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High-Resolution. Gamma-Ray Spectrometry 

£ 1• o 1n 2 0 to 6 5 0 Me V ':' 

Gilbert D. Mead,t Robert J. Cence, and Don L. Lind 

Lawrence Radiation Laboratory 
University of California 

Ber.keley. California 

Apr a 1 t>, 1963 

I. INTRODUCTION 

The use of pair spectrometers to measure ;v ... ra.y energy spectra with high 

resolution i$ well known. We have built two auch spectrometers to mf~asure the 

characteristics of neutral-pion production in proton-proton collieious at 735 

M.ev·. 1 .Because of the ma.ny l"efinen-.. ents employed in our apectrom~tet"s we 

thought it worth while to publish a detailed description of these instruments. 

l:n addition the present article includes a discussion of the methods of data 

collection, otorage, and nn.alysie. .t\lso expressions are derived for the absolute 

efficiency of a pair spcctrorneter a.s a function of the geometrical arrangement, 

1nagnetic field, and pair-production cross eJection. Corrections are shown for 

electron ocatterin.g and for radiation straggling. 

II. DESC?JJ?TION OF SPECTROW..ETERS 

We built a conventional 180~deg spectrometer (shown in Fig, 1) to measure 

y-ray energies from ZC to 240 Me'j. Six scintillators on each side-1/Z .. in. thick, 

l-in. wide, and 4-in. high-detect electrons \lvith radii of curvature between 3 and 

6 in. The scintillators and conve1•ter are plac:ed. in a magnet with 24-by 36-in. 

pole pieces. capable of a 1n~cimum unifo1·m field of 20 000 G. Lucite light pipes 

attached to the scintilla tors extend upward through 2- in. -diam holes drilled in 

the upper pole piece and yoke. These holes perturb the magnetic field only in 
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the vicinity of the acintillators, and thus have a negligible effect on the orbits 

of the imp\nging electro:..'ts. The light pipes are viewed by 6Sl OA photomulti-

pliers which a.-..·;:; surrounded by iron. rnagnetic .. ohielda, and are placed ntop the 

m.agnet. 

'With this arra.ngen.1ent only the scintillators themselves, plua the converter, 

lie in the median horizontal plane. This permit~ maximum. flexibility in ahield-

ing the counters from stray radiation. Blocks of l-in. -thick alurn.inu..."Yl., backed 

up by several inches of lead, nre placed in ba.ck of the counters to abaorb electrons 

after they pasa through the scintillatore. This prevents t.hem from circling back 

and cn.te1·ing an adjacent counter. thua causing a rnultiple coincidence. 

For higher energies, u.p to 650 X-Jfe V, we at first: used a Dpectrorneter ·with 

ecintillators arrayed on two straight lines diverging from the converter center, 

tho two lines making a:.-1 angle of 7•! deg. ·with this inah·ument we found that aa 

rr~uch as i Oo/tl of the time, two or :r:nor.e counters on the sa11.""J.e side-usually adjacent-

produced a pulse sir£1ultaneou.£1y. as though a single electron had tra.ve1·sed two or 

more scintillators. A study of thi.s problcn"l indicated that the best wa}r to suppress 

this effect \vas to design a spectrometer in which adjacent scintillators lie along a 

curve evE:tywh.cre pta·pendicular to tho electron direction. This rnakes it frlU.Ch 

moroe difficult for an electron to scatter or ch·cle back into an adjacent counte1·. 

v.'e were thus led to the circular geometry shown in Fig. 2. The converter 

and all ecintill~.tors lie on the circu:m.fe-rence of a cil:'cle of 16-in. radius. Eight 

scintillator& on a dde a:te each 1/2-in. th . .i.ck ;:~nd 4-in. hign, but have variable 
": 

widths. These widths were chosen in order to keep the percent energy reaolu-

tiona constant for each det~ctor (see Sec.,~. l:U f·u- analy3is of thia problem). 

