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INTRODUCTION

C l,/HARGED p a r t i c l e s moving in a t r a n s p a r e n t m e -

dium with velocity exceeding the phase velocity of

light in this medium emit a unique radiat ion, p a r t of

the s p e c t r u m of which l ies in the vis ible reg ion. This

radiat ion was f i rs t d i scovered and invest igated by

S. I. Vavilov and P . A. Cerenkov in 1934-1938, and

was explained theoret ica l ly by I. M. F r a n k and I. E.

T a m m in 1937-1939. Many exper imenta l and t h e o r e t -

ical inves t igat ions* of this phenomenon have been r e -

por ted s i n c e . Let us r e c a l l i t s pr incipal p r o p e r t i e s .

Cerenkov radiat ion is c h a r a c t e r i z e d by s h a r p

direct iv i ty . The radiat ion angle, the p a r t i c l e velocity,

and the re f rac t ive index of the medium a r e connected

by the r e l a t i o n t

( ( i )

The energy rad ia ted by the p a r t i c l e as it c o v e r s a

path I in the medium is given by the equation

•Reviews of most investigations can be found in [ l f 2].
tHere and throughout, unless specially noted, we use the

universal symbols: Θ—angle between the radiation direction and
the direction of motion of the particle, β—particle velocity ex-
pressed as a fraction of the velocity of light, n—the refractive
index of light in the medium, λ—wavelength in light, etc. These
symbols have the same meaning throughout the text. Therefore,
to avoid repetition, all symbols are defined when first introduced.

(2)

If w e n e g l e c t t h e d i s p e r s i o n of t h e r e f r a c t i v e i n d e x in

s o m e w a v e l e n g t h r e g i o n , t h a t i s , if w e a s s u m e t h a t

η (Aj — λ 2 ) = η, then we can readi ly obtain from (2)

the n u m b e r of photons emi t ted by the p a r t i c l e along

the s a m e path:

N = 2ne2(hc)-4(X-1

i-X-l)siiiiQ = B(l1, X2)/sin26. (3)

E s t i m a t e s show that for β » 1 in solid and liquid

media , w h e r e η ~ 1.5, s o m e 200—300 photons a r e

produced on 1 cm of path, while in gaseous media ,

for η SB 1.01, the number of photons is about 10.

In spite of this smal l quantity of light, the Cerenkov

radiat ion can be used to r e g i s t e r high-energy charged

p a r t i c l e s with the aid of so-cal led Cerenkov c o u n t e r s .

Cerenkov c o u n t e r s cons i s t , in general outl ine, of a

m e d i u m (radia tor) in which light is produced, an op-

t ica l s y s t e m which g a t h e r s the light, photomult i-

p l i e r s which convert the light into e l e c t r i c a l p u l s e s ,

and e lec t ronic a p p a r a t u s which r e c o r d s these p u l s e s .

T h e r e a r e two types of Cerenkov c o u n t e r s — t h r e s h o l d

(or integral) and angle (or differential).

Threshold c o u n t e r s have optical s y s t e m s that a r e

sensi t ive to l ight emit ted in a wide range of angles ,

and r e g i s t e r p a r t i c l e s whose veloci t ies exceed a

c e r t a i n threshold value β^, d e t e r m i n e d from re la t ion

(1) under the condition that cos θ = 1:

794
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(4)

Differential counters register particles whose

velocity /So satisfies the condition ;80 > /?t and lies in

a n a r r o w interva l f rom β0 to β0 + Δβ. This is a t -

tained b e c a u s e t h e i r optical s y s t e m s a r e sens i t ive to

light emit ted in the n a r r o w angle region between 60

and θο + ΔΘ, r e spect ive ly . The connection between

ΔΘ and Δβ, o r the velocity reso lut ion of the counter ,

i s obtained by differentiating (1):

