies were

available; these are indicated by an asterisk in Tables 3.3-and 3.5.

3.3.2. Theoretical 'Predictions

The last three columns of Tables 3.3 and 3.5 contain theoretical

L/X and ‘M/L ratios. These were calculated (see Sec. 2) from the

relations
2
g. £
P./P L L
X . Ll - 21| x/K (3-36)
(qu/qK) ® Ll
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g 2[l+(f /G )2]
Tty et I S (5.3
(qu/qLi) T, Ll+(fL2/qu) J
for allowed transitions; ahd
b. /P, 5. VT 5\ P\
K . \1 w2 Ll 3§ 3} /K (3-38)
(Ci-Ll/qK) % ; ng qL3 L,

for unique first-forbiden transitions. The electron radial wave-

function amplitudes Ger 9y - fL v Gy v fM , as well as Py 9y, were

1 2 1 2 373
taken from the relativistic Hartree-Fock calculations of Mann and Waber
{1973) as listed in Table 2.9. The exchange and overlap correction

L, /% M /Ty
factors X = BL /BK and X = BM /BL were recalculated in the

present work accoiding to the ansatz if Bihcall (1963a,¢ , 1965a).and
that of Vatai (1968b,1970a )as described in Sec. 2.5. ‘For 2532, the
correctivn factors of Suslov (1970) are used in continuation of the
Bzheall factors, and those of Martin and Blichert-Toft (1970) in
extension of the recélculated Vatai factors. Assumptions .and approxi-
mations underlying the calculation of these correction factors are

discussed in Sec. 2.5. Equations (3-36)-(3-38) contain the simplifica-—

tions

3 2 2
g, /9. ) = (o Ja. ) = {g_ /g ) =1 {3-39)
L, "Ly Ly Lo M, My

and

I./L L, /L M_/M
X 21 =X 1 X 1 1. (3-40)

These approximations affect the capture ratios by less than 0.04% for

%=20 and less than 0.3% for Z=75.
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. The theoretical X-capture probabilities PK listed in the last

column of Table 3.5 were calculated from theoretical capture ratios
N .

PL/PK, PM/PL, PN/PM for 2>37 and also PO/PN for Z»67, according to

M/L

L/K ana x

Eg. (3-6). Ezxchange and overlap corrections X were applied
as discussed ahove, using our recalculated factors for %232 and those
of Suslov or Martin and Blichert-—Toft for heavier atoms. For the outer
shells no exchange correction was made, none being available.

The theoretical capture ratios and probabilities listed in Tables
3.3-3.5 for first-forbidden non—unigue transitions are calculated for
allowed transitions. This approximation is justified be-:cause for such

transitions the ratios of capture probahilities from the nsl/2 and npl/2

subshells are independent of the Fform—factor coefficients (Sec. 2.3.2).

3.3.3. Comparigson of Experimental and Theoretical

Electron Capture Ratios

For comparison with theory, the selected experimental L/K and M/L
ratios for allowed and non—unigue first-forbidden transitions (Tables

3.3 and 3.4) were divided by the energy-dependent factors

2 2
qu EEC_ELl
=== {3-41)
g 2o Tk
and
2 : 2-
qu EEC"EMl
ar—' = - (3-42)
L, EC L,

respectively, where the capture transition energy is

BC Ty (3-43)
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and E,, E and E are electron binding energies taken from
K Ll Ml

Bearden and Burr (1267). In the case of measurements pertaining to
transitions to several levels, we divided the measured mean L/K capture

ratios by the factor

v qK

< I,

T,

RE Za L) . (3-44)
, _

gpg index v labels the final-state levels; the a, are branching ratios |

PR

subject to Zav=1. A corresponding procedure was used for mean M/L ratios.

The branching ratios were taken from the Nuclear Data Sheets edited

by the Nuclear Data Group, Oak Ridge National Laboratory,
The reduced experimental capture ratios (PI/Tk)/(qL /qK)2 and
)2 (

(PM/PL)/(qM /qL are compared with theoretical ratios (Tables 3.3 and

3.4) in Figi. 3-3:12 and 3-13. For clarity, we have combined results for
each atomic number and plotted weighted mean values and their uncertainties.

BLKEK capture ratios. Figure 3~12 shows that agreement between
experimentally determined L/K capture ratios and exchange-corrected
theoretical predictions is fairly good for all atomic numbers, both for
allowed and for non-uniqgue first-forbidden transitions. The difference
between theoretical ratios, due to different exchange and overlap cor-
rections, is largest for light atoms {(Sec. 2.5).

In cases in which the electron-capture transition energy is not
much larger than the K-shell binding energy, the (qu/qK)2 ratio is very
sensitive to QEC' Errors in QEC can then lead to erroneous conclusiong
in the comparison with theory. 8Such is the case for 206Bi, and

109 159 a5 .
probably also for cd, 133Ba, Dy, 1 Au, and 202Tl. More accurate
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measurements on 79Kr and 159Dy should be performed. For 126I a mean
L/K ratio has been measured, due to 60% non-unique and 40% unigue first~
forbidden transitions. The experimental result agrees well with predic-
tions for either type of transition. The few available measurements per-
taining to pure umique first-~forbidden transition alsoc agree-well with
theory. Table 3.3 includes. the 4 measured L/X ratios for non-mnique second-
forbidden transitions, but these are not compared with theoretical ratios.

Vatai (1972, 1974) has suggested that the ratio of non-relativistic
to relativistic nuclear matrix elements could be estimated Ffrom L3/K
ratios, and attempted to do this by evaluating the L3/K fraction cf the
measured L/K ratios of ~ Mo (Hohmuth et al., 1964) and ~'Tc (Katcoff,
1958), and the IM.../K ratio of 138La {Turchinetz and Pringle, 1956).
The fact that the (L1+L2)/K ratio is independent of nuclear matrix
elements made the separation possible. The experimental ratios
unfortunately are not very accurate; improved measurements on these cases
and on additional second and higher forbidden non-unique transitions
would be useful. Vatai (1973g,1974) has further pointed out that in the
presence of K capture determinations of M/K ratios would be more useful
than of M/L ratios, because the former are more sensitive to nuclear
matrix elements. Chew éE.El' {1974a) have followed Vatai's suggestion
and calculated the ratioc of nuclear matrix elements

v_0

= — a5 . AO v.o . 59 .
R=( F220 3/ AFzzl)/ F221 in the decay of "~ "Ni from L3/K deduced

from the total measured L/K ratio. Daniel (1969) has noticed that
for allowed transitions the reduced capture ratios
(PL/PK)/(qL/qK)2 are in surprisingly good sgreemnent with

the ratios of the M1 internal conversion coefficients aL/aK,

P /P_ capture ratios. From Fig. 3-~13 it is seen that experimentzl
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calcunlations for all Z. Precision measurements of additional M/L
ratios of light atoms would be most useful to test exchange and overlap
corrections.
. 65 .
A new more precise measurement on Zn 1lg needed. PFurther experi-
mental evidence is also required in the medium~% region; the M/L

. . 8 109
capture ratios in the decay of lKr, cd and 127Xe should be determined.

. B/, capture ratios. The only measurement of an N/M.
csepbure ratle performed to date 1s *»at of Tengra (19
?CSPb, With o gaseous source of
termined PM/PL = Q,52Lk+0,010 and F:ﬁPé = C,28¢+C,02¢, Compa-
rizon With theory is impeded by lack cof rellisble inTormation
onn the ftransition enerzy. 4n indirect defermination of the

202 . o
TL has been npade from measurements of

(N, ..}/ ratio of
(F4N+, 4, ) /L and U/L ratios (Leutz et gl., 1966}, bwt the accu-
racy of this result is insufficient for meaningful comparison
with theory,

Capture probability P,. Selected K-capture probabilities for

alleowed and first-forbidden transitions are compared in Table 3.5 with
theoretical predictions for allowed transitions. Two selected measure-
ments on 40K are_compared with theoretical capture prcbabilities for
unique first-forbidden transitions. The K-capture probability, unless the
reduced capture ratico, depends on the transition energy as well as on

the atomic number. In Fig. 3-14 we have plotted the ratio of experimental
to theoretical PK vs. Z. The recalculated exchange and overlap cor- '
rections according to Bahcall (1963a,C, 19658) (Sec. 2.5) were used in

. 33 145
the theoretical calculations. For several nuclides (e.q. 1 Ba, Pn,

5 5 . .
. lGd, 19 Au), the energy QEC is not known with sufficient accuracy.
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New, more accurate measurements for P are desirable for some nuclides,

K
e.g. for 73AS, 755e, 83Rb, B4Rb, 166

+
307-keV lewel of lSlEu is not exactly known, it is quoted as (3/2) or

15

Yb, and 195Au. The spin of the

(7/2)+. The transition from the (7/2)— lGd ground state to this
level can therefore be non—unigue or unique first-forbidden. Compari-
son of the measured PK = 0.811+0,021 with the theoretical PK = 0.740 for
& non-unigue and PK = 0,428 for a unique transition supports the (7/2)+
assignment.

Experimental and theoretical K—-capture ratios are seen from Fig.

3-14 to agree within A5%; there is po systematic  difference between

allowed and first-forbidden non-unigue transitions.

3.3.4. Conclusions and Recommendations

From Tables 3.3-3.5 and from Figs. 3-12, 3-13, and 3-14 we find
that experimental and theoretical eiectron—capture data agree rathe?
well, viz., on the a%erage to 3% in the case of L/K ratios, 9% for
M/I, ratios, and 5% for‘PK values. The experimental accuracy is
insufficient to distinguish -between the theoretical correction factors
for exchange and overlap effects. These effects are expécted-to be
largest in the decay of 7Be (Odiot and Daudel, 1956; Bahcall, 1963).
Expériments to measure the PL/PK ratio of 7Be have been unsuccessful due
to experimental limitations (Renier et al., 1968).

New, more accuraée measurements of capture ratios and PK should
be performed. More accurate results for second- and higher-order for-

bidden transitions would be useful to deduce nuclear matrix elements.

Furthermore, more accurate Q_ energies are very much needed.
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3.4 Determination of K/B+ and EC/E+ Ratios

In Secs. 3.4 and 3.5 we list all available experimental K/B+ and
EC/B+ ratios and describe the experimental techniques invelved in these
measurements. We compare experimental ratios for allowed, unique first- |
forbidden and non-unique first-forbidden transitions with the apéropriate
theoretical wvalues.

Source preparation is an important aspect of these measurements.
Allowed B+ emitters are generally short~lived, many of them having half-
lives of the order of seconds, minutes or hours (Fig. 3-15). In order
to study B+ emitters with comparative ease a continuous supply of the
source is therefore often necessary. Positron emitting nuclei are
noxrmally deficient in neutrons, hence cone cannot prepare them by siow—
-neutron bombardment of stable isgtoPes in reactors. Instead, the stable
isotopes are usually converted to radioactive isotopes by such reactions
as {y,n}, using machines like synchrotrons or electron linear
accelerators, or by (n,2n) reactions with fast neutrons from such
devices as Cockroft-Walton generators 'or high-current electrostatic
accelerators. Cyclotron irradiation with protons, deuterons or alpha
particles to produce proton-rich {(neutron-deficient) nuclei is another
useful method of preparing positron emitters. -

The radiocactive source must be transported to the detector in a time
that is sﬁort compared with the half-life. This problem has been solved,
for example, by fast pneumatic transfer systems in which solid sources
can be conveyed from the irradiation site to the detector in a fraction

of a second. Continuous gas flow systems (Fig. 3-16) have .also been
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used extensively (Ledingham et al., 1965); if narrow-bore tubing is used
in conjunction with a gas pressure of several atmospheres, the radio-
active sourece (in gaseous form) can be conveyved to the detector inea
very short time. Where the sources cannot be obtained_iplsuitable solid

or gaseous forms, the problem can often be solved by.using lignids under
pfessure with the radicactive source dissolved in fhe ﬁedium or in
suspension.

" The main types of measurement used to determine K/B+ and EC/B+
ratios are summarized in Table 3.1. These various techpiqugé and the

sources of error involved in them are described in ,Secs. 374.1-3.

+ N s
3.4.1. Measurements of K/B Ratios with Internal Sources

Internal-gource proportional counter. In this method (No. 20), the

radioactive source in gaseous form is mixed with the normal proportional-

counter gas. If the half-life of the source is sufficiently long, the
gaseé may be staﬁic, but for short-lived nuclei continuous produc;ion
of the source and gas fiow through the counter is employégi .Theu
electron-capture events are detected as discréte peaks superimposed on
the ‘positron continuum. A major part of the error in these méasurements
comes from the procedure .adopted in separating the K-capture peak from
the continuum.

geasurements of K/B+ ratios by this technique hawve generally heen
made under conditions where K x-ray escape froﬁ the counter is very
small. For high-Z nuclei, the proportional counter must therefore bhe

operated at high pressure. For low Z nuclel, counters can be operated

+ .
at normal pressure, but for such nuclei the K/B ratio is usually
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extremely éﬁall, whence it is often difficult to resolve: the K peax
from the positron spectrum.

We assume that the radiocactive source can be produced with
negligible competing activities, a situation which is usually attain-

able in practice. The positrons and K-capture events are detected with

practically 100% efficiency. Then we have

S : {3-45)

where IK and IB+ are the measured intensities of the X peak and the B+
spectrum, respectively. Corrections have to be applied to IB+ to
aecount for the number of positrons which, unlike the K x rays and
Auger electrons, may enter the sensitive volume from the ends of the
proportional counter. This correction was calculated to-be 4.6% in
%hé'case of lBF {Drever EE_E;,, 1956i.

Solid internal sources ﬁay also be employed {e.qg. Avignon, 1956} but
corrections for the absorpticn of the 'x rays, BAuger electrons and posi-
t%ons in the source itself must then bBe taken into account.

In cases where the decay leads to an excited state of the daughter
nucleus it is sometimes possible to measure coincidences between the
spectrum in the proportional counter and the de-excitation y ray, thus

reducing the background. This technique was applied by Kramer-et al.

(1962b) to the decay of 5800.

Internal-source proportional counter with anticoincidence. This

technigque (¥o. 21) is similar to Method 20 and is particularly suitable

A
Rl
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generally wvery much less intense than the positrons. In order to
resolve weak K-capture peaks from the positron continuum, an anti-
coincidence counter is employed. One such counter with a plastic
scintillator as anticoincidence detector is shown in Fig. 3-17. Both

the positron and electron-capture events are detected in the central
proporticnal counter; only the positrons can reach the surrounding
counter. Thus, if signals froﬁ the central counter are taken in anti-
coincidence with those from the surrounding plastic scintillator, a well-
resolved K peak is obtained. Figure 3-18 shows a typical K peak from
30P, measured with the counter shown in Fig. 3-17.

From the total spectrum in the centrdl counter and the K peak in

the anticoincidence spectrum, I and I

X g+ are cbtained and Eg. (3-45).

applies as in Method 20.

Unless high-pressure .counters ére employed, this method becomes
complicated for nuclei with Z%18 because corrections for X-ray escape
‘must be-made. ~The methdd then becomes intrinsically less accurate,

and hence, has so far been employed only in the low-Z region.

Internal-source scintillation counter. In this technigue (Metho@

22), the radioactive source is distributeé in a scintillating crystal
{(usually Nal) by introducing it intc the melt from which the crystal is
grown. The capture and positron events are detected in the scintillator,
with the K X rays and X Auger electrons produging a well-defined peak

so that the K/B+ ratio can be determined. The interpolation of the
.continuum under the peak is a major source of error. Examples of this

. + . 22 ;
technique are the measurements of the K/ zratios for Na with an erroxr
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" oF 9% (M&Cann and Smith, 1969) and for ~ Co with an error of 2% (Joshi
and Iewis, 1961). In both of these isotopes the decay leads: to an
excited staée-of the daughter nucleus which. then de-excites by y-ray
emission. To reduce background, the positron and electron-capture
events were measured in coincidence with the de-excitation gamma rays,
detected in a second scintillation counter. -

Corrections must be applied for the escape of posiérons frém the
source crystal before they have deposited sufficient energy to be
detected. If coincidences are taken with a de—egcitation gamma ray,
allowance should furthermore be made for the loss of positron counts
due to the summing of the gamma ray with a 511-keV positron—annihilation
photon. A K peak from 22Na {(McCann and Smith, 1969) is shown in Fig.
3-19. . The difficulty of obtaining peaks at these very low energies with
a scintillation counter is considerable. Speeially selected lTow—noise
photomul tiplier tubes must be used in conjunction with an electronie
system that is capable of eliminating afterpulses from long-lived
phosphorescence associated with large‘energy deposition by positrons in

the radicactiwve scintillator. N
Because the positrons and the K-capture events are detecte@ with
approximately 100% efficiency, Eg. (3-45) again applies, allowing for

the corrections described above.

- + . .
3.4.2. Meagsurements of K/B Ratios with External Sources

Spectroscopy of positrons and XK Auger electrons. dIn this type of

measurement (No. 23), the areas under the Auger lines and the positron

spectrum are measured. Since the Auger electrons and the positrons are
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oppositely charged, a magnetic spectrometer with a Gelger, proportional,
or scintillation counter is often used to analyze the radiationsz. The
difficulty of subtracting a B+ spectrum from a K peak dis -thus avoided.

In order to -determine a K/B+ ratio from such measurements, -the value
of the K—shell.fluorescenCE'yield'mK;must be known. There were often
fairly darge =rrors in the walaes.-of wK—employed in the early -experi-—
ments. However, Bambynek et al. (1972) have selected reliable measure-—
ments of w, and carried out a semi-empirical fit to these values.

K

“Thus, for many cases, uncertainty in W need no longer serionsiy limit

+the mccuracy ©f this method.

Ihe relation
1%{ ;KA
= (3-46)
r
Potr (1-w) Tt

applies, where IKA is the total intensity of the X Auger lines. Coxr-
. . + .

rections for absorption of low-energy Auger electrons and B in the

source are very important and contribute significantly to the .errors

involved in this technique.

Spectroscopy of K % rays and positrons. In this method (No. 24}, a

solid-source is placed -ontside .of msemiconductor or seintillation
counters. The K x rays and positron continuum are detected either in the
same or separate counters, the Auger electrons generally being absorbed
before reaching the detectors. A major uncertainty again arises from
the subtracting of the 6+ spectrum from the K x-ray peak. BAs with
Method 23, this technique requires knowledge of the fluorescence yvield.

Assuming that there are no competing activities, and correcting for
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absorption, the equation applicable to this method is

S . S (3-47)

Account must be taken of any differences in solid angle for the .detec-
tion of K x rays and positfon;; Self-absorption of x rayé in ‘the source
is an .important factor in this technique and mdkes the use of thin
gources desirable.

Figure 3-20 shows how clearly the K x rays may be separated from the
continuum in the decay of 91Mo (Fitzpatrick et al., 1275). This spectrum
was obtained from a 5-mg/cm? thick, activated molybdenum foil placed
2 om from a Si{li) detector (area 30 mmz, thickness 5 mm)}. The Ko an&
R x rays of Nb are well resoived and the fluorescent X % fays of Mo
caused by positron exditation of the foil can also be seen. Although
the intensity of the K-capture branch in the decay of 91Mo is small
{(v5%), the gréor in estimating the areas of the K x-ray peaks can
éaéily be keﬁt as low as'l%l There is, however, a difficulty in
ensuring that the solid angles for the'x rays and the positrons:are .
the same, even when a single detector is employed. This difficulty'can
be réduced by using a detector with a large surface area. The K x-ray
spectrum of 9lMo measured with a 5.1~cm x 0.63-cm Nal(Tl) detector is
shown in Fig..3-21. ¢the fine structure in the spectrum oﬁ’Fig. 3—20'is
unfortunately lost due to thg intrinsically inferior resolution of
NaI}Tl). Corrections are required for ;b;orptién of the K x rays and

positrons and for the scattering of positrons out of the detector before

they have deposited sufficient energy to be detected.
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An interesting development of this technigue is shown in Fig. 3-22
(Campbell et al., 1975). Here, the radiocactive sample is placed between
two Can(Eu) scintillators in a 47 arrangement. This arrangement over-
comes the problem caused by positrons being scattered out of the
detector before depositing sufficient energy to be detected, or being
scattered into the detector from surrounding material.

Many of the early K/B+ measurements in this category {Method 24)
employed absorption techniques, typically with a Gelger counter and
different absorbers to determine the relative intensities of the K x rays

and -the positrons. The accuracy of these measurements is wvery peoor.

Spectroscopy of K X rays and B+ annihilation photons. ' This technique

(No. 25) is similaf to the previcus method, but instead of detecting
the §+ continuum, the positrons are stopped in an absorber and the
51l-keV annihilation photons are detected. The source must be sur-
xrounded by sufficient material to ensure that .all positrons are stopped
at a well-defined position, as close to the source as possible. The

K X rays and the annihilation photons may be counted simultaneously,
with corrections appliea to both intensities to allow for the presence
of the 6+ absorber. A&alternatively, when the half-1life of the source is
sufficiently long, spectra taken with and without the absorber may be

used to determine T and T respectively.

511 kX

The K/B+ ratio is deduced from the relation

o

2T
kX (3-48)

g+ Yglsia

o
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VAL correction mustibe. applied to.ISII.for-the-Joss-oﬁ-SLi—keV ¥y—rays--due-
to the summing of two such y rays; the size of this correction depends
on details of geometry and the type of detector. The effect on I51l of -
B+ annihilation in fI¥ight (e.g. Kantele and' Valkonen, 1973) must also

be congidered, although in many cases this has been assumed to be

negligibly small.

,+.
3.4.3. Measurements of EC/B8 Ratios

EC/B+ ratios are determined By measuring the number of positrons
emitted by the parent leading- to an excited state of the daughtex
nucleus, and the number of Yy rays or conversion electrons from that
level in a given time interval. Since the total number of Yy rays plus
conversion electrons is equal to the total nurber of positrons and
electron capture events—-corrected with reference to the.decay scheme
where necessary--the ratio EC/B+ of total electron capture to B+ emission
can be determined. Errors in these measurements can be kept very small,
especialiy if the decay scheme is well-known. For example, the EC/B+
r;tios for 22Na and 58Co have geen determined to A0.3% and 0.7%,
respectively. Errors in the decay scheme can, however, be large, and

have led to large systematic errors in many of theSe measurements.

s + fps .
Spectroscopy of ¥ rays or conversion electrons and -B annihilation

. + .
photons. One of the simplest forms of EC/B measurements consists of a
comparison of the relative photopeak intensities of the de-excitation vy
rays and the B annihilation photons in, for example, a scintillation

or semiconductor detector (Method 26). As for Method 25, the souxce
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must .be surrounded by sufficient material fo annihilate. the positrons
near the source to ensure that the solid angle is the same for both the
nuclear and the annihilation photons. Corrections are required for
absorption in the source and detector window, for decays to cother levels
in the daughter nucleus, for summing, and for annihilation of positrons
in f£flight. In cases where the energy of the de-exXcitation y rays is
high it may be necessary to correct for a contribution to the annihilation
photons due to.internal and external pair production (e.g., Rupnik,
1972).

The total capture to B+ cmission ratio is given by

PEC ZIY(l+a)
= -2,

PB+ I511

(3-49)

‘where -IY and 1511 are the photopeak areas of the de-excitation vy ray
and B+-annihilation photons, respactively, -and ¢ is the internal -con-
version coefficient.

A variation of this technigue which has ‘often ‘been emploved,
particnlarly in the early measurements, is the comparison of the phota—
peak areas of the 511-keV and de~excitation vy rays for the source being
investigated with similar areas for a source with a known EC/B+ ratio.
Thus, if the subscripts a and b refer to the source with known and

-+ . N
unknown EC/B ratio, respectively, we have

P
o B Ts11) Sva | {FEc .1 Loy
PB+ . T I € PB+ 1+aa

b a a

- 1. {3-50)

This method is suitable when the de-excitation v rays for the two

sources are of similar energy, since the ratio of efficiencies SYa/sYb
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“is—then"approximately_unity¢“—Henceu%he-EG%BT~ratio is- then--independent.
of‘detéctor efficiency. The: accuracy of this method is obviously
limited by the. error in the EC/B+ ratio of the standard source. Often
22Na was used for this comparison but the range of reported EC]B+
values for this isotope is large (Table 3.6). Some authors did not even
state which comparison value they employed.

A less common variation of this technigue consists of measuring the
intensities of the B+ annihilation photons and the conversion electrons,
rather than the de-excitation y rays. This method is onlf feasible in
specizl cases where the internal convefsion coefficient is high.

Several measurements have been carried out employing a similar
tecﬁnique in which the positron activity was determined from the area
under the B+ spectrum rather than from the intensity of the annihilation
photons. As above, comparison with an ésotope with a well-known EC/B+
ratio was often employed. The results reported from this tgcﬁﬁique,
however, have very large errors- (>20%).

+ . . s . .
Measurement of B —y-ray ceoincidences. The principle of this method

(No. 27) is to determine the number of y rays, Iy' énd of positron-y-ray
coincidences, IB+_Y. Various combinations of detectors may be employed.
Typically, scintillation or semiconductor detectors have been used for
the Yy rays while the positrons were detected in proportional or
scintillation counters. A 47 proportional counter or an internal-source
scintillation counter (Lieutz and Wenninger, 1967) have also been
employed to detect the positrons.

The EC/B+ ratio is given by
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P 1
.;EE.= : Y g, {3-51}
g+ Br—y

. . -
Comparison of IY and I with measurements for a source of known EC/B

Boy

ratio has often been employed.

Sum-coincidence technique. In this more sophisticated coincidence

technique {No. 28), the quantities measured are the positron intensity

IB+, the y-ray intensities I and Iys' and the positron-y-ray ccincidence

TN

intensities I and IB+—YS; where v refers to the normal de-excitation.

Br—yN

- + - *
Y ray and Vg is the sum of a B annihilation photon and Ty It can be

shown (Williams, 1964} that the relation

B P .
I_B__\_@E =1, (3-52)
BEy

holds, where I, represents the total number of disintegrations.

0]

Furthermore, we have

.
%ls— = TPoss (3-53)
B-vys
whence
+

Pre - I_B—YSIYN -1 (3-54)
P I4 X ' }

B¥ TR-yNTYS,

In a measurement of the EC/B+ ratio for 22Na (Williams, 1964), the B+
activiéy was determined with a 4w proportional counter. For the detection
of Ygr two large WaI(Tl) crystals were used to cobtain a high efficiency
for the summation events. F&r Yyr One smaller Nal(Tl) crystal was used
to minimize the efficiency to §ﬁmmation events. The simplifying
assumptions involved in Eq. (3-54) and the corrections which must be

"applied are discussed in detail by Williams (1964).
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Measurement of triple coincidenceg. The EC/B+ ratio can be obtained
by taking the y-ray spectrum in triple coincidence with two B+ annihila-
tion photons {Methed No. 29). The two counters for annihilation photons
are placed -opposite each other with analyzer channels set to record the
511~keV photopeaks only. Due to the nature of the annihilation process,
the efficiency for the detection of coincidences of two 5ll-keV v rays
at 180° is sufficiently increased over other coincidences that even
very weak positron emission can be detected. A typical electronic
arrangement for this type of measurement is shown in Fig. 3-23. The

-y-ray singles intensity IY and of the triple coincidence intensity Ic
are measured. If similaxy measurements are made for a source a whose

+ . . + . .
EC/f ratio is known, then the unknown EC/B ratio source b is

EEE. = EI. EE. EEE. + 1 e -1 (3-55)
Poy I. I Pt 1to ’
b b\ Y/al a 2

Corrections are required for such effects as summing, B+ annihilation
in f£iight, differences in the detection of annihilation radiation for the
two sources due to possible differences in solid angle and in summing of
the v rays and the annihilation radiation, and the possibility of
coincidences due to Compton events from high~energy Y rays being

registered in the analyzer window of the annihilation detectors.

+ . . . .
Measurement of (y-ray)-(B -annihilation-photon) coincidences. The

various coilncidence techniques are very similar in principle and this
method (No. 30) is essentially a variation of Method 27. The gquantities
measured are the number of nuclear y rays IY and the number of coincidences

. The usual corrections

+ - .
of nuclear and B annihilation photons ISll~y
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for absorption, summing, and S+ annihilation in flight are regquired.

The EC/B+ ratio is given by

P 21
Pic = _I._..Y___ - 1. {3-56)
g+ 511~y :

Miscellanecus. The experiments in this group (No.' 31} do not fall

readily into any of the other categories. Many of the experiments were
carrigd out’ by employing various combinations of methods 20-30. No loss
of accuracy need be implied. This category also includes méthods which
have been employed in only very few, exceptional cases and because of
their limited application do not warrant description as a separate
éechnique. Aléo included in the miscellanecus category are a few
experimental results whose methods are in doubt due to incomplete‘details
provided in the published papers.

One different approach to EC/B’ measurements is the technique
employed by Allen et al. (1955) for the determination of the EC/B+ ratio
for 22Na. This involves a cpmparison of the number of positrons eﬁitted
from the source with the number of daughter atoms produced {Alvarez,
1937}~ The posifron activity was determined using a 47 Geiger counter
and the rate of -evolution of the daughter (He) was determined by gas
gnalysis. ‘

- another in£eresting technigue has been applied by Gleason {1959) to
65Zn which decays by electron capture and B+ emissicn to the ground
state and by electron capture to the first excited state of 65Cu. Using

a measured value for the efficiency of detection of the de-excitation

Y ray, the total electron capture decay rate and the electron capture
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branching ratio were -determined from measurements of the X x-ray
counting rate, the y-ray singles rate and (K-x-ray)-(y-ray) coincidence
counting rate. The assumption was made that the ratio of K-electron
capture to total electron capture was the same for both branches. The
B+ emission rate was determined by counting coincidences of annihilation
photons in two detectors at 180° and thus the EC/B+ ratio for the
ground state transition was found.‘ The important feature of this
technique is that although K x rays were used to indicate the occurrence

+ . .
of electron capture, the deduced value of the EC/P ratio is independent

of the fluorescence yield.

3.5. Experimental Results and Comparison with
e e e St a8 e N N g ettt g Bt P =t et e

Theory for K/B" and EC/8¥ Ratios
o Nt N Pl ettt

3.5.1. Results
A1l published experimental K/B+ and EC/B+ ratios are listed in
Pable 3.6. Table 3.7 contains selected experiméhtal K/6+ and EC/B+
ratios for allowed transitions. Only ratios for transitions to a single
final state in the daughter nucleus are included. Unfortunately,
information provided on some measurements was not complete and these
results ‘had to be rejected. Where the w, values were stated, results

K

were recalculated using the latest reliable fluorescence yields,

derived with the aid of Eq. (3-35).
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The remaining K/8° and EC/B"
ratios were found to lie in two distinct groups, one with errors ranging
up to 12.5% and the other, consisting mainly of the earlier measurements,
with considerably larger errors. Since the two groups are well
separated only the results from thq former are considered further,
Tables 3.8 and 3.9 contain selected results for first-forbidden
unique and first-forbidden non~unique transitions. Results with errors

greater than 25% or without quoted errors were excluded.

3.5.2., Theoretical Predictions

e s . + .
Allowed transitions. The theoretical K/B ratios for allowed

transitions in Table 3.7 have been calculated according to the relation

2 2
B ] TTBK(WO+WK) BK (3-5T)
et 2 fPop’w-n ez wap

[S'ee Egs. (2-111), (2-125), and (2-126}}. sSmall corrections [Eq.
(2-128)] were neglected. The values of B, were taken from Mann and
Waber {(1973) (Sec. 2.2.2) and the intensity of the B+ spectrum was
computed with the tables of Fermi furctions of Behrens and Janecke
(1969). The energies Wb were taken rom the atomic mass tables of
Wapstra and Gove (1971) Errors in the theoretical K/B+ ratios in
Table 3.7 refleck only .he uncertainty in Wo orcained from Wapstra and
Gove. The value of B_ used in these calculations is discussed in

K
Sec. 3.5.3.
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. + s I .
The theoretical EC/R ratio for allowed transitions 1s

2 2
PEC _ PK PEC _ PK qu Bx Bx

P, PP P, 2, 2
g BT 'K BT q By By

’ (3—58)

where % stands for K, L M., or M, and PK/PB+ is the thedretical

1 Bar My
K/B+ ratio for an allowed transition [Egq. (3-58)].

Unique forbidden transitions. In general, the K/B+ ratio for for-

bidden transitions is

2 . 2
P B, (W +W_ ) C_B :
PK " K o K K X , (3_59}

gt 2 [P op2 (w_-¥) F (27, MT W dp

where CK and C(W) aré shape factors and the bar represents averaging
over the B+ spectrum [Eq..(2-134}]. The shape factors c¢ontain métrix
elements and are functions of W and W,. For unique forbidden transi-
tions it is possible to separate the matrix~element and the energy
dependence of ¢, and C(W) to éive explicit expressions for the ratio

- .

CK/C(W) (Sec. 2.4.4).

The first-forbidden unigque tremsitions Eq. (2-135) is simplified

to .
2
C (W +W. ) .
'ﬁK = ".‘3;"07"'%" {3-60)
Ciw g +?\zp

where g is the neutrino momentum, p is the positron momentum, and the
bar represents averaging over the B+ spectrum. The theoreticai first-
forbidden unique K/B+ ratios shown in Table 3.8 have been calculated
using these expressions, with values of‘?x2 from the tables of Behrens

and Janecke (1969). For comparison of theory and experiments, one can
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use the approximations WK N 1 and q2 + l2p2%%(W02—1}, whence

C C 2 (Wo+l)

K &
cw Wb_l

. (3-81)

Equation (3-61) has an accuracy'of a_ few percent.

l an—ugique forbidden transitions. for non-unigue forbidden transi-
—tibns, K/B+ ratios cannot, in general, be calculated expl@citly‘(Sec.
2.4.3). For the special case of non-unique first -forbidden transitions,
however, which exhibit a B+ spectrum with an allowed shape; the K/B+.‘
ratio is exﬁected to be the saméfas for allowed transitioms. Informam
tion about the shapes of some B spectra is given by Paul (1966) and

Daniel (1968). For many of the non-unique ﬁirst—forbidden decays .

listed in Table 3.9, however, details of the spectrum shape are not
évailable._.Nevertheless,.tchrovide a_geﬁeral_cémparison,“allOWed

+ + . : . N .
theoretical X/B and EC/B+ ratios are indicated for all cases..

.

3.5.3. Comparison of Experiment and Theory

Allowed transitions. Theoretical and selected experimental- values
+ . + . . :
for K/B and EC/B ratios are listed in Table 3.7. Exchange .and over-
lap corrections have been neglect?d-inﬁthg theoretical ratios; they
affect the total caéture probability and B+ emissioh rate only ‘
slightly (Béhcall, 1 63a). The EC probabilit- for TBe, e.g., is |
. 37 : : o
affected by <0.1%, ad that of A&r, by <0.7% through exchange. and
. 65 4 .. L 14
overlap; the Zn B décay rate is affected by “0.1%, and that of 70,

) T+ ..
"by <0.1%. The theoretical K/B ratios in Table 3.7 include a correction

factor according to Bahcall (Table 2.11); from Z>32, the factors of
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Suslov (1970) were used. At present, EC/B+—ratio measurements (Table
3.7) are not nearly accurate enough to help decide between the two
sets of exchange and overlap correction factors listed in Table 2.11.
Figqure 3-24 shows the ratio of experimental to theoretical values
for all the results in Table 3.7. The interesting and very accurate
point for 22Na is plotted in the inset. For most of the decays, the

. . ) . . 11 ;
experiment/theory ratio is less than unity; exceptions are lC, 150,

8 8
lgNe, gzr, ngr, and lllS

n. The disagreement between experiment and
theory apparently increases with Z.

In the theory of allowed transitions, only #-wave leptons are
considered and the EC/B+ and K/ﬁ+ ratios are independent of nuclear
matrix elements. In the general case, leptons do not leave the
nucleus only radially, and small cont¥ibutions from p and 4 waves
must be considered. This gives rise to higher-order matrix elements
that do not cancel in the ratios (Sec. 2.4.2). A correction factor
has been determined [Eg. (2-128)] that stightly reduces the theoreti-
cal ratios, by as much as 3% at Z=é0.

The possible existence éf second-class currents does not sig—

nificantly affect electron-capture to positron—emission ratios

{Behrens and Bihring, 1974).

First-forbidden unigue transitions. For these transitions the

. + . . . . .
experimental K/8 ratios are compared in Table 3.8 with first-forbidden
unique theoretical ratios. There is agreement within tlhie erxors between.

experiment and theory, but the experimental accuracy is fairly poor.
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. . . P . +
First-forbidden non-unique transitions. The experimental XK/8

and EC/B+ ratios for these transitions are compared in "able 3.9 with
the corresponding theoretical-ratios for allowed transitions. The
comparison is made for interest only; a complete theo:r .l treatment
requires knowledge of the nuclear matrix elements which Zoi these

transitions do not cancel.

3.5.4. Conclusions and Recommendations

It can be seen from Fié. 3-24 that theoretical allowed K/8+ and
EC/B+ ratios are systematically larger than experimental ratios; the
discrepancy apparently increases with Z. Higher-order effects, such
as second-class currents, corrections of the
type described by Eg. (2-128), and radiative corrections are insuf-
ficient to resolve the difficulty. The guestion of radiative correc—
tions is still unsettled; it has been shown (Sec. 2.4.2) that these
corrections partially cancel out. There remains a model-independent
part of the radiative éorrections, however, which differs in the case
of electron capture from that in positron emission. This model-
independent correction inciudes the well-known emission of real photons
{internal bremsstrahlung). Calculations for B+ emission have been
carFied out to order o, e.g. by filkinson and Macefield (1970); an
increase in the probability of B emission is found which thus reduces
the theoretical capf ire-to-positron ratios. The correction factor in-
creases as WO decre.ses and as Z increases ..nd amounts to 1.5% for
SBCO (Williams, 1970) if it is assumed that the correction is multi-

plicative and not additive. Radiative corrections for electron capture
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have not yet bheen.calculated.

It would be of interest to establish with greater accuracy the Z
dependence of the trend shown in Fig. 3-24, if indeed. such a simple
functional dependence on Z exists. -Remeasurements, preferably using
different technigues, for any of the decays in Table 3.7 would be use-

111Sn'and any high-Z isotope are possibly

ful. - The decays of 65Zn,
the most interesting for study. The question of whether there is real -
agreement between theory and experiment in the case of first~forbidden

. s s . 84 12
unigque transitions is still open; measurements on Rhb, 2Sb and

126I should be repeated with greater accuracy.
1

The theory of atomic exchange and imperfect wave-function overlap
effects needs to be refined and calculations must be extended to low Z.
Critical experiments on capture/ﬁ+ ratios which would differentiate be-
tween theoretical approaches have yet to be carried out. The probliem
of establishing the overlap and exchange correction for the X shell
cannct be resolved by measuring K/B+ ratios alone. The most sensitive
isotope for study is 7Be which decays solely by electron capture; a
measurement of PK for this isotope is wvery desirable (Sec. 3.3.4).

Some new and interesting EC/B+ ratios have recently been reported
by Firestone et al. (1974, 19752), Anomalously high ratios are found
for hindered allowed transitions in 145Gd and 143Sm; these are attributed
to the interference of higher-order nuclear matrix elements. It would
be of great value to verify this experimental finding.

Theoretically K/B+ ratios for allowed transitions are plotted in
Figs. 3-25 and 3-26 as functions of Z and of the B+ end-point kinetic
energy. These ratios were calculated according to Eg. (3-58) with

BK = 1; the graphs may be used where an accuracy of V10% is sufficient.

ORIGINAL PAGE IS
OF POOR QUALITY] ~
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%, RADIATIVE ELECTRON CAPTURE

k.1. Theory
e v N W

Radiative electron capture consists of process hich lead
- to the-production of a continugus spectrum of e}eqﬁ;ontg. ic
radiation during electron capture {EC) decays. Such proce -s
involve the emission of one or more photons during a single EC
event.. The energy released in the decay is'shared statistical y
amoﬁg these photons and the neﬁtrino, thus a;pounting fof fhe
continuous nature of the resul%ing spectré- The mogt.pro£able )
radiative'électfon capture events—a;é those in whidﬁ a §iﬁglé ‘
photon accompanies the neutrine. The radiétion=emit£eﬂ even in
this mode is quite weak, the total probability for the emisgion
of é single photon bqﬁng ;f the order of 157%‘per EC~éven£, Ra-
“diétive.ﬁlec‘i:mnucapmq p:éobess@s in 'wﬁich more ”E.,han one__i'ﬂfl_oi:on
is emittdd occur‘wifhufaé'smaller“prdﬁﬁbilities-15 Their ;on- .
tributions to %he radiation spectra are completely insignificant
. and wili nSt be considered further.

From the poiﬁf gf %iew'of perturbétion tﬁéorﬁ, radiatiwe'
é-l‘ectron‘ capture is a ‘se‘é‘ontij-ordef ;‘proc'ess inv:olving,.ﬁoi?h; beta
and electromagnetic rad&gtive %raﬁsitions: “The two"tranéitiops
connect th; inifia} and final states of the system through a set
;f virtusl intenmediafé‘étates. In gene 1, there are two funda-
mentally different types of ini.ermediat states tﬁrough which the

process can proceed. They are represenled pictorially by'the
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Feynman diagrams shown in Fig. 4-1. The first type [Fig- 4=1(a)]
involves only excited electronic states, and the radiation is
produced by the sudden acceleration of charge and magnetic moment
associated with the orbital electron's capture. This radiation
is commonly referred to as internal bremsstrablung (IB). The
second type [Figs.4-1(b) and (c)] dinvolves excited nuclear states
and the radiation arises from a nuclear transiiion which may
either precede or follow the virtual EC decay. These two decay
modes are variously denoted as electronic beta~gamma and nuclear
beta~gamma transitions or, more simply, direct and detour transi-~
tions. In allowed decays, detour transitions are expected to
oceur at arv106 times smaller rate than direct transitions. In
forbidden decays, this difference can be less pronounced (Long-
mire, 19#9; Horowitz, 1952).

Extensive calculations on detour transitions were carried
out by Rose et al.. (1962) and Isssila {1963) for the
especially interesting situation in which the initial and inter—
mediate nuclear states, connected by a virtual EC transition,.are
almost degenerate. It was shown that the spectrum of the radiation
arising from detour transitions is sharply peaked near the end
point under these circumstances, in comtrast to the usual IB spec—
trum. Tt was hoped that this deviation of the photon spectrum -
from its IB form might be observable, revealing the presence of
detour transitions, even though thelr contribution was still ex~-
pected to be quite small. An experiment designed to test these

ideas was reported shortly thereafter by Schmorak (1963), who
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studied 59

Ni, a nucleus possessing a decay scheme with the re~
quired characteristics,and found that the obeerved spectrum di‘d’
indeed show a very small distortion from the predicted IB form
near the end point. Attriputing this digtorti;n to th;-presence
of detour transitions, Schmorak (1963) concluded ﬁﬁat such transi-~
tjtons account for po more tl:xan ~0,6% of the tot?.l :!:'adiative K=~
capture transition rate..

While %he.contribution_of detour trangitions is of great in=-
terest for the study of h@cleaf structure, such trangition§ lusual-
1y do not significantly affect the shape or int;nsity of radiative

b

‘Qlectrcnrcapture3spectga. .Epr this reascn, and bhecause a%g;lable
-theoretical residlts on detour transitions are %éryvlimi£éd; such .
.transi*t‘i:ons will be disregarded here and. all calcula‘l:ion‘.sA will be
confined o the determination of the direct-tran;i?ion'aéplitudg

_ shown dlagrammatically in Eig.'h-l(a). _Clearly, a highly aécur?te
theory of the Qirect~transition process will be necéssary to ﬁer-
m.:i;'b the. identifica*i:ioﬁ:‘o—f -'any detou-r-transition. con.tri'but:_i;ns' :Ln ;)“bf-

served spectra.

4,1,1. Matrix Flements and Transition Rates
.Egdiativg_electr;n capture is-exﬁected to occur-with Siéﬁifif
cant’ probability onij for the iﬁnermost‘eleptrons of The atom.
Since the available energy is usually greater than th;a K=shell
‘binding energy, the K‘électrohs; ﬁhich spend the most time in
the neighborhood of the nucleus, are ‘expected to provide the

dominant contribution to the IB épectra (except at very-low photon
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energies where 2p-state capture provides the dominant contribu~
#3om).. Inall but the wvery lightest atoms, the potential in
which the innermost électrons move is primarily the Coulomb po-

- tential of the nuclkeus. TFor ‘this .reason, all electron-electron
interactions and the ‘screening and correlation effects for which
they are responsible are neglected in current fheories, and it is
assumed ‘that .each orbital electron is initially moving -under the -
dnfluence of only ‘the nuclear -Coulomb field.

Accordingly, the unperturbed electron—field.qurator'?e{x)
is éhosen‘to satisfy a Tirac equation containing the ﬁuciear Cou~

lorb field, .
{y 3 x) = O- '
(_wfTl u+l+x,+Za/r)‘1’e(x) 0 (4=1)
) In this }epggsentation,'thg igterécfion*ﬁamiltonian;ggpsitx_is
H(x) = H%(k)+HEC(xl, (4=2)

where HY represeﬁts the ;nteraction of the electron £i€1d with
the Maxwell field and HEC represents the EC interasction, assumed
to be of the standard V-A4 form. The matrix element associated
with diagram (a) of Fig. 4-1 ig.dgri§able‘by standard quantum-
field theoretic methods. As Glauber and Martin (1956) have shown,

it can be written

M = ieC (2n/k) Majagmjﬂczn)?c_gN)_rn.(a;_eEQN.g_)

X ~e_|* e—‘i}-{-'-xsza( )y - (4=3)
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with the matrix element of the nuclear EC current density defined

by . ,

Gy _<le ¥ (e OO0, (s Of 1) (51

In _these equat:n_ons, C is the weal~interaction vector coupllng
constant, and we _havg K:_'?A/ -p u_‘rp(lﬂq' )y, and T -T (1+Y5
- The 'i’ and YP are the nucleon field operators, and‘si:-_ and tI: are
"~ the’ Dirac spinor wave functn_ons for a neutrino of momentum P .
and an initial electron in state o, respectively. The one-_photon
state, characterized.by momentum ﬂli_and polarization 2y has heen
normalized to a unit voluz;le. The intermediate-state-sum which

appears in Eq. (4=3) has been :Ldent:r.f:l_ed as. the elgenfunctlon ex=

'pans:.on for the Dlrac-Coulomb Green's functlon,

- 2 (108 ()
Cglry) =ZB"B—(%§%T_ ' Ch-5Y

with E=E -k, where'Ea" is .‘t‘h_e. relativistic energy oi‘ the o'rbital
‘electron underéoimg :ca;pture'. ‘
) Two comuie_ni:;s on. :I:he_-stzm-ctuz;e of the matrix -element ;a:;:'e in
" order. First, it ghould be noted that the role pla;red b}} posi-
trons iﬁ:the radiative capture proc_eiss i's ;i.ncluded- iplp]_._icitly
~in-the ;structure of Mor.' -'One type 6f~ path through which the redi-
- ative capture process can proceéd.is the emissioﬁ‘of a virtual®
“positron ‘t')y'the'.nucleus _followeci by its single~gquantum annihila-
tion with an orbital electron. Sucli_ paths are acco.unted f;nr by
the presence of the various negative-energy eigenstates in the

sxpansion of the Green's functioh. Thus, the structure of the
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Greenis function is such that compléte account is tékén of the’
role ‘of pésitfbnsfiﬁ the radiative capture process. -

Since the-theory developed so far assumes: the présénce of
any number” of -orbital electrons wioving independently in the Cou=
lomb field of the -'nimiéus, the Paiili exclusion principle forbids
virtual radiative transitfons to -intermediate states which are-
alresdy océupieds Presumably such -occupied intermediate states”
should ther-be exéluded from the eigenfunction eXpanéioﬁJ How=
ever, -as was first pointed oub -guite generally‘by Feynman ((1949)
and emphasized by Glauber and Martin (1956) in reference to radia=
tive glectron ;apture, the presence of an dbstructing_electron-
makes' another path possible for the radiative capture process,
which is not otherwise available. This path consists of virtdel
EG.of thé{obgﬁfﬁﬁtiné}eiééﬁféﬁvfoiiowed1b§.a*ré&iafivé transitioms-
Feynuan has shdwn~thét,-f§r a nonintéracting system, the tdf;l
amplitude- for such 2 new pétﬁ-exactly compénsates fsf that of the
forbidden intermediate states; thus o¥e may perform thHé calcula~
tiom as'if all thé other states weré undccupied.

Feynman's result is edsily generalized to inciudb thé ‘presefce
of a static external field; such as the field .of thé nutléus; and
consequently it has been asSumed valid in'a}l theorétical studies’
‘o radiative electron capture. However, as pointed out by Persson™
‘and Koonin (1972), radiation béfore capture takes place-in the Cou-
lomb- field of element 2, whiie radiation following-?épturé takes-
plate in the field of element Z=1- éoﬁsequéntly; those tqrms.in

thé eigenfunction’expansion for the Green's function which

ORIGINAL PAGE IS
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correspond to occupied atomic s;t&tes sho;ﬂii really 'be‘ represented
by Coulonmb eigenfunctions‘fo‘r element Z~l rather than element Z.
Undoubtedly, for Z>>i§. the corrgctions'resulting from such a modi- .
i‘ication of the eigenfunction exj_aansion are entireiy‘n,egligible-
However, for very low~Z elements, especially at the lo;.\rer photon’
energies (k<%u) v;heré:'the poles- corresponding to the bound states
contribute étrbngly to the transition amplitude, such a modifi-
; qaﬁion of the-Green’s‘ functicn ma.;)r prové “r,o be -o? impo‘xetgnce.