By var;ring the widths from 0. 94 hJ.. to l. 50 ir ... , a. u.ni£o;(m resolution of 9.4"; 
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(full width) is attained. bt, contrast, th.e electron em~rgy :resolutions o! the de­

tectors in the 1 80-deg spectron~etcr v:iry :frpm. 6 to 17%. As with the 1 g{) .. deg 
\ 

spectrometer, light pipes extend vertically th~ough holes in the magnet. 

The operating c:r.:.aractcristi.cf> of the cireula:t· spectrometer have been very 

aa.tiafacto1·y. K::> 1nultiple coincidenceo are ob.served."" The o·/c1·all counting 

efficitmcy io significantly la:rget t.han. either the 180-deg spectrometer or the 

original 74-deg spectrometer. Th.is ia due both to the larger number of de-

tectors on each side a:nd to the large widths of the detectors. Under typical 

runn~ng conditions in ou1.~ experiment on neutral pion prod,uction, as many as 

4000 y :rays per minute were analyzed. 

The geon.1etrical cha1·acteristic:s of ti1ese two apectromete:rs are summarized 

in Table I. 

C. Converters 

The converte1· m.ust be kept quite thin in ot·d,n to mhtim.ize multiple scat-

te1•ing of the alectrons vert~cally out of the plane of the detectors. Si11.ce the 

average scatt<;~ring angle ia inversely propqrtional to t..l-).e electron energy, one 

m.ust usc thinn.e1• conve:rtera when low-energy v rays are.-peing analyzed (eee 

Sec. ill for more detailed analysis of electron scattering). V1te used a u. 010 -hl ... 

thicl' tantalurn <:onverter with the circula.r apect:\."Ometer. co.rreaponding to 6% o! 

a radiation length. In the 180 ... deg apcctro:rneter. 0.004· and 0.002-in. -thick 

tantalurn convertors ware used. ln n.o case are losses in overall efficiency due 
0 

to ve1·tlcal scattering greater thaa ~10o/?. and ove;~."" most of the energy region 

Gcattel·i.ng losses are less than 20~.. The effects of horizontal scattering, which 

broa.deu the energy resolut.k.n1 functionf are negligible ov~r roost of the energy 

0 
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D. !:;lo-ct;.-::nka ~_, ___ .........,.,... ___ _.,..,... 

sdntillz'l-tor is ~~l!l.ced in ti:1c y-ray beam. It function~;.~ in -nticoitlcidence vtith 

") 

drct\it"' ·i;o detel;':r:d:n.e the twQfolrl coincitlt3<lces. alo;:1g .... d.th t~o sigr~'\l fro"W'i the 

The~ !a::.;t o·u.tput tri.gge:ra a gi!tc unit, 

O!.l!)' c.n cacs:! side has !i:rcd. A record is kept: uf be •lUmber und type of imralid 

event&;, I.£ the event it:1 valid., puls<r:s b:t hiP..ary- code a1·e tl:ansn--.itted to the core 

ing to the pail' of coun!:exei that .fired. 'l'hc cere zto::-.:ige unit i~ a transistorized 

255-chiilnllel pulse-height an.alyzer manwacture-.1 by Nuclear Data Corporation 

(.'f> .. iodel ND-1. 01 }; it wafJ v;.c~ifkd fer ou1~ us~. 

ca:.·ds, each prefaced by a code indicating the !"Un nun:1bcr .:u1.d l'tl.!l.ning c:ondl.tions. 