n e c e s s a r y to employ optical s y s t e m s that a r e s e n s i -

tive in a v e r y n a r r o w angle in terva l . The production

of such s y s t e m s involves g r e a t technical difficul-

Δβ
-ψ- = tgθ 0 ΔΘ = (ηψ - 1)ΐ/2 (5)*

Obviously, the reso lv ing power of an angle counter

will be the b e t t e r the s m a l l e r the angle to which the

optical s y s t e m is s e t and the n a r r o w e r i t s sensi t iv i ty

reg ion. The b e s t velocity resolut ion can be obtained

when ΔΘ i s on the o r d e r of the n a t u r a l width of the

intensi ty peak of the Cerenkov l ight . t

Cerenkov c o u n t e r s a r e frequently used to identify

p a r t i c l e s by t h e i r m a s s . Since the Cerenkov radiat ion

depends only on the velocity, a unique r e l a t i o n between

these two quanti t ies is n e c e s s a r y in o r d e r to d e t e r -

mine the m a s s . Such a connection ex i s t s in a b e a m of

p a r t i c l e s with definite m o m e n t u m , the d i s c r e t e ve-

loci ty s p e c t r u m of which c o r r e s p o n d s to a d i s c r e t e

s e t of m a s s e s . Consequently, the velocity sens i t iv i ty

r e g i o n s of Cerenkov c o u n t e r s can be conver ted into

m a s s sens i t iv i ty r e g i o n s . The threshold velocity in

a given r a d i a t o r c o r r e s p o n d s in th i s c a s e to a definite

m a s s mt, and the threshold c o u n t e r s will r e g i s t e r

al l the p a r t i c l e s with m a s s s m a l l e r than m^ and

velocity l a r g e r than /3t· Owing to the one-to-one c o r -

r e s p o n d e n c e between the m a s s and the velocity, each

p a r t i c l e with m a s s s m a l l e r than mt will r a d i a t e l ight

at a definite angle. By adjusting the optical s y s t e m of

a differential counter in suitable m a n n e r , it i s p o s s i -

ble to se lec t the r e q u i r e d p a r t i c l e s . An analogous r e -

sult can be obtained a l so with an optical s y s t e m s e t

at a constant radia t ion angle, if the r a d i a t o r is var ied

in such a way that the product η r e m a i n s constant .

By combining threshold and angle c o u n t e r s , it i s

poss ib le to s e p a r a t e p r a c t i c a l l y all the p r e s e n t l y

known charged p a r t i c l e s . However, at l a r g e e n e r g i e s ,

as β —- 1 and the difference between p a r t i c l e ve loci-

t i e s becomes very smal l (Δ/3 « 1), the se lect ive

p r o p e r t i e s of the Cerenkov c o u n t e r s with solid o r

liquid r a d i a t o r s a r e los t . In fact, for η ~ 1.5—1.3 the

threshold velocity is quite low (/3-j- ~ 0.7—0.8), a

p a r t i c l e of any m a s s e m i t s Cerenkov l ight, and the

radia t ion angles a r e c lose to the m a x i m u m defined by

the equality cos 0 m a x = l / n . Natural ly, in this c a s e

the difference in the radiat ion angles i s v e r y s m a l l .

F r o m (5) we s e e that Αθ ~ Δβ as / 8 — 1 . Since Δβ

« 1 , to s e p a r a t e a p a r t i c l e with a definite m a s s it i s

t ies 0,4]

Cerenkov c o u n t e r s with gas r a d i a t o r s r e t a i n t h e i r

se lect ive p r o p e r t i e s up to ul t rahigh e n e r g i e s . Indeed,

the re f rac t ive index of a gas can be made in pr inc ip le

as c lose to unity as d e s i r e d , and consequently, it i s

poss ib le to employ the threshold p r o p e r t i e s of the

Cerenkov radiat ion at any energy. On the other hand,

from (5) with η ~ 1 it follows that ΔΘ »Δβ, that i s ,

the change of the angle is much l a r g e r than the v a r i a -

tion in the velocity. There fore even with a smal l dif-

ference in velocity, it i s poss ib le to tune the optical

s y s t e m to a definite angle and r e g i s t e r p a r t i c l e s with

definite m a s s , provided a sufficient amount of light is

produced.

Gaseous media used in Cerenkov c o u n t e r s have one

i m p o r t a n t advantage o v e r sol id and liquid m e d i a . The

ref ract ive index of the gas depends on i ts density,

which v a r i e s with the p r e s s u r e and t e m p e r a t u r e .

