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¢ Nucleon-Nucleon Scattering ¥ ) 6 { \
by
G, Breit A ‘) 6
“
Tale University 9

Nucleon-Nucleon (7; - 90 ) scatitering cannot be covered in half an hour,
Many aspects of it will therefore be left out and valuable contributions will
remain uwmentioned. Apologies to the authors of the papers containing these
are therefare in order,

The discussion will be confined to energies at which meson production
has a negligible effect, Scattering can them be described by means of real
phase shifts and coupling parameters, which are referred to collectively as

phase-parameters or phases for short. The adequacy of such a description

rests on general invariance considerations involving such firmly believed in
matters as the isotropy of space, While some of the assumptions may eventually
turn out not completely correct, they will not be seriously cuestioned in this
review,

Phase-parameter analyses of nucleon-nucleon scattering could in principle
be performed by determining the elements of the scattering matrix at fixed
energy and angle, This has not been dome so far, There are however analyses
making use of data at many energies and scattering angles at once, which will
be referred to as multiple emergy analyses and a mumber of single energy
analyses each at cne energy and many angles or of groups of data clustered
around one energy, Since about 1959-60 the probable general types of phase-
energy dependence have settled down to essentially one, All analyses make
use of Wolfenstein's © and Wolfenstein and Ashiin's 2 classic work on the
form of the J]- N scattering matrix and its relationship to observables:
the cross sections, polarization, triple scattering parameters, polarization

correlations. 4An important ingredient is the employment of the one-pion
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exchange (OPE) values of the phases for the higher orbital angular momenta
Lﬁ, first advocated by Taketani and coworkers 3 then demonstrated to be of
great value in the single energy analysis of p-p data at 310 MeV by

Moravesik 4 and by Cziffra et al, 5 and in multiple energy analysis by the

6’7. A few samples of the kind of agreement there is between

Yale group
various analyses will now be illustrated, A key to abbreviations used in
referring to single emergy analyses is shown in Figure 1. Figure 2 shows the
phase Ko for state ]So as a function of incident laboratory energy EL in
the Yale multiple energy data searches YILAM and YRBI(X o) compared with single

8

searches, The YLAM fit is that = of 1960, The YRBl(KO) is in the June 1965

edition, an earlier version of which was shown ? at the Dubna Conference.
In Figure3 phase 3;‘)' Po for 3P° is similarly compared, In neither case
is the agreement perfect., In Figure 4 the multiple and single energy searches
are compared for 3 Gle . Here the disagreements are larger both between
the earlier and later Yale multiple energy fits and with single energy results.
States of higher L and total angular momenta J 1 usually show larger dis-
crepancies, The Livermore group has multiple energy fits in several editions,
similar to those from Yale, In Figure § the results for the 1961 version of
Yale fit YLAN3M and the June 1965 edition of YLANLM in the case - 931, the
phase of 381 are compared with those of single energy searches, In Figure 6
the comparisons are made for lPl . These samples are taken from a chapter by
R, D, Haracz and the speaker in a forthcoming book on High Energy Physics of
the Academic Press, The later Yale searches include many more data than the
earlier, use a better data treatment and include effects of nuclear magnetic
moments. They are being improved along directions to be mentioned presently.
N = )l scattering is studied partly in order to reach a better under-

standing of muclear structure, partly to determine the nature of the PaN
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i;rheraction, partly beecause of its bearing on the general theory of
elementary particles, This talk is concerned more with the latter two
tories than with the former, One might ask in this connsction. (a) What
is the cause of N - ‘N interactions? {b) What simplifying principles
aprly? (¢) What is learned about other rhenomena? The questions are of
course interrelated.

The approach can be made by attempting to form a completely quantitative
theory, Or else one can try to isolate features of the phenomena appearing
to have the strongest bearing on the mechanism involved, This kind of
distinction can be illustrated by the development of the quantum mechanical
theory of atomic structure, There was little doubt about the general sound-
ness of the theory in tems of the Coulamb law of force combined with non-
relati-istic quantum mechanics much before the theory was aprlied to many
body problems., Even mow the two electron problem has been treated in detail
only in special cases and yet most physicists accepted, many years ago, Dirac's
famous statement concerning gquantum mechanies explaining all of chemistry amd
most of physics. It was not necessary to explain all the details of nany
electron spectra in order to ascertain the assumptions and basic equations of
the theory,

Similarly the complete reproduction by theory of phenomenologieal phase-
varameters is hardly needed for the establishment of basic laws of the -jj- °)!
interaction, A reliable calculation of the phases is difficult, the many body
problem being comolicated by divergence troubles of field theories, A dis-
persion theoretical treatmmt could avoid these troubles, According to an

early paper of Coldberser, Orisaru and aclowell 10, it is necessary however
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to make use in such treatments of unavailable values of the nucleon-antinucleon
scattering matrix in the unphysical region, There is thus as yet no open
road to the quantitative discussion of 9}-*]l interactions comparable in
completeness to non-relativistic cuantum mechanics to which Dirac's state-
ment applied, Existing calcutations involve therefore conventions regarding
approximations, since no truly logical way is available, It may be possible
however to ascertain the processes causally connected with the QN =N inter-
action through evidence mainly concerned with 41- ‘1 interactions at not too
small intermucleon distances and to clarify a few topics concerning them
such as the accuracy of long range charge independence from a comparison of
the pion-nucleon coupling constant g derived from n-p, n-p and n-n inter-
actions; the question of whether the pion-nucleon coupling is pseudoscalar
or a linear combination of pseudoscalar and pseudovector couplings; the
accuracy of conservation of parity, timer eversal and other kinematical
symretries in - Yl interactions; the experimental evidence for the mathe-
matical form of the OPE; the degree of adequacy with which the evchange of
vector mesons together with two-pion erchange (TPE) is able to account for
the intermediate distance interaction; the agreement between values of g2
from nucleon-nucleon as compared with those from T - 1l scatiering.

The last two topics are related, When go2 is obtained from J]-1)
scattering by adjustment of the OPE contribution to give best agreement
with experiment, precision of adjustment is impaired if the minimum L, Iﬁin’
included in the OPE set of phases is high, the whole of the OPE being
decreased thereby, One of the probably important uses of TFE and vector
meson exchange estimates is the determination of corrections to these non-

OPE effects for L somewhat below the pure OPE limit., Since the needed
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corrections to OPE are small this is easier than accounting for the whole in-
teraction but is not completely separated from the latter, the space
localization of effects having no rigorous justification.

In Hgure 7 are shown some values of the pion-nucleon coupling constant
g°2 = g2 /¥ ¢ in the 1962 period, The n-p value of Ashmore et al, has been
obtained from their 350 MeV experiments by Chew's pole consideration pro-
cedure, The other values are from phase shift analyses, The differences
between p~p and n-p values are within the uncertainties of the determinations.
An effect of magnetic moment corrections is seen in the last two entries, The
effect of differemt assignments of the 1Gh phase is seen by camparison of the
second and sixth en_tries. There exist many more determinations of the coupling
constant than in this and the next slide but it would not be practical to show
all of them, In Figure 8 some 1965 values are shown, Reasomable consistency
of values from different analyses is apparent, In some determinations there
are larger variations probably caused by effects other than OPE. On the whole
the n-p values have shown a tendency to be lower than those fram p-p analyses,

Some additional effects have been recently estimated by Seamon, Friedman
and the speaker ]_'1. The I = 1 phases from p-p analyses have to be corrected
for electrostatic effects before they are used in n-p analyses, For purposes
of orientation this has been done using the Yale potential. The change in
the I = 1 phase-parameters affects the I = 0 searched phases, Both changes
affect the adjustment of go2 8s in Figure 9. Minima of D, the mean weighted
sum of squares of deviations of calculated and measured observables obtained
by varying the phases of the searched set used in the third row are called
ijﬂs s those in the fourth obtained in succeeding adjustments of g are called

D:ning » The legend also explains the symbol (go2)' against the preset goz’
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The last two rows are believed the more accurate. The last two columns show an
effect in the direction of better agreement with the p-p value. The readjustment
of I = 0 phases is usually negligible but for lPl the shift is - 0.048 and - 0.042
radians at 260 and 350 MeV respectively falling outside the parallel shift uncer-
tainty + 0.030. For 3Dl it is - 0.013 for the 105 - 172 MeV interval. In Figure

10 are shown values of (goz)b in p-p scattering and the negligible effects on

est
them of varying the computational procedure. The value often used in 7 -p

scattering as £2 = 0.08 corresponds to g02 = 15.5 if m_, is used in the conversion
m

+ and 7 is used instead

corresponding to p-p scattering and 14.5 if the mass of m
+
According to recent work ot Samaranayake and Woolcock £2 = 0.0822 - 0.0018.

Figure 11 shows the effect of the apparent violation of charge independence in

the 1S state. This partly offsets the effect of the Coulomb corrections but
o
+
leaves 857 of it. Since the error matrix uncertainties in g02 are - 0.42

for p-p and T 0.92 for p-p the exact validity of long range charge independence
has not been proved but previous indications of its violation loose weight as
a result of the estimates. The numbers obtained are of course less significant
than the existence of the effects which should be caluclated using a more
reliable model than the hard core potential. Single energy searches with mock
data show effect of the same order of magnitude as those mentioned.
. 12
An analysis of Jow energy n-p data made by H. P. Noyes gave

a singlet effective range (1r°) 10 to 20% smaller than (lro)p—p’ in contra-

n-p
diction with charge independence. Exact agreement is not expected but a 10%
effect would be surprising. A consideration of the evidence by Friedman, Seamon
and the writer 13 confirms Noyes' result for data used by him but emphasizes
possibilities of systematic errors such as dynamic effects of molecular electrons

above epithermal energies, effects of molecular binding and intermolecular in-

teractions in measurements of the coherent n-p scattering cross section and of
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possible deviations from the effective range approximation,. Figure 12 shows
graphs of 5o °, the systematic error in the total, zero energy n-p scattering
cross section, against J3fy , the systematic error in the coherent scattering
length constrained by (lr0>n-p = 2,7F assuming singlet and triplet shape
parameters (0,040, =0.0L0), (0,025, -0,025) and (0,0). The heavy lines are
E(5 MeV, the light for E ¢ 10 MeV, Light dashed horizontal and vertical lines
are for standard deviations of O ° and fH « The systematic errors of the
latter are conceivably much larger., A systematic error correction of ~0.15%

to v ° at 0.193, 3.204 and 5,87k MeV was speculatively assumed for these
plots, Even if the possibility of systematic errors in o ° and i‘H is discounted
there is the possibility of satisfying all conditions on the parts of the full
lines within the rectangle formed by the dashed ones, InFigure 13 the effect
of changing the assumed systematic errors at the three energies to -0.30% is

is illustrated, The probability of partial reconciliation with charge in-
dependence is even higher than before, A more definite comparison of the 180
effective ranges may call for improved measurements of the total cross section
between 0.l and 5 or 10 MeV, of Ty vreferably by a method other than liquid
mirror reflection and for improved estimates of effects of molecular electrons.

The difficulties in obtaining a precise (1)

o’n—p are partly caused by

the confinement to a small encrgy interval needed in order to isolate df/d®
from higher derivatives, The essential guantity is however the difference
(dKo/dE)p-p - (dKo/dE)p.n at small but not necessarily vanishing energies after
correction for Coulombian effects. Since 20 MeV is small compared with the
pion mass an average of this difference over such an energy interval should be
as informative as the effective range, Such a substitution of a chord for a
tangent to the k cot K, versus energy curve ap/ears capable of answering the

physical cuestion provided auxiliary experiments on polarization, correlation
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coefficients and triple scattering parameters can be performed well enough |
to furnish corrections for a few low L waves. Collaboration with R. E.
Seamon 4 has shown that such an experimental program is promising. In the
calculations mock experiments with realistic errors of a set of observables
overdetermining the phases were used in an error matrix calculation to obtain
uncertainties of the phase shifts. In a mean i.e. chord equivalent of (lro)p_p
an accuracy of better than 1% perhaps even better than 0.4% seems possible.

In the n-p case it appeared hard but possible to otain a better accuracy than
3.6% over a 20 MeV energy range. The inclusion of very low energies does not
interfere with the plan but is not vital. It should thus be possible to obtain
evidence concerning charge independence in the 1SO state additional to that
contained in the "scattering length" information through extrapolation to E = 0.
The controversial question of the n-n scattering length is apparently being
resolved in the direction of agreement with charge independence-symmetry, the
new value of Baumgartner, Conzett, Shield and Slobodrian  from T(d,Hes) 2n

giving 16.1 ¥

1.0 F in good agrcement with 16.4 * 1.3 F of Haddock et al. from
7~ +d - 2n+ vy and in agreement with 16.9 F estimated on the assumption of
charge symmetry by Heller, Signell and Yoder.

On the basis of his measurements concerned with R,.}}x and PS and other
evidence concerning p-p scattering Thorndike 15 £inds that the parity conserving,

3

time reversal-noninvariant coupling of 3P2 to “F, states is = 7% of its maximum

2
possible value between 140 and 210 MeV and that the parity nonconserving, time
reversal-invariant coupling of 1SO and 3Po states is = 70% of its maximum possible
value at 140 MeV. The parity nonconserving, time reversal-noninvariant coupling
of 150 and 3Po states is found by him to be == 60% of its extreme negative

value. The writer is unaware of any other reliable test to have indicated a

breakdown of the usual kinematical symmetries in nucleon-nucleon interactionms.
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Abbreviations used for Single Energy Fits in Phase-Parameter Figures.

Tables mentioned in last column are those in the references.

Abbreviation Reference Remarks
X MacGregor. et al, (1961)  p-p; 68.3, 95 MeV; Table IIT
L MAD MacGregor et al, (195h) P-ps n-é; ;2 ¥eV; Table IX, Col;mn 6
¥A MacCregor and Amdt‘(l%s) P-D, nep; 95, 1i2, 210, 310 MeV; Tabl:
VII in following reference, .
N Noyes et al. (1965) P-P, n-p; 25, 50 MeV; Table VII
st Gotow et a1, (1y62) P-p; 213 HeV; Table VIT
" s16A Signell et al. (196ha) P-p; 51.8 MeV; Table II, 6 parameter
SIGO searches .
513 Signell et al, (156l%) P-p; 213 ¥eV; Table VIII, 13 and 16
SIS parameter searches
B¢ Signell and ﬁarker(l%h) p-p; 12 MeV; Table ITI, OPE (11)
s Signell (Jséha) P-p; 50 MeV; Table IV, 5 parameter search
(19640 P-P; 96.5, 310 MeV; Figs, 111, modified
;mase analysis
(1965) P-P; 27.6 MeV; Table IV
X Kazarinov et al.(1962) P-P; n-p; LO, 95, 17, 210, 310 Me¥;
Tables IV, ¥, VI, Set 1 ’
H Hoshzald et al, (1963) p—p\; 52 MeV; Table 1
Perring (1962) 'P-p3 68.3, 98 MeV; Tables 5 and 7,
Solution 1 )
(1963) P~p, n;p; 12 MeV; Tables 1 and 2
BP Batty and Perring (1964)

P~Ps 0~P; 50 MeV; Tables 1 and 2
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n=p 1.3 £ 1,0 Ashmore et al. 350 MeV; O, only; cf. Eg. (VI.22) of this
(1962) chapter.?
op 13,71 0.8 Breit et al. YL, T3 in OPE, magncotic moment effects
(1962b) included,®
1
np 1.1l 0.8 "YIAN3H~350", I=0,1; e;2 = 0,1; factor D° incloc~2.
137116 "YLIN3M-350", O 3 =0,1; n
1.9 % 3. " LYL" 1 0, v ¢
o=p (/111.7 PR K}, non-OPE; otherwise L%3 in OPZ; magnetic
rorent effects included,
\15.5 Lo Same a5 above but magneiic moment effects

oitted.

A, Askmore, Y.H, Range, R,T, Taylor, B, M, Townes, L. Castillejo and R,F.
Peierls, Fucl, Phys., 36, 258 (1962),

G. Breit, M, H, Hull, Jr., ¥, A, ¥cDonald and H.M. Ruppel, Proc. 1962 Inte?-
: nce on High-~Inergy Physies at CERN (J. Prentki, ed.), p.13k.
Informztion Service, Cenevae, Swiigerland),

Figure 7. Values of goz, 1962 period.
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Arndt and MacGrogor

(1965)

p-p 13.8% 1.9

p-p 13.9 £ 1.0

(o=p)+(n-p) 13.0 £ 0.7

(o-p)+H(n-p) 13l = 0.7
P-P 15,1 % 0. Yale (1963)
unpublished

(£ 0.6)

n-p 13.9 = 0.9

(1.1

, Breit

Searches at many energies with 363 .
p=p and 31 n~p data and with numbers
of adjustable paraneters as follov:se

35

2k

58

66

Searches at many erergies;w 780 data.
Effects of magnetic moments included.

Searches at many energies withw 360
Gata, Effects of magnetic monents in-
cluded., Detailed mass treatmenta STOOYS
in () are standard ervors with Dt
included.

R, A, Arndt, and M. H. MacCregor, University of California Lawrence Radiation
Laboratory Report UCRL-14252. {unpublished).

Figure 8. Values of goz, 1965 period.

2 . .
Values of (go )best in n-p scattering.

(go2 preset: at 10,5, 12.5, 1k.0 and 17.5)

e

Coulomb Corrected

Coulomb Corrected-
- Coulomb Uncoerrccied

MHethod Cubics Parabolas Cubics Parabolas
traicht Iine | 15.10 15,5kL 1.0k 1.16
S
Doin 14,608 14.89 0,76 0.73
Dpsing 14,625 1,.88 0.81 0,70

S
Values in rows marked D .
min

and D‘ . & are obtained respectively

fron minima of ijns of D for variations of "searched set" of

phases and from Dming , the minira obtained in further variations

2
of g yielding values (go

2)‘

of goz corresponding to Dming'

Figure 9.
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VYalues of (goz)best in p-p scattering.

(g,2 preset at 10.5, 1,0, 17.5)
Method Cubics Parabolas
Straight line 15.0L 15,02
p. > — 15.06
riin

Figure 10. Values of (goz) in p-p scattering.

best

1
Values of g°2 for Violation of Charge Independence in So .
for Coulamb Corrections alone, and without Corrections,

(go2 preset at 12,5, 1L.0, 17,5)

S
(D‘-ﬂ H) 802) (Dming,(goz)') Sir, line
(A) Vith Ch, Ind, Vi. 1,69 1,69 15,04
(3) Coul, Corr. alone 1,83 .82 15.20
(C) Yo Corr. 13.98 13.98 1h.00
{3-2) / (B-C) 15.6% 15.%% 13.3%

| Figure 11. Values of g 2 for Viclation of Charge Independence in 150 for
Coulomb Corrections alone, and without Corrections. The last row gives the
decrease in the shift produced by the Coulomb effect that is caused by the
apparent violation of charge independence in the S0 state.
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SIGNELL: Is it true that the difference between YLAM and YRB 1 is mainly wheth

singlet G, is one-pion-exchange or not?

BREIT: In 1959-1960 period, there were two fits that were competitors. YRB 1
started from the Gartenhaus potential, the R comes from Rochester. There was
line in the many dimensional phase shift space which connected YRB 1 and YLAM.
YLAM was searched down better than YRB 1 and had a lower Xz, but the energy de-
pendence of ko was more reasonable in the case of YRB 1 than in the case of YLAl
I think a good part of the reason might have been that in the search YLAM a gro
of phase shifts was reassigned to the OPE at the 150 MeV and the fact that that
change was made reflected itself in a region of high curvature for the YLAM kg
phase energy dependence. However, it didn't appear in shape of the Amati-Leade
Vitale curves. Now, I know that they don't completely fit the experiment, but
might think that their shape had some meaning. So, the YRB 1 ky was used in or
to get started on the new YRB 1 kj search and the other phases were taken from
YLAM and the compromise between the two resulted in the YRB 1 kg. The k, is sor

times used one way, sometimes another,

ROSE: In your comments about eliminating the discrepancy between the n-p and p-
scattering lengths, you mentioned that you had looked at certain ideal experimer
Could you describe what these ideal experiments were and what sort of accuracie:

you would want?
BREIT: Oh, you mean what I talked about as mock data?
ROSE: Yes.

BREIT: You are referring to the single energy searches with mock data, I beliex
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In comnnection with the difference in the two coupling constants?

ROSE: No, in respect to the discrepancy between the n-p and p-p scattering

lengths.

BREIT: Oh, the effective range...I think for that plan what was done was...one of
the last items I was talking about. We took the current fits of YRB 1 ky and YLAM
4m. Numbers were calculated from the existing correction functions. From those

phases, observables were calculated - values of <, 5(8), D, R, C etc. Then

nns
standard errors were assigned either through looking through the literature, or
seeing what one might think would be possible to obtain in a measurement or by
consulting some people; in the case of p-p data, L. C. Northcliff; in the case of
n-p data, Drake, and afterwards, Perkins (Los Alamos). Then the error matrix was
calculated. Now one might think that such a procedure is not realistic because it
does not include the scatter in the experimental points that always exists around
any fit - the scatter of the mean values that an experiment obtains. On the other
hand if you look at the equationms, you see that in the error matrix calculation
the scatter really does not enter, It enters only in the last factor that we
apply when we multiply by square root of our D; xz/no. of observations. But just
to be entirely on the safe side we took the paper by Caiffra, et. al., on the

310 MeV p-p data and did it both ways - repeated their work, got essential agree-
ment with their numbers and also put in values calculated from the phase shifts
that were obtained from that fit and saw that we got the same answers. I might add

that the number of experiments that was used was usually quite large - usually

larger than what is available at present for any one energy range.
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PION-NUCLEON PHASE SHIFT ANALYSES

Kentucky Southern College

* L. David Roper 38) 6-
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INTRODUCTION

Our knowledge of the pion-nucleon interaction has increased tremendously in
the last five years. And yet we seem to be just as confused concerning the funda-
mental principles underlying this strong interaction as we were five years ago.
Many scattering experiments have been performed, many phase-shift analyses have
been made, and several attempts at semi-theoretical calculations of the phase
shifts have been published. We shall consider only those phase shift calculations
and analyses that attempted to determine the phase shifts over wide energy ranges.
The available phase shift analyses at one energy are in agreement with one or more
of the analyses done over wide energy ranges.

The dominant characteristic of the pion-nucleon interaction is the resonance
behavior, which apparently occurs in about one-half of the states below 1 Bev.
The known number of resonances has more than doubled in the last few years.
Table I lists the resonances that are presently considered as definite or strong
possibilities up to 1000 MeV.

TABLE I. POSSIBLE PION-NUCLEON RESONANCES (0-1000 MeV)

State (£2T’2 ) Pion Laboratory I-N C .M,
3 Kinetic Enerpv (MeV) Energy (MeV)
P33 ~ 200 ~ 1240
P + 600 + 1500
o 600 1500
D 630 1530
sgf_ 850 1660
D}« 840 1650
F 900 1690
gls 900 1690

11
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In discussing the various resonances we shall use the following terminology:
T
el

r E =E ’
res

Define x = where T = total width of resonance

and T,y = elastic width of resonance. (T = Tev * Tins where

Fin = inelastic width of resonance.) Then a resonance is an
"elastic resonance' when x =1 Phase shift passes through 90°
"inelastic resonance when 1 > x > % at resonance

"highly-inelastic resonance' when Phase shift passes through 0°
¥>x>0 at resonance

The phase shift behavior indicated is strictly true only if the resonance has
no background. (See Table II.)

Since resonance behavior is the dominant characteristic, after briefly con-
sidering the theoretical calculations, we shall discuss the various phase shift

analyses in terms of the resonances they contain. Then we shall consider the non-

resonant phase shifts.

THEORETICAL CALCULATIONS

The recent theoretical calculations by Carruthersl) at Cornell University;
by Domnachie, Hamilton and Leaz) (DHL) at University of London; and by Kikugawa,
Hiroshige, and Inoa) at Hiroshima University are the most comprehensive. All
three do essentially the same thing, i.e., they use experimental information about
I-N and II-1l resonances to calculate the II-N phase shifts.

By means of partial-wave dispersion relations with nucleon exchange and pion-

1)

nucleon resonance exchange in the u channel, Carruthers showed how the various
exchanges mutually induce resonances. He ignored possible t channel meson res-

onance exchanges, and thus did not claim quantitativeness. The main result is a
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¢ TABLE II

Resonance Equation:

N -4 Tel . _X
res  (E-Epog)+4il e -

R 2i6 _ -2 .
1= o7 (ne D, =1 (En~E)

Unitary combination of resonance and background:

n back e2id back

- { = Lne2id_
Ares = Apaek thres t 21AbackAres B Zi(ne D
8 back

A= Aback +

°  Resonance behavior:

In terms of partial-wave amplitude in terms of phase shifts and absorption
parameters
No background: Ima 6 T nle
90°
1
3 0 E
Er “Er
ReA
8 ni
30-40%
E 0 I E
k_‘/" r
Er
Background: Im p § 8 “1'-i
E E Q E
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*
"super-bootstrap" principle which states that a resonance ina T =%, j =& - %
state is induced by exchanges of T = 3/2, j' = &' + % states, where 2' < %; and
that a resonance in a T = 3/2, j = ¢ + % state is induced by exchanges of T = %,
j' = &' - % states, where &' < £,

Donnachie and Hamiltonzc) disagree with some of the details of the ''super-
bootstrap"” principle, and lay the blame on the neglect of the short range inter-
action. Instead of evaluating the dispersion relation for the partial wave ampli-
tude fl (s), they use FE (s) = fg (s)/q22 where q is the c.m. momentum. The fac-
tor q22 suppresses the short range part of the interaction. The predictions as
to which states should resonate agree with Carruther's calculation, but the de-
tails differ. Using a peripheral approximationza) they were able to calculate
the nonresonant P, D, and F wave phases up to 400 MeV, with results in decent
agreement with experimental values, Later, by means of unitarity requirementSZb),
they were able to estimate the short range parts of the pion-nucleon interaction,
and thus extend their calculations to “650 MeV.

The work of Kikugawa et 313) in Japan is simpler; it utilizes what is
variously called the "K matrix" or "damping theory'" method. That is, the 5 ma-
trices for a given partial wave are calculated for the appropriate one-particle-
exchange processes in the s, u, and t channels using the experimental masses;
then the K matrix, or tan §, is set equal to the sum of the S matrices, One has
by this recipe

K = tan § = f S; -

The partial-wave S matrix is then calculated by the standard formula
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.
thus achieving unitarity. The coupling constants are varied (and, also, the mass-
es are varied within limits) to fit the experimental phases. The agreement with

experiment up to 300 is good, and the coupling constants and masses obtained are

reasonable,

RESONANCES IN PHASE SHIFT ANALYSES

There are two basic kinds of methods that have been used to obtain phase
shifts: (1) Single-energy analyses and (2) energy-dependent analyses. In the
former, phase shifts are obtained at each individual energy and in the -latter an

energy parameterization of the phase shifts is used. At Livermorea)

we chose to
do an energy-dependent analysis because of the success that had been achieved in
similar nucleon-nucleon phase shift analyses. (A pion-nucleon energy dependent

analysis was done by Andetsonlo)

in 1956 in which he used a parameterization simi-
lar to the Livermore parameterization. He did not obtain good results because of
lack of data.)

At about the same time we began our work, weveral other individuals or teams
began earnestly attempting to do extensive phase shift analyses over wide energy
ranges. Table III lists the various extensive phase shift analyses that are
currently available. (See Table III.)

Preliminary Livermore results were reported at the Siemna Conference in 1963
and in the author's MIT Thesis in 1963.11) This analysis used a parameterization
in which relativistic Breit-Wigner resonancelz) forms with variable parameters
could be used for any state, with the background and resonant phase shifts and
absorption parameters expressed as power series in the c.m. momentum with variable

coefficients. Unexpectedly, besides the P33 resonance at 200 MeV and a D,, reso-

13

nance at 630 MeV, the P11 state exhibited a resonance behavior at 600 MeV.



Roper

suou 00/-00¢€ K81aua aj8ulsg i1emey ‘ATUQ T1eMBH (6) @2u3)
ttq 05€-0 juspuadap A3isuy atex TATup dfeX (8) ur1 pue {INH
¢1. ST (1€
a a S )
9111 ‘Guriail
11, I1. .€1. €€ . u.H.w.> R ° T11138
S d a d 0001-0 A8aaus 3ar3ulg Ae1oeg Aeioeg uewdtag ‘ai1kaixeqg
Aﬁm ,mam

0001-007 uopuo] uopuo (9) @o®viaa07 R ‘®OT]

ST 18, g1 . ¢ ‘
a S a 00.-00¢ A31dua a13urs (11av) 3o "AtUup a1ydruUUoQ ‘ [1ANY

<1
i g 0011-00L K103B10qBT
€1 11 . 00£-00¢ paozaay3ny (G) @snoyiocol pue
a“‘“" s mm 0S€-001 juspuadap AZasug paozaayany ‘weyang ‘Atuf ‘11auuoQ, 0 ‘uspsueag
00.-00¢
€1 11 00L-0 4xo3ei0qE] (v) p1ag
a ‘4 .mmm 06€-0 juapuadap 4A3asug 9I0WIBAIT DI0WIdNTT ‘IIW pue ‘3ysiaM ‘aadoy
EEEDERGEET a8uey ASaaujmy s1s{{euy jo adi] uoi1leia’aqqy uo13ed20] (" 39¥) saojedrasaaug
<
b sasfTeuy 31JTYS 9Seyq @A1suaIxy " III 91qEL




Pion-Nucleon Phases
.

Bransden, et. 31.5) at Rugherford Laboratory used an energy dependent parame-
terization that was designed specifically to satisfy a partial-wave dispersion
relation. The left cut is approximated by a series of poles. with variable para-
meters, and the right cut by a ratio of polynomials with variable coefficients.
Thus, resonances can occur in any state as the data please. They get the P35 re-
sonance at V205 MeV in the 100-350 MeV analysis. 1In the 300-700 MeV analysis they
get two solutions,‘both with D13 and Sll resonances and a possible Py resonance
at v600 MeV:

Solution #1: Dy, inelastic resonance at 625 MeV.

S11 highly-inelastic resonance at 690 MeV.
Solution #2: D13 inelastic resonance at 630 MeV.

S11 inelastic resonance at 612 MeV.

(The S resonance has been shown by Hendry and Moorhouse6c)

to most probably by
due to a resonance in the n~N inelastic channel.) This group -has recently complet-
ed a 700-1000 MeV analysis6b) which contains an inelastic Dj5 resonance at 840 MeV,
an inelastic Fl5 resonance at 890 MeV, and a second inelastic Syj resonance at

~910 MeV. It does not have the S3; resonance that the two analyses discussed below
have.

The London single-energy analysis of Auvil, et. a1.6) has a definite Dy,

resonance at v620 MeV, and a possible P;; resonance with background at 600 MeV.
‘It also contains an Sq7 behavior that is consistent with a highly-inelastic reson-
ance in that state at 700 MeV. This was a series of single energy analyses in
which the DHL values of the small phase shifts were used as "data" and the large
phase shifts were varied for best fit. Then the complete set of phase shifts were

used to reevaluate the partial-wave dispersion relations in the small phase shift

calculations. The cycle was repeated until agreement between input and output was
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achieved for the small phases. A later extensioneb) of this analysis to V1 BeV
contains resonances in the S31 state at 850 MeV with a large background, in the
D;s state at 840 MeV, in the Sll state at 900 MeV, and in the F;g5 state at

2900 MeV. The 831 and D are highly-inelastic and the others are inelastic. By

15
parameterizing the imaginary part of the partial-wave amplitude on the right-hand
cut by a series of functions of energy with parameters determined by fitting the
experimental phases, they were able to do dispersion relation calculations for the
resonant phases except the Pll’ as well as for the non-resonant phases. The results
compare well with the experimental phases.

The Saclay single-energy analysis of Bareyre, et. al.7) has the same resonances
as the London analysis plus a definite P;; resonance at 600 MeV. They were the
first to report the highly-inelastic D;g resonance at 850 MeV. The double S;;

resonance behavior is present, as is the S3 highly-inelastic resonance at 850

1
MeV. They had previously found a unique solution at 410 and 492 MeV. They then
required that a solution at higher energies must be consistent with the unique 492
MeV. solution. Thus, a unique solution was obtained at higher energies. Around
700 MeV there was a possibility for two solutions, but by requiring continuity with
higher energies they rejected onme of them - one in which the Py phase shift de-
creased after reaching 100°.

The 0-350 MeV analysis done by Hull and Ling) at Yale University is an energy-
dependent one similar to the Yale nucleon-nucleon analysis.13) They did extensive
phenomenological and semiphenomenological fits. In the latter they calculated the
F waves by means of dispersion relations, rather than determined them from data.
Their results and the Livermore 0-350 MeV resultssc) are in fairly good agreement.

The single-energy analysis by Cence?) at University of Hawaii contains no

resonances in the 300-700 MeV range; all of the phases are with +45°, This type
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of solution was discarded in the analyses at Livermore and Saclay because of poor

14)

fit to the data. Also, Draxler and H;per at Karlsruhe claim it is inconsistent

" with forward dispersion relations. The analysis is a single-energy one with some

degree of smoothness used as a criterion in selecting the solution.

Nonresonant Phases

Considering only states up to 2 = 3, the definitely nonresonant phases below

1 BeV are P and F__.

31> P13 D335 D355 Fyys 37

The analyses that have been extended to 1 BeV have the F37 phase steadily in-
creasing such that one can say that it probably is the main cause of the 1350 MeV
bump in the nt . p total cross section. Of course, this bump may be as complicat-
ed as are the 600 and 900 MeV bumps, in which case there may also be resonances in
any of the other T = 3/2 states.

