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ABSTRACT
A detérmination has been made of the fotal palr production
cross-section near threshold in germanium (Z=32) with ﬁselof lithiﬁm-
drifted gefmanium gamma -ray detectors. The experimentallresults show a
systematic trend when compared to the thedretical cross-sections of Bethe
and Heitler. The.ra£iolof experimental cross-section to the Bethe-Heitler
theoreticél value increases as the photon energy approaches threghold;

however, the increase is more rapid than expected from the calculations.

of Jaeger and Hulme.
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I. INTRODUCTION

Pair prodﬁction is oné of thé fundamental ﬁroéesses of thé
interaction Qf photens with métter. The theoretical treatment of this
process wasjgi?en by Bethe and'Heiflerl (afterwards referred to:as BH) -
in 193k. They- calculated the cross section on the basis of the Born
approximation in thchvthe interaction of thevcreated‘electrons;with the
nucleus is considefed to be é.small perturbation. 1In this approximation;
the totél,cross section is éxactly proportional to 22; and decreases very
rapidly as the photon energy approaches the threshold '2 mcz. The
criterion for the validity of the Born approxiﬁation is that

2 i 2

) Ze : .. Ze
- hv+' <1 | and CEv <1 ,

where v, and Vv_ are the velocities of the created positron and negatron,

- respectively, and Ze is the nuciear charge. These cdnditions are also

- expressed as

E, (Iand E ) S 71.:_(—;;? R

where E+ and E_ are total~energies of the respective particles in units. of
mc2. In other words, the necessary condition for the validity of the BH

‘

formula is that the photon energy, k , in unit of mc2 be

k>>\[——%
. Yl-(az)”

'
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© This means that at energies near threshold, 2 mc, the BH formula may not.

be accurate.

Latér, Jaeger and Hulme and Jaeger (referred to hereafter as JH)
calculated the cross section as well as the energy distribution'withOut

using the Born approximation. They obtained an asymmetrlc energy dlStrl- f;

~ bution between the positron and the negatron which is caused by the repul-.:.l

sion of the pOS1tron from and the attractlon of the negatron to the nucleus.

' The total” cross sectlon for Pb was found to be con31derably larger below

-5 6 MeV than the BH value

Most of thepexperimental-determinationsfof the total pair pro-

duction cross section, Opair’ have 1n the past been done by means of

- - b
total photon absorption measurements. The total absorptlon coeff1c1ent

Mtotai’ consists of three‘parts,'i,e.,vthe photoelectrlc effect, the

Compson effect, and pair production. Since the cross section for the

' Compton scattering, o. ., , is well known from the Klein-Nishina

Compton’ : SR T . ':»" .

.formula and the photoeffect is negligible.in the relevant energyvregion,

can be deduced from “t tal’ There have been many experlmental

stad;es made 1in thlS way. One of them, performed by Colgate5 shows (l)_”

AgOOd agreement of the experlmental cross-sectlon at 2. 62 M.h?, and 6.13

_ MeV for any material with the theoretlcal value glven by BH and (2) a

2,3

slow increase 1n Cross sectlon at high Z, as predlcted by JH However,

"+ there are no experimental absorption data below 2.6 MeV becausetthe
'abSOrption method is driadequate for the low energy region, where’the

: contrlbutlon of pair productlon is very small compared with that of the

P 9
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Hahn, Baldinger and Hubér6,.and later‘D'ayton7 perfprmed relative

determinations of Opéif-at 2.6% 1.8; and 1;55 MeV by detecting annihilafioh;
eventé féllowing pair production with_ﬁwo scintillatiop coﬁnters. Theée
experiments :show: a d;viation of Gpair from J'che.Z2 dependence that:is in
close agreement with the éalcﬁlatioﬂs of JH. This diréét method; however,
cannot be used with radioacti&e sources that, emit two'or more gamma rays,
because the equipment éccepts ail pair-production eveﬁts without discrim-
inating photon energies.v

