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- ABSTRACT |

A photon spectrometer has been constru_cted and used which consists

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

of PbO, viewed by four 5-in. -diameter photomultlphers The total
Cerenkov radiation emitted by electron showers in the glass initiated by
photons incident along the axis is nearly proport1ona1 to the incident photon .
energy,'from 50 Mev to at least 1.4 Bev. The spectrometer has been
calibrated over this range of photon ene‘rgies»'by the pulses pr'oduced by .
electrons of the same.eriergies. Above ZQOIMe_v the measured ener‘g'y
resolution of the spectrometer is 30%. and is approximately independent of
energy. For el1rn1nat10n of incident charged partlcles dur1ng the ana1y31s

of y rays the spectrometer is operated in co1nc1dence with a preceding

‘photon - -identifying counter system. .
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I. INTRODUCTION |

' For beginning some experiments on the photons‘ produced by the
UCRL Bevatron, we ‘decided that a moderately low-resolution, but high-
efficiency, y-ray spectrometer Would be ve ry useful to su-ryey the -y rays:
from targets in the machine‘ It was th'ought that the light from the. Cerenkov
rad1at10n produced in a piece of high-lead- -content glass. of suff1c1ent size’ |
| to absorb a large fraction of the energy of a photon -induced electron photon
shower would be nearly proportlonal to the energy of the 1nc1dent v ray
A similar instrument using lead plates and a liquid sc1ntlllator has been
descrlbed by Pugh Frlsch and Gomex 1 We felt that such an 1nstrurnent
would allow us to make a rough evaluatlon of v spectra extendmg to very
high ene rgles and would 1nd1cate whether it w0uld be- des1rable to later .
undertake the construction of an electron -pair spectrometer of hlgher
resolution but much lower efficiency and far greater expense, Accord1ngly,
the dev1ce descr1bed hereln was constructed and has been used successfully,
in several arrangements for a variety of. expe r1ments, for more than a year.

~ The Cerenkov counter when ope rated w1thout the counter telescope in .
front has an eff1c1ency for y-ray detectlon of almost 100%, '3 when 1t 1s c
used as a spectrometer the eff1c1ency is l1m1ted only by that of the photon
telescope. This spectrometer has been used for prellmlnary measurements.
of the ¢ spectrarof y rays emerging in varlous directions, with respect to
‘the bombardmg beam, from internal Bevatron targets bombarded w1th _ )
protons_ at several Bev Measurements of the electron pair- product1on _
cross section at several Bev are currently in progress. 4 The spectro-A
rneter has also been used to measure the spectra of pulse helghts ar1s1ng |
from the annihilation of ant1protons produced by the UCRL Bevatron. 5,6
-This latter appllcat1on has curta1led its use in the exten51ve hlgh energy ,

' y-ray investigation that we have planned.
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fI. THE SPECTROMETER AND ASSOCIATED EQUIPMENT

A. The Spectrome ter

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 dete‘ct the Cerenkov radiation in the glass. The
spectrometer was designed to operate in a field of 100 gauss, the level that
prevails in some of the experlmental 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 cyllnder 12.25 in. in
diameter and 14 in. long. The cyllnder 1s made of two p1eces each 7 in.
thlck The flat faces of these cyllnders have been ground and pol1shed to a
optlcal quahty The two pleces of glass and the photomultlpllers are |
optlcally coupled by a thin layer of Dow- Cornlng 200 sﬂlcone compound
hav1ng a v1scos1ty of 2,500,000 centistokes and an index of refractlon of l 4"
The DC 200 glves an excellent optical bond When held under pressure

. Before assembly the glass is wrapped in alum1num f01l except for the
end fac1ng the photomultlpllers, ‘and is also wrapped c1rcumferent1ally in
sheet rubber and » metal, . The photomultlpller assembly 1s 1n contact w1th!
one flat face of the glass cylinder and an assembly con51st1ng of a setscrew
retammg r1ng, and rubber washer is placed against the other face. Snap
rlngs, ‘which f1t 1nto 1nternal grooves cut into the ma1n 1ron shleld hold
the ent1re assembly r1g1dly in place by the compre551on of the setscrews,
wh1ch apply sufficient axlal load to the glass so that the spectrometer may
be placed in any operatlng pos1t10n w1th negllg1ble movement of the 180 lb
of glass o ' '

The circuit boxes contalnlng the bases of the phototubes are held to
the assembly by sprlngs that press the faces of the tubes agalnst the’ glass
Each end of the magnetlc sh1eld case has a gasket groove for a rubber gasket
This permlts a hghttlght seal between the case and the end covers, which are
held in place by bolts. Each circuit box contams a h1gh voltage 1nput two
s1gnal outputs and a f1lament and plate voltage supply 1nput These are‘
attached by cables to cable lead throughs in one end cover ' Cables lead
from the outer side of the end cover to the ampl1f1ers and recordlng ‘

