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ABSTRACT 

A photon spectrometer has been constructed and used which consists 

of a cylinder of glass, 12 in. in diameter and 14 in. long, containing 52% 

of PbO, viewed by four 5 -in. -diameterphotomultiplie rs. The total 

Cerenkov radiation emitted by electron showers in the glass initiated by 

photons incident along the axis is nearly proportional to the incident photon 

energy, from 50 Mev to at least 1.4 Bev. The spectrometer has been 

calibrated over this range of photon energies by the pulses produced by 

electrons of the same energies. Above 200 Mev the. measured energy 

resolution of the spectrometer is 30% and is approximately independent of 

energy. For elimination of incident charged particles during the analysis 

of 'I rays the spectrometer is operated in coincidence with a preceding 

photon-identifying counter system. 

( 
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1. INTRODUCTION 

For beginning some experimerits on the photons produced by the 
, , 

UCRL Bevatron, we decided that a moderately low-resolution, but high-

efficiency, V-ray spectrometer would be very useful to survey the y rays 

from targets in the machine. It was thought that the light from thji'l Cerenkov 

radiation produced in a piece of high-lead-content glass of sufficient size 

to absorb a large fraction of the energy of a photon-induced electron-photon 

showe r would be nearly proportional to the energy of the incident V ray. 

A similar instrument using lead plates and a liquid scintillator has been 

described by Pugh, Frisch, and Gomex. 1 We felt that such an instrument 

would allow us to make a rough evaluation of V spectra extending to very 

high energies, and would indicate whether it would be desirable to later 

undertake the construction of an electron-pair spectrometer of higher 

resolution but much lower efficiency and fargreater expense. Accordingly, 
, , 

the devicedescribed herein was constructed and has been used successfully, 

in several arrangements fora variety of experiments; for more than a year. 

The Cerenkov counter when operated without the counter telescope in 

front has an efficiency for V-ray detection of almost 10'0%; 2, 3 wheni~ is' 

used as a spectrometer the efficiency is limited only by that of the ph9ton 

telescope. This spectromete r has been used for preliminary measurements. 

of the ',spe'ctra~of V rays emerging in various directions, with respect to 
- .': :. -, . 

the bombarding beam, 'from internal Bevatron targets bombarded with 

protons at several Bev. Measurements of the electron pair-production 
4 .' 

cross section at several Bev are currently in progress. The spectro-

meter has also been used to measure the spectra of pulse heights arising 
" " '. "" , 5 6 

from the annihilation of antip:rotons produced by the UCRL, Bevatron. ' 
" 

This la.tte r application has curtailed its use in the extensive high -erle rgy 

v-ray investigation that we have planned. 
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iI. 'THE SPECTROMETER AND ASS:OCIATED EQUIPMENT 

A. The Spectrometer 

The spectrometer shown in Fig. 1 and diagrammed in Fig. 2 consists 

of a 400-lb soft iron magnetic shield which also serves as a case for the glass 

and photomultipliers used to detect the Cerenkc>v radiation in the glass. The 

spectrometer was designed to operate in a field of 100 gauss, the level that 

prevails in some of the experimental areas of the Bevatron building. 

The glass used in the spectrometer, in which the showers develop and 

the Cerenkov light is produced, is in the form of a cylinder 12.25 in.' in 

diameter and ~14 in. long. The cylinder is made of two pieces each 7 in. 

thick. The flat faces of these cylinders have been ground and polished to 
, '. . 

optical q~ality. The two pieces of glass and the photomultipliers are 

optically coupled by a thin layer of Dow -Corning 200 silicone compound 
." ,_., " ,. , . 

having a viscosity of 2,500,000 centistoke~ and an index of refraction of 104. 

TheDe 200 gives an excellent optical bond when held under pressur~. 
'.' . . . . . . . . . " -

; ,Before assembly the glass is wrapped in aluminUITI foil except f~r the 

end facing the photomultipliers, and is also wrapped circumferentially in 

sheet rubber and y. metal. ,The photomultiplier assembly is in contact with 

one flat face o~ the glass cylinder and an assembly consisting of a setscrew 

retaini~g . ring, and rubbe r washe r is placed agains t the othe r face. Snap' 

rings ,which fit into internal groove s cut into the main iron shield, hold 

the entire assembly rigidly in place by the compression of ,the ,setscrews, 

which apply sufficient axial load to the glass so that the spectrometer may 

be placed in any operating position with negligible movement of the 180 Ib 

of glass. 