In this paper we report on a measurement of the'pair—pfodgction
Cross seétions near threshold, cariied out with the use of lithium;drifted
germanium gamma-ray detectoré. The principle 6f the method is as follows:
When a photon of energy. k mc2 (x > 2) creates an e4-re_3pair within a
germanium'crystal, the kinetic energy of the eleéfron pair ié nearly com- .
plétely absorbed; whereas fhe annihilation photons almost alwéyé escape.
Thus, most pair production events result iﬁ a "pair péak" at (k-2) mcg,
which is the so cailed "double-escape" ﬁeak. Since this peak is formed

by a single process (whereés photopeaks and Compton background are due to

multiple events), it ié possible by'measuring;théuiﬁtensities;of the pair

peaké as a function of incident photon énergy toAdeféfmine the shape of the

pair-production cross-section curve. i

The expérimental procedure and results are deScfibéd in the .
following section. Also described are the necessary coirectiqns to the

experimental data that permit the determination of the relative Upair

~curve. The experimental and theoretical cross-sections are compared in



II. EXPERIMENTAL PROCEDURE AND RESULTS L PO o

A Measurements ‘With a Slngle Detector.v"“'m”"'"

Used in these measurements was a llthlum drlfted germanlum detector,y X

| '2.cm?v* 5 mm. thlck, that.has an energy resolutlon (FWHM) of 2 h keV at
279VkeV._ The gamma—ray sources were placed at 4 cm from the surface of
.;_the_deﬁector. Some slngles specfra obtalned w1th thls detectorlarevshown
'=’in Figr.l. Even when the 1nc1dent photon energy is clOSe to 2 mcz;”the'
'palr peak can, berreadlly 1dent1f1ed by 1ts energy, uhlch can he rather
5_,accurately determlned w1th the germanlum detector system.. The use of aiﬂ:»ﬁ
- lead absorher will.prov1de further conflrmatlon,'lf necessary, slnce.lte“
reduces the 1ntens1t1es of phctopeaks of loner energy photcns mcre

effectlvely than 1t dOes the double escape peaks from hlgher-energy §

_» ph_oto_ns. "/" - ..
For each gamma—ray energy,_Apair and Aph t (areas of palr anda-

.“photo peaks, respectlvely) were measured._ The quantlty

S e B e
where‘ﬂ hof is the photo—peak eff1c1ency of the crystal gifeS‘the ratio_of:

palr-peak yleld to photon 1ntens1ty for each 1n01dent photon energy. In-

e

' order to get Gpair -some correctlons are made to thls value, whlch w1ll
be dlscussed in Sectlon II-C. The experlmental data obtalned and resultlng -
E Values of-cpa (rel) are presented in Table I At 1. 17 MeV the ratlo of

' ;peak tofcentlnuum is toc»small to allow.an accurate'value tevbe obtalned.
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' B. Measurements with a Pair Spectrometer.

A.paif spectroﬁetér was uséd in order'to obtainvpair-peak yields
neér threshold more accuﬁateiy'ﬁﬁénvcouid be‘dOnevfrom:thé'Sinélesmspectfa.‘ 
The apparatus, éhbwn schématically ih.Fig; 2,'c0néisted of a lithium- |
drifted germanium detector of size 20.mm X 30 mm X 10 mm aﬁd twoi3%¢ X 3"
NaT(T1) ‘scintillation counters. By adjusting the "windows" of both
sinéle-channel analyzefs to accept the 511-keV photo-peék, the écintiilation_
specfromeﬁers thus aetected annihilation;radiation pairs'produced in the
germanium crystal. A 400 channel ﬁulse‘height'analyzef,vgated by the
annihilation évéhts, dispiayed the pair épeétrum; A block diagram of the
conventional éoincidence system‘is shéwn in Fig. 3. The resolving:fime of
the triple,coincidence'circuit was varied froﬁ hQ té 60 ns, according
to the/expefimeﬁtalpgituation. This system was carefully checked so gs_tq

-achieve the samelcoincidenée characﬁéristics throughout the energy regioﬁ
studied. | |
| The efficienc& of the paif spectrome#ér, defined.as_the ratiovofv
palr-peak counts in a pair spectfuﬁ tc those in the corresponding siﬁgles
spectrum, 1s independent of the;incidént‘photon‘energy; becaﬁse‘it is
simply ekpressedAas Qne,'where Qland n arenthe geometrical efficiency and
the photo-peak éfficienéy of the NaI crystai for 511 keV photons,v respec-
tivgly. -Actually; the'efficiehc& was\fouﬁdvto_bé%;B 'percent. By .use of
- sources mixed with a étandard sdufce,>such'as Co60 it ié possible to get
‘good results even in the présence of small drifts in the system.

