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GAS CHERENKOV COUNTERS
John H. Atkinson and Victor Perez-Mendez
‘Lawrence Radiation i.abOratory
University of California
'~ Berkeley, California .

April 24, 1959

ABSTRACT
A gas Cherenkov counter ie dgsctibed which is suitable for char}ged- ,
particle detection in the Bev region (p from 0.980 to 0.999). Calibrations
of the counting efficiency are included along_wi'th:-:a table of indices of
refraction of suitable gases. The use'ofl this counter as a threshold detector
to diacri_minate between elastic and inelé.stic pions in ghe momentum range
of 1 to 2 Bev/c is discussed. Use of the counter io differentiate between

charged particles of different maes in a momentum-analyzed beam is also

.considered.
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GAS CHERENKOV COUNTERS® |
John H. Atkinson and Victor Perez-Mendez
Lawrence Radiation Laboratory
University of Califoraia
Berkeley, California

April 24, 1959

1. INTRODUCTION
The Cherenkov effect has b;een. used increasingly during.-the past
few yesrs as a means of detéctlng. and identifying high-energy partieleh.
Many types of counters ,havia been constructed to serve various purpodéa
such as the 1dentiﬂca§lon of particles of mass v'ml 'fgom a 'ﬂux of pai-ticlee
of mass m, which have the same momentum. From the theory of F’rank

1 the Cherenkov radiation io conﬁned to a narrow conical ehell

and Tamm,
about the direction of the incoming particle with the opening angle 6 of
the cone given by cos @ = 1/np. Also, the number of light quanta with
frequencies between v and (v + dv) per ‘unit lénggh.ol path of the particle

with charge e is given by

N(vdvedn? & - -1 __yav, | (1)
ne? nig?

where n is the index of refraction. For a singly charged particlé integrated
from 3500 to 5600 A(the spectral response of the S11 photocathode) we

have

Ne490 (1 « —t—), (2)
where N is the number of quanta per centimeter of path length The
velocity selection may be accomplished either by detecting the Cherenkov

light within a given angular m;ga or by using the threshold properties of

- _ ,
This work was done under the auspices of the U. 8. Atomic Fnergy Commission.
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the Cherenkov effect, {.e., § = L .

, n
- In practice the mrie,l.mti;on between P and the angle of the Cherenkov

light can be used in a veiocitj-selectin‘g device for particles with values of
p less than 0.99 where the differential change in B corgeoponas to a
physically usable angular interval. 2 Hov?evér. iof Mgher-eneréy particles
with values of ﬂ greater than 0.990, the change in angle versus f is too
small to be readily useful, a,nd hence it is more practical to uee the
threshold :,n@f[ew;ew of the e:herankov effect in this energy region.

This report des‘cribe‘u the conetrﬁction and performance of a
Cherenkov counter for the detection of partxcles with valuee of f ranging
from 0.980 to 0.999. The correspondmg va.lues of mdex of refraction for
the threshold of the Cherenkov effect range from 1.0204 to 1.00100, which

necessitates the use of a radiator in the _gdseous phase.

1I. DE‘ECBIP‘TION OF COUNTER

The counter assembly is shown in Fig. 1. The gae radiator is '
contained in the cylindrical ,steél shell which is 6 ft long and 4 in. in '
diameter. The inner surface of the sylinder is made refll'ecting by having
a thin shell of polished _aluminu;ix rolled intoit. Standard 4-in. pipe
flanges are used throug‘hoﬁt to simplify th@ cbnstruct_io:’z. ‘The Cherenkov
light is deﬂectad from the be§m at the reéi_r of the radiating cylinder by a
45° plane, front-aluminized fx‘xix‘ror.v, Thig’l mirror reflects the light up 90°
thfough a Lucite window onto a phqto’multiplier tube. Ti:e window (3/4-in.
thick) makes a pressure éeal to the géa container and can vbe used up t;i

pressures of 150 lba/in. 2, ‘The small 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 ra;‘iiator cylinder slightly off-axis.

