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ANGULAR CORRELATION STUDIES IN NOBLE GASES

P G Coieman .
Scnool of Pnysics, University of East Anglia
Norwich NR4 77J, U.K.

ABSTRACT However, experimental studies of I(8)

nave been literally few and far between,
There has Ddeen a recsnt revival or altacugh the tecanique nhas Deen wWiael
interest in the measurement of angular usec for condensed matter researcn.
corralation of anniailation phetons from Page and coworkers published a snort

the decay of positrons and positronium
in x3382S. This revival has been
stimulated by the possibility offered dy
tne tecnnique (a) to snea new light on
tne appareantly low positronium formation
fraction in tne neavier noole gases: dand

(D) Lo provide information on
positronium quencning processes In gases
such as oxysgen. There is also the )

potential for learning aoout positronium
slowing down in gases.

Tnis review will focus on experimental
noole gzas work concucted in the U.«£. and
Japan, &nc oonsicers wnat new infora-
aticn nas been, 4nc¢ may be, gained from
tnese studies.

INTRCDUCTION
Correct description of tha angular
correlation between samma pnotcns

- < . . . L :
emitted upen Tne anniailation ot C%) 5 10 15
positrons by atomic electrons, I1{s) nas e (mr)

long Deen recogynised as a stringent test

of theories cescribing positron-itom .

interactions. For tais reascn  many ‘ ) Figure 1 _

taecretical papers report calculations Tneofeﬁlcal angular Eorrglgtlon

of scattering cross secticns alsc resulis. from refs 1-3. Humoer-
ston's mocel H5 is plotted for

incluce I{s) and tne anniailation cCross SRS o ,
secoions  resulting from ctae formalism He; tne czlculations ol Dracnaian
moloyec.'T® some results for I1{3) ror anc  McZacnran et al for de ile

etween tne plots for ar anc X=.
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Figure 2
Measured Ps formation fractions
for tae noble gases (from life-
time measurements'*'®). Shaged
areas gepict the range or values
predicted oy tne Cre mccel.

series of papers in the late 1150's in
Wnicn the angular corrselaticn tecnnique
Wwas used to study positronium quencaning

and the erfects of nign eleciric fields
on positronium formation®’, out taeir
wcrk in nooble gases was restricted to
rgon. Until recently the only otner
WOrK in gases nas focussea on
Qositronium crhemistry in molecular
Lases®”'?, ana measurements in liquig
nooile gases whicn were used in
comparisons with the tneoretical

calculaticns referred to above.!?

Tne recent, albeit smalill, revival in
experimental worx in tnis ar=s nas Deen
in part stimulatea Dy tae intriguing
resulits from pesitron Lif=cime
measurements in tne noble gases that the
amount  of  ortho-posiironium
formed iIn krypton and xenon appears o
be muca lower tnan is expected froa tnae
Gre mocel predictions. Tne
summarised in figure 2, wers originally
regorted By Colemen 2t al'® and arigat
ar al'?®, and nave oeen discusssa in
revied pagers inclucing tacse ol
Chaaritont® and Sriffitalt’ They  Wers

gursued furiner by arizat et al,!'? wao

(o-Ps)

results,

reported the observation of fast

lifetime components in spectra for both
Kr anc Xe. An example is shown in
figure 3, Wrignt et al attributaed tne

fast components to resonant aptures  or

o-Ps into snort-livea bound states by
the &r and Xe atoms, ctne measured rast
lifetimes representing the capture

ratner than the annihilation rates. An
alternative picture proposed by Jacobsen
involves <the spin conversion of fast o-
Ps into p-P3, wnose decay is rasponsible
for the fast components. wrignt et al
suggested tnat tne models describing tne
mechnanism for Ps formation and gecay in
the neavy noble gases could be tested dy
anguiar correlation

two-dimensional
spectrometer at

angular  correlation
the University of East

'Anbea.‘9 The aope nere was that the p-
Ps’ ‘cdmponent -
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Figure 3 - . - -
Lifetime spectrum for Xe at 3.94

amagat and Z297£.'?! The inset
SNCwS TAC fast ccmponents
altrioutea oy arigznt et al o
fescnant  cupiure of 0-Ps8 into

atomic DOQHC'StﬁtES.
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be
thus
the

directly in lifetime spectra - could
seen in I(s) measurements, and
provide alternative information on
amount of positronium formea.