The F;; state is a particularly innocuous one - the phase is practically zero
everywhere and there is no appreciable absorption up to 1 BeV.

The D33 phase hovers about 0°. Some analyses have it slightly positive at
some energies and slightly negative at others. Some analyses have it slightly
negative everywhere. pHL2 predict it to be negative. The absorption is not very
large - an n > 0.8 in the analyses.

The other three states, D35, P31, and P13, all have negative phases as pre-
dicted by pHLZ and do not exhibit much absorption. The largest phase in magnitude
is the ?31 which reaches as much as - 30° at 1 Bev. Again, DHL predict that it

should be largest,

CONCLUSION
The fact that there is agreement among the many recent analyses about the

gross features of the pion-nucleon phase shifts gives one confidence that these

gross features are correct. The one exception is the analysis by Cence.g) His
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solution is apparently one that is easily rejected by using energy-dependent anal-
yses or dispersion relations.

This agreement in coarse detail among the Livermore, Rutherford, London,
Saclay, and Yale solutions is a good basis for hope that the intermediate energy
pion-nucleon phase shifts will soon be uniquely known in detail. Also, justified
hope exists that the phase shift analyses can be extended to much higher energies
as data becomes available.

As representative of the recent results, we show in Figures 1 through 5 the
11’ D15’ and F15 results of Bareyre, et. 31.7) at Saclay. They used

more data than did Donnachie, et. 31.6) but did not require satisfaction of partial-

S P

31 511’
wave dispersion relations., The biggest disagreement among the different solutions
is the energy dependence of the P11 phase shift. The importance of this disagree-
ment is enhanced by the fact that a P11 resonance does not fit into the SU6 scheme
of particle classification, whereas the Sll’ 831, and D15 resonances do fit. A
careful determination of which experiments best determine the P11 state needs to
be made.

It seems that we are at the point where much reflection needs to be made as
to what experiments should be performed to distinguish among these various solu-
tions. At Livermore we developed a technique for plotting observables versus
angle at any energy or versus energy at any angle., We were able to do this for
any set of phase shifts when we could fit an energy parameterization to them,

Thus we could readily find energy and angle ranges where different solutions had
greatest disagreement. Also, one or more phases could be varied and the effect on
the observables determined. This kind of thing needs to be done for the solutions
that are available now. One can be very certain that the most important experi-

ments will be the measurement of the spin-rotation parameters, which have never
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been measured at any energy. Technology is advanced such that these measurements
are now possible. The cost in time and resources is so great that careful deter-
mination of what to measure is necessary, and several experimental groups are cur-
rently involved in such deliberations.

It is always advisable to check different methods of obtaining physical infor-
mation against each other. The differing phase shift analysis methods should con-
tinually be interchecked. The single-energy analyses oftertimes do not yield
unique phase shifts in situations where energy-dependent analyses can give essen-

tial uniqueness. But there are inherent weaknessesb’g)

in a stage of given com-
plexity in energy-dependent analyses, Single-energy analyses are helpful in find-
ing these weaknesses. The weaknesses as they are found can be reduced by increas-
ing the complexity, as long as computers are available that can handle the complex-
ity required. So far the computer capabilities have been more than adequate for
the task, but the availability of them for these kinds of calculations is another
thing. Thus a strong case exists for simultaneously performing both types of ana-
lyses with close communication between the performers.

Apparently partial-wave dispersion relations are consistent with the experi-
mental data to a high degree of accuracy. These dispersion relation calculations
require a good deal of input information, and can hardly be regarded as calcula-
tions from minimum first principles. Such a program of calculation from first

principles seems a long way off.
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ERICSON: I would like to ask a question (for my information) that perhaps falls
a little bit outside of what you have said. There seems at present to be a con-
troversy on the point of the scattering lengths in the singlet and the triplet

for the pion-nucleon phase shifts. There is also a disagreement, it seems, be-
tween scattering data and the data that you would get out of the Panofsky ratio
for the scattering lengths. Can you comment on what is the actual situation on

this?

ROPER: Well, of course, that's all below 100 Mev. This is a 100 to 1 Mev confer-
ence, but only a few of these went down that low in analyses, 1 did at the begin-
ning but our analyses were inter-dependent analyses, and I would not claim quanti-
tativeness as far as the scattering lengths are concerned down in that region. I
do not know the situation on those low energy. I've heard of it, but I do not
know what the situation is. I think someone told me that Hamilton and Woolkock
re-calculated the scattering links and now it has better agreement with the exper-

imental values - I believe at Liverpool.

ERICSON: The thing is not that these quantities are not known with a pretty good
precision, but that in certain combinations the uncertainties are largely over-
claimed, There was a cancellation by a certain combination of them. It was the
one part in 50 and, according to a new analysis, is only to about one part in 7.
There seem to be several bids on it so I'm completely confused. This happens to
be of great importance to us in our analysis of a pi-mesic atom and things of this

kind, so I would be very happy to have the opinion of a specialist on this.

ROPER: I'm no specialist at this energy, but Professor Huler at Karlsru has

written me that he is doing these calculations now too, and he feels like the
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errors that have been put on them are much too small with people who have done
these calculations before. I really can't answer that, but maybe someone here

can.

BREIT: 1In connection with symmetries, symmetry considerations for particle phy-
sics, there is of course a great temptation for people to use resonances like the
ones here have been talking about. Now it seems to me that it is therefore very
desirable to be sure that those resonances are really resonances. Of course,

the uncomfortable part of the whole matter is that the definition is rather math-
ematical and in a way abstract and does not immediately connect up with physical
things that we can feel with our hands and see with our eyes in a simple way.
Therefore, I am very curious to know to what extent one can claim that it is nec-
essary to have such terms, in the analysis, of single resonance with background.
Now, of course, I also have certain personal interest in it because I did write
wome papers around 1930 and 1940 in which there was formula used with a background
plus a resonance term which was used as an approximate formula for ordinary nuclear
resonances for low energy nuclear physics. That was used for a case of a many-
channel reaction. It just appeared to be something one could formulate rather
simply, mathematically. Of course, for low enmergy nuclear physics, one does not
believe such a formula as being more than an approximation, and certainly Wigner's
R matrix, where its assumptions are justified, is much superior. And if onme looks
at Wigner's R matrix, or uses common sense, the background is, itself, not a con-
stant. In fact, one would have difficulty in deciding whether it is the back-
ground term or the velocity x, the background term, that should be a constant.
Once one admits such variations, one doesn't have a firm mathematical prescrip-

tion for data analysis. Would it be possible, therefore, in such work, to give
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some kind of limits of error regarding whether the 1 pole + energy independent
background is more or less uniquely determined? Could ane, perhaps, put limits

on the variability of the background that would be admitted?

ROPER: 1 don't know of any way to do it. I would have liked to have known a way

to do it.

BREIT: Well, for example, in data analysis one could make an analysis in which
the background is strictly constant, another one in which it varies linearly, and

vary that parameter...

ROPER: I've tried these kind of things. I found that I could get better fits

when I allowed energy dependence in the background.

BREIT: But then from an error matrix, one can see what the limits of error are

on the coefficient of the energy.

ROPER: Well, I would not want to restrict the results here to my analysis. It
was an energy dependent analysis, but several of these analyses I'm talking about
here are single energy analyses. I think then they went in and fit the phase
shifts with parameters like this, too. When they tried to fit a resonance to them,
for instance the ones with large background (there are only a few of these that
have large background - namely the Sqy and the Sll’ and probably the Pll’ but
maybe not so much), only those two s waves would have tremendously large back-
grounds. Most of the others resonate before the phase shifts get very large. So

it's true that they really, in effect, do the same.

BREIT: 1In those cases, you are fully justified in calling them states.
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ROPER: I think you are right. The 511 and the 531 do have this uncertainty about

them. Of course, the SU(6) people like them because they fit.

BREIT: That's just where the danger seems to come in, Weiskoph had an article
in rhe Physics Today a year or two ago. He was very skeptical of what people call

resonances in high energy physics for such reasons as this.
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The interplay of the theoretical mnd experimental aspects of a science has
been subject to many discussions. It turns out that sometimes theory develops
faster and produces predictions to be confirmed by future experincnts, vhereas
6t other times a theoretical “breck-through" is lacking, end much experimental
information accumulates waiting for eventunl theoretical interpretation. In
view of this often unmatched developnent of theory vs. experiment, it is of
interest for a theorist to find vays of presenting his predictions so as to be
in & most convenient and nevertheless not too specialized form for the experi-
mentalist of the future., Similarly, an experimentalist likes to be able to
summerize his results in such & way that it 4s amenabdble to interpretation by
any theory-to-be-developed. It is for the purpose of finding such a meeting
Place, such a comron ground of experimeantalists and theorists that phenomenole
oZy has developed. Yith its help it is also more rossible for experimentalists
to make progress in the absence of a suitahle theory, because phenomenological
schemes often help in deciding which experiments are likely to be interesting
or at least useful regardless of what the shape of future theories mirht be.

Clenentary particle physics during the past two decades has witnessed such

an unmatched development between theory and experiment. A stagpering amount of
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experi—antal informavion has been accumulated, and although we have some
sporcdic understanding of their meaninz, a reneral theory of the processes
sindied in these experiments 4is otill nicoinge Some profress i{n the thcoreti=
cal uncerstarding has been made at Lhe lowest cnerpies, and coma think that
wve are beginning to get a grasp on very hich enerpy processes also, The most
difficult energy region to understand secems to be the intermediate enerpry
range, and it is therefore very timely indced to have a conference on this
subject.

Sinece a basic theoretical understanding of particle processes in the
intermediate energy range is lacking, it is even more important &o have an
efficient phenomenological scheme in this region. It seems, however, that
this 13 a difficult problem., At low encrgies, the two most successful phenomeno-
locical tools have been the phose shift analysis and the empiricel potential.
neither of these two is appropriote, however, in the intermediate cnergy
range, Phase shifts at higher enerzies become not only complex but also too
numerous to be a convenient tool, and the validity of potentials in the rela-
tivistic remion is at best dubious. At very high energics, other, semi-
classical phenonenological considerations have proved to be of use, but also
these lose their applicability when' the cnergy is lowered.

In this tal® I would like to discuss a phenomenological framework which
is quite well applicable to oll spins and to all energies and thus also to
intermediate cnergies. The framevork itself is by no means nev, and has been
used in connection with some of the porticle reactions studicd so far, For
nucleon-nucleon scattering, for instance, it i3 reclated to the formalism of

“olfenstein parcreters, and more generilly it is referred to as the method of
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inveriant anplitudes or form factors. Turing the past year, hovever, some addie

tionad underst:mdingl-u

has been gained concerning the properties of these
Torm {actors and the relationship betvcen the physical observables which are
deternined by the forn factors, and this will be the subject of ry talk. The
Julicious use of these amplitudes pernits one to separate the purely dynamical
rart of any reaction (i{.e. the part of the interaction which depends on the
speeific form of the forces acting among the particles), ond the part (vhich ve
will call non-dynamical) which depends only on general conservaiion laws, and
hence is on a Tirmer footing.

Our discussion will be carried out in terms of the Yematrix of a reaction.
This M-matrix depends on the momenta and spins occurring in the reaction. It
is a rank-zero tensor (i.e. scalar or pseudoscalar) in ordinary three- {(or
four-) dinensional space, and is a matrix in the combined spin spaces of the

particles participating in the reaction.

Let us give an example. Let us consider the reaction
O+8+0+g' (1)

where O denotes a particle of zero spin, 8 & pasrcicle of spin s, and s' a parti-
cle of spin §'. The M-matrix for this reaction can be written as3

s'+g

. - T r .
M(B .8) J-IE_S! § ﬂJ [J]({P} )IS[J](S 09) (2)

where aj; denotes a scalar form factor (invariant enplitude) which depends only

on rotation invariants formed from the momenta; 'I‘[”({p)r) it a tensor of rank J



-520 Moravecsik

depending on a set of nomenta (p}r, vhere r is the distinguishing label of the
particuler set of J momenta; S[J](s',s) a rectangular spin matrix tensor of
rank J, which is a (2s'+1) ¥ (2s+1) matrix in spin space, the symbol ":" denote:
contraction over all tensorial indices. Thc sun over r poes over all momentun
sets that can be formed from the indepcndent momenta in the reaction, consis-
tert with conservation laws,

Ule should crphasize that all of the dynamical information is contained in
the form-factors a§. and that the T[J]:S[J]'s can be written down purely from
the knowledce of the feneral conservation laws, In this telk, therefore, ve
will have nothing further to say sbout the structure of the formw factors them-—
selves, and all our results will follow from the structure of the T[J]xS[J]'E
vhich we can dcternmine uniquely.

It turns out to be very convenient in practice to span all the momenta
that occur in the reaction by three orthonormal unit vectors. . Thease can be

defined as follows:

- >y
_ _oxa

- >y m e > >,

la-q*| faxa'|

> >
0=-q'

(3)

)
EXS
[
I
8

vhere 3 and H' are two non-coplanar momenta occurring in the reaction. Ve see
froa the definitions that ; and ; are true vectors, while ; is a pseudovector,
Fquation. (2) gives the M-matrix for reaction (1) when only rotation invari-
ance is assumed. If parity 1s also conserved, further restrictions can be
irmposed, so that the overall intrinsic parity qf the Menatrix is +1 or =1. Ve
will call such V-nmatrices M+ and 14", recspectively. Clearly, these restrictions
denand that in u* the number of &¥s plus n'c appearing in each of the {p}r's

rust ve even, while in M~ that number must be odd.
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Ve can now turn to the relationship of the M-matrix to the physical observe

ables L. This rclationship, vhen only rotation invariance is assumed, is
3 1 F
a o = m o . o L
L("I"’F) s .r{TTPUI]((P) )-u[JI](B.S)N T[JF]“P) )h'[JF}(B .5')} (%)

where ':‘{JI]:S[J and T[JF]:S[‘T?] describe the initial and final states,

)
respectively, oi the partiecles participating in the reaction. The notation for
these is sinmilar to that used in the !'-matrix itself, except that the spin
operaters that enter these initiasl ancd final state deacriptions are always
square natrices in spin space, while those in the M-matrix are, '1n gencral,

rectangular,

When parity conservation also holds, the observables can be written as

R 1 t, 2 .
AMERER R ‘r{u Tg (0 )xs[JI]u.s)u* Ta (1 )iSgy (et )} (5)

— R - rI =¥, rF . [ } é
LT(51,8,) 5 'i‘r{M T[JI]((p} ):S[JI](s.s)M T[JF]({p} )-S[JF](S »s') {6)

waere LH is an observable for & reaction when the product of the intrinsiec
parities of the participating particles is +l, and L is the observable vhen

this product is =1,

T -addition to L' and L™, we can also form the quantities

Sl i- =t rl'; t gt
R (SI’SF) s T’{M*T[JI]((p}r):s[JI](3'8)“ ‘[JP]({P} )SS[JF](S »8 )} n
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>

end
-t o . u 2 o !*1’"\ rr 9 ' t
R (S548p) E Ar{M T[JI](u,}!‘);u[JI](s.s),.f ~[Jp]((p) ):o[JF](a 8 )} (8)

These have no direct physical meaning in thenselves if parity conservation
nolds, but will pley an important role in later discussion., They vill be
referrcd to as pseudo~observables, since they look like observables but are
pseudoscalars and not scalars as all observables are.

So far we have discussed only the relatively simple reaction given by
£q. (1)s Ve will nov shov that morc complicated reactions (involving more partie
cles of non-zero spin) can be analyzed in terms of such simpler reactions.

For this purpose we will introduce the notion of a basic reaction or
irreducible constituent reaction. By this we wvill mean a reaction containing
only one boson with non-zero spin, or only tyo fermions. For instance, Eq. (1)
with 8 and o' denoting fermions is an irrcducidle constituent reaction. For

such reactions the observables can be calculated by

. r, r,* rr.r,r
Ly 5 (¥povg) = DY "‘J1 “J2 leJIazJP (9)
rr ¥ I, e, 172 e

where

rlrzrzrp - ", 1'1 - !'I
leJIJeJF £ TI‘{S[JI](B.B ).T[JI]({p) )u[JI](s.G)’T[JI]((p} )

' T2 ' F
P%le(s ,n):T[le({p} )]fS[JP](s',n ):T[JF]((P} )} (x0)
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Zxplicit forrulae for the so-called four-traces given by Eq. (10) have been
derived. lYothing more complicated than such a four-trace ever arises in an
irreducidble constituent. Similarly, only such four-traces arise in the
pseudo=-cbservables,

Yow let us consider a more complicated reaction, for example
A+B+0+C (11)
vhere A is a boson of arbitrary spin, and B and C are fermions of arbitrary
sping, vhose M-matrix is Ml. For the purposes of our non-dynanical investi-
gations, this rcaction can be thousht of as a composite of the two reactions
A+0-+0+0 (12)

O+B+0+C (13)

vith M-m.trices l42 and M3. respectively. By this we nean, that ve can

vrite3 »8,10

+ + ey - - M- f e e .w <+
M M@UEIREMG . T M (LG @0G I 4G O it
Here (=) means "non-dynamically equal®, that is, equal as far as the structure

of the T[J]:S[J]'s in Eq. (2) 1s concerned, but not as far as the values of the

form factors are concerned.
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Using this result we can then write for the observables (using an abbre-

viated notation)

++ b - o Ly
Ll - L2 L3 + L, L3 + R2 R3

—-— - -t bt
, Lz L3 + L L3 + R2 R3

-t

+ R, R

23

O A Y

+ R, R

23

vhere the subscripts ., 2 and 3 again refer to the reactions (11), (12) and

(13), respectively.

Further inspection shows that in rq. (15) and (16), for a given observ=

able for reaction (11), either only the first two terms, or only the last two

(15)

(16)

terms are non-zero., According to this, we call an observable the Class I type

or the Class II type, respectively.

A similar structure is evident for reactions which are composites of more

than two irreducible constituents. Thus, for instance, the observables in a

composite of three irreducible constituents have four classes, the observables

in a composite of four have eight classes, etc,

identical class structure.

“he class structure is of some interest, for instance, for the complete

experimental determination of the form factors.

The pseudo-observables have an

It can be shown, for example,

that the form factors can never be completely determined by carrying out experi-

rents in one class only. Since the observables in different classes often

differ from each other in experimentally very tangible ways, the above state-

ment is of practical significance. It can thus be shown, for instance,  that in

pion photoproduction it is impossible to detormine completely all the form
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factors using only unpolarized photons or photons polarized in or perpendicular
to the reaction plane,

10 It

The observables wvithin a class can, howvever, be further subdivided.
will be recalled {see Eq. (9)), that any observable can be written in terms of
a sum of bilinear products of form factors. It turns out, however, that not
all possible bilinear products appear in all of the observables, Instead,
these products can be subdivided into sets (we will call them productsets),
which are mutually exclusive and together include all products, It can be shown,
that the observables in turn can be subdivided into what we will call subclasses
in such & way that all the cobservables in a given subclass depend on the pro-
ducts in one productset only, and no two subclasses depend on the same product-
set.

Let us investigate this situation in greater detail first for irreducidle
constituents, There we get four subclasses for the observables, which can be
characterized by whether the number of t's, m's and n's 18 even or odd. Accord=
ingly, the four subclasses are (£,£,E)s (E4usE), (VyEyu) and (u,uyv), vhere ¢
means "even" and v means "odd". One can also predict which bilinear products
of form factors will appear in the observables of which subclass. For example,
the subclass (£,£,£) will contain the real parts of products in that producte
set vhich is characterized by (£,£,£) (i.e. the product of the T{JII:S[Ji]'s
(i = 1,2) belonging to the two form factors in any product i{n that productset
has - an even number of 2's, m's and n's), and the imaginary part of the products
in the productset characterized by (v,u,u). Similar prescriptions can be given
for the other three subclasses of an irreducible constituent reaction,.

A similar subclass structure exists also for the pseudo-observables of an

irreducible constituents there are again four subclasses, this time characterized
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vy (£,8,0), (V,6,8), (Eyu,v) and (v,v,£), and agein prescriptions can be given
for the type of bilinear products of form factors which occur in each of these
subclasses,

For composite reactiong, the subclass structure can be constructed from
the subclass structure of the irreducidble constituents. In turns out, for
instance, that for a reaction which is a composite of two irreducible consti-
tuents, there are 8 subclasses for the observables in Class I, and 8 sub=
classes for the observables in Class II. FEach of these subclasses are formed
by two of the products of the subclasses of the two constituents, For a
composite of three irreducible constituents we have 8 subclassesyin cach of the
four classes, etc. The character of the products of form factors vhich appear
in each of these subclasses can also be deduced from the character of the
productsets in the constituent subclassess

It turns out that the subclasses for the observebles L++ and the observe
ables L~ are the same.

FExcept for very pathological cases, the nurmber of observables in a given
subclass is always larger than the number of products im the corresponding
productset, Thus, in terms of the bilinear products of the form factors, the
observables within a given subclass are not independent of each other, dbut
there are a certain number of linear relationships among them. These relation=-
ships are in general different.for the L** observables and for the L~ observe
ables, and thus they give an experimental way of distinpujshing between L*+ and
1™, Thus, if we assume that in a given reaction the intrinsic parities of all
but one of the particles are known, thece relations permit a determination of

this unknown parity. It can be shown, in fact, that these relations give all
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1524557410 which can be carried out in the absence or

such parity experiments
dynazical information about the particles.

The relationships among a certain set of observables will also depend on
the spins of the particles involved in the reaction, so that these relations

can also be used for the deteminations'lo

of an unknown spin in the reaction.

Finally, the subclass structure is helpful in decidiny which experiments
provide new information about the reaction, and vhat the nature of this new
information is. It may be possible, for instance, with the help of the sube
zlass structure, to select a set of experiments fitting certein experimental
requirements which together completely determine the form factors, or conversely,
to decide what the casiest experimental circumstances are under vhich e complete
determination of form factors can be carried out.

Bxplicit illustrations for the above outlined observable:r structure have

L,6,11

been given in the literature for such reactions as 1/2 + 1/2 «+ 1/2 + 1/2,

1/2+1+1/2+0, y+1/2+a+1/2, y +1/2+ 8 + 3/2, Ve will now give as
another illustration, the structure of the reaction

0O+1+0+1 (a7)

GQuantities related to this reaction will bear the subscript O, This reaction

vill be composed of the two irreducible constituents

0+1+0+0 (18)
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and

0+0-+0+1

vhose quantitiec will bear the subscripts 1 and 2, respectively. Then, using

S = S[l](l.o), s = S[ll(o.l). and T[l]({p)r) = 7(2), T(m), or T(n), we have

M. = ay T{2):8" + 8y T(n):s?

=
]

b, T™(n):3

MD = b, 7(2)is + b3 T(n):s

and

o eyt + - -
] (=) .'.2@113 + Ma®M3

- + - ™~ L 4
My (=) Mz@Ms + 142®M3

so that
MI = Cpy T(r)iS T(m)1S* + Cyy T(2):8 T(2):S* + C,5 T(n):s T(2)1s*
+ 031 T(L):S T(n):5' + 053 T(n):5 T(n):s’

vherc ve made the correspondence

nibJ hd ciJ

(19)

(20)

(21)

(22)

(23)

(2u)

(25)

(26)

(21)
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Similarly, we have

M = Cy) T(2):5 T(nm)1s* + Coq T(n}:S T(n):s*
(28)
+ Cyp T(m):5 T(2):5' + €y Tm):S T(n)is?

Tow we can write down the observahles and pseudo-obaervables for rezctions
(2) and (3). For the former, they are given in Table I. In this table L(x) is
a shorthand notation for L2(0,x;0,0), vhere L{a,b;c,d) denotes an observable
with the spin states of the first initial, second Initial, first“final, and
second final particles characterized by a, b, ¢, and d, respectively., The
table gives the coefficients of the bilinear corbinations of form factors in
the various observables,

The observables for reaction 3 are identicel with those of reaction 2,
except that

1. L{x) nowv denotes L3(O,0;0.x)

2. All ai's in Table I should be thanpged to bi's.

3. The signs of all coefficients for L(m), (%), and P{n} have to be
reverged.

Now ve turn to the observables of recction 1, vhich can be constructed
using Table I, and Eq. {15}, (16}, and (27). The general structure of the sube
clacses for reaction 1 is shown in Table II., The coefficients within the sub=
classes are given in Table IXI. In these tables observables involving ma do

not appear, since they are not independent from those involving it and nn, but

they can be camputed easily using
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L(..olluo.) +* L(qoumm'oc) + L(...nn...) = 0

Moravesik

(29)

Thus wve get some additions to the subclasses which are shown in Table IV, dbut

these are observables which'dcpend on the previous ones through Fq. (29).

Yov we can turn to finding the parity experiments in these subclasses,

Subelnss T-l., Since there are 9 observables, and at least 4 bilinear combina~-

tions of form factors, there should be 9 = k = 5 independent parity experiments

here. One possible set is
rr e 0
L (0,m) - L {(mm,0) -{" 0}
+ + + +
L~ 7(0,0) + L " (mn,ma) -{" 8}

+ + + + + + +
v 7(0,0) = L™ (mm,mm) ={_3é"} (L™ “(om,0) + L~ (0,mm)]

i+

rr i L
L (0,22) =L (O,nn) = {_332}(r, (mm,28) = L (mm,nn))

-

1+
1+

{1+
i+

+ +

+ + + +
L T(22,0) = L (nn,0) = {_332}“, (22,0m) = L~ (nn,mm))

Sybclass I-2. There are 3 - 1 @ 2 independent parity experiments:

+ + +
1~ {n,0) = {_332} LT . (%n,mm)

+ + + +
L~ "(tn,22)°=L (fn,nn) = { ¢ g }

(30)

(31)

(33)

(34)

(35)

(36)
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L]

Tutielans T-3.

Subelnss Y-k,

Subclags I-5.

Subelass I-6,

Subelass T-7.

Again two experiments:

++ + +
L (m,t2) - L (m,nn) = {" g}

I+

L "(0,m) = {.332} L~ " (ma, )

+ + + +
L~ (2s,tn) - L~ {(nn,tn) = {5‘ g}
4

L{; :(0.1:) - {_ 3 } L: i.'(mm,m)

+ + + +
L “(t4,m) = L “(on,m) = {" g}

-531~

(37)

(38)

(39)

(Lo)

(k1)

(s2)

(43)

(kL)

(ks)

(46)
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Tn cach of the Class II subclasses, there vill be one parity experiment,

Cubclnna IT-1l,

Cubclass IT-2,

Subelnsg II~3,

Subelnras TT-b,

Subelans TI=S,

Suhelnss IT-5.
zubeldnss 2J-u,

Subclass I1-T.

Subelnss 1I-8,

+ +

. {: t} 1= (o, om)

+ + + 4
L (n,) = {: ::}» L " (&m,nm)

'L (2,2m)

£ e
o - 1]

(47)

(18)

(k9)

{50)

(51)

(52)

{53)

(54)
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e mentioned at the beginning that the relationships betveen observables
in the same subclass can also be used to determine the spin of ome of the
participating reactions, An exmmple for this application is now given,

For 0 + 1 =+ 0 + 1 the following relationship holds

L’(n,o) = 31.‘(m,nm) (55)

vhile for the reaction 0 + 1 «+ 0 + 2, the relationship betveen these observ-

ables is

L*(n,0) = <L (n,m) (56)

In neither case are these two cbservables independent of each other, but
their ratio depends on the spin of the final state particle and hence measure-
ments of these observables can serve to determine this spin.

Apart from the parity and spin experirents, we can deduce other interest-
ing information from the subclasses, For example, since Class II has only
observables in which both the initial and the final particles are polarized, ve
conclude that in order to determine the form factors completely, one has to
cerry out at least one experiment in vhich the initial and final particles are
simultaneously polarized, Furthermore, such an experiment must involve polariza-
tion directions other than m.

It can also be shown, for instance, by a rather simple inspection of the

subclass tableg, that for the L™ 's, all form factors can be completely determined
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vithout having to resort to experiments of the type (x,yz), (xy,z) or (xy,zv),
where X, Yy 2, and v ® £, m,. Or n.

The purpose of this talk was to exhibit some of the advantages of the
phenonenological description of reactions in terms of their invariant ampli-
tudes. I believe that this method will gain in usefulness in the necar future
8s experinental techniques continue to develop, In particular, not only do we
make progress in the well-advertised direction of hipher encrgies, but the
techniques of measuring spin-wise rore complicated observables are also advance
ing. The medium energy accelerators with very high currents, projected for
the near future, should also be of great help in this respect. As more and
more type of experiments become feasible experimentally, more and more of the
power of the formalism I have discusced can be put to practical use, porticu-
larly in the case of reactions at intermediate energies, involving particles

of substantial spins,
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Table I
Obzervables L and pseudo-observablez ? for the reaction 0 + 1 + 0 + 0. For

notntion, see the text. The observable subclass {v,v,v) 15 enpty in this case,

-4 -—
ogee - 2 Subclass 1, 2 2
oremyarEs la,] (£.£.8) fayl la,l
+) v.{0) +1 +1
1 2 1
+3 L(22) -3 +3
+ -}; L{nn) + %— - %
++ -~
Subelass 2, &
—_ (£, u,6) In e 8y
0 L.{n) -2
++ -
Subcless 3.
— (Ut E.U)
1
0 L(gn) -5
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~oble I (cont'd)

b ekl loTal
Pt .

OBSIRVARLES

e -
a. a." ‘! Jubelnss 33 52'
23 } (v,£,8)

i \ r(2) +1
e -
62 al* i Subclass al 02*

| (£,£40)
+i 'l R(n) -1
v
- -
a, a.* Subclass a, a,*
1 2
21 (UnU‘E)
1 Ry
- -2- R(lm) - )
‘e -t
| o »
a, a,% Subclass a, a
< 2
23 (Epuiu) 3
1 L
- -é- R(nm) A 2
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Subclass structure for the observables of the reaction 0+ 1 + 0 + 1. For nota-
tion, seec the text,

ronstia

Lucnt

Eube

; rlosse Observables - Productsets -

: ; 2 2 2 I3 2 2 2

i L, (0,0),L, (0,22),L, (0,mn), ; |C,,| o105, 21€331% 116351016 | »[Cpq1 ,|c32|
Poa L;(22,0),L, (22,20)s
=141 1 2 2

x i I.l(u,nn),Ll(nn.O). |c13| .|(:31|

1 I.l(nn,u).Ll(nn.m)

, f: L,(en,0),L, (2n,28), Re Cy,C5 %Re C13€33" | Re C1a€35"
-2i301

! I.](ln,nn)
-3 42 1 L, (n,0),L, (my22),L (@ma) T C . C 31 Ty C o€ 33 [ In Gy 008

1 . [ . * ‘
1l s Ly (0ytn),L (2e,en), Re €13Cy37te €3C33" | Re CpC0*

‘ . Ll(nnpln)

5 Bi 3 |1, (enyen) Re Cy;Ca3%Re C).Cor®
22} 2 L (n,n)
1 —
c 2|3 Ll(m,!.n) Im cucB*,Im 013031“
302 |1 (tn,n)
FT 12 |Ll(O.m).Ll(u,u).Ll(nn.m) In C11Cy5 oin Clas® | 1B Corlosy®
i-L! 1 i 1 (L, (2s2) Re C,C, ¥ Re C,.C..*
| 4 ; L Ll(mn,nm)
I_?g 2 | 1L, (n,e) Re C,.C_,* Re C,C,"
fIERR Ll(r.m,nm)
[_J 3 1 !Ll(l.m,l) Im €y3C00* Inm c12c23-
"i 2! L !Ll(n,nm)
H
¥ ,2 3 i%l Ll(nm.l) In 033c22¢ Im C3aCoa®
0Lk Ll(l.,nm)

t . [}
y 1 §2 !Ll(r..n) Re c31022f Re cz'.c32
(% 13 1L, (an,em)

{ : *

» 2 ;2 ng(n,n) Re C,,C,.* Re C, .0,y
3:3 iL,(2m,em)

B * *

o 3 ;2 %L (l.n.n) In 11620 In 012021
23 'L,(n,2n)

a 4 32 L (nn.n) in €5 Chp In Co 0o ¥
1i3 'L (z.m)
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Table ITI

For notation, see

Gubclass coefficient tables for the reaction 0 + 1 + 0 + 1,

the text.

2
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7able I1I (cont'd.)