This m a k e s it poss ib le to tune the gas c o u n t e r s to

different velocity i n t e r v a l s . The connection between

the re f ract ive index and the density is given by the

well-known L o r e n t z - L o r e n z law

„2_Π> ~~~M~t \ '

*tg = tan.
tThe width of the peak is defined as the half-width of the

maximum at half the height.

w h i c h i n t h e c a s e o f g a s e s c a n b e a p p r o x i m a t e l y

w r i t t e n i n t h e f o r m

п 2 - 1 = - З й 5 - o r n _ l = D D = ~ , (7)
Μ ** /Μ '

where ρ and Μ are the density and molecular

weight of the gas, and R is a constant for the given

gas, called molecular refraction.

An essential shortcoming of gas-filled Cerenkov

counters is their great length. This is connected with

the fact that the radiation angle in a gas, and conse-

quently the intensity, is small. The requirement of

high particle registration efficiency makes it neces-

sary to use counters one meter or more in length.

The first experiments aimed at the observation of

Cerenkov radiation in gas were made in 1953 by A.

Ascoli and Balzanelly and R. Ascoli'·5 , who observed

light flashes when cosmic particles passed through a

volume filled with chloroform vapor. The light was

registered with a photomultiplier connected for coin-

cidence with a telescope of Geiger counters. In this

experiment, however, owing to the large background,

there was no complete assurance that the counts pro-

duced were due to directed radiation. An improved

instrument, a diagram of which is shown in Fig. 1,

has permitted the same authors ^ to prove this more

convincingly. The radiation produced in a tube 80 cm

long filled with dry air at normal temperature and

pressure was detected with a photomultiplier, which

was brought outside the particle beam in order to re-

duce the background. The proof that the instrument

readings were due to directional radiation was the
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FIG. 1. The counter of Ascoli
and Balzanelly. I, II, III—geiger
counters; P—parabolic mirror; S—
shutter in front of the photo-
cathode of the photomultiplier.

decrease of the count to the background level when
the instrument was rotated through 180° about the
point O. During the background measurement, the
photomultiplier was covered with a shutter.

In one of the test series, the counter yielded the
following results:

a) count in normal position with shutter open 1.56
± 0.2 pulse/hr;

b) count in normal position with shutter closed
0.57 ± 0.2 pulse/hr;

c) count with shutter open and turned through 180°
0.76 ± 0.15 pulse/hr.

The agreement, within the limits of e r rors , of the
two differences (a) - (b) = 0.99 ± 0.28 and (a) - (c)
= 0.80 ± 0.25 offers evidence that the effect is due to
Cerenkov radiation.

An analogous experiment, but with a more highly
perfected setup, was made by Barclay and Jelley, who
registered cosmic particles with a counter 6 meters
long.

Recently, in connection with the introduction of
high-energy particle accelerators, gas-filled Cerenkov
counters are widely used in physical experiments.
Their operating features are the subject of this
article.

In Chapters I and II we present a theoretical analy-
sis of the main characteristics of angle and threshold
Cerenkov counters, respectively. Factors which in-
fluence the resolution of the counters in velocity and
the production of the background in them are con-
sidered. In the case of threshold counters, we con-
sider also the dependence of the curve of counter
efficiency vs. gas density.

In Chapter ΙΠ are described optical systems used
in gas counters, and the aberrations of such systems
are estimated. In Chapter IV are considered gases
and methods of obtaining different intervals of re-

fractive indices. Existing constructions of threshold
and angle Cerenkov counters are given in Chapter V.
In Chapter VI reference material is given for use in
the construction of gas counters.

Some of the deductions of the present work are ap-
plicable equally well to Cerenkov counters with solid
or liquid radiators.

I. DIFFERENTIAL GAS CERENKOV COUNTERS
(DGC)

The operation of a differential counter is clear
from the foregoing description. The light emitted by
the particle at a definite angle to the trajectory of
motion is gathered by the optical system and fed to a
photomultiplier, which converts it into electrical
pulses registered by the electronic apparatus. Since
the optical system is sensitive in a narrow interval
of emission angles, the amount of light received by
the photomultiplier, and consequently the efficiency
of the counter, will have a sharply pronounced peak
against some background. The form of the efficiency
of a differential gas counter as a function of the
emission angle can be obtained by plotting, for exam-
ple, the dependence of the counting rate of particles
of a given velocity on the density of the gas. It is ob-
vious that it is similar to the form of the Cerenkov
radiation intensity curve and has the appearance of
the curve of Fig. 2.