During the
coworkers
dimensional)
tecnnique
annihilation,

same
nave

period
also used
angular

Hyodo and
tne (one-
correlation
study positrcon-gas
using silica serogel to
stop enougn positrons in a thin region
to allow nign-resoluticn angular
correlation medsurements Lo De made with
x00¢ statistics, 1irrespective of Zas
pressure. In addition to a number of
measurements of positronium gquencning in
molecular gases?®, these researchers
nave also attacked tne prodlem of Ps
formation in xenon?%2?? and have obtained
angular correlation data for He, Ne, Ar,
Kr and e.??

to

Ne shall now consider in more detail the
experimental results for tne noble
gases. Their contributions to cdate to
the understanding of positrcnium
formation ana slowing aown in noble
gases will be assessed, in addition to
any new inforiraticn they provide on tae
basic pesitron-atom anninilaction
process.
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EARLY MEASUREMENTS

Figure 4 shows the result of Heinberg
ana Page® for argon. The gas was at high
pressure - 27 atmospheres - and
measurements (one-dimensional angular
correlation) were taken witn and without
a 1 T magnetic fiela present. The
results are interesting Dbecause they
Show tne appearance of a narrow
component with tne application of the
magnetic field. This tne aurnors
correctly assigned to "tnermalisec"
positronium, the relatively long-lived
m=0 0-P3/p-Ps mixec state. Before
proceeding furtner, tnen, it may De
useful to consicer briefly the
observables in the angular correlation
measurements with wnicn we are concerned
nere.

OBSERVABLES

1. Free positron-atom annihilation.

Here tne positron 1is assumed to
tnermalised; Wwidths  (FWAM) of I(8)
curves range from about & to 12 mrad,
reflecting tne mean momenta of electrons
available for anninhilacion.

be

3. Mixed-state positronium decay.
Angular correlation measurements
often performed wita the sample
magnetic riesld, wusually used to
transport positrons ovar a few c¢m from
viie radioactive source to the sample, SO
that the s3ource is out of sight of the
detectors placed at elther side.

are
in a

In a magnetic field 3, ths m=0 triplet
substate of positronium mixes wWith tne
singlet state. Tne decay rates of the
mixed states, A, and i,, are given Dy
the expressions

o= (= PG s X

= x2 (1 - 2
A XA, + (1 X))‘T

ana \
‘ S

where AS
rates for

are tne anninilation
singlvé ard ctripiet decay,
respectively (at low pressures -~
3x10% and  7.14x10% s7', respcctively)
and X = 2eNn/mciw,

and  A.
=)

£as
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At 8 = 0.3T, the field used in the UEA
experiments gescribed later, x? = 0.012
and A, = 7.9x10%°s 7 (=i,) and A, =
9.7ns. There is ~ 91% mixiRg at C.dT ana
the states decay via two-gamma emission,

S0 that tne anninilation photons
contribute to I(3) spectra.

State 1 is almost identical to unmixed
p=Ps. Let us assume that no positronium

formed above the upper limit of tne Ore
Gap - the atomic jonisatiorn thresnold -
i.e., naving kinetic energy greater than
its binding energy (b.ceV) -survivss its
next collision. Tnhen we can say tnat at
time zero we have a p-Ps energy
distribution ranging from O to ov.deV.
Because the mean life of p-Ps in the gas
is s12%ps significant slowing down prior

to anninilation is uniikely, and
component peaks of similar width
{~10mrad) snould DbLe present in spectira

for all tne noole gases, or intensity
correspending to c¢ne quarter of tae
total positronium aecays.