'In the energy fegion'of interest{ neaf threshold, ﬁhe paif;peak

'yield is so low that these peaks were not in fact visible in the single
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spectrum of the germanlum detector Slmllarly, almost all the contr1bu-.c77f‘>“

-'-jtlons to 51ngles spectra of the 501ntlllat10n spectrometers were due to

gamma rays scattered from the germanlum crystal and those that penetrated e

;.p the_lead colllmator.v Nevertheless, the c01nc1dence\pa1r spectra showed p?vf'

'f:distince peaks,-as.illustrated in Flg. u s1nce the trlple c01nc1dence fpd
- condition.reduced considerablyirandom:colncldence;rates,d' -

| ,The,pair-peahpintenslties were obtalned"by lntegratingithgzpeah?_:‘
iareas:above'thevcontlnuous.tail. Subtraction of.the-tailnwas believedjv,IA

5_-t0'be the most effective means-to remove the random colncidence counts.“

The relatlve pair- peak ylelds, €, obtalned in these experlments, are "

fsummarlzed in Table II. As w1ll be seen later no correction- 1s-needed:;b

- for these values, because the 10 mm thlck crystal.was used for low energy

. ,
rfphotons, that is, €/is actually Upair (relatlve);

. C. .Corrections to Experimental Data

~,ln,orderpto deduce the'total_pair-production crossﬁsectlon, o,

Cpair’

a:from;thetrelativeﬂpair-peak yields,’e,dthe,following'correctlons'mustfbefl"
considered' o | |
1. Absorptlon of part or all of the annlhllatlon photon energy ‘in the
. crystal. Thls effect reduces therpalr-peak ylelds, in. the 51ngles spec—j:
“‘trum 1t shlfts the pulse helght of the palr peak to hlgher values (1nto i”.
'-the background) and 1n the c01nc1dence spectrum 1t.results 1n loss of
‘-ﬁ.511-511 c01nc1dences.v However, because thls effect.always.arlses from -

vthe 511- keV photon, 1t has no energy dependence and hence is of no 1m—

rportance for relatlve measurements of Opalr as a functlon of'photon energy. l



©  process to the single pfocess is given roughly by
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2. Contribﬁtion'of5multiplejgfocesses;nesﬁltipgjglpéif peaks. At higher

tenergy.a;scattered.photbn_that.hés'loét part of its energy in the crystal

'still contributes to pair production. The ratio, & , of this secondary

.J’k
o , e (k) ax o
o ?(3/é>d{“compton 2 pair ‘717 %1 ,
- (k_kmin) Opair (k)
where d is the thickness of~the crystal, u ééﬁﬁ%bﬁlis the Compton absbrption'

coefficienﬁ at‘energy k, and kmin is the mipimum energy of scaitered photqns.
In Fig.. 5 values df_a,are pfesented as a funé%ion of incident éhergyu This
figure shows that this correction is quite negligible in the present case
where thé thicknesslof'the crysﬁal was 5 mm and-lO.mm;

3. Reduction .of the iﬁcident photon flux in a crystal of.finite thicﬁness{

- Because the total absorption coefficient of gamma rays, U , depends on the

energy, the atﬁehuatibn_factor e H2 is enérgy.depehdent.‘ This correction
is more imporfanf‘when the crystal is:thicker. |
L, .Incompléte absorption of positron-negatron,pairs in the finite crystal.
The probability éf complete-absorption decreases as ﬁhe incident energy
increases. This effecf, grisiﬁg in thé éfystal‘sufface, is considerable
u@less the cfystal is sufficiently thick.

These two cérreétions were combined, éﬁd a nuﬁerical calédlation .
was performed. A detailed deséription is presehted‘in the Appendix;
The oﬁtained correction faétors are illustrated in Fig. 6. Thé‘ééf;éction"

is at most 20 percent for a 5 mm thick c¢rystal, and 6 percent for a 10 mm

thick crystel at 2.75 MeV.
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In order to conflrm these correctlon factors experlmentally, a palr

o speCtrum of'Nag%

Pig. 7.