{tcsc:dbed. in Sec. !II. 
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Tvoical ~sx~Jel·imental P4oc~dt~!:eC:I 
~,C.~.-.---·---- -

fhe magnetlc field is vari~d bet\veen 1.92 and 19.7 J~ in 16 stepa. 

eessiv-e values differ !rom one another by a constant fact(Jr o! 1.168. .By run· 

ning at so many different fiel<.:h.:;~ t>mall v~.riations h1 c££iciencies o! individual 

detectors or dut.ector pa.ira can be averaged out. Each exper.in!ental point il-;. 

the fba.l spectrum :recqives a contribution. from lr.utny d.i,f!erent detector pairs 

i 

1:a.tios vary co:ne1derably. and ci.opend on ouch facto:t:s as n-.. a,gn.et cu:~.·,.·cnt, collima-

as l ~): 1. Mo:x.·e typically, t?1o ratio is between 3:1 and l 0:1, and extends do•:a1 to 

1. S: 1 <Uld lees <11.t the lowest magnetic. fields ... 

1.1I. PALR-SPECTROrdiDTl~R Tf-I.EOR.Y 

Th{; o!fid~n.cy, or counting rate, of ~1 spectrcmete:r is a. function of a number 

o-::f the cor:.w~:rtcr anu the rna.tcri<>:.l out o£ which it ir:.·: :madu; the rr<agnctk field~ and 

To sim"t'Jlify the ar.a.!ysis, we c:o.:1sd.dcr only on.:; pc:..ir oi dt:Jtcctors. The ex* 

the possible co:wb~nut:iona of detector ?ail·s {of which tbcrc aTe 64 for our circul.al' 
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can thus be properly normaHzed and combined with results fron1 several other 

ch~tnnels to give one expe:dn•ental point. Since the expression we will derive 

is an absolute one, with no arbitrary proportionality factors, the counting rate 

can be directly :related to experimental cross eectio11s, with no need to calibrate 

the- spectrorneter. 

Let us assume we have a uniforrn parallel beam of 'I rays whose differ­

ential energy flux, i.-e .• the number of gammas per cm2 per sec whose energy 

lies between k and k + dk, is given by F(k) dk. Into the beam we place a converter 

of areaS cn">
2 

an.d thickness t
0 

g/cm2• (therefore weight W = SXt
0 

grams), made 

of material of atomic number Z and atomic v.reight A. Let -;!l{k, E+) dE+ represent 

the differential cross section. in this material for the creation of a positron of 

+ + + total energy between E and E +dE by a 'I ray of energy- k. 

Then the double differential 

+ + W N 
P(k. E ... ) dE dk::: F(k) I>(k, E ) ___Q dE+ dk 

A 

represents the rate of creation of positrons of energy between r;.:+ and E+ +dE+ 

from y rays of energy between k and k+dk. Here N
0 

is Avogadro's number. 

We now place a positron detector in a magnetic field H such that it will 

detect all positrons whose radii of curvature are within the range 
~. 

~· + + t:..r = r - r . , and none outside this range. The average radius we denote 
max n11n 

+ by r . In order to have this idealized response, of course, the converter would 

have to be infinitely narrow. A finite-width converter will inh·oduce some spec-

tral broadening, but will not affect the efficiency. Similarly. we insert an elec-

tron detector whoae average radius and range is r and b.r , respectively. 

We denote corresponding energies as follows: 

E+ = C d r + 
max max' 
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+ - + -k = E + E = C H (r + r ) • 

and similarly for the electron. Here Cis a proportionality factor that converts 

gauss-em into energy units, whc1·e we assume that the electron.s are highly 

relativistic. If r is in em, His in gauss, and E is in MeV, then C= 3X 10-4 • 

Thus the positron detector will detect all positl•ons with energies between 

E+ and E+ . , and so will the electron detector. 
max m1n 

The coincidence rate is then given by 

That is, we must perform a. double integration: one over the range of)' -ray 

energy k, and the second over the range of J?OSih·on energies E+ for a··given k. 

The step function S{k, E+) is eithet· 1 or 0, depending on whether or not~ the 

electron and positron a:re within the energy range to be detected by the appro­

priate detector for a given k and E +. In performing the integration, the effect of 

the step function is to hnpose upper and lower energy limits 011 the two integrals. 