+4 -

Re 011031‘ Re 013033’ Subclass I«2 | Re 012032'
-1/2 -1/2 n.{2n,0) - 1/2
+1/3 - 1/6 L{tn,21) - 1/6
- 1/6 +1/3 L{fn,nn) - 1/6

In cllc3l. Im 613C33' Subeclass I=-3 | Im c32c32'
-2 -2 L{n,0) -2
+ /3 -2/3 1.(m,2L) - 2/3
- 2/3 + L/3 L{m,nn) - 2/3

v

Re cuc13- Re C3:L 33’-‘ Gubclass I-k | Re c21c23.
- 1/2 - 1/2 L{0, tn) - 1/2
+1/3 - 1/6 {12 ,tn) -1/6
- 1/6 +1/3 L(nn,tn) -1/6

Re c11033- Re c13031' Subclass I-5 —
+1/8 +1/8 L{%n,tn) (¢]

-2 + 2 L{m,m) 0

Inm CllC33' In cl3c31' Subclass I-6 —
+1/2 +1/2 L(m,2n) 0
- 1/2 + 1/2 L{2n,m) 0

Im c11013' In c31c33'! Subclass I-7 | Im C,,C,.#
+2 + 2 L{O,m) +2
- 4/3 +2/3 L(2t,m) +2/3
+ 2/3 - /3 T.{nn,n) + 2/3
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++ —
- - »
Re 033022' Subclass II= Re C23032
+1 L(z,2) -1
+1/4 L({nm,nn) +1/h
Re 013022“ Subclasg II-2 Re C1?023'
-1 L(n,2) +1
+1/h I{ £,nm) + 1/4
* ) S - *
In 013022 Subclass II-3 Im C12C?3
-1/2 {21, ) +1/2
- 1/2 L{n,rm) - 1/2
- 5 _ .
Im 033022 Subeclass IT-L Im 0320?3
- 1/2 L{nm,t) +1/2
+1/2 L(%,nn) +1/2
" - »
Re 031022 Subclass II-5 Re,C21C32
-1 L(2%,n) +1
+ 1/4 L(nm, &) + 1/h
“ S - »
Re 011C22 Subclass II-6 Re c12c?l
+1 L(n,n) -1
+ 1/4 L{ &1, &) + 1/}
0 o - S
Im C11C22 Subclass IT=T Im C12021
+ 1/2 L{am,n) -1/2
-1/2 L(n,ts) -1/2
0 - -
Im 031022 Subclass II-8 Inm C.*?C?1
+1/2 L(rm,n) -1/2
+1/2 L(L.l.m) + 1/2
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Table IV
Acditional (dependent) observables for the reaction 0 + 1+ 0 + 1,
tion, see the text,

For the nota-~

++ -

2 2 2 2 2 2 2 2 2
-2/3 +1/2 +1/3 +1/3 +1/3 L{0,mm) -2/3 +1/3 +1/3 -2/3
-2/3 +1/3 +1/3 +1/3 +1/3 L(mm,0) +1/3 =2/3 -2/3 +1/3
=2/9 =2/5 +1/9 =2/9  +1/9 L(22,rm) +4/9 /9 +1/9  =2/9
~2/9 +1/9 ~2/9 +1/9 -2/9 L(nn,ma) -2/9 +1/9 +1/9 +4/9
=2/9 -2/9  +1/9 +1/9  =2/9 L(rn, L) +1/9  +4/9 =2/9 +1/9
-2/9 +1/9 -2/9 -2/9 +1/9 L{rx=,an) +1/9 -2/9 +4/9 +1/9
shfo 410 +31/9 4179 +1/9 L(rn,mn) =2/9 _-2/9 -2/9 ~2/9

++ -—

Re 011031‘ Re C13C33* Cuveinss I=2 Re C12632.
=1/6 -1/6 1.(2n mm) +1/3
In cllCBI. In C13C33“ Subclass I=3 Inm 012C32*
-2/3 -2/3 L{m,rm) +4/3
Re cncnfr Re c31c33* Gubclass I:)J‘ Re ’cplc?3il
=1/6 ~1/6 L{mm, 2n) +1/3
In €11Cy5* In c31c33- Subclass I-T In C,C,q*
+2/3 +2/3 L{xm,m) =4/3




. PHOTOPRODUCTION OF N* RESONANCES IN THE QUARK MODEL

R. G. Moorhouse

Rutherford High Energy Laboratory, Chilton, England

I must apologize for changing the title of the talk. It was originally
meant to be on phase shift analysis but Dr. Roper has covered that so tho-
roughly that it seemed to be the best thing to try and make some comment on
resonances which he just discussed. The comment I shall make is a model
dependent comment, and the model is the quark model for elementary particles.

I shall discuss particularly the resonances and d which

Siv Y1y Sy 15

Dr. Roper talked about and which have got negative parity and T = %. The
quark model is a very simple-minded model: three guarks are in a potential
well in a nonrelativistic way. As pointed out by Dalitz,l these resonances
fit rather neatly into a quark model in which the quarks have orbital angu-
lar momentum, L = 1. Each quark would have half-spin so the spin configu-
ration can be 8 = 1/2 or § = 3/2. To maintain Fermi statistics when

ope has a wave function of the form (spin X (unitary spin) X (space), the
multiplets of Fig. 1 occur. On the left-hand side of Fig. 1 are the quartet
P states having total angular momentum 1/2-, 3/2-, 5/2- . The doublet P
states have 1/2- or 3/2- total angular momentum. We can see that we have

two T = % states in the octet state which we will concentrate on. We

have two s states, which appear to be filled, a d

1 state which ap-

15

pears to be filled, and we are a little embarrassed by having two 4

13

states, having found only one 4 resonance. However, it could easily

13

have been missed if it were very inelastic. (The § state fits into a

31
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decuplet as a l/2—state.) There are not too many states left over to be
discovered.
Now let us consider photoproduction of the resonances: » + N —*N* .
First of all, for a resonance we are not discussing, namely the

2
N (1236) (the resonance ), Becchi and Morpurgo have shown that in

P33
the non-relativistic quark model, the E, transition vanishes and process
(l) vanishes, leaving only the Ml transition. This is in accord with
observation and is one of the reasons why some people are disposed to take
the non-relativistic quark model rather seriously.

Now let us discuss the electromagnetic transitions — 7y + N ‘*N*,
251/2 ~*APJ when the N* are the hP states of the quark model which
includes the d15 state. The interaction operator inducing this transi-
tion can be split into two parts:

l. The part involving the interaction with the electric charge of the

quarks.

[\

The part involving the magnetic moment of the quarks, i.e., the
ikr,

operator Zpigie + when My is the magnetic moment of the i

quark.

. . . 2 s ) R
Since we are inducing a S transition involving a

/27 LLPJ=1/2, 3/2,5/2
change from quark spin 1/2 to quark spin 3/2, it is obvious that 1 must
vanish as it does not involve any quark spin operator. Explicit evaluation
with the correctly anti-symmetrized wave-functions shows also that g must
vanish.

L .
Two papers have appeared giving a peak in 7 photoproduction near

the threshold — one paper surmises that this corresponds to the lowest
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S11 states for s-wave Nn. It is at around 600 MeV pion kinetic energy.

Thus in the quark model we can ascribe the lowest = and the d

13

510 4130 445

11

N
resonance to the 2P quartet and say that the other, P,

rescnances are not photo-produced.

1. R. H. Dalitz, Proc. Oxford International Conf. on Elementary Particles,
p. 157 (Rutherford ILaboratory 1965).

2. C. Becchi and G. Morpurgo, Phys. Letters 17, 352 (1965).

3. R. G. Moorhouse (SIAC preprint - to be published).

L. C. Bacci et al., Phys. Rev. Letters 16, 157 (1966); R. Prepost et al.,

Stanford preprint HEPL-384 (1965).
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Figure 1. Ouark Model multiplets in Dalitz diagram.
The baronic multiplets with negative parity
expected to occur for an L = 1 space wave
function with mixed symmetry.

Mooxrhouse
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MORAVCSIK: You can't say anything about the masses without assuming something abou.

symmetry breaking.

MOORHOUSE: The usual assumption is that the splitting is by an L-S coupling and
then, according to the sign of the L-S coupling, you have one of the other of the
states. I don't think that it is possible to say anything else with reasonable
assumptions, because the forces between the quarks that produces these states must

" be extremely complicated.
ROPER: Is this the model where you have two D,y states, but do not have a Pll?

MOORHOUSE: P11 does not exist in these states which I have written on the board
but the quark model is so flexible that one can accommodate though with a little
difficulty. Dalitz, for instance, assigns it to a symmetrical space wave function
as against the barion octet and decaplet which is assigned to an antisymmetrical

space wave function.

ROPER: There are two D13 states that you have here and only one observed.

MOORHOUSE: Yes.

ROPER: I noticed in the Sacly results that they have a strange behavior toward

one Bev in the D13 state.

MOORHOUSE: Yes, it is quite possible that there is a second D;3, a displaced

resonance with background.



A COMPARISON OF RESONANCE FORMULAS FOR THE (1236 MeV, 3/2)
. Pion Nucleon Resonance (%)
S. R. Deans (**) and W. G. Holladay

Vanderbilt University

SUMMARY - To obtain information on the energy dependence of
relativistic particle resonances, a comparison among six commonly
used expressions for the total cross-section in the reaction

™+ + p > =t + p has been made in the energy region between

38 and 307 MeV (pion lab kinetic energy). The parameters in
these expressions were systematically varied until the best fit
(minimum chi-square) to fifty points was achieved for each
formula. It was found that a significant statistical difference

exists among some of the formulas used.

(*) Supported in part by the National Science Foundation

(**) NASA Predoctorial Fellow
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1. — INTRODUCTION.

The phenomenon of resonance exists in many different areas
of physics in a number of different'guises. One of its most
recent manifestations 1s in the field of particle physics, where,
since 1952, many so-called particle resonances have been dis-
covered. From the example of low energy nuclear physics it
would be entirely reasonable for such a resomance, if it existed,
to appear as a peak in the total cross-section as a function of
energy in some appropriate particle reaction. It is not our purpose
here to enter into a discussion and critique of the criteris that
wight be used to determine whether a resonmance phenomenon exists
in a particle reaction. Rather, we are concerned with raising the
questions of the sbape of a particle resopmance, given that one
exists, or wore explicitly, with discussing the energy dependence
of the total cross-section of a particle reaction in the vicinity
of a resonance. The point is that the description of resonance
phenomena in a number of different areas of physics has & solid
theoreticel base. This 1s especially true in nuclear physics where
non-relativigtic quantum wechanics can be used to Justify the Breit-
Wigner formulas(l) to describe nuclear resonances. We are not
aware of the existence of a theory with cowparable generality
and vell-defined basis which describes the energy dependence of
relativistic particle resonances.(a) As 18 to be expected, therefore,

several different formulas have bsen proposed for such a purpose.




Resonance Formulas

For at least two reasons it is of interest to compare the
success of some of these formulas in describing particle resonances.
First, formulas that fail to do tbe job can be dropped from
further use. éecond, any forwula or class of formulas that
glves & reasonably decent description of particle resopences
provides at least that much insight into wbat a well-formulated
theory of the process will be required to produce.

In pursuit of the above objectives, six expressions
for the total cross-section bave been couwpared with data on
tke reaction 71'+ +p—> T+ P in the epergy region between 38 and
307 eV (pion lab kinetic emergy). It is in this emergy range
that one of the best known particle resonances, and the first
one to be discovered, is found. This resonance occurs in a
pure spin 3/2, i-spin 3/2 nucleon state. We have chosen to work
with this particular resonance for three basic reasons. First )
there is en abundance of experimental data for this resomance.(3 )
Second, the scattering is elastic so that complications from
other channels are winimized. Third, the background contributions
from states other than the resonating state are quite swall, anpd
one can treat this background as essentislly constant when the
incident laboratory kinetic emergy of the pion is less than
300 MeV. (#)

2. — THE FORMULAS.
The formulas used are listed in Table I. where we have chosen

h=c=1. Inthe last column for the £ifth formula it should be

553
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noted that 7;‘ is determined when E_, I, and g are known.

For future reference the six expressions Will be referred to

by the number associated with thew in the table. The meanings

of the symbols are listed below.

%? ----- a reduced half width E  ----- total center of mass
energy
Q  ----- channel radius
L/ S — pion center of mess
m ee=-- wass of pion momentum &t the resonance
energy Er
Er ----- resonant energy
7 eee-- pion center of wmess
y  ==--- dimensionless reduced mowentum
width
M -e--- mass of proton
B ----- background (treated
as a parameter) A e---- proportionality comstant
Pr eee-- energy independent f2 ----- coupling constant
:i::h a; resonance (dimensionless)
8y b,
X  e=--- 350 MeV
2 2
(1) Sy - SBxM” - @
2
E
r 2
2) o - (z)
7 (2 -5)%+ (L)
r 2
er (L)
(3) O_(I',-) = oz 24 Z
(£ -E) +(E)
2
2 a
/
(4) o Er

- ﬂ________
P (E*-ES) e EF T
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3. - DISCUSSICN OF THE FORMULAS.

I. The first foroula that eppears in Table I is a Breit-Wigner
foruula. Expressions of this general form have had guch success in
atoate () ana nuctear (1) prysics. In 1954, following the vork of
Bruckmer, (®) Gell-vann and vatsen (7) used this form to f1t

{1+ P scattering data up to 400 MeV.

II. The second formula is also a Breit-Wigner formula. It
is in foro the same as I. but one parameter has been fixed.
This paraceter vas fixed by Glashow and Rosenfeld (8 on the basis
of expericantally measured partial widths for the y -octet and

§ -decuplet of SU(3).

III. The third expression is the one used by W. M. Layson. (9)
It is interesting to note that it is possible to insert the

expression for [ into the total cross-section formula and obtain

) ¢ s P
7 (Er2_22)2+(_1'é'_?_
where
3
‘ (ne)
(6) L2 omm 2
1+ (7a)

Here w2 see the total cross-section has been expressed in
terzs of the Mandelstam variable E°.

IV. This equation cores from the Chew and Low expression
for the resonance we are considering. It was proposed by

consideration of an effective range treatment of the scattering
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of pions by nucleons in & static meson theory.(lo) The same

11
expression has been derived using a dispersion theory approach.( )

We have used the form of this equation reported by Nishijima(lz)
for the purpose of fitting.

V. This exvression has been obtained by modifying the Breit-
Wigner formula, I., with the additional requirezent that the r
that eppears in the denominator of the expression for ¢ be replaced
by T;, the value of /' at the resonmance. The reason for doing
this was to determine whether or not there was a significent difference
between I. and V.

VI. The sixth expression, given by Jackson,(l3) was derived
by an approach partly based on perturbation theory. We see that the
cross-section a’ is written in terms of the Mandelstam variable E2,

and in this respect it is similar to the empirical expression used by

Layson.

4, — TREATMENT OF EXPERIMENTAL DATA .

The coupilation of data by Klepikov et. al. (3) was used in
the analysis with the following criterion for selection of points.
All points were excluded that were given zero weight by Klepikov.
These were mainly experimental results that were later generally
believed to be inaccurate. Of the remaining points those were
chosen that had a standard deviation of the total cross-section
not greater then 8 millibarns, end a stendard deviation of the
mean kiretic energy not greater than 4 MeV. In the energy region

between 35 and 310 MeV there were 55 points that met the above
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requirewents.

The data were fitted to an expression of tbe form
(n Cretey = 0 +8
for each of the formulas, where ¢« and B are defined in section 2.
In each case the parameters were systematically varied until a
best fit (chi-square minimum, }f:.:‘) vas achieved. The parameters
that were varied are indicated in Table I. In all six cases at
least five points fell approximately three standard deviations
from the curve with minimum X". (The seme five points were associated
with formulas I. through IV. and different sets of five with V. and VI.)
In Fig. 1 the three sets of five points are indicated. For each
formula the corresponding five points were discarded and the perameters
were again systematically varied until a best f£it was obtained for the
repaining 50 points. The results of this work are summarized in

Teble II and in Fig. 1 apd Fig. 2.

5. == DISCUSSION AND CONCLUSIONS .

‘ Exapination of Table II and Fig. 2 shows that the difference

w between I. and IIT. can x;ot be distinguished. The values of 52 for
,\'_’;‘ are not unreasonable especially in view of the many different
experiments that were involved. Since I. and II. bave the same form,
there should be no difference between the two if X is allowed to very.
Clearly, however, the best value for X would not be found to be 350 MeV
by this method. The paremeters Er’ @, and -&2 are giveﬁ by Gell-Mann

and Watson(") as 1238 Mev, 0.88 (h/mc), and 58 Mev respectively. It
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can be seen that our values are not in good agreewent with theirs.
This way be attributed to the fact that they did not have as much
data to work with and we have included B in the expression for Crotal *
In I. there is a strong correlation .between 7? and ¢¢. By this

. 2
ve mean that to increase (decrease) g and decrease (increase) ”

would cause only a slight increase in chi-square. This strong
correlation also causes the final values obtained for the parameters
to be unusually sensitive to the data points.

In III. we find the same correlation, wentioned above, between
v and Q. Layson(g) gives 1238 MeV, 0.71 (h/wc) and 0.37 for E.,
o and y respectively. The most striking difference between these
results and the ones in Table II is the value for y. Once again
this could be due to the strong correlation and the semsitivity to
the data used.

The }f:“ associated with IV. is 90; however, one should be aware
of the fact that, neglecting B, there are only two adjustable parameters
in the expression for the total cross-section, while in I. and III.
there are three. The value quoted by Chew and Lov(lo) for f2 is
0.08. A discussion is given by Bernardini(lu) of various deterwmina-
tions of f2. He concludes that the best value is 0.0813 + 0.0035.
It should be pointed out that this value was obtained by an extra-
polation method from a Chew-Low plot, while we have fitted the data to
& total cross-section formula with a background term.

There is clearly a significant difference between I. and V. as
can be seen by the corresponding values for }(fw. . Apparently one

should not use V. to describe this resonance, since the proper asyzuetry




Resonance .Formulas 559

.

to the right of the maximum can not be achieved with this Zorz.

It eppears tbat the energy dependence of [  in VI. is the source
of the relatively poor fit obtained. We note that over the enerzy
region involved the factor /o (E) is a slovly varying function, ard
the expression for [ varies approximately as I;( %r )5 which can be
compared with (6). Eere, as in IV., we have a theoretical expression

with one less adjustable parameter than in the empirical cases.
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TAELE I. - The Foraulas
Total
Identification Cross Energy Dependent Width Paraceters
Sectiocn
2 3
I. Breit-Wigner(T) o =27 (7e) Er”ia’a" s
1+ (7)4)2
II. Glashow- (8) B - A * 2 E . A, B
Rocenfeld 6+ f' 2+ X2 r? 7?
7 E_
III. Iayson (9) o+B [ = ﬁhﬂ L (e’ |g RE-5:
oo+ Er) 1+ ( 7 a)a Tr
E_ - M)
v-Low(10) Em s & 2
TV, Cheustow el 5=V g %, ¢,
v. [ Constent a—(r )+B r -2 2_(7 6)3 2
. r
in Denominator S ) (7 0)2 B ) rrﬂb 2B

VI. Jackson (13)

o'+l = 1:(7)3 L) E, [B
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MORAVCSIK: In your last paper, in an absolute sense, none of the fits
were spectacularly good, if I read the values right. None of these curves
really fit too well.

DEANS: It is my opinion that the data are somewhat self inconstant. We
obtain data from a great many different experimentors. It is my opinion
that this is one of the reasons for the essentially poor fit obtained.

One should not look at the absolute values in the chi square colummn but
at relative values in the chi square column.

WOLFENSTEIN: Do I understand correctly that you assume a constant
background? The fact that various other partial waves begin to grow 1is
not taken into account at all.

DEANS: We have assumed a constant background and we have restricted our
energy region to be less than 310 Mev, so that we could essentially
assume a constant background. If one goes higher, one would expect that
one might have to add in velocity dependence or energy dependence, or
something of that sort.

WOLFENSTEIN: Since there are phase shift analysis that go down this low,
one should have some idea of what that that background cross section is.
Furthermore, knowing roughly that it shouldn't be chosen as a constant but

varies as q or q3

or something like that, the cross section in the other
partial waves could be treated in a more sensible fashion than saying

that the sum of the other partial waves contributing to the cross section is
just a constant.

DEANS: That is true. However, it was shown in a paper by Olson, Physical

Review Letters, 14, 1965 that over the energy region in which we are consider-

ing, the background contribution was approximately 1 millibarn. Consequently,
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.
since the lines on our graphs are at least that wide, we saw no trouble in

dropping the possible change.

PHILLIPS: From a number of years of experience in doing phase shift analysis
at very much lower energies, it seems to me perhaps that Professor
Wolfenstein's comments are quite to the point, that what one really has

to do to test the energy dependence of cross sections or phase shifts is to
extract out just the particular one that's resonating. However, if the other

phase shifts are all essentially zero, then your arguments are sound.




n-n S-wave Scattering Length from the Neutron Spectra S

of the Reaction 7~ + d + 2n + y, *

-

R. M, Salter, Jr., M. Zeller and R. P, Haddock
University of California, Los Angeles

J. B, Czirr
Lawrence Radiation Laboratory, Livermore, Calif,

D. R. Nygren
University of Washington, Seattle, Washington

A detcrmination has been made of the neutron-neutron S-wave
scattering length giving an = -16.47F &+ 1,27F, Comparison with

measured values of a__ and 1a (where the coulomb forces in a
PP np P

S

have been extracted using potential theory{jindicates charge symmetry
of nuclear forces but not charge independence. The experiment rccorded
the neutron time-of-flight and angle spectra from the reaction
7" +d -~ 2n + vy, Negative pions from the Berkeley 184 ingh cyclotron
were stopped in a liquid deuterium,target. y-ray detection in
coincidence with an incoming pion and succeeded by two {only) ncutrons
within 300 nanoseconds was required, The P-wave contributfon was
minimized by restricting n-n.relative momenta‘in their center-of-mass
system to q < 50 MeV/c. (According to theoretical predictions2 this

-
contribution should be < two per cent,) Preliminary results>*? gave
a larger uncertainty in an than quoted above. The analysis of the

data has been extended to include an independent determination of a

~

nn'

using the neutron angle spectra. Also, extensive data processing

*Work supported in part by the U, S. Atomic Energy Commission

and the National Science Foundaticn.
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including Monte Carlo computcr synthcsis of the experiment and x2
fitting program has permiticd {urther improvement in results.

The parameter a . is representative of the purely nuclear forces
between two ncutrons and is important in the verification of the
principles of Charge Symmetry and Charge Independence enumeratcd
some 30 years ago by Breit, and others.5 The p-p and n-p scattering
lengths app and anp’ have been accuratecly known for many years
although there are uncertainties in the process for extracting the
coulombic effects upon app and in separating the triplet and singlet
spin states in anp' The respective values thus determined indicate
violation in Charge Independence by several standard deviations.
The question is, "Does this discrepancy indicate a breakdown of
Charge Independence or was the process for determining app and anp
wrong?" As we will see later, Charge Independence does indeed
appear to be violated, while the principle of Charge Symmetry docs
appear to be confirmed.

app and anp were experimentally determined by scattering
protons or neutrons, respectively, on free hydrogen. Equivalent
targets of free neutrons have not been attained, being orders of
magnitude short of a sufficient concentratién for reasonable counting
statistiecs. Thus, the only avenues available are thosec of scattering
neutrons from nuclei such as deuterons or tritons, or in creating a
di-neutron and measuring the distribution of its decay products. The

former course has been investigated principally by the Yugoslavian

group of Ilakovac, and others.6 This method suffers principally from

the presence of other strongly interacting particles in the final
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state interactions (besides the two neutrons). The latter technique,
first suggested by Watson7 has been used by Phillips and Crowe8 and
by Ryan.9 In both of these experiments the y-ray spectrum from the

rcaction 77 + d > n + n + y was measured by a pair spectrometer.

Fig. 1 shows this spectrum, which shows theoretical predictions for

a . = -24F, -16F, and -13F, Note that only in the region of low
relative neutron-neutron, center-of-mass momentum (Q less than 25 MeV/c)
is the distribution sensitive to different an hypotheseé. This is
tantamount to the y-ray carrying away better than 96 percent of the
kinetic energy in the reaction. Note the two curves plotted in
Slide 1 are transpositions of theoretical spectra determined by Ryan
for an s ~24.67F and -13.15F with his spectrometer resolution folded
in., We see that when the resolution of the y-spectrometer is included
the y-ray spectrum is relatively insensitive.tp an and that the
effect of a is spread out over a much larger range of y-energies
so that a considerable contribution from P-wave effects may be present.
McVoylo and later, Bander,z have considered this problem
theoretically. Bander predicts that if the relative neutron-neutron
center-of-mass momentum is restricted to values of less than 50 MeV/c,
then the P-wave contribution should be less than two percent. The
overall theoretical uncertainty in deducing a . for Q < 50 MeV/c was
estimated to be & IF for the above reaction.
In our experiment, following McVoy's suggestion, we measured the
spectra of the two neutrons instead, Negative pions produced by an

internal Be target in the Berkeley 184 inch cyclotron were collimated
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by quadrupole magnets and momentum-selected by a bending magnet

and focused on a liquid deuterium target. The energy of pion beam
was reduced by a copper degrader so adjusted to yiecld maximum atomic
capture by the deuterium. As seen in Figure 2, all three particles
were detected; the y-ray in one of six lead-and-plastic scintillators,
the neutrons in two of fourteen Ne224 liquid scintillator detcctors.
Three plastic scintillators in triple coincidence detected the pion
passage. This signal in coincidence with one (only} y-counter pulse
and followed in 300 nanoseconds by two (only) neutron detector signals
formed the signature requirement for the 2n-y cvent. Imposition of
this constraint made background effects negligible.

The energies of the two neutrons were obtained from time-of-
flight measurement over a ten-foot flight path. Two LRL time-to-
height converters, using the y-ray pulse as a start signal, were
coupled to a Nuclear Data dual analog-to-digital converter and
recorded in digital form by a DEC PDP-5 computer., This computer was
used to produce raw data tapes and also do real-time, preliminar
processing of events on an event by event basis, displaying such
things as time spectra and a two-dimensional signal-to-noise renresenta-
tion of the cumulative goodness-of-fit of events to requirements imposcd
by conservation of momcntum and cnergy. The kinetic energy avaliiable
in the final state interaction is known to about & .02 percent from
current values of n,d and pion masses and the deuteron binding cnergy.

A back-up system simultaneously recorded on film, oscilloscope

pictures of counter pulses against a calibrated sweep rate. Correlaticn
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FIGURE 2
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between the two time-of-flight determinations was quite accurate,
The film system also provided a capability for pulse height analysis
of the counter signals.

It will be noted in Fig. 2 that the experimental arrangement
also permitted determination of the angles among the three reaction
products, thereby permitting in turn determination of the kinematics
independent of the time-of-flight data. An iteration between these
two data sources was performed on a event-by-event basis on IBM 7094
computers yielding an extremely sharp distribution of "good events."
The peak centering around the nominal reaction energy of 136,07 MeV
for channels of ,01 MeV is shown in the center figure of Figure 3.
The spreading of this distribution is primarily from scattering of
the neutrons by deuterium in the target, resolution effects having
been minimized by the iteration program,

Fig. 4 depicts the theoretical 2n-y distribution of the energy
of one neutron (E) and its angle with y-ray, (y) (see Slide 2). This
distribution was computed for an = -16F, Note the relative proportion
of events of y-energy between 130.9 MeV and 131,47 MeV (maximum

possible). Also note the E vs ¢ distribution as a function of y-energy.

Two independent determinations of a,, were made -- one employing
time-of-flight data, onc using anglc data. Events verified by the

iterative program previously described were employed but on an
uncorrected basis. Expected distributions were computed assuming
the three particle phase space to be enhanced corresponding to various

assumed values of ann' Bander's method2 was used which is essentially
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cquivalent to the effective runjc approximation but with a corrcveiion
for the proper transition amplitude terms including effects of tnw
two polarizations of the y-ray. This correction changes less than
1-1/2 percent over the range of y-cnergy used,

The shape of the neutron crergy spectra of the 2n-y reacticn
is relatively insensitive to the angle between the two neutronms. Thus
the variation in angle resolution of (say) counters 6 and 9 (in Slide
2) compared to 6 and 8 or 6 and 10 is not great and the corresponding
cffect on the energy spectrum negligible, Thus histograms of experi-
mental neutron energy spectra were compared directly with theoretical
distributions computed for variously assumed values of 2 . A histogram
of experimental data vs theory is shown in Fig. 5 for a 2-counter
separation (& = 6.7°). Note the distinct fit at a .= -16F compared
toa = -27F,

The angle spectrum for selected neutron energies is very sersitive
to geometry but independent of the energy dependent efficiency of the
reutron counter, Fig. 6 shows spectra cxpected for either a onc-
Gimensional or two-dimensional array of reutron counters, Spectra of
the experiment fell somewhat intcrmediate between these two situztions,
An analytical solution of this problea was untenable, so a Montc Carlo
synthesis of the entire experiment was perfoxrmed on computers starting
with randomly selected production of events at various points in the
target according to the initial pion beam distribution. Smoothcd Honte

3

Carlo predicted spectra for a .= -16F and -18F are shown (unnormalized)
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FIGURE 6
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given in_Figure 7,

x2 fits of theory to exXporiment woez wLiso made by a computor

3

rogram., The theoretical hypotiesis woi normalized to the number of

events in the experimental eacrgy

R
in Fig, 6., Actual comparisc: osctween experiment and Monte Cazlo is

angle spectra separately and

the x? evaluated. Then the hypothesis was changed and the Precess

repcated. A typical print out had hundrcodins of separately comsuted

%2 sunmations. In this way the Pearscn 2robability distributicas werc

easily determined. The resuiting curves were nearly gaussian aad the

moment of the distributions were computced accordingly. Fig. & shows

the Pearson Probability distribution for the time-of-flight fit and

made to the mean values and the standard deviations were incrcased
for effects not included in the theoretical hypothesis used for x2
fitting, Value of a = «~16,40F + 1,85F and a = -16,52F + 1.75F
nn nn -
were obtained for the time-of-flight and angle spectra respectively.
Fig. 10 describes the nature of the effects inciuded in this fashion,
The magnitude of the effects were estimated by an independent yx° fitting
procedure where the hypothesis was a particular valuec of 2 and the
resolution, background, efficiency, etc., werc allowed to vary
independently. Because time-of-flight and angle fits are independent
determinations of a__ the final answer for a__ of a__ = -16.47 + 1.27°
nn nn nn -
is a weighted mean, We plan to test the result with a more gemeral

fitting program, but wec do not expect the result to change apprcciably.

Fig. 9 for the angle spectrum fit. Systematic corrections werc then
|
|
It should be pointéd out that the time-of-flight and angle fit give
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TABLE 1
FACTORS AFFECTING an ACCURACY AND UNCERTAINTIES

INTRODUCED THEREFROM

Factor(i)

Ihg_ti Spectrum Change in an Uncertaintz
Raw value of an -15.95 + 1.8F
Neutron Counter Efficiency f(E) - S.OF(ii) + 0,4F
Background - 0.2sp(1id) + 0.1F
Timing Resolution O.45F(iv) + 0.1F
Corrected value -16.40 +* 1.85F

The 8 Spectrum

Raw value of a -16.3F + 1.7F
nn

Experiment Geometry 0.0F + 0,02F

Background O.OF(III) + 0.3F

Target Qutscattering O.ZZF(VI) + 0.2F

Neutron Counter Efficiency, Relative 0.0F + 0.2F

Corrected value -16.52 + 1,75

Final value

(I)Factors due to time-of-flight lengti uncertainty, time :lewing,
oreferential outscattering as f(L), angle rcsolution uncertainty in t
hypothesis were found to introduce negligible effects (see Texi). As
discussed previously, theoretical uncertainties are about + 1F. In
addition, r_has not been measured here, A change of T, by + .37 will
change ann by + .1F,

(i1)

Change from constant efficiency as function of energy to actual
energy dependent efficiency.

(lll)Change from no background to that estimated.



586 Haddock at al.

~

i . : . .
( v)Change introduced when a five percent FWHM gaussian time
spread is inserted into hypothesis

(V)No change needed since Monte Cario used for hypothesis

vi .
( )Changc from no outscattering, cffects due to energy
dependence of neutron counter efficiency are included.



.n Scattering Length 587

nearly the same result, indicating that neutron counter efficiency
and geometric resolutions are included in a consistent fashion. Also,
the uncertainty in a, is nearly all statistical and could be improved
provided the theoretical uncerrainties are likewise improved.

The comparative value of app’ with coulombic effects extracted
using potential theory of Blatt and Jackson11 (and setting the -cz/r
term = 0) or as predicted by lieiler, and otherslz in a recent c:stimate
of -16,9F ¢ (app) nuclear < -16.6F indicates that Charge Symmetry does
indeed hold. On the other hand, the value of 1a remains at

13

-23,678F + ,028F (with (r ) = 2_51F + [1liF), Comparison of a

o’np nn

and lanp clearly indicates Charge Dependence.
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MORAVSCIK: I presume the error that you give does not include the theoretical

error,

HADDOCK: The theoretical error, as far as 1 understand it, except for this

sort of calculation, would be around * 1 F.

MORAVSCIK: I was going to say that my recollection of Bander's paper is that he
gives *1F, There are some people who think that this is somewhat optimistic,
considering that a number of assumptions go into the theoretical scheme that
relates the spectrum to the scattering length, 1 just wanted to say that if

you add that to it, you probably get a larger error, and, in fact, I think

your experiment comes pretty close to the limit of what is worth while doing
experimentally at the present time in view of the fact that there is this un-

certainty in the theory.

HADDOCK: The object of the experiment was to go to what the theorists thought

they could calculate.

TELEGDI: I would like to offer this in the line of a comment, also. The re-
action v +d *n + n + vy would be very worthwhile to investigate as a possible
source of information the muon interaction in a rather understandable situa-
tion. The reaction question has been considered by such theorists as Wolfen-
stein, Uberall and, most recently, by Dr. Bietke at Cal. Tech, and myself.

The grand finale is simply that if you know the scattering lengths, then all
the strong interaction final state effects factor out, and the weak interaction
is left alone. The experimental idea is that whereas the capture cross-section
in deuterium is extremely small, you can use the coincidence between the two

neutrons and the relative time delay between them to fish out this reaction
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‘as ag&inst background whereas in the case of mu capture in hydrogen there is

ronly a single neutron. So, the factoring and this information should enable
‘one to do an attractive experiment for muons. It's a method of intensity, of
course, but this work, in some sense, makes that experiment very attractive.

The techniques would also be very similar. Of course, there would be no neu-
trino counter.

¢ BREIT: Is the value that you gave us a suitably weighted mean of the two

|

I

‘ways of determining the scattering length or is it to be considered to be an

independent value?