' It seems that the lower 81de plateau of the 2 75# MeV palr

was measured w1th the lO mm- thlck crystal as shown in ';ff,fi"“

}peak wh1ch 1is. about 22 percent of the total mlght be due to the 1ncom~‘hfiuf7-i-i

'plete absorptlon of p051tron—negatron palrs.v

However, there 1s a 31m11ar"_a -

"plateau at the 1568-MEV palr peak whlch 1s about 15 percent of the total.

lThe dlfference 1s only 7 percent Wthh is cons1stent w1th the calculated'

pvalue of’6 percent

attributed to anotheryorlgln.

Therefore, the maln source of these plateaus must bed¥:7'

The;correction factorsﬁfor'the 5 mm thick-crystal‘arevpresented in;.Tf""

columnvélof Table I; The relatlve values of Gpair

are tabulated in column 7

" As for Table II no correctlon 1s necessary, because the energles were’ e

_ S ' .
suff1c1ently low and the lO mm thlck crystal was used.

“III.  PAIR PRODUCTION CROSS. SECTION - .

wa_-TheoreticalfPrediCtions.1

- The differential cross section given by Bethe and Heitler’

) fastOllows:_'¢:g-"

- @("E;) -

is
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. = 55 :
PR SO R eSS e € + )13, (1)
2p.p_ p? E ,pf. toopfpf :

“where E+ and‘E_-are the fotal énergies of pbsitron and negatron in units .of
mc2, respectively and'-p+ and p_ are the momenta of the respective pafticles,
and the other quantities are defined by

e, =2 1n (E, +'p+) , ¢ .=2ln (E_+p) ,

+.

L =2 1n ((BE_+pp_+1)/ k] o,

and o y
L ZQ‘I‘_ Og '
¢ = to ) . X . '
' 137 !
We ‘have calculated the total' cross®section; ¢ 57 by numerical -

\ PE palr

integration of @.(E,); that is,

| k-1 .

(BH) = _( ®.(E,) dE
1 o

O« ‘
pair +
The results are tabulated in Table IIT. In Fig. 8 the energy dependence of

(BH) is shown.

O .
pair .
' Jaeger and Huime2 and 1ater‘J'aeger3 made more realistic calculations
/ ' ‘ - v : .
of Gpair involving the interaction between nucleus and electrons. They
obtained numerical values Of.cpair for Z = 50, 65, and 82 at k¥ = 3.0

and 5.2. In order to deduce cpairffor Z =32 fhe following empirical

formula suggested by JH may be used.’

Opair (JH)

(BH)

H

a (k)vZ?,- .v,,. o (2)

O .
pair
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- where a (k).ls a parameter dependlng only on-the photon energy Thls.f;
- ratio for Ge was found to be . 15 and 1. Oh at k 5 O and 5. 2 respectlvely, o
»:w1th use of the JH calculated values. for Z = 50 65, and 82 Here paer': A
productlon;in the electron fleld,(trlplet-productlon)a1s neglected; g

. becauae the.cross section;is about 1 nercent of‘that;in'the nuclear field“

" and the threshold energy is h.mc2.8

'7“ﬂl;3B,' Experimental Values

As mentloneo in Section I prev1ous exper1ments~have.shown good
agreement with the BH predlctlon at 2 6 MeV. | The present experlmental
| data have been normallzed, as shown 1n;Table IV; so as to,agree.with the -
”hJchalculation at 2. 754 MeV, which is only L'percent higher:than’thefBH
jvalue‘i The- experlmental values are plotted in Fig. 8. together with the, -
'BH curve.

5

In column 5 of Table Vo pair (BH) is given, and the ratio of:,

palr ( exp) to cPalr‘(BH) in column 6. These'ratios,fgiving deViations N

| from the BH predlctlon,.are plotted as a functlon of energy above threshold
©in Flg. 9.- Thls flgure also 1ncludes the theoretlcal curve predlcted by
:JH and experlmental p01nts (shown as trlangles) whlch are'lnterpolated frOm
'the'experlments of'Hahn et al.6 and of Dayton7 usiné the.empirical formula {(2)-
vIt is clearly seen that the ratlo 1ncreases as the photon energy approaches .
the threshold Thls systematlc trend ‘agrees qualltatlvely with the theory _5