The photomultiplier tube is a lé-stage RCA C7232A tube and has its

' cathode window in optical contact with the Lucite window via a thin layer

of silicone grease. Adequate magnetic shielding for operation around the
Bevatron ie provided by a 1/16-in.: mu ;xxetal shield and the 1/4-in. iron
walls of the multiplier housing. | A

In ofder to decrease the number of noise pulses, the photomultiplier
is\n:';aixuained at dry-ice temperature by e_ncloeing ita houing in a Styro-
foam box filled with dry ice. The photomx#iplier housing has thea to be
airtight to prevent moisture from condensing inside the socket assembly.
Aleo.v the gas in the counter muet be very dfy to prevent t‘rost; which
obscures the optical path, froxﬁ forming on the Laucite window:. _Siiica gel
bags packed in the céunter under the turning mirror and silica gel

refrigeration dryers in the filling lines accomplishthis eatiefactorily.

I11. PERFORMANCE -

The detection efficiency of this counter for counting particles was
investigated experimentally using a monochromatic beam of pions from the
Beyati'on with a momentum of 3.0 + 0.1 Bev/c (B = 0.9989).

The experimental arrangement is shown in Fig. 2. The momentum
of l;he pion beam was determined b} a wire orbit measurement and the
momentum spread estimated f;om the size of the entrance and detection

6lits.
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A block diagram of the ceunting érraﬁgémenﬁ is shown in Fig. 3. The
efﬁéiehcy of the Gherenkbv counter is deﬁneé as the_ ‘t‘aeio‘of the; number 6{':
counts of the monitor scintillators and Cherenkov counter in eqincs'dfet'aéej‘ .
(C, +‘C?z + Gy + 04)' to that of the monitor"l(cl' + Cq ¢ Gu) The ga'ini lEvQI
at which the Cherenkov counter produces a pulse which is i;ecdéded was
set byihe triggering level of the faat diacrixﬁiiator. 3 This level wai aet
at 2 volts into the coincidence circuit and was periodically checked by an
electronic phlea gené‘rator.' | | | |

The detection efficiency of the Cﬁerenkov counter was measured as
a function of the index of refraction for various valves of the valz'age on
the photomultiplier tube. Figure 4 shows the i;ixr\fe obtained in this manner
plotted vo. the preasure of the gas in the éounter.

T!ic leading edge c;f the threshoid aensifivity curves shown in Fig. 4
is preéumab}y due to the small electron contamination‘which is usually
present in pion beams. A factor contributing to the slope of the threahéld
curve is the spread in momentum of the incident pioé'beam. Figure S
cho‘wa these efficiency curves Qith the electron background subtracted out
and the slopes corrected for the Ap of the pion beam assuming a
rectaﬁgnlax_' digtribution in p.

" The gain of th'ephotomultiplier tubs as. a function of voltage was
measured inde;ﬁeﬁdemly by the use of a calibrated light source. 4 The
current ampﬂfication of the tube as & function of the supply voltage is
: _'shown‘in Fig. 6. The magnitude of the édtput'ﬁroltage-pulsea produced by
charged 'pé.rtiéles traveling through the ‘rm:iiator gas can be written as »
vg,: Ag [ ) I (1/,,352)] » where g is the c{x:rgnt amplification §f the phntotube.



e © UCRL-8570 Rev.
and A is a constant of the coumer.' which mciudee Athe phetoﬁ-collection
efficiency, the transmission through the Lﬁci}e window and cathode glass,
_ @d the éverage j‘cathod'e afﬁciéngy. F‘iguré V?':_e'how‘a ihe curve Vé plotted
i‘;n-. these diﬁerem‘.‘gaina of the .photbmu.ltiplfi'err(sup'\ply voltages of 2050, 1950,
1850 ir@}fsfin arbitrt;ry units. .’I‘hadiéc'ririni:iatic’:ﬁ,level cor.re’apond.ing
to a 2-volt output is shown as the horizc—n;;ta.l_ lix;e intersecting the thfee
cuxjves.v 'l’hé intercepts thus giv§ the effectivb 'woz_'k'i‘ng' thfeahqld felative
to the absolute threaﬁold. which is defined by‘the 'Qhefenkov cé_nditicmg
g =1 /n. 1‘553 1950 wvolts this eliéctis@ threshold'(‘QO%) corresponds to

: apprq;cimateiy 213 photons produced in the radiator volume.