The circuit boxes containing the bases of the phototubes are held to 

the assembly by springs that press th~ faces of the tubes ag~inst the glass.,' 

Each end of the magnetic shield case has a gasket groove for a rubber gasket. 

This permits a lighttight seal between the ca~e and the, e:ndcov;ers .. which are 

held in place by bolts. Each circuit box cont~ins a high -voltage input, two 

signal outputs, and a filament and plate voltage supply input. These are 

attached by cables ,to cable lead-throughs in one end cove'r. Cables lead 

from the outer side of the end cover to the amplifiers and recording 

equipment. 
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Fig. 1. View of the Ce renkov spec trome te r tilted up for c osmlC ray 
muon calibration. Note that the re are coincidence counte rs placed 
above and below the spectrometer which limit its acceptance to 
relativistic muons. 
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. Fig. 2. Schematic arrangement of the spectrometer showing the glass, 
phototubes, and magnetic field, as well as the anticoincidence counter, 
lead, and coincidence counte rs, These two scintillationcounte rs insure 
that the electron showe rs ,'whi~h are pulse height analyzed, start in the 
O.25-inch lead converter and thus are centered in the glass as well 
as all start at its front surface. 
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. Figure 2 also shows the position of the 6 -inch -diameter anticoincidence 

plastic scintillation counter, the 4-inch-diameter, lead converter, and the 
: - '.. . 

4-inch~diameter plastic scintillation coincidence' counter. The. lead converte,r 

is 0.25 inch' thick and each sci~tillator is 1 inch thick. Each scintillation· 

counter is viewed byfour RCA 1P2,1 photom~ltipliers, and four DuMont 

6364 tubes are used to take the Cerenkov light pulse from the glass. The 

entire assembly weighs about 800 lb. " 

B. Associated Equipment 

The output pulse of each 6364 phbbotnultiplier anode is fed into a cathode 

follower at the base of the tube. This lengthens the pulse in time and 

matches the output cable impedance. The ou~puts from all four cathode 

followers are then added and fed into a UCJ;tL linear amplifier. The outputs 

from the last dynode of each 6364 photomultiplier are added together. 

The 1P21 photomultipliers on the scintillators have their outputs added in 

pairs so that each counter has two independent outputs. The two from the 

anticounter go to a fast double -coincidence circuit, while the two·from the 

coincidence counter and the added dynode pulses from the Cerenkov couriter 
, " - ) .' 

go to a fast threefold coincidence~ All signals are properly amplified by 

200~Mc 'wiele-hand distributed amplifie rs. The fast output of each coincidence 
". . . - " 

circuit goes then to an anticoincidence circuit, ~hich will deliver an output 

only whe~ the anti~oincidence counter has not fired and the coirldd~hCe 
arrangement has. The oombined resolving time of the entire system is 

-8 ' 
.~ x 10 second. 

The properly delayed output of the anticoincidence circuit furnishes 
. . 

a signal for a tripl,e -coincidence unit which gates a UCRL t~n-channel 

pulse-height analyzer. The second signal to the triple coincidence comes 

from the Bevatron gating circuit, which allows the analyz~r to count only 

while the beam is actually bombarding a target. This reduces the effect 

of machi~e and cosmic -ray background. The linear amplifier output goes 

into the triple -coincidence analyzer, and is the signal to be pulse -height 

analyzed. The differe~tialpulse-height analy~er has a double-pulse re

solving time of approximately 7~icroseconds. 
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c. Magnetic. Shielding 

The 6364 photomultipliers are e,xtremely sensitive" to magn'etic field. 

