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ABSTRACT 
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A gas Cherenkov counter is deacribed which ie suitable for charged-
' ' 

particle detection in the Bev region (J' from 0. 980' to 0. 999). Calibratiolle 

ot the counting efficiency are included along with a table of indices of 

refraction of suitable gaaes. The use of this counter u a threshold detector 

to c:liecri~nate between elastic and inelastic pions in ~he momentum range 

of 1 to Z Bev/c is diacuss.ed. Use of the counter to differentiate between 

charged particles of different mass in a m.omelltum-analyzed beam is also 

.considered. 
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I. lNTB ODUCTION 

The Cherenkov effect has been used increaeln&ly during the past 

few yea't's as a means of deteetlag an.cl identifying hip-energy particles. 

Many types of counters have been eo~Utnictecl to serve various purposes 

such as the identification of particlee of mass ·m1 from a flux of particles 

of mass mz which have the -same momentum. . .From the theory of Frank 
1 . . . 

and Tamm, the Cherenkov radiation is confined to a narrow conical ehell 

about the di!'edion of the incoming particle with the opening aagle 6 of 

the cone given by eoa 8 = 1/nf). ·Also, the number of Ught quanta with 

f:requeneiea between " and (v ~ 4v) pel" ·unit len~b of path of the particle 

with charae e is given by 

N ("') clv = 4 "'Z (1- (l) 

where n is the lacSex of refraction. For a singly caarged particle integrated 

. from 3500 to 5600 A(the spectral reeponae ol the Sll photocathode) we 

have 

N = 4190 (1 .. (2) 

whe~e N i& the number of quanta per centimeter of path lenph. The 

velocity selection may be accompllahe4 either by detecting the Cherenkov 

light within a given angular ~~' or by using the thre•hold. properties of 
' ~ ' . . . 

This work was done under the auspices of the U. S. Atomic F.nergy Commi•eion. 
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· In practice the wrreJ.a:tic:.ir.~ ·between 13 and the angle of the Cherenkov 

light can be ueec:l in a velocity-selecting device fo~ particles with values of 

j3 lese than 0. 99 where the difforential change in f.\ corresponds to a 

·;' physically'llliable angular interval. Z Howev~r, for higher-energy particles 

with values of tl greater than .0.990, the change in angle versue ~ is too 

small to be readily useful, and .hence it is more practical to use the · 

threshold {'7-'lt~?~~,:·e'Si of the <!herenkov effect in this energy region. 
~. . 

This report clescribes the constru_ction and performance of a 

Cberenkov counter for the detection of particles with values of j) ranging 

from 0.980 to 0.999. The corresponding values of .index o£ refraction for 

the threshold ol the Cherenkov effect range £rom l.OZ04 to _1.00100. which 

necessitates the u~e of a radiator in the gaseous phase. 

U. DESCRIPTION OF COUNT.ER 

The counter aseembly is shown in Fig. 1. · The gas radiator is 

contained in the cylindric;al.eteel shell which is 6 ft long and 4 in. in 

diameter. The inner surface of the ~ylinder is made reflecting by having 

a thin shell of polished aluminum rolled into it. Standard 4.;,in. pipe . 

flanges are ueed throughout to iSbnplify the construct~ori. The Cherenkov 

light. is deflected. from the beam at the rea_r of the radiating cylincler by a 

·- 45° plane, front-aluminized. mirror .. This mirror reflects the light up 90° 

through a Lucite window onto a photomultiplier tube. The wind.ow (3/4-in. 

thick) makes a preaaure seal to the gas container and can be used up to 
presauree of 150 lba/in. 2• The •mall aluminum cone in.front of the Lucite 
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window has a polished inner surface and serves to collect the light produced 

by particles that traverse the radiator cylinder slightly off-axis. 

The photomultiplier tube··is a 16-etage RCA C7Z3ZA tube ud has its 

cathode window in optical contact With the Lucite window via a thin layer 

of silicone pease. Adequate magnetic shielding for operation around the 

Bevatron ia provided by a 1/16-in.· mu metal shield .and the 1/4-in. iron 

walls of the multiplier houaing. 

ln order to decrease the number of noise pulses, the photomultiplier 

is_ maintained at c:lry-ice temperature by enclosing ita housing in a Styro..; 

foam box filled with dl"y ice. The photom.uliplier housing hae then to be 

airtight to prevent moisture from condensing icside the socket assembly. 

Also, the gas in the counter muet be very clry to prevent £roat, which 

obscures the optical path, from forming on the J..uclte window. Silica gel 

bags packed in the counter under the turning mirror and silica gel 
.•' 

refrigeration dryers in the filling lines accomplish this satisfactorily. 