equipme nt
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Fig. 1. View of the Cerenkov spectrometer tilted up for cosmic ray
muon calibration. Note that there are coincidence counters placed
above and below the spectrometer which limit its acceptance to
relativistic muons.
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. Fig. 2. Schemat1c arrangement of the spectrometer showing the glass,
phototubes, and magnetic field, as well as the anticoincidence counter,
lead, and co1nc1dence counters These two scintillation counters insure'
that the electron showers, which are pulse height analvzed, start in the
0.25-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 pos1t1on of the 6-inch- diameter anticoincidence

plast1c sc1nt1llat10n counter, the 4-inch-diameter lead converter, and the

4. 1nch d1arneter plast1c scmtxllatlon co1nc1dence counter. The. lead converter
>1s 0. 25 1nch thick and each scmtlllator is 1 inch thick. Each sc1nt1llat1on

 counter 1s v1ewed by four RCA lPZl photomult1pl1ers, and four DuMont

6364 tubes are used to take the Cerenkov l1ght pulse from the glass. The
entire assembly welghs about 800 1b. . , : ~

. B As sociated Equlpme nt

' The output pulse of each 6364 photomultlpher anode is- fed into a cathode

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

matches the output cable 1mpedance The outputs from all four cathode :
followers are then added and fed into a UCRL linear amplifier. -The outputs
fro_rn the .lastdynode 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 'frorn the
anticounter go to a fast double co1nc1dence circuit, while the two. from the

co1nc1dence counter and the added dynode pulses from the Ce renkov counter

‘go to a fast threefold c01nc1dence All s1gnals are properly amphﬁed by

200 Mc w1de -band. distributed amphf1e rs. The fast output of each co1nc1dence-
c1rcu1t goes then to an anticoincidence c1rcu1t wh1ch w1ll del1ver an output

only when the ant1co1nc1dence counter has not fired and the comc1dence

'arrangement has. The combined resolvmg time of the ent1re system 1s

6 x 10~ second

The properly delayed. output of the ant1co1nc1dence c1rcu1t furmshes.
a S1gnal for-a triple - coincidence unit wh1ch gates a UCRL ten -channel
pulse-he1ght analyzer The second signal to the tr1ple coincidence comes -
from the Bevatron gating circuit, which allows the analyzer to count only
while the 'beam is actually bombardmg a target Th1s reduces the effect
of machme and cosm1c ray background The l1near ampl1f1er output goes’-
into the trlple coincidence analyzer, and IS the s1gnal to be pulse helght
analyzed The d1fferent1al pulse —he1ght analyzer has a double pulse re -

solv1ng time of approx1mately 7 m1c roseconds
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C. Magnetic Shielding

The 6364 photomultipliers are exfremely sen.si'ti\_vf’e\to r'n‘agn‘e‘tic1 f1e1d
The counting rate varies over a wide range with the ori'enta'.tion of the tube
in fhe earthl-’s‘f'raction'-of-a—'gauss field. Operation in the pulsing' stray field
of the Bevatron, where the field may reach 100 gauss,. nresented a ser'i‘ons
problem. A second cylinder of soft iron 0.5 in. thick but separated fi‘om
the main outer shield by 0.25 in. of dielectric, a 20-mil-thick cyiinder of
u metal inside the main shield and cylinderical p-metal shields around each
phototube individually were found to be necessary to re‘:duce the effect of the
external magnetic fields to a negligible value. To test the magnetic shielding v
the spe.ctro-rne ter was gated to count for 0.1-second intervals during various
phases 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 eosmic—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
grams per cc, and it consists of 52% PbO 42% SlO s 3% K,0, and ¥ Na @)
by weight The 1ndex of refractlon for the sodlum ”D”V line is 1. 649 _and
the light transm1ss1on (1nc1ud1ng two surface. reflectlons) from 6700A to
4300A is 80% for one 7-in. -thlckness w1th a sharp cutoff at 4000A. The
dispersion of the glass is 33.8. The index of 1.649 gives aﬁth'res'ho_ld for
Cerenkov radiation of 0.13 Mevw for electrons 28 Mev for m'uons‘, 36 Mev
for pions and 240 Mev for protons * One rad1at10n 1ength is 2. 77 cm, so that
there are 12. 85 radlatlon 1engths in the 14 in, 1ength of glass The cr1t1ca1
energy in the glass is 17. 5 Mev Although ionization energy loss plays no
part in the production of 11ght in the spectrome ter, charged partlcles
traveling at minimum ionization (velocity = 0.955 c) through the- glass encounter
138" g/cmz and lose 1 47 Mev per g/cmzﬂ. Thls corresponds to an energy
loss of 203 Mev for passage through the counter parallel to its syrnrnetry axis.
A singly charged particle (wifh velocity approximately c) radiates 338 qnanta
gof Cerenkov radiation in the visible range of 4,000 to 7,500 Angstroms per:
cm of path in the glass. The Cerenkov energy lost in the same region is
806 ev/cm.
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III. OPERATION AND CALIBRATION:

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, as all electrons having energies greater than
about 0.5 Mev emit nearly'th'e same amouht of Cerenkov radiation per cm
of path. At ene rgies on the order of several hundred Me’{/ a decreasing
percentage of the total shower is actually contained in the bglass, 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 teiescope be triggered insured that all
showers began at the same placer in thes”ystern,; ‘The re.solution of the counter-
is markedly enhanced by these two factors. o