. REFRACTIVE INDICES
Accurate indiceé of refraction for gasg-é api:ropriate for Cherenkov
cm{.x_ntefun;a. are not readily av@ilable_. Table 1 is a collection of indices of
refraction from standard reference sources, o o »
When thesde 'co_untg-ra were built there was épme'doubt as to whether
the aquafions of the state for the gases used in our counters (S Fer C Cl,F,)
“and the LarenBQ-larentz Law were adequate to g{ve» the'index of refraction |
‘to the required accuracy, | ‘I‘he.refe‘re. we me’asﬁfred the index of refraction
of l:;oth theee gases by an ‘ir'nterferometric method aﬁ a funetioé of gas
densities. Figures 8 and 9 show the experimental points thus measured
for both 8F, and C CIZFZ’ The 8olid lines in the figures are the

_ theoretical curves obtained from the Lorentz-lorens Law: |

Rye AL Mo (3)
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Index of refraction of gauu

Valwn are given for a temperature of 0°C and 760 mm, preum'e

Wavelsngth (A)

- 1.000702

Gas !m:lou'oi
o refraction
Acetaldehyde 1.000296 5893
Acetone 1.001079 5893
Acetylene 1.000610 5893
Argon 1.000283 5893
Carbon Dioxide 1.000449 5791
Froon 12 (G C1,F,) 1.001150 5461
_ Hydrogen iodide | 1.96@9’11
Krymon - 1.000427
Methane 1.000439
Nxtrogen 1.0003‘56_ o
ﬁ Sulfur hmﬁuoride - '
Sulfur trioxide 1. oeo'z\'sv
tason

Informatlcn is taken from International Critical Tables, Vol. VII

(McGré%v;i;ﬁn. New York, 1950), pp. 6 to l.lx

William E. Forsythe,

Smitheonian Physical Tables (Smitheonian Institution, Washington, D, C.,

1954), Table 554, 533; and from Figs.8 and 9 of this paper.
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where Bﬁ is the molar ‘refractivityl;sln the index of refraction, M the
molecular weight, and d the deasity. '

. V. CONCLUSION
Two gas-filled counters of the typé‘desc;ibsd above have keen in uee
during the'paat year as threshold detectors for pions of energy En ? 3 Bev. 6
Dur:q this time their performance has been very ea.tinfactor'y. | |
‘ The shape of the threshold eificiancy curves were measured recently
in'brder to. determine whether the efﬂciency-curve threshold would be
A sharp enough to permit using thesge countera as detectors for high-energy
particles in elaatic-ecattermg expenments The mxmmum energy loss that
distinguishes an ipelaétic event is approximately 150 Mav and corresponds
to the production of a singlel pion, with the remaining g;arficlee taking off
the maximum gmergy' available from fhe _idnémétice of the reaction,
" From Fig 5 and Eq. {2) the nﬁmber of i)hotona produced for 90%
counting efficiency (213) and 10% eiﬂéiency (71) at 1950 volts may be
| calcul'éted. $incl'e the photc;tube is sensitive only in a limited spectral
range theso photon fxmnbers are a comstant of the counter. Using Bq. (2)
we can now calculate the = moméntum apfead between 90% and 10% efﬁciez_xcy
when the pféssure in the counter, determin!ag n, is set to give 90%
counting efficiency at a given momentum. Table Il gives the resulte of this

;alculation. ‘



«10- . UCR L.-8570 Rev. -
'rgb’le u |

Counting Efficiency for = Mesons

P (90%) : . ‘ p (10%) Lp (901/% - wsé*
(Bev/c) A ' (Bev/c) (Mev/c)i
o 2.2 620
2.00 o 176 . | 260
1.50 | 1.38 120

.00 . 0.960 | 40

Table II also indicates that thess counters are presently most effeétive in |
discrimmatﬁng between elastic and inelastic events in the momentum range of
1.0 to 1.5\ Bev/c. This range may be extended to lower momenta by increasing
the index of refraction (higher pressurcs) gnd to higher momenta by lengthening
the radiator. ‘ |
.Another. perhaps more useful, function of the counter i.a to differentiate
between charged particles of different mass in a momentux;loanalyzéd beam.,
As B approaches one quité closely for all fundamental particles in the Bev
region, the ability to discriminate between particles of the same momentum
_but different rest masaeé will have an upper raomentum {or energy)l limit which
ia a function éf the threshold-efficiency slope of t_ﬁe counter and the masses of the
parfié:‘les. ‘Again using Eq. (2), the physieal constants of our counter as |
calibrated, and the condition of eqhal momentﬁi'u ;ior both mass particles, we