The integral may be carried ou.t if we asalunc that the spectrur..o F(k} and the pair­

production cross section <!l(k. E+) are not rapidly varying over the region o£ inte-

gration, which will be the ca ae if the detectors are not too wide. We simply 

substitute average values and remove these factors from the integrand. The 

reader is referred to the unpublished report in reference 1 for details o! the 

integration. The result is 

R:::: 
WN 0 

A 
F(k) 

The factor in the :Hrst l;>racket is the di!£e·rential pair-production cross 

section times k, which is a constant to within a factor of two over the range of 

y-ray energies and pair splittings covered by our SJ:lectrometers. See Bethe and 

ueitl~r. 3 
Bethe and Aahldn, 

4 and Davies et al. 5 for calculated expressi~ns .for 
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this cross section, including corrections to account for deviations from the 

Born approximation. 

The factor in tb.e second brackEt is the geornetric efficiency of a pair of 

detectors. Note that Ar+ and Ar- are~- the physical widths of the detectors, 

but refer to the range of electrGn radii that can be detected. This range is a 

function bot.'l of the detector widths atld their position in the spectrorneter. Note 

also that R is proportional to H. 

fllis analysis does not consider eithe'\•losse:s in counting :ra.tel due to vertical 

scattering or changes in the observed spectrum due to radiation straggling. Both 

these effects are considered below. 

B. .§~atterins Carre~.!:_ 
.. 

The spectrometer cffic~·ency, as calculated above, does not tal;.e into con-

sideration the fact that some of the electron-positron pairs will be missed, 
• 

owing to the possibility that one or b~th particle~ will scatter vertically out of 
,. 

the plam~ of the acintilla.to1·s. To correct for this effect. '.K:e must multlply the 

final exp1·ession abov~;; by ·a scattering con·ection factor T(k, E+), \vhich repre-

sents the probability that both the electron and positron will be detected. 

ro calculate this probability, ·.<:·e assu~e that a y ray of energy k enters 

a converter of thickness t, ann height h at a distance; x above the center c>f 

the converter (see Fig. 4). .At a point which is t g/cm2 £:rom the other side of 

..\.. 
the converter, an electron-positron pair with energies E and E ' is formed. 

The positron, as it continttes through the remainder of the converter, will be 

s~attered through a pt·oJected angle ¢· + It then travels along an a:rc of length D 

before arriving at the detector of height a. The probability of the positron being 

detected is then 

... 
.P' 
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v,;i1e1'e a \ 
.. X 

4'1 
+ :::tan -l' l: 

D+ 
! 

.I 

a +x + -1 ! 
$z = tan 

n+ t 
I 

I 

and P(?, t, E) is the probability that the projectei;l scattering a.r1gle will be less than 

1;:. when an electron or positron of total energy E paGses through a thickn~as t of 

converter n:2aterial. Thus 

<b . 
r, f( .. r.~ • J . U 1 "• .••• 1 Ci!ll 
0 

v1here f(ct, t, E)da. is the ,probability that the }?l'Ojected scattering angle is between 

a. and o. + d.a.. In. c.m1· calculations, ·we used thr;~ hJolie'!."e scattering theory. aa sunl­

marized by Bethe and Ashkin, 4 to determine ::;ce.tten·ing-angle distributions . 

. A similar expression n:ray be "vritten for p"', the probability of the electron 

being detectec~. vdth appropriate changes in superac1·iptm. Th.e total probability 

for an electron-positron coincidence, averagod over both the thicJ:..ness and height 

of converter, is thea 

T(k,E+) ---
2

-
h t 0 

J h/2 d:{ 
x:::O 

This factot· must be evaluated for each pair of detectors at each rr.agnetic 

field setting. lN ith the con.verters that we use, scattering lor:HH!:S are never 

greater than 50% even at the lo·,vest field scttingsr and in rnost cases are less 

than 20'1{,. 