HADDOCK: 1It's a straightforward procedure, What you do is to change the hypo-
thesis, which in this case is ann, fixing the effective range at some reasonable
‘value. I should say that the error due to the effective range is negligible,
EYou then go through and xz both of the distributions find the overall minimum
in the two independent distributions and that, then, gives you your result,
‘When you're dealing with XZ, there's always some uncertainty about what the
Pearson probability really means. What I was attempting to show on Slides 8
,and 9 was our version of it., That is, if you plot the Pearson probability

|

corresponding to the x2 for the given number of degrees of freedom, you get

some sort of Gaussian curve, which we interpreted in a Gaussian fashion.

BREIT: Thank you. Another thing I wanted to ask is if someone knows what's
‘the matter with that Russian determination of the scattering length. It was

‘reported at the Paris conference.

iHADDOCK: Well, I'm not really familiar with that work. I should say that this

is not the only experiment of this nature. There was one done at Liverpool,
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I believe, in which just the gamma ray and one neutron was detected. .

BREIT: That was a low energy experiment and therefore more subject to ques-

tion There was more theoretical calculation involved than in your experiment.
HADDOCK: Right,
BREIT: I wonder why they (the Russians) got a larger absolute value.

HADDOCK: Well, my understanding is that you have opened up a sort of wound,
if you like. People have looked at, for example, the n,d reaction where you
get two neutrons and a proton out. Ivo Shauss, who is at UCLA, has considered
this problem. He does not understand why you get an answer which is near the
neutron-neutron singlet scattering length. However, when you do the experi-
ment in a slightly different way, where you exchange the projectiles and the
reaction products, in some cases you do get an answer which is quite close.

I believe it's the d,t reaction where you end up with two neutrons; you do get

an answer which is -18 fermis.
BREIT: Yes, I reported in my talk this morning.
HADDOCK: I have no idea why that happens.

IG0: 1'd like to ask an experimental question please. Could you tell me

about the counting rates you get in this experiment?

HADDOCK: 1In the overall neutron array, summing all signals, it was around a

megacycle, The gamma ray counters were turning over at about 30 cycles/second.

IG0: I'd like to know about your triples.
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HADDOCK: The counting rate was one count/minute.

SIGNELL: I would like to make a comment on this. A hard core model is not,
of course, the only potential. One can take in place of the hard core plus a
strong attraction, the Baker transform and get a momentum dependent, weak
potential which matches the same p,p phase shifts at all energies. The first
yields a  from -16.6 to -16.9F, and the second yields -19.3F for a .. So, in

this simple-minded kind of a calculation, there is a distinction between these.

PHILLIPS: I've been for years interested in what happens to systems that end
up with three particles in the final state. I think the one just reported by
Haddock is apparently one of the cleanest ones that we know of. I would just
like to be the devil's advocate, though, and just raise the simple question,
do we really know the physical mechanism here. I don't propose to give the
answer, but the mechanism assumed for the theory is that pion is captured upon
the proton, turning it into a neutron, and emitting a gamma ray. The two neu-
trons are then left close together in configuration space in very strong inter-
action. Now an alternative mechanism would be that the nucleon is excited to
some state. The two nucleons separate in space and then the free excited nu-
cleon emits a gamma ray. Now the amplitude for that latter process must be
added to the former and the cross-section will be the square of the sum of
these. And so there could be interference terms there, possibly if the second
mechanism that I propose has a non-zero amplitude, so I'd appreciate any com-

ments that any of our theoretical friends have on that,

HADDOCK: I'm glad you put it that way.



594 Haddock ef al.

.

.
.

BREIT: I may be wrong, but since this is a discussion, an error is perhaps
permissable. If the lifetime of the excited state is short enough, then it
will not make a serious difference because the primary thing is the amplitude
of the neutron-neutron relative motion wave function and that would be deter-
mined by the longer range interaction., So it will all hook itself onto the
lifetime of the excited state, The ordinary lifetime is pretty short. It's
short enough so that they should separate. But since you deal with an inter-

ference term there is some uncertainty.
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MEASUREMENTS OF THE DIFFERENTIAL CROSS-SECTION AND POLARIZATION b ’;>
.
IN PROTON-PROTON SCATTERING AT ABOUT 143 MEV 3

0. N. Jarvis, G. F. Cox, G. H. Eaton, B. Rose, C. P. Van Zyl

A.E.R.E, Harwell, England

We have recently made some new measurements of the differential scat-

tering cross-section and polarization in proton-proton scattering at an energy
of about 142 MeV. This work was performed using the Harwell synchrocyclotron.

! Before describing these measurements I would like to explain why the
work was considered necessary, in view of the fact that sets of cross-section
and polarization data are already available from no fewer than three laboratories
{Harwell, Harvard and Orsay), all three sets referring to an energy close to
150 Mev.)).

Basically, the motivetion arises from the fact that these published

data have suffered the customary eroding influence of old age. The Harwell and
Harvard measurements of the cross-section and polarization at 142 and 147 Mev
were published about 8 years ago and since that time a complete set of triple-
scattering measurements has been made at both lsboratories. The most recent
phase-shift analyses of the data yield unique solutions and the values of the
phase-shifts are known with quite high precision. However, the same analyses
demonstrate disagreements between the three seits of cross-section data. Thus,
MacGregorz) has found it necessary to discard “oth the Harwell and Harvard cross-
sections and to use only the Orsay data --- despite the fact that the energy to
which it refers was somewhat high (156 MeV) compared to that at which a1l the
other data was obtained., It is clearly desirable to demonstrate experimentally
that MecGregor's procedure was permissible. A separate problem is the determin-
ation of the absolute value of the differential cross-section data. Here one
£

o

ndns maw P Llio Aadoai® oo Pl 2o Ll
& by S CuL o€ adluraly Ol ©ne GEeUE€ruiiavidiis 13 podr -- Gne

most precise determination (t 4%) being obtained at Orsay. In practice, this
normalization is best made indirectly through the Harvard total cross-section
measurements3), which were accurate to about * 1%. An independent check on these
measurements would be desirable.

In contrast to these disagreements, the published polarizetion data from
the three laboratories were in reasonable accord, although they each refer to a
somewhat different energy. FHowever, this agreement is quite illusory as we have
recently foundu> that the absolute scales of these data are considerably in error
owing to their normalization to a single, and incorrect, determinstion of the

polarization in p-carcton scattering.
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For these reasons we felt it necessary to repeat the measurements with™
inproved accuracy. The present cross-section data were obtained to a relative
precision of better than t 0.5% and the absolute scale was determined to t 0.8%.

The polarization data were determined to a relative precision of about 1% of the
maximum value and the absolute scale to t 0.85%.

Although about 8 years have elapsed since the first proton-proton scat-
tering work was done at Harwell, the experimental techniques available to us
for cross-section measurements have remained essentiully unaltered. Thus, in
the present work the protons scattered from the hydrogen target were detected
as usual in a counter telescope using several scintillation counters in fast
coincidence. The main difference frow the earlier measurements is that very
thin (20 mil) plastic scintillators were used to minimize losses due to scattering
and absorption in these counters. In contrast to this situation , however, the
measurement of polarizations has benefited from the developement of the solenoid
to reverse the direction of polarization of the incident polarized beam. When
properly used, this technique makes the relative determinations almost trivial.

Fig. 1, shows the general layout of the experimental area. The proton
beam was extracted from the synchrocyclotron by scattering from an internal
target. This internal target was tungsten to give an unpolarized beam of inten-
sity about 108 protons/sec and aluminum to give a polarized beam of about 107
protons/sec -- the polarization being known from earlier work to be L7.2 t O.u%.
The important point to notice is that these two beams were obtained along almost
identical beam paths so that no repositioning of equipment was needed when chang-
ing beams.

The solenoid was used to give a precession of the direction of polarization
by * 180°., This solenoid was very carefully aligned such that the beim direction
and position at the experimental area was unaffected by whether or not the solenoid
was being used to change the polarization direction. This alignment was made possil
by the use of split-ionization chambers to detect small changes in the position
of the center of gravity of the beam spot.

The beam intensity monitoring device consisted of a 0.5 mm. thick sheet
of polythene placed in the path of the beam upstream of the target position and
two counters were set at 44° on opposite sides of the beam to record coincidences

from (p-2p) events in the polythene. The linearity of the monitor with oeam
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inbensity was assured by the low counting rates used.

: The momentum analyzed beam was not used for the main experiment as a
poor beam focus was obtained for full intensity - and beam intensity was too
precious to squander.

The differential cross-section measurements were made by two methods
which were independent except in relation to the calibration of the beam monitor.
In the first method , a polythene target was used and scattered and recoil
protons were recorded in coincidence. Sufficient absorber 5o define a threshold
energy of 120 MeV was placed in the scattered proton telescope arm in order to
reduce the background due to (p,2p) events in the carbon of the polythene target.
Backgrounds were taken as usual with a dummy carbon target. The attenuation due
to the absorber in the scattered arm was measured in the following manner.
Absorber was placed in the recoil arm of sufficient thickness to define the 120
MeV threshold. Measurements were then made with the absorber in and out of the
scattered arm, the resulting ratio -- corrected for backgrounds -- gave the required
attenuation factor directly. The chemical composition of the polythene target
was analyzed by a slow neutron technique -- using the accurately known n-p and
n-c total cross-section values-- the result of which indicated the composition
to be CH,to within 1/3%. Chemical analysis gave a similar result but with rather
less accuracy. V

The second technique used for the cross-section work required the use of
a liquid hydrogen target. Two quadruple counter telescopes were used to record
left and right scatters. Absorbers were again used to reduce backgrounds, which
in turn were measured with the target evacuated. This was also the arrangement
for the polarization work. Only the angular region outside the minimum due to
Coulomb interference was investigated due to the considerable difficulty experi-
enced in the small angle range (<8°lab) from the rapidly increasing backgrounds
and from cointer resolution problems. At the angles investigated the backgrounds
were in general only a few %. The attenuation due to the absorbers was measured
by absorber in and absorber out measurements with the telescope in the direct
beam, reduced to the appropriate energy. Repetition of some of these attenuation
measurements in the momentum analyzed beam demonstreted that the low energy
component (<120 MeV) in themain beam was & 1/3%. Small corrections too numerous
to detail were made before the final relative cross-sections were obtained. The
hydrogen target volume was determined by measurements with = traveling microscope

with the target full of 1i quid nitrogen.
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The two independent sets of cross-section data were in satisfactory
agreement.

The beam intensity monitor was calibrated by the use of a two counter
telescope placed in the direct beam at the position of the hydrogen target.

By using a coincidence circuit and scaling units capable of recording at about
50me/s (the cyclotron r.f. frequency being only 20me/s) it was possible to cali-
brate the monitor directly with a beam intensity of about 106 protons/sec. For
this it was essential to use the long-duty-cycle facility of the cyclotrom which
could give a macroscopic duty-cycle of about 80%. This calibration was demonstrated
to be reproducible to within the statistical uncertainty of % 0.5% over a period
of about 4 months.

Fig. 2 shows the cross-section data and the curve represents the predic-
tions of a recent phase-shift analysis (by J. K. Perring) which included the
present data. The shape of the cross-section curve is characterized by a fall
in cross-section of about 5% from 45° to 90° ecm. This is in good agreement with
the Orsay data but is larger than the value given by the Harvard results and is
in direct contradiction with the rise given by the previous Harwell measurements.
Thus, we have in a manner justified the data selection made by MacGregor.

The differcential cross-section data were integrated graphically to give
a total cross-section between 12° and 90%m. of 24.0 * 0.2 mb. This is precisely
the same value as one obtains from an interpolation between the experimental
measurements of Goloskie and Palmieri3). We have, consequently, obtained the
desired check on the absolute normalization.

Fig. 3 shows the polarization measurements. The curve is again obtained
from the analysis by Perring. This analysis demonstrates a large measure of
consistency among the data now available, an overall X2 of 197 being obtained
for a 14 phase-shift search in which 203 pieces of data were fitted. The con-
tribution to X2 from the present results was about 0.8 per data point, which is
gratitying in view of the fact that the errors on the present data are on average
rather smaller than one half of those on the corresponding earlier data -- and
so the present data should surely dominate the analysis. Finally, the normaliza-
tion constants found in the search were 0.998 for the cross-section data and 0.999

for the polarization data.




Proton-Proton Scattering 599

1.

2.

3.

L,

.

References
R. Wilson. "The nucleon-Nucleon Interaction”. Interscience, 1963.
M. H. MacCregor and R. A. Arndt. Fhys. Rev. 139, (1965) B362.
R. Goloskie and J. N. Palmieri. Nuc. Phys. 55 (1964) L63.

0. N. Jarvis and B. Rose. Phys. Lett. 15 (1965) 271.



e Jarvie et al.

Figure 1 - General layout of the
experimental area.

Figure 2

Figure 3
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BREIT: These results are, of course, most welcome to data analysis and so far as
Yale is concerned are especially timely because we have been troubled considerably
by the Orsay P(9) at 138 Mev. The characteristic trouble that has been bothering
us is absent in the data just shown. It would be a great help if somehow one could
ascertain just how those 138 Mev measurements at Orsay were made. Is it that they
were bothered in some way by a contamination of their target? The reason why this
occurs to me is that the low angle points do not give any trouble, but those above
90° are not consistent with those just below 90° which just doesn't make sense

for p-p scattering.

JARVIS: You're talking about the polarization data now and I believe you're giving

a good description of a false asymmetry.in the measurements.
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-EXPERTMENTAL ASPECTS OF NUCLEON-NUCLEON SCATTERING <

| AND POLARIZATION BELOW 1 BEV ~
B. Rose

A.E.R.E., Harwell, Berkshire, England

Abstreot
! The present state of nucleon-nucleon data is reviewed. There
has been a resurgence of interest in the problem at 300-700 MeV,
partly stimulated by the availability of polariged targets. Some

of the new data is clearing away old discrepancies and some

revealing new ones. The preoisiondf existing data is rarely as

high as claimed, and much greater precision will be needed if

unique energy independent analyses are to be carried out at the

higher energies. Twice as many experimental papers are published

on the p-p as on the n-p systeme It is proposed that nmore

attention be devoted to the neutron proton system with neutron
beams, in preference to quasi-free experiments using the

deuteron as a neutron target. The problems of doing so are
discussed. Recent results on nuclear bremsstrahlungen are briefly

: mentioned,

Introduction

| Today I shall take as my primary assuaption that the principal
experimental objective in studying the nucleon-nucleon system is to

! supply data that is capable of producing unique and accurate phase

| shift analyses at any energy. It seems that such a parametrization of

! the experimental data is physically meaningful and is a convenient
phenomenoclogical half way house between the experimentalist and the basic
theorist. It is necessary therefore that the data itself should be

accurate, and we must not assume that the data is correct just because
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a unique phase shift analysis is possible. I shall therefore be

spending a considerable portion of my talk in the comparison of experimental
data. I shall put a rough lower limit at a laboratory energy of 100 MeV,
though I shall go below this limit where it appears interesting to do so.

Having got a good piase shift analysis one may then be interested
in its predictive powers, - e.g. how well does it predict the values of
as yet unmeasured quantities - or, more intercstingly, how well cen it
be used to predict the properties of the proton-deuteron interactions.

I shall spend some time on this problem.

Alternatively, one may study the nucleon-nucleon system to see to
what extent the basic conservation laws are confirmed - parity conservation
in strong interactions in particular. There has been virtually no work on
this subject since » 1958 and the normal methods of phase shif't analysis
have this assugption built in. There is, I understand, some work in
progress at Rochester which has not yet reached fruition, so there will
be nothing more to say except to encourage others to consider it as a
worthy field of study.

Finally, the nucleon-nucleon forward scattering amplitudes are
being used to attempt to determine coupling constants for the heavier
mesons through the use of dispersion relations, and very important
contributions to the various integrals come from the energy range of
interest to this conference. The data so far seems sufficiently imprecise
to allow anyone to find the particular answer he is seeking. However the
forward scattering amplitudes themselves are presumably most accurately
determined through phase shift analyses, for then one can use more data
than just the differential cross section - but much greater precision
than has been obtained so far is going to be needed.

I shall discuss the experimental problems involved in improving
the precision of neutron-proton work, and finally, as a complete change

of topic, hope to say a few words about nuclear bremsstrahlung.
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Present state of data

Until about a couple of years ago, there had been a continuous study
of the nucleon-nucleon system below 220 MeV at various laboratories, at
~ 650 MeV at Dubna and at -~ 1 GeV at Birmingham. These studies had been
pursued largely by the methods traditional to the energy range. Then two
experimental developments began to make themselves felt., One of these
was the application of what had previously been considered as really high
energy techniques to synchrocyclotron physics - very large arrays of counters
or spark chambers or both. The second was the development of polarized
targets. These two developments led to a resurgence of experimental interest
in the nucleon-nucleon problem and has resulted in a great guantity of data.
Meanwhile those using tradition technicues have refused to be intimidated.
They have refined them with considerable success, resulting in data of an
accuracy which the newer techniques have yet to match.
p-p data

Beginning at the lower energies and working upwards, we have new
measurements at Harwell at ~ 140 eV of do/dnt and P using traditional
methods 1) and of cnn using a polarized target 2). As there is a contributed
paper on the former pair of measurements I shall just show in Figure 1 the
new cross section data with the previous data on for comparison,together
with curves derived from a recent analysis by Perring 26). There are two
points to note. One is that the new data has the same gener;i shape as
that measured at neighbouring energies at Harvard and Orsay, and that there
remains no doubt whatsoever that the old Harwell data had the wrong general
shape. The other is that the new data has much greater absolute (as well
as relative) precision (~ 0.7%) than the old. That this claim is justified
is illustrated in Figure 2, where the cross section integrated from 120 - 90° Celle
is compared with total cross-sections of Goloskie and Palmieri 3) measured
over the same angular range. The latter data is alsc in very good agreement
*)

with the equally precise data of Young at 68 MeV.
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Similarly the absolute precision of the new polarization data (0.8%)
is much better than that of the previous data in the region., This has no
direct cross check, though we may note that the polarization of the Orsay
bean 5) as measured either by double scattering at ~ 150 MeV or by comparison
with the recent Harwell results on p-C scattering 6) gave agreement within the
errors of 2%. This cross check between (a) laboratories and (b) p-H and p-Nucleus
polarization is particularly important and is, in my view, not suffiiciently
practised. The need for it will become more apparent later on.

As a result of this new data some of the phases have their errors reduced
by almost a factor of two. The experiment on Cnn was made using a polarized
target and measurements were made of Cnn at 90o and 60° (ceme) at 143 MeV and
also of Cnn(90°) at 98 MeV and 73 MeV. The target polarization was determined
from the asymmetry in scattering an unpolarized beam from the polarized hydrogen,
and the biggest difficulty in determining the absolute values of Cnn lay in the
fact that the target suffered severe radiation damage - and hence loss of polar-
ization - during the runs. This is illustrated in Figures 3 and 3%, where we
see that the fall off to half polarization occurs after the passage of ~ 1012
protons, or about 10 hours running with the polarized beam. The net result is
that the ratios (Cm(6°°)/°nn(9°°))145 yey 0826 £0.03, (¢ (98 MeV)/C_

(143 MeV))9oo = 0.69 + 0.0y and (cm(73 Mev)/cm(w; MeV))9oo = 0.25 + 0.06 are
all determined without much dependence on the law assumed for the decay of target
polarization with energy, and are limited by statistics. However, the absolute
value Cnn(90°, 143 MeV), which is close to unity, may depend upon the decay law
assured in the analysis, and may therefore have an uncertainty additional to the
statistical uncertainty of - L.

The next new data is coming in at ~ 200 MeV from Rochester 7) - also by
traditional methods - where they are engaged in precision measurements of the
differential oross section into the small angle region - typically 1 absolute
and relative error is hoped for. The%;§feliminary cross-section data is shown
on Figwe 4 and their values of(?/sin GLin Figure 5. The absolute value of the

polarization is not, as I understand it, being remeasureds. This seems to me
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| , @ pity because the original determination of the polarization of the
| : Rochester beam was made many years ago.

Rochester is also engaged in a tidying up operation by remeasuring
some values of the triple scattering parameters A and D that were rather
scornfully rejected by the phase shift analysis and also had some internal
inconsistencies in the measurements.

Some new data has come in at 300 MeV from Berkeley on polarization
- the first for about 10 years. These are experiments of Cheng 8) who
produced data from 300-700 MeV and of Betz who measured polarization at
300 and near 700 MeV. The experiment of Betz used a polarized target and
was not troubled by radiation damagee That of Cheng used what one may call
synchrotron techniques, as demonstrated in the Fgwes 6 and 7 where we see
about fifty assorted counters and several thousand tons of concrete.

Cheng produced his polarized beam by scattering from carbon at 6° and
determined its polarization by rescattering at the same angle. Betz
determined the polarization of his target by solid state techniques.

The situation at - 300 MeV is illustrated in Figure 8. It is clearly
not very satisfactory, for though the data is in reasonable agreement, the
accuracy both relative and absolute is low for the data of Betz and the
old data of Chamberlain, and there is clearly some additional relative error
in Cheng's data beyond the statistical errors ascribed, as one can see by
their displacement from a smooth curve drawn by eye through the data. The
feeling of uncertainty about the absolute precision of the data is engendered
by the fact that the measurements of p—C polarization at this energy are far
from being in agreement as we shall see later. This leads to a difficulty
in principle, for those experiments which produce a polarized bear by
scattering from carbon effectively determine the p~C polarization and the beam
polarization from the same measurement., If the p-C polarization is wrong
then it must be purely fortuitous if the beam polarization is right, and of
course if the beam polarization is in error then so is any polarization

determined from it.
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The data at 400 MeV has recently been reinforced by Roth 10), who *
has produced data on P, D, R, A and A's The latter is a real collector's
item, being the only measurement at any energy of this paraneter. The
polarization, is in good agreement with that of Cheng - but the original

measurement of the beam polarization at Chicago was made a very long time

_agoe. There is also in addition a coupling with the 200 MeV data, because

the spark chambers used in the measurement of the triple scattering
parameters were oalibrated in sart on the Rochester polarized beam. This
is possibly only an academic point because the statistical precision of
the data is not high, but it should nevertheless be appreciated by those
who make energy dependent phase-shift analyses. They may be energy
dependent in a different way from that normally meant.

Near 600-700 there is a great deal of new data on polarization,
coming from Dubna, CERN and Berkeley. At 700 MeV the situation looks
quite satisfactory(Figure 9). Five different experiments-Ashgirey 11) at
667 MeV, Betz 9) at 679 MeV, Dost 1‘2) at 680 eV, Cheng 8) at 700 MeV,
McManigal 15) at 725 MeV and Betz 9) at 736 all agree fairly well, though
not to guite the precision claimed. The absolute accuracies vary from
3-67 for the various data plotted in the figure. Betz and Dost used the
same polarized target and measured the polarization by the same solid state
methods - so I presume one should not consider them completely independent.
McManigal scattered an unpolarized beam from hydrogen and analysed the
polarization in a second scattering from carbon, with all the attendant
difficulties of resolution from inelastic events. He produced accurate
data only over a small angular region because of the reduction of energy
of protons in scattering from hydrogen at larger angles, and the fact that
the analysing power of carbon is not well enough known as a f?nction of
energy. This is illustrated in Fimde 10. (rote that two precision
experiments near 700 MeV are in disagreement ).

Only Ashgirey has the simple answer of producing a polarized beam

by scattering from hydrogen, from which inelastic events are very easily
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. removed by magnetic analysis, aad rescattering from hydrogen.

That this technique is not, however, foolproof is illustrated in the
work of Dost, who also produced a polarized beam in this way in order to
measure cm with his polarized target. Without magnetic analysis after
his first scattering, he found that about 6% of his beam came from his
target walls and that the resulting beam had a mean polarization of Ol
compared with ~ .51 to be expected from p-p scattering at that energy o=
2 result which would seem to imply that the mean polarization of protons
scattered from the target walls was - - 0.5,

At 600 Mev, the situation is much less satisfactory (Figwre 11}

The results of Cheng 8) and Coignet 11") from CERN/Orsay are
systematically different, whilst the old data of Meschervakov 15)

is about 33% too low. The large absolute error on Betz' data

at this energy would allow it to agree with either the Cheng or Coignet
data.

If one now looks at the maximum polarizstion in p-p scattering as a
function of energy(Figure 12), it is apparent tnat, almost certainly, the
1 GeV Birmingham point is low - for the higher energy data is also taken
with the Berkeley polarized target which has been seen to give agreement,
certainly within about 10j%, with other methods at energies in the range
300-700 MeV.

Certainly looking bhack on some of the older work, it is clear that ths
difficulties of measuring the polarization of a beam were underrated, and
the measurement of a polarization with an ascribed error of + .01 would be

| dismissed in a single sentence. It would seem also that they have not been
fully realized in some of the recent work.

I have reservations, possibly because I don't fully understand the
method, about solid state techniques for measuring the polarization of
hydrogen targets. In principle, they measure an average polarization
throughout the target which may be different from the average value the

proton beam sees. I therefore should consider it important that a
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precision measurement be made of p-p polarization by conventional technigues
if only to check this point. At present, at 600-700 MeV it seems to me that
Ashgirey's 3j, measurement should be the most accurate we have.

As mentioned briefly earlier, Dost 12) has made measurements of Cnn
at ~ 600 MeV - using a polarized target and a polarized beam produced by
scattering from hydrogen. In addition Coignet 1L") has also measured cnn
with a polarized target, and a polarized beam produced by scattering from
carbon. These results (Figure 13) differ in scale by almost 40% and it would
be rather unexpected to have such a rapid energy variation. The situation
is rendered rather murky by the fact that you will recall that Coignet's
measurement of p-p polarization is rather lower than Cheng's at 600 MeV,
and in addition his measurement of p-C polarization, from which presumably
his beam polarization was determined, was much higher than Cheng's value
at 600 MeV. One is therefore inclined to doubt the absolute values of
Coignet, since Cheng's values seem to agree with the majority on p-p
polarization at 700 MeV( though it is of course no guarantee that his
data at 600 MeV is also correcé)

Figure 14 shows the variation with energy of Cnn(90) and it is now
reasonably completely established. The open circles represent the
‘predictions’ of phase shift analyses by Kazarinov 16).

Finally, I should mention that work is going on at Birmingham at 1 GeV
on both the p-p differential scattering cross section, and the depolarization
parameter.

The great recent experimental interest in Cnn’ particularly in the
higher energy region, is not because it is a particularly important quantity
but merely because it is now possible to measure it and because it provides
an excuse for playing with a new experimental technique. I hope however
that it will lead to a detailed study of the p-p system at several different
high energies - including precision measurements of all the different
quantities that will be necessary to make accurate energy independent phase
shift analyses possible - not forgetting that rather dull quantity, the

differential cross section.
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As an aside, because I have been concentrating rather or data accuracy,
I would remind you of the accuracy claimed in some recent work on the total
P-p cross section in the emergy range above ~ 440 MeV taken on Nimrod (Figure 15).
Here an absolute accuracy of 0.3 is claimed, with relative errors of Oul1%.
The claim here is about a factor of 3 greater precision than has so far been
obtained in the energy region of special concern to us.

My own guess is that something like an order of magnitude improvement
on present accuracies of data is going to be needed if a phase shift analysis
round about 600-700 MeV is going to be meaningful in the same sense as those
from 200 MeV downsards . Whether you have any chance of achieving it, or
whether you really want it, is another matter.

And now before turning to the neutron proton work, there is one
point to make about energy determination. It is usual to determine medium
proton energies from range curves, and the standard curves used are those

‘7). A recent report from McGill 1'8) shows that at

of Sternheimer modified
~ 100 MeV these curves gave an enmergy ~ 1 MeV low. (Figure 16). It would
seem to be important to check these results - as energy errors of this amount

are beginning to be of importance in the analysis of the p-p data.
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n—p data .

Turning now to the free n-p system, it is obvious that there is far
less data, and what there is is generally very inaccurate, compared to its
p~p counterparte.

Up to 150 MeV there is a fair amount of total cross section, differential
cross section and polarization data and a few measurements of triple scatterin
parameters. Recent work includes the following measurements. A precision
experiment by Groce et al 1‘9) has been made between 20-28 MeV of the np total
cross section to rather better than 1/2%, whilst Measday and Palmieri 20)
have remeasured the total cross section at several energies below 150 MeV
to an accuracy of ~ 2%. These results(Figure 17) tend to confirm the
higher points amongst the previous data. Measday 21‘) has also measured the
rélative differential cross sections at 129 and 150 MeV(Pigure 18) over the
angular range from 50-180O c.m. With results of greater precision than had p1
viously been obtained, but only in marginal disagreement with previous data.
Measday's measurements were made using a 'monkinetic' neutron beam obtained
from the d(p,n) reaction at 0°. Langsfordhgi), using a pulsed neutron time-
of-flight system, have measured the polarization as a function of energy
(Figures 19, 20) from about 20-120 MeV over the full angular range-demonstrati
that the 0ld 77 MeV data was too high. However the most technically difficul
experiment on the free n-p system has probably been the Los Alamos experiment
in which Cnn was measured using a polarized target. The usual difficulty wit
a polarized target of lanthanum magnesium nitrate is to identify the scatter:
from the protons against the scattering from all the other rubbish surroundi
them, and in the case of a p-p scattering experiment this is achieved by
kinematic means - usually by measuring the two protons in coincidence with
sometimes a range or energy discrimination included. In the case of (n-p)
scattering, however, if one 1s looking near to 180° cm, the proton energy
is very close to that of the primary neutron and hence it proved sufficient
to identify the recoil protons by an E : dE/dx method and to discriminate

on its energy in order to achieve a relatively low background (- 15%) .
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* This technique should only be possible at lowish energies, where the
(pyn) threshold for the majority of the constituents of the target is
a substantial fraction of the primary neutron energy.

Apart from a total oross section from Dubna at - 630 MeV to - 3%,
the above represent all the data on the free n-p system that has been
produced over the past two years or is being preoduced.
d!EE 2“2 data

The data on the free n~-p system has been supplemented by data
taken with proton beams incident on deuterium targets, and regarding
the neutron in the deuteron as more or less free. The higher the energy
the more plausible the argument becomes that the small binding energy of
the neutron will not affect seriously the interpretation of the results
as being something closely approximating to free n-p scattering.

The argument is made somewhat more sophisticated by making an
experimental comparison between the free p-p parameters and quasi-free
P-p parameters as measured with a deuterium target. Then if the theory can
account for such differences as exist, it becomes plausible to use the
theory to correct the quasi-free (p-n) parameters.

The most detailed experiments to make these comparisons were made at
Harvard some years ago 2l*'). In these experiments, de-/d . , P, R and A

were compared for p~p and gquasi p-p. The agreement between theory and
experiment was not oad but of only limited precision. For example, in’

Figure 21, taken from the paper of Cromer and Thorndike 25), the difference
between the polarization in free p~p and Guasi-free p-p scattering is

plotted against the opening angle between the counters. Although for the
lower curve the theoretical curve passes reasonably through one set of

points, it ignored those at large included angle which the experimentalists
obtained on a different run and which they have more faith in on experimental
grounds. In the upper curve there appears to be a steady disagreement of

~ «02, which is almost 15% of the value of the polarization at that scattering

angle. The comparisons with the triple scattering parauseters were also of
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rather limited accuracy - inevitably for these are ditficult experiments
with low counting rateswand at some angles large corrections are needed.'
The agreement with 'oredictions' from a recent phase shift analysis by
Perring 26) were within the accuracy of the measurements i.e. to + Oet
(Figure 22). similarly, experiments at Rochester 27) on the polarization
in pp and quasi-pp scattering at ~ 200 MeV were certainly no better
than 10% experiments.

An alternative test is to compare free n-p polarization with quasi-
free p-n and there are exoceriments at two different energies where this
has been done. At 140 lieV the maximum values of the polarization in the
two experiments differ by almost 20, compared with a combined error of
~ 8. This is illustrated in the Figure 23, where we have free n-p data

.. .. 28
at 127 eV ° ) and corrected data at 140 MeV 29, 30

31)

) compared with
quasi-free pn data at 143 MeV after correction 25). The quasi-free
data seems consistently too low and to have the wrong general shape.

The disagreement of the quasi p-n data from the general trend is
emphasised in the Figure 23}, However Perring's recent analvsis renor-
malizes the 140 and 127 Mev data downwards by about 10% so the situation
is not as clear cut as once appeared.

A further comparison has been made between the 310 MeV quasi free n-
data of Chamberlain 32) et al and the free n-p data of Siegel 33). Althe
the general shave of the two sets of data are in azgreement, the agreenen
in absolute magnitude must be fortuitous because (a) we know that the
polsrization of the Chamberlain oeam is now in doubt because his value f
p-C polarization at that encrgy is in disagreement with Cheng's (presuma
more accurate velue and (b) the polerization of Siegel's neutron beam wa
determined by a rather dubious method. The beam was produced by the C(p
reaction and an.-lysed by the c(n,p) reaction. It was assumed that the
cnalysing power in the C(u,p) reaction was e ual to the polarization of
neutron-vroducing reaction, so that the begam polarization was essentiall

the sqgusre root of the final asymuetry. [ow we =xnow from a study by
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Jarvis 33) that, using the same technique at - 160 MeV, Harding 3"*)

derived a beam polarization that was - 305 too low. Consequently one can
have little faith in the absolute value of the polarization ascribed by
Siegel to his np scattering data at 350 MeV.

With this as background, therefore, one is a little uncertain of
the value of the recent dats of Cheng 8) who studied the polarization in
quasi-free pn scattering at energies from 300-700 MeV. He also compared
the polarization in free and quasi-free p-p scattering. Figure 24 shows
one such comparison from his data, and again the experimental check is
no better than to 10j. Figure 25 shows his datz at 600 lieV on 'o-n'
compared with earlier Russian work, which used a polarized beam which
gave a wildly wrong answer for the p-~p polarization at that energy.