θ

FIG. 2. Schematic form of the efficiency curve of a DGC
as a function of the Cerenkov-emission angle.

The width of the efficiency maximum, Δθ^, which
determines the resolution of the counter in velocity,
depends on the width Δθο of the radiation maximum
and on the sensitivity of the electronic apparatus used
to register the photomultiplier pulses.

The factors determining the value of Δθο can be
combined into three groups:

1) "Angle" factors: angular distribution of the
particles in the beam, effects of diffraction of light
and multiple scattering of the particle in the material
of the counter.

2) "Energy" factors: momentum distribution of
the particles in the beam and energy loss by the par-
ticle to collision with atoms of the medium.
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3) " T e c h n i c a l " f a c t o r s : d i s p e r s i o n of the r e f r a c -

tive index and e r r o r s in the optical s y s t e m .

Each of these phenomena leads to a cor responding

broadening of the curve of the Cerenkov radiat ion

intensi ty .

Depending on the sensi t iv i ty of the e l e c t r o n i c a p -

p a r a t u s , the width of the m a x i m u m efficiency of a

DGC can be e i t h e r l a r g e r o r s m a l l e r than Δ6 0 .

The m a x i m u m of the counting efficiency of the DGC

as a function of the radiat ion angle has broad wings,

which go over into an approximate ly i sotropic back-

ground. The p r e s e n c e of the background is not con-

nected with the n a t u r e of the Cerenkov radiat ion of

the p r i m a r y p a r t i c l e , and i s due to different physical

phenomena which occur in the walls and in the r a d i -

a t o r of the c o u n t e r . Pr inc ipa l among these a r e :

a) Cerenkov radiat ion of the б e l e c t r o n s produced

by the incident p a r t i c l e .

b) Cerenkov radiat ion of the secondary p a r t i c l e s

produced as a r e s u l t of n u c l e a r in terac t ion.

c) Diffraction of light and mult iple s c a t t e r i n g of

the p a r t i c l e at l a r g e angles .

d) Molecular s c a t t e r i n g of l ight.

e) Large energy l o s s e s by the p a r t i c l e to col l i-

s ions with the a t o m s of the m e d i u m .

f) Scintil lation of the gas and b r e m s s t r a h l u n g .

The s i z e of the background depends also on the

sur face finish of the optical s y s t e m .

Let us c o n s i d e r in detail the factors which d e t e r -

mine the width of the m a x i m u m of efficiency and the

background ε̂ .

A. WIDTH OF DGC EFFICIENCY MAXIMUM

A l . The m a x i m u m angle s c a t t e r of the p a r t i c l e s in

the beam Д 6 И and the as soc ia ted broadening of the

radia t ion- intens i ty curve a r e d e t e r m i n e d e i ther by

the g e o m e t r i c a l d imens ions of the counter itself, o r

by the te lescope of the sc int i l la t ion c o u n t e r s to which

the Cerenkov counter is connected for coincidence. If

the d i a m e t e r of the scint i l lat ion c o u n t e r s D is much

s m a l l e r than the b a s e L, on which they a r e a r r a n g e d ,

then

Δθ π *4.

To increase the intensity of the particles, the accel-
erators are equipped with systems of quadrupole
lenses, which make it possible to form almost parallel
beams. It is obvious that the divergence of the beam
will determine the lower limit of the angular scatter
of the particles passing through the Cerenkov counter.
Usually this divergence is of the order of ~ 10~3 rad.

Even if the particle moves originally parallel to
the counter axis, can travel at an angle to it after
being scattered on the front wall of the counter or by
the atoms of the medium. The problem of the broad-
ening of the Cerenkov intensity curve due to multiple
scattering in a medium, with allowance for diffraction,

was solved by Dedrik LS\ F o r s m a l l s c a t t e r i n g angles ,

| θ 0 - θ Ι « 1 , the dis t r ibut ion of the intensity of the

Cerenkov radiat ion as a function of the angle is shown

in Fig. 3, where the ord inates r e p r e s e n t the ra t io of

the intensity at a given angle θ to the m a x i m u m p o s -

sible intensity at an angle θΰ = c o s " ^ 1/n /30). The

a b s c i s s a s r e p r e s e n t the quantity

6_|θ0-θ|/2

w h e r e ( Θ 2 ) 1 ' 2 i s the m e a n s q u a r e angle of mult iple

s c a t t e r i n g of the p a r t i c l e in the counter r a d i a t o r . In

the c a s e when the r a d i a t o r of the Cerenkov counter is

sufficiently thin, (Θ2) can be wr i t ten in the form*--

where E s = 21 MeV, t is the thickness in radiat ion

units , and к is the m o m e n t u m of the p a r t i c l e .
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FIG. 3. Angular distribution of the intensity of Cerenkov

radiation, calculated with account of diffraction and multiple
scattering of the particle. Dashed curve—projection of angular
distribution of the particles leaving the radiator.