The counting rate varies over a wide range with the orientation of th~ tube 

in the earth~"s" fraction -of-a -gaus s field. Ope ration in the pulsing stray field 

of the Beva:tron, where the field may reach 100 gauss, presented a serious 

problem. A second cylinder of soft iron 0.5 in. thick but separated from 

the mai~ outer shield by 0.25 in. of dielectric, a 20-mil-thick cylinder of 

J..1 me tal inside the main shield and cylinde rical f.L-metal shields around each 

phototube individually were found to be necessary to reduce the effect of the 

external magnetic fields to a negligible value. 'To test the·magnelic shielding 

the spectrometer was gated to count for 0.1':'second intervals durihgvarious 

phase s of the 2 -second Bevatron magnetic pulse. It was found that at the 

.locations where the spectrometer was to be used the foregoing precautions 

were sufficient to give the same cosmic-ray" counting rate and pulse-height 

distribution for all phases of the stray Bevatron magnetic field. 

D. The Glass 

The glass itself was a special casting by the Corning Glass Company 

of a dense flint glass, code No. 8392. The density of this glass is 3.89 , 

gr~ms per cc, and it consists of 52% PbO, 42% Si02 , 3%K20, a:n~ 1'/0 Na
2

0 

by weight. The index of re£ract~on for the sodium "D II line is 1. 649" and 
" 'K 

the light transmission (including t~o surface reflections) from 6700A to 

4300A is 80% for one 7 -in. -thickne~'~, with a sharp cutoff at 4000A. The 
, ! 

dispe rsion of the glass is 33.8. The Index of 1.649 gives a threshold for 

Cerenkov radiation of 0.13 Mev for electrons, 28 Mev for muons, 36 Mev 

for pions, and 240 Mev for protons. One radiation length is 2.77 cm, so that 
. - "'.-

there are 12.85 radiation lengths in the 14-in. length Of glass. The critical 

energy in the glass is 17.5 Mev. Although i"onization energy loss plays no 

part in the production of light in the spectrometer, charged particles 

traveling at minimum ionization (velocity ~'O.955 c) through thegta"ss encounter 
2 " 2 . 

138 g/cm and lose 1.47 Mev per g/cm. This corresponds to a'[;. energy 

loss of 203 Mev for passage through the counter parallel to its symmetry axis. 

A singly charged particle (with velocity approximately c) radiates 338 quanta 

of Ce renkov radiation in the visible range of 4,000 to 7,500 Angstroms pe r 

cm of path in the glass. The Cerenkov energy lost in the same region is 

806 ev/cm. 

i. 
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III. OPERA TION AND CALIBRA TION 

A photon incident upon the spectrometer initiates a cascade shower 

whose energy is largely absorbed in the glass. The total Cerenkov radiation 

produced by the electrons in such a shower is essentially proportional to the 

energy of the initial photon, ~s all electrons having energies greater than 

about 0.5 Mev emit nearly the same amount of Cerenkov radiation per cm 

of path. At energies on the order of several hundred Mev a decreasing 

percentage of the total shower is actually contained in the glass, thus 

making the spectrometer not quite linear in its response. 

By use of a standard light source the gains of all four spectrometer 

photomultipliers were equalized by varying the voltage on each one individually. 

The requirement that the photon telescope be triggered insured that all 
, ' 

showers began at the same place in the s'ystem. The resolution of the counter' 

is markedly enhanced by these two factors. 

The spectrometer has been calibrated up to 1.4 Bev with monoenergetic 
, ' , ' 0 

electrons obtained at the,UCRL Bevatron. Photons (mainly from 'IT d,ecay)' 

were converted in a lead converter~, and the resulting electrons were analyzed 

magneti~ally before reaching the spectrometer,., A calibration spectrum for 

I-Bev electrons is shown in Fig.,3. 'Spectra for other energies are similar. 
I ' ," 

A gaus sian curve was fitted to the expe rimental points, and the pulse height 

corresponding to the peak of the distribution was taken as the characteristic 

response of the spectrometer for this energy. The width of the gaussian 

distribution at half maximum is approxinlately 50%' of the pulse heigh'iat 
, . . . 

the peak. As shown in Reference 2, ,this value is essentially constant above 

200 Mev but increases below that. If we adopt the criterion th~ttwo such 

distributions can just be resolved if their peak positions differ by 60% of 

the width at half maximum, ther,esolution of the spectrometer is seen to be. 