Figwe 26 shows the comparison of his data on quasi p-n at 300 MeV with
the data of Chamberlain and Siegel mentioned earlier. It seems to

me purely fortuitous that the agreement between their three data sets is
as good as it is. Undoubtedly this data will be of interest to a study
of the deuteron. I think it remains to be proved that it is more than
a rough guide in the study or' the neutron-proton interaction.

For completeness I snould mention that work is also in progress on
the quasi-free n-p differential scattering cross section at Birming:iam at
-1 GeVe The corpesponding work at Rochester is to ve subject of one of the

contributed talks later this morning.

Test of Predictive Powers of P.S.A.

It is of course always a matter of interest to the experimentalist
to see whether phase shift analyses have any predictive value - whether they
are able to predict either the value of a previously unmeasured cuantity,
or of another quantity which has previously been measured and for which more
accurate values become available. We have seen already that phase shift
predictions for Cnn were guite accuratecly borne out at 140, 100 and 70 and
near 20 leV. Figure 27 shows such a coumparison for the recent 140 leV pp
data - and clearly the Livermore analysis does very well indeed, much

better than the Yale. However the latter was struggling to accommodate the
8E &
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old Harwell differential oross section which we now know to have the
wrong shape, whilst Livermore ignored it - in other words, an analysis
oan be quite badly 'pulled' by one set of bad data.

An alternative method of testing phase shift analyses is to use
the derived phases plus the impulse approximation to predict the spectra
and transfer polarization in the d(pn) reaction. Some work has been done
on this at 50 MeV at the Rutherford Laboratory 36), at 95 and 143 MeV at
Harwell 37) and at ~ 200 MeV at Rochester which is being discussed in
a contributed paper.

In the work at 50 MeV the transfer polarisation was studied - a
polarized proton beam was directed on to a liguid deuterium target and the
polarization of the forward neutrons studied with a liquid helium analyzer.
The results are shown in Figure 28 - neutrons in the peak are indeed
polarized and the transfer polarization, ~ — 0.34, agrees within errors
with that predicted by Pnillips 38) from the Livermore phase shifts.

The neutrons below the peak have the opposite sign of polarization.

The experiments at 95 and 143 MeV were made to study the spectrum
at o° using the time—of-flight spectrometer; and to normalize these
spectra by measuring the absolute differential cross-section using an
external proton beam incident on a heavy wax target and measuring the
neutron flux produced at 0° by counting proton recoils from a polythene
radiator. In effect, the latter experiment measured the product
o‘(d(p,n)oo) x o((n,p) 180°).

The results at both energies agree well with theoretical valuese. In
Figure 29 e see the 95 MeV data with a theoretical fit to the spectrum
shape, suitably spread by the experimental resolution. The spectrum is
well fitted to 14 MeV below the peak - where the calculation stopped.

The peak value of 16 +2 mb.sr-1.MeV_1 (after removing the instrumental
resolution) is to be compared with wlues of 17-18 mbusr eV from
various phase shift solutions. The results at 143 MeV were equally well

fitted and gave the same cross section. The various phase shift analyses all
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gave 17-18 mb.sr-1nevr1 with the exception of the Livermore EI analysis
which gave 4.5 mb sl:'--1 Mev-1 (Figure 30).

It is also possible to test some M(12) predictions for p-p scattering.
In a recent publication Freund and Lo kB) have predicted that A = - R'Y,
A'=R, G = Oand G, (90°) = 2 D(90°) - 1. The Pirst of these is
reasonably well satisfied at 140 MeV though not at 210 MeV where the data
is more accurate, and the last is wildly wrong at 140 ieV since D is small
and Cnn ~ 1. Furthermore, ka is consistent with zero only at 50 MeV
and R == A' at 430 MeV so it is very hard to see what relationship these

predictions have to reality.

Possibilities of improving data

The various analyses in general are in very good agreement at low
energies particularly in the pp system. In the np system though there is
general agreement, differences do occur, and for example the Livermore ED
and EI analyses differ by - 12% in the 140 eV (n-p) differential cross
section at 180°.

This lack of precision in the predictions or the phase shifts is of
course due to the lack of precise n-p data. However for the past eight
years or so there have been only half as many experiments on the n-p
(including quasi free p-n) as on the p-p systen, and there is no indication
of any recent change in this habit. Ho.ever the p-p data is in so much
better shape - even though above 250 leV considerable discrepancies remain
to be cleared up, - that there should really be a considerable switch of
effort to the n-p system and I feel that the time has come to make a real
attempt to do these exoeriments with free neutrons rather than in the qumsi-
free system, which is basically a study of the deuteron,or of the impulse
approximation.

The experimental problems are, Of course, considerable. First one must
have either & neutron beam of known energy and fairly narrow energy soread,
or else one in which one can identify the energy of individual neutrons by

time-of-flight, or by determining the energy of recoil protons. To measure
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absolute polarizations, one must have a method of determining the polarization
of a neutron beam. Let us consider each of these problems briefly.

To produce a reasonably monokinetic neutron beam, one may use the
reaction d(pn) or Li (pn) with monokinetic protons on a fairly thin target.
The difficulty with a liquid deuterium target such as that at Harvard is that
it has to be used with an external proton beam and therefore loses in
intensity because of the relatively low extraction efficiency. The neutron
fluxes produced are about an order of magnitude less at the same energy
resolution as in the corresvonding Harwell time of flight spectrometer.
However this method is potentially very useful at higher energies where much
thicker deuter ium targets could be used without sacrificing energy spread.
Alternatively one could regencrate a proton beam on to an internal target
and so avoid so much loss of intensity and the energy spread resulting frrom
mutliple traversals. The stripping of deuterons is likely to be satisfactory
only at high energie%jl though even down at 400 ieV, one would expect
200 + 34 MeV neutrons from this rocess, which is not bad, perticularly if it
is combined with some energy discrimination on, for example a recoil proton.

The alternative process, which is to use a wide neutron spectrum but
to identify the e.ergy of each neutron, has been used at Harwell with the
time of flight spectrometer, but is in principle applicable at any energy if
the energy and direction of the recoil protons are detected. The time of
flight method gets progressively less useful as the energy is increased,
as does the determination of the energy of recoil proton with scintillation
couhters or range telescopes, but the determination of the energy of recoil
protons via spark chambers and magnetic fields gets easier with increased energy
On the other hand, the acquisition of very pood statistics from spark chambers
reépresents a data processing problem which has not yet been solved.

To measure absolute diferential cross sections at small neutron scattering
angles is relatively straight forward, because by using the same counter
alternatively to count the beam and the scattered neutrons, one can avoid the

problem of dete.minating its absolute efficiency. For large neutron angles
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where one detects the protons it is necessary to know the neutron flux -

'.a.nd therefore one must be able accurately to calibrate a neutron counter.
This has been done up to - 100 MeV AO) by comparing the counting rate in

two scintillators with different hydrogen content, and relating the difference
to the total hydrogen cross section. There seems no reason why this should
not be pushed to higher energies - apart from the fact that the n-p cross
section is not very well determined. For this purpose it is of course
absolutely essential to measure the n~p cross section using free neutrons,in
order to avoid the endless discussion over the coulomb and Glauber corrections
which arise if the ¢ (p-d) - o (p-p) difference is used.

Another possibility is to use an activation method - such as 012(n, ZxJ)C11
to determine the flux, provided one can correct the fairly well knewn value of
the (}12(p,pn)c11 cross section to give that of the corresponding (n, 2n)
cross section.

Three methods have been proposed for the préduction of polarized
neutron beams and two usede The first simply looks at neutrons produced
by the (pn) reaction from almost any target at an angle different from 0°.
Polarizations of up to 30% have been obtained. The second, used only at
Harvard, is to produce an unpolarized neutron beam and to scatter it at
- 15° from carbon. This produces a beam polarization ~ 43je The third is
to use neutrons produced at 0% from the bombardment of deuterons with
polarized protons 38) when a sizeable transfer of polarization should occurs.

The rirst and second methods both result in very wide neutron spectra,
and the eff'ective width of the neutron spectrum is set almost entirely by
the neutron detector. Typically they have resulted in energy spread of 60 MeV
base width at 140 MeV mean enerpy, unless used with a time of flight
spectrometer when the resolution can be very much better than this. The
second has in addition a beam typically an order of mzgnituae less intense
because of the two stagds in the production processe.

The third method, tried only so far at 50 MeV, does not look promising
al preseni because of the opposite polariszation of the t=il vl ihe neutron

spectra. It also anas a low yield because an incident polarized proton beam



620

“Rose

is always low in intensity compared with an unpolarized beam. In additiony
the polarization transfer coefficient seems to be typically between - 0.25
and - 0.5 38) - at least below 250 MeV ~ and therefore unless very highly
polarized proton beams are used, the neutron beam will be of low polarization
as well as low intensity.

Having produced a polarized neutron beam one has to measure its
polarization. Schwinger scattering, double scattering from carbon and
appeals to charge independence have all been used. The theory of Schwinger
scattering has not been tested experimentally to an accuracy of more than
about 20/t. Double neutron scattering, which has been used twice to measure
the polarization of the Havrvard neutron beam, yielded diseppdant polarization
values for neutron-carbon scattering and therefore one must suspect the
derived values of beam polarization. The appeals to charge independence have
to be made rather caretully and in no case have been accuratdy checked.

It seems therefore unlikely that any neutron polarization value is known
to better than 10%, so there remains plenty of scope for careful and accurate
experimental work along the existing lines. Alternatively, the use of a
polarized target, in which a solid state method of determining the target
polarization can be first checked by proton scattering, may lead to an
increase of accuracy. Certainly, the increased intensities which will becone
available when the various synchrocyclotron conversion projects are completed

should be a great help to increasin. the precision of the neutron-proton work
Bremsstrahlung

Finally I should like to make a brief refercence to a ciosely related
subject, that of nuclear bremsstrahlung wiich is the only possible inelastic
process at low energies. There have already been published reports from
Harvard “1) and ¥innipeg kz) on p-p bremsstralilung, which showed that the
production was at least an order of magnitude less than was to be expected
from a calculation of Sobel and Cromer AB). Je shall be hearing more on

this topic from contributed papers later in the session.
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Edgington and I Z"l*‘) have also been looking for bremsstrahlung from
proton bombarament of hydrogen and of deuteriume In distinction from the
other workers, we have locked simoly at the photons with a lead glass
Cerenkov counter, without reguiring a proton in coincidence. We found
only an upper limit for »-p bremsstrahlung - typically a differential cross
section of - 5 + Bmup sr-1 at 900 lab for photons greater than LO NeV,
and a total cross section of - .06 + «05 pb - though we observed strong
radiation from the p-d interaction. The results are shown in Figure 31.

The integrated cross section for p—d was =~ 4. wb for an energy greater
than 40 MeV. Ve can make arguments, t.sed on our study of p-nucleus
bremsstrahlugen and on the theory of Beckham b5 } that the free p~n
bremsstrahlung should be about twice that observed from deuterium — namely

- 8 ub, which is in good agreement with early estimates - eogs Cutkosky 46

).
Recently a preprint by Ueda L"7) estimates p-p bremsstrahlung production
at 200 and 160 HeV. If we take the lower of his estimates and extrapolate

to 140 leV we have the line given on the slide, which is still at least a

factor four above our upper limit. In his report Ueda also gives a preliminary

+ oozL
-015

Our extrapolation of Ueda's calculation suggests that the cross sgdtion would

value from Rochester of +035_ pb.ster " at 90° lab for photoms > 35 MeV.
be only one third of this at 140 eV - namely 12 : 1; mub stel:-“1 to compare
with our experimental value of - 3 + 13 ampb ster-1 « S0 perhaps our experimental
numbers are not in disagreement with the Rochester preliminary experimental
values. However the theoretical values still seem much higher than the
experimental values for the pp system, whereas for the n-p system they seem

roughly correct.
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Summa;
To summarize briefly:

(a) the low energy p-p system is in reasonably good shape
and there is a little cross checiking between laboratories
on the precision measurements.

(b) the high energy p-p system is full of inconsistencies
which need careful work to eliminate.

(c the np system is in onliy moderate health at low energies
Y y °
and there is only qualitative data at higher energies.

(d) much more experimental effort is needed on the n-p systen
- more complete instrumentation and more patience in
collecting data.

(e) order of magnitude experiments on p-p bremsstrahlung show
marked disagreement with theory, though n-p bremsstranlung
is probably of the right order of magnitude.

I shall end with a slightly bowualerized quotation from an article
by Jesse Dumond in a recent 'Physics Today', applying it to a different
context than that of the author.

"I cannot emphasize too strongiy the importance of much more
widespread duplication, using many different approaches by many
different groups, because here we are dealing with the t'oundations
of nuclear physics «eee "
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Figure 3 - Target polarization vs cumulative number of
protons through target crystal.
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Figure 15 - Total p-p cross section or energy in 100's of Mev.
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Figure 20

Polarization or a function of angle and energy.
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AP (the difference between the free p-p polarization and
quasifree p-p polarization) as a function of finc, the angle between
the two protons, for two proton scattering angles (8,=35° and
45°). The points are measurements of KWC, Ref. 4. The curves
are values for AP calculated from Eq. (2.7). See text for explana-
tion of the two sets of experimental points for 6, =45°, large 6ine.

tions of Hull ef al., Ref. 20, at 137 MeV.

Figure 22

Inicrred value of K for free u-p scattering at 137§ MeV.
The crrors indicated are quadratic combinations of random and
systematic errors. The curves are pradictions of phase-shift solu-
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tions of Hull et al., Ref. 20, at 137 MeV.

Figure 22%
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In.&'rged value of . for free #-p scattering at 135§ MeV.
The crrors indicated are quadratic combinations of random and
systematic errors. The curves are predictions of phasc-shift solu-
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1G0: Is the curve shown through the points on your last graph, in the n-p

system, a theoretical fit also?
ROSE: No, it was a polynomial fit to cos?6 - just a guide to the eye.
IG0: 1Is there any theory for that which would produce a discrepancy?

ROSE: No, I believe the number corresponding to that for free n-p should be
multiplied by about 2. We don't get it from the study of the p-d system, but
from the general study of the p-nuclear bremsstrahlung and then relate it to
the theory of Beckham from a UCRL report. He stated that the bremsstrahlung
from p-Be collisions at 90° is approximately half what you'd expect from p-n

aﬁ the same angle, due to the effect of the exclusion principal on the
scattered neutrons inside this nucleus. Now we found that Beckham's theory did
fairly well in describing our bremsstrahlung results from muclei And we are
inclined to believe his factor of 2 here. This is the cross section per neutron
in Be compared with free neutrons. So we applied the same factor of 2 to the
measured value of 4 and we get about 8, therefore greater than 40 Mev. Of
course, the spectrum is such a steep one with energy that the cross section is

highly dependent on the cutoff.

MORAVCSIK: I have two questions both pertaining to experimental techniques.
One, you mention several sets of data that you concluded would have to be dis-
regarded for the present time because the mean polarization wasn't known

was wondering whether these data could not be salvaged by simply re-working
them in view of new measurements of the calibrating reaction which we now

know are different or have a different value now than when the people measured

it originally?
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ROSE: I suspect that some of the old data might be salvaged, but I think it

would be much better to remeasure it,
!

'MORAVCSIK: The second question pertains to the coulomb interference region.
You showed some new measurement in the coulomb interference. Out experiences
-at Livermore with various analyses have been that in the past much of the data,
particularly differential in cross section data in the coulomb interference
region, had to be thrown away because it was impossible to fit it, no matter
what you did. It might be that one of the reasons for this was that in that
region you have to measure the angle accurately since the difference of cross

section drops very rapidly with angle. I was wondering what the limitatioms

are in measuring angles in this respect, and are there any advances made in

this particular field?

ROSE: Well, you may have noticed that in the data that N, Jarvis showed yes-
terday, we didn't go into this region, for precisely the reasons that you have
stated. We were unhappy about multiple scattering correction. Backgrounds
were getting up to about 40% of the effect and since we are aiming at 1%
measurement, we are very doubtful about subtracting such large backgrounds.

You don't have to only measure the angle accuracy; you've got to fold in the
counter resolution. Generally we thought that with present techniques there
was simply no point in pursuing the data any further. We think that perhaps
the Rochester people are going to have to justify themselves rather hard in the

data that they have presented - to satisfy me, anyway.

BREIT: 1In our work in the region of 600 KeV to 1.8 MeV, it always looked

y nice to have a check through the couiomb interference because one
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dealt with an angular variation that one knew and one had at least one term

that one could absclutely rely on. I remember especially in the work of Herb and
collaborators who tried to be more accurate that it helped very much to use that
region - get the bugs out by seeing why things did not agree in the preliminary

form of the work.

ROSE: Yes, I think at higher energies, the hardest part of the experiment is
the small angle region. At low energies the techniques are different in that
you can use gas targets. You don't have any walls to your detectors. Altoge-

ther it's much cleaner than higher energies.

BREIT: Of course, the other pasture always looks greener., With gas targets
and with the slit systems used you really have horrible things to compute and
make corrections for. I think even now they don't know how the slits really
work on account of slit penetration, But this is for very accurate work -
much more accurate than that with which I have been concerned. And the geo-

metry you use is, in a way, better - more clean,

MORAVCSIK: May I make a quick comment on this? Of course, the big difference
between low energy and high energy coulomb interference work is that at high
energy the effect is at very small angles. In the low energy region that you
mention, it goes up to 30 or 40°, There are no problems like the ones describ-

ed - so there is no problem there experimentally.

BREIT: It went considerably lower than 30 or 40°, It went to about 10° with
a gas target, and that kind of slit system is much more difficult than with
the present geometry. The reason I am making the comment is that is seems

it should be very good to have a check on something that one knows. I just
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wanted to point that out. If you throw that out, I think you will be losing

something valuable.

| ROSE: Do you really know coulomb scattering that well? I felt that this was

not really all that clear.

1 BREIT: I can point out a case in which the Yale fits are better than the

lLivermore fits.

| ROSE: There is appreciable discrepancy between the energy dependent and the
' energy independent predictions for the peak cross sections for the d(p,n)2p

reactions. The energy dependent and the energy independent differ by about

[
pai
«Q

"

|4 milibarns in 18 which is really rather

BREIT: One point you brought up very briefly, which seems to me a very impor-
Lant point experimentally is the situation on the range-energy curves. In
other words, the 1947 fit seems to be better than the more recent ones. At
}lower energy, namely at about 10 or 15 MeV, we've also had this kind of dif-

| ficulty. It seems that this is one measurement that ought to get straightened

out pretty soon.

ROSE: Yes, I would agree. Perhaps it ought to be straightened out by two
‘quite different techniques. At McGill, they use floating wire techniques,
and T think one could do very well by time-of-flight, too, in this energy

region,
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Bremsstrahlung is a rather simple inelastic p-p interaction (in

fact, the only one we have at low energies) so that one hopes that one might

obtain information on the off-energy-shell interaction from it. We have
|

. been measuring this reaction at 160 MeV incident energy. Now, since there

are three bodies in the final state, and since these experiments are fairly

new so that there are as yet no established conventions for defining cross-

sec;ions, I feel I will have to spend some time explaining the{é%ometry and
technique of our experimengéj I will then be able to summarize the results in
a few minutes.

The principle of our measurement (which is different from that of
the Rochester measurement about which you will hear later) is that we rely

solely on the kinematic relations between the two protons to establish that

" bremsstrahlung took place. We have a gamma ray counter but it is'not included

in the coincidence requirement; it is merely called, you might say, as a
witness in appropriate cases. That is, during the data analysis the computer
may say to the gamma counter: "These protons say that a gamma ray went your
way. Did it?" and the gamma counter will say: '"Maybe, I don't know.", or
sometimes, 'Yes.", or perhaps take the fifth amendment. It's not a very good
gamma counter because it is very hard to design one with both good efficiency

and energy resolution at these energies.
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Since the reaction leaves three bodies with no internal states it
suffices to measure five quantities to determine the final state completely.
If you measure six, you can use the redundancy of the last to see whether
the reaction was bremsstrahlung or not. In this specific case, assume that
we know the proton angles - four quantities. Then one proton energy should
be observed to be a definite function of the other. A simplified diagram
of the experiment is shown in the first figure. We use a liquid hydrogen
target. Two counters determine the energy of the protons; they are set‘at
angles such that elastic coincidences are a priori excluded. These counters
form a trigger, which causes their pulses, and also the pulse from the gamma
detector (a Cerenkov counter) to be analyzed and recorded. However, I wish
to emphasize once more that the gamma counter is not in the trigger require-
ment.

Figure 2 shows the expected kinematic relations between the two proton
energies, for three values of the proton scattering angle 6. (The two protons
are detected at equal angles to the beam; this choice is convenient but not
necessary.) From a point lying anywhere on these loci, the gamma direction
and energy can be inferred. In other words, these measurements are completely
differential in all the kinematically free variables, except spins, on which

R’ TL plots can be viewed as generalizations

we have no information. These T
of the elastic case; that is, the rings, as 9 grows larger, recede to a point
when 8 = 43—3/40, the angle for symmetric elastic scattering at 160 MeV. The
important feature of these rings, experimentally speaking, is that the energy
region of interest is bounded. For instance, at 6 = 400 a "bremsstrahlung
proton will have a maximum energy of 75 MeV, whereas an elastic proton has

about 90 MeV at this angle. Therefore, elastic protons can be excluded in

each arm individually. This is crucial, since it eliminates the enormous
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background rate of elastic-elastic randoms which would otherwise
occur.

Figure 3 shows a detailed block diagram. I would like to
emphasize just two points here. First, the counter geometry is so arranged

that the telescopes do not see the target walls in coincidence. This

eliminates a large background of quasi-elastic (p,2p) events. The single
telescopes do see the walls and, therefore, some non-bremsstrahlung low-
energy protons; random coincidences between two such protons limit the beam
intensity we can use at present. Second, all protons of interest stop in
counters 4 whose pulses are analyzed; counters 5 veto elastic protons. A
fraction of a percent of the elastic protons fail to reach 5 because of a
nuclear interaction in 4, and these would still cause a high single-
telescope rate. Therefore, the fast coincidence circuits are timed to
reject elastic protons on the basis of time-of-flight between counters 1
and 3. Thus we are using two criteria -~ range and time-of-flight -

to discriminate against elastics. We feel that we have eliminated essentially
all of them; of course, this merely reduces the background and does not
sensitively affect the final cross sections I'll present.

One other comment is that we record both reals and randoms (that
is, prompt and delayed coincidences) simultaneously, so that we have a
continuous measure of Lhe residual random-coincidence contamination.

Figure 4 shows a plan view of the apparatus. The table is five by
ten feet. The counters are shielded against scattered particles from odd
angles. The singles rates in the counters are quite high; that is, megacycles.

Figure 5 shows the Cerenkov counter temporarily placed behind one
of the proton telescopes, where it was timed. This was done by introducing

a little scintillator to produce a clean pulse, then looking at the recoil
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protons from elastic scattering. Just to give you an idea of its size, it
involves 16 gallons of Ccl4 which, for a 160 MeV machine, is a fairly large
detector.

A PDP-1 computer was used in the time-sharing mode to collect the
data. Figure 6 shows what happened when we asked it for a scatter plot of
events while an independent group was reconstructing some spark-chamber event.
Time-sharing occasionally leads to interference of this sort.

Figure 7 shows the observed scatter plots. Randoms have been
Ysubtracted” by annihilating the "prompt' event nearest each "delayed" event

in the T TL plane. These plots fit the kinematic expectations very well.

R’
(The energy calibration of the #4 counters was determined by using degraders
to produce protons of known energies.) In addition to the bremsstrahlung

one sees a systematic clump of events in the upper right-hand corner of

each plot; these are quasi-clastic d(p,2p)n events owing to the deuterium
contamination of the liquid hydrogen. Actually, they are quite useful since
they verify the energy calibration and tell you what the energy resolution

is; they also give you a rough check of the absolute cross section.

Since going around the ring essentially corresponds to varying the
gamma-ray angle, one can infer the gamma-ray angular distribution by plotting
an appropriate function of the density as one goes around the ring; such
plots are secen in Figure 8. The distribution is sensibly uniform, except
perhaps for 8 = AOO. The dotted lines correspond to a theory of Sobel and
Cromer, reduced by a factor of four; that is, it predicts much too high an ab-
solute cross section. In this case one can also sce that it predicts the wrong
angular distribution, except perhaps at 400. I should mention that a Monte
Carlo simulation of the experiment shows that our cffective gamma angular
resolution is about 20°; that is, onc histogram bin; it is somewhat worse

at 8= 40°.
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If one sums all the events on a given ring one obtains the cross
:tion integrated over all gamma-ray angles; Figure 9 shows the results.
' squares are renormalized data from a preliminary run; they were
.ginally off a factor of two in absolute value, but the ratio between
' and 40° checks pretty well. The crosses show the Sobel-Cromer theory,
:in reduced by a factor of four; it gives the variation with 8 very well.
The final figure shows the evidence from the gamma counter., 1
nk the scatter plots leave little doubt that we are seeing bremsstrahlung
not much else. Figure 10 is a plot of the gamma counter response versus
gamma-ray angle as inferred from the proton data. It shows that when the
tons say that a gamma came out at the particular angle at which the
enkov counter was placed, this counter indeed shows an enhanced response.
5 is not so clear at 8§ = 400, but here we are dealing with very low-energy
mas for which the counter is not efficient. The 35° picture is missing

ause the Cerenkov counter had not been put into service yet when these

a were taken.
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20 30 40 50 60 10 80 90
T, (MeV)

Figure 2. Kinematic relation between the two outgoing proton energies,

at various scattering angles.
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Figure 9. Cross sections integrated over all gamma-ray angles,

at various scattering angles.
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JARVIE: What was the effective speed of your coincidence time resolution?
GOTTSCHALK: To do the time resolution we had to separate protons with three-
quarters of a nanosecond difference in time-of-flight. The right-left circuits
did not have to be particularly sharp; I forget what they were, But in each
arm the criterion was very sharp. We worked them conservatively. At 40° there
is so little difference that we got very little good out of it, but at 30° we
got considerable reduction of the background rate.

IGO: 1'd like to ask about the theory., Your first sentence was that you
learned something about off-the-energy shell interactions. As the theory dis-
agrees so badly with this data, what is the situation on your understanding of
the problem?

GOTTSCHALK: The situation is this. Both the experiments and the theory are
relatively young. The consensus of experiments that have now been done at
three energies is fairly good; they all give considerably lower values than
the theory. The theory is a potential model of the interaction. There is no
a priori reason that such a model should be a good description, although, be-
cause of nuclear matter calculations and such things, one would perhaps be
surprised if it were a very poor description. So, I don't know. One could
say that, right now, there is no very strong reason the theory should give a
good answer, It's hard to say.

ROTHE: 1I'd just like to add a little to that. Ueda's calculation, to which
Dr. Rose was referring, was done on a one-pion-exchange in a photoproduction
vertex, which is somewhat different from the potential model. You don't expect
it to be right, and it isn't either.

SOBEL: I just wanted to give a number on the distance from the energy shell.

The ratio of the final center of mass energy to initial center of mass energy
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is al;out three or four in these experiments. This is quite far from the energy
shell. Possibly this is involved in the discrepancy of the potential predic-
tion.

KOLTUN: Just on whether to expect effects from off-the-energy shell or not,

a reminder that some years ago there were calculations on high-energy photo-
disintegration of the deuteron by Marshak and deSwaart, which is very off-
energy shell and very much potential model and which works rather well. So,
if the discrepancy remains, I suspect there will be a lot of hard work in
finding its source.

BREIT: There was work at Yale on the same problem. There are deviations
which show up as you go to higher energies. Now, of course, one tends to at-
tribute them to meson production or being close to the meson production
threshold. But then, the comparison of such calculations is complicated by
the fact that in p-p bremsstrahlung, the very large effect of the electric
dipole, (which, while not the dominant thing at high energies, is dominant at
low energies) is absent altogether. So you depend on more complicated things.
And, of course, there is also the electromagnetic form factor to consider,

which will be more important for E2 and Ml.
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We would first like to mention the recent measurements near 50 MeV at
Manitoba (Werner) and at UCLA. Warmer found ch/dQl,c:]Q2 = 2.1+ 0.4 ub/st? for
6=30° in the Harvard-geometry notation, while a preliminary value from UCLA is
3.4 £ 1.4 ub/st?.

The original idea in carrying out PPy experiments was to try to decide be-
tween different potential models. What different kinds are there? We think the
following list is sufficiently exhaustive:

(1) hard core + strong attraction (Hamada-Johnston, Yale)

(2) long-range finite core + weak attraction (Bressel-Kerman-Lomon)

(3) weak, momentum-dependent (Green)

(4) non-local, separable (Tabakin, Amado)

There have been statements in the literature, recently, to the effect that the

hard core is produced by vector boson exchange. If this is true, we do not need
to consider the other models. The only recent one-boson-exchange potential is

Lhat of Bryan and Scott, We have plotted their potential as a fumction of radius
(Figure 1). Notice the contrast between the Hamada-Johnston (BJ) and Bryan-Scott
(BS) curves for the 1S, state. The one-boson-exchange potential has a hard core
radius of less than a tenth of a Fermi! It is essentially non-existent. It had

long been supposed that the exchange of vector bosons would produce a strong
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short-range repulsion. This is true, but in the case at hand it has been all
but wiped out by the strong attractive p-nucleon tensor coupling. The latter is
demanded by the isovector anomalous gyromagnetic ratio of the nucleon. The triplet
even state (Figure 2) reverses the sign of the strong tensor contribution, so one
has an almost completely repulsive potential. Exit the deuteron. We conclude that
there is no evidence for the "physical" hard core from one-boson-exchange potentials

We have calculated the predictions for PPy from potentials of each of the
four types listed above. We used the two-potential formalism of Gell-Mann and
Boldberger, which means that one treats the strong force potential correctly (to
all orders) while retaining only first order electromagnetic terms. Other spea-
kers here refer to this kind of calculation as the "Sobel-Cromer theory" but of
course it is not a theory. It is just the correct way of using the potential
scattering formalism to compute PPy predictions. In doing a calculation of this
kind, one computes three terms (Fig.3a). The blobs are the exact off-energy-
shell strong-force scattering amplitudes computed from the potential model.

Sobel put a great deal of effort into calculating the double scattering term,
the third figure in the diagram. He found this term to be negligible compared
to the other two so we have neglected it. An unknown but hopefully small error
is present in both Sobel's and our calculations due to the neglect of an ampli-
tude contribution which vanishes on-energy-shell but may be finite off-energy-
shell. Sobel is at present investigating this term.

Our results for the 50 calculations are that: (a) the old Brueckner-
Gammel-Thaler (BGT) potential predicts 40 ub/st?, and (b) the other hard-core
potentials and the other three classes of potentials all predict 25-30 ub/st2.

Why is BGT so much higher? It is well-known that the BGT potential is a much

poorer x%-fit to the elastic scattering data than are the more recent models.
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One éan get a better feeling for the discrepancy by looking at individual phase
shifts. One of the most important phases for PPy is the 3P2 (Figure ). The
"experimental™ points shown are from phase shift analyses. It is immediately
obvious why the BGT PPy result is so much larger. A similar situation occurs in
the 1D2 state (Figure 5). It is obvious that the BGT potential should be omitted
from all future calculations and discussions.

One then comes to the mysterious grouping displayed by the cross sections
from the diverse kinds of potentials. One first notes that the LSO state is of
great importance for PPy because of the low energy of the final two protonms;
higher-wave interactions must be comparatively weak there. We have examined the
off-energy-shell K-matrix element for the ]SO state for each of the four poten-
tial classes. The predictions of three very different types of potentials are
shown in Figure 6. The horizontal scale is (p/k) so that on-enmergy-shell has
the value unity. If ome "eyeballs" the curves into on-energy-shell agreement,
the off-energy-shell predictions over the range of interest for PPy are all very
close. It is thus not surprising that the several types give close predictions
ifor the PPy cross section.

What does one make of the discrepancy? Yennie has noted that in some nuclear
calculations the double scattering term exactly cancels the single scattering
terms to lowest order in the photon momentum. So if Sobel made a gross error in
estimating the double scattering term, we might yet be saved. We are currently
checking this term via a separable potential. Koltun has pointed out that the
kwo-potential formalism omits the emission of the y while bosons are in flight
petween the nucleons. Such a term could be comparable to the terms already in-
fluded, possibly resulting in the desired partial cancellation.

Finally, we would like to mention Ueda's dispersion theory calculation.
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The equivalent diagrams for PP scattering are shown in Figure 3b. The two-pion
exchange diagram gives a particularly large contribution because of the resonating
N*'s in the nucleon blobs. One would not expect the one-pion exchange contribution
to have any solo relevance at all for the 1S0 state, and of course calculation
bears this out. The corresponding diagrams for ppy are shown in Figure 3c. Here,
again, one would not expect the one-pion-exchange diagram to be relevant for the
1S0 state. Ueda calculated only that term so although his calculation is very
interesting, it is only a beginning. It should only be compared to a peripheral
experiment, not to the experiments which have been reported so far.

A remark. It is conceivable that the absence of El transitions in PPy
leaves us with a residue which can not be correctly calculated from potentials.
In this case, NPy might turn out to give reasonable agreement between experiment
and potential theory. We would then understand why what worked for photodisin—-

tegration of the deuteron does not work for PPy , and the relevance of PPy for

nuclear physics calculations would be less than that of NPy.
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Scott (BS) and Hamada-Johnston (HJ) potentials vs radius

in fermis for triplet state.
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Figure 3a.

Feynman diagrams used to calculate p,py cross sections.

p.py calculation, Sobel.

1

N
Ny
.+_
Y
(B}
N
+

=77, 7/
7 R
i
' t
Flgure 3b.

pp calculation, Ueda-type

|/ !