State 2 1is relatively very long-lived
positronium, and as suca can loSe much
of 1Ts energy in elastic collisions wWwitn
zas atoms prior to annianllation. This
results in Narrower comgonent  on o Lie
measurea spectrea, sucn  as  tnat  of
Heinberg ana Page; tae lignter the gas
atoms the mere efficient the slowing
aown and tne narrower the component.
(The gas aensity is so nign in rigure 4
that almost 10VU% tnerralisation is
likely.) One can arrive at a cruce
estimate tne degree of slowing down by
assuming tnat tne mixed-state
positronium atoms lose em/M of thelir
csnergy on each elastic collision., Then,
one can shew  tnat  arter ons mean
liretime (say 10ns) a b.ceV Ps atom will
have slowead to (0.38 + 60.2/237% eV in
one atmospnere of a noble gas of atvomic

number Z 3and elastic scattering cross
secticn of 5x107'%cm?. For nelium tais
yielas 0.272V (s0 thermalisation is
almost certain), whereds in xenon tne

enzrgy after 1ns 13 only 5.4eV - almost
no slowing dewn at all.

o)

Note ti
atoms 1is

tecnnigue

at the taree-zamma da2cay of o-Ps
not

Qetecied,as Tae
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detection of two almost
anticollinear jamma rays; tnerefore in a
strong magnetic field only nalf of the
positronium formea can contribute to an
angular correlation spectrum (i.e, that
in states 1 and 2 above).

relies on the

SILICA AEROGEL MEASUREMENTS

Hycdo anad coworkers hnave pertformed a
series of =axperiments in noble ana
molecular gases With a nign-resolution
iong-sliit one—-dimensional angular
correlation apparactus described in
reference 20, Tne anninilavion signal
rate was increased significantly, for

gas pressures of one atmcspnaere or less,

B=2.9kG 8

Tatm
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Momentum in 10 me
Figure 5
1D spectra of Kaxkimoto =t al?®
for nodle gzases (witn aserogel
mecerator), exnibiting narrcw
ccmponents  corresponcing Lo the

decay of mixed-stite Ps.
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by stopping the positrons 1in silica 0zh j ) T
aerogel (an aggregate ot amorpnous SiQ, '
fine particle grains). This, naturally,
sives rise to signal a4arising from
interactions with the aerogel, which is
measured separately and subtracted from
tne data.

01} * + .

Relative intensity

0 0.2 e 0.6 o8 7.0
Pressure of Xe [atm)

- . Figure 7
-10 -5 I 5 Relative  intensity of mixed-
A & state Ps in Xe as a function of
M‘A_‘—*"’,)”L/”—_-‘\\**‘xk“ gzs pressure (from ref.22). The
0 T e, qecrease in intensity is
o327 ‘4,“ interpreted as  eviaence of
Kr . strong o0-Ps quenching In Xe.
PRSP T Y .. .o. A
-10 -5 ";,----\,“ 5
Xe Positronium formation in xenon
___*—f‘Ti’f”fzi’———&\\ﬁh\\K‘* Tne same autnors nave concluded from
-10 E: JUC i tneir measurements in the noole gases

: ) L4 >, and in xencon at different pressures and
Vacuum : in a magnetic ftield (ref.21) tnat {(a)
e — s there 1s substantial Ps formation in K«r

ana Xe (see, for example, figure 6), and
that (b) part of tne long-lived Ps is
gquencned by xenon (figure 7). This
latter c¢bservation, say the autnors,
substantiates tne model proposed by
Wrignt et al based on the formation or
Ps~xenon resonance states auring 2s
slowing down.

Momentum (1077 mc)

Figure 6
1D spectra of Kakimoto ana
Hyodo?! for noble sases, demcn-
strating the  increasing Ps
formztion probabilities . as Z
increases, in contradiction with
tne results shown in Fig.é from

lifetime measurements. TWO-DIMENSIONAL ANGULAR

CORRELATION MEASUREMENTS

Measurements of two-dimensional angular
correlation specira for positrons and
positronium annihilating in pure He, Ne,
Ar, «&r and Xe, a&anc in He~-Xe mixtures,
nave been performea using th2 Anger-
camera basec¢ system developed and  Ddullt
at the University of tast anglia.?" This
WOr« was In collabcration witn tne
positron group at University <Colilege
London.