The p a r a m e t e r К on the c u r v e s of Fig. 3 is d e -

fined by

ν γ 2
( 1 0 )

A characteristic of the width of the distribution
will be chosen to be the angle at which the intensity
of light is half the maximum value. Then, on the basis
of (8), the broadening of the Cerenkov intensity curve
due to multiple scattering, with account of diffraction,
amounts to

Δθΐ2 = δ1/2(/ίΓ) { ' , (11)

w h e r e 6 ,/ 2 (k) c o r r e s p o n d s to I ( 0 ) / I ( 0 o ) = У2.

F o r a gas counter 1.5 m e t e r s long, filled with

ethylene to a p r e s s u r e of 30 atm and for a 3-BeV/c

p a r t i c l e we have Δ0 1 2 = 1.3 χ 10" 3 r a d .

Multiple s c a t t e r i n g of p a r t i c l e s in the front wall

of the counter a l so i n c r e a s e s the angular s c a t t e r of

the p a r t i c l e s pas s ing through the counter , and c o n s e -

quently c a u s e s an additional broadening of the l ight-

intensity maximum by an amount Δ6 1 3 . A m e a s u r e of
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this broadening can be assumed to be the mean-
square angle of multiple scattering. Since usually
the walls through which the particles pass are thin,
Δ θ 1 3 i s d e t e r m i n e d by re la t ion (9), where now t is

the thickness of the wall in radiat ion u n i t s .

The width of the m a x i m u m of the Cerenkov r a d i a -

tion, due to all the " a n g l e " effects, is defined by

2 + (Δθ12)
2 + (Δθ13)

2. (12)

With i n c r e a s i n g energy, the m e a n - s q u a r e angle of

mult iple s c a t t e r i n g d e c r e a s e s both because of the in-

c r e a s e in к and because of the d e c r e a s e in t, so that

in o r d e r to tune the counter to a l a r g e r velocity it i s

n e c e s s a r y to use a s m a l l e r re f ract ive index, that i s ,

a lower gas densi ty . Consequently, with i n c r e a s i n g

energy, ΔΘ, will d e c r e a s e and tend to a constant

l imi t d e t e r m i n e d by the divergence of the b e a m .

A2. If the momentum of the p a r t i c l e s pass ing

through the counter l ies within a c e r t a i n interval Ak,

then the m a x i m u m of intensity of the Cerenkov r a d i a -

tion broadens by an amount Δθ2, which is d e t e r m i n e d

in the c a s e when Ak « к by the e x p r e s s i o n

1 Δ/f
ΔΘ2 = - (13)

V2tg60 к '

where γ = E/m and Ε is the total energy of the p a r -

t ic le . We s e e there fore that Δθ 2 is inverse ly p r o p o r -

tional to the tangent of the angle 60 to which the op-

tical sys tem is tuned. If the uncer ta inty of the p a r t i c l e

momentum w e r e the only factor leading to a b r o a d -

ening of the radiat ion intensity c u r v e , then we would

obtain by subst i tut ing (13) and (5) the l imit ing C e r e n -

kov-counter velocity resolut ion, which is independent

of the e m i s s i o n angle:

The uncer ta inty in the m o m e n t u m of the p a r t i c l e s

pass ing through the counter is made up of the m o -

m e n t u m s c a t t e r of the p a r t i c l e s in the beam ( A k t )

and the energy los t to col l i s ions in the r a d i a t o r

( Ak 2 ) . Akj is d e t e r m i n e d e i ther by calculat ion o r by

the method of a c u r r e n t - c a r r y i n g w i r e . (We shal l

show below how to e s t i m a t e Ak t from the curve

showing the efficiency of the DGC to a b e a m in which

t h e r e a r e p a r t i c l e s with at l e a s t two different m a s s e s . )

Assuming that the energy los t by the p a r t i c l e in the

counter a r e s m a l l , we define Дк2 a s follows:

w h e r e dk/dZ is the m o m e n t u m loss p e r unit path.