The Green's function introduced in Eq. (4=3) ‘and defined by
the eigenfunction expghsioﬁ [Eq. (45)] is seen 1;0 .satisfy the

inilomogeneous differential”equation

E{TN’r)T’-}£H (I‘)"’E} = 5( "E:)’ . ’ ) (“""’6)

where H is the 'Dirac-Cou]:qmb Haniiltoni:an. As Glauber and Mar-
tin (1956) have shown, the evaluat:i.on of ¥ is fac111tated by the
introduction of the second-order D:Lrac-Coulomb ‘Green's *fuuctu.on

gE(rN,r), defined by

Glren) = el n) lYiTer, (Bila/r) 1] (4-7)

and sgtisfying the inhorﬁogeneous second-order equation

gE(rN,r) [y2 + E-}-Za/ r) -1-i%u o (Vl/ )] = =5 (r -r) .._- : (.4-8)

With the _introduction of Eq. (b~7), the matrlx element of g, (&-—3)

lends itself to considerable simplification and can be written A

. 1/2{. W ¥ ‘ —ikep
M, = 3_.er( ?E/k) d-I»:NJp(sN)E (EN)I“p. dr EE(EN’E)E — -

+
X[~2e <Vie, IykJe (r). (4=9)
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T#r the-Sécs.. W1, 2:-4. 1.5, the: evaliation. of' M(;_ and *rélated’
quantities.is..described’and:’ fi'nal"résults? are presented for
allowed.and:. first=-foérbiddén.transitions. We-note-that-the:difs"
. férentiad-transition rate .Ais.ldeﬁéfmi'iled' by the-usual: formila. of*
time=dépendént-perturbation:.théory (Fermi! & "Goldent ~R'{:El.fe:, No: 2. .

axld LS’ gl—u EI_I 'bS
dw—.‘ = G 2’5;‘) ]IL'I i S( E? +}(" q ) dE R d]:{ T ( 4 10)
; - N 7 = o k

where=q =Q..~B  has been introduced to represent the-total avail~.

abla- energy, shared. between'the photon and‘the neutr:ino.

L.1.2. ‘iB Spectra: from- Allowed. Transitions

For allowed t_z:ahsitiéns, .tHe.Tepton. functions:of” Iy are
usually ‘replacedt‘by' their ‘va-Iues"a"‘ti Efo. HBowever; one must
exercise. some- caution in q&ing-this zince the Cc‘:u‘lor;i't‘:’ Green's
ﬁi‘nc'ﬁii_orr gE(fN’f-.) ‘is-'lugq;g'r to: be weakly §iﬁgular~ at"ifo. To
get: around.this: difficulty it i;s: necessary: to take"acachnt— off -
- the- fact: that.the EC ini:erac'{:‘ion‘aécthai{iy takes place.over a
finite nuclear volume,. by averaging the Green!s' functions ov:er‘“
this volume.T This averaged Green's . finmction. will b;e denoted b:Y
<5Egél‘i-’,£'~)>§2” Thus, for allowed.transitions the matrix, element

of Bye- (4=9) "is-simplified. to.

- Jal(? :1/2'N 1 :f Uy SR W ) "i‘}?iv
M = 1eGir(21r/k) Jﬂ,’é‘.’(f)) I'p ar <g;E( fn’f»gf,e‘ -
*- * .o
x[=2e- o ¥pe: % Je J o). . (h=11)-

ThAS 8 T

vwhere- the -nuclear -EC. transition: current: has been. introduced,
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defined by JE:j@ENjE(rN). A nonrelativistic approximation for
.the nuclear motion leads to JE:Cik{c),(l)), where {1» and {g)>. .
are the familiaxr matfix elements associated'with‘Fbrmi and Gamow—

Teller transitions.

Coulomb=Free Theory
The earliest theory of IB speobra in allowed btransitions was -
developed independently by Mdller él937a)and by Morrison and
Schiff (191}0).-Ig Tﬁis theory is{ﬁqesently of in?ereéﬁ because of
its simplicity and becghge'it &ieldé I8 spectra thét are accurate
at.higﬁ @hoton'enefgies. The.more sophisticated.%heory developeﬁ
I=ter by Glauber and Martln (1956} may be viewed as prov1dlng
Zcorrectlon factors for the basic results.
—Morrison-and'Schiff ﬂl?#O)“simplified the -problem by neg-~
Tecting the momentum (énd_binqzlné energy) of the initial -elebt_;ron ‘
and by neglecting the influence of the Coulomb field on the in=
'terﬁediate eiectron.stgtes.' The fivst nf'fhese—assnéptiuns:is
ouly valid when the recoil momenfum of the electron afﬁer‘pho—‘
tén emission greati#—eécggds its initial momentum (of aVergée v;lge
Za), The second approximation:consists of‘assuming ; ﬁo£nrapprox-
Amation treatment of the ﬁitermeﬂiate states. For its valldlty,‘
this approxlmatlon requires that Za/%<<l, where v is the veloc1ty
of the electron after photon em1531on. It 1s ev1dent that both
approx1matlons restrict the results Lo photons in the hlgh-energy
reglon where k is much 1arger than Za. ‘
Ignoring the Coulomb field in the intermediate states amounts

to using the free-particle relativistic Green's fonction found by
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scTving. Eg. (U=8) with 220, The*initial momentum.of: the: electron
i& neglected by approximating it wave finction. b;f'é. ‘constant,,
equal to the value .of the wave  function at” the origin. Under :

theser approximationsy the caXculation of the matrix element. of Eg.

(I=17) i< grestly simplified -and leads to- the resulit:

- e 50 (2 NI e e (O)- He12)
M = i n/20) AL e e (). @=12)

It is important to note that a§ a- consequence. of neglecting
the-momentum-of the initial electron,: radiztive electron capture
from an initial electron state -of nonvanishing angular momentum
is forbiddens. Both the el"éctric‘-a::;lgi magnetic contributions to
the I’ :,radiation vanish upder these’ circumstances; this: is.im-
m_ed.ji.‘a%fgly evident from.the structure of the matrix elementﬁ of Zg.

(12)

When Eg. (4-12) is substituted- into Eg. (4-10) and the ap-
propria:t‘e: momentum .and ,s,pin sumntations:are‘ agompleted; the IB spec—
tra dssociated. with. nsestate capture-oye found to e

aw: _ = ;2% o 2t *|=‘@%r$§'0?5 [P, k). 1)
The ratior.of the radiztive: capture rate to that for ordinary
K ;;'apt‘ﬁfe is.
e (0% g, _-00?

- k. =18
; PR 1 2. -
|.¢l.‘5‘§0)'l U

dw:

hst &
Tn
YK
Hemce the: total radiative:capture rate. per K-capture. event-is
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Ls ]
. 2 2. 2
wns 1 -dwns o qns l éns(O)]‘ qns
et | A k=T 5| . (4-15).
K YK - 12 ] @15(0)] 95
° R ¥

Hore generally, if only photons with kak.o are detected, the inte-

‘srated radiative capture rate per Kecapture event is given by

) s - _

w_(k dvi u

B o ns _ DS rheqo 5 zpo 4]
We o W a dk = e L4(2 1i‘o/qns) 31 ako/qns) )

% ) ; (4=16)

Q

For radiative K capture.in particular, these formulas are sim-

plified. The IB -spectrum-then is

c'i.w:!:S _

Vg "_:.‘_?:.qls

Ze(1~g) %ae, (4-17) -

where we have -8='k/qi;3 . Tl‘;e total radiative eK—c;aptiJ:re- rate is

2

w, q.
L (-2
e T .

Equations (4-17) and (4-18) v;e_re first derived by Mfller (1937-a)
and- by Morrison and Schi_f:f -(1940) -l9 The -more general ;pesuli‘;'s_ for
arbitrary s-state capture [Egs. (4~1k) and (4-15)] ‘wer_e- first

reported by Glauber and Martin ( 195_6) .

" Theory of Glauber and Hartin
The results of the Coulomb~free theory of Mfller (1937) snd
Horrison and Schiff (1940) are expected to hold only for Targe k -

and -small Z3 otherwise it is essential to include Coulomb effects

in the evaluation of the matrix element Ma' ‘Such calculations, in
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whi:ch -account is-taken of both Felativistic and Coulomb-effects,

have“geem reported by Glauber and Mirtiniia tw; weéll-~knovm hapers.
“Tn*their first paper .on-the subject, Glauber and Mertin
(19567 “.developed -the general formalism for ailoéedﬁﬁranéitions
“(Sec. 4,1.10) . and evéluatéd B to'a relative aécuraéy.éf order
Zet “for both .s- -add ﬁdétate capture. Certain relativistic correc=
tions that.are dimportant for s~stite captuie at Low énérgies were
also calculated- In théir second paper, Martin -and Glavber (1958)
develoved more-elaborate methods which make detailed calculaﬁions
possible in which relativigtic and Coulomb effects .are included
to all orders in Zo. These resilts lead to certain integrals
which cannot be evaluated .-exa¢tly in closed form:or tabulated
easily- To obfai#-numérical results, Martin and Glauber developéd
Zo expansions for-these iﬁtegralé and Garried ott .their evaluation
to a relative accuracy of order (Zm)z. This limitation on their
otherwise exact - -results for radiative K carnbure has.been removed
recently however, by Intemann (1971); .who.has showdi hcw-to -evalu-
ate the’integrals exactly using'partly numerical metheds. Ve

briefly outline -this theory and summarize its final results.

Nonreélastiyistic caleulations. For moderately light nucléi
it is expected that the initial electronic states can be descriﬁed
adeguately by nonreiétivistic Coulomb wave functions, especially
for capture -from- the higher shelis. " In view of the greater -com-
plexity attendant to the use.of Dirac<Coulomb wave functions, it
is.natural. that nonrelativistic calc&latiogs bé copsidéfqd‘first~'

In. general, these are -expected to yield results with a relative
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accuracy of order Zo. In order to preserve this level of accuracy
at all photon energies, however, it is necessary to employ some-
what more accurate wave functions, in order to correct for cer~
tain relativistic effects which have & pronounced influence on

the low-energy portions of the s-state spectra (Glauber‘aﬁq Mar-
tin, 19%6).

A pdarticular advantage of introducing the second-order
Green's function is that, consistent with the use of nonrelativis-
tic.wave functions, -an approximate Green's function gﬁ(EN’E} can
be employed;uowhich has a particularly simple structure This
Green's function, obtained by neglecting the (Za/r)2 and Zq‘g-ggg/r)
terms 'in Eg. (4=8) énd*solving the resulting equation, has beén
Etuaied'in considerable detail by Glauber and Martin TI§56). In

paiticular, gﬁ(o,r) has been shown to possess the integral re-

presentationZl '*
_ o
(0) = @/2m) e T i[ﬂs's‘n (5) N5™2HTS, (419)
) o
where u:(l—Ea)l/z and N=ZoE/ .

- (i) sz=state radiative capture.’ For radistive capﬁure from
-an s ‘state, the contribution‘to‘Ma from fhqujfz_term vanishes_

. from symmetry considerations; when terms of order Zo. are neglected,
the remaining contribution can be evalunated using only very general
properties of the Green's function?1 Final results for the transi;
tion rates are identical with those of the Coulomb~free theory
[Eq (Le14) et seq.1- The calculations of Glauber and Martin

(1956) reveal, however, that the range of validity of the Coulomb~
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free theory is much greater than could have bgen anticipated on
the basis of the calculations of Mgller (1937a)or Morrison and
Schiff (19%0). Indeed, it was established by Glauber and Martin
(1956) that the Coulomb=free theory yields resulis for the IB
spectra associated with s-state capture which are formally cor—
rect to order Zo for all photon energies. It is also true how-
ever,. that for the low-energy portion of s-state spectra, the
factor of Zu is partially compensated by an increased probability
of radiation. Consequently, in order to obtain results for whiéh
the actual error is not greater than order Za, it is necessary to
carry the calculations to the next order in Zz and omit only
those terms which are actually of order Zo or less- Glauber and
Martin (1956) accomplished this by means of a Foldy-Wouthysen
transformation applied to the Dirac-~Coulomb wave functions ané

Green's function. The result, valid for M<2 and. k7o, is

nsl ¢ (0).  (h-20)

T -

e 1/2 N Mk e
M, = 108 (r/20) Y 2 P(OIr [Bve st g B

The function an(k) is defined by

2 {1) d
BnSCk) = 1+ W5¢ns(o)\{‘d£gE (0,r)r T mns(r), (421}

(

where gEl)(O,r) is the p-wave contribution to the partial-wave

expansion of the approximate Green's function gﬁ(fN!E)' gﬁ(ﬁntf)
1 spa .

=gﬁ(0,r)+gé )(O’rsz'£+"" The transition rate is calculated

as before, with the result

2 2
Sy [ _H:I %, (0] x(q, _~k) Y (ho22)
Vig = wk ns 1 ‘@ (0)12 2 ns
cF 15 d1g
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The correction factor Rns(k}° which describes the modification
of the Coulomb~free resulil brought sbout by inclusion of the

mnost importanf relativistic and Coulomb effects, is defined by

2

Rns(k) = (1/2)¢ LB, ). (4=23)

The evaluation of the functions an(k) has been described in
great detall by Glawber and Martin (1956} Here we guote only

the final results,

B (k)—l—-f*- ! 1 ! [2x(A, )=11 (h-2L)
1. T T3 '*‘(1-n;) A '

with ll=(1-ﬂi)/(1+ﬂl), and

) 11 5 ) T 22
B (k = 1 _— T} ] r————
28 (17 2/4) (3 Y Ok

x [ 3 =1, 2% )5 2 nj], (4-25)

.l:"

with 7\.2=(~2’7]2)/( 241,). The zfunction K(A) is
1
[ axx™
K(A) = A 7S (L4257
0 )
For the purpose of -evaluation, K(A) can be represented conven-
iently by the rapidly converging series expansion

J
K(A) = ln(l+X)-ﬂ§E: J(;k% (L-27)
j=1 .

In arriving at these final results, advantage has been taken of

the fact that & may be set egual to one in the correction ternm,
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sso-that 1=Za/i. -Consequently, the two parameters Z.andqk, upon
which -the :functions B, _+depend, -enter only in the single wombin=
.ationM which, in the present -approximation, is given by
'11é§1+¥ﬁBl£j~¥Z2 for ls~state capture and by ﬁg%ﬁl/##KZBlsjﬁl/é
for 2s~state capture. Here, B, _ is the “Ls-stdte binding energy;
This ;simpkification greatly facilitates tabulation -6f final re-
sults.

‘With ‘the aid of Eq. (4=27), we have evaluated Egq. C(h=24) .and
Eq. (4=25) numerically {(Tables 4.1.and 4.2). Although for ener-
gies .not greatly .exceeding the binding energy, Bls(k) inereasés
quite rapidly from its value of zero at k=0, the function ap-
p?ﬁagheSAits asymptotic value of unity gquite slowly- 'The correc~
4ion fackor Rlég;k) therefore remsins .substantizlly less than
Aniby, even-at epergies very much larpger than fhe binding -effergy-
Like Rls(%Q,;Rgsﬁk):aiso slowly -approaches unity for Targe k.-
UniikewBlsﬁkl,‘howeyen, BEéCkD does mot gb Yo merd -as &k Approaches
zZeros rathe;¢~aSquy=be:éhown?anaiwticallyh BEgCODﬁhﬁﬁé;

The fungtionsfﬁnéfk) for nZSﬂcén be evaluated similarly.
However, the contributions fo radiative electron capture from
ns states with n23 can usually be neglected entirely, compared
with contributions from ls and. 2s states. For example, according
to the above results the 3&-state intensity is only ~4Z of the
ls=~gtate intensity;- when screening~effects are takerw into "account,
its contribution is reduced even: more.

&ii) p-state radiative-gcapture. From the calculations of

Morrison and Schiff (1940) it can be concluded that the p-state
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capture contribution to the I3 spectrum is negligibly small for
k>>Ze  As the calculations of Glauber and Martin (1956) bear
out, however, the p-state intensity becomes guite appreciable for
ks%a and indeed exceeds the s~state spectrum over a large part of
. this range. Discussion of p-state radiative capture can tl;-lere-
fore be restricted to photon energies kiZdx. In this energy re-

gion, the transition matrix element can be reduced to
g 1/2 Ny . ¥, )
Moo = ~2ieC (2n/k) al}fa (0) er dzgi(0,rle ¥y (x)  (4-28)

when ferms of order-Za are neglected. It is clear that the IB
radiation -associated with p-state capture is distributed iso-
tropically.

Since the three 'r;p-state wave functions transform like the
components of a vector under rotations, one of them .can conven-
iently be chosen to be the .component in the direction of & The
renaining -two component ~states then do not contribute to the
" -matrix -element,-and a single calcufation ta-kes into account the
contributions from all three magnetic substates. On this bascis,

“the matrix element can be written

. . 1/2 i
rInp = —.ZJ,eCVCZCL/k) JSE ( O)ruxannp’ (4=29)

.whére an is the spin part of the mp-state wave function, and the

integral an(:k) is

Qup (9 = (/200" % argito,r)e ge, (2 (4-30)
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The transiton. rate .is cdlcuiabed as before, with-the result

vt Lkl _~k)
no b T 1 \]d (“ﬂ 3 ez
g = = Lz v/ > dk. ( s B
x =5 F g
- bl —-,
i85

Evaluatibn of the integrals o fk; is similar to that of
3 (k) and has also besen described in de%ail ity Slatter and Har~

+in (1987  .Tre~ final resulis are ]

7.2
o (x) = S [14(2/300,~(7/1230 2 /331,700 )] (be32)
Ep l:."!_':’: E/h\ﬁ [ ._
Th o= '2 TS
and
1
.
Q. (k) -3it-m~:bi—~——- (1~0,/3) {17 =207 /B‘E—c(7 /3371
R A (1_n'z/a}3 (1=75/3) 175 3/

: ' + (h/a)n_zfz-n ?/3)x<a251, ’ (b~323)
= 3 7

=i 2 - . s . 5
where 7 “(l/,T&ZB Y/ all other guartities naving veen de—

fined oreviously. Iwvalua

(iii) Resuits. To iliustrate the results of the theory of

Glauter and Martin (19%4), the predicted spvecira associzted with

g =y
is=-, 25—, 2p~=, ard 3p-siate radiative -capture in ““Ie Lave been

vlotted in Fiz. 4=2. As stated, terms of order Za were neglected,

. | =5~ - . . -
irtroducing an error of 20X for 7" Fe. It is evident Trom Fig.

-~ -,

Le? that the s-state svectra do not differ greatly in form froax

=3

os y 2 . . . . . .
the simple K(qqs-k) snape predicted by the -Coulomb-free theory.

gure 4-2 also shows the existence of very iatense. p-state spec~

tra at low phoion encerzies. Indeed, p~state contributions to

031(} OO ¢ ao MKEY
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the IB spectrum become more dominant with increasing charge and
decreasing available energy.

For states of still higher orbital angular momentum, the
radiative capture probability is expected to be much smaller than
for captuée from's or p‘st;tes, becauge tﬂe proba?iii@x_of‘finae
ing the elé;tron in the neighborhood of—tﬁe nucleus is smellexr
and thé radiation emitteﬁ is of a higher multipole order than tﬁe
;fredoﬁinantly MI and Ei raqiation associated with‘s- éﬁ@ p;state
radiative capture, respectivéiy. "Indeed, within the framewérk-
defihed by the approximations uéea in treating p-state capture, -
the .transition amplitude for radiative 6§pture from a state of
orﬁiéal angulér momenﬁum $l-vgﬁisheé.

Relativistic calgqlafjong. The preceding caléulations were

intended‘éo‘provid; results with a felaﬁivé accuracy of-order Zo.
To achieve éven-%his-1§vei';f gcéufacy requires' that -some consider-
atioz% be given to rela;civi‘s{:ic.-effedts when treating -xl'ad:.iai:ti.ve cap-
. ture froﬁls states. T@p impoétange of relati&istic.;ffects in
s-state capture, eveﬁ for‘moﬁérately light nuclei, is primarily. '
due to the fact tha@ such‘trénsiﬁions in&olve a spin flip, a pro=-
cess vhich fesults.iﬁ large photgn energles, and hence, in a
relativistic recoil by %hé electrég. Furthermore,'a_nonrelat%vis-
tic cglcula%ion does not take aécquqt of paths that involf?'virﬂ_
tual positrSn emission-gﬁd neglects electron cépture through inter=
mediate p states, a path made possible by spin—orbit:codpling.x
The results descr@bed above'ﬁre usvally adequate to determine

the 1B spectra of moderately light nuclel for photon energies that
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are stall compared with the &ledtiron f8st emergy. ¥For Heavy nuelei
oF large plioton enévpies; these results aré wholly inadéguaté:
¥artin and Glauber (1958) therefore developed a more gefieral
theory, baking full ascount of félativféfic-an&'Cauiémﬁleffécféa
The nonrelativistic rebults indicate that relativistic and Cous
lofib effécts to all orders in Zo. aré most iriportant in Fadiative
capturé from 1s stabes; henics Martis and Gleuber (1958) applied
their full theoby to-this spe¢ific galcéulation.

It should be fiotad- that Yukawa (1954) has also attempted a
fully relativistic @alculation of the'Krcapt;re IB spectrim.
Yukawa fouhd it nécessary, HowéVer, to inkroduce an approxifa=
tion in constructing a USabie form for thé relativistic Coulomb
Greenls functichij it is noé sntirély clear how reliable this dp=
proxination is. Thé résults 6f Yukawa (1956) aré &t léast as com=
plicated ds tloSe of Mdartin and Giaubéf (1958} &fi@ have the seri~
.ols drswback of being inapplicéble to hedvy nudleéi: For fhese
redsons, we do ot discuss Yikavats géalculations fupthnsr.

(1) ‘The starting point for thé

fully pelativistic caleulations of Martin and Glaubes (1958) is
the general expressisd (4=11) for the allowed-trarnsition matiris
elemerit. To evaluate this natFfix elefment exactly within the onéw
electroni Coulomb appraximation; apprépriate foriis fof ¢, aid
gEQgﬁ,E? must first be intrbauceds_ For L the -usial gréund=
staté solution of the Dirdc équaﬁidﬁ'fd; an electron woving in
the Coulomb fiéld of a ﬁ@diééf chargé Ze is chosens For the exact

secoitd~ordet Green's. fiinctioch EEQEN’E?’ Martin and Glduber (1958)

ORIGINA
OF P00k Qi
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constructed an eigenfunction expansion from the solutions of Eg.
(4~8). The smallness of the nuclesr radius (2ur 510-3) allows
some simplification. The region occupied by the nucleus may be
safely neglected in integrating over I, and those functions in
the Creen's-function expansion which depend on r, can be replaced
by the first term in their power-series expansion The errors
associated with the use of this simplified form of the exact
- Green's function are expected to be no greater than m10~3-

Using the above representations, Martin and Glauber (13258)
calculated the transition matrix element for allowed radiative

K capture without further approximations,

ieC

L (50 200, 3 PO, I, 5re ik, are T (43

Mls =

The particular angular-momentum substate of the initial K electron
is represeuted through the spin function x i&) where x are the
usual two=gomponent Pauli spinors, and the integrals Al (k) and
Bls(kl are defined by
S oo
(h1+l)k-
A (K) = ——=——— 1 dr|ds
T(2A,+1)n
- o (]
2 i, 0m2a®  j(kr)2a”
T 4 _ 2

2

j(kr)[l+ 2 -
o 3(x1+1)2J ke(A 417 3(A 1)

“Th, =1 NaA,~1

3 ~{2s+1)nr -ar
X g (1+s)

(2er) le e " (4=35a)
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had

sk
Bl (k) = == dr Ids
s r(2A,+1)n

o} (o]

s (e bg (iil__. _ E) a2 (ko) La
o T30, \kr T & +5(A 2| e 30,0
1

§ (E . (3«2}\1)) ) a2 ]

=Thh,~1 M4h, =1 24 ~(2s4+l)pr -ar

xs T (l4s) L (2ur) Le e . (4~35D)

In Egs. (4=35), the previous definitions of & and 1 have been
retained, and we have a=Za and ll=(l-a2)l/2=Els.

The energy spectrum of the IB, calculated as before, is
2
dw o k( q_l S-k)

1ls
= g R dk. (h-326)
1

W
S5

This expression is the same as Bq. (4=22) for ls capture, except

that (k) is defined by
s

1
Rls(k) =7 (Als

with Als(k) and Bls(k) given by Eqs. (4~35). Unfortunately, the

2

+B 2)

1s ‘? (1*-37)

integrals appearing in Fgs. (4=35) cannot be evaluated exactly
analytically in closed form and depend separately on Z and k,
rather than on the single combined parameter k/(Zu)2 as do the
integrals B_  and Q  discussed earlier.
ns np
A number of limited and, in most cases, approximate analytic

results for Als and B1S are reported by Martin and Glauber (1958).
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For example, Egs. (L-35) can be simplified, transformed, and ex-
panded if one neglects terms of order'(Zc.t)2 or smaller and the
remaining contribution to Bis(k)'frém‘fhe j2(kr) term. The re-

sults. are

A, (9 = Jnlo/(uramsi s/ Opsiad g, (4-32)

B, (k) =4 (k)(l+ Z 2/1:)- 3 (a/d & (4-38b)

where

_ - wia+ik a+ik=m - _
&= 2[ ( I]Zn(n--fl) (a+ik+‘p) ] ' (4-39)

Bgcause of thg underlying approximations, thése expressions are
e?pec%ed_to'hold"well oﬁly-at:low photon energies;éﬁé'fép ele-
ment;‘which aré nét too heavy.

For k21, it is feasible fo-eqund the Green's function and |
the initial-5tate wave function in powers of Za. Eérried to

first order in Za, such expansions yield

A_(0) = l-ch{(u/k)+2(1- Lyan (k/u)} (4-0a).
B, (k) = l-Zq{(u../k)(1+ D+2(1- %)tan-l(k/u)}- (h=kOb)

For three particular photon energies, more accurate resuits can
easily bhe obtgined because of sﬁeéial circumétances which simpii-
fy the ealculation in each case. In the neighborhood of k=0, Als
and Bls are given, exact to all‘orders in Zx, by


http:expected.to
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( 2}\.1—!—1) )
AL (K) = 3 (1-k), (L=lla)
B, (¥) = ou0{1/%a0) . (L=41b)

The integrals can be evaluated comveniently to second order in

Zo. for k=A, (=0,

AL (1) = 1-Zasm(Za) %/t (h=li2a)

B, (k) = 1-EZa+(4-n/2)(Za)2; : (4-42bf
and for k=l+d, (=0},

A, (1) = l-nga/2+2(%a)°, (4-b3a)

By (k) = 1-3n2a/b49(%a) /2. — (4-l3b)

These approximate results are expected to be fairly reliable
for the lighter elements. In general, howéver, it is necessary
to resort to numerical procedures. The above results are still
of interest, though, since they provide a valuab]:e check on the
accuracy of numerical computations.

A relatively simple procedure for obtaining exact numerical
results for Als and Bls for arbitrary k and 2 has been reported
by Intemann (1971). The integration over r in Egs. (4~35) is per~
formed first, then the change of variable x=s/(1l+s) is made in

the remaining integrals. After algebraic reduction, one finds
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: -ﬂ+li—l .
A, (6 =C [d; % £,(x), (helia)
o]
1
. c .Tﬂ+7\l{l
BlS(k) = m jdx X fB(x), (4—4%)
o
M 2 e e ap s
where C=—(2p) /L}\l(_27\1-l)k - To defime f, and fg, it is

convenient to introduce the definitions

% = kox(pea)®, & = Teextixs,
p 2.2 -
¢ = 2(nT=a™=k"), . o= a+p(1+x)/(1-x),‘_
§ = k2+(11:-a) 2; 8= tan-?'(k/c),
whence fA and f]:_‘,' can be written
' 2 A
£,(x) = [2k\ 0cos(2h 0)0 sin(—z?\la)]/s . (4-158)

fB(:%? (2A @ [ao=-2a°+( 1-2,) klcos( 21,8 )

- ) N : - - . . ) k
+{_ka(27‘1“1)[1‘(7‘1'1)'25‘2““]*"2[2a2-k(1-}1)-ao3}sin(.2xle) /s L.
| - (4-45b)

Now fA and #B are very slpwiy varying functions of x over the

entire range of integration, for all physical values of k and 2
:o_f interest. After an integration by parts to remove the weak
singularity in each .of the integrands at x=0, thé remaining inte-

grals which appear in A._ and B

is 1s thus can easily be:evaluated
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in this manner forf sSeVeral nuclides of interest, are displayed
in Fig, 43,

It is cofsidérably edsier to evaluate Alé and Bls by rieans
of the low-k approximation [Egs. (4=38) and (4-2931 or the high~k
approximation [Edss (4~40)], rather than by employing the exact
results [Egs. (b=4%)]. Therefore it is of interest to compare
the functions Rls(k) obtained in thesé three ways, in order to
assess the circumstances under which either of the approximate
results can be employed without significant error. Ve have evalu-
ated Rls(k) exactly and in the high~ and low-k approximations for
three very different values of Z. The results, shown in Fig. b=k,
are indistinguishable for very small 7 over almost the entire ener-
gy range. For intermediate 3, the low-Kk approximation fits the
. exact curve quité well,; éven in the high—energy region where it
does better than the high~k approximsiion. For large Z, neither
approximation fits the exact result very weil, and botn approxi-
mations are totally wrong in their description of the low-energy
beliavior of Rls(k)'

To compare the various calculations and indicate the impor-
tance of relativistic and Coulomb effects, we have plotted in Fig.
4=5 the ls-state radiative capture spectra predicted for the moder—
ately light nuéleus 22, It is evident from Fig. 4-5 that the
shape of the 1s spectrum is not substantially altered by the
inclusion of relativistic and Coulomb effects, but that the over-

a1l intensity experiences a very significant reduction. 4s is to

ORIGINAT PACE I3
OF POOR QUALITY
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exact calculation (MZ) and that iﬁ-whicq terms of ogdgr}éa‘a&e.
neglected (GM) agree‘fgirly well. ‘There will be‘np;é;qﬁ agree-
mént'for heavy nucledl of for pﬁoton energies k1.

(ii) L= _and M-shell ;@,d;a‘t:t.ve gapture- Althoﬁgh ¥artin -and
hGlauber (1958) llmlte& thelr fally relatlvlstlc calculatlons to
1s-state capture, their relat1v1stlc theory prov1des an equally

valld baSLS:for describing ra&matlve<cgpture from an arbitrary

atomic shell. The general results of such a caleulation are

DR

‘givén‘by Zon Clé?l). iﬁhe compiegity of fhe expressions has pré;'
cluded th? derivatiqn»of—analytical resﬁlts;.not even.apﬁroximate
. ‘results have bégnlﬁé}ived in whibh only terms through first or—.
dér'in.ﬁa-are rétéineﬂ. Zon (1971) does however report the ‘con-
structlon of .a computer program which permlts numerlcal evaluatlon
. of the amplitude for radiative capture from the L and M‘shellg,
althqugh few deéhils ar;'given;ana_éheibnly spectré?féﬁo};ed in
"Zon's paper are those for 165Er-&Fig. heg).

Two general features of the 165Er spectra are worth notlng
since they undoubtedly w111 be exhlblted by the radlatlve capture
speqtrg of other nuqlel as well- A resqnance in the %g-state
capture spectrum appearsrwhicﬁ is associated witﬁ a forbidden
’zé-ls atomic @ransitioﬁ- This resonance is quiﬁe sha;p and there-
" fore modifies the result of Glauber ananartin (1956é only in;#ﬁé‘
bin&ing-ene;é& region. Elsewhere, the results of Zén (1971) ;nd
of Glauber and Marf?n (1956) arq‘inéistinguishable-'rﬂlso to be-
noted are the modifications oﬁ the p—stéte spectra b;ought about

by the inclusion of all relativistic and Coulomb effects. While
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these modifications appear to be only slight for capture from
2p states, they are quite important for the 2p~state spectrim
(at least for heavy nuelei). In the case of 165Er, they cause a
reduction by a factor of 2 in the overall intensity of the 2p-
state spectrum. There is, however, no appreciable change in the
form of the p~state capture energy distributions.

Some years ago it was suggested by'Kbh‘gg
al, (1962), and again by Koh (1965), that the IB spectrum
possesses a cusp-shaped irregularity in the neighborhood of the
positron threshold. To confirm this idea, Zon and Rapoport (1968)
carried out extensive calculations. Their results, accurate to
order (Zq)e, show however that the form factor for radiative K
capture varies comntinuwously in this region, and thus, there is
no such anomaly in the predicted spectrum at this level of accu~

TacY.

Infinence of Uncaptured Atomic Flsctrons

In all of the foregoing calcuiations, only the electron which
undergoes radiative capture is considered, and the presence of
all other atomic electrons has been ignored. We now consider how,
and to what extent, the one-electron results are modified when
the presence of the remaining atomic electrors igs taken into ac-
count.

Sgreening corrections. Screening by the remaining electrons
affects the amplitude for radiative capture both by éltering the
initial configuration of the electron to be captured and by alter~

ing the probability amplitude for an electron to reach the nucleus
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after the virtual emission of a photon. To analyze these effects
most simply, Martin and Glauber (1958) employed aﬁ’iﬁdépendentr
particle model. in which the stationary states of the indiv%dua}
electrons are detérmined as the self-consistent-field solutions
for the full many~body atomic Hamiltonian. In this gpproxiﬁa—
tion, no further_accquﬁt of the remaining electrons needs to. be
taken when the radiatiye frénsi%ion"probability for a single elec-
tron is caléulateé.

"ﬁy far the more important effect of égreening.is:fhe modifi~
cation- of the vave function-that describes the in@tial electronic
state- Thig ﬁodification is quite simiiar‘to that which occuré
in ordinary electron capture, except that the effectlve size of
the - region from- whlch capture can océué 1s somewhat larger In
ordinary electron capture;.this region is determined by the nu-
clear radius, while in radiati;e electron capture it. is deter=
mined byAthe rahgg of tﬁé Green‘é fpnctioh. For phstqn enefgies
of greatest practical interes%, above the binding energy of the
initial electron and-helow the threshold’for positroﬁ production,

the range of the Green's functlon is of ‘the order oF the elec-

tron's Compton wavelength. While it is much larger tha£ the nu-
clear radius, this range is still very small on an atomic scale.:
“Thus, it is argued by Martin and Glauber (1958) that ;el'siﬁple and
seemingly Qeasonable procedure.for-takihg‘into account .screening
effects on the initial state of an electron undefgoing radiative
capture is to multiply the unscreened results for the radiative

capture probability amplitude by the ratic of the screened to

-
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unscreened initiél-state wave‘functiéﬁs, evaluated in the neighbor-
hood of the origin. '

The second effect of screening, the alteration in the struc-
ture of the Green's function, is expected to be quite small; this
can be understood qualitatively from the following considerations
(Martin and Glauber, 1958)}. Over the relatively small region de~
fined by the range of the G;een's function, the electron field
is well approximated by the nuclear Coulomb field. Indeed, if
the electronic charge cloud associated with the remaining atoaic
electrons did not péhetrate this region at all, its external pres-
ence would simply result in a shift in the zero of energy and thus

-produce no physical effects. For all but the lowest<=energy pho-
tons, the range of the Green's fun?ﬁion is s0 small that penetra-
tion of the electronic charge cloud into the region defined by
this range is not expected to ve appreciable, and therefore no
significaﬁt modification in the Green's furction is expected. It
should be emphasized, however, that this réasoning is not wvalid
for photon energiesz near the binding energy, where the rangé of
the Green's function becomes quite large and a more elaborzate
treatment oi screening is required.

To establish in quantitative terms the accuracy of the simple
approximation scheme of Martin and Glauber (1958), these authors
carried out more extensive calculations in which the "screened
Coulomb potential was approximated by a Hulthen potential. The
results of these calenlations indicate that the above conclusions

are quite well-founded. In particular, Martin and Glauber (1958)

ORIGINAL PAG
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caleulated the screening corrections for the 2p state of Fe to
lowest order in the Hulthen parameter. The results were compared
with unscreened results multiplied by the ratio of the screened
to unscreened probability densities at the origin. At a photon
energy equal to the K=-shell binding energy in Fe, the difference
between these two results was found to be 20% (i.e., of order
Za), while at a photon energy three times as large the difference
is only ~2%4. Thus it appears that, except at very low photon
energies (in the immediate neighborhood of the X-shell binding
energy), screening effects can be taken into account satisfactorily
by simply multiplying the unscreened rate for radiative capture

from the state a by the screening factor

5, = 5, (o) 2/]%(%)1 % (4-16)
where RN is the nuclear radius.

From results of Brysk and Rose (1958) and available Hartree
calculations, Martin and Glauber (1958) have constructed a graph
of Sa'zg. % for initial states of interest (see Fig. 4~7). It
appears that the intensities of the IB spectra for radiative cap-
ture from the I shell are considerably reduced by screening ef-
fects and those for radiative capture from higher shells become
insignificant.

If the intensities of the various IB spectra are normalized
to a single K-capture event, or to a single EC event, then only
the ratios Sm/sls appear—in the final formulas. To evaluate these

ratios for the most important case, the L shell, resulis of
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. . 23 . -
Sec. 2.2.2 can be used when a high degree of accuracy is des1red.3 The ratios

are
g 12
Sas . | Bk Ly (4-47a)
S1s 6 9%
1
and
f 2
s G L
CLA e (4-47b)
Sis | FLp K

o -
i

Here, G » GLI, and FL2 are the large components of the unscreened Dirac wave
function for the 1s, 2s, and 2p states, respectively, evaluated at the nuclear
radius of a hydrogenic atom. The large ‘components are deno?ed‘by s ng, and

fl,» respectively, when the effects of screening are included.

2
Plots of Gy, GLl’ and FLZ for a point nucleus and‘corrections for
finjte.nuclear size are-given by Brysk and Rose (1958)'(fﬁhite-nuclear-size

?"E{ As discussed

corrections to the L-shell screéning ratios are always <i%)
in Sec. 2.2.2, the ratios (ghlng)2 and (szlgLi}2 have been calculated by
several -authors; the most reﬂigbie results being those displavéd in Table
2. 91_ " These ratios were computed with a relativistic Hartree-Fock self-
consistent potential with a]]owance‘for finite nuclear size.

Thé procedure described above is'but one possible way in which .screeniny
effects can be treated. A]ternat{ve1y, Zon (1971) has 1nc1uéed screening
effects by employing relativistic initial-state Coulomb wave functions with

effective charges. These effective charges, as suggested -by work on- internal

conversion, were taken to be Zyse 50> With oy=0.3, 0,=3.5, and oy=5. Zon (197
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has carried out several nuinerical celculations but does not com—
_ pare 1‘15..5 results wi{'.h thoseno'bt.ained by the simpler-' procedure: of
Martin énd‘Glguher Gl§58)_f

;Eghgggg;éginggggpuggizgéziggg. All results described so
far, incl?ding screeﬁing corrections, are based on independent-
particle approximations énd take no account of exchangé and
overlap effects thcﬁ result from the many-particle nature of the
atom (see also Sec. 2.5). Corrections for such effects haveqbeen
applied to. the Marﬁéﬁeélauber tﬁéory by'Persson aﬁg Koonin (1972),
using a p?océdure analoécus to that applied by Baﬁcail (1962) to_
I/E electron-capture ratios. The calculations of Perséoq and
Koonin (1572)_deal specificélly with-the electron~-capturing nu=
cleus ?Be, but a?e sasily generalized.

LIt is founé that, for ﬁc.décays of "Be to the h77-keV state
'of'7Li, the_ﬁrgdomiﬁant efféct‘of-gxcpange and qv§rlap:g;rgégtions
'.i§ to.incféase the ratio o? 2e-state radiative caﬁtﬁfé‘£o-ls—étafé
ra&iative capture‘wst@is'by a factor of 2.9. The retio of the
ls=state radiaéive capture rate to the total (K+L) nonradiative
caﬁture rate Wy /(w +wL) is-decreésed by 7%- Howevef; the net
effect on the ratﬂo (w S5 )/(WK+WL) is found to be negllglbly
small (<1/) Changes in the shape; of the IB spectrum at energles
above 50 keV are found to- be negligiblés

Calculatlons of, overlap and - -exchange eifects in radiative EC )

of ? Cr and Sh

Mn are repcrted by Koonin and Persson (1972), who
find that was/wls is increased by 15% over the Hartin=Glauber

predictions.. This increage is cancelled, however, by 'a similar
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increase in the corresponding ratio for nonradiative capture, so
that the correction 'to the ratio (wls+was)/(wK+wL) is again found

to be insignificant (<0.5%).

4,1.2. TIB Correlation Effects in Allowed Transitions

Uith the discovery of parity nonconservation in weak inter-
actions, interest in radiative -electron capture shifted to studies
of those correlation effects whose existence requires a parity-
violating interaction. Calculations on such phenomena were re-
ported by Cutkosky (1957), Koh et al. (1957, 1962),
Berestetskii (1958). Martin and Glauber (1958), Gandel'man (1959),
Bloom and Uretsky (1960), and Tiliasiehvebd Kapinskii (1960).

Cutkosky (1957) first showed that a two-component meutrinu
theory predicts that IB radiation will be circularly polarized.
Terms of order Za were neglected in Cutkosky's calculations, but
a determination of the polarization of the IB assaciated with XK
capture, valid to all orders in Zu, was reportsed shorily there-
after by Martin and Glauber (1958). Only the polarization of the
ls-state contribution to the I8 specirum is considered in these
paperssy yet it is evident from the results of Sec. h.i.Q. that
at low photon energies the contributioms from L~ and M-shell
radiative capture must also be taken into account. For allowed
transitions, this is easily accomplished using the theory of
Glauber and Martin (1958). More elaborate calculations, based
on a generalization of the Martin-~-Glauber theory, are reported

by Zon (1971), who lists numerical results for B?Ar.

ORIGINAL PAGE I8
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The parity-noncomnserving character of the weak interaction
is also responsible for the existence of an anisotrépy‘in the
angular distribution of the IB:radiation emitted from o?iented
nuclei, as may be inferred %rom the work of Cutkosky_(l?B?)-

This makes 1B angular—@istfibution studies of interesé és a ﬁo-
tential source of information -on nuclear spin chaﬁges and the rela-—
tive magnitudes of the EC nuclear matrix elements. The angular
digtribution of the IB emitted from oriented nuclei‘duriné K cap~
ture was first calculated by‘Timashev and Kaminskii (1960} and by
" Koh 9-3~§l'. . (1962), assuming a nbn?elati}zistic
degcriptién of the elééfronic motion and neglecting all Coulomb
gffects on the §ntermediaté.state§ of the electron. The results
of these calculations are quite simple, but they have proved in=
adéquate.to explain the experimental -data at low photog energies,
where both interme&i;telstate Céulomb effects and the contribu-
tions from IT and:M—shell vadiative cap?ure become important.
‘Mcrre exact .and :extens;i.x‘re'c;alcula‘tions‘;, based on the work-: of
Glauber ard Mgrtin, have been reported by Intemann (i9?1f and by
Zon (19?1). IR '

While the existence of the IB correlation effects'desgriyed

ghove depends on the panity—nonéonserving property of the weak

.interaction, a variety of other correlation phenomena exist which

ccuid-arise even if -parity were conserved. (From the point of

view of tesfing Weakriﬁteraction.thepry, these phenomena are of-

little-interesﬁ, but they can provide information on nuclear

étructureﬂ) In particular, Koh et al. (1957, 1962) have studied
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the correlations between the direction of nuclear spin, the momen-—
tum of the 1B photgﬁ, énd thé-momentum of a subsequent nuclear
Y ray, end have reported detailed results on the correlation be-
tween the directions of the IB photon and the nﬁclear Y ray-
These calculations were, hdwever, carried out for allowed and
first-forbidden transitions and neglect Coulomb eifects on the
* intermediate electron states; thus they are limited to high pho-
ton:energies.~ Hore extensive calculations of thié éorrelation
function, based on a generalization of the work of Martin and
Glauber (1958}, have been reported by FGon {1971). This latter
=Work includes a determination of the correlation between the di~

rections of the IB photon and a subsequently emitted atomic

X ray.

IB Circulay Polarization

The polarization Pa(k) of the IB accompanyingz electron cap-
ture from the state o is ﬁefined as the difference in the inten=-
sities of the right- and left-circularly polarized radistion,

divided by their sum:

dwa+l-dwa-l
Pa(k) = +1 -1 - (’4-""-!-8)
dw +awr
o o

For ls=-state radiative capture, the required expressions for the
intensity of the polarized radiation are obtaired from Egq. (4-34)
by squaring and summing over all final states of the unobserved

neutrinoc and over the spin states of the initiel electron. The
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result for randomly oriented nuclei is
S 2
vy _ (k)ottAlS(k)+sBls(k)1 s (8 =#£1).

The polarization of the IB accempanying ls-state capture is found
to be

)2

= A B. /R . . (L=59)
(A1$+Bls)2+(AlS-Bls)2 1S 15 15

At low photon energies, the ls~state radiation is almost conm~
pletely unpolarized since Bls(k)+o as k*0. At high energies, we
have AlszBlszl, neglecting terms of order Za, and due to cancella-
tion, Pls(k)=+l neglecting terms of order (Za)z. Hore precisely,

the high~-enerzy form of Pls(k) is

Pls(k) = 1—(&)2{@/@-:-,2(1- %)tan_l(k/}l-)} 2/21:2, (4-50)

which follows from Eg. (4-LO).

The polarization of the Zs-state radiaticn can be apalyzed
similarly, starting with Eq. (h—éo). The final result has the
same structure as Eg. (4-19). except that, in the approximation

which underlies Eq. (4-20), Aes(k)zl. Thus, we have
Pas(k) = 325/325- (b~51)

While it is expected in the high=energy 1imit that Pes(k)=l-CﬁZa)2,
the results which follow from Eq. (4=20) are not sufficiently ac~
curate to allow the determination of the coefficient of the (Za)?

term. The low~energy limit of P2s(k) is easlily obtained, however,
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by using the fact that Bes(QS?-B(E_ Trom this result it follows
that P,_(0)=~12/13.

‘ To illustrate the above results, the functions Als’ Bls’
B25 and the resulting polarization functions have bgen ejaluated
for twg miclel of interest, viz. 3%1 and 1198b (Figs. L4-8 and
k-9).

It is evident from Egs. (4-29) and (4-30) that, when terms
of order Zo are neglected, p-state radiation should,b;:pomplete-
1y unpolarized. At low photon‘energies, where the p~state spec-
tra dominate, one therefore expects an even greater feﬁuction
of the IB polarization than predicted by the function Py (K).
The overall polarization of the total IB radiation‘aécompanying

electron capture is
« 2 B -
PCK) :En_isnspns(k)dwns/;smdwa . (h=52)

vhere the sum on o extends over ls, 2s, 2Zp, and 3p states.

Ansulsr Distribution of IB from Oriented Nuclei

When the initial nuclei -ave aligned, it is convenient to
represent each by its polarization vector PM=<?1MLQJJ£M?7JA’
where'fsis the angular-momentum operator and Ji,M are the angu-
lar-momentum eigenvalues which label the inifial nuclear state.

In ﬁ@is casey squaring Eq. (4=34) andlgumming.ov@f all final statés
of the neutrinos the sﬁin states of the initial eleétron, and the
final magnetic substates of the nucleus leads to the following

result for ls~gtate radiative capture:
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dwlsg(k)cc (Als+SBls)2[l+SakPM cos 6J. (4=~53)

liere, 0 is the angle between the vectors P,

gnd k. The factor
o p-

ay vanishes for az pure Fermi transition, while for a -pure Gamow-
Teller transition we have

-Ji/(ui+1) if Jp= Jp4l
2, = 1/(Ji+1) _1f Je = J5

1 if J

;=1 _ T (L-54)

where Jf is the angular-momentum gquantum number of the final nu-

clear state. For transitions in which both allowed $é matrix ele-

ments are operative, a_ is given by

k

2 a2 AJ. (R+R%) ’
A€ inl i 211 2:-1
- 4 — (1+A51R] D) (4-55)
s [(Ji+1) [Ji( Ji+1)]1/21 _

with o
R=L{fllo U)K 1l 5.

If the circular polarization s of the IB is measured, then

the angqlarédié%ribution_function has the simple form

ng(e’ﬁ)*= l+sa, Py cos 0, {L=56)

*

whence the shapé of the sngular distribution is seen to be inde-
pendent of the eﬁergy of the IB photon..

It the phgton polafization is not measured, Eq.‘(#—53) must
be summed over s=fl. Thie leads to an angvlar-distribution fune~.

tion of the form

wls(ﬂ) =‘1+ais(k]akPM cos 8. (L4-57)
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The function a,_(Y%) is defined by
k) = A, B. /R
oy = Ay By /R
and is seen to be identical wikth the polarization function Pls(k)
discussed earlier. Indeed, this one function is sufiicient to
account for the IB energy dependence of all ls~siate capture
correlations considered here.