of Jaeger and Hulme, but the dev1atlon seems more strlklng than expected

"from'their calculationJ
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'IV. CONCLUSION
In the work reporfed‘here) semiconductor detéctorsjhavé been applied
to the investigation of an elementary proéess, pair-production. ,Witﬁ_the '

method described, pair-production cross-sections have been messured for

photon energies as low as.1.077 MeV. With improvements in the technique,

it should be possible to lOWer-thefexperimental limit more closely.to thé

threshold. It appears, from the estimates of experimental corrections to

 the data, that. the thickness of germanium crysﬂals used in the present
. experiment is near to optimum for this type of measurement. If a very

large crystal were to be used, multiplé processes in .formation of'pair '

peaké would beéome éonsiderable, and if a very thin ohe'werevusédgba:large
fraction of the pair groduc£ion events would bé lost from'the pair‘peaks due
to.tﬁe'surféce éffec%. In both'cases.the;feliability Qf‘the.créss seéﬁions-
defived:from the experimegtal data woﬁld be reduced.

The éxperimental results havé revealgd a systematic behavior bf

the cross section near the threshold. As the photon energy decreases, the

" ratio of the experimental cross section to theIBethe—Heitler cross section

" based on the Born approximation gradqally increases. This ratio reaches a

value of about 2 at 1;077 MeV. This'feature'is in qualitative agreement
with the calculation of Jaeger and Hulme, which tékés into account the
interaction between nucleus. and produced'electrons;‘ Although there is nb:

4

quantitative theoretical éalculatioh in the relevéﬁtjéneigy region, the

"systematic deviationlseems more conspicuous than expected from the prediction

' of Jaeger and Hulme.
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_APPENDIX; CORRECTION TOR INCOMPEETE ABSORPTION OF PAIRS NEAR THE :
P '~ SURFACE OF A GERMANIUM CRYSTAL.

In;érder to déduce the‘pair~production‘crdés éecfian from the
pairmﬁeék yield, a;ébrrection should be made for the iqcompletevabsorptiOn,
of negaﬁron»posiffbn.pairSproduced‘near the surface of tﬁe cryétal. Sinée

Cﬁhis cbrrectionlis‘significan#EatChigher eneygy ana in'this cése created
.pairs aré emitted mostly forward;.r consideration of a'simpiified one -
dimeﬁéionél proﬁlem will be éufficient.

Tﬁe directiénrof ihcident photons is‘aséumed.to_be nérmalvto the
surface of a crystél of thickneés d-,mmi An event of pair pfoduction-is~
illustrated in‘Fig. 10. 1In general thé createdlelectrons haye a compiiéated
éngular distribution;/ Howefer; ﬁhe fdliow;ng.simpiesappfoximate formulab

3

is Well,known:8

iy . fa e ST
o (8) a0 = 288 g ..
pOeFTE s T

where @ is the number of electrons of total energy E in units of me?

Ve

emitted at an angle 95_ For  the present. purpose it is assuméd that negatrons
and positrons are emitted at fixed'angleé 6 and 9+; respectively, which are

set at the mostprobable angies;

v

MoreoverJ it is assumed that the negatrons and p051trons do not change

—

.dlrectlon untll they have passed thelr practlcal rangesg R and R_ and

have lost their kinetic energies;' The practlcal range ‘R in mm of an

9. .

“electron of kinetic energy T in mc2 is approx1mated by the formula



o s
- 0503 T - 017611 - ex (- T/036)].

o Thevevaileble:lengthe'L;*ehd'L+ in'the_germenium‘crjsﬁel}(see'Fig.le)jj_

rmaresimply‘

: i-coeiér_ff‘_ v o o
L= ——— U ang . Lo .C08 O

Az o T R g

' The probablllty that an electron palr created at depth Z witheﬁeeitronif

: energva ,1s glven by a step functlon

e 'J l;jWhen L:'> R and L+ > R+ '
- F(ELz) = . Lo T
- ff | v}.o}:.bfherwise,

Vo

' Then the attenuatien-faétbr;f(z)'ié:expreESed asz

ﬁ‘ P
F(E+,z>®(E )aE,

" f(z)