If we neglect the s ta t i s t ica l f luctuations of the

energy l o s s to col l is ion, then we can e s t i m a t e the

broadening of the maximum of the radiat ion intensity

curve due to the par t ic le m o m e n t u m dis t r ibut ion by

m e a n s of the re la t ion

ΔΘ2 = - (15)
γ2 tg θ к '

f rom which we see that Δθ 2 d e c r e a s e s with i n c r e a s -

ing p a r t i c l e energy .

A3. The dependence of the re f ract ive index on the

wavelength of the light c a u s e s the radiat ion of a p a r -

t icle which has a definite velocity to lie in accordance

with (1) within a c e r t a i n angle interval Δ θ 3 1 . F r o m

the point of view of i n c r e a s i n g the intensity [see r e -

lation (3)] it i s convenient to use the m a x i m u m p o s s i -

ble wavelength interva l . However, a broadening of

the s p e c t r a l region entai l s an i n c r e a s e in d i s p e r s i o n ,

and consequently d e t e r i o r a t e s the resolut ion of the

counter in velocity. Differentiating (1), we get

1 An
tg θ 0 η

ΔΘ 3 1 =- (16)

The s p r e a d i n g out of the Cerenkov rad ia t ion angle

a s a r e s u l t of the d i s p e r s i o n of the re f ract ive index,

l ike the m o m e n t u m dis t r ibut ion of the p a r t i c l e s , i m -

poses a l imitat ion on the velocity reso lut ion of the

DGC. Substitution of Δ0 3 1 in (5) yields

β ~ η •

T h e d i s p e r s i o n o f t h e r e f r a c t i v e i n d i c e s o f g a s e s

i s c o n s i d e r e d i n C h a p t e r I V .

A n y r e a l o p t i c a l s y s t e m g a t h e r s l i g h t e m i t t e d i n a

c e r t a i n f i n i t e a n g l e i n t e r v a l , a n d a t t h e s a m e t i m e h a s

s e v e r a l e r r o r s w h i c h l e a d t o a b r o a d e n i n g o f t h e

m a x i m u m o f t h e C e r e n k o v r a d i a t i o n b y a n a m o u n t

Δ0 3 2 . The s i m p l e s t s y s t e m s , t h e i r e r r o r s , and an

e s t i m a t e of Δ θ 3 2 a r e given in Chapter IV.

Summariz ing the foregoing, we c a n a s s u m e that

the total width of the m a x i m u m of the angular d i s t r i -

bution curve of Cerenkov light will be c h a r a c t e r i z e d

by the following r e l a t i o n :

Δθο = (Δθ2)
2 + (Δθ31)

2 + (Δθ3 2)
2. (18)

The minimum value of Δθ ο for infinite energy is

d e t e r m i n e d by the divergence of the b e a m , the d i s -

p e r s i o n of the re f rac t ive index, and by the optical

s y s t e m :

Δθο mm = + (Δθ31)
2 + (Δθ3 2)

2.

Accordingly, the velocity reso lut ion of a DGC cannot

be made a r b i t r a r i l y high.

B. Background in DGC

The background produces in a counter p a r t i c l e s

whose velocity i s such that they should not be r e g i s -

t e r e d by the c o u n t e r . However, owing to the i n t e r a c -

tion between these " h a r m f u l " p a r t i c l e s and the m a -

t e r i a l of the counter , light is produced, p a r t of which

l ie s in the sens i t iv i ty region of the optical s y s t e m of

the DGC. Let us c o n s i d e r t h e s e i n t e r a c t i o n s .

B l . A charged p a r t i c l e pas s ing through a counter

e x p e r i e n c e s col l i s ions with e l e c t r o n s , a s a r e s u l t of

which the recoi l e l e c t r o n s ( б - e l e c t r o n s ) can a c q u i r e

an apprec iab le energy E ' . F r o m the conservat ion

laws it follows that

E' = 2me

k* cos2φ
— № coŝ  φ
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Neglecting the m a s s of the e lec t ron in the denomina-

tor , we obtain

~~ e m' + A2 sin2 φ ' \±™l

w h e r e к and m a r e the m o m e n t u m and m a s s of the

incident p a r t i c l e , and φ is the angle of e m i s s i o n of

the δ-electron r e l a t i v e to the p a r t i c l e t r a j e c t o r y .