T y
_/\ 'I}’______;/Ea)’l

%/ + %@ 2:‘:@*
|

Figure 3c.

P.py Calculation, Ueda.
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Nucleon-Nucleon Bremsstirahlung at 200 MeV :
K.W. Rothe, P.F.M. Koehler, E.H. Thorndike )

Department of Physics and Astronomy
University of Rochester, Rochester, New York

This talk is concerned with two quite separate experimentes one of which
has been completed (the ppr work) while the other is still in progress
(the pdy work). Both experiments have been run at Rochester's 130"
Cyclot\zton at energies near 200 MeV, The object of the work is to examine \
© in as much detail as possible the behavior of off mass shell nucleon-nucleon i
scattering.

The approach used in the ppr experiment is illustrated in Fig. 1.
An incident beam of polarized 204 MeV protons strikes a 3" hydrogen target;
the resulting y-ray is detected in coincidence with two protons. This
coincidence triggers the spark chambers. Kinematic information on eight
of the final state variables is obtained leaving only the gamma energy to
be inferred. This overdetermination of the reaction kinematics allows
rapid rejection of background events.

Since the two protons in the final state do not come off back to back
in the three-body center of mass system one has to describe the scattering
in terms of some average c.m. angles, We have chosen to define them as

momentum averaged angles by considering the following geometry:
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N
1 is along beam

4 1s perpendicular to the beam, in the plane
containing the vy ray.

A
k = '? X 1;
- - - - A |
cos 8 = (Pyg - Py) .2 cos ¢c - (P - Pyc) . 3 sin@,

| == —= 1 — = ‘
\PlC - Pec\ lplc - P

Here § = O 1is defined by the v-ray § , while 6, =0 corresponds
to the incident beam direction. Oc and ¢c together with OY ) ¢Y ’
and EY are the five variables we have chosen to look at as a physically
meaningful combination. EY measures the extent to which the reaction is
Off the mass shell while in the limit as E —» 0 6  eand ¢, become the
elastic c.m. angles.

Let us turn now to the ppr results. Data were taken at 6 ;.. =.u5°
900, and 1350 . Fig. 2 shows the observed angular dependence of ¢c at
900. Isotropy is clearly ruled out. Cos ¢c’ and cos2¢c both provide
reasonable fits. Fig. 3 shows the same at 1350 and Fig. 4 that at h5° .
Taken as a group the total X, 2 fora cosg¢c fit is 22, for cos¢c is 33
while the expected ){2 is 16. What this means is that the protons prefer
to come out in the plane formed by the vy-ray and the incoming protons, or,
otherwise said, the gamma prefers to come off in the plane of the final
state protons.

Next we look at the Oc dependence. Fig. 5 shows the 1350 results.
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(Elastic scattering is flat in cos o, as it is 1n ¢é). Here the
asymmetric effect is not so pronounced although as figures 6 and 7 show
there is definitely a tendency to pile up events in the 0.5 >{cos Oc\ 30
rather than in the 1 % |cos Oc| 9 0.5 region. Averaging over all OY
angles,roughly two thirds of the events lie in the central region, with one
third in the peripheral region.

Let us look now at the gamma ray spectra, Fig. 8 shows the 90° energy
spectrum. The essential feature of this and the spectra which follow is
their constancy until the highest allowed gamma energies are reached. This
is repeated at 135'0 and hso as shown in Figs. 9 and 10. These spectra agree
very well in shape but are a factor of two lower in magnitude than the pre-
dictions of Uedalvho used a one pion exchange and photoproduction vertex
to compute the cross section. To conclude the pp data I would like to
present the cross sections integrated over gemma energy (da/dQY)Er) 35 MeV

in the c.m.:

% cn (ac/a0y)em Ueda
59° (45%1ab) 3847 nb/ster 111 nb/ster
72° (90° ) 3943 86
3L° (135° ) 7343 w3

It seemed desirable to obtain n-p bremsstrahlung measurements to
complement the pp measurements. 1In the absence of a sufficiently high

intensity, monoenergetic neutron beam, we turned to deuterium for a "neutron

* The vertical scdle in Fig. 8, 9, and 10 should be reduced by factor 2.
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target”. Unfortunately, there is guite a collection of v ray producing
reactions initiated by protons on deuterium. They are listed in Fig. 11.
We have performed a survey experiment, in which we measured the cross
section for production of Y rays , and obtained rough branching ratios for
the 5 processes listed. Our experimental setup is shown in Fig. 12,
Protons strike a liquid deuterium target, v rays are detected in the Y
counter, (25 MeV threshold), while charged particles may count in the

scintilletion counters 5, 6, 7, 8, which subtend lerge solid angles.

The cross section for Y production was found to be:

eYlab us° 90° 135° Total

%%T (wo/ster) 7.6%0.8 2.9%0.3 1.120.1 48 pb

Our v ray production cross section is high compared to measurements of
Edgington and Rose, at Harwell.2 In particular, when we degraded our beam
to an energy of 148 MeV, we obtained 26 wb, while they obtained 3.2 nb at
146 MeV. Our 1 threshold was 25 MeV, theirs was 40 MeV. It seems unlikely
the difference in thresholds can explsin all of the discrepancy.

There were more charged particle coincidences with the counter (5 or 6)
on the side away from the ~ counter than on the side towards the y counter.
The excess of counts was found to be predominantly coming into the small
solid angle region eppropriate for the pickup reaction. Attributing this
excess to the pickup reaction, we find the surprisingly large cross section

of (19+3)ub for it. (This compares with 11 kb expected via detailed balance
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from photodisintegration of the deuteron.)

Y 56 coincidences in excess of the number expected from TP Dbrem-
sstrahlung were interpreted as pd bremsstrahlung. An efficiency program,
based on the rash assumption that the angular dependences of pd elastic
scattering and pdy are the same, extrapolated from the Y 56 counts the
Pdy contribution to the single charged perticle coincidence rate, v5
or yv6 , independent of v direction. A total cross section of 9 ub was
obtained for pdy .

If we interpret those v5 and Y6 events not already explained, as
np bremsstrahlung events, and if we further make the rash assumption that
x;-p elastic scattering and n-p bremsstrahlung have the same angular
dependenceﬁ, then we obtain an np bremsstrahlung cross section near Bub.,
Our previous measurements showed the pp bremsstrahlung total cross
section to be near 1/2 ub. Further, a separate measurement indicated the
capture reaction did not exceed 1 ub. Thus our charged particle coincidence
[peasurements coupled with some extrapolations have accounted for some 37 ub
put of the total of L3 ub,
It is not clear how to obtain a free n-p bremsstrahlung cross section
from our numbers. It certainly should not be smaller than the quasifree
h-p bremsstrahlung cross section which we have estimated at 8 ub. On the
pther hand, it should not exceed the total y-ray production cross section
48 ub) minus the free n-p capture cross section (11ub). Eence we obtain
Hb sﬁpr & 3Tub.  Recall that o Pp‘rz 0.5ub. Hence np bremsstrahlung

s a factor near 40 larger than Pp bremsstrahlung.

eferences
- Y. Ueda, Thesis, University of Rochester, 1965, not published.
. AERE - PR/NP, 8 p. 42 (1965). ‘
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Figure 1. ppy Experimental Setup.
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Figure 2. Angular Distribution, No. of events vs. ¢, for GY = 90°.
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Figure 3. Angular Distribution, No. of events vs. ¢ for ey = 118°

Figure 4. Angular Distribution, No. of events vs. ¢ for 6_ = 45°
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Figure 5 - Angular Distribution, No. of events vs cos Gc for eY = 135°
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Figure 9. Gamma Energy Spectrum, 6y = 135°
Vertical scale should be reduced X 2.
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GOTTSCHALK: Were the gamma energies on your graphs in the lab or cm system?

ROTHE: They were in the lab. However, we cut off the cross section at 35 Mev

in the center of mass.

GOTTSCHALK: T would just like to make a point. If they were in the lab, then
your assertion that you were further off the energy shell than we were is not
correct because you have to take into account that your energy is higher to
begin with. We went to about a 60 Mev gamma at 160 Mev proton energy. You

went to 90 Mev at 200 Mev proton energy.

ROTHE: The point that I should have made in my talk is that one reason which

we consider unlikely but a possibility causing our numbers to be high, is that
in this reaction there was strong tendency for the three final state bodies

to be coplanar. In connection with your talk, you do show such a tendency but
not very strong...The numbers that Dr. Signell quoted for Dr. Warner are pro-

bably somewhat off due to his finite counter size and the cos? ¢ dependence.

ROSE: I think you said you had a cross section for a pick up reaction some-

thing like 19 microbarns. In our experiments we measured a gamma ray spectrum,
albeit very crudely, and we saw no evidence whatsoever of the peak which in our
case would have been around 70 Mev and which would correspond to such a capture

process.

ROTHE: We are going to look into this subsequently with spark chambers.

ROSE: The other point was that you mentioned your cross section was much high-
er than our cross section leaving me uncertain as to how much higher. I will

put in the factor of 3 at least between our measurements and yours because of
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this difference of threshold between 20 Mev and 40 Mev based on the assumption
that the spectrum below 40 Mev is approximately exponential. It happened that

the fit we used had the same exponential fall off as we observed.

SIGNELL: The numbers I quoted for Warner are his latest numbers in which he
attempted to increase the error bars and so on to take into account possibili-

ties of even something as strong as the...

GOTTSCHALK: The thing that I am talking about is that if you look at gamma ray
and integrate over a large counter you have a cos? ¢ variation. If he did that

he beat us all out by predicting a dependence that I don't understand.

SIGNELL: No, I meant to say that he did increase his error bars quite a bit
over his original numbers when he realized what you had been talking about in

your paper. I did want to say that the object of p-p bremsstrahlung experiments

- did seem to start out by trying to decide between these different kinds of po-

tential models. When we found that they all gave about the same thing when we

- made the match on the energy shell, we looked at the off-energy shell matrix

~ elements. It no longer seems to be deciding between these various potential

shapes.

- THORNDIKE: 1'd like to get a bit more quantitative on the effect of the ob-

served cos? ¢ on these measurements. It will not affect Warner's results by
more than a factor of 2 but I will be surprised if it affects it by less than
a factor of 1.5. One assumes the factor to be something like 1.75. It will
raise his cross section so that they now fall below the theory of Sobel and

Cromer by about the same amount as the measurements of Gottschalk fall below

the theory of Sobel and Cromer. With this experimental correction thrown in,
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.

Sobel and Cromer's theory scales properly with energy.

MORAVSCIK: I would like to see a plot of some sort of the discrepancy between
the p-p Bremsstrahlung seen here and in the experiment as a function of the

i amount that you are off on the energy shell. If you can blame all this on the
potential, the discrepancy presumably will somewhere disappear as you go back to

the energy shell.

ROTHE: Well, as long as you sit at a given lab gamma angle then the amount that
you are off in the energy shell is simply a function of the gamma energy. What
you are saying is that as you go down in gamma energy, the agreement possibly
should get better and as you go up you possibly get worse. In fact, with res-
pect to shape it is identical with what is predicted. The thing that is dif-
ferent is the normalization — you have to bring everything up a factor of 2 at

all angles.

GOTTSCHALK: Just a very quick point. One of the graphs I showed which is a
plot of the integrated cross section versus angle is in a sense such a plot as
you asked for because at each set of proton angles the gamma energy does not
vary too much and it increases. Therefore the good fit of the Sobel theory to

those point is in a sense a fit versus offness but the fit may be fortuitous.

MORAVSCIK: From these two pieces of information I would then conclude that it
is probably not the potential that is to be blamed for all this; there is some-
thing else. It does not seen to be an effect which increases as one goes more

| off the energy shelf.




Feutron-Proton Interactions at 205 MeV . 0
E.H. Thorndike, K.W. Reay, D. Spalding, and A.R. Thomas

Department of Physics and Astronomy
Vi e

We have studied the neutron-proton interaction by bombarding deuterons
with 205 MeV polarized protons, and observing high energy neutrons recoiling
into forward angles. The parameters P and Rt have been measured.

The incident proton' beanm polarization was manipulated with a solenoid,
6o that it lay in a horizontal plane and normal to the beam direction. Its
sign was reversed by reversing the current direction through the solenocid.

The polarization parameter P was obtained by weasuring the up-down
asymmetry of the recoiling neutrons. The neutrons were detected in a
counter consisting of a polyethylene converter and a multi-element range
telescope. Measurements were made at neutron laboratory angles between 10°
and 300. By reversing the solenoid current, many systematic errors were
eliminated. Statistical errors were typically #0.017.

The triple scattering parameter Rt differs from the conventional
parameter R in that one analyzes the spin of the target particle instead of
the incident particle; that is, the polarization transferred between the
[particles is investigated. The definition of Rt is shown in Fig. 1.

ig
1 . -l
(Q 7f 1s the final polarization of the target particle; [/ oa>1

is the initial polarization of the incident particle. The equation assumes
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that the target is unpolarized, and that the incident beam has components
of polarization only in the ( —x?t x ¥ ) direction.

Our Rt experiment, then, consisted of directing a proton beam with
polarization in the ( H; x K ) direction onto a liquid deuterium target,
and measuring the g; component of polarization of recoiling neutrons. The
experimental layout is shown in Fig. 2. Neutrons recolling from the
deuterium target at angle 92 in the horizontal plane pass through the anti-
coincidence counters, O, 1 and onto & liquid hydrogen target used for spin
analysis. By measuring the asymmetry of neutron-scattered protons recoiling

lab(=25°) in the vertical plane, the neutron polarization is

into angle 93
determined. The measured asymmetry is a product of incident beam polar-
ization Pl , analyzing power of the n-p scattering in the hydrogen P3 N

and Rt . Pl is known, P5 is the free n-p scattering polarization
parameter, determined from our own measurements, those of others, and phase
shift analyses.

Measurements of Rt were made at neutron laboratory angles between O°
and 200, to an accuracy of typically +0.09.

Because the target neutron is bound in a deuteron, & theoretical treat-
ment is necessary to describe our reaction and relate it to neutron-proton
scattering. We have perfomed an impulse approximetion calculation which
includes the s-wave final state interaction of the two protons. A similar
approach worked well for quasifree p-p scattering, and for "slightly in-
elastic" p-d scattering. The calculation is intuitively described as

follows. A proton (represented by a plane wave) is incident on a deuteron
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(represented by a triplet spin, ground state deuteron wave function).

The incident proton and target neutron have an interaction (represented by
the free n-p scattering matrix an) with the neutron recoiling into
small angles (plane wave) and with the two protons emerging with relative
momentum k (the p-p continuum wave Punction \{/pp(k) ) « All states
in pp(k) except the s-state are described by a plane wave, vhile the
s-wave final state interaction is included by using a square well potential
with parameters chosen to fit the effective range and scattering length.
Coulomb effecte are ignored.

Our result is shown in Fig. 3.

An expression for Rt is obtained from the second equation by replacing
P vy Rt wherever it appears,

The coefficients & and b are form-factor-like guantities »

(\I’If eieeT y/i . Ionp R PP are the free np differential cross
section and polarization parameters. "Ces" refers to charge exchange
singlet. The "ces" parameters Ioces’ and P°®® are obtained from the
scattering matrix M TC . ( /\s and /\t are singlet and triplet spin
projection operators).

The predicted neutron spectrum for 5°la'b is shown in Fig. L.
Singlet scattering dominates, and is sharply peaked. The spectrum for
20° 1ab is shown in Fig. 5. The broader peak of the free n-p scatter-
ing is novw dominant. Our experimental conditions were varied with angle
so as to include almost all of these peaks.

The results of the polarization measurement are shown in Fig. 6.
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The curves are the predictions of phase shift solutions YLAN of the Yalel
group, (0, 3, 3, M), and the energy independent solution of the Livermore2
group, (A-M). Solutions 3, 3M, UM, and A-M give quite acceptable fits.
Solution O, does not fit, and solutions 1, 2, and 24, not shown, lie above
0 and fit even worse.

The results of the Rt measurement are shown in Fig. 7. Solutions
M, UM, and A-M give good fits. Solutions 3 and 1 do not fit. Solutions
0, 2, and 2M, not shown, are worse fits than solution 1.

Of the 6 original Yale phase shift solutions, only 3M (the preferred
one at that time) fits our data. The most recent modification of it, UM,
also fits our data, as does the most recent Livermore solution (A-M).
Since our data were not used as input for any of these phase shift searches,
the good agreement suggests solutions 3M, UM, and A-M are essentially correct,

and further changes in them will be small.
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BREIT: Is there a plan to compare these phase shifts with the Kaearinov
et. al. phase shifts? They are similar to our old YLAN3 regarding the coupling
parameter between S1 and D1. It is not identical with it and it would be

perhaps helpful if one knew how it agrees with your data.
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Quasi-Free Proton Scattering at 160 Mevy

B. Gottschalk

Northecastern University

W. J. Shlaer, K. Strauch, and K. H. Wang

Harvard University

The title of this talk was a deliberate hedge since I hoped to
have some quasi-free proton-deuteron scattering results available, but I
don't as yet so this will be about the (p,2p) reaction. This is a fairly
old sort of experiment; the modern version dates back about ten years to
work at Uppsala which first showed that expectations on the basis of shell
model were at least qualitatively verified. An excellent review of the
field by Jacob and Maris has just appeared in the Reviews of Modern Physics;
they are old hands at this experiment and I recommend the article.

I won't go into details of the theory but the measurements I shall
describe were designed to test a particular aspect of it; namely, how closely
does the reaction actually behave like a knock-out reaction? Despite the fact
that experiments have been going on for about ten years, this point has not yet
been sensitively checked. The formalism is shown in Figure 1. On top is a
somewhat simplified version of the standard formula used in interpreting these
experiments. The cross-section (om the left) is a function of the two proton
solid angles and must be taken at a given excitation of the residual nucleus
to define the shell-model state one is looking at. The expression, which
follows from a plane-wave impulse-approximation treatment of the problem,
states that the cross-section equals a product of three factors: a) a

kinematic function; b) an effective cross-section for the primary p-p
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interactiony and c¢) the probability of finding a target proton with the
appropriate initial momentum to yield an event in the phase-space incremental
volume being studied.

Thus, if one believes the knock-out approximation made in deriving
this relation one can infer nuclear momentum distributions from these measure-
ments. The object of the present experiment is to find out how well in fact
the cross-section depends only on P(q). In other words, is it a function
of Iql? Perhaps I should define q more rigorously than I have: it is the
recoil momentum of the residual nucleus after the interaction, which, in
the impulse approximation, equals the negative of the target proton momentum
before the interaction.

Figurc 2 shows a scatter plot of events in the Tl’ T2 (energy)
planc; such plots are familiar by now. This one represents measurements
on a carbon target at 160 MeV incident ecnergy; cach proton telescope is set
at 42% degrees to the beam, One expects a minimum cross-section for p shell
target protons if the energy is equally shared between the outgoing protons,
because this corresponds to g = o and the p momentum-space wave function
goes to zero here. The standard "coplanar-symmetric' experiment uses
detectors biased to accept only equal-sharing events; P(q) may then be
deduced from the angular distribution of such events. Our experiment, as
the figure shows, also accepts protons of unequal energy sharing. They
are divided up according to energy-sharing between the protons (as shown
by the oblique lines); we then ask whether these "asymmetric'" events obcy
the same momentum-description of the cross-section. (By the way, notice
that the s state events are lumped near the center; this is also predicted
by knockout since these protons have a high probability of zero momentum. )

Figure 3 is essentially a sum of the scatter plot in the diagonal

direction; namely, a binding-energy distribution of events (summed over a
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limited momentum interval). The binding-energy resolution is about 3 MeV
FWHM. The p and s proton peaks are clear. Obviously, the lower limit for
the s protons is somewhat arbitrary since this state is very wide; therefore,
the absolute s proton cross-sections will have to be taken with a grain of
salt.

Figure 4 shows cross-sections as a function of angle (the two
proton angles are equal for all these measurements). The lines are to guide
the eye to points of the same energy sharing (five categories are used
corresponding to the bins shown in the first slide). The dip for equal~
sharing p-state events is deeper than that observed in the earlier experi-

1. probably because the angular resolution is better.

The absolute value agrees very well with Garron and also with independent

results of Gooding and Pugh. The main point about these cross-sections is
that they form a very confused picture.

In Figure 5 we have plotted P(q) as calculated from these cross-
sections according to the "knock-out" equation. This brings the whole picture
into focus and shows that the momentum description of the cross-section indeed
works to a considerable extent. There is one exception--an area of systematic
discrepancy between events of different sharing. This occurs, for each

category of events, just at the point where the solution of the conservation

it sharing is about to disappear; given the energy sharing,
there is a minimum lql which can be observed and the P(q) discrepancy occurs
at this point. This may be an angular-resolution effect; it turns out that,
in order to observe a "consistent" P(q) here, one would have to see a dis-
continuity in the angular distribution; such a discontinuity would be "washed
out" by the finite resolution. Such a resolution effect is very difficult to

calculate quantitatively; a Monte Carlo method might work but this has not
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yet been done. All I can say is that it is our feeling that these dis-
crepancics may well be duc to resolution. Incidentally, this figure shows
that the description works well even for the deep-lying s proton shell.

Another useful test of the knockout model is that the momentum
distribution P(q) defined in Figure 1 should not depend on the incident
energy provided one takes out the kinematic factors correctly. Figure 6
compares our P(q) with that calculated from data of Tyren et al. at 460 MeV--
a substantially different incident energy. Overall agrcement is not bad.
Tyren's results are symmetric about q = o as of cource they must be if one
is truly measuring a momentum distribution--ours are not. The two sets
of points agree quite well in the left-hand wing corresponding to tail-on
collisions in the primary interaction but in the right-hand wing (head-on
collisions) one observes a discrepancy which (going back to the angular
distribution) increases with the proton scattering angle. In fact, it almost
appears as though our P(q) were obtained by taking Tyren's by the tail and
stretching it. We feel (although this has not been substantiated numerically)
that this effect could be accounted for using realistic parameters if one
took into account the refraction of the proton waves leaving the nucleus--
this effect also increases with the proton angle. I believe that this
"bending" of the trajectory has been neglected in most distorted-wave
calculations.

1'd also like to comment that the normalization of Tyren's data is
arbitrary though in principle it shouldn't have to be--absolute cross-sections
were given. The necessity for it is somewhat surprising. Because of kinematic
effects and the fact that absorption of outgoing protons is less at high
energy onc would expect the cross-section measured at 460 MeV to be much

higher than at 160 MeV; in the event, it appears to be about the same!
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(Higher means at least a factor of four, so there appears to be a real
anomaly here.)

Figure 7 shows some preliminary results of a similar nature for oxygen;
the p3/2 and pl/2 states are easily resolvable in the binding-energy spectra and
we have examined the cross-sections and P(q) separately. The dip in the cross-
section at about 42° (for carbon) is absent in the oxygen pl/2 results and
rather shallow in the p3/2 case, even though the angular resolution was about
the same as in the carbon run. Figure 8 shows the momentum description of the
pl/2? zvents which again brings the results into focus rather well. The
systematic discrepancies are of the same sort as in the carbon results, again
leading one to believe that this might be a sort of experimental effect and
have nothing to do with the nucleus as such. Figure 9 shows P(g) for the p3/2
events; if one takes knockout and the shell model quite literally, this
should be the same as P(q) for the carbon p3/2 protons, and indeed the shapes
of the left-hand maxima agree rather well. At 460 MeV Tyren et al. saw a
striking difference between the pl/2 and p3/2 angular distributions which we

do not observe--the reason is not understood.
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Figure 2. TR’ TL scatter plot from carbon at 160 MeV incident energy.
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Figure 4. Cross sections of carbon p and s state events vs. scattering angle.
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Figure 5. Distorted momentum distributions of carbon p and s state events.




713

Quasi-Free Proton Scattering

*ASH 09% PUE (9] I8 PaINSESW SUOTINGTIISTP WNIUSWOW Pa3lioIsTP 9yl jo uostiedwod *g 3andyy

(,.wy b
Gl o) G0 0 Go-

| ! | I !

N
\
b3

J\BW 09 =L ,/
A8 091=°1 \ v_;
/
/
!
v'h x ‘G 43y
Wosd a31vindvo # -
INIWIE3X3 SIHL § SNOLO¥Hd d

i 1 | 1 1

0
1o

0

5

3

o

2o ~
€0




Gottschalk et al.

714

cross sections for
160

Preliminary results

Figure 7.

p3/2 and pl/2 state events from
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ELTON: You mentioned that the diffraction effects might be important but as
far as I could tell, your analysis was in terms of plane wave approximation.

There is no distortion analysis of any kind.

GOTTSCHALK: You are absolutely right. We took the extremely simple-minded
picture and tried to see how far it would carry us in order to see what the

distortion effects might be.

ELTON: One effect of distortion, of course is that the formula gets much more
complicated and no longer factorizes so you can make such a simple analysis.

The fact that your simple amalysis gives such beautiful results indicates that
distortion effects are not all that important over all, although they are
particularly important in filling in the minimum in the p-wave proton scattering
One other point is that distortion effects remove the symmetry between the

two sides of q positive and negative g . The fact that at 160 Mev there
seems to be an asymetric result while at a 460 Mev the result was symmetric

may simply mean that the plane wave approximation was good for 460 and not

quite so good at 160 Mev.

WILETS: Relative to the distortion effect, I gather detailed calculations
haven't been made in general. Have people considered the final interaction
which, in addition to distorting the outgoing wave, could also lead to a
subsequent excitation of the nucleus? This would also effect the final energy

of the proton. Would this be small?

GOTTSCHALK: May I comment on that. Such reactions are pretty much experimen-
tal - for instance, only one excited state of the residual nucleus could pos-~

sibly have contributed.
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WILETS: What I had in mind wouldn't show up so much as a distinct peak as a
broadening, - a degrading of the energy leading to an asymmetry of the energy

of the peak.

GOTTSCHALK: The events for which I constructed the momentum distribution are
events of a well-defined energy. We know that these came from the ground

state or the first excited state of the residual nucleus.

WILETS: What resolution did you have?
GOTTSCHALK: About 2 Mev. The next state is easily resolvable.

ELTON: As long as you stick to carbon and oxygen, this is true. If you take
other nucleii, the energy levels are closer. Secondly, even if they are re-—
solved, there may, of course, be a coupled channel effect which in other fields

have been found to be quite important, so I think Wilets point is very valid.

WALL: Relative to Dr. Wilets point there are the experiments of Pugh, et. al.,
at Berkeley at a much lower energy. Here the various excited states of Bl!
are well resolved. If one looks at the ground state transition, one sees
something which looks like a rather clean knock-out process. However, if you

look at the excited state which one can't get a simple knock out process, the

angular distribution looks quite different.
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A SHELL-MODEL.CALCULATION OF THE QUASI ELASTIC SCATTERING OF PROTONS :)&

FROM COMPLEX NUCLEI

N. S. Wall
University of Maryland

I'm afraid I'm backtracking historically and somewhat intellectually
in that the quasi-free scattering which I would like to talk about in-
volves a much simplier experimental arrangement and possibly some ideas
which are a bit more naive than we have just heard from Dr. Gottschalk.
The only thing that I will say in its behalf is that the experiments
are quite simple.

If one examines the scattering of an intermediate energy proton
from a medium weight nucleus, in a single counter experiment, not a

{p,2p) experiment, at the incident energy one would see an elastic peak.

With adequate energy resolution one could alsoc see a few discrete ex-
cited states. As the observed particle energy decreases one then
generally sees a large broad peak in the spectrum. The peak location

of this broad peak occurs at approximately the incident energy, times

the cosine squared of the scattering angle, §. Neglecting the center of
mass effect, the elastic peak stays at the same outgoing energy as do

the peaks corresponding to the scattering from discrete states. However,
the broad low energy peak does shift. The reason this peak is called a
uquasi-elastic" is that we imagine the scattering of the incident protons
is by the nucleons in the nucleus. The broad peak, therefore, reflects
khe total momentum distribution of all of the nucleons in the nucleus.

If we had a nucleon as our target, and it was at rest, then the observed

snergy, nonrelativistically would be given by just the cosze factor.
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Figure 1 shows spectra obtained in an experiment at 160 MeV with the
Harvard Cyclotron by Dr. Roos and myself about two years ago. We plot the
differential cross section as a function of the outgoing proton energy. We
have not plotted the elastic scattering peak, although there is a remnant
of it in the 300 spectrum. Noticeable is the peak shifting to lower energy
in angle with an increasing angle. One can also see, at about 5 MeV excita-
tion, some of the effects of inelastic scattering to discrete states. We
have, in fact, averaged over this. Results such as these date back, I think,
to an experiment in 1952 by Cladis, Moyer, and Hess with an analysis originall
due to Wolff. The analysis is a plane wave impulse approximation calculation.
The essential points are that the differential cross sections, d2 o/d(dE, is
proportional to dg/dQ) for the nucleon-nucleon scattering, some kinematic
factors and an integral over the momentum distribution of the iEh type of
nucleon summed over the individual nucleons. 1In the early analysis, one
just replaced the momentum distribution with some sort of a Gaussian with a
characteristic width of something of the order of 15 MeV. The bounds on this
integral essentially go from some lower momentum, Kmin to some very high
momentum high compared to what one expects in the nucleus. If a free scatter
had occurred to an angle §, then E = Eo c052 8. If we observe a proton with
energy higher than E then within this impulse approximation it could have
occurred because the nucleon had some momentum in the nucleus. The minimum
momentum necessary to produce a proton at a given energy and at a given angle
is kmin'

In our analysis we have taken, essentially, the same description but
have derived the momentum distribution for the nucleons in the nucleus from
an extreme shell model point of view. I think in the next paper, we will

40 fatd
hear about the charge distribution in Ca as derived from a realistic poten

What we have done is to take parameters which were at least some time ago
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consistent with Dr. Elton's parameters for the shell model potential,
derived the single particle states in that potential, Fourier trans-

formed them and put them into the following equation for the cross section:
d*— _ 2w JE gu u’(&)/ @,

da € J_—l (P e

In other words we really take the shell mode at face value. We know

from the (e,ep) experiments of Amaldi, et al, that at least the ls

binding energy in a nucleus like Calcium is more tightly bound than the
bottom of a shell model potential which fits the (p,2p) high lying states.
We assumed in the calculation, that the momentum distribution for the 1s
state is not too different from that given by the local non-energy dependent

potential. 1In the evaluation of Kmin we have put in an estimate of 75 MeV
for the binding energy.

Figure 2 shows the energy at the peak as a function of the scattering

angle.

Figure 3 shows the detailed spectrum at 20°. 1 think you should dis-

regard the last two experimental points.

Figure &4 shows the same calculation now at 30°. Again the peak loca-

tion, which corresponds to low internal momentum, is given quite well.

Figure 5 shows the 50° situation. At energies corresponding to the

order of 20 MeV residual energy one finds a cross section which is two

to three times greater than the predicted cross section, even though
the predicted cross section is a factor of three too high,

We have not taken absorption into account. It should distort the
spectrum. With respect to the excess of protons at high energies let me
point out that 140 MeV, the minimum average momentum necessary to scatter
a proton through 500, corresponds to 1.4 F_l. In a very clear paper

Gottfried pointed out that when one gets to this large a momentum transfer



Wall

the short range behavior of the nucleon-nucleon interaction should begin o
be quite important causing the impulse approximation to go bad, in part
because of the short range correlation in the nucleus. This has not been

taken into account in our extreme single particle calculation.
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QUESTION: Could the extra counts be inelastic scattering?

WALL: We know that there are strong states observed in Ca%0 inelastic scattering

at, for example, the well-known 3~ at 3.73 Mev, the 57 at 4,48 Mev, On one of the

’
slides I showed there was some indication of these states. The cross section for
these states is about a factor of 3 less than what we observed in the 20 Mev exci-
tation region. The point here is the inelastic scattering at a large angle seems

to be extremely weak, in fact in these experiments we only have an upper limit for
it. Furthermore, the 3.73 and 4.48 Mev states are known from inelastic and scat-
tering experiments to use up a very large fraction of the transition strength -
something of the order of 2/3 for the octopole transition strength. Therefore we
believe that what we see here is not just a result of averaging over a large num-
ber of discrete inelastic states. The only point I'd like to make there is the
states you are speaking of, where you know the cross sections, are essentially
direct interaction states. What I was speaking of was nuclear evaporation spectra.
The evaporation part of the spectrum would be expected at a much, much lower energy,
but some of it would be up high, I suspect to get anything significant that it
would require abnormally high nuclear temperatures - at the nuclear reactions it's

a mixture., There are some evaporation type experiments of Fox and Ramsey going

back to about 1958 or so.

GOTTSCHALK: I want to make a point that is almost frivolous in its simplicity.
One takes your experimentally measured reduction factor of 3 or 4 and squares it
getting a result not inconsistent with predicted and measured reduction factors

in (p, 2p) experiments,

WALL: This has been observed.
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WILETS: When you get to the measurement of the high momentum components you
mentioned which come from the strong nucleon-nucleon interaction, does not this
correspond to the short range correlations? Isn't this also then a region where
you would expect the two body correlation structure to enter so that you are

essentially scattering from two nucleons rather than one?

WALL: Did you notice on the kinematic curve, the kinematics for a mass 2?7 You
could have done the same sort of calculation that we've done but pretend that
there are mass 2 particles bound in the nucleus. If I take something of the
order of 10% of the 40 nucleons in the nucleus and put them into mass 2,I could

construct a curve which would have just the required shape.

FALLIEROS: You happen to know what would be the effect of improving the treatment
of the 1s state? That is, if you choose a different well, would you reproduce the

right binding for the shell?