Ill. PER FOR MANCE 

The _detection efficiency of this counter for counting particles was 

inveetigated experimentally using a monochromatic beam of pions from the 

Bevatron with a momentum of 3.0 :t: 0.1 Bev/c (IS= 0.9989). 

The experimental arrangement is shown in Fig. l. The momentum 

of the pion beam was determined by a wire orbit measurement and the 

... momentum spread estimated from the eiae of the entrance and detection 

slits. 
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A block 4iagram of tb~ counting arrangement i1 .tihOwn.ln .Fii· l. The 
efficiency of the Cherenkov counter is defined as th~ ratio of the number ol· 

counts o£ the nlcmitol' scintillatore and Cherenkov tQunter ·hl eoillcidence ; 

(C1 +. Cz + CJ + c 4 ) to that oi the monitor (Cl. i· c 3 + C4) •.. The gain level 

• at which the Cherenk.ov coUilt~r produces ·a, pulee which i8 f.ecorcled wae 

eet by. the triaaer.tng level of &he fast discriminator. 3 Thls level waa set 

at z volts into the coincidence circuit and was periodically,, .checked by an 

electronic pulse generator. 

The detection efficiency of the Cherenkov counter was measured ae 

a £unction of the index o£ refraction for various values of the voltaae on 

the phOtomultiplier tube. Fiaure 4 ohowa the curve obtained in this manner 

plotted vs. the pressure of the gas in tD.e counter. 

The leading edge of the threshold sensitivity curves shown in i'ig. 4 

is presumably 4ue to the small electron. contamination which is ~sually 

present ln pion beams. A factor contributing to the slope of the threshold 

curve is tb.e eprea.d in momentum of the incident pion beam. Figure 5 

ahowe these e£ficiency curves witla. the electron background subtracted out 

and the slopes corrected for the Ap o£ the pion beam assu.tning a 

rectangular distribution in p. 

The ga.ln of the photomultiplier tube as. a ftmctioa of voltage .was 

measured iudependently by the use of a callbr~ed light source. 4 The 

current amplification of the tUbe as a fun~tion o! the aupply voltage is 

shown in Fig~ 6. The mapitucle of the output voltage pulseD produced by 

charged particles traveling through the radiator gas can be written a• 

v g = Ag r 1 .. (l/n1-2~ • where g is the current amplltication of the phototube, 
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and A is a constant ol, the eouater. which includes the photon .. collection 

efiicien~y, the transmi_ssion throug:b the Luc~te window and cathode glass, 

and the average cathode ef£id$nqr. Figure 7 .shows the curve v
8 

plotted 
' 

for these different gains of th'i photo·multiplier. (supply voltages of ZOSO, 1950, 

1850 ~olts-f 1n arbitrary unite .. The discl'imination level cor.respon.ciing 
,. . . 

to a z .. volt outp\tt is_ shown as the horizontallhie mt•rsecting the three 

curves. The intercepts thus give the efiective worldt'lg threahold relative 

to the abaol~e threshold, which is fle£ined by.the ~herenkov conditio». 

f) = 1/n. For 1950 volts this ef!~ctive threeholcf (90%) corresponds to 

· appr~ximately 213 photons produced in. the radiator volume. 

IV. BEFBACTIVE INDICES 

Accurate indices of refraction for gases appropriate for Cherenkov . 

c::ou.nter-use are JU)t readily available. Table lis a eolleetion o£ i.ndic:css of 

$1'e£raction from s~dard reference sources. 

\\'hen these· counte-rs were built there waa some- doubt as to whether 

the equations of the state for the gases ueed in our· eounters (S F 6 , C Cl zF z) 

and the Lorenz- Lorentz ~w "were adequate to give the index of refra.ction 

to the -required accuracy.·. Therefore. we measured the index of refraction 

of both these gases by an interferometric method ae a mnetion of gas 

densities. Figu.J:ee '8 and 9 show the experimental points thus measured 

lor both SF6 and C ClzFz· The solld Hnes in·the .figures are the 

theoretical curves obtained from the ·Lorentz .. Lorenz La.wt 

M -· 
d 

(l) 
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Table I 

. . . . lndesc of refraction ol guea a 
Value• are Jiven tor a temperattare of OOc aad 760 .mm, pi'eaaure 

Gaa Index of Wavel•nsth (A) 
refraetion 

its:eta14e~yo l.ooo&9o 9893 

Acetone 1.00107, S89:i 

Acetyl•Ae 1.000610 ·sa9l 

Argon l.OOOZ83 S893 

Carbon Dioxide l.(IOQ.1l49 5791 

.Freon 1a (C ClzF1) 1.0{)1150 5461 

if? Hydrogel\ lodid.c l.ooat.t 1 . 91· 
. ~ :. ~ .. :;\ -~~- . 