The angular distribution of the IB radiation accompanyling
2s=state capture can be determined in a similar manner, starting
with Bg. (4=20). Tt is found that the distribution function
¥, (8,8) is ident: with W . Tk ion ¥, (8) ha
;25( ,sz is identical with ls(ﬁ,s) The function 425(6) has

the same general form as that for ls-state capture, yiz-,

wZS(e) = 1+nas(k)akPM coz 8, (b5
but mzs(k) is. defined as
QZS(k) = 3235325 3 (4-50)

descriﬁ;ng the dependence of ‘the angular-~distribution function
on the energzy of the IB photon. Again we have ags(k)=P28(k)~
With regard to v-state radiation, it has already been noted
that the structure of Eg.. (4-29) impliés.an isoctrovic distribu-
tion, i.e., anp(k)=0. This result is exgected to be valid only
to a relative accuracy of order Zo. Indeed,‘Zon {1971) reports
that. exact .comouter -calculations for anp show o and,aBP to be

2p

small negative quantities.
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The overall angular-distribution function is given by

we) = Z;sadwawa(e)/é;sa@wd = 1+A{k)akPM cos 9, (b-51}

with the overall asymmetry function A(k) defined by
AlX). = Zs dw, & /Zs dw, - {-52)
5 P B P g PP

In view of the equaiity of the asymmetry function and the polar-
ization function for both s and p states, it follows that the
overall asymmetry Tunction A(k) is identical with the overall

polarization function P(k) [Eq. (4-52)1.

Corpelation of T8 and Subsequent Nuclear y Ravs

The simplest type of decay scheme for which the directional
correlation between an IB photon and a subsequent nuclear vy ray
can be studied is one in which the radiative capture transition
leads to an excited nuclear sta%e |fo) from which there iz a
single y~ray mode- for deexcitatién, leading to %he final nuclear
state [N£>- To determine the correlation between the directions
of emission of the IB and y—ray photons, & knowledge of the radia-
tive capture matrix element must be combined with results from
the theory of nuclear angular correlations (Frauvenfelder and
Steffen, 1966), The required calculation is straightforward
but employs much mathematical machinery from the theory of angu-
lar momentum (Edmonds, 1960) and will not be described here-
Such calculations were first reported by Gandel'man (1959) for

allowed transitions, and by Koh et al. (1952) for allowed and
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first~forbidden transitions. -Although Coulomb- efiects -on the
intermediate electron states are neglected in these calculations,
Zon (1971} has reported results of much more extensive calcula~
tions based on a generalization of the Martin-Glauber theory to
radiative capture from arbitrary shells and for any order of
forbiddenness of the EC transition. Only for the case of al-
lowed radiative X capture, however, has Zon's theory been worked
out in complete detail, and we shall restrict our discussion to
this pafticular case.

For allowed K-capture transitions, the radiative capture
matrix element of Zon (1971) reduces to that of Martin apnd Glau~
ber (1958). Tor this particvlar case, Zon's final results can
be summarized as follows, Tor an IB quantum of ¢ircular polar-
ization s and a nuclear Yy guantum of gircular polarization t,

the directional carrelation function is of the forn,

- 2 t W2
* L 1 I
hy(e,s,t)cc (AlS+SBls) +J3‘A1(LL JffJf)ka(Als+ssls) cos 6, (4-63)

where the quantum numbers J, and J__. refer to the angular momen=

f kil

tum of the nuclear states 1N£f> and [N;} respectively, and 8 is
A EX
the angle between the directions of the two photons. The factor

b, vanishes for a pure Fermi transition, while for a pure Gamow-

k,

Teller transition it is

[(Jf+3.)/Jf:Fl/2 if J = 41

.= 1/[Jf(Jf+l)]l/2 i I = d, (b-64)

i -EJf/(Jf+l)]1/2 it J, = J-1
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For transitions in whieh both -BEC matrix elements are owerative,

we have

. i 221n12 .
k = o oo 417z
fuf(Jf—.-l}]

-1
+ A(RJ,R*)]‘(MA‘? IR [a) . (455

The coefficient Al, familiar from the theory of angular correla-

tions, is defined by

! = TJ 8% (LIt J
Al(LL JffJf) = [Fl(LL»d J.)+2 l(L J

2o rry
ees J.)+8 k‘l(b L‘JffJf)]

kA

-1
* (1+52) . (k-£6)

-where the angular-momentum and parity quantum numbers Ln and
Lin! .characterize the mvltipolarities of the v transition, and
the ratio of the corresponding reduced matrix elements is

8= 2Rt [ T DT N I Jop- Tor pure multipole radiation,

we have L'=L and n'=n. The ¥ coefficients are defined by

gt 1/2

3
7 (L1 J,) = (1) £ T(2Le1)(2L141) (2 41)3]

-1 =10 JfJfJff

. where the standard designations ( ) and { } indicate Qigner
35 and §6j symbols.

Tt is immediately apperent from the form of Eg. (4~53) that
tﬁe circulgr polarizatioé of the y-ray photon must be measured‘if
one is to observe any correlation between the directions of the

two photons., If the circular polarization of the IB photon is

also measured, then the directional correlation function is
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J )b cos 8, (h-68}

7 f

{6,5 t) = %Al(L*

1

ﬂ"

independent of the IB-photon energy. If polarization of the

Ip photon is not measured, .Eq- (4-53) must be summed over s=kl.

In this case, the directional correlation function is given by

5 (0,8) = -%—, 1 (T T by e (Khos @, (k5P

and shovws a Gependence on the enerzy of the I8 photou chsrac~
terized by éhe asyumetry functlon ols(k) previously discussed.
The above resulits are exact, but in fhe Jderivation of the
IBwy directiomnal-~correiation fuqctions it is assumed that no
forces act on the nucleus while it is in the intermediate stat
[fo>. Generally, this assumption is not well satisfied, be-
cause the hole in the atomic shell produqes strong sagnetic and

inhomogeneous electric fields at the mucleus, leading Tto a per-

turbetion of the directiconal correlations.

£ T

Correlations of IB and Succeedins Atomic i Ravs

The'detérmination of the directional correlation function
for an IB photon and a succeeding w~ray gquantum requires a calcu-
lation which is essentizilly analogous to that of IB~photon~y~ray
directionz] correlations. %on (1071} has carried out such a cal-
culation and reported final formulaé for the case of radiative I
capture- TFor allowed trangitions, these resvlls cah be summerized-
as followé.

For an IB guantum. of circular polarization s, and an atomic

- ]

x-ray quantum of circular polarization t. the directional-

Eﬂfﬂglﬁhi[,fyl
OF. PoOR QUA%%S
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corxelgtion functiom is of the forrm

Jue 3
2 “ 2 ts s »
P {B,5,t) of (23+1)(4, 8B, u(-1) 22 (4 4sB. 2%os 8, (L-70
x( 48,1} (?d+1)(¢1s+s 1s’ +(=~1) B { 15715 s (4=70;

-

viere 8 is the angle between the Cirecticms of the two photons
and J=1/2,3/7 is the angular monentum of the atomic electror whic:
fills the hole in the X shell.

o B

Further results ars garallsl Lo those for iue nuclear y-rey

o

case. For example, it is evideat “roi ¥g. (¥-70) thet, in order
io chserve az directional correlation tetween the two zuhctons,

)

the circulsr polarization of ithe x-ray phobon must be measured.

hf

f the circular rolarization of ihe IB photon is also measured,

e have

3 (_l}J+1/2 "

A £y = Al e BB e h=71)
x\e.’s, v/ = 1-!- {2;?-[-1) 2 [ae] 6, [l‘ Y

-

and the directional correlation shovs no Cependence on tile eiersy
of the IB photoa. If the polarization of the IE photon is not
measured, we have

(_1}J+1/2
(29+1)

. t ,
v, (84%) = 1+ 3 @ kYcos 6, {4-72)

'15(
and the correlation function agsin displays a dependence on the
& DLAY

energy of the I3 photon characterized by The asymetry fuanction

als(k).

L,i.4. TIB Spectra and Correlation Zffects in Forbidden Transitions
Toxly attempts to formulate a theory of IB for forbidden tran—

sitions were made by Cutkosky (1954), Turovtsev and Shapiro (1954),

ORIGINAL PAGE IS
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Tokawa (1°FA), and fob et al. (1957, 1942). Turovisev snd Sha-
piro caleulated the radiative '-canture snectrum for {irst-for-
hidden transitions, assuwmin: vector arnd tensor coanlinegs, waile

Cutosk: derived the matrix element fTor radiative T canture for

smaller and terns contributing only to tiird- or kicher-order
transitions  Cutkosky's principal result was a theorem, often
referred to as the "Cutkosky rule,’! vhich relates the spectra and
angular correlations of the K-capture IB to the spectra and an—
gular correlations of positrons. Basically, these calculations
are extensions of the work of ﬁbrrison and Schiff (1240) to for~
bidden transitions. Yukawa (1955} made an attempt %o include
relativistic and Coulomb effects in the calculation of alloved
and first=forbidden F~capture IE spectra. The formulas he ob~
tained proved to be so complicated that this work has nesver led
to useful results. Koh et al. (1957, 1%52) first reported corre-
lation studies for first-forbidden transitions; Coulomb effects
were neglected in these calcwlations.

The modern theory of radiative electron capture in forbidden
transitions is due to Zon and Rapoport (1763}, who developed a
Feneralization of the tlheory of Martin and lanber (1253) to
transitions of arbitrary order of forbiddenness. They also de-
rived zeneral formulas for the IR ener v spectra. For K capture,
detailed resulis were obtained. Zon (1971} developed this theory
further for radiative capture from an arbitrary atomic shell, de-

rived general formuvlas for various correlation and polarization
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effects, and obtained detziled resulis for the case of il cap-
ture

The theorr of Zon and Ravoport (1968) starts from Egs.
(L~9) and (4-10) for the radiative capture matrix element and
transition rete. In order to evaluate the moirix element (5-9)
exactly, inclvding relativistic and Cowlomp eifects to all or-
ders in Za, Zon and Rapoport Tirst decomvese and simplify it hy
introducing the irreducible tensor opermtors and¢ the second-or-
der Dirac~Coulouh Green's function of feriin snd Favber. This
deconiposition makes the angiiar~momentus Cependeitce of tie tran~
sition amplitde exvlicit. Integration over the angzular coc;dizates
is then coupleted through extensive use of the methods of the the-
or; of angialar nomentovm.

in evalvating the trensition amplitude, Zon and Rapoport
introduce the Konopinski~Uhlerbeck approximation,
1 A A.~L RN

dr r a2 P‘N b dr rI',‘
o o

where hLz(Lz-a2)1/2, and the & approximétion which is based on
the assumption (Qﬁc—l)Rﬁi<Za, a condition that is always well~
satisflied when compeling positron emission 1s not energetically
possible. Under only these aporoximations, Zon and Rapoport
obtain a general expression for the transition rate for radiative
electron capture from an arbitrary shell. The form of the re-

sult reveals that for radiative electron capture in the £ approx-

imation, Jjust as in § decay, nonunigue forbidden spectra have

ORIGINAL PAGE IS
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the same shepe as the unique spectra of the next~lower order of
forvidderness.

Cnl; for * capture deo Zon and Rapoport carry their calcila-
tions to completion. For capture Iror nigher shells, the theory
is developed furtier by Zoa (1971), but the resulting expressions

rove to be too complicated to permit exact analytic evalwation
.or even the development of exvressions that are correct to first
order in Za, Indeed, the only detailed results which have so far
been reported are those contained im the table of Zon (1973} for
the I~ and lM-shell IB spectra associated with the first~forbidden

. U 1} ) .

unique transition in T~ Caj these results were derived through
completely numerical nrocedures.
Zon and Rapoport's transition rate Zor radiative K capture

can be summarized as follows- Assuming the polarization of the

IB radiation is wunot observed, the transition rate can be written

80‘. 2 ) 2o 3 1 Z
v, = T‘{ QleQl k(qlswc) .vls(.n:}d‘{- (4=72)

The form factor Fis(k) is defined in terms of two corrections
. (1), (2) . e
factors, Rls (k) and Rls (k), and the appropriate combination of

nuclear matrix elements jo :

20 A )-2(8-1) | %1 2
_ Z : N1 2 {H-1)1 A g2
F (k) = N’:iv(mﬂ) [(gjv){!(azq_l)zl IRI'Ejvl

M 2,j -1
1)) v . 2H-
x 2W (g, 10" 12, Chmt)
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. o s . 5 . . . 2 aif2
Here, Ly is tiae miclear radius, and 2, equals (W -a“) « The

‘s A - . . .
quantities Eﬁi s sor 21l contributiong valves of A, M, and Syt
b
v
have been tabulated by Zon and R[apoy

o
o

ort Jor up to third-for=

(0
bidden transitions (Table 4.4.). Thne correction Iazctors Rls
- T "
are defined in terms of the more fundamental quantities A1; and
N,
Bl;", wihlech are generalizations of the furctions Als and %, of

Martin and Glauber (10=8):

(I 1 [,,‘T 2 [ =12 _,N,N-:le, N lﬁ::,z-llz l m,z‘zh]
g T L LY “"‘Als l H*1s . (1N *1s | ¥ Bls ) -

(b=7%3

4

To specify the trensition rate, formumlas for A 2nd E are re-
guired. Zon and Rapoport (1958) bave developed exact seneral
expressions for these functions, but these formulas conbain a
large number of integrals involving Ukitiaker functions, none of
which can be evaluated exactly analytically.

For moderately light nuclei, it may be sufficient to expand
the above~mentioned integrals in powers of Za and thereby evalu~
ate A and B to first order in Zuo. Such.calculations are reported

by Zon and Rapoport (198) with the result

' N

N,
(B,

Attty 1-?an§[an(u/k) o ten (/10" (4-78)

The coefficients a, and bn are listed in Table 4.5. &4t the present
time, Eg. (4-76) is the only formula available for the determina-~
tion of A and B. Unfortunately, even for light elements these
formulas are not valid for low k. The nature of the_expansion
underlying Zg. (4~76) is such that these results are expected to

break down for kIPa. TFor the special case k0, however, A and B

ORIGINAYL; PAGR IS
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can ve svaluated exactly fo a1l order in Zo. ©The 140 results,

It

listed in the last golupn of Waovle 4.5, are valuable for esti-

ik

piag

e low-energy behavior of A and B and to test numerical
vrogedures for the éxact evaluation of 4 -and B for arbitrary k.

In exemining the predicted I5 specira for K capture in

further detail, we restrict our discussioen to first~forbidden

trangitions.

Monunigus First-Torbidden Transitions

In the § approximation, the F~capture i3 spectrum of a
nonun;que firétefgybidden %fsnsifioq is predicteé~§o nave the
ailéWEd shape. Indeed, when the above. results are evaluated
for this case and normalized by the corresponding nonradiative:

K=cgpiture rate, exzctly the same result is obtained as for the

allowed case,

s & _ {3 g, (4-77)

1)

where Rgs is easily identified as the function Bls of HMartin and

Glauber (1958), defined by Eg. {(4=3%) andvdisgléye@ in Pig. 43,

’ Unigue, First-Forbidden Trapsitions.

In unique forbidden transitions, only one nucltear matrix

alement contributes and the £ approximation: becomes irrelevant.

For upique first-forbidden electron'capture,-the radiative tran-—

sition rate normalized by the corresponding nonradiative K-capture

rate is
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2
y e -1
duls L o, k)
v, T 2

K EaS
2( * "'\ :"n:‘
- (1} 2 o 2 (21 N ,
x Ry (1-k/qls)(+(2uﬁﬁ} Ry- (¥ /*1 ¥l atk. (4=78)

(1

The factor in the brackets replaces the fumetion R1s' which

-appears in the allowed result.

. 1)
While the factor R Li /
cally and in several analytic approximations, this has not been

hY
done for ‘(SI’ The only available basis for the evaluation of
Rig) is Bg. (b-76), from vwhich Rigj can be calculated to first

has been evaluated exactly numeri-

order in Zo, witk results only walid for k2Zx. For k*0, it
follows from Table 4.5 that Q(z) "/k . Thus, it may be expected

(2 )

that P will contribyte substantially to the determination of

the I8 spectrum at all %hoton enefgies- Little is thersfore
-gaiped by evaluating Rii) to any greauer accuracy than ui 2) To‘
illustrate the behavior of the correction factors, we have evalu-
ated the functions Rgi) and Rgs) to first order in %o, using Egs.
(4=72) and (4=75), for twg atomic numbers (Fig UL-10).

Tt is of interest to consider the limit Z+0, corresponding
- to the neglect of Coulomb effects on the intermediate el@?tron
states and the momentum of the initial electron. Tn this limit,

A=y R(l) (2)_1, and Bq. (4=78) is simplified to

dw kig -k)a
ls 1 2 el
( )GF -2 = > f(l—k/qls) +(k/ﬁls) Jak. {4=79}



208

This result can also be obitained by extending the calculations
of Yorrison and 3chiff (1040) to unicne first~forbidden trarsi-
tions. Tguation (4-79) is interesting because of its simplicity
hut is not expected to be very accurate, althoush it does describe
the general shave of the IB spectruwn The expression is useful
for estimatin~ the intedrgted inte&sitg over any sivern portion
of the spectrum, providing an upper bHound.

In order to assess the importance of Coulorb effects in
unigue first-forbidden trensitions and to illustrate the dif-
ierence betweern allowed and forbidden shapes, we have plotted
several different predictions for the K-capture IB spectrum of

lea in Fig. 4-11.

The two Horrison-and~Schiff curves, labeled ¥3~4 and 15-F,
jllustrate the basic differences in spectral shape belween al~
lowed and firsi—-forbidden unigque transitions. Thes behavior of
the Zon-Rapovort {%R) resuli at k»Zc sugyests that, for unique

1
ne

o

Tirst-jorbidden transitions, the main effect resulting frowm
inclusion of Coulomb effects 1s an overall reduction in the in-
tensity of the IB spectrum, similar to that found iz the allouved

CE5E.
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4.2. Radiative Electron Capture—~Experiments
Rt i W e il T el ¥ ]

Experimental studies of the radiative capture process are valuable
for providing information on electron-capture decay, analogous to
the information on B decay derived from the study of B spectra. The
energy spectrum and the intensity of internal-bremsstrahliung (IB)
photons provide a measure of the total energy release and the change
of spin and parity in the decay. Experiments on the circular polari-
zation and on various angular correlations provide basic information
on weak interaction and nuclear structure. Furthermore, bremsstrahlung
experiments may vield supplementary data for the characterization of
nuclear decay schemes and for the determination of capture ratios
from various subshells.

Precise experimental investigations of radiétive electron capture
do, however, require rather complicated techniques for experiment and
analysis, due to the very low intensity ('blow4 photons pexr capture
event) and the continuous nature of the IB spectra. The interpreta-
tion of experimental result; is made difficult by the fact that electrons
captured from different atomic subshells contribute to the emitted
radiation.

Much effort has been devoted to IB experiments during the last
thirty years. Critical reviews were compiled by Zylicz {1968) and
Kadar (1972), and to a lesser extent by Bouchez and Depommier (1965),
éetterson.11965), Schopper (1966}, and Berényi (1968). Considerable
progress ﬁas been achieved since, especially in the development of

experimental techniques.
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The low probability of radiative capéure makes its observatioén
sensitive to interference from other electromagnetic radiation.
Especially nuclear y rays, annihilation radiation and x rays emitted
in the course of radioactive decay can considerably lim%t the energy
range of an IB measurement an@ distort the measured IB pulse-height

l

spectrum through pileﬁp and summing effects. "The measurement of
1

coincidences between éuch primary radiation and the rare IB photons
: .

reguires sophisticatei techniques. In decays with competing B+ or B
branches or with highly converted y transitions, corrections may be
required for other typas of electromagnetic radiation, comparable in
intensity with IB: (i) internal bremsstrahlung accompanying B+ or B
decays, (ii) external bremsstrahlung emitted during absorption of B
péréicles or conéersiéﬁ electrons in the source or surrounding
materials, &nd (iii) continuously distributed annihilation radiatiog‘
for positron annihilation in £light. In view of the large mumber of
possible interfering effects, it is not surprising that IB measurements
perfofﬁed ﬁp to now have been restricted t; electron-capture transitions
in simple decay schemes. 1In most of the many nuclei decaying by
electron capture, radiative capture has not yet been investigated.

It is also evident that IB experiments are very sensitive to
small amounts of y-ray emitting impurities in the sources. Experi-
mental results therefore are only reliagble if. the source material is
carefully checked and purified if necessary to remove spuriouns con-
taminates. Impurity checks of the required sensitivity were hardly

possible before the advent of high-resolution Ge(Li) spectrometers,
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whence older experimental results must be regarded with reservations.
~On reviewing the experimental literature, it appears thaé ﬁost
measurements of IP spectra have been performed only to derive electron-
capture transition energies from the IB end-point energies. This
procedure was initiated by the early theory of Morrison and Schiff
(i940) and Jauch's proposition to linearize IB spectra in a way that
resembles the construction of Kurié plots For B apectra (Jauch, 195%;
Bell et al., 1952). For this éurpose, most IB'spectra were measured
without normalization t¢ the electron-capture rate. Thesé shaﬁe mea-
surements gualitatively confirmed the spect;al shapes. predicted by
theory for s- and p-type radiation; iﬁ the case of forbidden decays,
they yielded an estimate of the relative abundance of dgtour.transi;
'tioné. Measurements of spectral shapes alone, however, "are not ade-
quate for a detailed test of modern IB theory (Martir and Glauber,
1958; Intemann, 1971): as shown in Sec. 4.1, relativistic and Coulomb
effeEts, soreening, eXchange and 9ver1ap influenFe the absolute IR
- yiel@, while affecting spectral shapes only.slightly. Absclute IB
measurements, are, howavér, sgarce. Some eafly results exist, o6f poor
accuracy, pertaining to ground-state transitions; a few results on
decays fhat include Y transitions were obtained recently. .
I; Seecs, 4.2,1-4.2.2, we have compiled the available experimental
material and classified the techniques emploved in the measurement of

normalized IB spectra associated with different decay schemes. We

do, however, frequently refer to incomplete studies and list all
experiments known to us, to provide a guide for accurate future

investigations.
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‘4:2;11"E3§e£{mént§'on Total IB Spectra

An IB spectrum that is not measured in coincidence with x rays: or
Buger electrons con;titutes the total spectrum dWIB' which is a
superposition of partial spectra dwng due to electron‘capture from
different atomic states nf. This spectrum is mainly deterﬁined py s
radiation for energies abowve Zao (in unité of mcz) and by p radiation
-at lower energies; contributions from the innermost 1s and 2p.shells

dominate.

]

Experimental techniques applicablé +o the determination of total
spectra can be divided broadly intb two categories: single-spectrum
methods and coincidence methods. In singleﬂspectrum methods, IB
spectra are measu¥ed relative to other emitted radiation that cén be
normalizgd-to.the okdinary capture rate. : Measuremenﬁ% in céincidencé
with T.rays or conversion electrons pernmit sepaFation of the IB
spectra associated with individual electron—capture. branches in a
. given decay. -

In Table 4.6,'we list publisﬁéd experiments on total IB speétra
and indicate what methods and spectrometers were used and what quan£i;

ties were deduced. A somewhat more detailed description of experi-

-mentai methods follows.

Spect;ometgy of IB and of x rays and Auger electrons. Total iB'
§péctra can most advantzgeously be observed  in pure ground-state transi: .
tions. and in @ecays that feed only low-energy transitions. Tagle 4.6
shows that numerous total IB measurements have been performed on such

. 37 41 4 7
simple decays, viz., on = Ar, Ca, 9V, 55Fe, lGe, 119Sb, 1251, 13105,
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1458m, lsgDy, l§5Er, 1BlW and l93Pt. NaI(TR) and Ge(li) spectrometers

have been used. 1In cases in which the electrxon-capture transition

enérgy is high compared“wiéﬁ the K x-ray or y-ray energy, & large

fraction of the IB spectrum can be measured. Counting problems produced
by the much higher x-ray or y-ray rates can be avoided by placing

suitable abscrbers between source and gpectrometer. For example,

Fig. 4~12 shows IB pulse-height sﬁectra of 13105 recorded with a

NaI(Fl) spectrometer, a variety of Cu absorbers having been interposed

(saraf, 1954a). The procedure failz for transition energies not far

- above the K %-ray energy; in such cases, pileup from the 'K x~-ray pulses
‘strongly affects the IB spectrum. Methéds for pileup reduction and

correction are ‘described below.

In most cases listed in Table 4.6, only IB spectral shapes were

N i

measured, and the accuracy is generally poor. Precise shape determina-
N * o §

tions with different types of Nal(TR) spectrometers have been per-~

formed on 55Fe {Berényi et al., 1965b), and on the forbidden spectra

from “°CL (Berényi et al., 1965a, by Smirnov and Batkin, 1973) and

59Ni (Schmorak, 1963).. Only recently were Ge (Li) spectfometers used,

resulting in accurate‘shape measurements on 41Ca (MysZek et al., .1973)
and SgNi (Bexényi EE.EL"‘1976) and on the IB spectrum from higher

s, 193 ’
shells only in Pt (Hopke and Naumann, 1969).

To obtain normalized IB spectra, the ordinary K-capture rate WK

must be determined from separate measurements of the 'K x-ray or K

Auger-electron emission rates. Normalized IB spectra have been

determined in only a few cases: for 37Ar‘(Saraf; 1956}, 55Fe

(ichalowicz, 1953; Saraf, 1956), '“Ge (Bisi et al., 1955a), 9%y,
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lalCS'(Michaiowicz7‘1956),“lﬂssﬁ (Suﬁkéwéﬁi'éifégfi v

165Er (Zylicz et al., 1963;

.- {Olsen;-et-al., 1957)F

59 .
Dy (Sujkowski et al., 1965} and

1968),'l
,Sujkowski*gg_ggb,a1965).--All-these‘workers used  NaI{TL) crystals to -
detect éhe K x éays, with the exception of Saraf {1956}, who épplied a
low-gecometry proportional counter for the K x rays in 55Fe and used
internal gas counting to determine the K Auger-electron rate from 37Ar._
In the cases of 14'SSm and l59Dy, the K x rays could not be resolved
from-iow~enérqy Y rays, and decay-scheme corrections were applied. The
accuraéy of these early normalized IB spectra is generally poor (rarely
better than 50%); considerable improvements would be possible today
(see Sec. 3). New measurements of to;al IB spectra would be of greaF

value, especially for pure ground-state transitions which are listed

in Table 4.7.

IB and- y-ray spectrometry. For decays that involve emission of

energetic y rays, the measurement of total IB spectra is much more
complicated. On the otﬁer hand, the vy rays make it possible to
normalize the IB spectra, independ;ntly of fluorescence yields. If no
IB-y coincidences are measured, the available energy range is generally
limited to energies above the highest y energy. These measurements -
depend strongly on the details of the decay scheme, such as y and
electron-capture energies and branching ratics, and internal-conversion
coefficients. S

To date, IB and ¥y spectroscopy has only been applied to relatively

51

) | 7
simple decays, such as that of Be (Mutterer, 1973b)}, Cr (Bisi et al.,

1955b; Cohen and OQfer, 1955; Van der Kooi and Van der Bold, 1956;
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Ofer and Wiener, 1957; Murty and Jnanananda, 1967; Ribordy and Huber,
1970; and Mutterer, 1973a) and ll3Sn (Phillips and Hopkins, 1960).
The isotopes 7Be and 51Cr have favorable decay schemes for this type
of measurement. Both nuclides decay by two electron-capture branches,
v90% to the ground state and Vv10% to an excited state with an energy
of mQEC/2. Thus, a large fraction of the IB spectrum associated with
the ground-state branch can be measured without interference from the
second electron-capture branch. A single y sSpectrometer can be used
to determine dWIB relative to the v emission rate. In oxder to
normalize dWIB to the ground-state electron-capture rate, the y
branching ratio PY = N%/NO is found precisely from measurements of

the disintegration rate N, through 47 (x-ray, Auger)-y coincidence

0
counting, and of the v rate NY by integral y counting (Mutterer, 1971;
De Roost and Lagoutine, 1973).

-~

Above the y—-ray energy, the IB spectrum must be corrected for
y-ray pileup. In eaxrly measurements on 51Cr and llgSn, NaTI (T%)
spectrometers were used. With these, poor resolution and long pulse
rise times cause the pileup spectra to be smeared out (Waibel, 1362,
1970) and it is not clear whether the measured IB spectra are free of
pileup distorticons. These measurements were considerably refined by
Ribordy and Huber (1970) and Mutterer (1973a, b} who used Ge (Li)
spectrometers with electronic pileup-rejection systems. Such systems
prevent pileup of pulses spaced by 2100 ns and can reduce total pileup
by an order of magnitude. Furthermore, the residual pileup spectra

show sharp sum peaks that can be distinguished from the smooth IB

spectra (Fig. 4-13). A complete separation of the IB spectrum from
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the residual pileup spectrum cannot, however, be achieved in a single
measurement, even with a weak BLCr source (Ribordy and Huber, 1970)}; an
extrapolation from measurements with sources of different strengths is
required. The extrapolation procedure used by Mutterer (1973a) is
illustrated in Fig. 4-14. This technigue has yielded normalized IB
spectra of 7Be and SlCr (Fig.. 4-15) of good accuracy.

The spectrometry of IB in the presence of y rays cculd be further
improved by using large Ge({Li) detectors and suitable absorbers, in
order to optimize the ratio of IB to y-ray counting rates, and by
using_ low-background arrangements.: The reduction of background,
either by applyving optimal shielding or by using anticoincidence
devices (Persson and Kocnin, 1972), allows the use of weak sources and

reduces the pileup correction accordingly. It would also be inter-

esting to apply Ge(Li) anti-Compton spectrometers. operated with pileup
rejectors, because here pileup is confined to the region of the coinci-
dence sum peaks. It can bhe expectéd that with improved technigues the
accuracy with which total IB spectra of 51Cr and 7Be are now measured
can. also be attained in cases of decay schemes with higher PY'

larger ratio§ of y-ray energy to QEC' or with several 7y branches.
Spectrometry of the ground-state bremsstrahlung offers the possibility
of determining ground-state branching ratios that in complex decavs can
otherwise only be obtained (often with very poor accuracy) from total

vy and x-ray intensities.

IB spectrometry in coincidence with ¥ rays. Spectrometry of

internal bremsstrahlung in coincidence with v rays or conversion
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electrons permitSone to separate the IB spectra accompanying decay .to
different excited states. Spectra caﬂ be measured over their entire
eneryy ranée, above the K x-ray region, for EC transitions that feed
states thch decay by prcompt Y-ray emission to the ground state or to
a lower-lying metastable state of-the daughter nucleﬁs. Normaliza-
tion is eaéily accomplished by dividing a coincidence IB spectrum by
the singles ¥ counting raFe. - ‘,

IB—y coinéidence experiments have begn perfézmed on EC transitions
to exgited states in the decays of 7Be (Lancmgn and Lebowitz, 1971a:;
Persson and Koonin, 1972}, SlCr {Koonin and Pexsson, 1972); 54Mn
{(Lancman and Lebowitz, 1969; Xadar et al., 1970; Koonin and Persson,
1972), 57b6 (Laﬂcman and Lebowitz, 1971ib}, and ll3Sn (Bosch et al.,
1967). - The main difficulty in IB-Y coincidence spectrometry arises
from the large difference in intensity (m10_4) between IB énd ¥ radia~
tion, because the y~ray épéct;a usually cover the Same-energy_rangg
as the wéak IB specfré. 'f@ry shoré coincidence ¥esolving time;.and

_high-effic%:ncy‘detectors are therefore necessary to attain goéd trug—
‘éo—chance coincidence ra@ios within reasonable counting times. .
Furthermére, scatﬁeringﬂﬁétween the IB and v detectors mﬁst be avoi@ed

to’prevent.false prompt . coincidences and counting 1qsses_prpduced by
sum effects in both channels. To meet these conditiéns, Naf(Tz)
geintillators have been used as IB and + detectors, arranged in close
face-to-face geometry. #Sqattering has been reduced with suitable
absorbers - (Lancman and Lebowitz, 1969,'l971a, k), sometimes combined

with lead collimators (Persson and Koonin, 1972; Koonin and Persson,

1972} (Fig. 4-15). Kddar et al. (1970) employed a 90° crystal
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arrangement of lower geometry with lead collimators. Timing was
accomplished by Bosch et al. (1967), Lancman and Lebowitz (1969, 1%27la,
b), and Kaddr et al. (1970) with conventicnal fast-slow coincidence
circuits of 20-35 nsec resolving time. Even so, random coincidences
between vy events in both detectors made the main contribution to the
measured coincidence spectra. Bremsstrahlung spectra were found by
subtracting singles vy spectra, reccrded with the IB detector, from

the measured coincidence spectra; both sets of spectra had been
normalized to equal photopeak areas (Fig. 4-17).

- A considerable improvement in technigue was achieved by Persson
and Koonin (1972) by using a fast time-to-pulse-height converter and
applying two-parameter analysis: the IB pulse-height spectrum and the
energy-dependent delay between IB and vy pulses were recorded
simultaneously. A block diagram of the electronic circﬁit is_onwn in
Fig. 4-18. This technigue has led to-effective coincidence resolving
times of 4 nsec over the entire IB-gpectrum range. Persson and
Koonin (1972) have furthermore reduced the background rate by sur-
rounding both crystals with a plastic-scintillator anticoincidence
shield, allowing the use of weak sources. With this technique, random

i lower
coincidences c¢ould be reduced to a mych level, and accurate IB
spectra could be measured for 7Be, 5J"C:r, and 54Mn. The result for ?Be
is shown in Fig., 4-19,

* It would undoubtedly be of interest to apply”thiSIB—Y coincidence
technigue to additional cases. Large Ge{Li) detectors or plastic
scintillators might be used. In cases that involve low-energy vy
transitions, measurements might be performed in coincidence with

. . . 145 :
conversion electrons; this has been done only with Sm (Sujkowski

et al., 1965).
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Spectrometry of IB and of positrons or annihilation radiation-

For high-energy transitions in which electron capture competes with
positron emission, total IB spectra can be measured relative to the B+
decay rate or to the annihilation radiation (YA) preduced by the posi-
trons in suitable source encapsulations. Methods for measuring EC/B+
ratios, with which the IB spectra can be normalized, are discussed in
Sec. 3.4. Interference of annihilation radiation with the IB spectrum
can be reduced by measuring Yo Ya anticoincidences with a detector
placed opposite the IB detector. Alternatively, very thin sources and
backings can be used and the B+ particles can be magnetically bent
away from the IB detector. This technique has besen applied by Berényi
and Varga (19269) tolmeasure internal bremsstrahlung from B emission
with minimal corntribution from external bremsstrahlung. In isotopes
that decay by electron capturé and B+ emissicn, the positrons give
rise to such other continucusly distributed radiation as internal and
external bremsstrahlung and photons from positron annihilation in
flight (Kantele and Valkonen, 1973). The EC bremsstrahlung spectfa
will be affected by these effects aé'energies below the B+ end point
and in the neighborhood of 511 keV.

the only reported IB measurements on a nuclide decaying by EC and
8" emission are on >°Cl, which has a very wesk (0.001%3) 8 branch and
decays 98.1% of the time by B emission. The bremsstrahlung
accompanving the 1.9% EC branch has been studied by Dougan et al.
(1962), Berényi (1962, 1963b, 1965a), Lipnik et al. (1964), Berényi
et al. (1965b), and Smirnov and Batkin (1973) with various types of

Nal(T2) spectrometers. The latter two experiments yielded very
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accurate results on the IB spectrum shape at energies above the B end
point at 712 keV. No attempt was made, however, to normalize the
spectra to the electron-capture rate.

Bremsstrahlung studies on isotopes that decay by electron capture
and B+ emission do not contribute decay-scheme information that could
not be derived more readily from B+ spectrometry. Measurements of
normalized IB spectra at high energies would, however, be extremely
useful to_check the treatment of relativistic and Coulomb effects in
the theory, which predicts that these effects‘reduce the IB yield

with increasing energy (Fig. 4-3).

4.2.2. Experiments on Partial IB Spectra

Supplementary to the experiments described in Sec. 4.2.1, con-
siderable effort has been expended to measure partial IB spectra asso-
ciated with electron capture from specific shells, mainly the 18 IB
spectrum assoclated with X capture. Such spectra can be observed by
IB spectrometry in coincidence with x rays or Buger electrons. Higher-

shell spectra can be determined by subtracting accurately measured ls

IB spectra from total IB spectra.

The ls IB spectrum. Spectrometry of internal bremsstrahlung in

coincidence with K X rays or K Buger electrons singles out the Is IB

spectrum aw The spectrum can be normalized to the corresponding

1s”
K-capture rate by dividing the coincidence IB spectrum by the singles
K x-ray (K Auger-electron) counting rate.

Only IB-K-xX~ray coincidence experiments have been reported
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(Table 4.8). Most of fhese experiments have vielded only spectral .

shapes.  Normalized spectra have been determined only £or some simple

. : 13 \ .
decays, viz., for 55Fe {Biavati et al., 1962}, 1 1Cs {(Michalowicz,

145

t

1956 ; Biavati ét al., 1962) (Fig. 4-20), sm (Sujkowski et al.,

1968), and ®%Br (zylicz et al., 1963; Sujkowski et al., 1965). NaI(T%)

detectors were used in these experigénts for both the IB and K x—ray'
photons; inte;ference of K‘x~rays in the Iﬁ spectxometer was avoided
) with absorbers. ‘For all‘iso;opes but 1458m and 165Er; only poor
accuracy wa;‘achievea in these early experiments.

Measurements of brémsstrahlﬁng in coinbidehce with K x rays can
also be performed in the éfesence of higher-energy v rays, with the
restriction that prompt y rays limit the observable-ls radiation to
energies abové the v enéﬁéy. Spectra accompanying:ﬁc'decays that feed
a state deexcited by pro;pé‘y ra&s of energies inzeﬁcess of the EC
transition ene&gy cannot be obéain;d by IB-K-x-ray c@incidendés Vith
any degrée of accuracy: ‘Qne IB result on such a caseade in 5‘I'an,
reported by Jung-and-Pool'(1956{, éhould be disregarded: Delayed vy |
rayvs, such. as agise if-éle;tfbn capture feeds isomeric states, have nb
dirept ihfluenée but may contribute considerably to fhe random- ,’

coineidence rate below the Y'ene;gy. This was the case in the older

coingidence experiments on 858r by McDonnell and Ramaswamy (1969),
' ' ' 113

109 Sn by Jung and Pool

Cd by Gopinathan and Rubinson (1968), and
{1956). Modern coincidence techniqﬁés, ‘as used by Persson and Koonin
(1972) in IB~y spectrometry, wonld permit measurements of entire 1s IB

gpectra. Some results on 1s spectra have been reported for EC

transitions to isomeric states with mean lives of the order of the
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coincidéhcé resolving time, viz:, oh 125i {(Gopinathan and Rubinson,
1968),fl4SSm'{Sujkwaki et al., 1968), and-197Hg‘(Jasinski et al.,
1965}. In such cases, only the spectrum above- the y-ray energy is
usiially observable, and normalizﬁtion‘is complicated.

In air measuremen?s‘of coincidences between bremsstrahlung and
K x rays on radioisotopes that emit prompt or delayed vy rays, é cor-
rection.must bFe applied for the vy contribution in ‘the X x-ray channel..
This correction is determined through a second measurement with a
di.scriminator window setting above the K x-ray line.  Corrections for
K x rays from internal conversion must also be considered.

Bremsstrahlung from ls capture‘can be measured ;n'coincidepce
with K“x fays eéven %q_éaseg_where &f or B decay competes, with
ele;tron capture bhecause the only K vacancies creatéd in B decay are
the few produced by K-shell internal ionization or shakeup (8ec. 5).
Thallium;204 has often been investigated; this isoﬁqée decays by
97.9% B emission and 2.I1% electron capture. Lanéma;ﬁ and Bond
(1973) have pointed out that double internal bremsstrahlung associated
with the B branch may have to be considered.

Most measurements of 1s IB spectra could be considerably improved

today. Careful new measurements on pure ground-state ‘decays and EC

detays to isomeric states would be especially useful.

Higher-shell IB sgéctra. The possibilities for measuring the

bremsstrahlung that accompanies electron capture from higher shells
are more limited. Radiaéion from ns capture, n>1l, has very similar

shape to 1s radiation and constitutes only V10% of the total
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bremsstrahlung in the energy range above “Zx. The radiation accompanying
capture of p electrons dominates only at low energies, k<Zo:; for low Z,
this is difficult to separate from the characteristic x-ray lines.

'The IB spectra associgted with capture from bigher shells are
quite easily observed in the few low-energy transitions in which K
capture is eneréetically forbidden,-e.g., 193 t and l63H0. An
acéurate IB shape measurement on 193Pt was performed by Hépke and
Naumann (1969) with a Ge{Li) spectrometer (Fig. 4-23). In more
energetic transiticns, however, such spectra are very difficult to

measure with good ACCuracy.

The 2s IB spectrum, associated with radiative capture of L

1

",
electrons, can only be singled out in coincidence with L x rays if it

is possible to gate on the LB3 and LB4 lines. Other L x rays can
also‘arise from-L2'3 capture or follow Ko x-ray emissién after K
caﬁture. The methed is thus restricﬁgd to high-%Z atoms for which the
L x-ray compoqents can be resolved and the K fluorescence yield is
large. For other nuclides, the 2s spectfum (including s spectra from -
higher shells) can only be obtained indirectly by comparing accurately
measured ls and total IR spectra. No experimental results on

separated 2s IB spectra have been réported.

The 2p IR spectrum associated with radiative capture of electrons

from ‘the L2 subshell (plue the small amount captured from the L3 sub-

shell) can be singled out by coincidence IB spectrometry in cases in

. . . 93 )
which X capture is forbidden, such as 1 Pt. Here, an IB measurement

in coincidence with those L x rays that f£ill L, and Ly vacancies (all
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but LB3 and'LB4) can be performed. The total p radiation, however,
that differs strongly in spectral shape from s radiation, can be deter-
mined by subtracting: from the total IB spectrum measured at energiles
below Za the s IB spectrum that is measured at higher energies and
extrapolated to the p IB region. Alternatively, one can subtract
the Is IB spectrum measured by IB-K-x-ray coincidences and corrected
for the ~10% contribution from higher s states (Biavati et alk., 1962).
Measurements of total IB spectra at low energies where p IB
dominates, have been performed on several nuclides, wviz., on 55Fe by

3105 by Michalowicz (1956), Hoppes and Haywards

(1966) , and Biavati et al. (1962) (Fig. 4-20), 1455m by Sujkowski

15 . .
et al. (1968), and 9Dy and “®%gr by Sujkowski et al. (1965}. Rela-

Biavati et al. (1962), '

" tive intensities of P radiation and s radiation were determined for
1455m, 159Dy and 165Er. In all these experiments, NaI{T{) detectors
were used. With seintillation detectors, however, distortions of the
IB spectrum due to pileup contributions from X x rays and K-L xX-ray
sum effects are difficult to control in the vicinity of the K x~ray
enefrgy. For the measurement of p radiation, Ge(Li} spectrometers
should be used, preferably with pileup rejectors, and corrections for
residvual pileup should be considered. Platinum-193 would be a good
case for study.
of
The measurement of the relative intensity,IB from s and p capture

represents an independent method to determine the capture ratios;

this may supplement corresponding x-ray and Auger-electron experiments.
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4.2.3. Analysis of IB Pulse-Height Spectra

In this Section, we consider methods for deriving IR energy
spectra deB(k) or dwni(k) from measured pulse-height distributions.
For continuous spectra, spectrometer calibration is more complicated
and analysis more laborious than for line spactra. The calibration
procedure must include determin;tion of total detector response over
the entire range of energy k and pulse height E that is covered by
the continuous spectrum. The pulse-height spectrum dn(E) and the
corresponding photon enexrgy spectrum dw(k) are, in general, related as
follows: '

" .
an(8) = f X (E,k) dwlk), . (4-80)

The response function R(E,k)dE defines the probability that a photon
emitted with energy k produces a pulse of height bhetween E and E+dE
when detected. The accuracy to which a measured spectrum dn(E) can
be compared with a predicted IB spectrum deB(k) depends both on the
accuracy of R and the method used'to solve Eg. (4-80).

In analngy to extensive werk on f spectra, various methods for
making response corrections on continuocus y spectra have been worked
cut that are applicable to measurements with NaI{TL) and Ge (Li)
spectrometers. In the present paper, we can only make a few remarks
on essential features. Eléctron—capture bremsstrahlung spectra have
been subjected successively to procedures designed to correct for
resclution, Compton distribution, total efficiency, iodine K x-ray
escape, etc. (Lidén and Starfelt, 1554; Lindgvist and Wa, 1955; Persson

and Koonin, 1972). As an example, Fig. 4-22 shows the various
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corrections. applied by Iindgvist and Wu (1335) to the IB spectrum of
37 - o
7 ’Ax, These procedures. depend verymuch.on the pecullarities. of the
detector arrangement and can differ considerably in acguracy., We

discuss, instead, more generally applicable methods based on the

Determination"of response funppionstor NaI{T%) qu-@2(§§?

spectrometers. The response function ﬁ [Eg. (4-80)], which varies
strongly with the type of spectrometer and the measurea enexgy range
(see e.g. Heath, 1963), can in principle be caleculated in terms of
the-different fundamental absorption processes in the detector. Monte—
Carlo calculations have bheen performedl e.g., by Beattie. and Byrne
(1972} for scint%llator3*§pd:by Méiﬁng;_{1974) fo;seg(L;L séectxOf
meters. These calculations have reached a high level of accuracy;
their application, however, is limited by the fact that the true di-
mensions Qg'the'deteétor's sensitivé volume and the thickness of dead
zones and encapsulations are ofteﬁ{not accurately known. In fact,
calculations deviate from measured response functions, especially at
low energies,

A1} pertinent effects are corfectly taken into account if the
response function is determined empirical;y by interpolation, starting
ffom pulse-height spectra p;oducéd by monoenergetic y rays of known
energies and intensities.

FPor NaI(Tg) spectrcmeters, numerous peak-fitting procedures have

been developed (e.g., Prescott, 1963}; these allow one to derive the

energy lependence of the fitting parameters. For the interpolation
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of Compton distributions, Chester et al. (1963) have fitted para-
metrized analytical curves to measured spectra and determined the sets
of parameters as functions of the energy k. Wapstra and Oberski
{(1963) and cthers have interpolated between calibration spectra that
were transformed so as to bring all Compton edges to a commeon value
of the transformed pulse height. Under special conditions, e.g. with
large crystals in closs geometry yielding a small Compton—to-peak
ratio, it may s;ffice to approximate the Compton distributions by
simple rectangular or trapeszoldal shapes. The possibility of such
simplification has been demonstrated by Persson and Koonin {(1872) for

IB spectra measured with a 3x3-in. NaI(Tf) crystal (Fig. 4-16).

With Ge(Li) spectrbmeters, the correct determination of peak
areas is important, whereas the pesak shapes can be approximated be-
cause the cqntinuous spectra vary’little over an energy interval cor-
responding to a peak width. On the other hand, correct fitting of the
Compton distribution is of the utmost importance, especially for small
detectors, because the Compton-to-peak ratio is large. Methods for
interpeolating Compton dist;ibutioqs by fitting paramgtrized curves
(Ribsrdy and Huber, 1970[_;nd by interpolating transformed calibration
spectra (Mutterer, 1973a,,cJ were reported. Both procedures have

vielded accurate Ge{Li}-response functions (¥ig. 4-23).

Correction methods. With a known response function, a measured

IB pulse-height spectrum anB can be compared in either of two ways -

with a theoretical spectrunm de (1) the theoretical spectrum can

B:
be converted accoxrding to Eq. (4-80) into a “predicted" pulse-height
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7spéctrum that is compared® withi. the. measured: spectrum (folding method).,.
or the measured pulse-heiglit spectrum: can be. converted. inte an experi-

mentall energy spectrum by -solving Egq. {4-80) (unfolding method).