Slowing down of positronium

Figure 5, taken from reference 22,
exnibits narrow peaks attributed to the
long-lived ("state 2") Ps referred to
above. Tne Croadening cf tne peak as 2
increases is consistent witn tne
decreasing Siowing-down et'ficilencies
discussed earlier., Tne peax in vacuum is
aue to Ps fcrmea in the sriains.
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The spectrometer, usea for many years to

stuay electron momentum densities in
metals and alloys, was adaptec for tne
stuay of gases by (a) removing the

existing sample nolder, (b) installing a

needle valve for tne Introauction of
Jases, ana (c) using redesignea lead
collimators which reduced the
prooability for detecting scattereg
gamma rays and defined well tne viewed
2as volume (s5mmxSmmxSmm). No inner gas
cell was used; it was founa from early

trials that premature anninilations fromi
tne c¢ell walls and winaows, especially
of energetic Ps, could aistort the
measured spectra. Tnus, only
annihilation events in the gases were
recoraed; the probability of o0-Ps
reacning and be annihilatea at the side
walls of tne entire sample cnamber,
Wwitnin sight of tne cameras, was found
to be negligible. A constant magnetic
riela of 0.8T 1is wused to transport
positrons from tne source to tne viewed

target volume, and so the mixed state Ps
present,

atoms discussed above are

\\\\\\\\‘h“\\:/
s
‘:‘ RS

A ,“.::.\‘

Figure 8
correlation

result
atm, typical of
tnose collected with the UEA
spectrometer. The spectra are
cylindrically symmetrical but a
central cut (or angular average)
allows petter gerinition cof
component peaxs Laan the
equivalent 1D spectrum.

20 angular
for argon at 1

- moSst

+20
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Unlike Hyodo €t al, these measurements
do not nave tne benefit of aerogel to
stop positrons and increase statistics;
Dy tne same token, however, tnere is no
aerogel background signal. Eacn run toox
several days (the lower the stopping
power of the gas, tne longer the run
needed) and tne cameras were moved in to
5m either side of the source, wWith an
unavoidable loss of resolution (measurea
by recording spectra for a sample of
quartz of suitable size: 43 = 3.4mr). A

pressure of one atmosphnere Wa S
maintained for each zas studied, this
being tne maximum <=llowaple in the
sample cnamoer. A typical TWo—
dimensional result is shown in figure §;
as the spectra are cylindrically
symmetrical there 1s strictly no neea

for twWo-(as opposed to one-) dimensional
measurements. However, ir a central cut

through the 2D peak 1is taken - or,
better still, & cylinarical average is
gerivea - resolution of aifferent

components is more readily acnicved tnan
witn a 1D spectrum. However, after
gxtracting components from the peak, one
then nas to normalise intensities by
first multiplying Doy tne peax width.
(Fer example, the ratio of the volume of
revolucion of a Gaussian aistribution to
its area is proportional to its standara
deviation.)

Angularly-averagea results for nelium
and xenon are snown in figure 9. The
~ impertant gifference is tne
presence of a separable narrow component
in tne He spectrum, again corresponding
to M"state 2" positronium reduced almost
to tnermal energies by collisions with
tne 1lignt He atoms. In xenon it is not
possible to icentify a nerrow component,
and - unfortunately - tnis means tnat
witnout careful modeiling the data
cannot tell us dirsctly whether tnere is
a Ps component present or not, A
possibility nere 1is tne interpretation
of a series of He/Xe mixture results; as
the Ore Gaps of tne two gases o not
overlap, ang the scattering
sections for Xe should swamp those for
ne, it 18 nopec that thne He atcms acth

primarily as mocerators fcr the Ps
fermed in the X2. Inceed, a narrow
component is seen in the mixture runs,

cross’