Krypton l.0004l7 5"770 

Methane 1.000439 5893 
' 

1.oooa96 
',~ 

Nitroaen 5.893 

1.oo{t~ Sulfur heuftuod4e . 589) 
~.- t:~.-,.,..y-~··· 

sUlfur u•iOJd.ch 
.1:.~~~-- . ~·:);:. 

,~,.·~-·.· 1.000737 

Xenon 1.000702 . 5791 

lnfor~~ il taken &om lnternatioaal Critical Tablea, Vol. VII 

(McGraw• Hill. New York, 1950), pp. 6 to 11 ~ 'WUUam E. i"oraythe, 

Smitb.oidan Pbyaic&l Table• (Smitu~ lnstiwtiOA, Waahtapn, D. C. , 

1954), Table 554, 533L and il'~m Fig•. 8 an4 9 of thil pape,. 
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where Dm the index of refraction, M the 

V. CONCLUSION . 

T·wo gas-filled countere of the type ·described above have been. in uee 

during the past year as threshold detectors for pions of ene!'gy E
11 

> 3 &ev. 6 

Duriqa this time their performaace us. been ver)' eatiafactory. 

The shape of the threshold. efficiency curves were measured recently 

in order to determine whether the efficiency-curve threshold would be 

. sharp-enough t~ permit using these counters as detectors tor high-energy 

pal'tides in elastlc-sc:attering experiments. _The minimum energy lose that 

dietinguishes an inelutic event is ai;>proximately 150 Mev and corresponds 
- . . 

to the p'roduction of a single plon, wi.th the remaining. particles taking off 

the maximUm energy available from the kinematics of the reaction. 

-. From Fla. 5 and Eq. (l) the number of photons pro4uce<l for 90% 

eouating efficiency (213) and 10% elficiency (71) at 1950 volta may be 

calcule.te4. Since the pbototube is seneit.ive only in a limited spectral 

range these photon numbers are a constant o! the eounttfr. Using Eq. (Z) 

we can now calculate the " momentum spread between 961"' and 10% elticiency 

when tbe pressure in the counter, deter.mini"'g n. ·is ee~ to •ive 90% 

counting e~iclency at a given momentum. Table II gives the results of thie 

calculation. 
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... 

. p (90%) 

. (Bev/c) 

3l>o-
~. 

ll{.-': 

z.oo 
1.50 

1.00 

-
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Tabie II 

Counting E£ficiency tor v Mesons 

p (10'%:) 
(Bev/c) 

Z.12 

1.74 

1.18 

0.960 

UCB L-8570 Bev. 

6ZO 

260 

120 

40 

.Table 11 also indicates that these cow.'lters are presently most effective in 

discrimiAating between elastic and inelastic evente in the. momentum range of 
\ 

1.0 to 1.5 Bev/c. This range may be el¢ended to lower momenta by increasing 

the index of refraction (higher pressures) and to higher momenta by lengthening 

the radiator. 

Another. perhaps more useful. function of the counter is to di!fereaUate 

between charged. particles of different mass in a momentum-analyzed boam. 

Ae f) approaches one quite closely for all .fundamental particles in the ~ev 

region, the ability to dis·crimin.ate between particles of the same momentum 

but different reet maases will have an upper rnom.entum (or energy) limit '-'Vhicb 

is a function of the threshold-efficiency slope ol the counter and the masses of the 

particles. ·Again using Eq. (Z), the physical constants of our counter as 

calibrated. and the condition o! equal momentum for both mase particles, we 

de.l'ive ciirectly the following relation for the upper Umit on ": 
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~ .... ( . ~) z mt · · ·.· · 01 •. cz. · 
~. = 1 .. • . 

. l 2 .· •' \ 
mz .. m1 i l .. c 1 . ·. 

i ; 

(4) 

i, ! 

This expreaaioa af!•• the m~Ximum v.locity. ('~~·at which the CO\Ulter will 
.. - . . . /1/ -. . . . . ; . . .. 

distlnguiah between a. particle o! lighter rest maas m 1 artd a particle of 

heavie.r ~-~., m..e. mz of eqUal rnome~tum by coumt.ha particle• of maaa ml 

with~ eUiclellcy of .,0%' and.particles of mae• .. m~ With an efficiency of 10,. 