WALL: T have not been able to do this for that particular level as yet. We've
done a similar calculation for Be by changing the parameters of the 1p3/2 single
particle state. By changing radius of the well by about 10% one finds relatively

small correction to the predicted spectrum.
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L. R. B. Elton and A. Swift

Battersea College of Technology

The properties of neighbouring nuclides, and in particular of different
sotopes of a given element can be used to investigate (a) bulk properties of
\
uclear matter and (b) specific shell effects. It is important to keep these
yvestigations separate, for nuclides which are suitable for one of these in-
‘estigations are obviously unsuitable for the other.

Some years ago it was shownl’z) that, under very simple assumptions radii
f nuclei along the line of maximum stability followed the law

1)) R = (/% <% = 1,123 a3 2,352 a71/30 5. 070 471,
there the constants are fitted to electron scattering data, and this law has
kecently been confirmed through evidence from u-mesic atoms3), as is shown in
Figure 1; This law should not of course be applied to the detailed variations
between neighbouring nuclei, but approximate compliance with it of a group of
neighbouring nuclides is a good indication that these nuclides will give infor-
mation of type (a), while gross departures from it may indicate shell structure
effects. A good example of this concerns the isotopes Ca“? and Ca“*, for
'which the increase in root mean square radius was found to be only about 0.8
percent 4’5), instead of over 3 percent, as predicted by (1). This result, as
well as a good fit to the eiectron scaitering datae) can be cobtained from pro-
ton distributions, based on single-particle wave functions in a Saxon-Woods
we11,7) when account is taken of the larger binding of the last proton in Ca“*

compared with that in Ca“0., The well parameters are given in Table 1, the fit

in Figure 3. It is seen that the critical surface region is almost the same
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for the two nuclei, although, because of the greater central demsity of ca*?,

the conventionally defined surface thickness parameter is smaller in Ca"*, as

was also found by fitting a Fermi distribution to the data.e)

We now turn to nuclides for which shell effects are unimportant. We de-

fine the following quantities:
3A dR 3A 3R 34 3R

@ YAa"Ra’ "W R’ Yz Rz’

where N is defined only along the line of maximum nuclear stability. Then

8)

considerations of nuclear stability ° lead to the expression
3A

4E
(3) N AT e
YA N 2Z K.A+E.C
where K is the coefficient of nuclear compressibility and

) E, = 0.715 22 A3

2)
MeV

is the nuclear Coulomb energy. For infinite nuclear matter, the compressibility

coefficient is then given by9)

(5) K, = K+ K¢ a7t/3

where the surface coefficient K_, = 200 MeV. For heavy nuclides, isotope shift

S
10) 11)

measurements together with the use of expression (1) yield

- 0.65¢0.10, v, = 1.360.21, K = 810! Mev, K_ = 120 Mev,

(6) =25

N

11) .
while, for A = 58, it has been possible to determine Yy and Yy directly
from elastic electron scattering by Fe®6, Ni%8 and Ni60,

N +240

= 0.71%0.1s, Yy = 1.20+0.25, K = 59 27

Yy MeV, K_ = 110 MeV.
Because of the dependence of K on (yZ - YN)_l’ quite small errors in Yy and Yg
can lead to very large uncertainties in K.

Measurement of the energies of x-rays due to the 2133/2—151/2 transition in

y-mesic atoms have yielded values of R both for different isotopes of the same

element and -or elements (natural isotopic mixtures only so far) with neigh-
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bouring Z. The latter give yAdirectly, while the former give Ty The dif-
ferences between the measured energies are generally much better known than

the energies themselves, and this reduces the uncertainties in Yu and Yg-

12) 13)

Thus, from a measurement of Mo%® and Mo%® and that

of the natural iso-
topic mixtures of Mo and Rh we find

Yy = 1.25£0.40, Yy = 0.82+0.09, Yy = 1.80£0.60,

R = 357100 Mev, k_ = 80 Mev.

®

To evaluate the error bracket on Yy we estimated the part of the energy dif-
ference which was due to the size effect only, which came to 33 keV, and as-

sumed that the uncertainty in this was the same as that quoted for the total

experimental energy difference, 271.0 * 10 keV. The rest of the energy dif-

ference is of course due to the extra proton in rhodium,

The above results show that, within the large error brackets, the exper-
iments are entirely consistent with the simple theory, but yield values of K
that appear to be somewhat lower than the value K, = 170 MeV, obtained from

14)

more fundamental considerationms. More accurate measurements on u-mesic

x-rays from separated isotopes would settle this point.
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Table 1.

735

Well Parameters and Energy Levels of Ca4o’44

The parameters Ty VO a and A refer to a Saxon-Woods well

with spin-orbit coupling, and E refers to the single particle

energies in this well. (Distances in fm, energies im MeV.)

ca*0
T, = 130, a = 068, (r)? = 3.3y
Level Vo A A Eexpt Reaction
sy 5 | 85 - { 2.9 -
iii/e ? 60 90 721 ) ( ;
1/2 24+51 24.5 D,2p
protons g 15-2] 15-1 (p,2p)
2s) 5} 53 40| 10-1} 10-9 (d,HeB), (p,2p)
1dy 85| 8.3 (v,p), (p,2p)
1dg 22-0f 21-9 (p,a)
1eutrons 231/2 53 40| 17-6| 18-2 (p,a)
1dy 160} 15-0 (v,n), (p,d)
Ca__
r.=1-30, a = 0-00, (rz)% = 3-41
Level Vo A E Eexpt Reactiamn
( 151/2 85 - 64'1 =
1p5/2l o0 90 fﬁ:p :
)rotons iil/Z} ;2.; -
5,2
2s) 5} 55 40| 13-2 -
ldz 12-1| 12.2 (v,p)
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TABLE II

Saxon - Woods Well Parameters and knergy Levels
(Preliminary Results)

Nuclide | Level Vo rg A a b | Boyot Reaction (r
A
Li® | 1s 56-0| 1-42 | - | 0-0S | 22:7| 22:7 (p,2p) 2.
1/2
1py,p | #9:5| 1+48 | 50 | 0+65 | 4-9 4.9 (p,2p)
11’ 1s, o | 58-0[ 138 | - |0-65|25:5] 25°5 (p,2p) 2-
1p;,, | 58-0| 138 | 40 | 0.65 | 10-1 9-9 (t,a)
ct? | 1sy 5| 595 1ese | - (055 | 539 | 3ue2 (p,2p) 2
1p 565:5| 1-%6 | 30 [ 0+55 [ 102 | lb-0 (t,a),(p,2p)
3/2
ot® ls) 5| 08:0 | 141 | = |Cro5 4308 | 44-0 (p,2p) 2
1p, o 18-4 | 18-6 (t,a),(p,2p)
1py /o 515 1.41 Wg?m_?-os 12-0 | 12-1 (t,a),(p,2p)
5128 1s) ,p | 810 | 1e39 | = [0%05 |59°1 ~60(AE) (eyep) 3.
lp S .
3/2 . . . 354 26 7 (p,2p)
1] ©5:0 1139 |70 | 005 [ 35,9 | 28 7 (p.2p)
1dg 5 17-5 | 18 (p,2p)
2s) o P70 1729 |22 197%0 |13 | 24 (p,2p)
pil 1s) o |84:0 | 155 | = {065 |oles | - 3
lp 55+3 -
3/2 . e . .
1p] 5 lbb O 1103 |0U 1005 | oh.5 | 28 7 (p,2p)
lde 5 13:5 1 139 (p»2p)
28, p [PHO 1IN0 100 | 7 | 703 (0,2
g% 1s, ;5 |80-0 |1-38 | = |0=55 600 |70 (e,ep) 3
372 Hloo.o 138 |75 |0-55 ol (p.2p)
1py 1o 26+6 | 26-6 (p,2p)
Mg 5 16-0 | 16-1 (p,2p)
251 /0 ]49'5 1-38 175 1055 | g.5 | ges (a,He)
ca"® 1s) , [85:0 |1+20 | = [ov60 {62:9 | - 4
1p 32-1 -
372 1L o. . e
1p) /p [PO70 |2720 199 19790 l2ues | 24-5 (p,2p)
ldg 15-2 | 151 (p,2p)
28y ;5 1530 |1°30 |40 000 [10-1 | 109 d,He?),(p,2p)
1d /s 8.5 8-3 (v,p),(p,2p)
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Figure 1. Experimental values of R A_1/3, as obtained from

u-mesic atoms, compared with equation (1) which has
been fitted to the electron scattering results.
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Figure 3 - Proton density distributions for ca’0 and CaAA

which yield a fit to the electron scattering
data of figure 2.
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WILETS: The numbers that you obtained for compressability for infinite matter
seem to be on the low side in general from what many-body calculations would
give. This may be right, but I would just like to point out that there is
another effect which can contribute to the reduction of yy, the increase of
nuclear radius with adding neutrons. In the compressability model one assumes
that the neutrons and protons stick together - that as one adds neutrons OT
protons one has a uniform increase. There are calculations which qualitatively
show that as you add neutrons - in fact, ca"? was one case in point - that the
neutrons tend to stick outside of the protons. This is more than just a shell
effect. It should be a systematic effect. One can use an old argument of
Johnson and Teller about 10 years ago showing that neutrons should lie outside
of protons. Well, this argument doesn't stand by itself anymore. We know

that neutron and proton distributions are very similar, but the argument was
based upon the fact that the neutrons with higher kinetic energy in the nucleus
climb up higher in the shell model potential well. Now if you increase neutrons
from a distribution where the neutron-proton distributions are similar, the
neutrons will tend to climb up the well faster. So this is a finite surface
thickness effect. I think your compressability estimates would go up if one

had a contribution like this.

RAVENHALL: I would just like to mention first that there is work of a kind

that Dr. Elton described on the Ca"“?-Ca“" isotopes by Perey and Schiffer.

It was done to obtain charge distributions from putting protons into a potential
well. I and some students have also done work which I presume involved similar
parameter variations also in the Ca“o, ca*, and ca'® isotopes but Dr. Elton

has only just received that data.
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'ELTON: . To do this fit it is absolutely essential to use the separation energy
data as well, otherwise a unique fit most certainly will not be obtained.
WALL; If one accepts your charge distribution for ca“® and Ca*"* there is

an o scattering experiment designed to look at the difference in the nuclear
radius that was reported in the Paris Conference which indicates that ca®

;is significantly larger,though not by an Al/3 increase,than ca*®? . This might
suggest our old friend the neutron skin because we should be examining in

the a scattering just the tail of the nuclear matter distribution.

ELTON: I think Ca“*" almost certainly will have a neutron skin. Of course,

what we are measuring here is the charge distribution. If we switch off the
"coulomb potential and work out the wave function for the neutrons, we get

a neutron skin.

KOLTUN: I just wondered whether the magnetic parts of the electron scattering
are sensitive enough to tell you something about neutrons skins as opposed to
charge distributions?

ELTON: I should be very surprised.



~ COHERENT NEUTRON PROTON-HOLE EXCITATIONS IN NUCLEI*
. S. Fallieros and T. ‘A. Hughes

Bartol Research Foundation

and
B. Goulardf

Universite Lavae

This discussion is closely connected with the paper presented yesterday by
Drs. Walecka and Uberall. 1In the first figure, we illustrate the familiar situa-
tion of the light nucleus 0!8, The shaded region represents the occupied shells
in this nucleus, and we know that the muon capture results in the creation of
what we will call a neutron-proton hole pair, (to be referred as n-p pair);
which brings us over to the nucleus N!®, The various possible configurations
that can be formed this way interact with each other. The appearance of a co-
herent n-p state with angular momentum J=1" is a result of this interaction.
This state will be excited strongly in the u”-capture processl), and, as is well
known, it is the isospin counterpart of the giant dipole resonance of 016, The
relative shift between these 2 levels represents the Coulomb energy difference
between the 2 neighbouring nuclei,
The purpose of this work is to examine the possible presence of such exci-
tations in heavier nuclei. We summarize our results as follows:
B - The existence of the coherent n-§ excitation is expected also in this case,
phile the existence of the giant dipole resonance is familiar.
E - Both states can still be described by definite values of the isotopic spin
luantum number. However, they are no longer members of the same isospin multi-

blet.
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We illustrate the situation in the case of zr%0 in Figure 2. The
shaded region is a simplified representation of the ground state of zr%%; 2
typical n-p configurations are shown; the interaction between the various con-
figurations is illustrated diagrammatically and the relevant nuclear force com-

ponent responsible for this interaction is also shown.

Detailed calculations of the odd-parity states in 120 were perfotmedz) us-
ing this picture. From the large number of levels found this way, we select,
for the purpose of this talk, a coherent (J=17) level which is shown in the
third figure. The energy of this state was found to be approximately 8 Mev, i.e.,
1 Mev above the threshold for neutron emission. The radiative width of El tran-
sition from this state to the low-lying 2+ state has also been calculated and
found to be of the order of the corresponding Weisskoff estimate.

It is worth noting here that the isotopic spin of the ground state of the
zr90 is T = Eéz = 5 while the Y°° state under consideration has isotopic spin
T =6. It follows that the analogs of the various states of Y90 are expected to
appear in 7r%0 at an excitation energy determined by the characteristic Coulomb
energy difference which in this case is “11 Mev. The analog of the coherent
n-p state is then predicted to lie at ™21 Mev in agreement with previous esti-
mates3). This energy should be compared with the energy of the giant dipole re-
sonance which is known to lie at about 16 Mev(Fig.3). The giant resonance is not
the isospin counterpart of any state in Y90 and is thus characterized by an isotopi
spin T = 5. We find that about 20% of the electric dipole sum rule is associated
with the 21 Mev state, while the normal giant dipole state absorbs most of the
dipole strength. This is an illustration of the splitting of the dipole strength
in a specific nucleus with T # 0,

The fragmentation of the dipole strength into 2 components of different iso-
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topic spin is expected to occur im all nuclei. A qualitative idea of the dis-
tribution of this dipole strength can be obtained from the following graph. (Fig. 4)

What is plotted is the relative value of the reduced El transition rate in
arbitrary units normalized to 1 as a function of the number of excess neutrons
in a nucleus. For an N = Z nucleus, all the strength is concentrated in the
familiar T = 1 component; as N-Z increases, the relative strengthsof the compo-
nent with isotopic spin equal to that of the ground state gradually increases
and tends to unity when N becomes much larger than Z.

We should emphasize again that it is the T+l component which is the analog
of the 17 state excited in M capture. Thus, the form factors of these 2 states
will be essentially the same where as the form factors of the state T which is

the normal dipole resonance can be quite different.

* Supported by the Atomic Energy Commission and the U, S. Office of Naval
Research under Contract Nonr-3777(00).
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States Government,
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Figure 1 - Particle and hole states in olé

Figure 2 - Particle-hole states in zrd0



-

Neutron-Proton Hole Excitationms 747

._1112)_ J=1 T=35
t]
16 Mev GDR
J=1 T+1=6
1
¥89 +n Qt
hd \ 89
T8 Mev \ Y7 +p
\
J=2" \
(n,P)
A 4 \ ’
2~ \
¥90 \
[ J=0+ T =35
5r90

Figure 3 - Energy levels of Y20 and &r%°

4

N 5 10 N.Z
z
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SEGBL: 1In the decay of the analogue state in the Yttrium 90, one that you
showed us, the 1- to 2+, you said that was about a Weisskopf unit. For an
electric dipole that would be very very strong. Is there any obvious shell

model or physical reason why this state should decay so strongly by gamma ray?

FALLIEROS: The fact that this state is unbound by one Mev means that some s

neutron can go very close to the 1- level. The question of the energy of

this level could explain the higher transition 1  to 2+.
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’
About a year ago the Brookhaven group undertook a study of the

Erookhaven Cosmotron to determine whether the energy resolution and energy
stability of the machine were adequate for nuclear structure measurements.
?igure 1 shows some of the characteristics of the Cosmotron and the results
of the preliminary measurements. The internal beam intensity is around
5 x 1011 protons per pulse. We can extract 20 to 307 of that giving about
1011 external protons per pulse. The time average current with a 2.5 sec
rep. rate is 8 nA and the beam spill length is 100 to 200 milliseconds. The
‘energy range can be varied from 500 MeV to 3 BeV. In our preliminary
experiments a vear ago we determined the beam energy spread to be less than
‘3 MeV and the long-term beam stability to be better than 1.5 MeV. This
‘latter measurement extended over an 18 hour period and included shutting

.the RF off, the magnetic field off, and starting up again. With these

rencouraging results we decided to build a large spectrometer system which

*
Work supported by the U.S. Atomic Energy Commission.
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would allows us to do elastic and inelastic scattering and (p,2p) measure-
ment at 1 BeV incident enmergy. In this project we were joined by groups

from Rice University, Maryland, and lLos Alamos.

Figure 2 shows the experimental setup. The beam exits from the
Cosmotron through the external shims, passes through a quadrupole triplet,
and is then bent 12 degrees to reduce the background created when the beam
passed through the Cosmotron exit window. A series of three bending magnets,
two on railroad tracks, is then used to change the angle at which the beam
strikes the target. The second quadrupele triplet, also on tracks, is used
to obtain the desired beam spot at the target. The distance from the shims
to the target is of the order of 100 feet. We have a fixed spectrometer
which is located at 20 dewrees with respect to the zero degree bean line,
and a moving spectrometer which can be rotated between 50 and 90 degrees
with respect to the zero degree beam line. The mapnet associated with this
spectrometer is on railroad tracks so it is easily moved. The scattering
angle into the fixed spectrometer can be vari=d from -5 degrees to 40 degrees.
Consequently the scattering angle of the second spectrometer can be varied
over the range 30 to 110 degrees. The angle between the two spectrometers
is variable between 70 and 110 degrees. To get the energy resolution and
the large solid angles required to do large momentum transfer measurements,
we are using a magnetic spectrometer in conjunction with wire spark chamber
hodoscopes as shown in Figure 3. Sl and S2 are our trigger scintillation
counters. There are four horizontal hodoscopes before the magnets and four

after the magnets. In our high resolution work the bending angle is
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mainly determined by planes P3, P4, P5, and P6. The other planes are used
for redundency., That is, they are used to guarantee that the sparks in
hodoscopes 3-6 are located at the point at which the particle passed. It
is this redundency which is very important in reducing accidental counts

and allows one to do very low cross section measurements.

Figure 4 is a picture of the hodoscopes as they are set up in the
spectrometer. We have to use helium bags to reduce the multiple coulomb
scattering which is the largest source of energy smearing in our system.
Figure 5 shows a close-up of a hodoscope, 18 in. long by 6 in. high; the
wires are 50 mils apart. Each wire is threaded through a magnetic core
and after each event we read out all the cores that have flipped. This
information is stored in a buffer memory. We can spark the hodoscopes
about 100 times per beam pulse. Between beam pulses we dump the data from
the buffer memory onto magnetic tape and simultaneously dump it into the
Merlin computer. The computer analyzes the data and presents us with an
on-line display so that we can determine whether or not the experiment is

running properly.

Now just to show you that we really have started taking some data on
this experiment the next few figures show some preliminary spectra. The
momentum spectrum shown in Figure 6 was obtained by putting the 1 BeV beam
from the Cosmotron right through the spectrometer. <The points arc .8 MeV
apart and the full width at half maximum is 5 MeV. This width is almost

entirely due to multiple coulomb scattering in the planes. We are nearing
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completion of a set of planes 1/10 as thick as the ones we used to take
this data, and which will give a multiple coulomb scattering contribution
to the energy resolution of less than 1 MeV. We are confident that it is
possible to obtain a total resolution between 1 and 2 MeV for a single
spectrometer. Figure 7 shows the scattering of 1 BeV protons from water

at 9.3 degrees. You can see the ground state and the first excited state
of oxygen. The rather large peak is p,p elastic scattering from the
hydrogen in the water. The background rate, that is, the target-out to
target-in ratio, is only a few percent and offers no problems. In

Figure 8 we show the scattering of 1 BeV protons from carbon at 9.3 degrees.
Again, you can see the separation of the elastic and first excited states.
With our new planes we expect that this separation will improve sub-
stantially. The rather large bump is quasi-eclastic scattering. To get
some preliminary numbers we also ran carvon ot 40 degrees which corresponds
to a momentum transfer of a little over 1 BeV/c. At this angle we are
measuring a cross section of a few microbarns. The background was still
only a few percent. Even more important the accidental coincidence rate
was less than a fraction of 1%. This is mainly due to the fact that the

planes have such a high rejection ratio for accidental events.

I think you can see that this equipment can be quite useful for

investigating nuclear structure.
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Scattering of 1 Bev Protons from 9

H,0 at 9.3° (1lab). Each data point S T o
is separated by 0.83 MeV. The left-

hand group is elastic scattering from

0+ the near-by group from the 0

states at v 6 MeV. The strong, right-

hand group is mostly elastic p-p gie
scattering and some quasi-elastic

scattering.
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Figure 7

Scattering of 1 Bev protons trom
graphite at 9.3° (lab). The left-
hand group is elastic scattering from

(712, the adjacent M(m]l) is  an
inelastic group from C .43 MeV)
while the broad rlght—ldnd group is
quasi-elastic scattering.

Figure 8
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Before I begin I have two announcements to make on behalf of Her
Majesty's government. The first is that we are terribly pleased to see
how well you are getting om over here; the second is that I shall be happy
to receive your taxes at the end of the sessionm.

You may be wondering how Linc Wolfenstein and I are going to divide
between us the job of summarizing the conference., So am I. I think the
arrangement that I reached with him is that I talk about the machinery and
he talks about the nuts and bolts: T talk about the nuclear aspects of what
we have been doing for the last couple of days and he talks about the
couplings - the elementary particle aspects.

In doing my job I'm certainly not going to try to be synoptic, either
in the sense of going into all the different approaches to the subject that
have been talked about, nor in the semse of mentioning everybody who has
said anything. In fact I must be very selective and try to pick out the more
novel things, recognizing that much of real value will have to go unmentioned.
There just has been too much talked about to summarize in toto in a short
time. Also, I don't intend, in any way, to referee or adjudi!ate between
certain, shall T call them, alternative, accounts of the sub;ect we've
received - particularly on the first day. My personal view is that Telegdi's
account was superior to that of Devons in the measure that he is my chairman
this afterncon and Devons' account was superior in that it was funnier,

'
though I think this was probably just due to Telegdi's better-developed sense
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of propriety. Nor shall I reveal in whose talk it was that, when the
alarm clock went off, Torleif Ericson turned to me and said, "Ahh...g'morning."
Well, with that maybe I can approach my subject. I have been rather
exercised to know whether to try to summarize this conference or perhaps
rather another one that I had thought we might be going to have. By this
I do mean something rather serious. In this conference, we've plunged
right into the middle of things and had, as it were, an account of the
state of the art, a topical conference, a discussion of the kinds of nuclear
structure measurements that are being made by what are largely new methods.
We haven't attempted to justify to ourselves in any detail why we should want
to use these new methods. In the other conference, the one that we have not
had, we would have looked rather more critically at the kinds of nuclear
structure information that are going to come out of using elementary parti-
cle probes and the higher energy regions. To a large degree, the kind of
work that we have heard about at this conference started simply because
elementary particle beams were available from big accelerators which had
begun to outlive their usefulnmess for elementary particle work. But now
one is making new particle beams at existing accelerators and talking about
making new big accelerators largely for nuclear structure studies. Now
the mere fact that it can be done is certainly no reason for doing an
experiment or for embarking on a new type of research. It's not even a
good enough reason that it is very expensive. Personally, T don't feel
that we've had enough emphasis at this meeting, or at amy other for that
matter, on the novelty of the nuclear structure information that will come

from these new methods. In this field, the borderland between nuclear
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structure and elementary particle physics, it is most important to distinguish
critically between the phenomenon and its interpretation. Too often, im

my view, have the more purple proposals, although there are honorable
exceptions, emphasized what can be dome and failed to point out the formidable

difficulties that interpose themselves between the data and their translation,

in unambiguous terms, into information about the nucleus. Final state

interactions, multiple and plural scattering, off the energy shell, momentum

dependence, configuration mixing, intermediate coupling, higher order terms:

these are the four-letter words of intermediate energy physics; perhaps it

is modesty that prevents our hearing them more often. There are also some

signs of reticence in pointing out what we know already. I may therefore,

just from time to time, draw your sober attention to comparisons between

the new approaches and old, sometimes very old, onmes. Of course, altermative

approaches are always valuable. If something is important it should always

be done at least twice, If it is sufficiently important, it should be

done by a number of totally different methods. All this having been said,

I want to declare my hand: I am in favor of nuclear structure physics at

high energies, I am in favor of the meson factories, I am in favor of

kaons, anti-protons and nmeutrinos for the nucleus. But I also think that

our chance of getting them is the greater if we recognize and admit that

the way is rough.
My sermon over, 1gs me at last to the conference proper.
Beginning at the beginning, with muonic x-rays, we saw, I think for the

first time, some kind of confrontation between the information on the charge

distribution that one gets from electron scattering and from the muonic x-rays.

Until quite recently, certainly until the renaissance of muonic x-ray work
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z . They hadn't

through the GelLi-counter, muonic x-rays told us only <r‘>
approached a second parameter; they hadn't approached the details of the
nuclear charge distribution. But now they are doing that. The results

are now sensitive to two parameters. Ravenhall, in his interesting talk,
compared electron scattering with muonic x-rays. He did this in what T
consider to be a slightly optimistic spirit, assuming that we understand
both processes perfectly. In other words, he combined the results from
electron scattering and muonic x-rays and showed that you can get a hint
that the nuclear charge distribution may have a slightly longer tail than

is represented by the familiar Fermi parameterization. I think this is a
fine and provocative thing to do, but I personally would like to see us,

as far as possible, keep the two approaches separate. Find the charge
distribution from electron scattering on the one hand and from muonic x-rays
on the other - and then put the two together at the end when one has learnt
as much as one can about the parameterization from the two approaches in-
dependently, with all their attendant uncertainties. Ravenhall was mnot
doing this: he was putting them together at the beginning and using the
charge distribution just as a link between the electron scattering and the
muonic x-rays. Incidentally, the fact that he could get such an interesting
suggestion by combining quite old and very-much-improvable electron
scattering data with quite new and very-much-improvable muonic x-ray data
shows what we may have in store.

I think it might be useful to ask what sort of precision one must
achieve in the muonic x-ray measurements if you want to make statements
about two parameters and, more particularly, if you want to make statements
about three parameters. Now electron scattering, particularly the recent

Stanford work in calcium, is beginning to show that one can there meaningfully
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talk about a third parameter. Of course, we don't yet know how to use it.
The way in which one uses a third parameter is, at the moment, very much a
matter of personal choice, and thereby hangs a severe problem, but at least
it looks as though one can begin to think in those terms. So in the muonic
x-ray case also one must talk in the same terms of three rather than two
parameters or one is not in business. This has not been mentioned at this
meeting explicitly, although I thought it would be. Since it hasn't I

will give some numbers that come from the Los Alamos meson factory proposal.

Let's suppose that we'd like to find out about the charge distribution in

the form: {1+ dr")/(eub [r-R]/a. +1)

The term “lz is a representation of one possible use of the third parameter-
to make the nucleus hollow in the middle. The rest is the usual Fermi-type
distribution. The question is: how accurately must one make the muonic

X-ray measurements to get all three parameters to a usable accuracy?

Take the reasonable ranges: 2 0.5 to 1.5 fm; R 1.0 - 1.2 Al/3 fm; &0 - 1.25

1/3 fm)_z. o = 1.25 (A]'/3 fm)-2 makes the central charge density in a

(A
heavy nucleus about half that of the edge, so it's not wholly unreasonable.
Now if you talk about the high energy tramsition, 2p—3 ls, then this
complete range of parameters corresponds to about a 1 MeV change in the
x-ray energy which, of course, is enormous. But if one fixes this

energy exactly and then goes to the mext transition, say 3d — 2p, the
variation in its tramsition emergy given by the full range of variation of
the parameters is down to some tens of keV. If we have fixed these two
transitions exactly the range of energy variation of a third tranmsition

corresponding to the complete range of variation of the parameters is some-

thing like 2 keV. This shows that if one wants to attempt to determine three
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parameters from muonic x-rays alone then you have to do measurements that
are significantly better than a couple of kilovolts. Geli-counters now

have resolutions of around 5 keV or better aud that will go down a little
bit, presumably. So, with the kind of statistics that one would get out of
a meson factory, one should achieve energy determinations of the order of
100 eV - being realistically optimistic. With that, one could indeed obtain
the three parameters reasonably well. But there are two extremely im-
portant provisos: 1) Calibration with an accuracy of less than a keV is
difficult. The N1® type of calibration that we've seen a lot of at this
meeting is limited by the accuracy with which one does conventional nuclear
structure energy level measurements. It's not going, I think, to improve
rapidly to the 1/10th of a keV region at 6 MeV although it is not impossible.
There's a big problem in utilizing the kind of accuracy of which the GeLi-
counter is already capable - a keV or better. 2) The polarization question
about which we have heard quite a lot - the second order shift which is
associated with virtual transitions into excited states and back again to
the ground state. We do not know how big this polarization effect is. It
has been lumped into the parameterization of the charge distribution. It
is obviously very difficult to determine it and to know you have determined
it. Typically the calculations of polarization shifts for the low-lying
states of heavy elements range from about 3 keV up to about 100 keV; the
latter figure may be seen to be too high, because of the approximations that
have been made but the former may well be too low. So any analyses of
muonic x-ray energies that are really sensitive to a few keV - 5 keV let's
say - may be disastrously disturbed by polarization effects. But how do we

know? For certain investigations, polarization effects may be made to cancel
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out or nearly cancel out but in the dead reckoning kind of work they will
not. Certainly one has got quite a long way to go in muonic x-ray studies;
both techmnically and in understanding the finer details of the process.

It may be that one does better by comparing directly with electron scatter-
ing as Ravenhall was doing, but I am uneasy about that because electron
scattering has its problems too; I return to my suggestion that one should
get as much independent information cut of the two methods as possible before
putting them together.

We heard quite a bit about the isctope shift and, so far as one sees at
the moment, things are going quite nicely there, both in the light elements,
calcium, and in the heavy ones. The conclusions that were being drawn from
the muonic x-ray isotope shift tallied very well with what we knew from
other data: electron scattering in the calcium case and the long-familiar
optical isotope shift in the heavy elements. Let us remember that we have
known about these effects for decades from atomic spectra, and as was remarked,
perhaps one of the useful features of the muonic x-ray studies will be to
normalize the isotope shifts that one gets from atomic spectra. The muonic
shifts can be used to normalize because in the case of the muon onme has just
a hydrogenic atom with none of the terrible complications that attend the
determination of the electronic wavefunctions in the atomic case. I'm told
by our chairman, I know nothing about this, that there are very delicate
and difficult problems in the optical isotope shift im lighter clements
where the muon data will be able to help separate out the easily understood
parts of the effect from those that give great difficulty.

Let us now go on to the quadrupole moment. One important aspect of
the quadrupole effect in muonic x-rays was not mentioned, perhaps because

it is so obvious, and that is its sensitivity to the sign of the quadrupole
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moment. It is extremely difficult to get experimental information about

the sign of the nuclear quadrupole moment from conventional methods although
the reorientation effect (as it used to be called) in Coulomb excitation
provides one approach and it is a great relief (although, of course, we knew
it all the time, now that it turns out to be right) to discover that the
signs of the quadrupole moments in the heavy elements are consistent with
our past beliefs and prejudices. There may be a future for muons in de-
termining signs of quadrupole moments; there are some regions of the periodic
table where one is still unsure both experimentally and theoretically of the
sign of the quadrupole moment., However, the sensitivity from muon work
drops off rather rapidly as one goes to the lighter elements where the am-
biguities are mostly found. We might also note in passing that muons look
as though they will be quite a useful tool for measuring smallish quadrupole
moments in regions not too far from spherical symmetry; we saw at this meeting
quadrupole splittings or broadenings due to rather small quadrupole moments.
I don't think it was emphasized at the meeting that the quadrupole
splitting in heavy elements is very sensitive to the penetration of the
muon wave function into the nucleus. The largest effect in the x-ray energy
comes, of course, from the penetration in the ls-orbit. The 2p-orbit, from
which the quadrupole effects of the 2p — ls transition come, also penetrates
very significantly and the quadrupole splittings that one observes in the
heavy elements are less by a factor of about 2 than those that omne would get
without penetration. So quadrupole splittings in 2p — ls transitioms do
not yield quadrupole moments - rather, one is measuring the form factor of
the quadrupole moment. One determines the quadrupole moment times the
penetration factor and one must separate out these two effects. This can be

done, from muonic x-rays alome, by going to the next stage, by looking at
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the 3d — 2p transitions and the 3d — 2p —) s cascades which are
exceedingly complicated. This has not yet been properly done - one has

not yet unravelled in all detail the complicated quadrupole patterns associated
with the 3d — 2p transitions. But if one can do it, then one will be able
to separate out the penetration effect from the intrinsic quadrupole moment
effect and so get a measure of both. The quadrupole moment will cancel

out in the comparison between the 3d —) 2p and 2p — ls sets of transitions
giving the penetration factor which can then be put back into either set to
get the quadrupole moment. These considerations make it seem to me premature
to try to discuss detailed models of the structure of the quadrupole moment
form factor either static or dynamical. When one has a detailed model of

a nucleus, particularly the way in which the surface thickness changes with
angle, then one can compute the static form factors by dead reckoning. At
the same time, in understanding the dynamical quadrupole effects, the in-
volvement of excited nuclear states whose importance is due to the fact

that the magnetic fine structure splitting between the lp3/2 and lpl/2

states is of comparable energy to that of the strongly-enhanced E2 first
excited state transitions, there are very interesting model-dependent
questions; particularly whether the off-diagonal E2 matrix elements are the
same as the diagonal ones, in other words, whether the simple-minded Bohr-
Mottelson account of the situation is applicable. If one does look at the
complete picture of the L and K transitions, then one will be able to settle
at the same time both the problem of the intrinsic quadrupole moment and also
the comparison between the diagonal and the off-diagonal E2 matrix elements.
So, as a complete outsider, my reaction to this situation is that one ought

to take some very small number of cases and really do them extremely well.
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It's very nice to have data on a lot of different nuclei, but my own
purely personal feeling is that it would be more valuable over the next
year or so to take very few cases and do them in very great detail.