The spectrometer has been cahbrated up to 1.4 Bev with monoenerget1c
electrons obtained at the UCRL Bevatron. Photons (mamly from TI'O decay)-
were converted in a lead converter,: and the resulting electrons were analyzed
‘magnetlcally before reachmg the spectrometer ‘A calibration spectrum for
1-Bev electrons is shown in Fig.. 3 Spectra for other ene‘rgies'are similar. .
A gaussian curve was fitted to the exper1menta1 pomts, and the- pulse he1ght
corresponding to the peak of the dlstrlbutlon was taken as‘the’charactenstlc
response of the spectrometer for this energy The width of the gaussian
distribution at half maximum is approx1mate1y 50% of the pulse he1ght at
the peak. As shown in Reference 2, this value is essentlally constant above
200 Mev but increases below that. If we adopt the criterion that'two such
distributions can _]ust be resolved if their peak positions differ by 60% of
the width at Half maxlmum, the resolutlon of the spectrometer is seen to be:“.
30%. ‘This has been verified expe r1menta11y The cahbratmn curve in F1g 4
shows peak pulse he1ghts obtamed in this manner plotted versus the ‘
corresponding energy.” The energy spread of the calibration electrons-was
10% 'belov‘v 400 Mev and 20% above 400 Mev. The statistical uncertainties of
the positions of the peaks of the pulse -heightdistributiohs are shown. _This
calibration has been corripared with the puise dis-trib‘ﬁtion' prod‘uce-d ’by |
cosmic-ray p ‘mesons so that they may be used for standard1zat10n of the -
spectrometer at any- time.. This is useful for mon1tor1ng stabﬂlty dur1ng

extended experiments.
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Fig. 3. A calibration spectrum of electrons of 1 Bev energy showing the
number of counts per channel plotted against the mean channel pulse - ..

~height, The experimental histogram has been fitted by a Gaussian
normalized to the same area. The Gaussian has a full-width at half-
maximum of 10.4 volts, ‘which gives.an enérgy resolution of 25%.
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Fig. . 4. The ca11brat10n curve of the spectrometer show1ng the
characterlstlc 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 0.4 Bev. The statistical uncertalntles -
of the peak. p051t10ns of the pulse- helght distributions are indicated.

. The solid curve is of the form discussed in the text and has a value -
of b equal to 1.6 x 10-4 Mev-!
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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 glass,
the statistical fluctuations in the number of photoelectrons liberated from -
the photocath-odes ‘of the tubes by the Cerenkov photons, and the fact that the
calibration electrons were not actua.lly monoenerget1c but had an energy

‘spread of about 10% or 20%.

! V. DISCUSSION OF CALIBRATION

The energy response of the counter can be somewhat anticipated by
the use of curves such as are contained in Kantz and Hofsta.dter7 and . W1lson.,8
Applymg their curves to this counter, one obtams the contamment factor
for several energies. These are shown in F1g 5. '

The re'sults from W11_son (Curve A), who uses the correct cross sections
but assumes an infinitely wide medium in a Monte C.arlo' ca;Ic.ula..tion, are '
higher than those from Hofstadter (Curve B). _To obtain the latter c1_irve it
is necessary to assume that Approximation B of shower the'orygr holds.

In this approximation all ‘ele’me‘nts’are the same if lengths are expressed
in radiation lengths and energies in critical energies. Converting in this
manner the conté.inrnent factors meesured by Hofstadter for several elements
at one energy to several energies in the glass, we obtain the curve B (Fig. 5).
The cur%;e A predicts too large a cont:ai'nme'nt factor because of the assumption
of infinite absorber width. The "‘curve‘ B predicts too rapid a decrease with
energy due to the reduction in validity of Approximation B, pavrticula;fly in
heavy elements at lower energies, where the measurements from which curve
B was obtained were made. ' |

_ The nvear‘.lin‘-e"arvityv 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) z E_/E = a (1-bE),
where. E is the energy contained in the spectrorneter, E is the energy of
the or1g1na1 photon; and a and b are constants The constant a determmes ‘o
the zero energy value,‘ _ " The sha.pe of the curve is g1ven by the

parameter b; evaluating this constant from the curves we obta1n for v b
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Fig. 5. Energy dependence of the containment factor of the spéctrometer
as calculated by use of the curves in References 7 and 8.
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curyés A and B respectively 0'..8‘x 10-4 Mev;l, and 3.7 x 10._%1 Mev'1
The value of b 'obtained' from the solid curve of the above form fitted to
-the épeétrometer calibration is 1.6 xVIO-4
between the two ofhers and indicate.sv that_~the' instrument has. a quite reasonable
energy respoﬁse. - | | o _ ‘ ' /
The resolution can be improved. by collecting a g-reéte.r fractioh ofvthe'
Ce r_enkov__light and by absorbing a greater fraction of the- éhower. Bot.h.
improvements are being inéérporat'éd i.nbvav_'ne_wv spe’ctrome‘te_r'_now under

construction.

I

Mev-l. This value is intermediate _
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