Skl o “-" 
[ o,

B

: .vﬁhérei®(ﬁ+);ifhéldifferential croesreeeﬁioe‘ef ?eiryﬁreduetioh,:iSﬁgiVen.
‘ iﬂVEq..(l).‘ of course, all these values‘depend on- the 1nc1dent photon
.energy. .An_exemple of the varlatlonipf-p¥; R,, and F»(E#z) and @( )
w1th E 1s'preee££ea in>Fig.‘il{-iThe sheded'area-correspordsvto the -
: number of palrs that do not contrlbute to thevformatlon of a. palr beak r
" vbecause of the rncomplete aﬁsorptlon-of total klnetlcvenergy.  The

'functlon f(z) is 1llustrated in Flg 12 w1th various photon energles

The overall correct"on factor g was. obtalned by 1ntegrat10n Ofw

()
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'8’*";‘75[) €)M,

where u is:the total absorption coefficient .of photohs.- Thé dependen¢e
of g on photbn‘energy is presented in Fig. 6 aftervnormaliZation at
k = 2.0.-

The numerical calculation was performed VithauSé“of“anuIHﬁj

709k computer.
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Table I. Summary of results on Opéir (relative) obtained from singles‘spectra.

Photon Isotope € R Corfectionbﬁgk

Proton Apair/Aphoto : nph?to factors (iﬁi;i-Qe)
. (Mev) | ‘ A
1.173 o 0060. 4.0 £ 1.0 (-2) 8.80 3.5+ 0.9 (-1)®  0.995 3.5 % 0.9 (-1)
1.278 ‘.vNagz 11 0.2 (-1) 7.00 7.7 £ 1.4 (1) 0.990 7.8 + 1.u'(»1)
1.3%2 0960 l.95i:0210(—l) 6.&5 _ 1.25+ 0.067(0) 0.987 1.27i‘0306 (0)
1.368 E Nazu - 2.50% 0.20(-1) 6.05 1.51+ 0.12 (0) 0.985% 1.53£ 0.12 (0)
1.507 - ®® 3.h0: 0.20(-1) 5.60 1.90¢ 0.11 (0)  0.983 1.9%+0.11 (0)
1AT7 - MoP™ 5.49t 0.25(-1) 5.15  2.78£ 0.13 (0)  0.976 2.85+ 0.13 (0)
1.59% a0 9,40 0.50(-1) ks 5.90% 0.21 (0)  0.967 k.03t 0.22 (0)
1.857 Y0 2.3+ 0.107(0) 3,03 7.36+ 0.30 (0)  0.942 7.81+ 0:32 (0)
2.185 . WP 5.89% 0.20 (0) | 2.05 1.21% 0.04 (1)_« 0.897 1.35+ 0.05 (1) -
2.318 WX 7.2t 0.20 (0) 1.73 - 1.28£ 0.03 (1)  0.880 1.k5% 0.0k (1)
2. 758 - w2t 1.50% 0.05 (1) 1.15  1.73: 0.06 (1)  0.8k0" 2.06% 0.08 (1)
2

a 4.0+1.0(-2)= (4.0 1.0) x 10"
" b, Calculated for the 5-mm thick erystal.

. -L1-

#9091T-T180N



v 'Téble Ii Relatlve palr-peak yields ( ), and Opéi (relatlve) '

abtaaned w1th the pair spectrometer

‘fPhoton energy . 'A.isétbpé *é_:f.;‘ S . ' Céffectibna ‘ d.air v
(MeV) EA J T factor o pERr
S eter T G ative)

e i = 1o T e e
278 . m 2. . 0,68 %0.019 100 - . . - 0.6e8
At o eed® 0188 x0.007 N 1.00 . L 0:188°
2150 Co® ‘ 1.00 |

077 '_ _ o Rb86

o
+

0.007
0.05% 0.0k 1.00- . - 0,05 %0.00k
0.0138% 0.0012 ~ ~ 1.00 .. 0.0138% 0.0012 -