C. Rcsclvi':}~ Power 

The reaolving powc:r of a SfH1Ctt·ometer :lcpcn.ds upon several :W.cto:rs. The 

two most important are the geomeh·ic resolving po\ver due to finite detector 

widths and the radiation straggling o! clect;'ons in the convertet•. Other factors 
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are horizontal Bc:a ttering of electrons, cfiectt~ due to the finite -..:-vicltn of the con ... . : 

v~:rter. and pair production at finite angles with :respect to the incoming beam. 

of y rays. Each of theae factorA will be cliscur~sec briefly. 

This depends only upon the widths of the detectors and their poaitlon in the 

sped:rorr:e·ter. Tho total width of the resolution fun.ction is :related to th.e maximum 

aad minimum detecta.bl.e electron energies by 

Th~ fractional resolution ia then 

6k 

k 
:;:: 

+ -r + r 

"'""+ - . - ( ,. + E . ) --' rr' in m t.n 

This .rar1ges frotTl 6 to l"'i·rtr- {full •.vidth} fo1· the 180-d<.S![; npectrometer, and is a 

constant at 9.~±~·~1 for the circula:t" epectl'ometc:r. 
\ 

The shape of thia resolution function is· either triangular or trapezoidal, 

depending upon the geor~etry. The width at the top of the trapezoid is given by 

Since &r is a constant for the !. 80-deg spectrometer (see Table I), b.kc = 0, 

and its resolution function is tt•iangular for all detector pairs. The resolution 

function for the circular spectrometer is trapezoidal, except for symmetric 

pairs. 

2. f.adiation Stra~gling 

AftE:Jr au clectron~positron pair has been produced. by a y ray in the con· 

vcrtcr, ti1e electTon~;; and vositrona can undergo radiative collisior<s, or 
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bret~.sstrahlw'lg, during their passage through the remainder of the converter. 

These collisions cauae then"' to lose a ce1·tain fraction of their in.itlal energy. 

For electron energies above. 10 M.eV, this enm.•gy loss in Ta (Z = 73) is large 

compared to the lose from inelastic atomic collisions, and therefore the latter 

can be ignored. At these energies, the a.verage radiative loss is proportional 

to the thicknes:J of co,werter t:.:·aversed by the elcctl·on anu to its initial energy 

E. Specifically, 

or 

where X 0 is one radiation length of the converter material. Thus Han electron 

on the average passes through one-half of a 1 o .. rnn Ta conve1·ter (total th.ickneas a 

I 2 6 ;· 2 cr! 0.41 g, em , X
0 

= .4 g, em ), it will lose on the average about 3 o of its ene1•gy. 

As a first approximation, therefore. we may correct for radiative losses by 

shifting the energy scale of the observed y -ray spectra by 3~1'n, when using a 

10-mil 'Ta. converter. 

!·Iowever, there is a large amount of straggling in the energy· loss. In 

particular, the most probable energy loss is zero, yet some of the elech·ons 

will lose almost all their energy. The exact calculation of the electron distri-

bution cannot be done analytically. Vl e have performed machine calculations 

where the correct bremsstrahlung forrnulae are used, and the proper integra-

tiona through the converter are made. The resulting radiation-straggling 

resolution functions are then folded into the georr1etric resolution functionB, 

and these folded. functions are usl'.ld to correct the observed y-ray spectra. 
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3. Other factors 

Several other factors can broaden the resolution function, but in our case 

these were all small in comparison with the two effects already discussed. Elec ... 

t:rons scattered horizontally by the conv~rter will contribute some broadening. 

To first order, this effect is zero for a 1 eO-deg spectrometer, due to the re­

focusin,g of raye with the same radius of curvature at the l !30-deg point. \Vith 

the circular spectrometer. the broadening effect is largest at low energies. The 

effect becor:nes negligible at the higher energies at '''hich this spectl·ometer was 

normally op0rated. 