i



satisfactory agreement is obtained.
i Finally, tne argon spectrum tells us
tnat as the narrow component is still
i reiatively wide, the state Z Ps atoms
are far from being thermalised througn
1O) collisions with the argon atoms -
L perhaps still retaining, on average,
~4eV at annihilavion. This figure is
i reasonably consistent with the first-
order culculations discussed 1in the
preceding section.
55 400 a0 +20
e (mr) :
Figure 9
Central cuts through 2D spectra
for He and Xe. Tne He spectrum B ‘R

is separated into positron/p-Ps
and tne narrower (shaded) "state
2" Ps components. The latter is Argon
of wiatn close to tne resolution )
of the spectrometer, and of -
intensity consistent with the Ps C
fraction shown in Fig.2. The
width of the unshacea compcnent
is closer Lo tne those
calculated by Dracnman and
McEachran et al, dumberston's
model DB, and tne 1igquid He
results of ref.13, than
Humberston's HS calculation
(wnich is plotted in Fig.1).

and future analysis may yleld more
information on Ps formation in xenon.

Figure 10 shows a three-Gaussian it to
the angularly-averaged argon spectrum.
The positron component is computed to be
50% of the spectrum (rotatsd about the
vertical tarough its c¢entre) and of
width 11.5 mr, the state 1 p-Ps-like
component 10% (widtn 10.2mr) and the
state 2 long-lived Ps component 103
(width bS.7mr). Remembering that only

nalf of th Ps formed can be cbserved on Figure 10

tne spectrum, the pcsitron result is 2D results for argon, cylind-
consistent witn 33% Ps formation in rically averaged. Gas pressure
argon; 1ts snape can be compared with 1 atmospnere, B = 0.8T. Compon-
tne I{9) calculation of A4cEacnran et al’ enty A 1s cue to free positron
and tne liquiag drgon result of odriscoe anniniiation, 2 is p-?s ({state
et al.!? (see figure 11). <Clearly, very 1} and C is state £ Ps.

105
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CONCLUSIONS

Returning to the main motivations behind
current activity in tnis field:

1. Positronium formation in xenon

Hyodo and coworkers c¢laim that their
results are consistent witn the model of
Wright et al, 1.e. that positronium
forms as expected (from Ore Gap
considerations) but tnat o-Ps atoms are
captured efficiently into an atomic
bound state, Certainly positronium
formation cross secticns in Xe are

large?® and there is no reason to expect
that positronium =snould not vte formed in
positron-xenon collisions. The 2D
measurements at East Anglia, at the time
of writing, do not provide us with clear
evidence of Ps formation in Xe; hopes of
unconstrained multicomponent fits to Xe
sSpectra sucn as tnhat illustrated in 9
must Dbe considered to be remote if not
impossible. It may be that measurements
in pure Kr and Xe at much higher
densities, such as those used by
Heinberg and Page, would exhibit
discernable features. However, there is
some hope
may provide some relevant information,
and we await further careful analyses of
these data.

2. Positronium Slowing Down

Both Japanese and Britisn groups appear
to be able to provide information on
positronium slowing down Dby elastic
collisicns witn atomg, and with careful
moaelling one may even nope to gain some
information on the crcer of magnitude of
tne Ps—atom scattering cross sections.
Tne relative widtns of the mixed-state
Ps mggmgggegﬁs snould at least proviae a
compariscn obetween tnose noble gases for
which tals component can be identified,
Direct measurement of Ps-atcm scattering
cross sections is planned at University
College Loncon.

Angular correlation measurements in both
’He ana “He were performed as part of

tne UbBA-UCL coliiaboration, 1in tne nope
tnat comparison of tae wictns of the
stdate ¢ pesitronium  componant would

reflect only the mass cifference petwezn

tnat _ the He-Xe mixture data-

~There is now hope that new

106

Angular correlation

I |
0 5 10 15

8 {mrad)

Figure 11 -
Calculated I(®8) from ref 4
(solid line) togetner with
experimental results for liquid
argen (ref 13) and the gaussian
positron component from Fig.10
(broken line).

this would tnen allow
assignment of a mean Ps-atom cross
section  in the few-eV  region.
Unfortunately, however, both °He and “He
are efficient ?Ps moderators; the widtas
of both state 2 Ps peaks are very close
to tae system resolution, implying near-
thermalisation of Ps in botn gases.

the nelium atoms;

3. I1(8) for Positron-Atom Annihilation
experimental
values for annihilaticn in tne gaseous
state will Dbe availaple for direct
comparison witn theorevical calculiations
The UEA-UCL results for He, Ne and Ar
Wwill certainly provide I(g) for positren
annihlilavion, as figure 11 illustrates.

e



Work is continuing in Japan and further
analysis of the 2D pure gas and gas
mixture data 1s being pursued.