THe folding method Has: been applied: most. often: In, the. evaluation

" offIB-fesuEtsg e.g. for 7bé.by Lancman: and’ Lebowitz (1971b); and -

e by Anderson and Wheeler (I953), Liﬂdqvist and'

, - . . 5
wa {1955), and Saraf (1956), 49V3by Hayward and Hoppes (1956)., lGr by

f-:@utte;ef-6}913é} c), 5%Mh'by‘ﬁancmaﬁ and: Lebowitz- (1962), séFe by,

‘Mutterer (1973b, c),

>

‘Maedér3and Preiswerﬁ (1951), Milchalowiecz (1953), and Biavati, et al.

i(LQGéL, SJCQ.by Lancman and Lebowitz (1971a)., ll3§n by Phitlips and

N . 65; 2
:Hopk;ns_(l962r, lﬁ'Er by Ryde et al. (1963a), and“04TL by Lancman

- and-Bon@ (1973). The folding method is simplest but has the great dis=

.= advantage thhtincﬁdireétréggerimental energy speqtruh dWIB is ob~ """

_Eained. It is thus less valuable for a detailed comparison of IB

experiments' with theory. Furthermore, the important method for deter-
mining the transition energy EEC by constructing a Jauch plot of deB

.. (Bec. 4.2.4) cannot be applied. Iﬂsteqd, a variational procedure has

dn is calculated from IB theory

often been used to determine EEC: B

and the known detector response as a function of the end-point energy
o, and g is varied to give the best fit to the measured spectrum
(Fig. 4-24). To obtain experimental results for the IB vield as well

-as E

BC’ both a constant factor and g have often been varied in fitting

calculated to experimental IB pulse-height spectra Te.g., Lancman and
Lebowitsz, 1969, 1971a, b). Experimental results on the IB yield
obtained by this method evidently imply theoretical assumptions on the

spectral shape.
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The unfolding method is consequently to be preferred. Various
the

procedures have been reported inhliterature. The solution of Eq. (4-80)

by matrix inversion usually has to be limited to small ma@rices. This
difficulty can be overcome by iterative metﬁods,'such as the correction-
factor method of Scofield (1963) and the Gauss-Seidel method {(e.qg.,
Zurmiihl, 1965). Both of these methods, which also have Oftén been

used for unfolding measured B spectra, normally lead tc quite rapid
convergence if the diagonal elements (E=k) in the response function
doﬁinate- Ribordy and Huber (1970) have compared different interative
methods for unfolding the IB spectrum of 51Cr and f£ind comparable

7Be and 1

resultsf ?he Gauss-Seidel method was applied to thﬁh Cr IB spectrg

bf Mutterer (l973a,2§), who found rapid convergence of the iteration,
provided that the"iesponse function was renormalized to unié peak
areas, These uhfolging techniques performed with the aid of modern
- computers have yielded.accurate réspoﬁsé cor;éétiqns fof‘bremsstrahlung
spectra: It should be noted, hovever, that some probiems“remain'con—

cerning the propagation of statistical experimental errors (Weise,

1968) .

4.2.4. Determination of Electron—Captuie Transition

Energies from Measured IB Spectra

_ The determination of IB endpoint energies is of particular
interest because it provides a direct method for measuring EC transi-

tion energies E

o and the corresponding iscbaric atomic mass dif-

ferences QEC' The endpoint of an IB spectrum is equal to the energy

g of the neutrino emitted during ordinary (nonradiative} electron
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capture and, consequently, the -transition energy is obtained by adding
to the endpoint .energy the atomic binding -energy (in ithe daughter
atom) of the shell from which capture has occurred (Rubinson, 1971).
Transition energies have been .determined in most IB experiments.
In Tables4.6 and 4.8, EEc results are listed which were obtained from
measurements of total and ls IR spectra. Taples 4.6 and 4.8 also
contain EEC values deduced from the atomic-mass compilation .of Wapstra
and Gove (1971). With few exceptions (113Sn, 1251, 197Hg and 204Ti),
the IB data are in fair agreement with the atomic-mass differences.
it shogld, however, be noted that Ehe two sets of data are not
independent. Wapstra and Go@e (1971) have considered paxt of the
listed IB data in assigning the iscbaric mass differences, supple-
menting data from nuclear reaction thresholds and electron-capture

. . . : : - 3
ratios. Especially in the medium and high-Z region {e.g., 10 P4,

long, llgsb, l31Cs. l455m and lalw), the listed Eoc values from IB
experiments appear, with slight changes, also in the atomic mass
tables. '

Because of the great importance of accurate mass differences,
some ccomments on the determination of IB endpoint energies are in
order. Many electron-~capture transition energies listed in Tables 4.6
and 4.8 originate from early experiments and are of low accuracy.
These measurements could be much improved with modern techniques. The

overall accuracy of E__, however, depends also upon the theoretical

EC

model which is used to extract the IB endpoint energy g from a mea-

sured IB spectrum. This dependence on theory is most obvious in EEC

determinations based on the fitting of calculated spectra to measured
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ones, with Uyg 28 the fitting parameter {Sec. 4.2.3). That different
theoretical assumptions in this procedure can yield guite different

values of qls was demonstrated by Lancman and Bond (1973) in the case

of the first forbidden unique EC decay of 204‘I‘l: fitting procedures

with different allowed IB shapes vielded EE values that differ by

C
25 keV. Shape functions from theoriez for forbidden transitions were,
however, not considered. Berényi et al. (1976€) studied the variation

59

. . -89 .
of EEc of Wi, obtained from an accurately measured Ni IB spectrum,

by fitting spectra calculated from different theoretical approaches to
forbidden radiative capture; they found differences of a few keV.
Most experimental transition-energy determinations from (unfolded)

IR spectra de (or dwié) have been made by linearizing the spectra in

B
a way that resembles the construction of Kurie plots for B spectra.
The procedure for constructing such a Jauch plot (Jauch, 1951; Bell
et al., 1952) is based on the elementary shape of the 1s IB spectrum
(Eq. 4-17) as predicted‘bf the early Coulomb—free theory oé Moxrrison

and Schiff (1940). & lipeér plot is obtained by converting a measured

spectrum dwls into Jauch coordinates by plotting (dwis/k)% vs. k.

Because of the predicted proportionality

;i o« —_ -—
@, /0% =k - q (4-81)

the intercept with the k-axis occurs at Ay g The accuracy of this
procedure evidently depends on how closely the investigated spectrum
is approximated by the Morrison-Schiff theory. For a strictlg correct
linearization, various corrections to the spectrum must be considered
which appear in the modern theory for allowed decays ({Sec. 4.1.2) and

for forbidden decays (Sec. 4.1.4).
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The 1s IB spectrum ffbm:allowedaand first—forbidden nonunigue

decays can be-linearized more strictly on the basis of the relation

vy = .
.l:::‘;.._‘.*'_ < k - q' . (4782)
kR o {k)}- 1s

The ls IB shaps function R {k) corrects for relathlStlc ‘and Coulomb
effects; it can be caleulated exactly from Eq. (4~44). .This shape

function is displayed in- Fig. 4-3 for various atomic numbers. The

inflience of R1g;°n the- determinatioh c.&f'q_:LS has been-studied by -

Zylicz gt al. (1963) in-the cdbe of the 165Er IB spectrum (Fig. 4-25).
1

‘It was found that a Jauch plot according to the relation (4-82) vields
an endpoint ehergy that differs by 3 keV from that obtained with é
simple plot based on the proportionality (4-81). In this‘analysfs,

however, an approxlmate result for the relat1v1stlc shape factor Rl

was used, as derlved by Martln and’ Glauber (1958) . For l65Er (Z~68)

and in the measured energy range, 150 XeV £ K S 300 keV, the approx1mate
function deviates con81derably from- the exact functlon R (Flg. 4-4) ;.
~s50 that a greater effect of Rls‘on 9 is expected., Da;ger differences
i are also expected in the case of IB speptra thathcéver_wgaer‘enéfgy -

intervals and are not measured-as close to the eiidpoint.

In order to deteriminé ls IB endpoint energiésffrom measured total

IB spectra dw ,oa correctidn must, be applied for the,higher—shéll_‘

iB
components whlch have endpolnts qn£ larger than 95 . In thé'eneféy

. range k<ql r this correction can be wrltten

K

dWIB dwl [14-(j;dwn )/dwls]; ) (4—8?)‘



233

this leads to an additional energy-dependent correction f£(k) in the

Jauch coordinate:

>
[deB/les(k)f(k)] <k -d_. {4-84)

The k-dependence of £(k) is complicated because it generally contains
the higher-shell shape functions RnS and Qip (Tables 4.2 and 4.3} as
well as correcticns for the different endpoint energies qnz. "In most
practical cases, however, only higher-shell s radiation is important

at higher energies. The correction for the dominant 2s radiation is

adequately taken into account by

P_ R, (k) k
2s K ) . (4-85)

L
£k) = 1 + — i+
P L k) 4,

Here,-PL/PK ig the IL/K elecfron—captuie ratio, and the ¥ x~ray enerqy
ka has been written for the difference qzs—qls. The term containing
7 ka'constitutes an important correction for experimental data that are

close to qls' within a few times k Because this term implicitly

KK. .
also containg g’ the correction (4—85) can only be calculated
iteratively. )

Equation (4-84) has been used by Mutterer (1973a, bj in deter-
mining the IB endpoint energieé of TBe and 51Cr, with Rhs functions
calenlated from Martin and Glauber's theory, setting Rls = st = 1.

In total IB spectra that accompahy low—-energy transitions be-
tween high-Z nuclei, p radiation dominates; a correction function
£(k) can be calculated from theory, using shape functions Qip and the

corresponding subshell capture ratios. Because p-type spectra

deviate considerably from the Morrison-Schiff spectrum, it is expected
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that é-simple Jauch plot according to Bg: (4-81) may yield quite

incorrect results. Coriseguently, the result for EEC of 193Pt derived

by Hopke and Naumann (1969) from both theé I- and M-capture bremsstrahliing
(Fig. 4=2]1) bV 1dsihg Ba: (4-81) should be regarded with reservations.

It is cléar‘that réliable theoretical calculations are neééssary
for obtaining adcurate EEc values frofi measured IB spectra. A stfong
argument for the ﬁerforménce of accurate new IB éxperiments is implidd.
Méasu¥ements orfi those decays for which accurate EEC values are
available froim indépéndent experiménts are most valilable for testing

I8 théories: o

4:2.5; ExXperimental Results and CompaF¥ison with Thebéry:

allowed and First=Forbidden Nonunigie Transitions

Most experiments described so far deal with allowéd EC d&cays.
Thgi are to be compared with the tgeory of Martin and Glauber (1958)
which; in the £ appfoximation, is e¥pected to apply alsé for FiFst-
forbidden nonunique decays. '

« In nost experiﬁénts,_only‘specéral shapes ‘have beéen detetfined.
Thd results, of varying acciiracy, generally agree with theory. Thig
Agreemeént is found both for total IR spectra (eXperiments iisted in
Table 4.6) with dominating s— and p-type radiation aid for 1s IB‘
spectra singled out by IB=K-x-ray coincidences (Table 4f8). The
éitﬂatibn is illustrated in Figs. 4-15, 4-26, and 4-27 for the s IB

49

spectra of 51Cr, Vv, and SSFe, which cover different energy ranges.

Figuré 4-20contains.a compérisoﬁ with theory of the 1ls IB spectrum

of 13105 and of the total IB spectrum which in this case cdvers an
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energy range below 0Z, so that p radiation dominates. Measured s IB
spectra (including ls 1IB spectra) however, are generally not suf-
ficiently accurate to reveal the weak energy dependence of the pre-
dicted IB shape factors (mainly Rls) . The measured IR shapes can
therefore not be used to distinguish between the theory of Martin

and Glauber and the pioneering work of Mgller {(1937a)and Morrison and
Schiff (1940}. It is seen from Fig. 4-3 that Rls depends on the energy
k gquite differently for different atomic numbers and in different
energy regions. The most precise measurement of an allowed IB shape
was performed by Berényi et al. (1965b) on 3Spe. 1In Fig. 4-27, their
result is displayed in terms of the effective shape factor Reff'

defined by

2
Reff(k) e awIB{k)/[k(qls - k)°1. (4-86)

£5 is equal to Rls' multiplied by the correction func-

tion £(k) for higher-shell contributions [Eq. (4-85)]. The accuracy

The function Re

of the ewperiment of Berényi et al. (1965b) is compargble with the
accuracy attainable in detexminations of B shape factors. The con-
stancy of Refé within 1%, found in this measurement, can also be
compared in this special cése with the Martin-Glauber theory. It is

seen from Fig. 4-3 that, for Z=26, the theoretical ls shape factor
the

has a flat maximum between 100 and 218 keV, arange covered by the

55Fe experiment. To reveal the dependence of R g on k. accurate

1
shape measurements below V100 keV and on transitions of high energy

{e.q. 37Ar and 4gv) should be performed.

Only in a few experiments has the IB intensity been measured in
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addition to the shape. Some of the data on normalized IB spectra have
been compiled and compared with theory by Bouchez and Depommier (1965),
K&dar et al. (1970}, Lanéman and Lebowitz (1971a), Vanderleeden et al.
(1971), Kadar (1971), Koonin and Persson .(1972), and Mutterer (1973c).
Conclusions from thésé summaries were partly inconsistent, depending
on whether or not theoretical values were recalculated and which
values for the transition ehergies EEC ware inserted. Here we there-
fore compare expéerimental results with consistently calculated
theoretical values.

The selected experimental data on norxmalized IB spectra from
allowed and first forbidden nonunique decays are compiled in Table
4.9. These data represent integral values I__(k_,k_ ) of normalized

IB 172

spectra deB, measured. between energy 1iﬁits=k1 and kz.. The upper

limits k2 are always equal to or slightly below the endpoint energies

g. We did not consider data for which k., and k2 were not specified,

. 51
as in measurements on Cr by

1

Cohen and Ofer (1955), Ofer and Wiener (1957}, Murty and Jnanananda
(L957), and Ribordy and Huber (1970). In the thesfe experiments,
the vy branchipg ratio in 5lCr was determined by comparing IB and‘Y
intensities. We also have omitted results on 51Cr reported by
Vanderleeden et al. (1971) aﬁg Kuphal et al. (1973}, which were
deduced from measurements of circularly polarized bremsstrahlung,
because the measured energy range could not be inferred clearly. It
is to be noted that experimental IIB values obtained from measuréd 1B
pulse-height spectra through the folding method (Sec. 4.2.3) also do

not exactly represent the IB intensity within stated limits, but
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rather constitute ratios of counting rates between corresponding
limits E, and E,-. These values are included in the comparison, but
are specially identified in Table 4.9. In this Table, we distinguish
between values for ls IB intensities Il5 and intensities of total IB
spectra, measured relative to the ordinary K or total EC rates.

The experimental values listed in Table 4.2 are compared with
predictions according to different approaches to the theory of allowed
radiative capture. Predictions for 1s IB intensities {which dominate
as well in most of the listed total spectra) have been calculated from
the Coulomb-£free theory of Morrison and-Schiff (M8) (1940) and from
the theory of Martin and Glauber {(MG) (1958). Results are listed from
both the {analytical) low-energy approximation of Eg. (4-38) (MG)
and the (numerically calculated) exact solution EEq. (4-44)]as de-
rived by Intemann (Int) (1971). The higher-shell contributions were
consistently calculated from the approximate relativistic Martin-
Glauber theory (Clauber and Martin, 1956) with screening corrections
of FPig. 4-7, We consistently used transition energies Euo derived
from the atomic mass compilation of Wapstra and Gove (1971} and, for
EC decays to exited states, from v energies as evaluated by Meixnex

Energies qp, were calculatedlg;om atomic binding energies (Bearden and
(1971) A . The only exception is ~ Hg, where the E_, value of 338%20 Burr,1967)
keV derived from the mass table (which originates from a PKmK mea—
surement by DeWit and Wapstra, 1965) falls completely outside of the

) range of the measured IB spectrum. Uncertainties in the .calculated
intensities which are due to the stated errors in the energy EEC were
astimated from the Coulomb-free theory by differentiating Eg. (4-16)

with respect to 9y These uncertainties were found to be generally
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: 71 14 16 )
below 1%, except for lGe, l3le, 5Sm and 1 SEr, where they lie be-

tween 2% and 73, and for .lS?Hg,. where it is 40%,

In Figs. 4-28 to 4- 30, ratios pE,T of ‘experimental and theoretical
bremgstrahlung intensities .are plotted as a function of atomic number.
We have included only data which pertain predominantly to s radiation.
The indicated exror bars correspond to the sum of experimental and
_theoretical errors.

In Table 4.10, unweighted average values <pE,T> of independent
measurements are listed. .

The summary of experimental and theoretical IR intensities proves
the advantage of the theory of Martin and Glawuber over the Coulomb-
free approach. The measured data, although widely scattered, clearly
fevea; Fhe predigtgg;;eduction of the IB intensity, increasing with
Z, that is caused by relativistic and Coulomb effects. wWhile this
IOWerinq of the intensity is most obvicus in the heavier nuclides
with 51=Z=8(, it can also be noted, on the average,in the data on
lighter nuclides with 18<Z2<32.

The ratios‘pE’T between measured data and theoretical intensity
according to either MG or Int deviate from unity by up to 50%; the
deviations in most cases are larger than the error bars. The available
data do not allow one to distinguish between the approximate solution
of MG and the exact solution of Int. The average values <DE,T> in
Table 4.10 provide no evidence that experiments deviate systematically
from the Martin~Glauber theory, either at low Z or in general,
contrary to indications in previous surveys by Lancman and Lebowitz

(1971a) "and Vanderleeden et al. (1971). On the other hand, the
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inconsistency between experimental results makes it difficult to assign
a limit within which the present theory correctly seems to describe
the intensity of bremsstrahlung.

Inspection of the experimental data shows that there is a special
discrepancy between some of the most recent results obtained by dif-
ferent groups of authors, with gquoted probable errors of 6% to 20%.

The {B—y coincidence experiments of Lancman and Lebowitz (1969, 1371a,

5 7 . -
4Mn, and 5 Co vielded intensities that fall 20% to 50%

7
b) on Be,
below thecretical predictions, whereas similar experiments, pexformed
with improved technigues by Persson and Koonin (1972} and Xoonin and

51 4

. . 7
Persson (1972)- on Be, Cr, and 3 Mn led to results that exceed

‘theoretical intepsities by up to 30%. The spectrometry of IB and vy
rays in 'Be and " Cr by Mutterer (1973a, b) yielded IB intensities
vhich are in agreement with theory to within £ 8%. This inconsistency
suggests that unknown sources of systematic errors of 510% remain in

the experimental techniques and in the procedures applied for the

responge correction.

Double IB. Experimental evidence for the simultaneous emission
of two IB photons during electron capture, or double internal
bremsstrahlung, has been reported by Ljubiéig et al. {1274). Coinci—
dences betwesen twc IB photeons from 37Ar were measured at an angle of
90° to each other. In the energy range from 210 to 810 keV, the ratio
of double IB to single IB was found to be (£.8:0.4) x 10 ~, which
is comparable to the IB/EC rate, as might be expescted. The only pré~

sently availaeble theoretical results on double IB are those of
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Menhardt (1957}, which unfortunately are not applicable to the experi-

mental situation redlized by Ljubi&id et al. (1974).

4.2.6. Experimental Results arid Comparison with Theory:

IB Spectra from Higher-Forbidden Decays

Experimental information on IB Spectra that accompany higher-
forbidden transitions is limited to a few cases of ground-State

transitions by EC alorne (4lca and 59Ni) or with competing B branches

(36C1 and 204T

-

1). Some of these decays have been nieasured;extensively
, 9
(Tables 4.6 and 4:8).

Bremsstrahiung from first-forbidden unique transitions has been
studied with 41Ca and 204Tl. The total IB spectrim from 4lCa was
measured with a Ge(Li) spectrométer by Mys¥ek et al. (1973). The ob-
served shape (Fig. 4-31) is not in accord with the thedry of Zon and
Rapoport (1968) and Zon (1971). The shape agrees with theory only at
low energies, k<250 keV; at higher enerdies the spectrum has nearly
allowed shape. MysZzek et al. have also derived a crude value for the
IB intensity by estimating the X capture rate from the weight of the
source. A value of 3.9><fl.0_4 IB photons between 90 and 421.5 keV per
EC event was found, much in excess of theoretical predictions. For
forbidden transitions, theory in the Coulomb-free approach of Eq. (4-79)
leads to an upper limit of 5.7x10_5 IB photons per decay. The low-Z
expansion of Zon and Rapoport (1968) results in a value of 3.3><10_5
photons and more detailed calculations of Zon (1973) have yielded
4.9x10"5 photons per EC transition.

204 i s .
On T1, several IB-K-x-ray coincidence experiments have been
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performed to measure the 1s IB spectrum that accompanies the 2.1%
EC branch to the ground state of 204Hg. Severe doubts exist regarding
the reliability of early experiments by Der Mateosian and Smith (1952),
Jung and Pool (1956), and Biavati et al. (1962), because no corrections
for the bremsstrahlung from the 97.9% B branch to 204Pb were applied.
It was first pointed out by Goudsmit et al. {1966) and established by
a recent experiment of Lancman and Bond (1973) that scattering effects
due to the B" bremsstrahlung and double-IB emission can cause a
continuous spectrum that closely resembles the IB spectrum eXpected
from the weak EC branch. The shape of the IB spectrum measured by
Lancman and Bond, taking account of corrections for these effects,
‘agrees well with the theory for allowed transitions. Such agreement
is expected because only a small energy range is involved. The
intensity per K capture was found to be 2.8X10“6'IB photons above
103 keV. This result is to he compared.qith an upper liwmit of
1.08x10-5, from Eg. (4~79). More accurate theoretical results are
"not available. Zon (1973) has reported only values for the shape
" factors, aﬁd the Zo expansion of Zon and Rapoport {1968} is not

204

applicable for T1, because the entire IB speétrum lies in the

region of the K binding energy.

Bremsstrahlung spectra from second—forbiAden nonunigue transitions
were studied with 3601 and 59Ni by several groups. It has been welll
established that the total IB spectrum of 3601 closely follows an
allowved shape at energies above 600 keV. This observation agrees
with the calculation of Zon (1971), which predicts a noticeable

deviation from allowed shape only at lower energies. The result of the
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most recent IB m;asurement on 3601 by Smirnov and Batkin (1973) is
shown in Fig. 4-32. B&n attempt was made to look for possible con-
tributions from detour transitions; a clear indication could, however,
not be established.

In the case of 59Ni, a distinct deviation of the IB spectrum from
allowed shape was observed already in an early measurements by Saraf
(1956) » the IB intensity above 100 keV was reported to be 1.4%0.4
times the theoretical value calculated from the early theory of
Cutkowsky (1954). The shape of the SgNi IR spectrum was very carefully
measured by Schmorak (1963), who used 3x3-in. and S5x5-in. Nal (T&)
detectors. An apparent deviation from the calculatea shape, observed
near the endpoint, was attributed to destructive interference with
detour transitions, as predicted by Rose et al. (1962). Schmorak
(1963) estimated the amount of detour transitions as between 6><10_'3
and 5x10_4 of the total IB intensity. A careful Ge(Li) measurement of
the > Ni 1B spectrum wés recently performed by Berényi et al. (1970},
who report that the measured shape agrees well with calculations of
Zon (1971) and’ shows no evidence for detour transitions.

In most experiments performed hitherto, only spectral shapes have
been determined albeit often with high precision. Without question,
accurate measurements of normalized spectra would be of great value
to improve our present knowledge of radiative capture in forbidden EC

trangitions. Pertinent EC nuclides are listed in Table 4.7.

4.2.7. Experiments on IB Correlation Effects

Experiments on the various IB correlation effects that are
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-4 1.4 to a2llowed decays and

discussed in Sec8.4.1.3dére scarce. They are confinetho measurements
of circular polarization and to some work on the angular distribution

of IB photons emitted from oriented nuclei.

Circular polarization of internal bremsstrahlung. Experiments on

the circular polarization of the IB accompanying electron capture are
listed in Table 4.11. Polarimeters employed in these measurements are
based on the effeci': of spin-dependent Compton scattering from electrons
in magnetized iron. Usually, forward-scattering magnets have been
used, but in the most recent experiment by Kuphal et al. (1974), a
specially designed radial-transmission magnet was employed.

The polarization P, defined by Egq. (4-48), dis proportional to the
relative change AN/N of the measured intensity when the magnetic

field in the scattering magnet is reversed:
= A = - - -
P T/ = 20NN )/ (NN _-IN ). (4~87)

Here, N+ (N_) is the counting rate with the electrog gpins in iron
parallel (antiparallel) to the incident-photon momentum. The counting
rate NO is due to background, including y impurities in the source.
If nuclides are measured which emit also nuclear ¥ rays, the denominator
in BEq. (4-87) is represented by the counting rate of the unpolarized
¥ rays. The measured effect is then extremely low.

The polarization of IB in pure ground-stata transitions was
studied in early measurements on 37Ar by Hartwig and Schopper (1958}
and Mann et al. (1959), 55I.-"e by Paxenova (1960), and 71Ge by

Bernardini et al. (1958). Only recently, IB polarization has also

been measured in the presence of a background of much more intense



244

Y rays. In such experiments on SlCr, Vanderleeden et al. (1971) used
a Ge{Li) detector, whereas Kuphal et al. (1974) used a ring of 8

NaZI (T4} Scintillator;. In both experiments, very strong 51Cr

sources of up to 500 Ci were employed, and current integration w?s
applied instead of counting technigues. The statistical errors could
be kept below 1078, Clearly, the polarimeter efficiency must be
accurately known to derive the absolute polarization from the measured
rate AN/N. This efficiency haé generally been calculated from basic
assumptions. Kuphal et al. (1974) have tested their calculation by
measuring polarized (internal and ;xternal) bremsstrahlung from
several B_—decaying nuclides.

Measurements summarized in Table 4.11 confirm within errors that
s—tvpe bremsstrahlung is nearly 100% right-circularly pola;ized, due to
the parity-nonconserving character of the weak inéeraction. fhe mea-
sured polarization of IB from 37Ar (Hartwig and Schopper, 1958) is
displayed in Fig. 4-3 3., Figure 4-3 4 shows AN/N values measured for

lcr, compared with calculations from theory. The incomplete polariza-—
tion observed in 37Ar at low energies and the low result for 71Ge found
by Germanoli et al. (1958) can gualitatively be explained by Coulomb
effects and the influence of unpolarized p-type bremsstrahlung. Both
effects, which enter in the overall polarization function P(k) ac-
cording to Eq. (4-52), reduce the polarization at low energies. A
noticeable reduction of P is not expected, however, in the high-
energy bremstrahlung from 5lCr; the low value of 0.67+0,07 found by
Vanderleeden et al. (1971) can probably be attributed to an erronecus
calculation of the polarimeter efficiency, in view of the work of ’

Kuphal ek al. (1974).


http:0.67�0.07

2b5

Angular distribution of IB emitted from oriented nuclei. Anisotropy

of IB emitted from oriented nuclei has béen observed only once. Brewer
and Shirley (1968) studied the forward-~backward asymmetry of IB from

119Sb had been implanted in an iron

oriented 1195b. Carrier-free
lattice, cooled to 0.02°K, and magnetized in a field of 2.3 koOe.

The IB radiation was measured with two 3x3-in. Nal (T%) detectors
placed at 0° and 180° relative to the direction of the magnetic field.
Figure 4-35 shows the measured asymmetry W(m)/W(0) as a function of
the sample temperature T that defines the degree of sonrce polariza-
tion. ‘The measurement of this ratico for different energy intervals
has revealed an unexpected energy dependence of the asymmetry.

The experimental results ©f Brewer and Shirlg have been ’
compared with theoxry by Intemann (1971) in terms of the overall
asymmetry function %(k) of Eg. (4-62). It was found that the measured
decrease of A(k) at low energies can be well explained (Fig. 4-36.
This decrease is consistent with the obsarved decrease of the overall
polarization, described above. Other nuclei that might be suitable
for measuring IB angular correlations have been listed by Koh et al.
(1962).

A preliminary measurement of the angqular correlation between
bremsstrahlung and nuclear vy rays in theidecay of 84Rb has been per-
formed by Chasan and Chandra (1967). The result was reported to he
in approximate agreement with calculétions of Koh et al. (1962). The
experimental error, however, is ™50% and details of the measurement
have not been fully reported, so that a detailed comparison with

theory is not feasible.
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'412L8' _Concluding Remarks

The study.of second-order effects, such as internal bremsstrahlung,
is of parpicular interest in electron-capture decay because experi-
menta} information on the primary process is very limited because of
'the'egtreme;y low interaction pfobability of the emitted neutrino. The
‘main fegtures of the low-intensity radiative-capture process are
general}y understood teday. There is still a great need, however, for
‘experimental work to test the details .of the theory. Open questions
remain concerning the influence of: screening and exchange and overlap
effects (Persson and Koonin, 1972) on the shape and intensity of IB
specitra. Expefimental information is still very scarce on forbiddeq
decays, where nuclear -matrix elements play an important role.

Precise measurements of normalized IB spectra zre very much needed.

The same holds for measurements of partial spectra that accémpany the
capture of electrons from Specific atomic subshells. Experimental
techniques have been developed to high accuracy in recent'years. This
applies especially to the determination of electron-capture rates,

£o coincidence experiments with bremsstrahlung, and to calibraticon
procedures ﬁpr ¥ spectrometers which yield complete response functions.
It can be expected that it will be possiblé to measure normalized IB
§pectra in the near future with an overall accuracy of a few percent,
at leasé in some favorable decays such as pure ground-state transi-
tions. As pointed out bhefore, precise experiments are also very
valuable for providing acéurate isobaric atomic-mass differences,
supplementary data on subshell capture ratios, and spectroscopic

information on branching ratios. In this context, refined computa~
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tions of higher-shell IB spectra, based on the present theory, would
be of interest.
The variety of IB correlation effects, discussed in Secg,4.1.3 -4, 1.4
opens another wide field for future experimental work, from which
valuable information on the weak interaction and miclear structure
can be expected. Bremsstrahlung measurements may also help to solve
some specific problems of radionuclide metrology (Spernol et al.,
1973; Mutterer, 1273c)}, such as the (relative and absolute} determina-~

tion of disintegration rates of pure EC nuclides.
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5. ATOMIC TRANSITIONS ACCOMPANYING NUCLEAR

ELECTRON CAPTURE

5.1. Introduction
L
In first approximation, the probability of allowed capture of a

K electron by the nucleus is

NP

G E]Y 0 |2, (5-1)

where G is the B-decay coupling constant, g is the energy of the
emitted neutrino, & the appropriate combination of nuclear matrix

b4 . .
(K, )(0) is the ls-electron wave function, evaluated

elements, and ¢
at the origin (Sec. 2). The only electron wave function contained in
this formulation is that of the electron which is destroyed. Two
significant aspects of the problem are neglected in BEg. (5-1): (1)

the indistinguishability of elactrons, and (2) the nuclear charge
change by one unit, which entails that parent and daughter atomic

wave functions are eigenfunctions of different Hamiltonians.

The importance of treating B decay and nuclear electron capture

as transformations of the whole atom, and hence, of including atomic
~variables in the description of initial and final states, was first
emphagized by Benoist-Gueutal (1950, 1953a, b}, pursued by Odiot and
Daudel (1956), and comprehensively formulated by Bahcall (19623, 1963a,
b). In fact, an infinite number of final atomic¢ states, including
continuum states, contribpte to any given electron-capture probability.
The effect on transition rates is discussed in Sec. 2. In the present

section, we consider observable atomic effects that result during
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nuclear decay by electron capture. Atomic rearrangements that take
place after the decay process are not included in this discussion,
even thongh x rays emitted in the course of such rearrangements have
led to the discovery of the process (Alvarez, 1937, 1938a, b) and
constitute the most readily detectable signals indicating that
capture has taken place. Details of the rearrangehent process have
been surveyed by Rao et al. (1972) and Bambynek et al. (1972). Here,
we consider atomic transitions that take place in the course of the
elactron—capture decay process, due to imperfect overlap between
parent and daughter atomic wave functions. This effect is variously
denoted as electron shakeup and shakeoff, autoionization, or internal

ionization.

5.2. Internal Ionization: Nonrelativistic Theoxry
AN Nl o i B T e S S
Nuclear electron capture is accompanied by the emission of low-

intensity, continuous photon and electron spectra. The internal-

bremsstrahlung photon spectrum emitted during radiative electron

capture was first calculated by Mgller (1937g)and by Morrigon and

Schiff (1940); this subject is discussed in Sec. 4. The process

of internzl ionization was first treated by Primakoff and Porter
(1953), who calculated the probability of K-electron ejection during
X capture and derived an expression for the ejected-electron
spectrum, in anaibgy with work by Migdal (1941) and Feinberg (1941)
on orbital-electron ejection accompanying B-particle emission.

The weak interaction which is responsible for nuclear electron

capture is of very short range. 0On the atomic time scale, the
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transformation .of the parent nucleus with Z protons into the daughter
nicleus with atomic number Z*' can be assumed to be instanténeous.

One can gain an intuitive feeling for the mechanism that causes
internal ‘fonization by considering the nucleus plus the orbital
vacancy -created by the capture simply as the source of a suddenly
changing Coulomb potential. A 1s electron, for exanple, %ith the

z _
(¥,2) in the parent atom does not have time to

wave function P
adjust its wave function adiabatically to the change in potential;
the sudden approximatioﬁ of time-~dependent ﬁerturbation theory
applies. fhe amplitude of the probability that the electron retains
its original quantum numbers is then propeortional to the overlap of

its original ‘wave function with the 1s wave function in the daughter

. . . 25
ion with -one inner vacancy:

renain= [0 @YD @ar®. (5-2)

(K, 2) with excited~ and continuum-state

Similarly., the overlap of ¥
wave functions in the potential of 'the daughter ion provides an
indication of the péobability amplitudes of excitation or ejection
of the K electron. The Pauli principle excludes excitation into
occupied orbitals, and conservation of angular momentum‘allows only
2=0 final states for s-—electron shakeup or shakeoff.

It is a gross Dve;simplification, however, to consider the
nucleus-plus—vacancy as a mere source of an abruptly changing
electrostatic potential, and the internal excitation and ionization

probabilities as determined by wave-function overlap alone. In

particular, energy conserxrvation and the demands of guantum
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statistics are not included unless the process is treated as a
transformation of the whole atom, and nuclear and iepton variables
{including those characterizing the pertinent atomic electrons)

are incorporated in the description of the initial and final states
of the system. Especially, the available energy is shared
statistically between ejected electron and neutrino, and the transi-
tion probability is weighted by the density of available final
states. ‘The energy-conserving delta function must be included in
the expression for the transition probability.

Quantitatively, the transition probability can be expressed
in the sudden perturbation approximation through “Fermi's Golden
Rule No. 2." The general applicability of this approach to the
present problem has been examined by Bahcall (1963a). The transi-

tion rate for K-electron ejection during K capture is —
' ' = )
aw = 2nf (1/2)E|M|26(W0+1—IEK {-W-q) dadp, (5-3)

where 3 and W are the momentum and total relativistic energy of the
ejected electron, E is the neutrino momentum and g its energy,

l-|E£ l is the total energy of a K electron in the daughter atom
(with binding energy Ek), and Wsklisthe energy difference between

the parent atom and the neutral daughter atom (Sec. 1.2). The matrix
element M is discussed below. The units used throughout this dis-
‘cussion are such that fi=m=c=1, and hence, e2=ugl/137. The summation
sign in Eqg. (5-3) indicates summing over spin states of ejected
electron and neutrino, and over spin states of the two initial K

electrons. One must also sum over final nuclear spin states and
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s . o el 2
average over initial nuclear spin states. Because E]MI is
> )
independent of g, the integration over all possible neutrino momenta
; a 26 ,
can be carried out at this stage. 'The result, after performing the

spin summations, is

aw = 26w° (7 +1-|E2] - “papz]uw] * {5~4)

(Intemann, 1972).
In a representation in which the interaction Hamiltonian

consists of the R dnteraction H, alone, the matrix alement for

B

K-electron ejection during K capture can be written -~

_ _ (0,Z7)% > * * {¥,2) > > _
M= (1-P,) fv @, O, IHBlewl,Z (0,7)dr.  (5-5)

Here, ¥ _, and ¢N are thg final and initial nuclear wave functions,
respectively, and wu is the neutrino wave function. The wave func-
tions of the leptons that participate in the B interaction have been
replaced by their values at the origin. It is assumed that all but
the two K electrons retain their original gquantum nuwrbers, and that
their initial and final wave functions overlap perfectly. The

exchange operator P, exchanges the two K electronms.

12

The main difficulty in explicitly writing out the matrix element

{5-5) resides in expressing the initial-state two-electron wave

. 2 . . .
function ¢1 2(K’ ), including correlation effects between the two
* I

electrons. Primakoff and Porter (1953), in their classic calculation,
used an approximate wave function of the form

(x,2) (K, %) 112,52 (rytry),

(X,2)
1,2 (ry)

v (r).x,) = Np (), s

{5-6)



253

where wl and wz are hydrogenic ls wave functions, and N is chosen to
. . aerlZ

assure normalization. The factor e takes account of the

effect of the electron-electron Coulomb interaction on their spatial

&Y, (X 41
correlation, and the factor e 7201 2)

accounts for screeping of
the nucleus, effectively replacing 2 by Z—Yz in ¢1 and ¢2. The
parameters Yl and Y2 were chosen so that ¢12 is a good approyimation
to the Hylleraas variational wave function for a two-electron atom.

, . (0,2}
With a Coulomb wave function ¥

to describe the ejected electron
and a plane wave to describe the neutrino, the matrix element (5-5),
and hence, the transition rate (5-3) were computed. Dividing by

the transition rate Wy for ordinary allowed K capture, Primakoff

and Porter derived an expression for the probability, per K-capture

event, for ejection of the other X electron with a momentum in the

range dp. This result can be writken

- -1 2 ,
P 160icdy o~ (45/p)tan  (p/T) E /2+ |5y | N
ejec 2, 2.4 -2m0/p : .
x (g 4+p ) (1-e ) W+ .

Again, Wo and the K-electron binding energy E& are in units of mcz,
tﬁe ejected~electron momentum p is in multiples of mec, and L standg
for oz. ﬁe have neglected Yl+yzgo.5 and unity compared with Z in the
final result, and have set B=p, i.e., WAl for the ejected electrons,
whose kinetic energy is generally very much smaller than mcz. As -
beforeJ+w0=AW£ucl—A(EEx)+l is the mass difference between parent
and daughter neutral atoms; Awnucl is the nuclear enexgy release,
and A(ZEXJ is the change in,the total electronic binding enerxgy

between parent and daughter atoms--a positive guantity in electron

capture (Sec. 1.2).
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a very different method for constructing the initial two-
electron wave function was devised by Intemann and Pollock (1967),
who calculated it from perturbation theory. They treated the
electron-electron interaction as a perturbation on the nuclear
Coulomb interaction, including it in the perturbed part of the
Hamiltonian, rather than in the unperturbed part as Primakoff and
Porter had done., In essence, they performed a perturbation expansion
on the exact two-electron wave function, with the perturbation taken

te be the electron-electron interaction. With this approach, the

problem of K-shell internal ioniza%ion'dﬁring—K captﬁie is one in
third-order perturbation theory, invelving a sum over intermediate
electron states. Intemann and Pollock found it possible to repre-
sent this sum in ‘closed form by drawing upon the analogy between
internal ionization and internal~bremsstrahlung emission. In fack,

the electron-ejection process can be looked upon as a radiative
capture process in which the emitted photon is virtual, and is absorbed
by the electron that is ejected. éxploiting this aspect of the
problem, Intemann and Pollock were able to take advantage of a

crucial cbservation made by Glauber and Martin (1956; Martin and
Glauber, 1958) in their development of the theory of radiative cap-
ture, viz., that the sum over intermediate electron states which
appears in the caleculation is the Green's function for the Dirac
egquation with a nuclear Coulomb potential and can be represented in
closed form. This approach made a more exact analysis of the internal-

ionization process possible. The result for the differential transi-

tion rate per K~capture event is
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- (4z/p) tan Tip/ (204} ]

_ 64u2;4p e
(u+c)4[(2c+u)2+9212(l—e

ejec
(5-8)
x [(1p7) /2 (W, +1) 1°1%ap,

1/2

Here, we have p={2(1-¢)] , where ¢ is the intermediate—state energy

. . 2 .
{in units of mc™) of the electron undergoing capture: € =€1+€ -,

2
vhere Sl and 22 are the energies of the initial K electrons, and W
is the energy of the ejected electron. In the Intemann-Pollock
treatment, the relation E=1—;2~pz/2 holds, becauses €l=€2=1—;2/2 and
W=l+92/2.

The integral I is

1 -
I = 1+nf x "1 (230 Y5 o) Jax, (5-9)
(o]

whers

e—(zc/p)tan"l[(zc+u)/p] e(2C/P)tan_l[(2C/P)+u(l+x)/P(1“x)]
f(x) = N

2
(1+2x) " (140x) (1+o*x) (5-10)

and the remaining symbols are defined as n=§/u,
o={p-2¢~ip) / (u+2z+ip) , A=(p~3}/{(p+f). Fortunately, a rapidly con-

verging Maclaurin series exists for I:

I - zf(n)(o) 1,4 ___s
=0 n=0 nl! {n—n} {nt+i-n) {n+2-n)

(5-11}

T SR |
(n+3-n) ~ (n+d-m) | °

Intemann and Pollock find that, for Z=26, an errxor only of order C2

results from breaking the series off after the first three terms.
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The energy spectrum of electrons ejected from 55Fe, predicted by
this more exact theoretical approach, does not appear to differ
materially from that of Eg. (5-7) when placed on a semi-logarithmic
plot (Intemann and Pollock, 1967). Some writers have consequently
agsumed that the results of the two theories are truly identical.
This is not the case. In fact, the momentum spectra from the two
approaches differ appreciably on a linear plot; they have appro*i—
mately the same shape, but the Intemann-Pollock spectrum has somewhat

lower intensity. Hence it yields significantly smaller values for the

total ejection rate than the PrimékéffaPorter theo;y (Intemann, private
communication). That the difference is not greater appears to indicate
that Primakoff and Porter's variational wave function takes
unexpectedly accurate account of screening and correlations in the
initial two-~electron state. Improving the accuracy of the continuum
wave function to take screening in the final state into conside;ation
is only expected to affect the results of Egs. (5-7) and (5-8) by

A5% for Z=26.

The neglect of relativistic effects inherently limits the
aCcuracﬁ of the results to a ielative error of order aé, even at the
lowest ejection energies. The nonrelativistic calculations were
pushed to this limit in a refinement, due to Intemann (1972), of the
Intemann-Pollock approach, which involves the use of a more elaborate
Coulomb Green function. This modification has the effect of con-
siderably reducing the calculated K ejection probabilities wejec'

particularly at high Z, as compared with the Intemann-Pollock results
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(Intemann, 1974). The reduction in the predicted intensity of the
ejected-electron spectrum can be understood-in the following terms
(Intemann, 1975). In all calculations based on the Intemann-Pollock
approach (including the one discussed in Sec. 5.3), retardation
effects are neglected and the interaction between the two electrons
is taken to be an instantaneous Coulomb interaction, so that the ex-
change of only longitudinal and scalar virtual photons can be con-
sidered. In the approximation used by Intemann and Pollock (1967).,
only s-wave intermediate states make a contribution to the transition
amplitude, and thus, only scalar photon exchange is taken into
account. In his later paper, Intemann (1272} employed the more
accurate Green's function used by Glauber and Martin (1956). In this
more refined calculation, p-wave intermediate states also contribute
to the amplitude, and thus, longitudinal photon exchange is also
being taken into account. ‘The relative importance of longitudinal
photon exchange is indicated by the extent to which the intensity of

the electron spectrum is reduced (Fig. 5-1).

5.3. Relativistic Calculations of Electron Ejection
Baa e T i Tl T e e T W, o
Both of the basic approaches described in Sec. 5.2 have besn -
extended to include relativistic effects. Intemann (1969) modified
the work of Intemann and Pollock (1967), using the solutions of the
symmetyic Hamiltonian of Biedenharn and Swamy (1964). This is a
relativistic Hamiltonian with symmetry so that the radial parts of
the spinor components of its solutions are formally nonrelativistic.

The soiutions form a complete canonical basis, and their close
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céfrespondence f& %he nonrelativisfié problem 1eadé~to substantial
-computational simplifications. The Biedenharn Hamiltonlan differs
from the .exact Dirac-Coulomb Hamiltonian by a precisely known fine-
structure term; the eigenfunctions differ from the exact Dirac-
Coulomb eigepfunctions by terms of order (uz)z.

BExcept for the use of semi-relativistic Coulomb eigenfunctions
in the overlap integral and an appropriately modified expression for
the density of final states available to the ejected electron, the
calculation of Intemann (1969) follows the lines of his earlier work,
i.e., the interaction between the tws K electrons is treateéd as a
per?urbation along with the weak interaction, leading to an exact
calculation of the electron ejection probability witho'ut the need of
introducing adjustable parameters such as screening constants or
effective nuclear charges. Even though relativistic effects partly
cancel the reduction in wejec that arises when longitudinal photon
exchange is included, the ejected-electron spéétrum calculated
semirelativistically by Intemann (1969) is considerably less intense
than that derived from the Primakoff-Porter (1953) épproach (Fig. 5-2).

An independent relativis?ic calculation of auto-ionizafion in
electron-capture decay was performed by Law and Campbell (1973k), in
terms of second-quantization formalism and in analogy with extensive
work by the same authors on internal ionization accompanying B decay
(Campbelligi al., 1971; Campbell and Law, 1972; Law and
Campbell, 1972a, 1972b, 1973a). It was, however, shown by Intemann
(1974) that the model of Law and Campbell (1973b) is actually

_identical with that of Intemann and Pollock (1967) and Intemann
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(1969), and that the large difference in the results can be traced to
the fact that Law and Campbell cut off the eigenfunction expansion
for the Coulomb Green function too soon. Law and Campbell approxi-
mated the infinite series by a few terms because it appeared to con-
verge rapidly; Intemann (1974), drawing upon an analogous calculation
by Paquette (1962}, pointed out that the sum over discrete eigenstates
in the Green function expansion does indeed converge rapidly, but
that continuum states make a large contribution that cannot be
neglected.

The (historically older) alternative to the Intemann approach
for the calculation of internal ionization is the “overlap" ansatz,
used in the pioneering work of Primakoff and Porter (1953). Aas
indicated in See¢. 5.2, in this method one attempts to take account
of all screening and correlation effects in the initial two-electron
wave function by an adjustable paraméter, viz.; the effective nuclear
charge. The calculatio;; are siﬁplified considerably, but it is,
difficult to make a choice of the key parameter, and some arbitratriness
is bound to remain.  Moreover, the near-orthogonality of the wave
functions makes the overlap integral very sensitive to the exact
form of the wave functiéns and to the values chosen for the effective
charges. Thus, the accuracy of the rxesulits cannot be established
a priori, as in the Intemann approach; on the other hand, the overlap
method does not rely on the condition Z»>>1, and hence, may be
superior for very light elements.

The most recent and complete calculation based on the "overlap"
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method is due fo Mukoyama et al. (1973). 1In their formulatién,
Mukoysma et al. draw upon the work of Stephas (1969), who had employed
an atomic mairix element calculated from analytic hydrogenic rela-
tivistic wave functions for the purpose of studying internal ioniza-
tion accompanying £ decay (Stephas and Crasemann, 1967, 1971;
Craseminn and Stephas, 1969). However, in their evaluation of the
wave—function overlap integral, Stephas and Crasemann (1967) made an
approximation that causes their expression to diverge at low electron
momenta, where most electrons are ejected; thus, the result cannot
meaningfully be integrated to compu%e total electron—;jecéioﬁ prgb;—T o
bilities (Isozumi and Shimizu, 1971; Kitahara €% 81.,
1972; Nagy et al., 1972).  Mord (1972, 1973) and,
independently, Mukoyama et al. (1973) have calculated the atomic
matrix element by alternative techniques and derived a result that is
exact, within the limitations stated above; it agrees in the non-
relativistic limit with the formulae of Primakoff and Porter (1953)
and Stephas and Crasemann (1971). r

The screening constants ¢ that determine the effective nuclear
charge Zeff = 2 - g, to take account of electron-electron interaction,

are determined by Mukoyama et al. (1973) in the following manner.

In the parent atom, they take

o= %1l = r/r

- rscF) ' (5-12)

where ;é is the mean value of r determined from the relativistic

hyvdrogenic wave functions, and ;éCF is r from relativistic self-

consistent field wave functions, as computed by Carlson et al. (1970) .
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For the continuum electron, Mukoyama et al. use the same screening
constant as for the bound electron to be ejected. They take account
of the fact that a vacancy resulting from electron capture is present
in the daughter atom by reducing o from Eg. (5~12) by the ratioc of
the appropriate Slater screening constant for an atom that is
ionized in an inner shell to that for a neutral atom {Slater, 1930}.

The total K-electron ejection probabilities per K capture,
calculated by Mukoyama et al. (1973), agree with those of Intemann
(1969, 1974) as well as could be expected, given the uncertainties
in the choice of screening parameters (Table 5.1).

EBxcitation to a bound state ("shakeup”) of the second K
electron, while the first one is captured, has also been computed
by Mukoyama et al. (1273). Such calculations are important for
comparison with experiments, in which double K x-ray emission is
measured. The main difficulty here is to make adeguate provision
for omitting occupied final states to which shakeup is forbidden by
the Pauli principle. Mukoyama et al. (1973) find that the proba-
bility for double K~vacancy production {including excitation), just
as the K electron-ejection probability, is reduced when relativistic
affects a:re included, compared with the nonrelativistic results of

Primakoff and Porter (1953) {(Table 5.2).

5.4. Electron Ejection from Higher Shells
It was first emphasized by Wolfsberg (1954) that a spectrum of -

electrons ejected during nuclear electron capture, measured in

coincidence with a single X x ray, contains contributions from I,
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elaectrons shaken off during X capture and from K elgct;ons ejected

during -L capture. Wolfsberg evaluated thgse effects in terms of the
" Primakoff-Porter formalism. Internal ionization of this type,

resulting in K and Ll vacancies, has also been discussed by Law and

Campbell (1973a,ﬁkﬁhe ;nergy distribution of X electrons ejected

dﬁring nuclear electron capture from higher shells was considered
by Ryde et &le. - {1963).