There will be som.e broadening with the .ci:rcular spectrometer owing to the 

finite width of the converter. If a gamma 1·ay enters the converter at a distance 

6 from the center line of the converter, the fractional error in the observed 

y-ray energy is given to first order by 

+ where r and r are the positron and electron radii of curvature, and R ia 

the radius of circle on which the detector.s lie (R = 16 in.). Since our converter 

was 2-in. wide, the max.irn.um error is 3.4/11t and is usuaJly less than lo/,. This 

effect is ze:ro for the 1 BO-deg spectrometer, since the apparent change in energy 

of the €!lectron is compensated exactly by a col-responding change in the apparent 

energy of the positron. 

In the co11version process, the electrons are produced at a finite angle with 

:reop.ect to the incoming y ray. This angle ia o£ order 2 I ~~ t 0 0 = me /E. wh~re - 1s 

the total electron or positron energy. This angle is always small compared with 

the average scattering angle except for very thin converters, and therefore effects 

due to it can be ignored. 
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IV. D.c\TA ANALYSIS 

In contrast with n1ost otL•er workers using pair spectrometers we take 

data at many different magnetic field values. This greatly adds to the com· 

plexity of -~he data annlysis. For thi31 reason it is in1pGrative t-3 use a. high-

speed con-1puter to analyze the data. 1\. program was written for the IBM 7 09 

that {a) divides the -y-ray spectrum into energy· increrncnta. (b) places the events 

from each energy channel of the pair spectrometer (576 for the circular spec-

trometer) into its appropriate energy increment, {c) applies the above described 

co:t.•t·ections which have been previously c~.lculated by other programs, (d) perio:rme 

the target in-out and converter in-out subtractions, and (e) calculates the errors. 

Figu1·e 5 shows a spectrum taken. at a laboratory angle of 60 deg with 
;-

respect to a 735-MeV proton beam bornbal·ding.::. hydrogen target, after all cor-

rections are made. i The spectra from the circular spectrometer and 180-deg 

spcc:t:rom.eter are plotted separately. .A f.ew perc~nt adjustment of the normnl-

ization of one spectrometer to the oth.or has been rnade. E1ccept for this normal-

izntion, the absolute efficiencies as calculated from the theorr described above 

have been usc~d to obtain the differential cross sections. The close sirnilarity of 

the spectral shapes obtained with two spectrometers of such widely differing 

geon1etriea, as ·,vell as the closeness of the overall normalization, gives ui:.'l 

con!Jiderable confidence in both the m.ethod of data analysis and the correctness 

of the underlying theory. 

Figure 6 shows the spectra '.>btaincd at tln·ee diffe1·ent laboratory angles, 

after the data from tne two spcctrorneters have been combined. The error on 

n~mst points is less than 2%, except at th.e lowest energi~s. where the counting 

rat~ is greatly reduced. The interpretation o.f these spectra is t...'"le substance 

of reference !. 
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Here r :ita the radius of curvature for an electron entering tho ~~1idpoint of a 

detector, -.:JJ is the ph:,'Gical w:.dth of a c.etector. ~r is the range of electror. 

radii which can be detcct¢d, .":.r/ l" is the energy res<Olution (full width), and 

tile last colu;.nn is tlJc electron energy at ma."'timurn. field, 19 700 gauss. The 

)'-ray energy is t:'1.e curr. o:f tho electron and pozit1·on. encrgiea !o.r a given pai:r 

of countc rs. 
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FIGURE CAPTIONS 

'I'<"' ·•· tg. l. The 180-deg .spcctronH.!ter. 

Fig. 2. Plan view of the ci.rcular spect:ro:rnete:r. 

Fig. 3. Dlock diagram of the clech•onl.ca. 

Fig. 4. Sca.tte:ting corrcctiort diagram. 

Fig. 1: :_;, Spectra obtained w'ith the circular spectrometer and th.c 

180-dag speetl.·ot'l''lete:, plotted separately. 

Fig. 6. Galt'lr.'la-:~.·a.yr tSpcctr.o. a:.; ::n(;t\3tn:ed in the laboxatory. Data 
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