derive directly the following relation for the upper limit on f:
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_ e B 1)
m," - my 'l'.-i ci' '
This expreesion gﬁyes the maximum veiocity (B ) at which the counter will
diatlnguiah between a particle of ugm: z-est mau mx and a particle of -
heavier reat mass mz of equal momentum by ccm.nting particles of ma.aa ‘m,
with an efﬁcieucy of 90% and.partieles of mass mz- with an efﬁcicncy of 10%.
The couater calibration.gives c, 8& 90% fand R ‘éz{n ST
?::2 at., 10?75%?"3;3..@}41mr<e.‘s;mﬂ;, [1 - {1 /nzﬁ 1, 2)] Thus, to eliminate
particles of higker Test maas, the counter is cg_nnected in coincidence with the:
paaein_g counters, a&;d to eliminate pagtie’ifo!é ::;oi {o&er rest mass it i® connected
in anti-coincidence. The discriinination can be made more critical by
calibtating cl‘ at an ¢fficiency higihét than 90% and Tcz _at an efficiency leio' .
| tha.n 10%. For compueation. the ﬁnowmg form oi the relation is convenient:

" 2
: ml _ -ca\

T, ={y - m :{ — -1} my,  (5)
- M em\ e [

where T 1 is thé, laboratory kinetic energy of the lighter particle. Dy the use of

this equation, the following table (Table 1II) of maxinsum separation ané’rgieg for
various pairs of particles was computed for our counter.
Table I

Maximum energy for separation of particle pairs

Particle pairs | P v-K ' ft-p o A_ f{-p

Maximum energy of . R | L
lighter particle 2.2 Bev l? Bev 23 Bev 19 Bev
for separation
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This calculation does not allow for a momentum spread of the incoming beam.,
However, it is apparent that the gas Cherenkov counter is a very useful tool
for differentiating Bev-energy particles of different rest mass.

Since the slope of the threshold efficiency of ihe counter determines
the discrimination properties of the countér. a detailed study of the sources
of this slope was made, The variation of index of refraction of the gas with
' wa;velengfth 6vér the spectral sensitivity of the phototube accounts for less
_than  30% of the observed slope. The r’emaﬁxder o'f the slope is essentially
due to statistical fluctuations in the small number of photons produced,
éouacted. and converted io photoelectrons in the counter. A detailed
statistiégl analysis indicates that the most important of these processes are:
(a) the small number of photbna produced (lese than 300), (b) the variable
number of reflections made by photons depending on their point of origin, and
the statistical nature of the microscopic reﬂaction.proc.es's for 'individual
photons, and {c) the statistical nature of the limited (20%) photocathode
conversion efﬁcieﬁcy. Consideration of the effect of a fixed voltage »
discrimination level (illustrated in Fig. 7) indicates that the slope is
directly proportional to the gain of the phototube, since the atatistical
fluctuations in output 1puhe height- about the mean correspond to smaller
changes in nf for higher gains. Thus to improve the discrimination
characteristics of the counter, the following changes are suggested:

(a) méke the radiator longer to increase the mean number of photons
produced, (%) make the radiator diameter larger and all reflecting

surfaces as efficient as possible to minimize reflection statistical effects, and
(c) usea photofube with the highest photocathode éfﬁcieucy and highest gain

{with tolerable noise levéla) available.
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LEGENDS

1. Cross;eectioqal \}iew of gaa Cherenkév ‘counter.

2. Experimental arrmgementv for thres‘l{old 'meaau;-ements at the -
Bevatroﬁ. | |

3. Block diagram of electromcs.

4. Meaaured detection efficiency o£ SI: 6 'Cherenkov counter vs gas
preesure,for 3-Bev plons, The three curves correspond to different
voltages on the photomultiplier tube.

5. Corrgcted efficiency vs pressure cuArAveé. The e‘le_ctron background
has been‘ subtracted out, and the t'ﬁreshold slopes have been corrected
for the energy spread of the pion beam

6. Measured current ga.m vs voltage for the RCA C?Z32A photom\..ltipliar
tube used in the Cherenkov counter. g - |

o = A [1 - (1/a%8%)] ve ng. The

horizontal line correspoﬁds to an output voltage of 2 v for a detection

7. Output voltage of phototube V

efficiency of 90%. |
8. | Index of refraction’ n of sulphur hexafluoride vs g_aé density as
' determined by interferometer m_easaréments and from the -I;orentz-
lorenz law. The measurements were made at a wavelengt}_; N

of' 5400 A.

. 9 The index of refraction n of C Clz 2 (Freon 12) ve gas density as

‘determined by interferometry measurements and from the Lorentz-

' Lorenz law. The measurements were made at a \vavélength A = 5400 A.
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