'The subject has been éxtensivély treated in terms of the wave-
function overlap approach by Mukoyama and Shimizu (1974). Starting
with. the formalism of Stephas (1969), but using the relativistic
hyd;ogenic aéomic matrix glement of Mukoyama et al. (1973}, these

_hﬁorkers have-cgmputed the probability pe¥ K capture for Li—shell

~electron. ejection with total energy W:

, S ) (n - .
—_E'IMKi[ 5~ pWdn. (5-13)

27 - B({W)) W
o o -

P..(W)dwWw =

Kl( )
Here, Wb‘ig'the transition energy for K capture, WK is‘thg maximm
total energv of the ejected electron, and ng is the number of
electrons in the‘.]:,:.L shell. S is the shape factor, and the wave-

function overlap integral is

M = 1w | vE,n ). (5—14?

Similarly, Mukoyama and Shimizu have computed the K-shell internal

ionization probability per Li capture, expressed as a ratio to the

13

K~capture probability:
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2
n. e, S{W_-W) (W _-W)
P, W = = e—’-“- |, SR LS > pWaw, (5-15)
2r K S(Wb') Wo'

where ei/sK ig the Li—to—K capture ratio, and Wo‘ is the mass dif-
ference between initial and final nuclei, minus the Li binding

energy, plus one (in unite of mcz). The atomic matrix element is
Moo = 21w | vE,x>. (5-16)

The authors construct a properly antisymmetrized expression for
the total prebability for the direct and exchange processes (5-13)
and (5-15) and evaluate the result for cases of practical interest
{Table 5.1). It is predicted that the L-shell intermal-ionization
probability accompanying K capture is o% almost the same order of
magnitude as the K ejection probability during L capture. The
probability that the atom undergoing electron capture and intermal
icnization is left with holes in the K and L shells increases with
Z, relative to the double %—hole production probability. The L—shell
ionization probability decreases more slowly with Z than the K-
electron ejection probability, per K capture.

Calculated spectra of electrons ejected during K and T, capture
of 5sFe are shown in Fig. 5-2. It is predicted that electrons

ejected from the L., shell contribute substantially over the entire

1
spectrum.
Comparable calculations of L-shell internal ionizaticn

accompanying I. capture have been carried out by Mukoyama

et al. (1974).



264

In this context, it should be noted that only allowed transitions
"have so far been treated by the Intemann-Pollock approach. By -
contrast, because of its simplicity, the overlap-integral approach
has led to results for arbitrary’betg transitions. fThe ;implifying
Feature of this approach is the asgumption that the initial state of
the two electrons inwvolved in the process is describable in terms of
an independent-particle model, i.e., the two-electron wave function
can be written as an uncorrelated product of one-electron wave
functions. It is this assumption whicﬁ permits the factorization

o ‘ .—. L]
of the matrix element. For forbidden transitions, however, with the

entrance of higher beta moments, it is to be expected that the
amplitude for internal ionization will be more sensitive to the
details of the structure of the initial electronic configuration,
and therefore the overlap-integral appr;ach will be less reliable.
On the other hand, relativistic effects, which are of particular
importance for forbidden transitions, are much more easily included
in this approach than .in the Intema;n—Pollock approach.
Furthermore, in connection with all wave-function overlap
«caloculations, on whrqhqthe most extensive predictions of internal-
ionization probabilities are based, it must be kept in mind that
near~orthogonality makes the atomic matrix element exceedingly
sensitive t& the accuracy of the wave functions. This point is
discussed in detail in Sec. 2.5. It is iikely that quantitative
results derived from hydrégenic wave functions may lack in accuracy,

particularly in the case of outer shells.
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5.5. Measurements of Internal Ionization
N I T Nl N s ANl N gt P o NPT

Excellent critical reviews of experimental work on internal
ionization and excitation accompanying electron capture have
been compiled by Law and Camphell (1973}, Mu%oyama et al.- (1973},
Freedman (19274), and Walen and Briangon (1975): somewhat earlier
results have been discussed by Stephas (1969).

Experiments on shakeup and shakeoff during alectron capture are
made difficnlt a priori by the fact that the probability of these
processes is much lower, perhaps by an order of magnitude, than in
B decay: the effect of the sudden increase in nuclear charge upon
the Coulomb field seen by the atomic electrons is, to a considerable
extent, compensated by the reduction in secreening than ensues when
one K eleétron is captured. Consequently, the experimental infoxrma-
tion on the subject is quite limited; it is confined to the five
isotopes with simple ground-state-to-ground-state decays listed in
Tahles 5.1 and‘5.2, and to some recent work on 7Be (Mutterer, 1970}).

Relatively least difficult are measurements of the probability
of double K~vacancy production through the detection of coincidences
betwean two K X rays (or K Auger electrons, or both). Two decades
ago, Charpak {1953) nsed two 27T proportional counters for such
measurements on 55Fe. Langevin (1957, 1958) measured the K Auger-
electron sum peak in a single proporticnal counter with a gaseous
internal 7lGe source. Miskel and Perlman (1954) and Kiser and
Johnston (1959) measured X Anger electrons and K shakeoff electrons

from 37Ar in a proportional commter.
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Upon the advent of NaI(Tl) scintillation detectors; these were

. employed in several measurements (Daniel gt al, 19260;
Lark and Perlman, 1960; Ryde g_'g gi,, 1963;

Smith, 1964). A further advancé in the technique was made possible
when solid state detectors were developed with which XK x rays from
elements with adjéining atomic numbers can be resolved, so that one
can discriminate sensitively against impurities. Nagy EEE.EELG

(1972) used a Si{Li) semiconductor detector in ¢oincidence with
a scintillation counter in double K-vacancy production meaSurements
on‘131Cs and 165Er.

The creation of double K holes can alsco be determined by
detecting radiative transitions to the empty X shell. Such transi-
tions produce Ko x-ray "hypersatellites™ that are shifted up in
energy with respedét to the diagram line. 2 hypersatelliite measurement
was First used by QOéxrtZen (1964), who empleyed a bent—crystal dif-
fraction spectrometer to determine.the double K-vacancdy production
rate in 71Ge; the result agrees extremely well with that of Langevin
(1957, 1958). Briand et al. (1971) measured the Ko hypersatellite
from 7lGe decay in coincidence with the ensuing Ka3'4 satellite.

Results of all these measurements of double K-vacancy production
probability during nuclear K capture are included in Tablée 5.2.

Total electron ejection probabilities are much mors difficult to
determine. Spectrum measurements necessarily have a low-energy
threshold, determined by detector noise, electron scattering, and

window transmission problems: Because most electrons are ejected with

very low energies (Fig. 5-3), total ejection probabilities can only
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be inferred from measurad spectra, that extend over a limited range,

by fitting the data to some theoretical spectral shape. The

admixture of L electrons ejected during X capture, and of K

electrons ejected during I capture, introduces aéditional uncertainties
that are difficult to account for, unless the electron counts are
gated by double K x~ray events. The results depend so heavily on the
theoretical model in terms of which the data are interpreted and

often contain such large probable errors that they have not been
included in Table 5.1. Pertinent information can be found in the

original literature and in the papers by Stephas {1969), Mukoyama

et al. (1973), Freedman (1974), and Walen and Briangon (1973).

While ejected-electron spectrum measurements have not, in the

. past, led to unequivocal and precise determinations of the total

-electron ejection probability, they are nevertheless of value for

testing theoretically predicted spectrum shapes. The 7Be electron

spectrum has been ﬁeasqreq:by Mutterer (1970) , and that of 37Ar,

by Miskel and Parlman ki954), with propoitional counters. Fengra

and Crasemann (1963) gated on Mn X x rays, detected with a

;cintillation counter, to measure the 55F§ electron spectrum with a

proportional cqunter, at low engfgies, and with an early solid statg
55

detector, at higher energies. Modern measurements of the ~ Pe

electron spectrum have been perfomed by Nagy (1971) with two plastic

-scintillators in coincidence, and by Eitshara and Shimizy (1975), who

performed a triple-coincidence (x~x-.p) experiment with proportional
counters. The 71Ge spactrum was determined by Langevin (1958} with

a proportional counter. Daniel gt EEL' {1960} used a
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magnetic spectrometer to study the spectrum from 131Cs; this spectrum
was measured more recently by Sujkowski et al. (1973) with a 5i(Li)
detectar placed at the focus of a zZero-dispersion homogeneous
magnetic-field spectrometer. A magnetic P-ray spectrometer was used
by Ryde et al. (1963) on 165Er.

The measured spectra appear to agree, within errors, with the
general shape that all theories predict; this shape is largely deter-
mined by the statistical factor. Without question, precise absolut?
measurements of ejected-electron épectra, preférably in coincidence

with two K % rays, would be of great value as a guide for more

refined computations of the atomic matrix element.

5.6. Correlation of x Rays and ¥ Rays Following
Pt N, P T PN NP At it PRt E N et aapray,
Blectron Capture
Pt P g i,

If aligned nuclei undergo electron capture, the atomic innex-
shell vacancieg created thereby can be polarized, and subsequently
emitted x rays can be circularly polarized (for an illustrative
example, see Emery, 1975). Dolginov (1956-1957, 1958a, b) has
described these circular polarization effects and pointed out that
even in the decay of unaligned atoms a correlation can exist between
the circular polarization of x rays and of y rays emitted following

the nuclear decay.

An unisotropic directional correlation of the type

W@ =1 + A2P2{cost’:)) (5-17)

can exist between x rays and v rays emitted after nuclear electron
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[followed by 269a]

capture if the intermediate atomic state is characterized by a

vacancy with j>1/2. The theory has been developed by Dolginov

{#r. early dieccussion of the problem is given by Tolhocek et =#1,,
-(1958b) A Somewhat simplified ewpressions based on Delginovis theory 19557 .

are given by Rupnik and Crasemann (1972), Wwho also worked out the
directional—-correlation function for x rays emitted in transitions
to the L3 1eéel and v rays, following second;forbidden nopunigque
electron capture transitions.27

The experimental detection of anisotropic x-y correlaticons is
hampered by, the condition that the intermediate atomic vacancy must
havejj>l/2, whence only L3 capture ig of int.erest.28 The L3/Ll
capture-ratic in allowed transitions is aiways small {<1D—?); one
must choose a radioiscotope that decays through a second or highe¥
forbidden electron-capture transition to a short-lived excited
state of the daughter: The only readily available isotope that
fulfills- these reguirements is‘207Bi, but its- decay scheme is
cluttered with other transitions. Efforts to detect anisotropy in
the x-y directional correlation from 207Bi.decay have been unsuccessful
(Rupn:':k and Crasemann, 1972; Cambiaggig .?-E al., 1975), although the

results are not inconsistent with theoretical predictions..
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Appendix

A i i M A
A2.1. Txpressions for K(kx’ku’ and mK(kx.kU)
B T W e T T g e}
Only the dominant terms of the gquantities MK( icx,k v) and
(k yk) are given in Egs. (2«106). The complete formulse

for k(l) and k(a) follow {Behrens and Bithring, 1971, modified

for electron capture}.

Lok, = kY = K-k
Mx(ky’ k,)= .K'. N (pR)kx-l{ R)k..-vt
GE+ DU (2~ (@ DUk~Die -1t =7 K
o (2"! 1)" . (Zk ) 2% Ato [
*Z, ; (20124 2k — 1T (2EN(2A+ 2K, — 1)x~( PN (u)

2a+1
x p;o(msﬁ)?“'3"(W,<R)2’-"(ﬁz)" (__ l/ 3%;_1_ [(icr) FEER (K, 20023 1)

1 1 1 (2u+1) +
- RWR Fa i-i-l ]
2K 41 21+2kv+1 2H+?.kx+lq‘ 5 7 KK ll(k 2_u+1 20+1, p)

1 2
+ [2————-—-—— w,fa( "“) Pk, 2u+1,20% 1, p)

B2k 41 P

! Za K+1

- e R pRtay 2;1 2, p)| — i

24+2 +Iq" (p) Kok y 20, =
k; 2041 (2-41)

&4
X &;&_Tz_k_ﬁ”:"( » ) Fiii(ky, 201,20+, p)
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1 % K+1
ot () Rt 2020, | - V
Dk 1% \p xi(k, 214 20, 6) 2K +1

2 1 20+ 1)
x HéR gt 1
2242k, +1 24 2kgt1 R ( g FEeinlky 2n+1,20 41, p))
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X! 1 k, — 1 kv —1
Ml ) = @K+ D1 2= Nk~ DG Dl -1 B0~ (@R)
5 & (@k-nu (2k,— )11 2 pve
2z 2 (2p)!l(2;+2k,‘— D1 @)ieasak,—nn #0072 D (0)

i I i 2¢
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2
x Fig 0k, 20+ 1, 20, P)] + [2#—_}_2]’?;} i, R (:) Fixalkes 2u+1, 20, p)
X

L -1 4 (20—1 K+1  (2-A2)
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o~ K! 1 k=g Ryt
e ) =¥ ke @111k, D= D= D 20 @
y V"'—_EH § 5 __ @by (2k,— )11
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In these expressions, we have

(0 1f p=0
0 if a=0

0 if p=0

1 otherwise-

For nth-forbidden unique transitions, Egs. (2-Al) through (2-Ak)

v

apply, with K=n+l, AF(11-;-3.)111’ AF(n+l)(n+l)0’ Flae1)(n+1)1’
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A
Fene1) (ne2)d’ !

o813l 5 e e Vo
(2=A1)-(2-Ak4) apply with K=n, Fn(n—l)l’ LS F o Fn(n+l)l'

If n=l, there is a furbther contribution from Egs: (2-A3)-{2-AL)

with K=0, AFOOO’ AF‘Oli. A1lowed transitions involve Egs. (2-A3)
v

and (2-Ahk) with K=0, FOOO’

For nth forbiddén nor~uhique transitions, FEags.
V. A v

v
Foii

T Y V.

with K=l, "Fyqp5 Fiig9 Fopgs AFlal’

ious terms in Fas. (2=A1) through (2-AL) is détermined, first, by

and Tgs. (2-A1) and (2-A2)

The fiagnitude of the var-

powers of the factors (piR), (qiR), (wxﬁ}, (méR)g and (a2); and
séconds by the differende 6f oné order of magnifude between the
relstivistic and honrelativistic form-factor éoefficientss Thus,
the dominant terms of Eqs: (é—Al)é(ZLAQ) are a éubse£ of the
terms with A=0; p=0 [Bgs. (2-104)=(2+106)]. The corréection terms
of the next order are

(i) terms with p=0; A=0 which were not included in Eqs-
(2=10k)~(2-106) 5

{ii)} térms with p=0, A=l and pusl, A=0 corréspondiig %o the
terms with p=0, A=0 of Egs. (2—104)-;2ai06).

A1l terms, héwevsr, with powers of meR and wa can usually
be omitted since m R and wxﬁ aré generally much smeller than ofZ.
It ghould be noted that for éléciron capture the correction
terfis are imporfant only in casés where cancellations odecur

among the dominant teris.
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A2.2. - Pxpansion Coefficients I(k,m,n,p;r) up to Order m=3
- W’M\Mwm'

The expansion coefficients I(k,myn,pjr) of the electron
radial wave functions; up to-order m=3, are as follows (Behrens

- and Blhring, 1971):
MR 11, 1 7) = (K 1) B f **U(dx,
. . - - do

) , ,
(K, 2,2,2; 1) = 202k + l)r"zf U(y)y"”‘f x*U(x)dxdy,
. T N [+] i3

- . 2k+1 . 4k _, [T
Ik, 2,2,1:7 ---—-—-—r’"‘"f %2 0(x)d zf U(x)dx,
) (- ) 2k—1 o ) x+2k T (x),x

2(2k+ 2(2k+1) _2,‘_

(k2,115 r) Pyau

4 r
x2*U(x)dx— r'zfo x)dx,
O

©I(k, 3,3, 3; r) --2(2k+1)(2k+3)r"2"' f 2"U(z)f U(y)y"z"f x*U(x)dx dydz,
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3(2k+1)(2!c-—1)

k3,2, 1; )_2(2k+3) -2 f Y()dx - 22 E3) i f *542 0 (x)dx,

2k+1 2U+1
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X f xz"U(x)dx-l— __42k+3) r_z:‘qxb-(x]dx:
o @k+1)(2k-1) Jo



275

The function U(x) in these expressions is defined by

V(x) = =(aZ/R)U(x), (2-A6)

where V(x) is the potential of the nuclear and atomic charge dis-

tributions.
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Footnotes

toat, -Ak+}.

1 + +
We have A _{Al . A2 » Ay

aPhe field operators are given by

y(x)

V-l/ 2 Z Z {eiqxar( q)ur( q) +b:( q )vr( q)e“j'qX }
q r -

T = v/ qZ rz{e“iqxai(q)'ﬁr(q>+br<q)?r<q)ei‘*"};

r=1,2.
The ar(q) and a:(q) are the annihilation and creation opera-
tors for a fermion of momentum q and spin r, respectively,
hr(q) and b;(q) are the corresponding operators for the anti-
particles. The u (q) and v (q) are both the free-particie

- . ', - ".;.. -_— “+ -
Dirac spinors. e have ur(q)_ur(q)Y4 and_vr(q)_vr(q)74.

*We use the Dirac equation (-éﬁ;sm-w)¢=o and the notation
==1p =B, Y= Gedy s G0y, and o, =~iil “r.Y,)
Y]-L— 3, ll'-,p',T)_l_— ,YqulYEYBY“'P, TB’ = Y5 }l\)u 2 Y]-LYV Y\’ ® ’
b

In the following, we use natural unitS‘ﬁ=me=c=1.

5

e have'?:gyr, and d22 is the scolid angle.

6

The electron radial wave functions can also be calculated approxi-
mately as hydrogenic wave functions for a point nucleus of
charge reduced by the appropriate Slater screening constants

(Slater, 1930).

7However, for the inner shells and for medium and high atomic num-
bers, there is only a negligible difference between the wave

functions of Mapn and Waber {1973) and those from Hartree~
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Fock~Slater calculations {Suslow, 1969 .and 1970b;Jzhelepov
et al., 1972; Martin and Blichert-Toft, 1970) or Thomas~
Fermi~Dirac calculations (Behrens and JHnecks, 1969; Band

et al., 1956, 1958).

8The Fourier trvansform of the electron wave function ¢e_(r) is
-iD 1 .
> . =
$o~(D) =Ie ® g -(Prar’-

9In the formulae for B™ and P* decay, the axial-vector coupling
constant A has the opposite sign LSec. 2.1, Eq. (2-39)1.
For electron capture, there are hence two ways of dafinihgp'
the axial-vector form-factor coefficients in terms of matrix
elements and coupling constants, i.e., by using the same
sign definition for A as in the B“~decay formulae or the
same as in the PY=decay formulae. In the present work, the
defirition of the form-factor coefficients corresponds, as_
in Behrens and Jinecke (1969}, %o those in B~ decay. Conse~
quently, in addition to the sﬁbstitution indicated in Eq;
(2~40), we must replace AFKLS by --AFKLS when going from

B* decay to electron capturs-

10There is another possibility of going to the nonrelativistic
limit- By applying the Foldy-Wouthuysen transformation
on the total (nuclear plus P-decay) Hamiltonian, one can
construct an effective V-4 transition operator that can be
used with nonrelativistic single-particle wave functions

{Rose and Osborn, 1954; Blin-Stoyle, 1973; Konopinski, 1966).
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-
The operators a and ¥,

>

matrix elemsnts are replaced in the nuclear space by

which appear in the relativistic

E e ]
@ > - 75 + =5 -

This treatment of the relativistic nuclear single~particle
matrix elements is fully equivalent to that described in

the text.

l1First- and second-class currents are defined on the basis of
their behavior under a G operation. If we split the hadron
current into first- and second-class terms (Weinberg, 1958;

Kim and Primakoff, 1969),

T IT
= + J
Ju Ju p’
we have
osl -7 +argt
©w
23t 25 - ar gL,
P 1 n
and hence,
GITG L = agt
B 1
erilgl - -t
B »

Here, Jﬁ is a first-class element of the hadron current, and

JiI is a second-class element. The G operator is defined as

vhere C is the charge~-conjugation operator, and T2 is the

second isospin component.
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There g only a smell Aifference between the feorpefactor
coefficlents for electron caplure and r3+ faczy, becauvsge
of the different decay erergies, In the foruer csse,
the decay energy ls Wéch_i—wx, while in the lztiter case

1t 1s Wy. This energy cifference leacs to the
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following correction factor (Behrens and Buhring, 1974) @

b £ £ uoy }
X X ). .,T 1 11
s gl Al

B
Because we can assume |'fT/ll<3X1D_3 (Blin—-Stoyle, 1973; Wilkinson,

' 1970p jAlburger and Wilkinson, 1970; Wilkinson and Alburger, 1971;

Eman e% &l..; 1973}, we obtain a correction
£, Y
T 1 Y1), . -3
KJ{WK— 3(1.+ = ) =2%x10 .

This value is smaller than the contributions from higher—order-texms

(Bqs. (2-128)-{2-131)] and from the radiative coxrections.
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15 The total integrated intensity of a two-pheoton spectriny for
-k
example, is exvected 1o te 1o greater than VIO = fimes that
o’ the corresponding one-photon spectrum. Two-photon IE

and the Qirentional correlation betwesn the pholtons have

beer studied by leuhardt (17%7).

16 Trhe adequacy of tuis procedure has heen guestioned b “ogonin
aud Persson (1772}, bat it uaderiies all theovebical work
reported so far.

17 For 2 possible exception to tﬁis statenent, =zee Smirnov and

el
o

atkin {1774).

18 Unfortunately, ligller's work is much less well-known than that
of Horrison and Schiff. Thus, the theory has come to be
known by the names of the latter authors. Yet, it was Fgller
who first envisaged IB as arising from the emission of a vir~

tual positron, followed by its single~-guantum anninilation

with one of the K electrons.

19

winter (1957) has shown how to construct a simple classical
model for radiative X capture which correctly predicts the
low-energy portion of the IB spectrum [Eq. (&-17)] and, to
within & factor of 1n2, the total radiative capture rate
[Eq. (4~18)]. Weither the hiph-energy portion of the IB
spectrum, however, nor the IB angular distributicn are cor-

rectly given by the model-

' DRIGINAT PAGE IS
OF POOR QUALITY
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20 gecause gé(rN,g) is well behaved as r\»0, it is unnecessary to average it

over the nuclear volume,
2:"Of greatest interest are those EC transitions for which competing positron
emission is energetically impossible. Then we have k<2-B, and |E[<1. In
this case, the Green's function cannot represent a freely propagating wave.
Rather, it decreases rapidiy with distance from the nucleus and has a
range which depends on k.

22.In this approximation, Glauber and Martin neglect the retardation factor
ek L for photon energies k<Za. This .approximation is discussed further
and a calculation of the ls-state capture spectrum of 37Ar in which this
approximation is not made is given by Paquette (1962).

23 ps pointed out in Sec. 2.2.2, the (gLJ/gK)Z -ratios given in Brysk and Rose
(1958) deviate systematically from all other reported calculations on
screened electron wave functions. However, these deviations, and the
resulting uncertainties in Fig. 4-7, appear to be never greater than about
5-6%. The errors, of order Za, associated with the results of Glauber and
Martin (1956) for the 2s, 2p, 3p -spectra arealways much larger (except
fqr the spacial case of 4Be). Thus the results dispiayed in Fig. 4-7 are
more than adequate for present purposes and, as a convenience, will be
used to determine all screening corrections in Sec. 4.2 unless otherwise

noted.

2”’An excellent summary of these results is given by Schopper (1966).
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The vacancy“creatéd by nuclear electron capture tends to counteract
the effect of the decrease in nuclear chérge from Ze to (2-1)e.
For this reason, the overlap integral-of Eq. (5-2) is smaller

than its analogs in Bi decay.

26The upper limit of the neutrino energy is only approgimayely
W°+1—IEk[~W as implied by the energy-conserving delta function
in BEq. (5-3). fhe neutrino energy is reduced by the binding
energy of the second X electron in the daughter atom that already"
~contains one K hole, and increased by the additional relaxation

energy of the electron cloud.

2 . . . : .
7The directional correlation function for x rays from L3~shell

internal_conversion of an M4 vy transition and a cascade Yy ray
in 207Bi, given by Rupnik and Crasemann (1972) [their Eqs.

{36} and (37)1 is in error: contrary to these authors' assump-
tion, tﬁé radiai integrals cannot be factored out of the cor-
relation expression (J. S. Geiger, prifaté communicatioﬂ, 1974).

New calculations ‘are being carried out by Geiger and Ferguson

(1974) and Carvalho et al. (1975).

28 .
While nuclear electron capture as a rule occurs predominantly f£rom

g states, it is interesting to note that V97% of the primary

20

vacencies produced in the decay of 202Pb and st are in the

L, shell (Emery, 1975; Bambynek SE.E&:: 1974).
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TABLE 2.1. List of caleulations of electron radial wave functionsinside or near the
nicleus. _
a Atomic Nuclear charge
Reference R/NE~ potential distribution Z Shells Remarks
Brysk and Rose R TFD upiform 10-10C X, L Results presented
(1955) graphically
Band et al. R TFD uniform 18-98 K, L
(1956, 1958)
Brewer et al. R TFD uniform  55-90 M Every fifth atomic
(1961) number is listed
Watson and NR HF point B-42 all Analytical wave
Freeman functions are
(1961) used
Herman and NR HFS point 2-100 all
Skillman
(1963)
Winter (19568) NR® HF point Tl K, L Ll/K ratios only
Behrens and R HF (2<38) uniform 1-102 K, L, M
JHnecke TFD (Z2>36)
(1969)
Suslov (1969, R NR HFS (2<2) uniform 2-98 K, L, M
1970b) R HFS (272} Np. W,
Martin and R HFs® Fermi 5-98 K, L
Blichert-
Toft (1970) '
Froese~Fischer NR BP point 2-86 all
(1972b.)
Mann and Waber R HF Fermi 1-102 all
{1973)
aNR:nonrelativistic; =relativistic.

b

T¥FD=Thomas~Fermi~Dirac; HF=Hartree-Fock; HFS=zHartree-¥ock~Slater.

cSupplementary relativistic corrections are applied to results from NR analytic wave

functions of Watson and Freeman (1961) and Malli (1966).

dNes_tor et al. (1966} Tucker et al. (1969); Luv‘g;l; al. (1971).



TABLE 2.2. Calculated electron radial wave-function ratios gi /gi.
1

Nonrelativistic ' Relativistic
HFg HF TFD HFS HF
72 Herman and Froese—~ Winter Brysk and Band Behrens and BSuslov Martin and Calculated® Winter © Mann and
Skillman Fischer (1968) Rose et al. JYnecke {1969, Blichert- with the (1968}, seber
(1963) (19721 ) {1958) (1956, (1969) 1970) Toft (1970) codes of corrected (1973)
1958) Fricke et al.
(1971)

5 0.049 0,041  0.0LL 0.049 0.0k1 0.049 0.0h41 0. 041
10 0.058 0.055 0.055  0.075 0.059 0.058 0.059 0.055 0.055
15 0.075 0.074  0.07h 0.079 0.077 0.076 0.076 0.076 0.074 0.074
20 0.085 0.08%  0.084 0,083 0.085 _0.086 0.086 0.086 0.086 0.08 0.086
%0 0.095 0.095 0.095 0.093% 0.099 0.100 0.1C0 0.100 0.100 0.099 0.099
ho 0.101 0.101, 0.103 0.109 " 0.109 O-lOé 0.109 0.109 0.108 0.109
50 0.1.04 0.105 0.113 0.118 0-118 0.119 0-118 0-118 . 0.118
60 0.107 0.107 0.125 0.128 0.128 0.128 0.128 -+ 0.128 0.127
20 0.109 0.109 0.137 0.139 0.140 0.1%0 0.139 0.129 0.138
80 0.110 0.111 ¢.151 0.153% 0.154 0.152 0.152 0.152 0.151
%0 0.1l 0.166 0.169 0.170 0.167 0.167 0.168 0.167

100 0.112 0,184 0.190 ‘ _ 0.187 - , 0.18

aThe‘parameters in the Slater exchange term [Eq. (6) of Fricke et al. (1971)] are C=1, n=1, and m=1.

bNonrelativistic results multipled by a correction factor for relativistic effects.

ehe



TABLE 2.3. Calculated electron radial wave-function ratios gﬁl/ggl.
- J TW-_o-ﬁrelgiinivistic Relativistic
HFS HF TFD HFS _HF
2 Herman and 1@atsbn. and Froese~ Brewer Behrens and Suslov Calculated with Mgnn and
Skillmen Freeman- Fischer et al. J8necke (1969, the codes of Waber
(1963) (1961) (1972b) (1961) (1969 1970) Fricke et al. (1973)
. (1971) -
15 0.095 0.075 0.076 0.095 0.095 . 0.076
20 6.132 0.118 0.119 0,133 0.133 0.119
25 0.1k4 0.134 0.1%6 0.145 0,145 0.126
20 0.148 "0, 144 0.143 0.162 0.150 0.150 0.1kl
4o 0.174 . 0.172 0,18k 0.176 0.176 0.174
50 0.194 0.193 0.201 0.197 0.196 . 0.195
60 0.208 0.208 0.216 0.21k 0.212 0,211 0.210
70 0.218 0.218 0.228 0.224 0. 22k 0.222 D.222
80 0.225 0.225 0.237 0.233 0.231 0.231 0.230
90 0.231 ' 0.2k2 0.240 0.237 0.238 0.237
100 0.235 0. 245 0.243 0.242
- s
aHere, gf has been taken from the tables of Behrens and Jé{necke'_( 1969).

1

€4t



TABLE 2.4. Calculated electron radial wave~function ratios gﬁ /g; .
1 1

Norrelativistic Relativistic
‘HFS HF HES HF
7 Herman and Watson and Froese=- Suslov (1969, 1970): Calculated with Mann and
Skillman Freeman Fischer Dzhelepov et al. the codes of Waber
(1963) (1961) (19721) (1972} Fricke et al. (1973)
(1971)
35 0.116 0.094 0.G94 0.116 0. 094
4o 0.162 0.143 0.163 0.162 0.143
b5 0.184 0.168 0.18 0.185 0.167
50 0.203 0.188 0-206 0. 204 -0.189
60 0.233 0.224 0.226 0.235 0:225
70 0. 237 0.232 0- 245 0. 243 0.2%6
80 0.251 . 0.248 . 0.257 0.257 0.251
90 0.266 0.271 0.271 0.267
100 . 0.279 . - 0.283 0.279

. '\-;\

Lk



TABLE 245+ Calculated electron radial wave-~function ratios gg /@5 .
! 1

1
Nonrelativistiq R;;ativistic

HFS HF HFS Hr .

Z Herman and Skillman Froese~Fischer Calculated with the Mann and w;ber
(1963) (1972b) codes of Fricke et al. (1973)

{197L1)

70 0.155 0.135 6..161 0.146
95 0.182 0.163 0.18 0.171
80 0,203 0.183 ’ 0.208 0.192
85 0,229 C.211 0.232 0,216
20 0.252 0.252 - 0.259
95 0.263 L0.2%6 0.254
100 0.272 0.278 0.279

SHE



TABLE 2.6. Calculated relativistic electron radial wave~function ratios fE

2
/gs .
Ll

2
— TFD HFS HF
b Brysk and Band Behrens and © Suslov Martin and Calculated with Mann and
Rose et al. JHrnecke (1969, 1970b); Blichert- the codes of Waber
(1955) (1936, (1969) Dzhelepov et al. . Toft (1970) Fricke gt al. (1973)
1958? ' (1972) (1971)
10 0.001 0.00052 0.00053 0.00052 0.00046
15 0.002 0.00160 .0.00155 0.00155 ' 0.00155 0.00143
20 0.003 0.00235  0.C0318 0.00308 ' 0.00306 0.00306 0.00290
25 0.005 0.00h92 0.00525 0.00515 0.00512 0.00512 . 0. 00489
30 0.007 0.00751  0.0078 0. 00778 000774 0.0077% . 0.00746
40 0,013 0.0145 0.0149 0.0148 | . 0.0147 0.0L47 0.0143
50 0.022 0.0241 0.0247 0. 0246 0.02kk 0.0244 0.0238
60 0.034 0.0%68 0.0577 0.0376 0.0371 . 0.0311 0.0364
70 0.052 0.0538 0.0548 0.0546 0.0538 0.0538 0.0527
80 0.077 0.0757 0.0771 C.0755 0.0755 0.0754 0.0741
90 0.111 0.1056 0.1058 C.1043 0.1042 0.1041 0.1023%
100 0.1474 0.1452 0.1407

0.154

€



TABLE 2.7. Calculated relativistic electron .radial wave-funct::i.on ratios f["a‘fg/g}'e&.
o T¥D . HFS . ¥
4 Brewer et gl. DBehrens and JHnecke Suglov Calculated with Mann and Waber
(1961) (1969 (1969, 1970b); the codes of Fricke (1973)
Dzhelepov et al. et al. (1971)
(1972)
15 0.00112 0.00111 0.001.02
20 0.00282 0.00281 0.00259
25 0. 00495 0.00492 0.00470
30 0.0079 0.00766 0.00761 0.00730
40 0.015é 0.0156 ] 0.0155 0.0150
50 0.0268 0.0267 0.0264 ‘ 0.0258
60 0. 0409 0.0k16 0.0k15 ' 0.0409 0.0400
70 0.060L 0.0610 0.0609 . 0.0599 0.0588
80 0.0834 0.0865 0.0848 0.084y 0.0831
90 0.1179 0.1201 0.1176 ' 0.1173 0.1153
100 0.1661 . 0.1616 0.1589

e
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TABLE 2.8. Calculated relativistic electron radial wave-function

ratios f§ /g§ .
2 1

|

HFS HF

7 Suslov Calculated with Mann and Waber

(1969, 1970b};  the codes of Fricke (1973)

Dzhelepov gt al. et a1, (197L)
(1972) -

35 0.0078 0.0076
Lo 0.0134 C.0133 0.012%
i5 0.01.85 0.0182 0.0176
50 0.0247 C. 0244 0.02%7
60 0. 0400 0.0394 0.0385
70 0.0594 0.0583 0.0572
80 0.08% 0.083% 0.0821

90 0.117 0.117 0.115

100 0.162 0.160
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private communication.) Columns are headed by atomic numbers Z. (Outermost electrons have been omitted, )
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D.22040C=D1
0.31430E-D 1
0.14305E-7
0.23705E=02
3,231 3E 0O
2.10997E 00
Q.ET135F-01
DL133456E-01
0.146T1E~-D1
0.5295TE-03
0.06N69C~D3
J.51159E=05

101
0.508268 01
0.27040€ 0f
0.84026F 00
0.61124F 0Q
0.1085%3E 01
0.43994E 0
0.33971E 00
0.40310E=-01
0.56F9 1E~0L
0.57449¢ 00
N.23327F 00
0.1%263€ 00
0.23304F~0L
0.33167E-01
0,1544°E=02
025577602
0.20752C @0
0.11RO7E 00
0.21654E=01
0.11086E-01
Qe 15564001
0.57811E-03
N.937LLE-01%
0.54055E-05

1Nz
0.530L3F ‘0L
0.23121& 01
D.PSS5RF 00
0.634696E G0
T4 L1402 oL
G.46943E NO
0. 35386 Q0
D.42626E~ 01
0.597494E=- 01
0.60433E 00
0. 24745E *O0
0.19132E" 00

" 0.249318< 01

0.34577F- 6]
0.16569E- D2
0.27357E= 02
0.31420E 00
G. 126868 ON
¢.95401E- 01
0.11A108- Q1
0.165038=01
0. 62986E- 03
0.10163E-02

Du5TLS5E- 05

£SE
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TABLE 2.10. Relations between form~factor coefficients and nuclear matrix elements
in Cartesian notation. (After Behrens and J¥necke, 1969; Bfihring, 1963b; Bilhring

and Schillke, 1965.)

Type of Porm-factor
transition coefficient Matrix element in Cartesian notation
Allowed - v (0) C ,[l
Tooo ‘
A(0). -
"o g
First forbidden A0y Aly
000 5
nonunique
A(0) T
Fou1 ‘\] R
&> >
0 3.
A éﬁ(l 1,1,1) }:[12% (1,1,1,1;1)
v.(0) -
Fio1 j &
v (O T
F110 EI R
0 L
v g_l())(l 1,1,1) Gji-% T(1,1,1,13r)
A_(0) . 1/2{g-
i M3/2) Fﬁ"
0 ) -
A :(Lli(l,l 1,1) -x(3/2)1/2F < 1(1,1,1,1;r)

b (0 iB
"F.(zli {572 1213




355

TABLE 2:10:; Continueds
Type of Form~factor
transition coefficient Matrix element in Cartesian motation
P
f - . W iLRi poni
1* forbidaen V50 (leiyr 2
- LLO T T
nopunique N R
V. {0);1 5 - Z‘zna)i:iiLﬁi;'“iL .
Ftﬁé(kilql;l) (' T ') “'“'Ri" = I(Ki1l,1,1ip)
L*
. e
vp(0) A f (2121) u) I M
LyL=i4] L (I=1)1 glF1
! ‘.L-‘i"
A(0) 1 feonanii L'il ipeesiy
Fl Az'-"' L ZLET ) IO R
1l T 1 Lt T+l oL
2 7z . - . P Y
ACO) s 5 4 s -_L((2L4=ll-!.§ B
Fry (ke ds ks ) MINTTT T B
I.H:j_T
i:eé3l
% . % sl Hky213151597)
R
i
AL0) PV (2L+l)!‘!)" W A 75
T1,051 (L+1)1 L1 J L
R
L 30 A(0) Py
Fiprst forbidden A3V g2
.. 211 R
uhique
-
1(0) [
t . 1 f(21-1)11 1707
(1=1)%" forbidden -A,_.( i .
*';nique L,I~-1,1 LI\ (I=-1)!) 21
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SPahla 2,11, Fxchange asnd averlazp correciiov fasteors B, for L-sico-
LT PN R - 3 'i."!i . [ S P 1 . = e . | EE I CHEC
oo osapiure snd A0 Por LAY captove ratlor, reaniceisven sofnoare
reTtrar-foel oofte 30 Frocze=Flgciler,  O0lumnme labelad TUY are naee
rutet aganedinyg Lo Ahe aprroach of Vahsly columnsg Tabelesd B30 ary
e lepiatred wita Zeveail s frzmuelas,  Ir beid apnreacheas, Lhe pT0e0T
of zhe hals 1n The fauzhter aton xs heerp insludad,  Aglertelg Tntie
Lrve plargnre far whitsh the szlaulssSlons were nerfermed gb frntioiog
fTe wmer tedng Paostors Were Feterained by o Repoint Iegrapgien Lviet-
Folating procedure, (¥, A, Chen, privalz comtunication).
BlK) BiL1) a{K1) aiNl} X(L1/K) X{HE/LL) X(NL/HLD
2 v il v 8 v B ¥ b v B v. B v B
T 4% JBIE . 9CD  2.2227 "3.045 - . 24723 34363
H JHoE L5246 l.eVs 2.432 Z.lok 2633
£ L9035 L5641 1.£3&6 2.009 1.511 2.13%%
= W28 4554 L 482 1,734 . s 1.5%7 l.Bt2
E L5484 .9b2 1,391 1.980 . "1.474 1l.642
4 f933 W97 1.341 1.496 l.a0k  1.547
10% W7 LwT0T 1,303 l.gay 1.358 1.4%
11 W939 L5701 l.272 1,399 B 14327 la4al
12¢  ~ J%al 7,572 1.206 0 1,309 Ti351 20134 1.236 14347 13656 1e830
13 +5B4 o573 14185 1,272 1.241 _1.%63 1,230 1.307 1.300 1,541
14 N1 T4 1167 1.ZH2  lad63d T 1,829 1,208 14275 14255 le473
Lo_rer «758 L9756  1.152  1.21% 1.3l 1.733 1,190 1.250 1.225 1l.422
it «9TG 7 6767 1.1al” T.200 1.375 l.esl 1.17¢ 1.230 1.206 1.383
17 .972 L6577 1.130C Lll1BL 1.3%c 1,603 1.163 1.213 1.193 1,353
16* 673 WSTE 1,221 IL17F 1.32Z 154§ 1,152 1.197 1.179 1.323
1y +S74 577 1a111 14157 l.2ct l.4by 14140 14162 1el60 L.287
20% 26757 WSEC 1.0G6%  1.141 14239 1.4l 1,593 2.130 1,127 1184 1127 14235 Le28E 1.506
21 576 .91 1.t9C¢ i.133 1.235 1.399 14117 w155 le133  M.227 .
TTgET T W97 L581 BaGes  L.12% 14230 1,369 1,209 “1.147 1.03% Ll.217
23% JGTE WS07 1,075 1,115 1.22% L350 1,339 1.80C 1,103 1.140 1.135 1,206 1.093 14333
ZAT WG7%  .G83 1.076 1,103 1,228 1.333 1.32% 1.746 1.0%%¢ 15133 1.134 1.197 1.090 1.312
25 $476  .583 1.074 _1,108 1,214 1,317 "l.3lk 1.700 1,096 1.127 1.131 1.18% 1,066 1.291
2% L¢80 .Sué  1.077 1.103 1.23F 1,303 1.30L 1.653 1,094 1,121 1.127 l.1sl 1.083 1.272
27 W931 65 1,071 l.09% _l.2ug 1,290 1.257 1.821 1.09Z 1,116 1.123 1,175 1.07% 1.256
FI Wbl .Ss5  1.066 1.09%  1.L%T 1,279 1.28¢ 1.58F 1.0%0 1.210 1.119 1.16% 1.076 1.242
25 WGE2 588 1,067 L.090 1,191 L,26b 1,276 1561 1.0d7 1.105 1.116 Llel6% 14071 14231
3C% W63 JGBE 1.064 1.083 1.ls6 1J258 L.26% 1.538 1.082 1.1560 L.115 1.159 1.067 1.223
31 e95% o557 1,062 1.003 1,174 14243 1,236 1.519 1,000 1.098  I.105 1l.la7 1.071 1.222
ag# WG85 T LLET  1.G61  1.08l 1.l64 1,233 1.252 1.499 1.077 1.095 1.097 1.133 1,076 1.219
33 +Gu6  WGeT  1.856  1.07e 1,155 1.21% 1.247 1.479 1.075 1.092 1.091 1.i30 1.079 1.213
L P ShE St 1,687 1675 1.147 1.209 L0242 1.459 1.072 1.089 1.005 1.124 1.083 1.207
35 .986  .6BR  1.65%5 1.072 1.146 1.200 l.z3s 1,439 1.07¢ 1.065 1.081 1.115 1.086 1.199
3g¥F 586 JSBF 14053 le069 1,136 1.1%2 1.23% 1,426 leCob Ll.o0B2 1.077 1l.115 1,088 1.191
37 LEHB JGBR  1.051 l.066 1.12¢ 1,185 1,230 1.402 1.006 1.07% 14074 131l 1,090 1.184
TEETT T VU8B JG0f 1.06% 1.Coh 14123 1.177 [.226 1,386 1,063 1,070 1.07TL L1.107 1.092 1.177%
34 W86 W%8% 14047 lofol 1,117 L.170 1.221 14371 luosl 1,074 1.067 1.102 1.093 1.172
T g <947 509 1,045 Laued 1112 1.162 14216 103597 1.0b% 1,072 Pe064 10096 1.09% L.170
41 LSBT o989 1.C43  L1.C58  1,10c 1.157 1,211 1,347 1057 1.069 1+062 1,093 1.093 1.164
42 L83k W%bO 1,042 1.0h6  1.505 1.152 l.g0e 1.335 1.055 1,067 1.060 1.091 1.991 1.154
43 WOHE  ,6%0 1,041 14054 1.102 1.147 -1,261 1,324 1.054 1.065 1,058 1.088 1.090 1.15%
44% .638 L6900 1.04C  Le093 1.96% lel43 "1.196 1,314 1,053 1.064 1.057 L1.085 1.088 1.150
45 L6538 LS00 1,039 1,052 1,097 1.139 1,161 1,304 1.052 1.062 1.055 1,083 1.08b 1.14%
K1 " 95E L5661 1,03F 1.05C 17034 T Te135 7 1.167 1.29% 1.05T "1.De0 1.05% 1.0B1 “1.085% 1.141
47 +985 4951 1,03k 1.0649 1.092 14132 1.182 1.287 1.050 1,059 1.0%2 1.078 1.083 14137
Li* W€26 oSyl T1.637 T.046 1,090 10028 TLVIVE T 1.276 1,046 10058 1.051 1.C76 1.080 1.13%°
4G W58% oY) 1eG3E  Lle0a7 1068 1.125 1.174 1,271 14047 1.056 1.050 1.074 1.079 1.130
BE T TT.096  JB91 1,835 1.045 IL.086 1.121 L1869 1.264 T 14046 1.055 1.049 1.073 1,077 1.127
S1% W69C 661 1,034 levhs  1.053 L1.11€ 1,165 1,257 1:044 1.053 1,047 1.071 1.076 1.124
TEETTUC Ut L g3CT SRl 1.633 0 TL042 TTLOES TLIIS CCINI6L T1.250 7 LLOR3 T L.052 TL046 TTIVOEY T I0TE 1.1
53 2990 .66F  1.031  1.€41 1.077 1.11F 1,156 14244 1.042 1.050 1,044 1.067 1.073  1.119
54% -1 891 1.036 "1.039° 1,074 TISTE7 LLIFL C10237 T1l.040° 1.04% 1,043 1.0G65 CL,0727 151XT
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TABLE 2.o Comparison of published exchange and overlap corrections (B

)
for selected values of Z.

Exchange and overlap corrections BK

Bahcall Vatai Martin and Suslov Recalculated in this work as
El, Blichert-Toft described in Sec. 2.5 after :
{1963) (1970) {1970) (1970} Bahoall —
4 Be 0,900 0.816
5 B . 0.924 0.866
6 C 0.938 0.941 0. 903
7 N 0,948 0,954 0.928
8 ., 0O 0.958 0.962 0. 944
9’ F 0.964 0.967 0.953
10 Ne 0.969 0.970 0.957
11 Na 0.973 0.971 0, 959
12 Mg 0.974 0.972 0.961
13 Al 0. 987 0.975 0.973 0.964
14 Si 0.924 0.988 0.976 0.9231 0.974 0.966
15 P 0.939 0.988 0.977 0.9391 0,975 0.968
16 S 0.947 0.988 0.978 00,9479 0.976 0.970
17 Cl 0.954 0.988 0.979 0.9542 0.977 0.972
18 Ay 0.959 0.988 0.980 0.9589 0.978 0.973
L9 K 0,963 0.988 0,981 0.9600 0.979 0.974
20 Ca 0.966 0.989 0.982 0. 9650 0.980 0.975
25 Mn 0.9764 0.990 0.985 0.9731 0.983 0.979
30 Zn 0,981 0.991 0,987 0.9794 0.986 0.983
35 Br 0,983 0.992 0.989 0,9822 0.988 0. 986
40 Zr 0.999 0.9844 0.989 0.98%
50 Sn 0.991 0.9878 0.991 0.990
60 Nd 10.992 0.9888
70 Yb 0.992 0.9896
80 Hg 0.992 0, 9898
90 Th 0.992 0.9899

L5€
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TABLE 2.A Comparison of published exchange and overlap corrections (BL)
for selected values of Z .