S

& Calculated for the 10-mm thick crystal. - -
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'_Table'III._ Total pair-production cross seections inunits of § = Zr02/157 E
" calculated with the Bethe-Heiﬁler_formula. -

pair pai
2,020 10.2027 (-5)® 3.700 0.2462 (0)
2.03%0 - 0.6779 (-5) %.800 0.2725 (0)
2.040 0.1586 (-4) ©3.900 - 0.299% (0)
2.050 0.3058 (-k) . 000 0.%266 (0)
2.060 . 0.5213 (-4) 4.200 0.3826 (0)-
2.070 0.8170 (-4) k.Loo - 0.4398 (0) -
2.080 0.1204 (-3) 4.600 0.4979 (0)
2.100 . 0.2290. (-3) . 4.800 0.9565 (0)
2.120 10.38% (-3) - 5.000 0.6155 (0) -
2,140 0.5967 (-3) 5.200 0.6747 (0)
2,160 0.868% (-3) 5.400 0.7337 (0)
2.180 0.1206 (-2) - '~ 5.600 0.7926 (0)
2.200 0.1613 (-2) | 5.800 0.8512 (0)
2.250 -0.4825 (-2) . - 6.000 0.9095 (0)
2.300 0.4825 (-2) 6.500 0.1053 (1) -
2.350 0.7227 (-2) 7.000 . - 0.1193 (1)
2.400 0.1019 (-1) 7.500 0.1329 (1)
2.450 0.1372 (-1) 8.000 0.1h61 (1)
2.500 10.1782 (-1): - 8.500 0.1589 (1)
2.600 0.2769. (-1) 9.000 0.1713 (1)
2.700 0.3974 (-1) 9.500 - 0.1834% (1)
2.800 10.5380 (-1) ©10.000 = 0.1950 (1)
2.900 0.6973- (-1) 11.000 - 0.2172 (1)
3.000 0.8738 (-1) - 12.000 . 0.2382 (1)
3.100 0.1066 (0) . .13.000 0.2579 (1)
3,200 ©70.1271 (0) - - 15.000 0.2942 (1)
3.300 0.1490 (0) 20.000 - 0.3708 (1) -
3.400 0.1719 (0) T 30.000 0.48k6 (1)
3.500 0.1959 (0) © . 50.000 - 0.6346 (1)
3.600 0.2207 (0) S

8 0.2027 (-5) = 0.2027 X 10-
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-895 ( 4)
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.FIGURElCAPTIONS

‘Fié 1. Some s1ngles spectra taken with a 2 cm? X 5 mm thlck llthlum-,
drifted germanium detector,‘show1ng the palr-productlon peaks from
‘ sonrces of‘Na22 and,Co6o. ‘ '
-'Eig, 2l Schematic view‘éf the péir'speetfcméter.
Fig. 3. Block circuit dlagram of the palr spectrometer -
Fig. k. Some palr spectra taken with the pair spectrometer, show1ng also
singles spectra from the same sources.
Fig. 5. Rongh'estimate of a ratio ‘q‘ ofimultipie'processesftolsingle
process in formation of a pair peak;l | |
Fig. 6. iOverall correction factor-to pair—peakryields'as'a function of
incident photon energy; for detector‘thicknessesﬂof 5 mm‘and 10 mm.
- Fig. T. Slngles and pair- spectrometer spectra from Nagu;::Dimensions‘of
the Ge(Ii) detector were: .20 mm X 30 mm X lO mm.
Fig,.8; Pair;production cross section versus_photon,energy,above thréshold.
"The caiculated Bethe-Hedtler.curve_is-shown together with the experimental
v values, normalized at 2v754 MeV"asfdescribed*in}thettext.

(exp)/o (BH). The JH cnrve‘extrapolated from

F1g.,9. The ratlo.of cpai pair

r
high-z values is aiso shown. The triangles represent'interpolated
values from'thelexperiments of Hahn et»al.6 and of Dayton
ng.'lo Dlagram of a palr-productlon event in. a germanlum crystal
Fig. 1. Illustration of length L, range R and the probablllty functlon

__versus positron energy.

- Fig. 12. Attenuatlon_factor f(z) versus‘diérfor an‘incident energy.
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This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-

mission, nor any person acting on behalf of the Commission:

A. Makes any warranty or representation, expressed or
implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

B. Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, apparatus, method, or process disclosed in
this report.

As used in the above, "person acting on behalf of the
Commission" includes any employee or ¢ontractor of the Com-
mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee
of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.