The counter calibration, gives c 1. · y~ :90% fendr)"'~ · ,:.tJl;&'r:t1t~ll~:'f!, ·:.'e;~,;~. r.; ... ·::.i:.r ;~.L~-~~,: "· 
.. -~ . . .t .., l'~f -

f~'i' a:~.i::l0o/M;;JJ.W';,tt·~r'e-r.:.~i.'A~, c 1, z • [1- U/nl~ll,.z)J. Thua, to eUiniD&te 

,parti:dea ·of· higher reat mas a. the coUAter is c~ec:te4 in c:ob,sci4ence with the 

passlng counter8, and to eliminate paniCles ·Of ~.owel" reet Mafl_l it i8 coma.ecte4 

in anti-coincidence. The 4iscriinlnation can be made .more critical by 

calibrating c 1 at an efficiency higher thall 90%:aAd c~ .at ail efftcieacy leaa · 

thao. 10%. i'or computatiOD~ the following form- of the l"eilatiOD is COI\V.meatt 

'··. z . . . . ~-! } . 

1·~ mt . fl -ca j . . , .. 1 · m 1• 

mz z. .. ml z. 1 .... c l l .. 
(5) 

where T 1 is the. laboratory kinetic energy o! the lighter particle. Dy the use of 

this equation, the following table (Table W) o£ maximum separation energies fol" · 

various pairs o! particles was computed for ouz counter. 

Table m 

Maxhnum energy :for o:epai'adon of particle pairs 

Particle ,pail's 

Maximum enel'gy ol 
lighter panicle 
~-, separation 

a.a .Bev 

t•K. tr:-p 

lZ Bev 

. K-p 

19 Bev 
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Thi• calculation 4oes not allow for a momentum .epread of the incoming beam. 

However, it is apparent that the gu Cherenkov coWlter is a very useful tool 

for differentiating Bev-energy particle• of different reat masa. 

Since the elope of the threabold efficiency of the counter determines 

the cliecrimlnation properties of the counter, a detailed study of the aourcea 

of thi8 elope waa macle~ The variation of index of re!ractiort of the gaa with 

wavelength over the spectral sensitivity of the phototube account& for less 
. . 

. than 30% of the obaerved. elope. The remainder of the alope ia essentially 

due to atatistlcal fluctuations in the small number of photons produced, 

collected, and converted to photoelectrons in the CO\Ulter. A. detailed 

statistic~ analysis irulicatea that the moat important of theae proceseee are: 

(a) the small number of photons produced. (lese than 300), (b) the variable 

number of reO.eetioraa made by pbotoaa depending on their point of origin, and 

the statistical nature of the microscopic reflectioa_proceea for'individual 

photons, and (c) the statistical nature of the limited (20%) photocathode 

conversion elficteney. Consideration of the e·ffect of a lixecl voltage 

discrimination level (illustrated in Fi;. 7) indicates that the slope ie 

directly proportional to the gain of the phototube, since the atatietical 

fluctuation• in output pulae height about the mean correspond to smaller 

changes in nfl for bigher gaina. Thue to improve the c:liscrimination 

characteristics of the counter. the following chansee are •uggeated: 

(a) make the radiator longer to increase the mean number of photons 

produced. (b) make the radiator ciiameter laraer and all reflecting 

surfaces ae effiCient ae po••ible to minimize reflection atatiatical el!ects. and 

(c) uee a phototube with the highest photocathode efficiency and highest gain 

(with tolerable noise levels) available. 
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LEGENDS 

l< .. ig. 1. C~oss.:.sectional vi(i:\V of gas Cherenr..ov counter. 
. . 

Fig. 2. Experimental arrangernerit !or t.lucs11.old n1easurements at the 

Bevatron. 

Fig. 3. Block diagram of electronics • 

Fig. 4. Measured detection efficiency of ,Sl!~6 Cherenk.ov counter vs. ~as 

pressure· for 3-.Bev pions •. The three curves correspond to 4ifferent 

voltages on the photomultiplier tube. 

Fig. 5. Corrected efficiency vs pressure ~u~vea. l'he electron background 

has been subtracted out, and the threshold elopes have been correct~cl 

for ~e energy spread of the pion beam. 

Fig. 6. Measured current gain vs voltage for the .. RCA G?ZJZA photomultiplier 

tube ua~i:d in the Cherenko"V CO'I.\il.ter •. 

Fig. i. Output volt~ge of phototube V g :: Ag r (1/n Zf!Z)] vs nf}. The 

horizontal line corresponds to a.n Oiitput voltage of l. v for a. detection 

efficiency of 90o/c,. 

Fig. 6. Index of re!raction n of sulphur hexafluoride ve gas density as 

· dderminec! by .interferometer measurements and fro':'l\ the -Lorentz .. 

Lorenz law. The measurem.ents were made at a wavelength A. 

of 5400 A. 

Fig. 9. The index of refraction n of C C ~ lJt2 (Freon 1 Z) vs gas density as 

. detertnined by interferomet_ry z:neasurexrients and from the Lorentz­

Lorenz law. The measurements were made at a \vavelength A. : 5400 A. 
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