Exchange and overlap corrections BLl BLZ’BL3
R Martin and 1 Recalculated in this work as Martin and
Bahcall Vatai Blichert-Toft - USioV described in Sec. 2.5 after :  Blichert-Toft
(1963) (1970) (1970) (1970) Bahoall Vatal (1970}
4 Be 3,045 2.222
5 B 2.432 1.875
6 C 2.009 1.636
7 N 1.475 1.738 1.482
8 O 1.405 1.580 1,391
9 ¥ 1,360 1.496 1,341
10 Ne 1.309 1.449 1.309
11 Na 1.283 1,399 1.272
12 Mg 1.248 1,309 1.209
13 Al 1.250 1.212 1.272 1.185%
14 Si 1.199 1.229 1.186 1.205 1.242 1.167 0.921
15 P 1,193 1.211 1,169 1.189 1,219 1.182 0,929
16 s 1,181 1.196 1,154 1.179 1.200 1.140 0.935
17 Cl 1.172 1,183 1.143 1,168 1,185 1,130 0. 940
18 Ar 1.162 1,170 1.132 1.159 1.171 1.121 0.944
19 K 1,153 1.158 1.120 1.150 1.157 1,111 0.946
20 Ca 1.145 1.149 1.113 1.140 1,141 1,099 0.948
25 Mn 1,112 1.116 1,085 1.108 1,108 1.074 0.958
3C Zn 1.090 1,095 1.070 1,090 1.085 1,067 0.967
35 Br 1,078 1.077 1,060 1.075 < 1.072 1.055 0.971
40 Zr 1.050 1,064 1.060 1.045 0.974
50 Sn 1.037 1.0FR0 1.045 1.035 0.978
60 Nd 1.029 1,040 0.980
70 Yb 1.025 1,035 0,981
30 Hg 1.022 1,031 0.982
94Q Th 1,021 1.028 0.982

85t



TABLE 2 A

Comparison of published exchange and overlap corrections
(B, and B-N)' for selected values of Z

Exchange and overlap corrections B

M

1

B

N

Martin and

Recalculated in this
work as described

Recalculated in this

Z El Bahcall Vatal Biichert-Toft Susglov in S 2 5 aft Vatai Wo’ék asz d;z;_:"'bed‘
(1963) (1970) (1970) . (1970} in Sec. 2.5 after 11970) in Sec.2. er
Bahcall Vatai Balicall Vatai

4 Be '

5 B

6 C

7 N

8§ O

9' F .
10 Ne
1l Na
12, Mg 2.134 1,65)
i3 Al 1.432 1.628 1.960 1,541
14 8% 1.804 1,408 1,510 L. 769 1.829 1,463
s P I, 7LL 1.385 k. 434 1.686 1.733 1,41)
6. S L. 639 1.369 1,388 1.621 1.661 1.37%5
I7 €L ¥.579 1.346 k., 358 1,567 1.603 - 1.348
18 Ar 1.530 1.327 1,328 1,522 1. 549 1.322
19 K 1,489 1.315 1,285 1,486 1.489 L.288 '
200 Ca 1,454 1.299% I, 255 1,453 I, 414 ¥. 239 2.139 1.593
25 Mn 1,335 1.241 1.226 1.339 ¥.317 I.214 1.283 1.700 1.318
300 Zn b,266 1,202 I.190m 1.273 1.258 1.186 1,236 1,538 £.265
35 Br 1.222 1,170 1. 50 r.200 I, 140 I.215 1,459 1,238
40 Zr 1,121 I, 162 F.112 1.359 1.216
50- Sn I.093 1,121 1. 086 1.264 I. 369'”
60 Nd 1.070
T Yb 1.062
80 Hg L. 056

Th 1.051

91' 0

64€
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TABLE 2.A Co:rhparison of exchange and overlap corrections for L/K ratios

Exchange and overlap corrections XL/K
Baheall Vatai Martin and Suslow Faessler Faessler Recalcula:ted b this work
. as described in Sec. 2.5
Blichert-Toft et al. et al. fror:

z El (1963) (1970) (1970) (1970) (1970) (1970} atler:

Bahcall Vatai
4 Be 3.504 2,947 3.383 2,723
5 B 2.633 2.164
6 @ 2.134 1.811
7 N 1.556 1.822 1.597
8 @] 1.467 1.642 1.474
9 F 1.411 1,547 1.408
10 Ne 1,351 1.494 1,368
11 Na 1.319 1,441 1,327
12 Mg 1.281 1,347 1.258
13 Al 1,266 1.243 1.307 1.230
14 5i 1.298 1,244 1,215 1.293 1.275 1.208
15 P 1.271 1.226 1.197 1.266 1,250 1.190
16 s 1.248 1.210 1.180 1.243 1,230 1,176
17 Cl 1,228 1,197 1.168 1.224 1.213 1,163
18 Ar 1,212 1,184 1,155 1.208 1.207 1.195 1,197 1.152
19 K I.197 1.171 1,142 1.194 1.182 1,140
20 Ca 1,184 1.162 1,133 1,181 1.164 1,127
25 Mn 1.139 1,127 1.102 1.139 1,135 1,127 1,127 1.096
30 Zn 1.112 1,104 1,084 1.113 1,110 1.103 1.100 1,082
38 Br 1.093 1.085 1.072 1.094 1,085 1.070
40 Zr 1.061 1,081 1.072 1.059
50 Sn 1.046 1.063 1.055 1,046
60 Nd 1,037 1.052
70 Yhb 1.033 1,046
80 Hg 1.030 1,042
90 Th 1.029 1,038

* Takes into account rearrangement in final state

09¢
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TABLE 2., Comparison of exchange and overlap corrections for M/L ratios

M/L

Exchange and overlap corrections X . [

Martin and Recalculated in this

Suslov Faessler Faessler

Bahcall Vatal Blichert~Toft . ot a1 ot al work as déscribed in
z B (1963) (1970) (1970) (1970) (1970) (1g7oje  Sec. 2.5 aftex
Bahcall Vatai
10 Ne
11 Na : ‘
12 Mg 1.630 1.366
13 Al 1.584 1,146 1.343 1.541 1.300
14 Si 1.505 1.146 1.273 1.482 1.473 1.255
is p 1.433 1.144 1.227 1.419 1.422 1.225
16 S 1.387 1.140 1.203 1,375 1.383 1.206
17 CI 11,347 1.138 1.188 1.341 1.353 1.193
18 Arx 1.316 o 1.134 1.173 1:314 1.311 1.289 1.323 | 1.179
19 K 1,291 1.137 1,147 1,292 1.287 1.160
20 Ca 1.270 1.123 1.128 1,275 1.239 1,127
S 25 Mn 1.201 1,112 1.130 1.209 1.190 1.178 1.189 1.131
30 Zn 1.161 1.098 1,112 1.168 1.153 1.147 1.159 1.115
35 Br 1,137 1,086 1. 085 1.143 1.119 1.081
40 Zr 1,068 1.126 1.094 1,061
50 Sn 1.054 1.101 1.073 1.049
60 Nd 1. 040 1.086
70 Yb 1.036 1.076
80 Hg 1.033 1,070
90 Th 1.029 1.066

* Takes into account rearrangement in final state

19¢
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TABLE 2. Comparison of exchange and overlap corrections for N/M ratios

Recalculated in this work as '

Z El Vatai described in Sec. 2.5 after :
{1970) ‘

Bahcall Vatai
18 Ar
19 K
20 Ca 1,506 1.286
25 Mn 1.034 1.291 1.086
30 Zn 1.028 1.223 1. 067
35 Br 1.038 1.199 1.086
40 Zr 1.170 1.094
50 Sn 1,127 1.077
60 Nd ’
70 b
80 Hg
g0 Th

29¢€



TABLE 3.1

capture probabilities.

Methods that have been used for the -determination -of electron

Estimated
accuracy
a of the method
No, Method ‘Source Datectors Measured . Deduced (percent)
1 Spectroscopy of K, L and M events internal mw IL./IK, IM/IL P:L'/P‘K 1
without x-ray escape gaseous NaI(T1) ‘IL-",Y/lIwaf TPM/PL
2 Spectroscopy of K and L events with internal pe IL/IJ:{ £L‘=’1:/PK 5
complete K x-ray escape gaseous

3 Spectroscopy of K, L. and M events internal pc IL/I‘K PL/PK 1

TaASeous IM'/IL PM/,'PL
“1 Cloud chamber technique internal ce 1L‘/I~K PL/PK 20

. gaseous
5 Spectroscopy of K, L and M events internal Nal(T1) 'I_L/‘IK PL/’P*K 1

solid Cs(T1) Tpg/1ps Py /Py,

CsI(Na)
Ca th(CN) (0 1, Q/EK oy
Ge(Ld) ‘
|

6 ‘Spectroscopy of K and L x rays external pe T'[LXT/IIKX P:L/'PK 10

solid NalI(Tl) JLxLy/IKX_,:Y

{9t



TABLE 3.1

(continued)

Estimated
accuracy
. a of the method
No., Method Source Detectors Measured Deduced (percent)
7  Measurement of (K x-ray)-(L x-ray) external pe . IKX-LX, PL/PK 8
coincidences solid NaI{T1) II:.X ,IKX
8 Spectroscopy of K x rays and ¥ rays external pc, NaI{T1) ’IKX/IY ' PK - 8
solid Ge(Li) .
9 Spectroscopy of K x ra.ya. or K Auger external sd I.‘K.X/IeK PK"’K 15
electrons and X conversion electrons solid NaI_(Tl.) IKA/IeK Py
10 Determination of K x ray emission rate external pc LewoI, P, 1
and disintegration rate solid 'NaI{T1) :
11 Measurement of (K x-ray)-(y-ray) external, pc,NaI(Tl) IKX-Y/IY
coincidences _ solid Ge(Li) ’, PKwK 5
Si(Li) IK.X-'yl _YZ/IW 2
12 Measurement of (K x-ray)-(y-ray) external NaI{T1) IK‘X-YI/IYI PKI/PKZ 5
coincidences at different levels solid Ge(Li)
Si{Li) Lex. YZ/IYZ
13' Measurement of (K-event)-(y-ray) external pc, NaI(Tl)
coincidences solid Csy{Tl) . , I_ /I ' Py 3

K-y "y

H9€



TABLE 3.1 {continued)

Estimated
accuracy
a of the method
Mo, Method Source Detectors. Measured. Deduced fpercent}
4 Measurement of (K x-ray)-(y-ray)sum external N"?:I.(;TI)‘ Lex +‘Y./I‘Y EKUJ'K 8.
coincidences. solid CsL{TL)
Ge(Li) Tyl +v2 / Tyrtvya
15 Measurement of (K x-ray)-{¥~-ray) and external NaI{T1) FKK-Y/I’Y-
2 vemr) o .- $(LLY : i o
(K x-t2y)~(K x-ray)or{K x-ray)-(K solid Si(Li) IKX‘-—K}C/IKX".
conversion electron)eoincidences sd. IKK-eK/IeK PK 3
i - M i a4 B /
lé Measure:?me.nt of (K x-ray)-(K conversion external NaI{Tl) IKX-EK./IeK PK 3
electron) and (K x-ray)-{L. conversion solid ad rKX.-eL,/IeL, -
electron) coincidences. '
17 Measurement of (K Auger electron)- external sd, sl IfK.ﬁ.-eK/IL@K . s
(K conversion electron} and (K Auger solid I‘Kpg-e-L/Leh K
electron)-{L. conversion electron) -
coincidences
18 Measurement of {K x-ray)-(K conversion external pPc,. SC IKX—eK/I’eK. PKSDK 5
electron coincidences golid Nal(Ti)
Gie{L4) Bex-oxxx: Px 7
Texr Tkx

59¢



TABLE 3.1 [continued)
Estimated
accuracy
. a of the method
No, Method Source Detectors Measgured Deduced {percent)
T 19 Measurement of (K x-ray)-(y-ray)- external NaI(T1) IKX—'Y—e /Iy—e P, 5
(K or L conversion electron) solid Ge{Li) L L
coincidences ad IKX-y-eK/IY-eK Pk
20  Spectroscopy of K events and positrons internal pc IK/IB+ J.?K/PB-F 6
(no K x ray escape) gaseous
21  Spectroscopy of K events and positrons internal apc . IK/Ia?"- PK/PB+ 3
{ne K x ray escape) gaseous
22 Spectroscopy of K events and positrons in‘c?rna.l NalI{Tl} IK/IB-i- PK/PB+ 2
solid
23 Spectroscopy of K Auger elecfrons and external gm, pc ' IKA/IB-i- PK/PB+ 9
positrons . solid '
24  Spectroscopy of K x rays and positrons external NaI{Tl),5(1i), IKX/IB+ PK./PB+ 1
‘solid pe
25 Spectroscopy of K x rays and 8+ external NaI(T1),8(1i), IKX/I511 PK/PB+ 1.5
annihilation photons solid pe, Ge(Li)

g9¢



TABLE, .3.1 (continuwed)

Estimated,
accuracy
a of the- method
Nov, Method Source Detectors Measured Deduced {pezcent)
26  Spectroscopy of nucleay and gt external Nal(T1}, Gelli), I:'\(frsl'li P C;/P,‘B+ 3
annihilation photons solidl
27 Measurement of (positroni-{¥y ray) external pc.pl 37"%-% PEC/P’B+ 2.5
coincidences solid Nal(Fl), Gel{Li) ‘ .
28, Measurement of {positron)-(y ray)N external pc; NaI{TL} EB)*'»"F‘YN‘"IYS-" P:E,C/Pa-i- 0..3.
and (positron}-(Y¥ ray)S coincidences solid I‘B._YN;,ITB_,\.{S.
X . g -5TT 16 Y . . A L5 i - Y =}
29 Measurement of (y ray)-511 keV ) external Nal(Tl}Ge(Lt) IY‘" Itriple. PEG-/PS+ 2
(511 keV ¥) triple coincidences solid
30 Measurement of (¥ ray)-5I1 keV externall Nal(Tl), Ge{Li#} I ,F. ... P [P.¥ 3
o o . Yy-5LE EC T8
B annihilation, photon coincidences solid
31 Miscellaneous - -

The following abbreviations are used: apc, anticoincidence proportinnai countery cc, cloud chamber;
gm, Geiger-Muller counter; pé,. proportional counter; pl, plastic scintillator; mw, multi-wire:

proportional counter; sc, semiconductor; sd. double-focussing spectromreter;. se, lens spectrometer..
t
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TABL.E 3.2

Experimental electron capture values

Opc” rte 5T P_/p P /P b Me-
z A (keV) (kev) ' % LK LM..TT X KK thod Reference
17 Gl 36114¢ 0  27-0" 0,112 +0.008 1 Dougan(1962b)
18 Ar 37 814 0 %+“‘32'+ 0.092 *0-000 z Langevin(1955c)
0.102 +0.008 2 Kiser(1959)
0.103 +0.003 1 Santos-Ocampgo(1969)
0. 0971+0, 0005 1 Manduchi{1961)
0.102 +0.004 1 . Dougan(l962a}
0,102 +0.003 1 Winter(1964)
0.097 +0.003 1 Heuer[1966)
0.098 +0. 003 ‘1 Totzek(1967)
3 Renier{19638}
_ 0,098 +0.002 - 1 Krahn(1972)
19 K 40 1505  1460;0 4-_2+;0+ 1,34 +0.35 8 Heintze(1954)
0.34 +0.08 5 McCann(1967)
0.44 +0.09 8  AYman(19438)
23V 48 4015 several 0.104 +0,004 - 1 Bertmann(1972)
2297 4.4t 0,115 +0.015 L Bgrmasation)
several - 0,2005 + 0.0030 11 Albrecht{l975
23 V. 49 601 0. 7"7" 0.106 +0.004 ) Krahn{1972)
2 2

89¢



#
3

TABLE 3.2  (continued)
a Final b c
Q .1
EC  state I, -7 P /P P /P P /P P_u Me-
Z A (keV) (keV) * £ LK ML LM.." K KK thod Reference
24 Cr 51 751 32030 775777 0,10 +0.02 7  Konstantinov(1961)
2 272 0,1026+0.0004 1 Fasioli{1962)
320 775" 0.227 +0,003 10 Taylor(1963)
2 2 - .
320 0,1044+0, 0021 1 Heuer(1966)
320;0 0.1033+0, 0031 I Heuer(1966)
320 0.196 +0.016 11 Mukerji{1967b)
25 Mn 541374 8355 372" 0.90140.006 13  Kramer({19623)
. 0.098 +0,006 1 Moler(1963)
: ' 0.257 40,004 10 Tayler(1963)
0.106 +0,003 1 Manduchi{1963),
0.243 +0,012 10 Leistner{l1965)
0.2514+0, 0017 10  Bambynek(1967a)
0.250 +0.005 10 Petel(1967)
0.2492+0. 0017 11  Hammer(1968)
0.900+0.014 10  Dobrilovig(1972)
0.247 +0.009 11 Mukerji(1973)

69¢



TABLE 3.2 (continued)‘

Q. B Final — e / /p: P b o M c
. EC state J,J P./P P /P P rH a=-
7z A (keV) - (keV) it LK ML LM.." K KK K thod Reference
26 Fe 55232 0 3" 5™ 0.108 +0.006 1 Scobie{1959)
2 2 0.106 +0. 003 I Manduchi(19622)
0.106 +0,,005 I Moler(1963)
0.117 40,001 0,157+40,003° *. = - .~ 1 Pengra(1972)
27 Co 57837 136 175" 0.20 +0.13 9  Moussa (1956)
zZ 2 - :
136 . 0.254 ~+0, 011 11 Kramer(l962a)
136;706 7°.57,87 0.099 +0.011 . _ 1 Moler{1963)
2 2 2 .
136 . 0.262 10,008 11, Thomas(1963)
136 : _ 0.3044+0, 0043 11  Rubinson(1968)
136 ' : 0,15 40.02 0.87 40,027 11  Bosch(1969)
706 175 0,088+0,040 - 0.92 40,03 11 Bosch(1969)
136 - 2 2 0.317 +0.006 11 Mukerji{1973).
27 Co ‘58 2308 1675810 27 -27;27 0.107 10.004 , .1 Moler(1963)
1675;810 o 0.3050+0, 0022 10 Bambynek{1968b.
28 Ni 562133 1720 0°-17 0.115 +0.006 1 Winter(1967)
28 Ni 57 3243 several 0.100 +0, 006 . 1 Winter(1967)
28 Ni 591073 0  3°.77 0.121 +0,002 5 1 Chew(1974a)
- 2 2 (<4
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TABLE 3.2 (fcoriltinued)'
) a Final T / / / b c
EC state J, T P./E P./P . P P.w P Me-
zZ A (keV) (keV) bt L K M'" L LM.." K KK K thod Reference
30 Zn 651350 1115 5 .5 0,369 +0,023 11 Perrin{1960)
2 2
11150 57.57,37 0.13 +0,002 . 7  Konstantinov{1961)
2 22 . . ;
1115;0 0.119 +0.007 1 * Santos-Ocampo(l962}
1115 0.878+0,006 13  Kramer(1962a)
1115;0 0.400 +0.006 10 Taylor(1963)
1115;0 0.111 +0.006 L1 Totzek(1967)
1115 0.117 +0.007 ' 5  McCann(1968)
" 1115 . - 0.392740, 0026 11 Hammer(1968)
1115;0 0.3894+0. 0016 10 Bambynck(19682)
111530 0,118 +0,003 ’ 1 Xrafft{1970)
115, 0.120 +0.003 0.15340, 020 1 Krafft(1970)
1115 0.386 +0.010 11 Mukerji{1973)
32 Ge 71 235 0 1737 0.30 +0.02 2 Langevin(l956)
2 2 0.116 +0.005 I Drever(1959)
0.13 +0.02 T Konstantinov(1961)
0.1187+0. 00080, 14240, 010 1 Manduchi{1962)
0.117 £0.001 0.162+0.003 1  Genz(l971a)
33 As 73 340 67 3717 0,85 40,05 16 Kyles(1970)
2 2 . - .
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TABLE 3,2 (continued)
a Final ' b c
Q m, T
EC state J,-J P, /P P, /P P /P, P_uw P Me-
z A (keV) (keV) i LK ML LM.." K KK K thod Reference
33 As 74 2564 several 0,085 +0.020 2 Scobie(1957)
. .
34Se 75 865 401 5 .5% 0.457 11 Perrin(1960)
) 0.460 +0.004 11 Rao{19661)
0,462 $0.012 11 Raeside (1969)
. 0,516 10,021 1t Chew(1973)
36 Kr 791631 several 0.27 +0.09 4 Radvanyi{l955a)
' ‘ 0.26 +0.03 2  Langevin{l955a)
0.108 +0.005 1 Drever{1959)
36 Kr 81 290 0 7737 0,146 +0.005 1 Chew(1974b)
. ) 2 2 .o
37 Rb 83 1038 5713562 5 .37;3" 0,121 10,002 5  Schulz(1967z)
2 22 _
571 0.128 +0.002, 5  Goedbloed(1970b)
562 0,132 -t0.00Z 0, 1§41-Q. ooz Goedbloed(l??Ob)
37 Rb 842680 880 2 -2% 0.580.+0. 025 11 Welker(1955)
‘ 0.116 +0.002 5  Schulz(1967a)
' 0.119 +0,002 5 Goedbloed(1970b)
38 Sr 851064 514 9'.9° 0.88+0,04% 11  Bisi(1956a)
' 22 ‘ 0.5959+0. 0035 11 Grootheer(1969)
. o) 0.586 +0,003 10  Bambynek(1970)
1k % '
gs
g
C D
Sz
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TABLE 3.2 {continued)
Final ’ B
Q.2 LT I
EC  state J, = P_/P P, ./P P /P Pt P Me-
z A (xeV) (kev) ' £ LUK M7 L LM.." K KK E thed Refarence
397 ‘88 3619 2734 4 3" 0. 629040, 0032 11 Grootheer(1969)
- = =
273431836 47-3" 2 0.613 +0,004 10 Bambynek(1973)
42 Mo 93 398 .30;0 3" 179" 0.36 +0.04 6  Hohmuth(1964)
2 2 2 - .
+
43 Tc 97 347 0 g5t o= TOl¢ ‘6 “Katcoff(1938)
L 2 2 -0.1
45 Rh 101 554 325327 1 .17:3" 0.65 11 Perrin {1950)
. 2 2 2 '
46 Pd 103 553 several 0.56 +7 8 ., Avignon{1953)
0.95 9 Avignon{1955)
d +
47 Ag 105 1341 344 171 0.128 +0,003 5  Schulz(l9674;
z 2 B
1088 1 3" 0.152 +0.002 5  Scholz(19674)
z2 2 T
+ ]
48 Ca 109 182 87.7 5 .77 0.28 +0,03 5  Der Mateosian(1953)
2 2 -
. 0.32 +0.04 6 Bertolini{1954)
0.805+0.027 8 Wapstra{l957)
0.195 $0.005 o 0-22840.003 5  Leutz(1965)
0.237 0,015 0.223+0.020 0.267+0.015 2 Moler(1965)
0.26 +0.03 18 DurosinmizEtti{1966)
0.193 +0.003 0.226+0. 003 5  Goedbloed(1970a)
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TABLE 3.2 {continued)
.a Final b c
Q ; T . Mo~
EC  state I, =7 P /P P, /P P /P Pw P e
- M/ "L M. " Kk X
z A (keV)  (keV) it LK thod | Referance
491In 111826 419 9 7" 0.86740,007 17  Sparrman(1966)
: z 2
490 114™1623 1283 57-4" 0.75 11 Perrin(1960)
50 5n 113 1025. 648 17.3" 0.26 *0.09 11 Bhatki(1957)
. 1.2 -0.07
648 - . 1.0l 40.17° 11 Greenwood(1961)
648;393.17 37,17 0.44 +0,04  0.223+0, 020 1 Manduchi{1964)
2 2 2 - -
393 1717 0,16 +0.02 18 Durosinmi-Etti(1956)
z 2 R
648 173" 0.75 40,10" 11  Bosch(1967)
2 2 "
531 125177% 35,5 57_3F ‘ 0.77 40,08 8  Fricdlander(1951b)
2 2 0.23 +0,03 -5 Der Mateosian{1953)
. 0:2543 40, 0027 5  Leutz{1964)
0.253 +0,005 , 5 Smith(1966)
as 0.685+0, 018 11 Karttunen(}969)
‘:3 0,699+0,030 11 Tolea(1974)
é? 0.685%0, 012 11 Plch{l1974a)

i€



TABLE 3,

2 (continued)

a a Fimal - / / - y ) b ) c
EC  state J,°J P, /P B, /P ng B P, P Mo~ o
2 A eeV) (ev) P Mxooowmn MR RR o thed  Reference
531 126 2151 several 0.142 *2- 09 % Scobie(1958)
54 Xel27 664 375 1717 ' 0.7705:+0, 004 11 Bresesti(1964)
2 2 B
203 1.3t 0,750+0,.01% 11 Bresesti(1964)
2 2 -
375 1Tt > 0,53 %0.05 11 Winte£(1965b)
) . '
375;203;0 17 1% 3% 5" 0.183 +0,025 1 Wiater(1965h)
2 2 2 B
55 Cs 131 355 0  5' 3% 0.153 40,008 5 Joshi(1960)
z 2
0.155 +0,002 . ) 5 '5éhulz(1967a)
, 0, 73440, 006 11 Plch(1974b) :
55 Cs 132 2099 several & 0,136 +0,001 ‘ + 5 Goverse(l974a)
55 Ba 128 700 273 0 -I" - 0.71 $ 0,057 11 fonreniigrd)
56 Ba 131 1340 696;620 0.135 40,009 . - , 5 Sinith{1963)
- 2 + o+ - . ¥
56=a 133 516" 137 . 1%.1 0.202 2b get 41 Koil-ires:
. ' . 2 2 D46 0,05 il Gupta{iyish X
i 0.41930,015 ™**° 0,02 11 Raniaz-amy{1960) -
0.319+0, 013 19 Thun{1966)
o - 0.371 0.007 5  Schuli(l567c) wme L.
384 % -% 0.221 +0.005 l 5  Séhulz(1967¢)

GLE



TABLE 3.2 ({continued)
a Final b ¢
o) Ly
EC  state J, 2T P. /P r /P r /P P_w P Me~
Z A (keV) (keV) if LUK M7 L LM..""K KK K thod Referecnce
‘56.Ba 133 516% 437 0.67 +0.15 ¢ McDonnel(1968)
: 437 0.45 +0,04 19  Tornkvist(1968)
437 0.576+0.038 4 14 Narang(1968)
437 0.47 40.02° 6 Bosch(1969)
437 0.644+0, 034 11 Schmidt-Ott(1972)
384 0.72 40,06 11 Schmidt~Ott(1972)
437 0.76 40.067 14 Das Mahapatra(1974)
384 0.87 +0.014" 14  Das Makapatra(1974)
4373384 0.79 40,077 14  Das Mahapatra(1974)
57 La 138 1794 1426 5 .2 1.4 40,25 8  Turchinetz(1956)
58 Ce 134 500 0 otat ) 0.72 +0.08 8  Aleksandrov(1972)
. 0.21 - 15 Pruett{1954)
58 Ce 139 275 165 3' 5 0.37 +0.02 15  Ketelle(1956)
2 2
165 0.83 +0.04" 11  Stanford(1960)
165 0.68 +0.02 17  Marelius(1967)
165 0.75040.010 16  Adarmowicz(1968)
165 0.69 +0.02 13 Vatai{1968)
165 % 0.707+0.018 11 Schmidt-Ott(1972)
¢ +
163 o 0.64910.017 o o 1o 05" 1§ Gamphoungre)
165 8 E 0. 639+0. 006 11 Pleh{1975)
165 z:ug 0.72640.010 15 Hansen(1975)
165 58 Iesmahapatre (1975Db)

0. 6€40,00 C,73+C, 07 14

9.LE



TADLE 3,2

{continued)

Q & Final 1t / b - c
nC state J/=J P P P Me-
z A (keVv) (keV) * LM.." K XX thod Reforvace
60 Nd 140 470 o ota’ 5 Vignaz(1960)
: 0.74510,048 8 Bayer(1972)
61 Pml45 170% several ., 6 Cazey(15s8)
67 '5°.3 0.85 +0.03 16 Brosi(1959)
2 2 "
67 0. 55940, 022 11 Tolea(1574)
72 575" 0. 50940, 022 11 Tolea(1974)
2 2 -
62 Sm145 647 several _ . 6  Carey(1958)
492 173 0.61 40,10 15 Brosi{1959)
2 2 -
61 17st 0.20 ;0,02 16 Brosi(1959) -
several & 2 . 6 Vitman(1960)
492 0.27 40,03 11 Mystek{1971)
63 Bu 182 1886 1829 3727 11 Perrin(1260)
1529 . 0.79 +0,02 Lu{1962) ’
1529 - 4 0.71 +0, 08 14 Dasmahapalra{i9®75z)
1234 37-3 0.82 0,10 14  Dasmahapaira(1975a)
several 0.55 +0.02 ¥  Dasmahanatra(:972)
538w 15271935 950 07-17 11 Perriniigso)
64 Gd 151 484350  7°.97 0. 664+0. 009 11 Genz(1973¢)
.z 2 '
307 173" 0.75440, 014 11 Genz(1973¢)
2 2
s+ ca1ss 490’ 103 3t 3t 0, 679+0,.020 14 Cupta(1936}
‘ 103 2 2 0,42 15  Bheitacherjee{1956)
103 0.543+0,006 14  Bisi{1956D) 3
- - ’ -ﬂ
97:103 - 37.57.3° 0.34 0,02 - 5  Leutz{1960)
2 2 2 .
173 2+.§+ 0.85 #0.30 5  Leutz{1960)
2 2 )



TABLE 3.2 * (continued)

7

~ "‘.

a Final b c
Qpc state JNoIv P. /P /P, P... /P. P.u P Me-
'z A (k:"\f) (keV) it LUK T MITL LM.."" K K'K K thod Refercnce
64 Gd 153 490° | 173 0.375+0, 022 11 Blok (1962)
. 103 0.66 +0.07 11 Blok{1962)
97 0.67 +0,05 11 Blok(1962)
. 173 ,0.35 +0.03 11 Cretzu(1964)
' +* -
65'Tb 157 64 % o 3*3 2. 64 6  That(:.{2
2 2 2.18 [ Fupiwarat 1y 04)
] 2.65 +0.20 6 Maumann(1967)
56 Dy 159 365 0;58 3°.37.5% 1.0 +0.3 6 Grigorev(1958b)
- 2 22
0;58 . 0.3 fg; 6  Vitman(1960)
- + .
58 37.5 %
55 0.85 +0,11% 11 Greenwood{1560)
-t .
0 37.37 0.198+0.00 -
EEY 9810.009 5  Leiper(1971)
- .t "
58 *37.5 '
‘ 22 0.752+0. 024 11 Genz(1973¢)
; 67Hc 160 2920 several 1.2 ff? %’5 6 Vitman{i7'F)
' ' by
o g2 :
68 Ex 160 800 60 07-2 S & 0.79540.020 8  Aleksandrov(1972)
60 Cr 165 371 o 517 1.2 +0.4 . 6  Grigurev(.? 13b)
2 2 g ~
: 4
" + 4 b\ +0. 06
70 Yb 166 260 82 272 &? 0.68 o0 14 Jasinski{1983a
+ o+ '
72 Hf 175 607% 433 éj_ __;_ N & 0.64 +0.04 11 Funke(1965)
433 0.71240.008 16  Jasinski{1968)
343 5' st 0.767+0-030 4

-0.016

Jasinski{1968)

8LE



TABLE 3.2 {continuved]

o Final o y y / 5 - " c
EC state J. =7 P /P /P P.., [P P_w B Me-~
Z A fkeV) (kev) £ LUK M7 L LM..T K KK K thod' Reference
73 Ta 177 1158 1058 7'.7° 0.42 40,077 16 West(1961)
2 2
P o
73 Ta. 179 Llg¢ 0 7'.9 I.4 +0.4 6 Bisi(1956¢)
z2 2 0,63 +0.06 6  Jopson(1961)
74 W. 178 89 o ofat ' 0.29: 40.02. 8  Nielsen(1967)
4w 181 1938 06 9¥.17e7 1.54 6 Ei'si'(’li9'55c;6))
2 2.2 ) &  Jopson{l9.6h)
0.23 +0.05 sonm
0. 35840, 070 &  Muir{1961)
0.27 +0,05 6 Rao(L96ba)
75 Re 183 558% 453 5' 3° 0,38, +0:.07 Bl Kuhlmann(1969)
2 2
T4 Os 185 10)5geveral 0,35 +0.15 - . & Miller(195F)
: several 0.38 40,07 6 Johns(1957).
875 1~ 3t ﬁ ' 04.457°+0;.008 11 Basi(L957)
2 2 -
873;878 173717 0.60040.006 ' 5  Schulz(1967a)
222 - |
646 17.1Y  0.228+0,.00¢ 0.254+0.005 5  Schulz(1967a)
. 2 2 = - '
77 Ir 192 1050 691 4--37 0L6% +0.06 14 Dasmahapatra{1975)

6LE



TABLE 3,2 (continucd)
o2 Final _ / . . / / b c
e siate J,=J P./P P /P P M P P w P Me-
Z A (keV) (kev) * £ . R ML LM, K HOR X thod Relerence
78 Pt 188 540% 195 07-1" 0.74440.020 16  Hanson(1968)
187 oT-1" 0.76640,023 16  Hanson(1968)
78 Pt 193 61 o 1-.at 0. 386+0, 014 ) 5  Ravn(1971)
2 2 :
79 Au 195 229% 130 3.8 0.143+0, 019 11 Bisi(1959, 1954)
2 2
130 . 0.146+0.010 11 Goedbloed{1954)
130 0.188+0, 005 11  De Wit{1965)
130 0.123+0, 009 11 Harris(1565)
99 373" 0,38 +0,09 11 Harris(1965)
2 2.
99 0.458+0.012 16  Jasinsi(1968)
. 99 0.873+0.04¢ 0.478+0,02071.28 +0.06 0.438+0. 011 Goverse{1973)
130 - 3.05510.086 0.697+0,07875,25 10,66 0.16040.017 5  Goverse{1973)
¢ 3¥.1° . 0.33740.007 ' 5 Goverscil973)
. 2 2 -
79 Aw 196 1482 689 z-~2”; 0.31 +0,05 14 | Gupta(19582)
80 Hg 197 684 268 17.3 0.52 $0.06 11 De Wit(1965)
: 2 2 ' '
268577 173 0t 0.74140.012 18 Pleh(1671)
z 2 2

08¢



TABLE 3.2 (continued)
a Final b c
Q v,
EC state J,-J P_/P r /P P /P P_w P Me-
Z A (keV) (kev) * £ LK ML ,LM" K KK K thod Reference
. n . . o .
£ 81 TL20148¢ 167 171" 0.67 40,04 11 Cupta1960)
. z 2 . :
81 11202 1372° several 0,7 6  Huizengal(1054)
t ‘ several 0.90 +0.27 6 Kramer(1956)
240 272" 0, 613"'.33 gl‘-* 14  Gupta(1957)
. ‘ 0,013 i
" 440 0, 638+0, 030 0. 52340, 011 6;11  Hamers(1957)
440 0,23 +0, 05 © 0,76 +0, 05 8;11 Hagedooxn(1958)
‘ = - ' i
. ' +0..015 ~
440 . 0.761 5 vas 1} Jha(1959?
440 0,751+0.014 . 14 Blok(1959)
440 " 0.75 +0,03 11 Gupta(1940)
965 27-2" 0.50 +0.05 11 Gupta(1960)
440 0.196+0,002 0,269+0,007 0.265+0,010 5  Leutz{1966)
440 .0.35 +0,04F 5 Leutz(1966)
965 0.305+0, 020 5  Leutz(1966)
-+ +0, 02 f
0 270 0.22 -0.015 5  Leutz(1966)
81T1204 345 o 27-0" 0.33 6  Jaffe(1954)
0 0.42 40.05 Joshi(196])
0 0.41 +0,03 Leutz(1962)
0 0.60 +0,055 . Christmas(1964)
0 0.48 +0,04 Robinson(1963)
0 0.43 +0.16 Rao(1965)
0 0.52 40.02 5 Klein({1966)

TeC



TABLE 3.2 {continued)
Q. 2 Final _— / ' / / b. . C
EC state J, J P /P P/P P P P_w P Me~
A A (keV) (keV) i7¢ LR ML LM,." K KK K thod Reference
82 Pb203 982 279 5 -3° 0.82 +0,05 11 Prescott{195%)
2 2 -
680 _5_"-_5_+ 0.70 +0.05 11 Prescott{1954)
2 2
279 0.74.40.05 &  Wapstra(l954)
' % 680 0,36 +0,07 0.66 +0,04 6;11 Hagedoorn(1958)
ko 3 - : -
. 27 0.208+0, 005 0.755+0, 014 6;11 doorn|1958
82 Pb 205 L 20 : 0, 524+0, 010 : - f.szramtlﬁ?%)
279 - 0.7501-0.01‘9 ’ 11 Persson(l9s6l
83 Bi 205 2704 2566 97.3°  1.17 +0,16 6 Bonacalza(l962)
z 2
83 Bi 206 3652 3279 67-5"  0.264+0.010 0.228+0. 007 Goverse(1974b)
3403 6%-57  0.28140,009 .0,276+0,008 Goverse(1974b)
3563 6'-57  0,50940.015 0.282+0.010 Goverse(1974b)
83 Bi 208 2868 2615 5'-3" 0.230+0, 008 11 Millar{1959)
85 At 210 3875 3726 516" 0.45 +0,09 8  Schima(1963)
85 At 211 793 0 9 .9 0,143 &  Hoifl1953)
2 2
93 Np 235 123 6 B-_1- 30 +2 _ 6 Hoffman{1956)
o 2 % 3.7 0.46 6 Gindler(1958)
2.0 +0.4 . 6 Orth(1951)

93 Np 236 977 several

Z2qt



TABLE 3,2

(continued)

o & F'inal P

| .
1
EC  state J,-=J P_/P P /P P /2 P_uw Me-
“Z A {keV) (xev) * £ VoK ML LM..TOK KK thod Reference
- 94 Pu 237 233 several i.2 Kalkstein{1957)
60 175 2.8 0.8 6  Hoffman({1958)
: 2 2. .
97 Bk 245 819 250 3~.5" 0.74 +0, 03 11 Magnusson(1956)
2 2 . ,
(=)
S8
oy &
SE
S&
‘0 -
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Q. values are taken from Wapstra'and Gove (1971). There

are some values that originate from electron capture measurements,
They are replaced by values obtained from other methods, except
for a few cases, indicated by an asterix, where no recent other

result is available,

If PK is given, the fluorescence yield used by the authors was

used o calculate the measured value PKUJK. There are some
cases in which Wi is not quoted, They are indicated by the
sign "4+,

Methods are identified by numbers explained in Table 3.1.

Qp value from Bertrand (1974).

Revised value using kB/ka=0.212 (Salem et al,, 1974) and
wK=0.832 (see Table ITI,V ). .

Value revised by the author, private corhmunication to
Durosinmi-Etti (1966),

Revised value using kB/kG.=0'217 (Saler: et al., 1974) and

W, =0.852 (see Table III,V ).

K

O value from Henry {1974).

EC
value from Berényi (19790).

QEC
QEC value from Kroger (1973).
QEC very uncertain,

QEC value from Elis {1973).
QEC value from Jasinski (1963b).
QEG value from Auble (197‘1a)_.
Qp; value from Auble {1971b).

PMN. .. /PL value.

QEC value from Gopinathan (1968),

QEC value from Ferd (1970).



"TABLE 3.3

Experimental and theoretical PL/PK ratios
Experimental values Theor. values
c
) P, /Pk
a {a, 7a,)?
Qpc Final o o P /P P /Py Ly K
- state .Ti -.Tf L' K 2 > Me- . . .o
z A (keV) (keV) (a. /a.) (a; /a,)° thod Reference Bahcall Vatai
L, K LK
. Allowed transitions & J=0,1 ; Tl‘i1'l’£=+l’
18 Ax 37 B814.140.6 0 37 3f 0.102 +0,008 1. 006, 0.101 +0.008 2  Kiser{1959) 0,098 0,095
2 -2 0,103 +0.003 0.102 +0.003 1 Santos-Ccampo
' (1960)
0. 097140, 0005 0,096540.00051  Manduchi(1961)
0.102 40,004 0.101 +0,00¢ 1 .Dougan(1962a)}
0.102 +0.003 0,101 $0,003 1 ' Winter(1964)
0.097 .+0. 003 0,096 +0.003 1|  Heuer{1966)
0,098 +0.003 0.097 +0.003 1  Totzek(1967)
0,098 +0.002 0,097 +0.002 1  Krahn(1972)
- [ .
23 V48 4015.442.8 several 0,104°40,004 1,007 0.103 40,004 1 ‘Bertmann{1972) 0.104 0.10!
2297 4t gt 0.115 40,015 1,005 0.114 0,015 1  Bertmann{1972)
23 V49 601,2+1.0 0’ -TaT 0,106 +0.004 1.015 0.104 +0.004 1  Krahn(1972) 0.104 0,101
2 2 o
24 Cr 51 751.440.9 3200 77 .57..77 0,1026+0.0004 1,014 0.101240,0004 1 Fasioli{1962) 0.105 0,102
2 22 - - \ _ g

3e19



+0. 009

"TABLE 3.3 {continued)
Experimental values Thegr.values
t
PL/PK .
v Aay /ey
a . L X
QEC Final T oar P, /P, k PL/PK b 1
. state ‘Ti —Jf LK 2 2
. Z. A (keV) (keV) (qu/qK) (qu qK) thod Refer.ence 'Bahcall Vatz.n
24 Cr 51 751,4t0.9 320 275 0.1044+0,0021 1,023 0.102140,0021 1 Heuex(1966)
. : 2 2
320;0 7°_57.7°  0.1033+0.0031 1,022 0,101110,0031 1 Heuer(1966),
2 272 " .
25 Mn 54 1374.943.6 835 3T 2% 0.106 +0.003 1,020 0.104 +0.:003 Manduchi(1963)  0.106 0,103
26 Fe 55 231,740,7. 0 , 375" 0.108 40,006 * 1,052 0.103 +0.006 1 . Scobie{1959) 0.107 0.104
2 2 . B .
" 0.106 40,003 0.103 40,003 Manduchi(1962a)
’ 0.106 +0. 005 0.103 40,005 Moler{1963)
. 0.117 +0, 001 0.111 40,001 Pengra{1972)
28 Ni 56 2133 +11 1720 o'-1* 0.115 +0.006 1,034 - 0.111 +0.006 1 Winter(1947) 0.109  0.107
28 Ni 57 3243 7  several TTT 0,100 40,006 1,008 0.099 +0,006 Winter(1967) 0.109  0.107
27 Go 58 2308, 042, 5 1675;811 2%-2T;2" 0,110 +0,008° 1,009 0.109 Moler{1963) 0.108

98¢



"TABLE 3.3 . (continued)
Experimental values Theox. values
. PL/PK):"'
: {q; /a;
. ftianta: P /Py ) PL/Px 5 Me-b e
z A (keV) {(keV) (qLi,/qK) ' -(qu/qK) thod . Reference Bahcall Vatai

30 Zn 65 1350,7+1.1 1115:0

32 Ge 71 235.1+l.7

36 Kr 79 1631

1115;0

1115

111550

1115

0

several

37 Rb 83 1038 32 5713562

571

562

N [

o]t

0.119 0. Q07

0.111 £0,006
0.117 +0,007
0.118 +0,003
0.120 +0.003

0.116 +0.005°

0.1187+40. 0008
0.117 +0. 001

0,108 +0.005
0.121 +0.002
0.128 +0.002

0.132 +0.002

1.043

1,071
1.043
1,071

1,082

1.017
1,056

1. 056

1.056 -

T 0.114 40,007

0.106 +0,006
0.109 -+0, 007
0.113 +0,003
0.112 +0.003

0.107 +0.005

0. 1097+0, 0007
0.108 +0,001

0.206 +0.005

0.115 +0. 002

0.121 +0. 002

TT0.125 40,002

1l ‘Santos-Ocampo 0.110 0,108
(1962)

Totzek{1967)
McCann{1968)
Kraflt{1970)
Krafft{1970)

P R L

1  Drever{1959) 0,112 0.110

b—

Manduchi(1962z)
1  Gensz[1971a)

1 .Drever(1959) 0,115 0,113
5  Schulz(1967a) 0.116 0,115
5  Goedbloed(197.0b)

5 Goedbloed(1970 b}

48€
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"TABLE .3.3 .. (continued) -
Experimental values Theor, values
PL/PK
a : (a, 7qK)2
Qe Final o B, /P PL/PK
state Ji-'ri LK 2 2 .
Z A {(keV) {keV) {a, /a.) (g, /a.) Reference Bahecall Vatai
L, /9% L, /%K
48 Cd 109 182.0+3.0 88 .57 2" 0.195 +0.005 1,735 0.112 +0. 028 Leutz(1965) 0,125 D.124
} 2 2 ) +0,018 )
. 0,237 +0, 005 ' 0.137 +0.024 Moler(1965)
0.193 +0.003 0.117 10,028 Goedbloed(1970a)
55 Cs 131 355 +6. o stat 0.153 +0,008 1,190 '  0.129 +0.007 Joshi(1960) 0.133  0.131
‘ 2z 0.155 +0,002 - 0.130 +0, 002 Schulz(1967a)
56 Ba 1311340 +19 696620 11_1%.3% 0,135 40,009  1.091 0,124 40,008 Smith(1963) 0.134  0.132
- '2 2 2 " : )
< bt o
56 Ba 133 515.843.0 437  17.1 0.371 40,007  2.914 0,127 40,004 Schulz{1967¢) 0.134 0,132
- . 2 2 -to. 085
384 1t st 0,221 +0,005 1,732 0,128 40.003 " Schulz(1967¢)
2 2 +0,013 - .

98¢



"TABLE .3.3 ‘. (coatinued)
. ‘Experimental values Theer. values
B . c
Py /Py .
: : ey /gl
a . L, "K
Q Final - . P, /P b 1
L EC L stte  30-T) PL/Px , B Me- _ |
A A (keV) {keV) (qL /qK) (qL /qK) thed Reference Baheall Vatai
. 1 1 . . 1 .
F}.rst non-unique forbidden transitions A J=0,1 ; 1TiTTf=-1 ’
37 Rb 84 2679,842,9 880 27-2° 0.116 +0:002  1:014 0.114 40,002 5 Schulz{1967a) ~ 0,116 10.115
0.119 #0.002 0.117 40.002 5° Goedbloed(1970b) '
47 Aglos 1341 +9° 344 - 171" 0.128 +0.003 1,043 0.123 +0.003 5  Schulz(1967d) 0.124 0,123
- 2 2 - " o
1088 "17.3" 0.152 +0.002 1,190 0.127, 40,002 5  Schulz{1967d)
- 2 2 -7 -
53 1 126. 2151 +5 several 0.142 T0-005 yn3s 9,137 F0005 5 giobie(1958) 0.130  0.129
- A<ialll 4 0,018 -0, 017 4 X
. YR 40,018 . :
55C8132 2099 +23 several N 0.136 40,001 1,048 0.130 40.002 5 Goverse(1974a). 0.133  0.131
. - +0.012 - . .
66 Dy 159 365,4+1.0 0 3737 0.198 40,009 . 1.295 . 0,153 40.007 5  Leiper(1971) 0,146 0.146
) s = . T ‘ *

69€



TABLE 3.3 .. (continued)

Experimental values

* Theor. values

C

PL/PK ;
(a, /a,)?
Q. * Final P /p P /Py b Ly K
EC state  J7-J7 L/ Tk 5 e, Me-
zZ A (keV) (keV) (ququ) . (qu/qK) thod . Reference Bahcall Vatal
. 7605185 1015.0+0.7 874;880 173717 0,600 +0.006  3.62 0,166 +0.007 5  Schulz(l967a) 0.162  0.160
; . - > 2 '3 - + 0.14 B
646  17.1% 0.228 +0.004 ° 1,438 0.160 +0.003 5 Schulz(19672)
2 2 , - )
79Au195 229.041.0% 99 37 3° 0.873 +0.044° 5,047 0,173 +0,009 5 Goverse(1973) 0.168  0.165
: - - 2 2 +0.,055
130 3t.s” 3.055 +0,086 16,74 0.183 +0,008 5 Goverse(1973)
2 2 . +0. 61 .
0 3t 0.337 +0.007 2,040 0.165 +0.003 5 Goverse(1973)
2 2 - '

06€



TABLE 3.3 . {continued) . :

Experimental values Theor, values
) c
P /Py
a . e , oy /302
®ec ftﬁ? 757 T PPy ) P1/Px ) Me-—b S
z A (keV) (keV) ' (ar, /qK) (qp, ;qK) thod Reference Bahecall Watai
. 1 1, . .
g ’ - + ' *
81 T 202 1372 +22 440 27-2 0.196 +0,002 1,167 0.168 +0,002 5 Leutz(1966) 0.171 10,169
- : } + 0,002 " ‘ .
960 272" 0.305 +0.020 1,458 0,209 +0.014 5 Leutz(1966) ’
, i 4 0,017 - »
. .h ‘- . . - ) . . ‘ )
83 Bi 206 3652 +25 3279 6 -5 0.264 +0.010 . B Goverse(1974b)  0.175 0.173
3403 67-57 . 0.281 +0.009 - " 5 . Goverse(1974b)
3563 67-5" 0.509 +0,015 5 Goverse(1974b)
- Second goh-unigt;e forbidden transitions A J=2 ; Tri‘lTi:-}l
17 C1 36 1144,131.7 0 2t.o* 0.112 +0.008 1 Dougan(1962b)
28 Nis59 1073.1+#1.1 0 3.7 0.121 +0,002 ' I Chew(l974a)
2 2 " . . ‘
42Mo 93 398 44 3050 571797 0,36 +0,04 6  Hohmuth(1964)
' .2 272 - . ‘
43 Tc 97 347. 49 o 9t st 0.c1 904 , S 6  Katcoff(1958)
-— 2 z - - * " \
=
ki
S5
]
o)
= B
fop]
3 =

6



"TABLE

3.3 - (contipued)

Experimental valués

Theor, values

e
PL/PK .
0 @ Final 5 /p (ar, /qK)/’
ina 1
EC state Iy -J7 PL/Py R LR g Me-
Z A (keV) (keV) : {a, /qK) (ap, qK) thod Reference Bahcell Vatai
1 1 : . .
First unigque forbidden transitions AJ=2 ; TTiTI' =w]
36 Kr 81 290 +100 0O " 0.146 +0:005 1,179 0,124 +0.006 1  Chew(1974b) 0.127 0.126
* P t _ ¥ ! .
' +0,0
53 I 126 1251 +5 several - 0.142 T0-095 4 o7 0.133 7 o?g 5  Scobie(1958) 0.131  0.130
- -0.018 +0,016 : .
g Co : .
81 T1202 1372 +22 0 27-0" 0.22 002 Ty 530 o179 Y0016 oy uia(1966) 0,173  0.171
z _ -0.015 - -0.012
. +0,004
81 T1204 345 +4 0. 2-.o* 0.42 0,05 2,256 0.17 +0.02 5  Joshi{1961) 0.204 0,201
+0.016 '
o 0.41 40,03 0.16 +0.01 5  Leutz(1962)
0 0.60 +0.055 0.24 +0.02 7 ' Ghristmas(1964)
0 — 0,48 +0,04 0.19 +0.02, Robinson(1963)
0 0.43 +0.16 0.17 +0.06 & Rao(1965)
0 0.52 +0,02 0.20 +0.01 5  Klein(1966)
B,
e
%o
POO‘{C’
RIINE

26¢€
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QE& valies afe taken from Wapstra and Gove (1971).
Thers are somie values that originstes from .aleé&tFsn
gaphira wisasureiments: They are repla.ced By valuea

6Bfé.ir1éd from other meéthods, except fr 4 few cases;.

i8-dvailabie,

iiii

[~}
foe
=}
Hi
. v
o
—
m

Méthiods are ideatified by huthbers explainad

The theoreiical L/K ratios are derived from wave functicas
6f Mann and Wibez (1973) id exchanpe. and overlan
CO¥FELtioNS 5€L’/¥{ ag described in See. 2:5. Fow - Z> 54 -

N - * s

the eorrection facters of Suslev (i‘?'?f)) ire used in
contintation of the Baheall fact aid Hitse of Martia
ahd Blichevt-Tofe (1§70). in extensisn of the recalculated

3

o
L
@Or

Vatal factors,

. value from Heagy (1974):

Qe valte from Auble {1971h):

-

' "'fhé Q«..- viéiﬁé is abviﬁﬁsiy tod low:; No relidble comparigon

First udigue forbidden t¥ansitiohs; the factor (qL /qK
Kas beeii squaféd afd iA the thédretidal vilues the

conteibution of the Lg skéll has béen aliowed for,
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TABLE 3.4 Experimental and theoretical PM/PL ratios
Experimental values Theor, values
c
Pr/Pr
. {ay, 79, )
a . : : M, /9L
) b
Qpe  Final T P, /P Pu/PL M- 1 =l
state -.If M’ L 2 2 .
b:A A (keV) (keV) * (a,, /a,; ) {0, /a. )° thod Reference Bahcall Vatai
M, L, M, "%,
Allowed transitions AJ= 0,1 ; = 41
- .40, 007 ' | 40,007 , .
18 Ar 37 814,140.6 . 0 0.104 Totogs 1,000 0.104.70" o0 3 Renier(1968) 0.130 0,116
26 Fe 55 231,7¢0.7 * O 0.157 +0,003° 1,006 ' 0.156 +0,003 1 Pengra(1972) 0.163 ©0.156
30Zn 65 1350.7+1.1 1115 0.183 +0,020° 1,008 0.152 +0. 020 1 Krafft(1970) 0.167 0,160
32Ge 71 235.141.7 0 0.142 40,010 1,010 0.141 +0,010 1 Manduchi(1962b) 0.170 0,164
= ‘ 0.162 +0.003 0,160 +0,003 1 Genz(1971a)
0.205 +0.020% 1,070 0,192 40.019 2 Moler(1965) 0.206 0,202

48 Cd 109 182,0+3.0 88

50 Snl113 1025 +15 648;393

7605185 1015.0+0.7 646

First non-unigque forbidden transitions A J=0,1 ; Triﬂ'f=-1

0.220 +0,010° 1,011 0.218 +0.010

0.254 +0,005 1,085

]

1 Manduchi(1964b)

0.241 40,005 5 Schulz{1967a)

0,209 0,205

0.245 0.236

68



TABLE

3.4 (continued)
Experimental values Theor. values
: c
PM/ P
P S ]
‘ (ay, /48; )
a M L
0 Final B /P b i 1
EC state  J0-J Prp/ Py , L M
Z A fkeV) {keV) * (9., /9. ) (3., /9. } thed Reference Bahcall vata:,
M,/ =L, M, 7L, 8 :
- - 1] L . N
78 Pt 193 61.2+3.0 0 i‘__e._” ‘0.386 40,014 1,475 0.262+0.010 5 Ravn(1971) 0.247 0,239
. - 2 2 - , - - -
81 T1202 1372 1322JE ‘4q0 272" 0.269 40,007  1.025 - 0.262+0,:007 5 Leutz(1966) - 0.249 0,240
83 Bi206 3652 +258 3279  6%.5 0.228 40,607 5 Goverse(1974b)  0.250  0.242
3403 675" 0.276 +0,008 5 Goverse(1974b)
3563 67.5" 0.282 +0.010 - 5 Goverse(1974b)

G6€
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QEC values are taken from Wapstra and Gove (1971},

Methods are identified by numbers explained in Table 3.1.