Another important point that was raised several times al ihis ueeting
was the magnetic hyperfine splitting of the ls-state: the problem of the
distributed dipole moment. We saw that the ls-state splitting, the two
spin couplings between the muon and the nucleus, has indeed been detected.
Since the ls-state penetrates so deeply this, of course, is again a form
factor matter--something which depends on the detailed spatial distribution
of the magnetic moment. Again, we've had information on this for many
years from phenomena such as the magnetic hyperfine structure anomaly.
There are even review articles on it. So, don't let's pretend that we're
finding something very novel here, yet at least. However, crude as its
present information is, it is another approach to the problem and, further-
more, one of considerably greater generality than the others that are
available. So we might hope to get, in the end, parameters that relate to the
distribution of the magnetic moment running through a large part of the
periodic table. This again is a model-sensitive matter; we already know the
magneti c moment itself with essentially infinite accuracy but even a rather
crude measurement of the form factor may be very valuable in chosing between
models.

I should like to interject something here. As I said earlier on, there
is no point in doing a measurement simply because it can be done. Sometimes
one gets the impression that there is little other motivation. I think it's

extremely important to recognize that there is no justification at all for this

kind of work unless you are getting information that is model sensitive. The
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only direct quote that I'll make from this conference bears on this

attitude: "People who are fussy about the kind of model we use might object..."
We have to be fussy. If we are not going to get data that are model sensitive
then we certainly ought not to get support for doing this kind of physics.

Before leaving muonic x-rays I should like to make the point which
was made by one or two speakers, particularly Devons, that we are here not
just finding out about nuclei as we normally know them; we are studying
a new sort of object-a nucleus with a muon inside. And the fact that, for
example, we are studying uranium with a charge of 91 instead of 92 may
be quite interesting. The muon-nucleus coupling will essentially change
the nuclear structure and the way in which that comes about is obviously
a matter of great interest and importance. And that we can't do by other
methods.

I'd like now to say a bit about muon capture. I don't want to spend
very much time on this except to remark that we may have recognized quite an
important clue as to new forms of collective motion.

The study of collective motion is something which has been extremely
profitable for nuclear structure physics in the last decade. To find the
simplest ways in which nucleons behave under various circumstances is clearly
an important starting point for a more detailed model of the nucleus.

Familiar among collective motions is the giant electric dipole vibration which
we can visualize through the Goldhaber-Teller model, incomplete but invaluable
as a sort of mnemonic. It can be described as protons vibrating collectively
against neutrons without spin-flip. This T=1, 1 vibration, has been

pointed out by Walecka, Uberall and Foldy as being excited by the vector

part of the coupling in the case of muon absorption. But then we have

other possible similar collective vibrations such as the spin-isospin
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vibration in which the proton-neutron roles are interchanged and neutron-
proton vibrates against neutron-proton. This again is T=1 with 0, 1-, and
27 states excited by the axial vector part of the muon coupling. The pure
spin wave vibration is of no interest to us at the moment because it's of
T=0 and so can't be excited by muon capture. The T=1, 07, 17, and 27 states
are difficult to identify in electromagnetic transitions although there

are signs of the 1° and 2~ components in inelastic electron scattering, in-
creasing, as they should, with increasing momentum transfer. All these

T=1 states should be excited by muon absorption- Indeed if one interprets
quantitatively the absolute muon absorption rates, particularly in oxygen,
then one gets agreement between theory and experiment only by raising the
energy of the electric dipole, T=1 1~ vector vibration from that which you
calculate without residual interactions up to the point experimentally ob-
served in the photonuclear reaction and with it the energies of the =107,
17, 27 axial vector vibrations. We know that the axial vector contribution
to the absorption must be quite significantly stronger than the vector
contribution in the case of the Goldhaber-Teller model and it's almost the
same for a more realistic model. The contribution from the axial vector
part summed over all its components is about three times that from the
vector part. So, the bulk of the absorption rate will come from the T=1,
07, 1, 27 collective vibrations, and if we raise their calculated energy
by the same factor that we know experimentally we must raise that of the
T=1, 1~ vibration we get agreement between theory and experiment. So here
we have, from the muon absorption process, a quite-significant clue about
the existence of this type of unusual collective motion and also a rough

hint as to where it is to be found. The detailed theoretical predictions
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depend very much on nuclear structure considerations and to some degree

on couplings, particularly on the validity of the Universal Fermi Interaction.
If you want to find out about the couplings themselves, you must look at
transitions to particular states not at overall absorption rates. Then you
tend to get completely bedeviled by the nuclear matrix elements. If you

take transitions where the nuclear matrix elements are known you learn
nothing about nuclear structure but you learn something about the couplings:
not my side of the fence for this afternoon.

I'11 go quickly on to pions and see what I've got here. Pion phenomenona
are of several kinds and, again, x-rays and absorption are the two chief
chapters. We saw a derivation of a pion optical model potential by Eriecson,
Whether this is exactly the right potential or not, I don't know and it is
not important for what I want to say. What I learned chiefly from Ericson's
talk was the enormously high standard of freshman physics in Sweden which
apparently includes the Lorentz-Lorenz effect. I'm not being unkind in
saying that, I didn't learn anything else only because I'd read all his
preprints. The point that he is making, or the point I'd like to extract
from his talk, is that in the shifts and widths of pionic energy levels we
possibly do have an approach to the experimentally extremely difficult
question of nucleon correlations inside the nucleus. As he pointed out,
in the pion-nucleus interaction one should have two-nucleon processes in play
as well as one nucleon processes and one would expect on rather general
grounds to find there the analogue of the Lorentz-Lorenz effect, the non-
linear dependence of the refractive index on pressure of a polarizable gas,

an effect coming from the proximity of scattering centers. So, if one can
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detect this effect in the pion case and understand it, then it should give

a quantitative measure of the degree of nucleon-nucleon correlation inside
the nucleus which we would very much like to find out. The point about
pionic x-rays is that, by measuring the width of the pionic states, one is
determining an absolute time scale. There is no point in simply seeing

pions being absorbed in nuclei with two fast nucleons coming out and saying
that this proves that we have correlations. It doesn't tell us a thing about
how strong those correlations are, what fraction they represent of the overall
wavefunction. But through the x-rays one gets an absolute measure of

the time, and this can then be directly related, in principle, to the
nucleon-pion properties themselves and so can be turned into a measure of

the absolute degree of correlation. That, I think, is more a hope at the
moment than a real achievement but Ericson's work demonstrates the value

of better experimental data and further theoretical study, particularly
perhaps on the importance of final state as well as initial state corre-
lations in determining the absorption rates.

An interesting point that Ericson made is that radiative pion capture
as observed at Liverpool, may, by its analogy with muon capture, enable us
to get some kind of handle effectively on the neutrino spectrum in muon
capture. This might be valuable in discussing the details of the excitation
of the collective states.

We do have some data which are consistent with Ericson's potential,
reported by Crowe, namely the energy shifts of high pionic levels. Accurate
pionic x-ray measurements over a wide range of elements and transitions,

showed departures of the transition energies from those computed by taking
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' account vacuum polarization alone which were rather nicely accounted
by the Ericson potential. This, obviously, should be pursued. It is
'ely a matter of the tail of the real part of the potential. If it comes
right, one will have more confidence in interpreting data, the level
hs, which depend on the imaginary part of the potential which is itself
fly a two-nucleon matter - the correlations. So it seems as though a
inuing study of the energy shifts of the not-very~much-shifted high
dic states will be valuable for testing our ideas about the pion potential.
whole point here is that it's useless simply to parameterize the pion
ntial. We can only get to a measure of correlations if we are using a
ntial which is computed from pion-nucleon and pion-nucleon-nucleon
+ So, simply to parameterize a potential that accounts for the pion
y energies will not get us anywhere in the study of correlations.
The absorption of pions may be very valuable in looking at certain
cts of nuclear structure. We saw some very nice data both from Rochester
from Liverpool on quantitative aspects of the nucleon-nucleon correlation
owing stopped pion capture. In particular the Rochester data showed that
n-n to n-p ratio, the ratio of neutron-neutron to neutron-proton pairs
approximately 4 to 1 and as high as 6 to 1 in some cases, for example
‘en. Since the neutron-proton initial state is a triplet and so has a
er statistical weight, one naively expects a ratio of about 2 to 1. One
n't be too hasty in the interpretation of data of this kind. The simplest-
ed explanation, of course, is just that the triplet force at the nucleon-
eon separations of about 0.5 fm involved in pion absorption, is stronger
. the singlet force. But, as Koltun pointed out, there is also rescattering

e taken into account, the charge-exchange version of which contributes t:
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capture in the triplet but not in the singlet state; this then boosts the
n-n to n-p ratio. So one cannot interpret the data very simply and directl;
This may be an example of a case where the elementary particle physics, so
speak, is a little bit too difficult at the moment to permit us to interpre
the nuclear structure aspects, important though they obviously are.

This, as summaries usually are, has been far too short and far too
selective. But if I may, in addition, give an overall impression it is tha
we are only just beginning. We are trying out our new tools but have not
yet learnt much about the nucleus that we didn't know before. In that
narrow sense we have learnt nothing from this conference. In the longer
view we have learnt the potential power of many new approaches to the nucle
Whenever there is a new way in there is something new to be found even thou
it may take time and a lot of hard work to find it. I am convinced as I
said earlier, that these new lines which give us new interactions, new
momentum transfers and that are sensitive to different aspects of nuclear
structure from the traditional approaches should be pursued and pursued
vigorously; we shall probably get further if we don't try to run before

we are sure we know how to crawl.
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ERICSON: I wanted to make a comment on your statement that in mu-mesic X-rays
‘all quadrupole effects have been sorted out in the 2p-1s transition. They
have actually also been sorted out in the 3d-2p transition, contrary to what you

said. So, I just wanted to correct this misunderstanding.

WILKINSON: Well, I do apologize if that's true. My understanding was that there
was no case in which all the possibly visible 3d-2p lines had been detected and
their energies measured with sufficient precision to do the unscrambling job

that I was talking about.

TELEGDI: 1In discussing the problem of anatyzing mu-mesic x-rays winding up

in an ultimate accuracy of the order of a faction of a kilovolt you suggested
some problems, the best known being the ill-known or ill-computed nuclear
polarization. There's one more effect which had been made clear to me by Dr.
Hargrove which is present to this level of accuracy when one includes in higher
states. That is that when you make very refined measurements in the higher
states you have to allow for the shielding by atomic electrons. This is very
hard to handle because you don't know quite how many are there at the time of the

mesic transition.
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I want to summarize the various things that have been learned
and can be learned about the interactions of elementary particles from
experiments in this general energy range. We have been talking about
below 1 BeV. 1 shall not try to cover all the things that have been
discussed at this conference, but in order to give some wider perspec-
tive, I will discuss some things which have not been discussed at this
conference,

Itii start with the weak interactions. One question concerning
weak interactions of a very fundamental sort has been mentioned. It
concerns the question of CPT invariance. Uiscussion was given on an
experiment, of a very preliminary character, to compare the 1r+ and
4 lifetime. It should be noted that there is rather strong evidence
for CPT invariance in strong interactions given by the equality of the
K and K masses to a high degree of accuracy of the order of a part
in 1011‘, but in weak interactions the evidence is much less, we have,
however, rather stronger data on the u+, 3~ lifetime equality from
experiments at Columbia a couple of years ago, which show a very close
equality of those lifetimes.

Let me say then a little about mm decay, a subject not, I
think, mentioned in this conference, Mi decay is in a sense the
prototype of all weak interactions, in that it's a purely leptonic
process, This means that it provides the simplest weak interaction

to study without worrying about strong interaction effects, since
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processes like neutrino-electron scattering have not been done. So,
it's of great interest to find out as much as one can about mu decay.
The lifetime of the mu, which has been measured very accurately, gives
us a value for the fundamental Fermi constant. Measurements of the jg
parameter for the decay spectrum, which has been measured recently by
groups at Columbia and Chicage to an accuracy of the order of 1%, agree
with the theoretical value off2= 0.75. I think it's interesting to
pursue experimentally as much as one can about mu decay. The fact
that it agrees very well with the theory we believe, the Ya(l + 75)
theory, should not keep us fram searching further for possible deviations.
Cne might give for historical perspective the fact that in the 1930's,
1he Dirac equation gave a very good understanding of the energy levels
of the hydrogen atom and of the g factor of the electron. We now know
that it is the deviations from the Dirac equation, the tact that the
g factor is not 2 and the energy levels are not those of the lirac
equation, which are the real triumphs of quantum electrodynamics.
Perhaps we may find small deviations in mu decay, which may give us &
new understanding of weak interactions. Unfortunately, we have no reason
to believe that this will occur at the level of one part in 100, or one
part in a 1000, but the kind of information that we hope to find out
is about the structure of the weak interaction -- questions related
to such things as possible intermediate bosons or higher order effects,
as well as any other kinas of structure.

Let me turn then to the semi-leptonic weak interactions. These
are the weak interactions such as those responsible for the beta decay
of the neutron or mu capture. Now, there are various questions we may
ask about these, (ne question concerns the mu-electron universality

for the axial vector current. usvidence comes from the ratio of
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¥y e hecay to ¥ —» )1 decay, known quite well, A detailed analysis
given by Walecka of the mu capture experiment for the rate of mm
capture in C12, measured by Siegel and colliaborators, as compared

to the Bl2 f~decay ft-value aleo gives evidence of universality for
the axial vector interaction, claimed to be of comparable accuracy.
A second guestion concerns the conserved vector current theory (cve),
and measurements over the last few years of the branching ratio, for
w - o+ et vy (this rate is predicted to give a branching ratio
of 10-8) » has given this ratio to an accuracy of the order of 10%

as a confirmation of CVC. We also obtain a predicticn of &y the
weak magnetism coupling in mu-capture from CVC. Another, somewhat
less clear, but apparently quite important hypothesis, sometimes called
the partially conserved axial vector current hypothesis, gives us an
understanding of the Goldberger-Treiman relation for the pi lifetime.
At the same time, it gives us a prediction for the induced pseudo-
scalar interaction in mu capture., This prediction is that the induced
pseudo-scalar coupling is approximstely 7.5 times the axial vector
toupling. One other property of great interest is the so-called
>ehavior of the weak interaction current under the G transformation.
7 is a transformation invariance of the strong interaction and if one
issumes that the weak interaction current transforms like Ya (1+75)
then one makes a prediction about the transformation property of the
veak currents. In particular, one argues then for the absence of
so-called induced scalar, or induced tensor couplings. Now, we ask
-0 what extent one can check these various assumptions from muon

:apture experiments. Since onehas a limited amount of data, one Jjust
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has to say "Assume some of the hypotheses" and ask how well one has
checked some of the others. 4s one example, Fig. 1 is a copy of a
graph given in a recent publication by H. P. C. Rood from CERN in

which he analyzes essentially the H and He3 data. (In reaaing this

curve, I believe one should take the right-hand dashed iine for He3
and move it a bit over to the right, both because the center of gravity
and the error, I think, are slighly mis-estimated in the paper.)

The cross shown, which is the universal Fermi interaction with all

the assumptions I make, namely gg=0 (no scalar), g=0 (no induced
tensor), with a pseudoscalar of about 7.5, lies pretty much in the
center of the experimental region, and therefore tells us that

within the accuracy of the most useful experiments, H and He3 cape-
ture, we have very good agreement with all these assumptions. On

the other hand, it's clear that the limits are not so great. Cne
would ask how much variation in the induced pseudoscalar, or how much
tensor one could have, one sees that there is a fairly large varia-
tion. If you vary the induced pseudoscalar, for example, then you
might come down perhaps to five and may..e up to 12 or something like
that, I would say that it would be of great interest to get a more
accurate figure in hydrogen. Hyarogen can now be calculated quite well.
The chief uncertainties for calculating muon capture in hydrogen, 1
would say, are no longer the molecules, which seem to have been cal-
culated quite well now, A number of people have calculated and all
gotten the same resulis for the molecular wave function, So muon cap-
ture, even in liguids, would seem an interesting thing to pursue with
& higher degree of accuracy., lhe greatest uncertainties most likely

are due to the uncertainty in the ft-value of the neutrcn, which is
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only known to about 3%, and in radiative corrections which have not
been calculated. So that, theoretically, if one had the ft-value of the
neutron to 1%, one could interpret an experiment on muon capture rates,
either in gases or in liquids, to an accuracy of about 2%, So it

would be worthwhile to have a 2% number on the muon capture rate in
hydrogen - a very funcamental number. Wwhen one comes down to that level
of acecuracy, of course, one would have to be concerned with such ques-
tions as what is the axial vector form factor. O(ne doesn't know. It has
tried to be measured by neutrino scattering experiments but these are
not very accurate. Perhaps the most likely interpretation of such
experiments would be as giving us a better value for the induced pseudo-
ascalar coupling, In fact the theory does require that the induced
pseudoscalar be very close to this number 7.5 g, If it were to be
very different in capture in hyarogen, this would indicate that we
really did not understand the Goldberger-Treiman relation. It would
look like that was an accident, Of course, it has been pointed out

that in camplex nuclei it's less clear what the induced pseudoscalar
interaction should be.

There are other problems in muon capture which have been alluded
to. These, however, had to ao with capture in complex nuclei. The
problem of the capture rate in Hel' and others, on the whole, 1 think
belong to Professor #ilkinson's part of the afternoon - though he did
not, mention them.

Now, I want to turn to the electromagnetic interaction. There
are various questions to be raised. One which has been raised recently
is the guestion of charge conjugsation invariance of electromagnetic
interactions. This has been raised, as you know, because of the dis-

covery of CF violation in the KO decay and this has led people
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(perticularly Professor Lee) to suggest that perhaps this can be
explained as due to a parity-conserving, but C-violating electromag-
netic interaction. O(ne of the things suggested by this has been a
search for the decay of the ﬂo into 3 gamms rays. Unfortunztely, the
phase space considerations, in so far as you can make them, indicate
that this rate ought to be of the order of lO'6 of the rate of ﬂo
going to 2 gamma rays or less. lhe phase space is slightly haru to
calculate. vhere you compare 2-body phase space to 3-body phase space
you need a radius, and it is not clear what the radius of ﬂo is;
whether one should use the pion mass or some vector meson mass which)
of course)makes a very large difference. Searches have been made for
the decay of the ﬂo to 3 gammas at CERN and at Dubna, These give a

limit tec this rate which is perhaps a iittle better than 10"5

of that
going to 2 Y's, but that is not very significant.

A second question with respect to electromagnetic interactions
is the general question of whether the muon and electron have the same
electromagnetic inteructions., A number of tests of this have been made,
all of which give us the answer that they do have the same electromagnetic
interactions. One of these, of course, is the classic experiment on
the g factor or (g - 2) of the mu-meson., .t higher energies, experi-
ments have been done on the scattering of mu-mesons from protons, which
agree with the electron scattering from protons. OUne might also say
that these experiments concerning mu-mesic atoms, to the extent that
they agree with electrcn scattering, provide a measure of the electro-
magnetic interaction being the same, Finally, of course, there are
the very elegant measuremen s of the hyperfine structure of muonium

which Professor Hughes reported.
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Now let me turn to the electromagnetic interaction as a probe
of the structure of particles. Ihis was alluded to in two contribue
tions to this conference. In the first place the discussion was given
by Professor Hughes concerning the hyperfine structure anomaly in H.
The way this atomic physics problem got into this ccnference was
that Professor Hughes'! experiment itself becomes as géod a way as any,
or a better way, for cetermining the fine structure constant. Consider-
ing the years wher. one wondered it one coula find muonium at all, 1
think this is a great credit to Professor Hughes.

The result, when you take the value of a from muonium, and
put it into the hyperfine calculation, is an anomaly of 45 parts per
milliion in H. 7This is the same order as the effect expected from the
two-photon contribution, the contribution that comes from the 2-photon
exchange in the hyperfine structure where various things may happen to
the intermediate nucieon. (ne is then exploring the structure of the
proton in a rather dynamical way. 4ll the theoretical attempts to
understand this have failed very badly. Professor Hughes has made
the very interesting suggestion that in the future it may be possible
to do the hyperfine structure experiment on the atom made up of a
proton and a muon, instead of a proton and electron. Such an experiment
requires both intense muon beams and very powerful lasers, so that it
is a futuristic experiment, but it poinis to some interesting possibil-
ities for the future.

A second experiment related to the electromagnetic structure
of particles was the discussion of the possible measurement of the
electromagnetic form factor of the pi-meson ty comparing the elastic

scattering of 1r+ and 1 mesons from the aipha particle. and, in
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particular, the idea of this is that if one could compare the 7 and
7 scattering and look at the difference between these scatterings,
that one might interpret that difference as being due to Coulomb
interference. lhen from the Coulomb interference, one would try to
extract the Coulomb amplitude, and from the Coulomb amplitude the form
factor. We would then see if the form factor that one obtains - the

form factor of Heh

- was really the same form factor as you obtained from
electron scattering or if it differed, If it differed you would say it
was due to the finite size of the pi meson - to the form factor of the
pi meson. A numter of people are trying this experiment. It is not
clear whether the experiment can be anilyzed unambiguously. In the
analysis one must take into account, of course, the fact that the a

and 7 purely nuclear phase shifts are changed because of the Coulomb
interaction, The 'rr+ is repelled a little, the 7~ attracted a little

by the Coulomb interaction. So their strong interactions are differ-
ent.and one has to take that effect into account, ard be able to analyze
it well enough in order to make sure that one can extract from the
experiment, truly, the Coulomb amplitudes. It takes then a rather large
amount of study, most likely studies at different energies, in order

to make sure.

We want to turn now to the strong interaction; first from the
point of view of symmetries, It is, of course, interesting in the
strong interactions to check again time reversal invariance. The
question has been raised again by the KO decay experiment, that time
reversal invariance might not hold in the strong interactions and
therefore there is great interest in trying to check this. People have
thought about possibilities, and they are none of them very easy, if you

want to check it to a reasonable degree of accuracy. As an example of
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one kind of check which has been done in the past, we have the equality
of the asymmetry in proton-proton scattering with the polarization;
that is, two types of experiment can be done: one with a polarized
beam on an unpolarized target (where you measure the asymmetry);

one where you take an unpolarized beam and measure the outgoing polar-
ization. The equality has been observed, but not again to a very
wonderful degree of accuracy.

The second invariance principle, which we did have considerable
discussion about, was charge independence or charge symmetry. There
are various types of evidence about this, From an experiment, not
discussed here, but done quite some time ago, there have been studies
of the (d d) reaction giving He® + 10, which doesn't happen by charge
symmetry, and has also not been observed to a fairly good degree.

The cross section limit is quite good on that. Another experiment
relevant to charge symmetry discussed is the experiment on the

neutron-neutron scattering length, which is of course a low-energy

783

phenocmenon but comes in here because it's measured by pi-meson absorption

on deuterium; by measuring the neutron spectrum rather than by meas-
uring the gamma ray spectrum, one can do & rather good determination
of the scattering length as discussed by Dr. Haddock. The result he
gives for the neutron-neutron scattering length is 16.5 + 1.3 Fermis,
in good agreement with the expectation froam the proton-proton aata,
where, if one extracts the Coulomb effects and gets a muclear resuit,
this result was quoted as being between 16.6 to 16.9, (in excellent
agreement). It was pointed out by Ur. Signell that the analysis of
the proton-proton data is not unambiguous, and that the guoted result

depended upon the use of hard-core potential in extracting the Coulamb
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effects. 48 is well known, the neutron-proton scattering length is
quite different from this. However that's a very sensitive question,
as we know, because of the fact that we are very close to the virtual
singlet S state of the deuteron, and it has been suggested that this
can be understood (this rather large apparent violation of charge
independence) by such things as the mass differences between the pi
mesons and possibly mass differences between the vector mesons if
that is a meaningful concept. o if the violation of charge inde-
pendence seems rather large, it is not necessarily so significant.
Then Professor Breit, in the discussion of the nucleon-nucleon phase
shift analysis, making use of the one-pion exchange term to describe
the long range part of the interaction, fitted the proton-proton data
and the neutron-proton data independently. Le gave these, I think,
as his latest results: for gz, (the pion-nucleon coupling extracted
from the data) for the p-p data, 15.1 + O.4; for the n-p data,
13.9 + 0.9. This agreement is perfectly good within statistics;
however we were told, this morning, by Professor Rose, that we should
not believe anybody's errors (that they all are too low) and that,
therefore, the agreement is even better (if that's the way to say it).
Furthermore, we were told by Professor Breit that he can explain this
disagreement (vetween 13.9 and 15.1), which doesn't exist, by making
coulomb corrections, ©So the situation is too good to be true.

I might make one comment about the number of 13.9, which comes
from a very detailed analysis of much data by Professor Breit. It is
remarkably similar to the result quoted by Ashmore, et al, who anal-

yzed simply the differential cross section at large angles at one energy
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for n p scattering, and extrapolated to the pole, and got a value of
14.3 + 1. So this has stood up remarkably well,

One other symmetry subject, which I think is of some interest,
is the question of symmetry breaking. flhcre is, as you know, a great
deal of interest in elementary particle physics in the subject of
symmetry breaking. This is, of course, because the unitary symmetry,
the SU(3) symmetry, is very much broken and we can only understand
unitary symmetry when we understand its breaking simultaneocusly.

Now the SU(2) symmetry, the isotopic spin symmetry, is really a very
good symmetry, and we can understand it perfectly well without under-
standing its breaking. Nevertheless, it we want to understand the
general models of symmetry breaking, it's very useful to see if we
can understand the symmetry breaking in the case of the SU(2)
isotopic spin symmetry. One of the kinds of things that we might
try to understand, or to study rather, is the symmetry breaking as

it shows itself up in pion-nucleon scattering. A study has recently
been made by Ollson, reported in PHYSICAL RAVIzW LoTTeRS, who tried
to deduce from pion-nucleon scattering data (I don't know how really
reliable this analysis is, but it's a nice idea to try to do this)
the mass difference between the N*'' and N*° as observed from

‘”-r ~ proton and W ~ proton scattering and got a mass difference of
~0eled + 0,85 Me¥, :f course, the very small value of the mass differ-
ence incidentally is in itself an evidence of charge independence
(i.e., the fact that the resonance occurs at the same place in

7 - proton and 1r+ - proton scattering). FEut the mass diffe rence

itself provi_des a challenge to the theorists who think they can cale

culate symmetry breaking. I won't try to compare it with a theoretical

number, however,



786

Wolfenstein

Finally, I want to turn to subjects, not of symmetry, but of
dynamics. That is, we want to ask about the things that cannot be
explained by symmetry. we heard a great deal about phase shift anal-
yses of pion-rucleon and nucleon-nucleon scattering. lhere is really
considerable interest in the question of low~-energy pion-nucleon
scattering. (me reason that there is interest in trying to get better
values for low energy pion-nucleon scattering is a somewhat tangential
reason (I just mention it as an aside), the fact that people now
have very ambitious efforts to measure the parameters in the decay of
the N and Z hyperons in order to test time reversal invariance i»
non-leptonic decays, In particular, the so-called p parameter (if
you know about this subject), is the one which measures time reversal
violation; ﬁmuwmsuwmnuywenhuwprofmeSmdp
wave outgoing amplitudes., lowever the S and p wave amplitudes are
not exactly in phase even if time reversal is good because of the
final-state interactions, which are described in terms of the phase
shifts for the pion-nucleon system. 5o, if one insists on doing this
experiment very accurately (there are two groups: one at brookhaven
one at Cern, who are taking millions of pictures and so forth) it
is very useful to have as accurate as possible scattering data at
low energies, in the case for the /\ decay around about 4O MeV pion
energye.

What was aiscussed here were the phase shift analyses of the
pion-nucleon and nucleon-nucleon scattering., lthe thing which is most
striking about these is that in the nucleon-nucleon case we see no
resonances, In the pion-nucleon case, we can't help but find too

many resonances. It seems & little unfair. ‘he nucleon-nucleon case,
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case, of course has a deuteron, it has the singlet 5 virtual state
at low energies, but after that there seems to be no resonances. The
typical phase shift shown by Breit looked like Figure 2. The phase
shift as a function of energy goes up, gets very frightened, and comes
down again instead of trying to find a resonance. On the other hand,
in the pion-nucleon system, there are a large mumber of resonances.
They are listed in Figure 3 for the isotopic spin 1/2 case, which is
Quite striking. A new resonance is seen at 1400 MeV in production
oexperiments (if that is the true interpretation of the production
experiments) done by Cocconi's group at CERN, and by the Brookhaven-
Carnegie Tech collaboration, in inelastic high-energy proton~proton

scattering. This is presumed to be related to the phase shift,

Pfn
which resonates in some analysis. There is the %= with its claim to

2 resonances, rather horribly close together; the 3/2+ state that

is rather badly abused and doesn't have any resonance; the 3/2-

state resonance at 1520. These are again only rough energies, not

the same rough energies, perhaps as given by Dr. Roper, but equally
rough. Finally, there are two resonances at 1680, the 5/2' and the
5/2=. So in the I = 3 state one may have aix resonances below.l

BeV pion lab energy. In the I = 3/2 state there are not so many,

Just the Sm (3,3) and that little knee around 800 MeV which is inter-
preted as an s wave resonance perhapa.' ‘This large number of resonances
provides a challenge for the people in elementary particle physics

because they are bound to an ideology which demands that every
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resonance found here with zero strangeness and I = 3 has to be part

of a multiplet, either an octet, or possibly, though not very likely,
an anti-decuplet. So it means that every one of these has to have at
least six other partners, and in the case of these newly discovered
resonances at 1400, 1520 and 1680 MeV, most of the partners are not
known and that may be embarrassing, although since they have just been
found in the N* system perhaps they can be found later in the ™
and theX  in elementary-particle physics. But certainly these
discoveries at this lower energy provide an important challenge to

the people in higher energy physics.

Now I want finally to make a general remark about the conference,
and an explanation of name of this conference which is " [ntermediate
Fnergy Physics"., This explanation is in part for the aid of the
people who come from foreign countries. The thing is that in order
to understand the name of this conference - one needs to know a little
about physics here. One of the first things is that every paper that
appears containe a title which is followed by either a % or a +.

The % does not mean that the entire paper has been moved to California,
and the + does not mean that the entire paper has been buried in Columbia.
What it does mean, if you look at the bottom of the page, is that the
entire paper has the support of some collaborators who only are given

by initials and who have contributed money to the experiment, and that's
why they are mentioned at the bottom. Now these people who provide

the money at one stage had some difficulties, for technical reasons

that I can't explain for lack of time (and lack of ability), in
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supporting this area of physics and so they decided to invent a new
bureau - a sub-bureau, department, or whatever you call it - which
they labelled I E P. Now the thing which is perhaps not so well
known is that this stood for intermediate expense physics, but since
you are not supposed t.o(in conference)diacuas these things like
money - that's not considered polite, and I apologize for mention-
ing the subject at all - why, the rather euphemistic expression that
has been developed for conference proceedings is to call it inter-
wediate energy physics. S0 that is the explanation of the title of
this conference.

Now I only want, in concluding, to take my opportunity as the
last speaker to thank Bob Siegel and the other people here for thuir
effort in maldng this a very fine conference and for their warm
hsopitality., I think that we all have found it a very interesting
conference on certain aspects of muclear physics and certain aspects

of elementary particle physics.



Wolfenstein

790

g)/g,

(95

L1
0 05 0. 05 1.0
| 9o+ 3y"

Figure 1. Coupling constants that fit experimental Muon Capture Rates
in H and 3He (assuming universal CVC values for g, and gM).
The shadowed area indicates the region allowed byAboth
experiments (gy®" = gy - 0.97).
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MORAVSCIK: I would like to mention one field that was not mentioned by either‘of
the two speakers, and I think they simply didn't mention it because the conference
didn't deal with it. However it belongs I think to the subject matter here, and
this is photo-production processes, in particular, photo-production of pi mesonms.
Historically, this has been an important tool, in fact as important as pion-
nucleon scattering, in getting information about pions in general and pion-nucleon
interaction. I would also like to mention that there are a fairly large number of
electron synchrotrons, some of them quite mew in this sub BeV region - or almost
sub BeV region - around the world. As probably some other people in I.E.P., they
are maybe slightly demoralized in the sense that the first page of the New York
Times usually goes to the events above 10 BeV. I think one of the things that this
conference has done is to reassure people who work in this field that there is a
considerable amount of very interesting work that is left to be done in the inter-
mediate energy range, and I think this is also true for photo-production processes.
For instance, just to mention one, there is much interesting information in using
polarized gamma rays for pion production processes. Since there is no real
representative of this breed at this conference, as far as I can remember, I just

mention this as something that maybe should be there for the sake of completeness.

TELEGDI: There's an interesting aside with regard to the muon-electron univer-
sality discussed by Professor Wolfenstein and the general validity of quantum
electro-dynamics. It must be mentioned that the only indication of the break-
down of quantum electro-dynamics nowadays are the well known pair experiments of
Pipkin and associates at CEA. Corresponding muon pair production experiments
either show no anomaly at all or an anomaly in the opposite sense, so I don't
know whether this is an antindication of u - e universality or quantum-electro-
dynamics, but it is amusing to note this particular discrepancy at this high

momentum transfer process.
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