ACKNOWLEDGEMENTS

The two-dimensional angular correlation
work referred to 1in this review was
performed with Roy West, Simon Rayner,
Michael Charlton and Finn Jacobsen. I
am particularly grateful to Finn
Jacobsen for his hard work In analysing
some of tne data prior to this wWorkshop.

I am alsc grateful to Toshio Hyodo for
senaing preprints, reprints and a list
of references, of wnich I have made

z2Xtensive use.

REFERENCES
1. Ricnara J Drachman
Phys.Rev. 175,237 (1969)
2. J W Humberston,
J.Phys.B. f, L2856 (1y74)
R P McEachran, D L Morgan, A G Ryman
and A ° Stauffer
J.Phys.B. 11, §51 (1978)
L, R P dcEachran, A G Ryman and A D
Stauffer
J.Phys.B. 11, 551 (1978)
and 12, 1031 (1979)
5. R P McEachran, A D Stauffer
and L E M Campbell
J.Phys.B. 13, 12587 (19&0)
6. M Heinberg and L A Page
Phys.Rev. 107, 1589 (1957)
F E Obenshain and L A Page
Pnys.Rev. 125, 573 (1902)
6. V I Goldanskii and A D Mokrushkin
Hign Energy Chemistry 2, 77 (19g9)

Y., A D Mokrushkin and V I Golcanskii
Sov.Phys.JETP gg, 314 (1968)
10. V I Goldanskii, A D Mokrushkin

and A C Tatur
High Energy Chemistry 3, 22 (1909)
F R Steldat and P G Varlasnkin
Pnys.Rev.B 5, 4205 (1972)

. B L Klobuchar ana P J Karol
J.Pnys.Chem. 34, 459 (1980)

. C V briscoe, S-I Choi & A T Stewart
Pnys.Rev.Lett.20, 493 (19038)

107

14,

15,

1o.

i7.

19.

P G Coleman, T C Griffithn, G R
Heyland and T L Killeen
J.Phys.3. 8, L1385 (1975)
G L Wright, M Charlton,
Griffith and G R Heyland
J.Phys.B. 16, ECb5 (1Y33)

M Charlton

Rep.Prog.Pnys. 43, 737 (198%)

T C Griffitn

Adv. Atomic and Mol.Pnhys. 22, 37
(1986) _

G L Wrignt, M Charlton, T C Griffith
and C R Heylana

J.Pnys.3. 138, 4327 (1485)

P G Coleman, S Rayner, R N West, M
Charlton and F Jacobsen

Atomic¢ Physics witn Positrons,

eds J w ) G Armour

G Clark, T C

Humberston and £ A G
(Plenum, 1987) p 385

M Kakimoto, T nyoce, T Cniba,

T Akahane and T B Cnang

J.Phys.B. 20, L107 (1987)

M Kakimoto and T Hyodo

J.Phys.5. 21, 2477 (1933)

M Kakimoto and T Hyodo

Positron Anninilation,

eds L Dorikens-Vanpraet, M Dorikens
and D Segers (world scientific 1939)
p 737

M Kakimoto, Y Nagasnima, T Hyodo, K
Fujiwara and T B Chang, ibid p 746

. R N West, J Mayers, and P A walters

J.Phys.E. 473 (1481)

L M Diana, L Brooks, P G’Coleman,
R L Chaplin and J P dowell

Positron Anninilation,

14,
D

eds L Dorikens-Vanpraet, M Dorixens
and D Segers (World 3cientific 138Y)
p. 311

ORIGINAL PAGE IS
OF POOR QUALITY