The theoretical M/L ratios are determined from wave
functione of Mann and Waber (1973) and exchange and

overlap corrections XM/L as described in Sec. 2.5,
For Z> 54 the correction factors of Susliov _(1970) are

used in continuation of the Bahcall factors and those of
Martin and Blichert- Toft {1970) in extension of the

recalculated Vatai factors.

Revised value using kB/ku. = 0,212 {Salem et al. 1974}

and W = 0.832 (see Table 3.5).

e Revised value using kB/kC- = 0.217 (Salem et al, 1974)
and wy = 0.852 (see Table 3.5).

£
QEC value from Auble (1971b).

g

The QEC value is obviously too low, No reliable comparisor

with theoretical values can be given,



TABLE 3.5

Expertmental and theoretical P‘K values

Experimental

thod. Reference

Bahgall Vatai

N values Theor. Pi&
a Final values®
TEC
Fsta.te T o . b 4
e A (KeV) (keV) Ty -Jg PLM../PK' Py W Pyp Me-

2% V 48 4015.4 several

2,8

2¢ Cr 5F " 75L.4 320 1 _5

+0.9 S22

25 Mn 54 1374.9 835 3" -2
3.6

27 Co57 836,9 136 7757

+0,7 2 2

706 7.5

2 2

0. 15 +0, 02

0. 088+0, 040

AlTowed transitions A 4=0, I § T+l
0.2005+40..0030' 0, 225+0.009 0.891+0.036: 1T Albrecht{L975)

0.227.+40.303 0. Z‘56f0. 067

0,257 +0.004 0,283+0,°007 0.908+0. 008

0.243 +0.012,
0.2514+0. 0017
6,250 40, 005
0.249240, 0017

L4

0. 247 +0.009

0..3044+0, 0043.0, 344+0, 008

0.317 +0, 006

0. 887+0, 008

0.859+0, 014
0. 888+0. 007
0. 88340, 009
0 88140, 009:
0,900+0..014
0.873+40. 011

0.885+0..009

0.87 $0.02
0. 9220, 010
0.92 +0.03

10 Taylox(1965)

L0 Tayloxr(1965)

Y0 Leistner{l965)
10 Bambynek(1967x),
L0 Petel{L96T)

Il Hammrertk968)
10 Dobrilovic{1972)
1! Mukeriitl973)

11 Rubinson{l968)

L'} Bosch{1969)
Il Mukerji(k973)
Il Bosch(1969)

0.892

0,890

0, 889

0.887

0.878

0.896°

0.893

0, 891

0,890

.881

L6E



TABLE 3.5- (continued)
Experimental values Theor. P,,
Q.. % Final values® &
¥ EC .
. state T . / b d
z A (keV) (keV) I, -3, P P, . P.w w P Me -
- 17¢ TIM.LTTK XK K "K thod Reference Bahcall Vatai.
27 Co 58 2308,0 1675; 27-2%;2% _0.3050+0. 0022 0. 34440, 008, 0.887+0.008 10 Banbynek{19680)0.887  0.890
: 12.5 810 - ' - - . .
30 Zn 65 1350,7 11156 5 .5~ 0.44140,009 0,878+0,006 13 Kramer(l19622) 0.882  0.884
41,1 2 2 - ' - . -
) 0.3927+0, 0026 0.890+0.009 11 Hammer(1968) ~
0.386 +0,010 0.87540.013 11 Mukerji(1973)
11155 5°.5 ,3° 0.400 +0.006 0.90740,011 10 Taylor(l1965) 0.882 0.884
c 2 2 2 0.389440, 0016 0.88340.009 10 Bambynek(1968a)
33 As 73 340 67 3717 0.85 +0.05 16 Kyles(1970) 0.874 0.875
+15 2 2, "
34 5e 75  864,7 401 _5[*_;* 0.460 +0,004 0,576+0,031 0.799+0.031 11 Rao{1966a) 0.876 0,878
t1.0 2 2 0.462 +0.012 0.802+0.033 11 Raeside(1969)
T 0.516 +0.021 0.896:+0.037 11 Ghew(1973)
37 Rb 83 1038 562 5.3 0.164+0, 002 0.859+0.002 5 Goedbloed(197G).872  0.874
+32 2 2 :
(=
=
o}
&
w.

g6g



TABLE .3,5 (continued) '
Experimental values " Theor. P,
e ca. Final values® ¥
. E state - / a '
z A (keV) (keV) I -J; P P P W P Me-
i LM..""K K'K K thod Reference Bahcall Vatai

38 5r 85 1064 514 97 o* 0.88 +0.04 11 .Bisi(1956a) 0.871 0.873

i z 2 0.5959+0. 0035 0, 676+0, 008 0,882+0.009 11 - Grotheer(1969)

0.586 +0,003 0.86740,009 10 Bambynek(1970)

39 Y 88 3619 -2734 47-37 0.6290+0, 0032 0,700+0. 009 0.898+0.,009 11 Grotheer(1969) 0.871  0.874

T 2734; 47-372% " 0.613 +0, 004 0,876+0.010 10 Bambynek(1973) 0.871 0.874

1836 . - B .

48 cd109182.0 88 57 7% 028 +0.03 0.87140.018, § Der Mateosian 0.785 0,787

+3.0 2 2. {1953)

0.805+0,027 8 Wapstra(1957)
. . 0.228 +0,003 : ‘ 0.814+0,002 5 Leutz(1965)
0.26 +0.03 0,794+0.025 18 Durosinmi-
- . Etti(1966)
. .0.226 +0,003 0.816+0.002 5 Goedbloed(1970a)

49m111 826 419 9 .7t " 0.867+0,007 17 Sparrmann(1%6) 0.848  0.850

+29 z 2

66€



TABLE 3.5 ({(continued)
Experimental values Theor. P,.
. 'a s [
Q Final values
TEC stat d
n T e /p P w ° P M
Z A [keV) (keV) J.- ] . Pow , _ ‘Me-
' 171 LM..""K KK K K thod Reference Bahcall Vatai --
531125 177.0° 35,557 3% o.23 +0. 03 0.813+0.020 5 Der Mateosian 0,796 0,798
t1.2 2 2 (1953)
0,2543+0, 0027 0.7972+0.0017 5 Leutz(1964)
- 0,253 .40, 005 0.789 +0.003 5 Smith{1966)
) 0.685 40,018 0,876+0,028 0,782 +0.033 11 Karttunen(1969)
0,699 +0.030 0.798 40,041 11 Tolea(1974)
r o+ 0.685 £0.012 0.782 10.029 11 Plch({1974a)
54 Xe 127 664 375 1.1 0.705 +0.004" 0.883+0.028 0,798 +0.028 11 Bresesti(1964) 0,830 0,832
' +4 2 2
203 1* 3" 0.750 0,016 0.849 #0.032 11 Bresesti(1964). 0.842 0,843
2 2 -
. 55 Cs 131355 o stat 0.734 +0,006 0,889+0,020 0.826 +0.020 11 Plch{1974b) 0.831  0.835
6 ; 2 2
: + - .
568a 133 515,8 437 171 0,45 +0, 04 0.69 40.02 19 Tornkvist(1968) 0,662  0.667
+3.0 2 . _ +0,010 + 0.010
,0.576 +0.038 0.895+0,012 0.652 40,040 14 Narang(1948)
0.644 +0,034 0.72 +0.04 11 Schmidt-Ott(1972)
. ¥ .
384 1 3t 0.72 +0,06 . 0.80 +0.07 11 Schmidt-Ott  0.769 0,773
2 2 (1972) v
-@IG
Op iy,
POog’E &4
8, 72 59

004



TABLE 3.5 (continued)

64 Gd 151 484°%
30

70 Yb 166 260
20%

81T1 201 484h
' +17

0.649+0, 017
0.639+0..006

352 1.9 0.664+0,009
2 2 .
LI +0, 06
82 27-2 0.68 505,
167 1% - 0.67 +0.04
) "

0.906+0. 026

0.930+0. 015
0. 946+0. 020

0.964+0,017

0.716+0. 031

0.705+0..030
0, 72640, 010

071440017

-

0.72 _4.03

0.70 +0..04

+0. 06

a Experimental wvalues Theor. PK
Q Final values®
TTEC
. state T o / b d
Z A (keV) (keV} I~ P P P w p Me -
1 LM, 17K KX K T K thod Reference Bahcall Vatai
58 Ce 139 275 165 37 5% 0.37 +0,02 0.73 +0.01 15 Ketelle(1956) 0.724 0.729
t15 2 2 . - ) +0.014 + 0. 014
0.68 +0.02. LT Marelius(1967)
_ 0.750+0.010 16 Adamowicz(1968)
) 0.69 0,02 13 Vatai(1968a)
0.707+0, 018 0.78 40,08 Il Schmidt-Otr

(1972)
14 Campgbeli{1972)
k1 Plch(Y975).
15 Hansen{1975)

1V Genz{1973c) 0.704  0.709
. 40,015 $0.015

14 Jasinski 0.711  0.715
(1963 ay +0.011  +0,011
11l Gupta({1960) 0.722 0,726
$0.014 +0,014
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WAL L

- 3.5 Experimental and theoretical P

values

K
. Experimental values Theor. P,{
0 c - Final values® *
E state- o / d
z A (keV) ‘'(keV) J.- P P P W P Me-
’ \ 14 LM.. " K KK T thod * Reference Bahcall Vatai
. First non-unique forbidde‘n transitions A J=0,1 ; ﬁinf=—1
37 Rb 84 2679.8 880 2 -2" 0.580 +0.025 0.653+0.030 0.888+0.039 11 Welker{1955)  0.876 0.878
+2.9 '
61 Pm 145 170 67 5t 3" 0,558 %0, 022 0.919+0, 024 0.607+0.033 11 Tolea(1974) 0,676 0,681
+ T* 2 2 : : o 0.011" + 0,011
72 ‘_§+_§- 0.509 +0,022 0.55410,033 11 Tolea{l974) 0.660 0.665
2 2 T ' . +0,011 +0.011
62 Sm 145 647, 61 7757 0,20 +0. 02 0.83340.014 16 Brosi(1959) 0.830 0,833
+14 z 2 , o .
64 Gd 151 484 307 _7_'-(;;3;) 0,754 +0,014 o.éao»_ro.t);s 0.811+0.021 11 Genz(1973c) 0.754  0.759
1308 2 272 +0,009  +0,009
66 Dy 159 365,4 58 ;'_5’ 0.752 +0, 024 0,936+0.022 0.803+0.033 11 Genz(1973c) 0.793  0.797
+1.0 2 2 ' '
7ZHE 175 607 433 g“_?* 0.64 +0,04 0.95040.020 0.67 +0.04 11 Funke(l1965) 0.689 0.693°
+8% 2 2 T - d +0.005 0,005
,0.71240,008 16 Jasinski{1968)
343 5-_5 0.767+0'032 16 Jasinski{1968) 0,753  0.757
2z Po-0ol ‘40,002 +0.002

20h



TABLE 3.5

{continued)
a Experimental values Theor. P
Q Final values®©
“EG - AL
state T o . / b d.
Z A (keV) {(keV) J, - P P P w P -Me-
i LM..""K "KK K K thod Reference Bzhezll Vatai
78 Pt 188 540 195 ot.1” . 0.74440.020 16 Hanson(1968) 0.748  0.752
+10%
187 0F-1" 0.76640,023 16 Hanson(1968) 0.750 0.754
79 Au 195 229.0 130 f-g' 0.188+0.005 0.961+0.018 0.196+0.019 11 De Wit{1965) 0.202 0.206
+1. o% z 2 . - ' CoT . +0.006 +0.006
_ 5.25 +0.66 0.160+0.017 5 Goverse(1973) '
99 373" 0.45840.012 16 Jasinski(1968) 0.461  0.466
2 2 i +0.003 +0,003
1.28 +0.06 0.43840.011 5 Goverse{1973)
80 Hg 197 684, 268,77 1 .3"1" 0.74140,012 0.963+0.017 0,769+0,021 18 Plch{1971) 0.754 0,758
T +40 .2 272 B B B +0.002 +0.002
81 T1202 1372 440 . 27-27 " 0,76 +0,05  0,964+0.017 0.79 +0.05 11 Hagedoorn 0.790 0,793
+0, 015 +0, 022
0.7617 0 103 0.789" " o1g 14 Tha(1959)
’ 075140, 014 0.779+0,022 14 Blok(1959)
0.75 +0.03 0.778+0.034 11 Gupta(1960)
0.26540. 010 0.79140.006 5 Leutz{1966)

£04



TABLE 3.5 ({continued)
Experimental values Theor. P._{
‘0% Final values® *°
EC a
state T o / v
zZ A (keV) (keV) J.-J P P P w e~
o it LM, 77K KK thod Reference Bahcall Vata:
82 Pb 203 982 680 5~ _5* 0.66 +0, 04 0.69 +0.04 11 Hagedoorn 0.709 0,713
+12 2 2 . (1958) - 0,003  +0,003
279 5°.3" 0, 75540, 014 0.783+0,022 11 Hagedoorn 0,772 0,780
2 2 (1958) .

0.750+0, 019

First unigue forbidden transitions AJ=2 ; TI‘iTI'f

19 K 40 1505.1 1460; 4'-2+;0+ 0.34 +0.08 "

0.7 0
- 0,44 +0.09

0.776+0,025 11 Persson(196])

=-1

1

0,75 +0,05 5 McCann(19467) 0,74} 0.7491

0.69 +0.04 " 8 A¥man(1968)

+10h
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QEC values are taken from Wapstra and Gove (1971).
There are some values that originates from electron
capture measurements, They are replaced by values
obtained from other methods, except for a few cases,

indicated by an asterix, where no recent other result is

available.

Fluorescence yields were calculated from the equation

[ /(1w | 1/4 . A+BZ+GZ>. The constants A,B,C were
determined by fitting the selected "most reliable" experimental
values of Bambynek et al. (1972} to this equation. We have
9mitt§:d from the list of the "most reliable" values-those

that were deduced from PK""K measurements,

The theoretical PK

of Mann and Waber (1973} and exchange and overlap

corrections as described in Sec. 2.5. For Z > 54 the

values were derived from wave functions

correction factors of Suslov (1970} are used in continuation
of the Bahcall factord and those of Martin and Blichert-Toft
(1970) in extension of the recalculated Vatai factors. Un--
certainties are quoted only in those cases where they. are
significant, They originate from the uncerta.intie:s of the

QEC value, . . .
Methods are identified by numbers explained in Table 3.1,
QEC value from Gopinathan (1968),
Qo value from Henry (1974).
QEC value from Ford {1970).

QEC value from Auble (1971a).
QEC value from Jasinski (1963b).
QEC value from Auble (1971b)}.
Qp velue from Berényi (1970).

Theoretical value for a unigue 1st forbidden transition.



TABLE 13,6 7. [aperimental K/8% ang 20/8% Ratio

1 »]

El,e-. 4 Qg 'a" Final "Tr T, PI\.‘/ pB+ PEC,./ Pé+ \ Mﬁﬁhodb Reference
rent state  J, - J. . P
(keV) (&:e‘a’) £
c 11 t1982.2 % 1.0 0 353 (19 fos) <107 ‘ 20.  Scoble {1957b)
| . - : : {2.%0 icéi?1) < 1577 21 Caztrhell’1967)
¥ .13 22205 % 0.9 A %'___315"' ‘(1.68_ i‘ 0.12) x 10‘3| 21 Ledingham(1965)
0 15 2759.2 % 0.9 0. 1717 (107 £ 0.08) x 1077 2 Leiper(1972)
z277% .
T 18 1655.3 ¥ 0.9 0 17y 0* B (5.00 % 0.18) x 1072 20 Drever{1956)
b 19 sme2fos o N R “ Leimr{?m)
¥a 22 2842.3 = 3*'—9:"' 0.105 £ 0.009 ) . ' ‘ 22 McGa. 11(1969)

0.5 1274.6

010 X 0.05 28 iouches(1952)

1+

0.110 ¥ 0.008 , 27 §'~err:1954)

' - 3
0.010 2 Irezer 1954)

I+

0.124

PO
0.09 £ 0,06 2T S~arnlesd)

31 Allen{1955})

1

0.122 = 0,010

004 &0
8T ZDV TyNIdINg

14

0.065 £ 0,009 ‘ 2} Charzak(1955)

&irivng

904



TANLE_ 3.6 (con‘b:'puc:f; )

Metnod b, Refereace

7 Ble- A Pinal Tesz .- P, P P,
zent. : stete’ J0 . g0 - ¥ gt LQ/‘Eb+
RN (kQV) (ICQV) .._3'_, £ T * ¥y - e
11 Na ‘22 o.124 o012 ,  ®%  Hagedoorn(1957)
0.109 ¥ 0.008 27 Konijn(1958/59)
0.112 % 0,004 5 2T Ramaswamy(1959a)
]
“od04t Fo.ooio’ 0 28 Williams(1964,.1968)
0.1048  0,0007 2 Leuts(1967)
0.103 £ 0,018 3k . Steyn(1966)
0.1042 £ 0.0010. 21 Vatai(1968c)
§ ] o.1077 % 0,0003 . 27 MacMahon{1970)
13 4 26 40047505 1810 stz . 0.35 ¥ 0,023 (8 Rightmire(1959)
0.12 s Jastram(}961)
15 2 30 42274 %26 0 1ot (1.20 ¥ 0.08) x 1070 C 21 Ledingham(1971)
i - R B R 0.2, .3 cém™ination. Dougan(1962b)
7 0L 36 1144.1 1.7 o 2= (tua = 72 x 10 of 21 and 3L
7.5 £ 5.0) z 102 : 31 Berényi(1962) and {1963b)
21 Se 44 3649 % s 25 severel 0 %o v 28 Langevin(1954c)

several

——————

+
0,05 = 0.1% 26 Langevin({1954c)

-F
0--11 - . &
0.05 25 Blue{1955)

L0%



wastl 3,6 Joentingsa )

5 joyd & TP ": T L B X s .:b .
o ;ﬁi; A Qe E::::; U J?K/.Pf}*. ?E'C/ PE}_+ + lethod~ Reference
2 ) {keV) u(kc‘\r) e £ \ . ; — .
21 So 44 0.073 Zo.017 . 27 Blue(1955)
0.023 20.019 : 27  Konijn(1958/59)
.. 0.049 26 Dillman(1963)
23 .v 48 4015.4 28 several’ 4+:'-?‘.s,eve:ca1 0.72 x 0.11 , k2 Good(1946)
' 0.46 £ 0.09 26 Sterk{1953)
o R ‘ -
2295 4=y 1,04 £ 0,17 26 Casson(1953)
05009 L 3 Bock(1955)
0.7 % 0.07 - van ﬁaoijen(l‘)S?) revised
A : ’ by Konijn{1967b)
(%% 074 = 0.02 27 Hagedoorn{1957)
) .
2N 0.43 20,03 . 26 Ristinen({1963)
28 . ; .
6, ¥ 0.77 = 0.04 . 28 Biryukov(1966)
e% S
% 0.77 T o.06 27 Konijn{1967a)
= 0.53 £ 0.06 27 Konijn(1967b)
,0.76 % 0,035 29 Konijn(1967b)
5y : ‘b e e .69 1 0.03 27 Albrecht{1975)
25 ¥n 52 4709.8 ~ 3.5 312 . 626 1.86 = 0.17 %1 Good(1946)

80+



¥

Finél

\ Pra— ) . g "b
5 Ele- & Q]::C a A PI{/ PB+ PEC/ Method _Refe'renoo
‘ment \ state . = J . ! -
(keV) . s LT s ]
25 ln 52 2.0t $0.28 ' 27 Sehr(1954)
1.85 ¥ 0.19 . - Konijn(1958c) revised by
I . Konijn(1967b)
1.84 T 0,20 30 Wilson(1962)
2.04 £ 0.24 "26  Freedman(1966)
180 %0.13 27 Konijn(1967b).
2.2 %017 29 Konijn {1967b)
25 Fe 52 2312ig2 548 ofs ()t 0,77 £ 0.18 3. Arbman(1955)
. 90.82 31" Juliano(1959)
1.6 £ 0.2 -} Friedlander({1951a)
1 o
27 Co 356 4568.2% 1.9 sevoral  4hseversd c43%02 26" Gook(1956)
3120 © 4t (5)? 12 ' 26  Sakai(1954)
2085 AT S 0.35 2 0.07 26" sakai(1954)
0.014 £ 0,152 .27  Berényi(1965c)
' 0.23 £ o.22 | 26 .Berényi(l96tc)
: . ) . . 0.117+0, 089 27 Vatai{l1966)
27 Co 58 2308.0 22,5 810.5 2f—2*  4.92 0.0y 22 Joshi{1961)

Al



TABLE 3,6 foontinued

Msthod b Reference

R S S AL A
(ke¥) kev)y L ‘
| 485 010 S
5.05 £ 0,09
.goverel’ 2+-:- geveral . - 59 *o.2
: ' 5.9 < 0.2
810.5 '2*-*-.%"' ' - oo 5.67 % 0.14
U sa9tous
- . 5.48 £ 0.08

5.76 £ 0.13

3243 £ 7 severel %7:;5.9-;_9%9_1 1.0 %041

o
-
.
-
AL
1+
o
-
o
purd

0.04

0.2

oot
y
NIU‘:I
N
a—t
[+/]
14
o

1890

20

30
* 29
28

24

26
26
27

30

26

27

Kramer(1962b)
Bambynek(1968Db)
‘Good(1946)
Cook(1956)
Konijn(1958a}
Ramaswamy(1961)

Biryukov(1966)

“Williams(1970) and

" Goodier(1971)

Friedlander({1950)

Konijn(1956)

Konijn(1958a)
Konin{1958b)
Chitosi(1962)
Bakhru(1967)

.'El{.onijn(l(} 58k)

OTH



7 Ele- A Q. Pinal B Fot | - Poo/Pat  Netnod P foforence
zent lbg state G L ol 5/
e (ke 1k
o 2723 30 Chilosi(1962)
.22 -y Bakhru({1967)
33 5t
1750 5 -}(-é } 6-1 - 30 Chilosi(1962)
’ ) ~7 27 Bakhru{1967)
1450 L ' : 1.438 £ 0.059 | 27 ij
53 : ) ‘Konljn(1958b)
. +
2%0.4 .30 Chilosi(1962)
+ . .
. 1.5 ~ 0,08 ' - 2T Bakhru{1967)
1370 22 0.805 £ 0.080 | 27 Konijn{1958b)
: 1 £ 0.2 " 30 Chilosi(1962)
R 4 Bakhru(1967)
1590 - 2.5 2 ~4 o ilosi
5= - ; 30 Chilosi(1962)
L
~5 . 27 Bakhru(l1967)
- - !
3. : ' a
1460 5> 2.5 =1 2T Bakhru{1967)
20 Cu 61 2245.2 ¥ 2.3 several- -, . 0.55 = 0.06 © 7 2 Bouches(1949)
sevaral ! ’
0.32 % 0.03 o Huber(1949)

T



TARLE. 3.6 7 [eontinued
T . M, 4

+3 )
* . + + i T Aef ¢l
q@c a _ Final - « PK/ PB PEC,/PB_‘ Nethod =~ Refercnce
o stase g, -7 : .
( keV) (ceV) i £
e A + .
1677.5 £.1.8  1340; 0 15 2%0h 5.5 X 125/ Cook{1948)
2.65 = 0.4 25 Bouchez(1949)
-+
1.75 = 0.2 | 25 Huber(1949)
2.18 T 0.20 25 Plassmann{1951)
L4 ;
2.5z = 0.28 | 3 Reynolds(1950)
1600 X g several o% several ; 12 E7 Hayward(1950)
0 ot 44 * 0.¢ 2. Hoffman(1969)
1350.7 % 1.1 0o 3—2 .27 24 Watmse(1940)
18.8 27 Zumwalt{1947}
+ . o
_ 25210 34 Major(1952)
+ ?
21.3 = 1. : 31 Major(l952)
E 1
" 3
21.8 - 2, ‘ 23 Yuasa(l952)
+ * e
28.0 ~ 3, 23 Perkins(1953)
26 -3 20 . Avignon{l955)
o+ .
25 - 2 %1 Gleason{1959)

2Th



. PN TR 2.0 (ugg.p_z__n__ggg } ;
o a i s . Pat (Pt b Reforence
z IEle A Q’EG :‘:mil at e PK/ B e/ ) Method® Referen
went (KeV) sta IV - ,J'-f > | i
' e ,
30 Za 65 27.7 X 1.5 :. : "534 Harnmer(1968)
S ; 34 Good(1946) -
/
+ 4
249 = 1.5 27 Sehr(1954)
(4 - 29.6 + 0.5 . . 31 Steyn(1966)
51 Ga 66 5175.0 ¥ 3,0 several O Z)»several '0.52 L . 23 Langer(1950)
31 Ga 68 2919.4 ¥3.9 1078 1 szt estoae g 31" Ramaswamy{l959h)
. . . H . '
0 1*—s0t 0.1 L o002 | ' 31 Ramaswamy(1959b}
. : f .
52 Ge 65 2102515  several 0% several 1.45 £ 0.2 31 Ricci(1960)
: 1 - R ¥
{ .
J2  Ge 69 . 2225.5 T 2.4 unkeom unkrown 2" 31 ‘McCown(1948a)
- . + .5 o " : :
33 Ls 71 2009 = 7 several N e 2.1 = 1 § L 23 Thulin(l954a)
' several - ‘
-~ ' ; 31 McCown(1948b)
. r
35 4s 74 2563.7 £ 2,9 several . 25several  1.42 {20  Scobie(l1957a)
\ ., i
596 st T 1B : 25 Johansson{1951)
. i ' :
. 1.49 ! 20 ‘Scobie(19572)
+ ; .
1.32 = 0,14 3 Grigor'ev(l1958a)
. H
1.47 Ifo,’as 26 oren(1959)

CTh



2BLE 3.6, feontimed)

Methodb Reference

Z Ele- a i P+ P+
A e Final s By e Paes 7B
2ent v state J - J :
(=Y) kav) P f
. ) .
33 4e T4 1.288 ¥ 0.012 27 Vatai{1968c)
1200 ey > 3.2 o m Horen(1959)
. . ' 4+
34 Se 73 2740 210  several (-2. )vseveral  0.59 . 23 Scott(1951)
9* . 9" !
425 (5 )5 0.45 - 26 Scott(1951)
35. Br 75 2010 ¥ 20 vokaown  uaknown, ,  ~0.1 26 Baskova(l961)
- : : Jirgis{1959b
3% Br 76 . 5100 SYST several 1> several 0.5 % 0,2 24 Girgis{1959b)}
35 Br 77 1364.5 £ 2.8 several | g-vseveral 20 24 Woodward(1948b)
39.8.1 '5.2 !' 27 Sehr(1954})
- - ' - 4(1948
3% Xr 77 3000 --}'-,90 _ several (g rseveral 2.6 31 We odward(19482)
' . 0.21 ijO.‘l i 23, Shulin(l1955)
¥ OKr 79 1531 :9 seversal Jé+several 50 i 31 Woodward(1948a)
~10 : 23 Sergstrdom(1951)
. .
. 8 * 4 i§ 23 Jergstrom(1952}
H
14.1 F 4.0 . 25 Radvanyi(1952b)
9.2 % 5 : 23 J.‘.hulin(1954b)

'

Hith



' ’ . : iethod b Refercnce
Z Ele- A Q::.‘C Pinal - S PK/?BT . . PEG/PBT : )

ment (keV ). (s;;;e) J - '___. Jf e m—
% k=79 . wa g% . . ;23 Radvanyi(1955b)
' 2613 . 43 5110 s ;2" Langhofi(1966)
598 ' %-ﬁﬁ 43‘0 Yoo . . ' ,_ : 22 Langhoff{1966)
37 :'Rb 84 2679.8 % 2,9 several . 2%several 0.07 | - ‘ o 1 24 Karraker(1950)
0 g sot  2.06 % 0.36 y . L } . 31 wemer(wsé)
1.2 0.25 l‘ : 31 Konijn(1958/?9)
. 886 ' =2t 5.5 % 0.38 P ‘ 31 Welker(1955)
| 3.96 & 0,16 | e . - 22 .Goedbloed(1970c)

5.72 £ 0.12 27 Konijn(1958a)

— ——

3.47.% 0,21

_ N - - Coe e 26. Zoller(1969)
39 Y 87 18227 388 ~2—_>.§ . 46 : :
+ : i . :
40 2r 89 2834.1% : 3.0 several . g—méveral ~3 { + 26 Goldha.ber(l9§1)
. b N t
e : 26  Shore(1953)
. gt g* . VoL
910 325 3.48 = 0.15 1 Monarn{i96l) revised by
e | lvan Patter{1964)
543 2010 26 van Patter(1964)
! 26 Hinr ichsen(1968)
|
§

]

GTH



. DABELZ - 3.6 .[COMITIUED )

P+

’ b.
Method  Reference

N 'y 75
(koV) ( keV) I o - :
. - - derived by van Patter(1964)
4 Zr -g9m’ 3422.1 Z3.0 1510 53 47 > 2.7 - from results of Shore(1953)
| 3.76 £ 0.19 o3 van Patter(1§64)
iz ‘Mo 90 2487 Z4 several ot several - “+3.0 2 0.5 26 Cooper(1965)
42 Mo 91 4443 * 28 0 ff—-» §+ ‘ "(é.os ¥o.39 x 1072 4 lFitzpa.trick(i‘)?S)
45 Te 93 3i86 % 13' se‘vera‘i - (g+)-:gseveral' 7.20 ¥ 0.67 ’ 27 Sehr(1954)
135031500 (%+)-a ? 6.7% 2.2 26 & 31 Levi(1954)
45 2 94 4260 % 5 ;aev‘eral © o (6%,7")sseveral X 26 M;n;ro(1962)
| | 14.9 ¥ 0,7 .31 Matuszek(1963)
’ ) .2422 (6%,71-¢6* 75318 25 Hamilton(1964) °
45 26 9m 17%0 $11  several I(%n)ésevere.l ‘ 2.5 x 10° 3 ‘Megiicus(1950)
‘ ) 3.8 & 10° . 3 Levi{1957)
%g (2.5 % 1) x 10° 31 ynikhés‘;}
ég ‘ (2.3 X 0.2) x 10 31 bretzu(1965)
g g - 204;2-_._..(%-") _%z‘ 78 - 1 Levi(1959)
E—% " 62 31/ cretzu(igﬁs)
. .
0 (32‘) :g+ . 28 3 Levi{1959)

914



b

2 Ble- & Qo Final ™ T P{{/PB+ Pacs Pt ¥ethod ~ Refercnce
men state J; - e .
(keV) (kev) - ‘o
45 ®h 100 3630 ¥ 20 several 1,27 several ~9 24  Lindner(1948)
46 Pa 101 1990 £15  seversl (3 )-» several “n9 28" Lindner{1948)
~24 24 Katcoff{1956)
hem + P
47 Az 108 1921 =8 0 1% 0 9.6 25 Perlman(l953)
5.6 %1 25  Frevert(1965)
T 9.3 31 Wahlgren{1960)
' -+ W
48 cd 107 141714 severel’  Zoseveral 320 ¥ 20 26 Bradt(1945)
49 TIn 144 -3t I several 1% several 5.4 x 10° 7 3rodzins(1956)
+ . T [
50 Sn 111 2508 % 26  several %'—}seve:_'&l 2.56 = 0.25 . ) 26 McGinnis(1951)
2.7% 0.2 25 S .yder(1965)
S A I
0 5= 3 2,20 % 045 3 Rivier(1971)
1
3 ~am F . + . ;
5t S 113 3898 T32  ceveral g-» soversl 0.25 £ 0.04 26 Kiselev(1969)
5t b 1 * -y :
15 3030 ~ 20 several 5-»several 1.99 26 Vartanov{1963}
1.22 £ 0.06 26 Kiselev(1969)
51 8b 11§ 4500 L 40 soveral  (3,2%)- ceveral 5.5 - 26  Flak(1961)

LTH



'1‘!;]31.._113‘ 3.6 _l{comimtgd)

Method b Ref eTENCC

OE_ POOR, QUALITH

4a "~ . * .
Z' Tlo- & Qe Finel . . P, P + . PPt
naent ._"’g stete I o Jﬂ- i X/ L ' /. .‘Bp
(keV) (keV) i £ . L
51 Sb 116m 5000 = 40 2900 . (87)=T ‘4,22 £0.20 23 | Bolotin(1964)
51 8v 117 1753 %40 158 . §+-—> 3 . TR inni
i 3 5 ‘ 385 = Tu4 30 McGinnis(1955)
977 " 25 Baskova(l964}
apas * o - o '
51 5b 118m 2835 - 6 $2572 - (87)=7 - 620 X 40 29 Solotin(1961)
. o+ + +
31 Sb 1202680 = 7 0 =07 1.057  0.035 24 Campbell(1975)
51 sb 122, 1610.1 £33, o 2ot 300 % 130 %1,  3leubman(1955)
© 300 ¥ 50 34 Perlman({1958)’
N . 4 . , Lt .
52 Te M7. 34% T30  severel - Soseveral . . 2.3 3. Fink(1961)
53 I 118 6100 SYST  unknovn. unkmown  0.76 F 0.16 24 Andersson(1965)
53 I 119, 3200 £ 400  unkmowmn unlmomn © 0.86 ¥ 0:10 o4 Andersson(1968)
53 I 120 5360 SYST - unknown Ntm}:nd-.:m 1.04 ¥ 0,09 .24 Andersson(1965)
53, I 121 2370 SYST several ( 5+)->sev al + - 24 And (1965)
. 5 aral 9 -1 . \n ersson
55 I 124 %3160 210  severel _ 2=»several - ~2.3 " 3 Marquez(1950)
2.7 % 0.4 25 Jirgis(1959a)
' 2.2 "25°  Mitchell(1959
ORIGINAIL} PAGE IS 5 ' (1959)

81H



S 3, D

TRMVALULLIUEE £

a

5 *2";:; A Qe Eif:'—"-e LI v P/ Pgt Pro/ Pgt Menod -~ Reference
v Vi b - N &
(keV) . ev) b
= ' + i - o+ + 77
33 I. 126 2151 S 5 0 2—0 12,5 _ 5 e 31 Marty(1953)
21 -8 . 51 Perlman(1954)
20.2 £ 2,0 31 Koerts(1955)
- o4 .
667 - ] >75 11 Marty(1953)
95 £ 10
- 51 Koerts(1955)
200 3t Singh(1970)
165 £ 5 .28 Harmer(1959)
55 1128 1258 %4 o - 1ot 1800 % 400 31 Langhotf (1961)
55 Cs 125 3070 & 20 srknoms ko 1.03 £ 0.07 .25 Friedlander(1962)
55 Qs "127‘ 2060 * 20 ’ several' - -15->sa've‘ral 7.7 + 1,7 23 Friedlander(1962)
55 ©s 132 2099 £ 23 667.6  2»2t T8t os 31 Tha(1961)
53.5 £ 8.7 22 Soverse(1974a)
(1.8 «-+'0.6):' £ 10é 26 Robinson(1962)
t
(3.5 £ 1,7} x. 10 raylor(1963)
1.7 x 10° 20 Taylor{1963)

6T



TARLE 3.6 ([continued)

Method“'” Reference

Z Ele- A Q. Final - P, P+ PP+
ment k“g state I . g0 - ) EC/T B, o
’ ( € ) (ke‘!) 1 £ ‘ Lo S
+
57 La 131 2960 £ 40  severel . %-—vseveral 2.31 L o3 o2 Creager{1959/60)
57 La 134 3710 %25  geverad 1% scveral R 24 Stover(1951)
0 1ot 0.40 ¥ 0.04 2 25 Biryukov(1965)
57 " La 136 2870 £ 70  seversl 15 several 2 24 Naumann(1950)
58 Ce 131 4300 SYS?  unknown vmknown ' ~8 26 Norris{1966)
59 Pr 136 5200 SYST. several (2,5} .. 1.8%0.4 .. S 25 Danby{1958)
several - .
0.65 £ 0,01 - _ .25 Ketelle(1971)
4, 5" + S ‘
59 Pr 137 2750 - 40 - several ('é Y. 2.05~0.3 - o 25 Danby(1958)
several
! 2.5 ¥ 0.2 25 van Hise(1967)
59 Pr 138 4437 £ 10  several  (6,7,8)+several . 7.7 24 Stover(1951)
3.35 % 1.4 26 Fujioka{]964)
4.5%1.2 - 25 Danby(1958)
55 Pr 139 2112 %20 several (5+)—> &l | 16 :
3 ever 5 )}esever 24.: Stover(1951)
1n3¥10 25 Danby{1958)
' -~ . 4 +
57 .3 : '
‘g@ Y (§ )')'2 7.1 25 - Biryukov{1963b)

o2t



0 N lib r-y
% Tle— A Q’:}Ca Tinal T - Py / PB+ N Pro /. PB_+ Method = Refersnce ,
-ment eV state ..]‘.1 - .Tf ' . . .
(keV) (keV) -t
59 Pr 140 3382t several  (17)= several 2 24 Wilkinson(1949)
. v 0.85 - Rasmussen{1957)
,.i' -
1.0 - 0.1 25 - Browne(1952) -
0.897 23 Brabec(1960)
+
0.90 = 0.08 25 Evans(1972)
(th-0" . o0.76 25 Biryukov(1960)
e
+
0.74 = 0.03 23 Biryukov{1962)} and (1970)
+
€0 'Na 141 1805 y several %u;-seyeral ~ 60 . 2f1-' Wilkinson{1949)
. ;
48 %9 25 Polak(1958)
Vo 4 - 1
35.6 = F.6 ., 25 Grissom(1966)
21.9 25 Beery(1968)
30.4 £ 2.3 25 Evans{1972)
st gt . )
0 55 21.1 = 1.0 25 Siryukov(1963a)
28 £ 1 L 25

3iryukov(1970)
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TABIE 3.6 s({continued

Z\:Jéi; A Qe a Pinel T o - PK/ ps.;. . PEc/ pB-;- I\Ee".:hod._li:‘i.e_ference
b keV) ?::‘}tg Ji - .]'-f _» ‘ . . -
61 Pu 141" 3730 2 40 . upknown unknowa ~0.67 S a3 Gratot(1959)
61 Pn 142 4820 2100  unkaown unlmowm ~0 .05 24 Gratot{1959)
s 0.30 + 0.04 25 Penev{1974)
62 sSa 143 3479 L 28 saveral -’5-9 several ~1.7 24 Gratot(1959)
0.98 £ 0.09 25 Belyanin(1966)
1.27 1' 0.11 . 25 EV&RS(Ig?Z)
3+ 5t ' 5
0 32 ‘o0.92%0.09 . 25 Biryukov(1970)
1731 3%t 63 + 10¢ 31 Firestone(1974)
X 2 2 -
- +
1403.1 3", unknown 35 + 5° 31
.2 -
1515.0 2% ualnown 30 + 7% 31
;.83 Ew 143 . 5000 + 200 1536.7 . %."'_}5" ' 0.62+ 0.06% 31 Firestone{1974) =
> .
-+ .
1565.9 5 4(_3_* _5_*) 0.69+ ¢.15% 31
z 2z . -
%,35 . 1715,1 ,5’%@‘) 0.75+ 017 31
L= -] 2 2 -
[ =
=R + + _+ ‘ 4
8E 1912.6 §q-+<§ g) 1,07+ 0,11 31
mg 2 2 2 . -
g
=

Kiriva
St

Zan



Qun Finel. . .. Pxs Pg+
(kﬂV) atate 1 £
= - (leV)
+ .
“* 5 7
2720 - 15 Z 2 5
7 5 5= 3 <5
3.4
3.0.2 0.5
+~ -
8 2o 2 +
94 53 100%
] 120
Eg
80
3872 £ 9 several (47)-> several .

1344 (4Y=>2 T.9%41.2

2051

1762 2 ¢ 198.1

(4T)—==

En .

8,3

373

19 + 8

-

150 + 30

155 + 50

-

302 +150

3 . Kvotina(l96 s;)

3 Zhelev{1967)

51 Muziol{1966)’

31 Avotina(1965a)
. :fn Zhelev{1967)

] Muziol” (1966)

3 Adam(1967b)

25. Takekoshi{1964)

25, Funk({1962)

25 Funk(1962)

31 Avotina(1966;1965b)

31 Mirziol™(1966)

31 Adam(1967a)

£eh



TABLE 3,6 '(coxilﬁnﬁed)

Z Ele- A 'QECa Final . P, /P + PE':C/PB+ Methodb Reference
ment state - Ji -J'f K B
R (ke V) (ke'V) '
st 5 - ‘ :
63 . Eu 147 121 '8, 5= 5 170, + 30 31 Avotina(1966;1965b)
' 165 + 35 31 Muziol'(1966)
, |- 257 100 31 Adam(1967a)
Jl .
.
3] 2 — .( ' . . s
¢ 573 BT+ 45 . 31 Muziol'(1966)
' i 2 252 +'100 31 Acam 1967a)
66 Dy 155 2099 T g : 227.G, (-52: Y g 4ty 31 Frrezcon{lgss,
Br 161 2050 31" * 200
x 50 % 40 2111 g—  a00% 200 | 31 Gromov(1965)
69 Tu 162 4700 2100 seversl. 1D several 12, - . " 25 Chua{1971)
59 ™y g 3035 & to gt - -
@ 166 T3 ~12 ¢ =47 9 31 Wilson(1960)
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LABLE 3.6 (continued)

1
2

Z  Ele- A Q Final P [P+ b e
ment r(kﬁ% stnto JF-J? EC' T8 Method Reference
© (keV) * )
64 Gd 145 5311 +120 808.5 17,17 18 + 8 31 Firestone(1974:1975)
z 2 .
1041,9 1%, _3_*) 1.0 + 0.1 31
z \2
1567.3 _1_‘“.{41_*{;"“\ 37 418 31
2 \z22. ‘
1599.9 f.,( ;_*‘;*g*) 13 46 31
N 2 \222
1757.8 173" 1,87+ 0.09 31
z 2 _
1761.9 * 1% wiknown 2.6 + 0.8 31
2
1845. 4 ,1,”.,(_;*,:1*) 43 421 31
2 \22 )
1880, 6 f.,(f_zf) 2.15+0. 12 31
z \z2
‘2048, 9 _1_:+-> unknown 4.2 + 1, 0 31
2 .
2113.9 ,;*e(;*g'*)' 10 + 4 31
2 \22)
2494.8 _1"2&&1,) 4.8+ 0.5, 31
2 N2
2642.2 14 - unknown 8.1 +0.¢9 31

g



papre 3.6 f continue&f)
7 Tle- 4L G & Finsl Py Pot Poo Pgt ¥ethod © Refercnce
ment 20 state Jo-- T F/., .ﬁ : /
{ keV) (keV) i £ : e
.70  Yb 162 2300 SYST o 31 36 ¢ o3 A'sdurazakov(1974)
71 Iu 168 4360 = 80  several (17) - several 8 : 31 Merz(1961)
; ' ’ l a7 : "4 I 25 Wilson(l969
72 HEf 171 2600 syst 662.0 5 -3, 14413 . s -natovgch(1‘374)
.73 Da 178 1910 T 100 0 150t 1tof i 25 Zallagher(1961)
. . - ;
77 Ir 186 3831 % 20 868.7 unknown>6" 6.5 L3 ; 26 Ermery(1963)
‘”'.53‘1 untmorm -+ (67) ﬂ:’ - Emery(1963)
{99 Au 190 4400 SYS? eeveral ~ 1Trseveral 50 25 Jastrzebski(1961)
. . ]
' + o + P : )
81 TL 200 2454 %5 367.97 2 —32 110 £ 10 P Bt Konijn(1960)
] ’ 1 + ) .
02 -9 , 27 va1 Nooijen{1962)
85 Bi. 207 2405 % 3 569.6 - 2 -2 (6f1) x10* 2 Rupnik(1972)
a QEC values are taken from Wapstra and Gove (1971).
b Methods are identified by numbers explained in Table 43 , 'gs
€ Relative measurements, normalised to the transiti on to the 1056, 6 keV state of 1 Pm., e ﬂa;
d Relative measurements, normalised to the transition to the 1107.2 keV state of 1438m. i 8 E
| HE
b ol
545
. E & =
= ™
(8N



TABLE

3_,7 Allowed Transitions - Comparlson of Selected Results wr.th Theory
(2) Results -for k/8" Ratios |
Experimental values Theoretical wvalues
' A " FEY ' 7
- QA" Final b .
’ Ele-~ - EC' state: J.ﬂ\ - .T? PK/PB-i- Me- PI{/P8+
. Z ment A {keV) keV) -~ ‘1 ' thod ‘Reference .
' - - o FOU L4y w3 : -3
6" c 11 1982.2+1.0,, 0. 37 3. (2,30 .0\11) 10 21 - Campbell(1967) (2.11 40,01} 10
’ ' . 272 LT e
7 N 13 2220.540.9 . o 17 17 (1:68.40.12) 10™> 21 ' Ledingham{1965) (1.800+0,006) 107
\ . . - LR} H - . z - 2 3 . . . -
8 o 15 2759.240.9 0 177 {1.07 +0,086) 1073 21 Leiper(1972) (0.911+0, 002) 1073
. 2 2 ! . 3 .