300/0. This has been v~rified experimentallY;-.The c,alibration curve in Fig. 4,' 

shows peak pulse heights obtained in' this manne r plOtted versus the 

correspot?-ding ene rgy., The energy spread of the calibration electrons was 

10% belo~ 400 Mev and 200/a above 400 Mev. The statistical uncertainties of 

the positions of the peaks of the pulse -h~ight distributions are shown., This 
. . . . .' " . 

calibration has been corripared with the. pulse distribution produced by 

cosmic -ray jJ.mesons'sothat they may b~ used for stan.dardizC!:ticm Of the 

spectrometer at any time .. This is useful for monitoring stability during 

extended expe riments .. 
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Fig. 3. A c'alibration spectrum of electrons of 1 Bev ~'n.~'rgy· sho~ing the 
number oftounts perchannel'plotted agaihst the mean channel pulse 
heighL ,The expe~imental hist,Ogram ha.,s b~en fitted by a Gaussian 
normalized to the same area. The Gaus sian has a full-width at half
maximum of lOA volts,'which gives an ,energy resolution of 25%. 
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Fig. 4 .. The calibration curve of the spectrometer showing the 
ch~racteristic pulse height in volts as a function of the calibrating 
electron energies in Bev. The energy spread of the electrons was 
10% below 0.4 Bev and 20% above 0.4Bev. The statistical uncertainties 
of the peak positions' of the pulse-height distributions are indicated. ' 

,~ The solid curve is 'of the fo'rm discussed in the text and has a value 
of b equal to 1.6 x 10-4 Mev-I. 
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The width of the peaks is attributed to the statistical nature of the 

cascade shower, the escape of varying parts of the shower from the glas s, 

the statistical fluctuations in the number of photoelectrons liberated from 

the photocathodes of the tubes by the Cerenkov photons, and the fact that the 

calibration electrons were not actually monoenergetic but had an energy 

spread of about 10% or 20%. 

IV. DISCUSSION OF CALIBRATION 
, 

The energy response of the counter can be somewhat anticipated by 
. " . 7 8 

the use of curves such as are contained in Kantz and Hofstadter and Wilson. 

Applying their curves to this counter, one pbtains the containment factor 

for several energies. These are shown in Fig. 5. 

The results from Wilso"n (Curve A), who uses the correct cross sec tions 

but assumes an infinitely wide medium ina Monte Carlo calculation, are 

higher than those from Hofstadter (Curve B). "To obtain the latter curve it 

is necessary to assume that Approximation B of shower the~ry9 hplds. 

In this approximation all elements are the same if lengths are expressed 

in radiatlon lengths and energies in critical energies. Converting' in .this 

manner the containment factors measured by Hofstadter for several elements 

at one energy to several energies in the glass, we obtain the curve B (Fig. 5) .. 

The curve A predicts too large a containment factor because of the as sumption 

of infinite absorber width. The curve B predicts too rapid a decrease with 

energy due to the reduction in validity of Approximation B, particularly in 

heavy elements at lower energies, where the measurements from which curve 

B was obtained were made. 

The nearliriearity of the containment-factor curves suggests that 

above 100 Mev, for a limited range, the containment factor C (E) may be 

written in the form 

C(E) := E IE = a (I-bE), . c 
where Ec is the energy contained in the spectrometer" Eis the energy of 

the original photon; and a and b are constants. The constant a determines 

the zero energy value. The shape of the curve is given by the 

parameter b; evaluating this constant from the curves we obtain for 

.. 
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-4 -1 -4-1 
curves A andB respectively 0.8 x 10 Mev ,and 3.7 x 10 . Mev . 

The value of b obtained from the solid curve of the above form fitted to 

the spectrometer calibration is 1.6 x 10 -4 Mev -1. This value is intermediate 

between the two others and indicates that the instrument has a quite reasonable 

energy response. 

The resolution can be improved by collecting a greater fraction of the 

Cerenkovlight and by absorbing a greater fraction of the shower. Both 

improvements are being incorporated in a new spectrometer now under 

construction. 
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