G ¥ 18 1653.3:0.9  © 1f-0" (3.00°30,18) 102 20 Drever(1956) (3.14. 10.°02) 1072
10 Ne . 19 ,3238,240,9 o 1t gt (9.6 +0.3) 107 . 21 ‘Leiper(1972) . (9.28 0,02) 107
\ "o . 2 - 2 - -

11, Na . 22 2242,3:0.5 12746 . 3727 0,105 +0, 009 '22  McCann(1969)  G.1023+0.0004
. ot o - : -3
15 P 30 4227.442:6 0 1.0t (1,24 +0,08) 106”2 21  Leodingham(i971) 1.233 +0.005) 10
27 Co 58 2308.012.8 8105 ‘z+-z4 4,92 . £0.09 - 22" Joshi{1961) 4.97 +0.11
‘ 4.83"+o 10 20  Kramer{1962b)
. 5,05  30..09 Combination .
B "wof 24 and BAambynek(1968h)
a 31
30 Zn 65 1350.7+l.1 0 ... 5537 28,0 43.2. 23 PerKins(1953) 50.5 +0.4
C ' E2 25 .42 - 31 Gleason(1959) -
2094150 0 31 Hamimer(1968)

ey



TABLE 3.7 . (a) continued,

Experimental values Theoretical velios
Q.0 Tinal b
8C state  § - Jy Pp/Fgt ~  Me- P, /Pyt
A {ke'V) fkeV) ' , . thod Reference '
68 2919.4+3.9 1018 1'-2" | l.z8 0.1z 31  Ramaswamy(1959b) 1.36 +0.03
91 4443 +28 - o . otat (5,05 +0.34) 107° 24  Fitapatrick(1975) (5.50 +0.22) 1072
.o 2 -2 . . -
120 2680 +7 | 0 1Tt 1,057 +0.035 24  Campbell(1975)  1.24 +0.02
13¢ 3710 +25. . o0 10" 0,40° 40,04 25  Biryukov(1965) 0.48 40,02
140 3388  +6 0 aheot 074 40,03 . 25. Biryukov{1962,1970) 0.85 +0.01
141 1805 415 0 3! st 28 +1 " 25 Biryukov (1970)  35.3 +3.2
N 2 2 ° N ' B
143 3479 428 0 st gt 0.92 +0.09 . 25  Biryukov(1970) 0.98 40,05
2 2
155 2099 +6  227.0 (_:g")_g” . 44 45 31  Persson(1963) 44,0 +1.5
22 T .
N
%
2
T
2

gzt



TABLE 3.7 {continued} {b) Results for EC/B+ Ratios.
Experimental values Theoretical v-z‘xlues
Q 2 Final b
Ele- EC state U, ".T;T PEC/PB+ Me- PEG/P3+
zZ ment A {keV) (keV') thod Reierence o
11 Na 22 2842.3+0.5 1274.6. 3727 0.1041+0..0010 28 Williams(1964,1968)0..1117+0, 0004
‘ ' ‘ ' ' 0.1048+0. 0007 . 27 Leutz(1967)
0.1042+0. 0010 27 Vatai(l968c)
, 0.1077+0, 0003 27 MacMabon{1}970)
23 v | 48 4015.4438 2295 4t gt 0.77 +0.04 29  Binyukov(1966) 0.78 +0.01
' 0.83 +0,06 29  Konijn(1967b)
0.76 +0,035 27  Konijn{l967b).
25 Mn 52 4709.843.5 3112 6t.et 1.86 #0.17 31 Good(F946) 2..09 40,06
‘ 2.0F 10,24 27 Sehr{l954)
r.84 10,20 30~ Wilson(1962)
2.04 +0.24 26 Freedman(1966)
1.80 +0.13. . 27  Konijn(l967b)
2,12 +0.17 29  Konijn(1967b).

YA



(b) continued

TABLE 3.7
Experimental values Theoretical values
a
Q Final b
Ele- EC state 5, 1 Uy Poo/Pgt Me- v__/P.+
z ment A (keV) {(keV) 8 thod Reference EC B
27 Co  '58 2308,0%2,5 - s10.5 2t.2* 5.67 +0.14 27  Konijn{1958a) 5.62 +0.12
) ’ B ' 5.49 +0.18 30 Ramaswamy(1961)
. 5.48 40,09 29  Biryukov(1966)
i 5.76 40,13 28 Williams(1970) and
. Goodier(1971)
28 Ni 57 3243 " +7 1490, 3.1 1,438+0, 059 27  Konijn{1958b) 1.48 +0.07
z 2 1.5 +0.08 27 Bakhru(1967)
1370 3737 0.805+0, 040 27  Konijn(1958b) 0.888+0, 032
B 1,0 40,1 27  Bakhru(1967)
30 Zn 65 1350,7+1.1 0 5.3 24.9. +1.5 27  Sehr(1954) 34,5 +0.4
2 2
40 zr 89 28341430 910 gt 9f 3,48 +0.15 - Monaro{1961) 3.40 +0.05
. 2 2 . revised by -
van Patter(1964)
3.43 +0.10 26  van Patter(1964)
3,47 +0,21 26" . Hinrichsen(1968)

0€4



TABLE 3.7

(b} continued,

Experimental. values:

THeoretical values

QEC Final 7 ' B
Ele- state . - Jo- Ppo/Pgt Me- PLo/Pgt
Z ment A {kev) (keV} thod: Reference: -
40 Zy 89m 3422.143.0 1510 17 3" 3.76 +0..19 31 van' Ratter{1964) 3..55' +0; 06
. ' - : 2 2 :
500 Sa 111 2508 +26 0 at et 2.20 +0.15 31 Rivier(1971) 1.87 +0, 16
2 2 . -
51 Sb 116m 5000 +40 2900  (87)7" 4.22 +0.20 29:  Bolotin{1964) 59 +1.1
51 S 118m 3885 +6 2572+ (87)-7" 620° +40 29  DBolotin(1961): 830 +80:

QEC

Methods are identified by numbBers explained in Table 3;1..

values are taken from Wapstra and Gove (I'971)

TEY



TABLE . 3.8 First Forbidden Unique Transitions

Experimental values Thecretical
QECa . Final - o . 1st unigue forbidden values
Ele- state . - I PK/P + Me- PK/PB+
ment A {keV) (ke ) g thod Reference
Rb . 84 2679.8+2.9 0 27-a" .12 40,25 31  Konijn(1958/59) 0.94 +0.01
Sb 122 15610,143,3 0 2”0t 300 +50 31  Perlman(1958) and 254 +11
_ . ' Glaubman(19565) N
I 126 2151 +5 0o 270" 20.2 2,0 , 31  Koerts(1955) 211 +0.7

Q values are taken from Wa.pst.:ra and Gove {1971).

EC

Methods are identified by numbers explained in Table :3.1.

rA%



TABLE 3.9 . First Forbidden Non-Unique Transitions
4
(a) K/B' Ratios

Experimental values 'Theoretical {allowed)
a '
Q Final b
Ele- EC state D';T - J;r PK/PB+ Me- - P /PB;I-
" ment A {(keV) {keV) thod Reference K
Rb 84 2679.842.9 880 2”2 5,15 +0.38 31 Welker(1955) 3.51 +0.06"
’ ' ' 3.96 +0.16 . 22 Goedbloed(1970¢)
1 126 2151 45 667 272" 95 +10 31  Koerts(1955) . 138 " 47,
Eu 145 2720 +15 0 5" 1" 3.0 40,5 31 Muziol{1966) ., . 3.39 +0.14
- 2 2 »
goa 57 3" 100 +20 31  Avotina(1965a) 43,9 +4.2
2 2 :
70 49 31 Muziol{1966)
Eu 147 1762 49 198,1 57 3" 160 +30 31 Avotina{l966) 197 +16
~ .- 2 \2 — -
_____ 121.8 5% 5 170 +30 " 31 Avotina(1966)
2 2 165  +35 31 Muziol' (1966) 119 +8
Cs 132 2099 +23 -667.8 2 -2% 53,5 +8.9 22 Goverse(1974) 264 +71,
TL 200 2454 45 367,97 2--2% 110 +10 31 Konijn{1960) 65.7 +1.4
: 102 +9 27  van Nooijen{1962)

£E



TABLE 3.9  {continued)
(b) EC/8" Ratios

Experimental values . Theoretical (allowed)
a
Q Final )
Ele- BC stata 5 -Jp Poc/Pgt Me- P /Pyt
_ment A {keV) {keV) thod Reference
As 74 25.63' 71‘2- 9 F?E’ ?-HZ+ 1.32 ':I:G. 14 21 Grigor'ev{1958 a) 1,24 'i_~0. 01
1. 2881-0. 018 27 Vatai{l948 o)
Rb 84 2679.842.9 880 272" 5,72 $0.12 ‘27 Konijn{1958a) 3.97 +0.07
‘T 126 2151 45 667, * 272" 165 +5 29 Harmer{1959) 159 48
a .
Qo values are taken from Wapstra and Gove (1971).
b
Methods are identified by numbers explained in Table 3.1,.
o2
Pal,
P 7L
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lslgp

TRy LS —_— - 1 g Ty
SAELE Se3e  Huclear matrix elements Iy CZg. (2-7L), sfier Ton and Zanonors
; oY
(1038). ’
———— —_—
Lvpe oI T
. ‘s A= T sy A
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TARLE 4,£, Evperisente

ot Lotsd

by Y
ivoBp el

T,

Nal

Z Ele-= A Final Jg - JE Epa a peduced guantities’ Spectro Methodd Reference
ment ?E:&? (keV) EEC(keV}b others® meter
4 Be 7 o  3/27-3/27 861.75 ¥ 0.097 851 T 12 I, Ry Ge(ni) IB/Y Mutterer (1973b,d
477.6 3/27-1/2" 384.1 T o.1 395 %25 1 NaI IB~y-coinc. Lancman (1971b)
388 t g IIB NaT IB-y-coinc. Persson(1972)
17 CL 36 0 27-0"  1144.1 T 1.7 1170 * 40 Nal Dougan {1962)
1162 ¥ 45 NalI Berényi (1962,631)
1178 ¥ 15 Nal Lipnik (1964)
1158 ¥ 18 NaT Berényi {1965a,b)
1141 E g eff,DT NaI Smifnov(1973)
18 A 37 o 3/27-372% 814.1 T o.6 818t 15 e Nal Anderson (1952,53)
g18 ¥ 20 NalI Emmerich (1954)
NaIl Lindgvist (1955)
Irg NaIl IB/K-Auger Saraf (19586)
20 ca 41 o 7/27-372% 421.2 fo.s Trp, Roge  Gel(Li) IB/N, Mystek (1973)
23 v 49 7/27-772" s01.2 ¥ 1.0 621 ¥ 10 Nal Hayward (1956)
24 cr 51 0o 1/27-7/27 751.4 ¥ o9 156 ¥ 5 Bisi (1955b) §§



contl:
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d

Final 52 - JE Deduced guantities Spectro Method Reference
?E:%? EEC(kgV)b others® Reter
786 £ 50 P? from Iyp Nal IB/Y Cohen{1955) 50)
752 ¥ 22 NaT Van der Kooi (19
730 £ 20 P, from Iy, Nal IB/Y Ofer (1957)
794 t 60 Py from I;n -Mal IB/y Murty(1967)
748‘# 14 P from I, Ge(Li) IB/Y Ribordy{1970)
769 i.15 IIB' Reff Ge(Li) IB/Y Mutterer(19732;
320.1 7/27-5/2" t 229 T 16 1, ‘NaI IB~y-coinc. Koonin{1972)
835.3 atoo* t. 512 ¥ 25 Irg faI IB-y-coinc. Lancman(1969)
639:f 100 Iip NatT IB-y-coinc. Kadar(1970)
518 # 8 1., NaT IB~y-coinc. FKoonin(1972)
o  3/27-5/2" 231.7 % ~ . GM-count . Bradt (1946)
212 ¥ 10 NaI Maeder (1951)
212 ¥ 20 Nal Bell(1952)
222 ¥ 10 Ig Nal IB/Kx Michalovicz(19£
227 MaIl Madansky (1954)
232 T 10 Nal Emmerich (1954)

et



£y

Z Ele- A Final Jg —ng Epc a Deduced quantities Spectro Methodd Reference
ment ?E:@? (keV) EEC(keV)b. others® meter -
Irg NaI IB/KX Saraf (1956)
227 T 10 I, Nal IB/Kx Biavati (1959,62)
224 T 4 R, Nal _ Berenyi (1965h)
248 % 20 ‘Nal " Raj(1969)
27 Co 57 136.3 7/2ﬁ;5/2-_ 700:4 o7 434 ¥ 30 Nal IB-y-coinc. Jung(1956)
_ ‘ 674 T 30 ‘14 NaT IB-y-coinc. Lancman(1971a)
28 Ni 59 o 3/2;~7/2" 1073.1 £ 1.1 1073 ¥ 30 NaI Emmerich (1954)
IIB Nal IB/Kx Saraf (1956)
Mal Hayashi (1960)
DT Nal. Schmorak (1963)
1075.141.3 DT NaIl Berényi (1976)
32 Ge 71 o 1/27-372"7 235.1 ¥ 1.7 236 T 12 Nal Saraf(1953)
In NaIl IB/Kx Saraf (1954b)
237 % 5 Nal Langevin {19544
. _ 231 ¥ 3 1, NaI IB/Kx Bisi(1955a)
46 pa 103 39.7 sy2t-172% 513 t 27 517 % f; NaI Rietjens (1954)

F—
o xm
4



g Ele- A  Final J::.E “«\J‘fft Epe a Deduced guantities Spectro Methodd ", Reference
ment. s(;:“%e {keV) Epo (keV)b " others® hmeter
50 sn 113  391.0 1/27-1/27 e3¢ % 1g 930 ¥ 300 NaT Phillins (1960)
646.5 1/27-3/2" 378 ¥ 14 108 £ 5 Naf IB~y-coinc. Bosch(1967)
51 sb 119  23.8 5/2%-372% 535 % 20 555 T 20 I, Nal IB/Kx Olsen(1957)
53 1 125  35.5 s5/2%-3727 112.5 ¥ 1.0 141.5% 2.0 -Ge (Li) Gopinathan (1968)
55 Cs 131 o s5/2%-3s2% 355 1 356 ¥ 10 T . NarI IB/Kx Saraf (1954a)
356 ¥ 10 Nal Hoooes (1956)
I Nal IB/Kx Michalowicz (1956
IIB* NaT IB/Xx Biavati (1959,62)
- b
62 sm 145 1.2 7/27-772% 577 i 9 584 ¥ 15 Nal . Brosi(1959)
N e IB/ (;x+Y) 4
547 - 10 IIB Nal IB-¢ ~coinc.Sujkowski(19638)
66 Dy 159 o 3/27-3/2" 365.4 % 1.0 SPorao Nal I Ryde (1963b)
SFO = o . Adeel v L/o?"fjeé f/i’(.?)
IIBF Nal IB/ (Kx+y). . Sujkowski(1965)
68 Er 165 o s5/27-772" 311 %4 370 ¥ 10 E NaI IB/Kx " Ryde (1963a)
37228 1,  NaI IB/Kx zylicz (1963)
IIB NaIl IB/Kx Sujikowski (1265)
74 W 181 o 972%-772% 187 % 10 190 ¥ 16 Ge(Id) Rao (1966 &

LAWY



2 Ele- A Final Jg - gt a {fies - AL

Jg Epe Deduced quantities Spectro Method . Reference
ment state ) b c meter '
(keV) (keV) EEc(keV) others
- + + ’ + o s
78 Pt 193 o 1/27-372% 61.2%¥ 3.0 60.8% 3.0 Ge (L) Hopke (1969)

fcalculated using Qpo values from Wapstra and Gove (1971).

bpartly recalculated from measured 1s IB end-point energies, uSlng electron binding energies from
Bearden and Burr (1967).

symbols are used for the bremsstrahlung intensity (I ), the effectlve shane function (R f),
information on the influence of detour transitions. (B@) ‘and the y-branchingratio (P Y. .
Informations on the different spectral shanes are not 1nd1cated

indicated only if normalized IB spectra have been determined.

®includes bremsstrahlung of the 8%-EC branch to the ground state of 145Pm.

)
"

wéat

' ' ' s . 159
fincludes bremsstrahlung of the 26%~EC branch to-the 58.2 keV-excited state in 1“‘Tb.



DRIGINAL PAGE IS .
OF POOR QUALITY HES

=1 ™ T

P oome a o mpu o ed G- pemmeer
18 37 354 814.1 ¥ 0.6  3/27-3727  allowed

23 v 49 330 4 601.2 £ 1.0  1/27-71/2"

26 Fe 55 2.6y 231.7 £0.7  3/27=5/2"

32 Ge 71 11.4.4- 235.1 £ 4.7 1727-3/27

55 cs 131 9.7a 355 e  5/2t-3/2"

67 Ho 163 >10° y 5.0 ¥ 1.5  7/27-5/2"

68 Er 163" 75 min 1208 I 5/27-7/2"

68 Er 165 10.3h 371 4 5/27-7/2"

65 To 157° 150 y 64 s 3/2%-3/27  first non-unique
78 Pt- 193 620y  61.2 3.0 1727-3/2F

20 ca 41 8 x10ly a2i.2fo.5  7/27-3/2%  first unique

36 Kr 81 2.1x 10°y 290 £ 100  7/72%-3/27

25 Mn 53 2 x 10% 597.3 ¥ 1.2 7/27-3/2"  second non-unique
28 Ni 59 8 x 10% 1073:1 ¥ 1.1 3/27-7/27
. 43 e 97 2.6x 10% 346 I g o/2%-5/2"

57 La 137 6 x 10% ~ 500 7/2%-372%

52 Te 123 1.2x1013y 57.2 & 2.4 1/2+—7/2+ second unigue

8from Wapstra and ‘Gove '{1971)



IAZLE 8.8, 1z I spenten trasimed looenl-ohiaen o o0 b ¢
p Ele- A  Final q.r"ir - J}‘: EECa .Deduced quantities Spectro Reference
ment state . . (keV) b meter
(keV) EEC {keV) others™
25  Mn 54  835.0 3togt 540.1 ¥ 3.6 528 E 20 NaT Jung (1956)
26 TFe 55 o 3/27-5/2" 231.7 £ 0.7 | I;g Nal Biavati(1959,62)
38 st 85 514.0 9/27-9/2" 550 T 7 193 ¥ 30 NaTI McDonnell (1969)
48 ca 109 - 87.7 3/2%=772% 94 %3 ‘94t 3 Ge (Li) Gopinathan({1968)
50 sn 113 646.5 1/27-3/2" 378  F 14 100 ¥ 10 Nal Jung (1956)
53 1 125 35.5 57273727 112.5 ¥ 1.0 141.5 T 2 Ge (Li) Gopinathan (1968)
55 cs 131 0 5/27-3/2% 355 T I}E NaI Michalowicz(igss)
118 NaI . Biavati(1959,62)
62 sm 145 61.2  7/27-7/72"% 577~ £ 7 I};: NaI Sujkowski (1968)
68 Er 165 o 5/27-7/2" 3711 T4 370 g Nal gylicz (1963)
| 384 t 20 Nal Sujkpws_ki(1965)
74 W. 181 o 972772t 187 T 10 184 T 12 Ge (Li) Rao (19662)
80 Hg 197 .77.3 1/27-172% 338 ¥ 20 686 ¥ a0 .Ilg NaT Fasinski (1965)
81 Tl 204 o 2~-gt a5 ¥4 335 Nal Der Mateosian (195.)

LY



V7 Ele- A .Final Jg - Jg EECa Deduced quantities Spectro Reference
ment state (keV) b < meter
(keV) EEc(keVT others
376 ¥ 20 NaT Jupig(1956)
393 ¥ 10 iNaI Bidvati(1959,62)
Nal Goudsmit (1966)
4 is | (10
385 - 20 I1n NaT Larcman{1973)

a . .
Calculated using QEC values from Wapstra and Gove (1971}

b___. . .
partly recalculated from measured 1s-IB end-point energies, using K-electron binding energies

from Bearden and Burr (1967).

1 YR .
CEI; = 1§f5§‘1nten5}ty

d 145

includes bremsstrahlung of the 8%f§§ branch to the groundstate of Pm.
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IABLE 4,9, Measured IB intens‘ities for allowed and first nonunique forbidden transitions,
compared with theoretical values.
Ele- Final- - 1) Energy Inten- Experiment. Theoretical, Referencez)
Z ment A state Jg; " dg Epo range sity- value. values (x10 7)
(kev) (keV) {(keV) ratio {(x10 ) MS MG  Int
Allowed transitions AT = 0,1; MM = 4 1
- - + ’ + X
1 Be 7 0 3/27-3/27 861.7570.09 523.7-k__ I /W, 9.070.6 9.35 8.56 8.57 Mutterer(1973b)
- - . Ty
477.6 3/2°-1/2" 384.1 -To.1  so0 - 360 Irp/Mpe 10.3%0.6  9.95 9.19 9.20 Persson(1972)°
' 100 - 360 - I, /W,, 8.6%0.6 7.82 7.25 7.26 Persson (1972)F
120 - 360 I/Wg, 7.7%0.5  6.83  6.39  6.35 DPersson{1972)°
120 - 360 I /W, 2.9%1.8Y6.83 .39 6.35 Lancman{(1971b)°€
i8a 37 o  372t-3/2% 814.1 *o.6 35 -k . Ip/W 52 *13%Y 52,1 36.9  37.6 saraf(1956)%
24 Cr 51 o 7/27-7/2" 751.4 ¥o.9 348,17k Top/Moo 9.5620.60 14.6 9.13 9.43  Mutterer(1973z)
320.1 7/27-5/27 431.1 T1.0 130 -425 T /W 7.2%0.4 8.34 s5.41 5.58 Koonin(1972)%
5 Mn 54 835.3  3%-2"  540.1 ¥3.6 100 -420 1w, 5.8%1.3'%46.5 10.5 10.8 Lancman(1969)9
. 82 -k I/, 17.2%3.8:%18.1 1i.s 11.9 xadar(i970y®
82 -515 I ./W.. 15.4%0.8 18.1 11.5 11.9 Koonin(1972)%
6 Fe 55 0 3/27-5/27 231.7 0.7 s0 -k I/ 4.0%1.0%) 3,42 2.20 2.28 michalowicz(15

53)3
-

A%,
ta



TABLE #,9,

{continued)
Ele~ Final- - - 1) Energy Inten~ Experiment. Theoretical Reference 2)
4 ment A state J; - Jg Eqa. range sity- value, values (x10 =),
. (keV) : (keV) ratio {x10 ) MS MG  Int’
{keV) _ _
5 . x5 45) ' k
100 k. Tpg/ig 1.4%0.470 1.68  1.07 {.11 saraf (1956) E
o -k . I.3/w, 1.5To.s. 3.76  2.15  2.26  Biavati(1959,62)
27 Co 57 136.3 7/27-5/2 700.4 0.7 180 =-465 I /W, 8.851.84) 21.0 12.8 13.3 Lancman(1971a)"
32Ge 71 0 1/2 -3/27 235.3 1.7 70 -k . Iop/W 2.3%0.5  2.82 1.70 1.79 Bisi(1955a)"
51 §b 119 23.8 5/27-372% 555" ¥20 0 -k . Iig/W. 10.651.25) 22.0 8.46 10.2 Olsen(1957)°
- +
55 ¢cs 131 0  5/27-3727 355 %p 0 k. Il;/WK 1.4%1.0  7.61  2.25 3.14 Biavati(1959,62ﬁ
68 =x 165 ©O  5/27~7/27 371 a4 93. -306 IS/ 1.63%0.16 4.87 1.05 1.67 Sujkowski (1965)"
182 -306 Ilg/WK 0;53io.Q5 1.52  0.34 0.50 iSujxowski(1965'r
185 =300 I /W, 0.9%0.2  2.39  1.28 1.43 Zylicz(1963)
185 -300 I 0.89%0.12 2.39 1.28 1.43 Sujkowski(19653.

651


http:0.89�0.12
http:0;53�0.06
http:1.63-0.16
http:1,.4-0.45

TABLE 4.9, {(continued)

' . 2
Ele- Final- 1 Enexgy Inten- Experiment. Theoretical Reference )
7z ment A state J© - Jg Eéc ) range sity- valug5 values (x10 7)
{(keV) i * (keV) (keV) ratio {x10 ) MSs MG Int
Flrst nonunigue forbidden transitions AT = 0,1; TiTg = -1
) - + + +..7) ‘ . .
62 Sm 145 61.2 7/2 -7/2 577 =17 120 =239 IIB/WK 6.7-0.7 11.9 5.87 ' 6.73 Sujkowski(1968)

120 -412  I/w. 10.1%1.07)  20.7 9.18 10.6 Sujkowski(1968)

169 -412  T../wW,  7.3%1.277  15.1 6.08 7.14 Sujkowski(1968)

X

120 =412 I}S/WK 4.6%.8 14.9 3.90 5.28 Sujkowski(1968)%
* C
169 =412 I;;/WK 3.6%.5 12.2 3.19 4.25 Sujkowski(1968) -

66 Dy 159 o  3727-3/2% 365.4%1.0 185 -300 Tp/W,  1.0%.3%) 2,24 1018 1.3 suikouski(1965)

-— ) s
80 Hg 197 77.3 1/27-172" 686 *ao 350 =550 I};/WK 1.6%0.3 5.49 0.83 1.26 Jasinski(1965)



http:1.0�0.38

TABLE 4,10, Average experimental-to-theoretical IB yield <pg o> for various regions
- * Ia

of the atomic number Z.

Region of 7 ) 4<2'<80 7 = 4 18 < 7 < 32 51 < z < 80

Number of independent
measurements 19 3 11 5

Theory of: < QEWT >
Morrison and Schiff 0.66 0.91 0.76 0.32
Martin and Glauber © 1,19 0.98 1.19 1.31

Intemann 1.06 . ) -t 0.98 1.10 . 0.92

9%




TABLE 4,11, Circular Polarization of IB in allowed EC transitions

a)

pA Ele- F:y ' Final ' EEd Energy range Degree of Polari- Reference
ment state C L (keV) - {keV) Polariza- meterbj
{keV) . tion type
18 a 37 o  s1e.1foe 200~k 1.03%Fo004 f.s.m. Hartwig(1958)
0.97 ¥ 0.15  f.s.m. Mann (1958)
24 cr 51 0(90.2%) - 751.4 T 0.9 '0.67 ¥ 0.07  £.s.m. . Vanderleaden
: N ‘ . (1971)
- 320.1(9.8%) 431.3 £ 1.0 : 1.2 % 0.1 r.t.m. Kuphal (197 4)
26 Te 55 o 231.7 0.7 85 ~ 220 0.98 ¥ 0.1 £.5.m. Parfenova (1960}
32 G T o 235.1 ¥ 1.7 70 - 120 ~ 0.4 £.s.m. Bernardini (197
a)from Wapstra and Gove (1971) - b)f.s.m. = forward-scattering magnet

radial transmissicn magnet.

i

r.t.m,
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TABLE 5;1 Electroti ejection probabilities per K capture (in multiples of 10-5)_
K- or L~

Isctope Primakoff= HIKSb ihtemann® electron
Portar® ejection

?;Ar 27.7 1h.2 21.12 57

55 i 2 ; :

Jore 1.2 8.81 .. 8.26 . b.h

7] : 5.68 - - ks 4

32Ge 6;68 .5 ;72 -3.3

'g;cs 1.62 0.709 0.92 2.6

1%er . 0.767 0. 304 0.39 2.9

®primakoff and Porter (1953); evaluated by Mukoyama et al. (1973).
bMukoyama et al. (1973}). ‘
“Intemann (1969), as evaluated by Iritemann (1974).

dK-e]ectron ejection accompanying L ‘capture and L-electron ejeétion

accompanying K capture; after Mukoyatia and Shimizu (1974).



Lek

TABLE & 2. Double K~vacancy production probability (due to internal ionization

and excitation), per K-capture event (in multiples of 10—5).

Theory ¢
Isotope Primakoff— MIKsb Experiments
Porter

S 38.6 23.0 3739 Kiser and Johnston (1959)
4418 Miskel and Perlman (1954)

JoFe 18.5 15.8 38+17 Charpak (1953)

I ce 12,2 8.85 . 24 Briend et al. (1971)
1318 Oertzen (1964)
13.3+1.4 TLangevin (1957, 1958)

ke 4.13 1.79 . 1.3320.33 Nagy et al. (1972)
2.0+1.3 Smith (1964)
5.0+1.0 Daniel et al. (1960)
2.510.2 Lark and Perlman (1960)

oo 2.70 1.09 . 0.67%0.39 Nagy et al. (1972)

1.520.4 Ryde et al. (1963)

®Primakoff and Porter (1953), as evaluated by Mukoyama et al. (1973).
b
Mukoyama et al. (1973).

cK—-x—ray—l{-—x-ray coincidence experiments, except for K x-ray satellite

measurements on 71Ge by Certzen (1964) and Briand et al. (1971).


http:0.67�0.39
http:1.33�0.33
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Figuire Captiong

FIG. 2-1. Thé function I(1,1,1:¥) vs. distance r from the
érigin (in fiultiplés of the nuclear radiuis R) £or varidus nuclear
charge distributions: &) uniforin charge distribution [Eq. "(2-55}];
b} Fermi distribu¥ich, with t=0.4R [Eg. (2=61)]; ¢) CGaussian dis=
tribution, with A=0 [Eq. {3;58)]: d) riodified Gaussiah distributien,

with A=1;

FIG: 2-2. ﬁl/K eXchange and overlap correctidn factoks. The
$01id and brokén curves were recaléulated acdcording to the approaches
6f Bahcall (1963a, b; 196%9) and Vatai (1968, 1970), respectively,
with wave funétions from the Hartree=Fock program of Froese-Fischér
(19722}, Results of the relativistic calculation of Suslov (1970a),
following Bahcall's theory, aré indicatéd by trianglés, and those of
the calculation of Martin and Blichert-Toft (1970), based on the same

appreoach as Vatai's, aré indicated by crosses.

FIG. 2-3. Ml/Ll exchange and overlap dorrectiof factors. See

caption of Fig. 2-2 for details.

. ) , . 71
FI1G. 3=1. Typical K, L, and M spectra from the decay of Ge
fmeasured with a multiwire cdounter system. 1In the M spectrum, back-
ground and degradation tails were subtracted and a Poisson distribution

fitted to the data (after Genz, 1971a).



FIG. 3~2. Multiwire proportional counter (after Scobie et al.,

1959.

FIG. 3-3. Block diagram of multiwire-proporticnal-counter

electronic system (after Genz et al., 1971a).

. L 37 , .
FIG. 3-4. The M region of the Ar spectrum, with the single-
electron spectrum produced by intréducing nltravioclet photons from- an
_external source, normalized to the M spectrum (after Renier et al.,

1968} .

-

FIG. 3-5. The normalized M and L spectra from 37Ar decay, cor-

rected for dead time and background {after Renier et al., 1968).

FIG. 3-6. Bléck diagram of single-wire proportional-coun;gr

‘electronic system {(after Genz et al., 1972).

FIG. 3~7. BAssemblies of source and enveloping crystals (after

Goedbloed et al., 1970a).

FIG. 3~-8. Spectrum of ?BlCS measured with a doped Nai(TL)
crystal. Elimination of escape effects by extrapolating to a zero

surface~-to-volume ratio (after Schulz; 1967a}.

FIG. 3-9. M-electron capture decay to the 646-keV level of 185 e

{a) Spectrum of M events. (b) Extrapolation to correct for escape

effects (after Schunlz, 1967a).

FIG. 3-10. Block diagram of coincidence apparatus to measure

l93Pt M- and L;capture peaks (after Ravn and Bggeholt, 1971).



hen

FIG. 3-11. Block diagram fotr coincidence measurements with

internal solid sources (after Leutz et al., 1966).

FIG. 3-12. Comparison of expérimentally determined I,/K &apture
ratios for allowed transitions (=o0lid circles) and first-forbidden
non-uniqué transitions (open circles) with thedretical predictions
based on wave functions of Mann and.Waber (1973) and exchange and
overlap corrections XL/K acdcording to Bahecall (1963, 19é5), Vatai

{1970a) and Martin and Blichert-Toft (1970).

FIG. 3~13. Coémparison of experimentally determined M/L capture
ratios for allowed transitions (solid circles) and first-forbidden
non—-unigue transitions (open circles) with theoretical predictions
based on wave functions of Mann and Waber -and exchangé and overlap
corrections XM/L according tc Bahcall (1963, 1965), Vatai (1970a),

and Maritin and Blichert-Toft (1970).

FIG. 3-14. Comparison of experimentally determined PK values for
allowed transitions (solid circles), first~forbidden pon—unique transi-
tions (open circles), and first-forbidden unique transitions (sguares)
with theoretical predictions based on wave functiéns of Mann and

Waber (1973) and exchange and overlap corrections according to

Bahcall (1963, 1965).

FIG. 3-15. Number of allowed positron emitters, as a function

of half-life.

. +
FIG. 3-16. Continuous gas-flow system used for K/ measurements



458

with short-lived low-2Z isotopes.

. . + .
FIG. 3~17. Diagram of counter used to determine K/f ratios of
llc. 13N, 150, lgNe and 30P. K-capture events and positrons are

detected in the central counter; only positrons have sufficient enexgy

to be detected in the plastic scintillator.

FIG. 3-18. Typical pulse-height spectrum from the central pro-
po;tional counter in Fig. 3-17, in anticoincidence with the plastic
scintillator. The counter gas, introduced in flow mode, was 90% Ar
and 10% CH4- Radiocactive phosphine TPHB) was introduced in trace

amounts (<1% of Ar/CH4) from an irradiation vessel to the main flow

line carxying the counting mixture.

22 . .
FIG. 3-19. The 870-eV K-capture peak of Ra, measured with an
internal—éource scintillation counter in coincidence with another WaTl
detector, closely located to register the -1.274-MeV deexcitation y

rays of 22Ne.

FIG. 3-20. Nichium K x rays from the decay of 91Mo, measured with
a Si(Li) detector with a resolution of 185 eV at 5.9 keV. The Nb Ko,
and KB peaks are well-resolved, even in the presence of a B+ spectrum
twenty times as intense as the K-capture branch. The Mo Ko peak is

+ .
caused by B~ induced fluorescence in the source.

FIG. 3-21. Molybdenum-91 K x-ray spectrum measured with a
5.7 % 0.63 cm NaI(TL} of 28% resolution at 22 keV. The fine structure

evident in Fig. 3-20 is no longer visibile.
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FIG. 3-22. Thin, self-supporting. evaporated sources are placed
between two Can(Eu) ckrystals. Although CaF2 has inherently a lower
light output than NaI{T%), the crystals are nonhygroscopic and can he

used without wihdows betwéen source and crystal.

FIG. 3-23. fTypical electrohic arrangement for triple-coincidence

measurements.

; : . +
PIG. 3-24., Ratio of experimental: to theoretical allowed K/8

+
and EC/B . ratios.

- - A

Fig: 3-25. Theoretical K-capture to positron-emission riatios for

allowed transitions.
Pochs ool 1 - + -
FIG, 2-2€, Theoretleel X/p ratios,

FIG.  4-1. Feynman Diagrams for electronic and niuclear mode con-

tributions to radiatiwve electron capture.

FIG. 4-2. 1IB spectra for radiative capture from various atomic

shells of SSFe, according to the theory of Glauber and- Martin (1956).

FIG. 4-3. Relativistic correctidn‘factor-RlS(k), according to

the exact results of Martin and Glauber {1958) ahd Intemann {1971).

- - .

FIG. 4-4. Comparison of several theoretical results for the
relativistic correction factor Rls(k). The exact result is deduced

from Egs. (4~44) and (4-45), the low-k expansion, from Egs. (4-38) and

(4-39), and the high-k approximation, from Eg. (4-40).

¥IG. 4-5. K-capture IB spectrum for 55Fe according to the

theories of Morrison and Schiff (1940) (MS) [Eg. (4-14)], Glauber and
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Martin (1256} (G6M) [Eq. (4-22)], and Martin and Glauber {(1958) (MG)
[Eq. (4-36)]. @M includes relativistic effects to lcowest order in

Zo, while MG is fully relativistic.

FIG. 4-6. IB spectra for radiative capture from various atomic
shells of lGSEr. The solid curves represent the fully relativistic
results of Zon (1971}, while the dashed curves are deduced from the

results of Glauber and Martin (1956). [After Zon (1971)1.

FIG. 4~7. Screening factors sa, according to Martin and Glauber

(1958) .

PIG. 4-8. Polarization and asymmetry functions, Pls(k)=als(k)
and PZS(k)=a25(k), and related functions for Z=18. The ls-state
curves are deduced from the exact results of Martin and Glauber (1958)
and Intemann (1971), the 2s-state curves, from the results-of Glanber

and Martin (1956}.

FIG. 4-9. Polarization and asymmetry functions, Plstk)=uls(k)
and st(k)=a2s(k), and related functions for 2Z=51. The ls-state
curves are deduced from the exact results of Martin and Glauber (1958)
and Intemann (1271), the 2s-state curves, from the results of Glauber

and Martin (1956).

(l)(k) and R(Z)

FIG. 4-10. Relativistic correction factors Rls 1s

k),
according to Zon and Rapoport (1968), for several atomic numbers. The

function R{i) is the same as R1S of Martin and Glauber (1958); it has

been evaluated using the high-k approximation [Egs. (4-40} or (4-76)],
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(2)
F1s

The three points shown on the ordinate represent the results of an

exact evaluation of Rié)

has alsc béen evaluated in the high-k approximdtion [Eg: (4-76)].

(0), using Eq. (4-41) or Table 4.5, for

Z=20, 50, 80 (in descéending order).

FIc: 4-11. Comparison of theoretical results for the K-capturé
IB spectrum for 41Ca. The theéories of Morrison and Schiff (1941) and
Martin and Glauber (1958) for an &llowed transition are ¥épresented
by the dﬁrﬁéé MS-A and MG, Fespectively. For a uniqﬁé first~-forbidden
transition, the correSpondihg curves are those labeled MS-F and ZR,
deducéd frof Eg. (4-79) and the resulté of Zen and Rapoport (1968);

évaluated to first order in 3a.

-~

lBle, measured

FIG. 4-12 1B pulse-height spectra of
with 2 3.5 3.5~-cm NaI{Tl) spectrometer. Copper absorbers were
‘placed between source and detector, ranging from 710 mg/'cm2

(a) to zaoo‘ﬁg/bmz ()» [From Saraf (1954a)].

FIG. 4-13 Pulse-height spectrum of 51Cr, as recorded with a
3 . . .
1.2-cm Ge(li) detector with a pileup rejector. The measured spectrum
(Nap) is shown in the energy range above the 320.1-keV y-ray peak,

with its individual components: internal bremsstrahlung (NIB),

residual pileup (Npu), and background (NB). [From Mutterer (1973a}j

PG, 4-14 Extrapolation plot for pileup correction of 510r
spectra, recorded from sources of different strengths with a Ge(1i)
spectromete¥. Ratios of integral counting rates (Nint) for different

énergy ranges E>E. above the 320.1-keV vy line and total counting rates

1
(N) are plotted against corrected total counting rates (N'). The

intercepts at N'=0 give ratios of IB to vy counting rates above dif-

ferent energy thresholds E,- [From Mutterer (1973aﬁ
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FIG. 4~15 IB pulse-height spectrum (nIB) of SlCr, deduced from
a set of spectra that were recorded with a Ge(Li) spectrometer and
corrected for pileup applying_the extrapolation method. The cor-
responding energy spectrum (WIB) is shown in the inset. Solid lines

represent theoretical spectra of Martin and Glauber (1958). [From

Mutterer (1973a}]

FIG. 4~14 Arrangement of two 3x3-in. NaI(T{) detectors, used for
IB spectrometry in coincidence with vy rays. [From Persson and Koonin

(19721].

PIG. 4-17 Pulse-height spectra of 7Be photens gated by y rays,
as obtained with two 3x3-in. WNaI(T?) spectrometers in close face-to-—
face geometry. The coincidence spe;trum (open circles) is compared
with the random coincidence spectrum (f£illed circles)., The difference
between the two spectra represents the pulse-height spectrum of inter-
nal bremsstrahlung that accompanies the EZ transition to the excited

state in 'Li. [From Lancman and Lebowitz (1971b),

FIG. 4-18 Electronic circuit of IB spectrometry in coincidence
with v rays, for a device with two NaI(T%) detectors (Fig. 4-16).

[From Persson and Koonin (1972}]

7 o
FIG. 4-19 IB pulse-height spectrum of Be measured in coincidence
N Be y-ray ) .
with the 477-keV y rays. Theapeak at 477 keV remained after correction
coincidences. The corresponding Compton distribution is shown as a

dashed line. [From Persson and Koonin (1972)

FIG. 4-20Q Total IB spectrum of l31Cs, measured with a 1lx1ks-in.

Nal (T¢) crystal with a 0.0005-in. thick aluminum window. The 1ls IB

fo



’ ;gpect;éurﬁ gated by "13‘1:2<e K% rays that wexe recorded *ﬁi:th a 1.5x0.080=1in.

:ﬁ_a_I{(z‘,Q,}) «cxystal, is.also .shown. 3_.[-F_rom ;ia_ecj.yat:i. et al. ;(leGZ})j.

- . - . “
3 ~ - - - -

FIG. 4-21 Pure thigher=sheld TB spectrpm :of '1'93-31:;, measured with
& 7-cm coaxial Ger(Ti) detector. lErom Hopke and Naumann (19693,
f STy -

and private «comunication.

‘FIG. 4-2'2 iCorrections :applied to ithe ,pred:l.cted 37‘Ar IB ;spectrum

- v " - -

gto tconver;t 1t :|.nto a ;purlse—he&ght {s‘pectrum .as wou‘l be smeasured witth .a

ST

J:XI-J.n. ‘NaIF(TR,,) =spe_ctrgmeter::- f(A) =theoret1ca1 curve corrected ifor - ¥

’-;éﬁfic'j.'ency., .and di_sj:;':'j,but-ic;n curves for -'(B). ,photp e-l_egi_:;pn_s,, .*'(c)

cCompton electrons ¢ D) backscattered aphotons ' (E) escaped ,photons, :and

“(F) bab_s.qr:bed .-_Phqtqns.- '.I-Er,qm =L1,ndgv1-51: and aWu :(,1§.-55)'3. -

i - Lo : . - . . Lo - -

FIG. 4-2'3 ‘Compton .distributions of 54Mn (a9 -and “8583: i{b) recorded

with .small Ge (Li). spectrometers. -Measured spectra are .compared with
;th_oge caleulated 'ﬁrbm constructed resﬁpnse':matl’:ices. {2} from Ribordy
and .Hubei: 'f11970),, courtesy -of Birkhduser -Publishing Co,.'g; Ab) f_rem

T a - e - .
. I .t Tem e ~

‘Mutterer {1973c)., .unpublished].

FIG. 4-24 TB Eulse-helght spectrum of 4 “Mn, measured with .a

3x3—1n. ‘NaI ('I‘Q,) spectrometer in fccu_ncz.dence -wa.tha ‘the 835-keV ¥ rays =

5_ . . - .
from 4(_:1:-. The SO‘l—ld ddne is >t;he sbe_st it {(_corresponding .to the

mindimum value of ¥ ;) ©0f the curves obtained by folding +the theoretical

N
L e - 1

IB 'spectrum with the response ;mat_rix_. The endpoint.enexrgy is .used.as

fitting jparameter. i[From Lancman and Lebowitz {1969))
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FIG. 4~25 The 1s IB spectrum of 16SEr, as measured with an
1%x]-in. WNaI({PT%) spectrometer, in coincidence with Ho K x rays. dJauch
plots are shown according to Eg. (4~81) (curve a) and Egq. (4-82) (curve
b). {[From Zylicz et al. (1963}, courtesy of North-Holland Publishing

Co.].

49 .
FIG. 4-20 IB spectrum of TV, measured with a well-type NaTI({TQ).
spectrometer. The full line represents the theoretical spectrum of
Glauber and Martin (1956). The experimental points are normalized at

200 keV. [Fromn Hayward and Hoppes (1956

FIG. 4-27 Total IB spactrum of SSFe, measured by Berényi et al.
(1965) with a 10.2x15.2-cm NaI{T{} spectrometer. ~ Data points represent

the effective shape factor Re £ obtained hy dividing the corrected

£
spectrum (NKorr) by the Morrison-Schiff term k(ko-k)z. fFrom Varga

(1970}, courtesy of Hungarian Academy of Science].

FIG. 4-28 'Ratios_pE'T of experimental to theoreticél
bremsstrahlung yields, éalculated with theoretical IB intensities
according to Morrison and Schiff (1940). Values are given for 1s IB
intensities per K capture {(open circles); total IB intensities in
which s contributions predominate, relative to K—capture rates
(triangles)}; and total IB intensities relative to total EC rates
(filled circles). References for experimental data are given in Table

4.9.
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FIG. 4-29 Ratios of experimental to theoretical bremsstrahlung
yvields, calculated with theoretical IB intensities from the theory of
.Martin and Glauher (1958), with Rls(z,k} from BEgs. (4-37) and (4-38).

For notation and references see caption of Fig. 4-2§.

FIG. 4-30. Ratios of experimental to theoretical bremsstrahlung
yields, calculated with thepretical IB intensities according to
Intemann (1971} for Rls(Z,k) (Eg. 4-44). For notation and references

see Fig. 4~-28.

. FIG. 4-31 IB spectrum of 4lCaw measured with a Ge(Li) spectro-
meter in two different geometries. The spectra (WIB) divided by the
Morrison-Schiff spectrum k(kés-k)2 are compared with predicted IB
shape‘factors. [From Mys¥ek et al., (1973), courtesy of North-

Holland Publishing Co.].

- FIG, 4-32 Total IB .spectrum accompanying the second-forbidden
3 .
. nonunique EC decay of Gcl, measured with a 10x10-cm NaT(T{) spectro-
meter. The spectrum is shown in Jaugh coordinates, (a).and in form of

the effective shape function Re {(b). The latter is compared with

££

I

theoretiéal shape functions, calculated with (1f and without (2)

including detour transitions. [From Smirnov and Batkin (1973),

courtesy of Mayka Press].

FIG. 4~33 Circular Polarization.(P )} of the IB from Mar as
function of energy, measured with a forward-scattering Compton
polarimeter provided with a NaI(TL) detector. {Hartwig and Schop-

per, 1958). The solid line is the theoretical curve, cal-
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culated from Eq.(4-52) with the pelarization functions

Oy and Tog of Fig., 4-8, The IB spectrun of 37.:1:* is also shown,

FIG. 4-3 Relative change §(x) in the Compton absorption of 51Cr
photons in iron that is magnetized parallel and anti—parallél,
respectively, to the photon momentum. The Compton polarimeter has a
special radial~transmission magnet. Photons are recorded with NaI{TL)
detectors applving current integrat%on techniques. Values of §{x)
for different Pb absorbers between source and magnet are shown. Solid

lines are calculated from IB theory. [From Kuphal et al. (1974)],

FIG. 4-35 Forward-backward asymmetry W(w)/W{(0O) in the emission of
IB photons from polarized llng nuclei, as a function of sample

temperature. [From Brewer ‘and Shirley (1968)),

FIG. 4~ oOverall asymmetry coefficient A(k) of IB emission
from oriented 1lgsb nuclei, measured by Brewer and Shirley (1968).
Data points are compared with theoretical predictions, calculated

-+

with the asymmetry functions& and a2$ of Fig. 4~9 (full curve;,

is
and with o) = o, = 1 (dashed curve). [From Intemann (1971)}].
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FIG. 5-1: Theoretical momentum Spectrum of X electrons ejected
during K capture of 55Fe. The upper eurve is ecalculated aceording ko
Ihtemang and Pollock (1967}, taking into account only the exchange of
scalar virtual photons during transitions between spherically sym=
metrié states. The lower curve, calculated by Intemanh (1972), results
if p-wave intermediate states and the exchange of longitudinal virtual

photons aré tdken into account. (After Trntemann, 1972).

FIG. 5-2. Calculated momentum specdtrum of K électréns ejedted
, e e .o 131 : X
during K=capture decay of Cs. cCcurve A is according to the non-
relativistic theory of Primakoff and Porter (1953); curve B represents

the semirelativistic calculation of Intemann (1969). (From Intemann,

1%69).

FIG. 5-3. Calculated.energy spectra of electrons ejedted in the
decay'of,ssFe. The daﬁhed curve- 1adbeled "K~K" représents 'K eléetrons
ejected during K capture; the curves “K*Li“ indicate Liéelectrons
ejected during K capture plus the exchange effect, viz., K electrons
ejected during Li capture. All rates are given per K-capture event.

After Mukoyvama and Shimizu (1974).
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