If φ = 0, the e lec t ron obtains a m a x i m u m energy

max = 2me ( — J . (20)

The probabi l i ty of col l is ion of p a r t i c l e s with e l e c t r o n s

was ca lculated by var ious authors ( s e e , for e x a m p l e ,

'-1 0-'). F o r p a r t i c l e s with z e r o spin, the production

probabi l i ty of a ό-e lec t ron with e n e r g y f rom E ' to

E ' + d E ' on a path l0 in a gas of densi ty ρ is equal to

Ψ (Ε, Ε') dE' = loQ. 1С
-

L. (ι _ β*
-'тххУ

(21)

F o r p a r t i c l e s with nonzero spin, th is formula is a p -

p r o x i m a t e . Let us ca lculate the total n u m b e r of 6-

e l e c t r o n s with energy above t h r e s h o l d

E't
(22)

The t h r e s h o l d energy E[ i s d e t e r m i n e d by the r e -

fract ive index of the gas . F r o m (4) we obtain

*—1
(23)

If we a r e i n t e r e s t e d in the n u m b e r of δ-electrons

produced in a gas whose re f ract ive index c o r r e s p o n d s

to the t h r e s h o l d of r e g i s t r a t i o n with a differential

counter of a p a r t i c l e with m a s s m 0 and velocity /30,

that i s , for η = nt 0 , then we get f rom (4)

( 2 4 )

Substituting e x p r e s s i o n s (19), (20), (23), and (24) in

(22), we obtain

F o r h igh-energy p a r t i c l e s the conditions β ~ 1 and

m o / k « 1 a r e sat is f ied. T h e r e f o r e

(25)

Substituting h e r e (7), we obtain u l t imate ly with a c -

count of (24)

In many c a s e s it i s sufficient, in ca lculat ions of

the probabi l i ty of r e g i s t e r i n g " h a r m f u l " p a r t i c l e s

via δ-electrons, to d e t e r m i n e only the n u m b e r of

t h e s e p a r t i c l e s , s ince (25) gives the upper l imi t of

the background due to the col l i s ions with the e l e c t r o n s

(natural ly, this is c o r r e c t if Ng « 1 and the efficiency

of r e g i s t r a t i o n of the б-e lect rons is equal to unity).

If a rough e s t i m a t e is not sufficient, a m o r e a c c u r a t e

calculat ion m u s t be c a r r i e d out.

The probabi l i ty ε^ι of r e g i s t r a t i o n of a " h a r m f u l "

p a r t i c l e via δ-electrons can be wr i t ten in the form

(26)

Vin
w h e r e Φ( ψ)άψ i s the probabil i ty of the format ion of

δ-electrons in the walls and in the gas of the counter,

emit ted in the angle interval from ip to φ + άψ

re la t ive to the p a r t i c l e t ra jec tory , and P ( φ) is the

probabi l i ty of r e g i s t r a t i o n of the δ-electrons. We

obtain Φ( φ)άφ from (21) and (19). F o r s impl ic i ty

we use an o v e r e s t i m a t e , a s s u m i n g that only the factor

preceding the p a r e n t h e s e s i s i m p o r t a n t in (21). Then

φ . (27)

As will be shown below, if the e lec t ronic a p p a r a t u s

i s sens i t ive to pulses c o r r e s p o n d i n g to the knocking

out of one e l e c t r o n from the photomult ipl ier cathode,

then P ( φ) can be wr i t ten in the form

Ρ(φ) = 1 — e-W<f>, (28)

w h e r e N( φ) i s the average n u m b e r of photoelectrons

produced on the cathode by the Cerenkov radiat ion of

a ό-e lec t ron emit ted at an angle φ to the p a r t i c l e

t r a j e c t o r y . Allowing for (3), we get

Ν (φ) = Β (λχ, λ2) sin2a (φ) ε (λ) Ι (φ) γ (φ), (29)

w h e r e ε ( λ) is the quantum sensi t iv i ty of the photo-

cathode, a the angle of Cerenkov radiat ion of the

δ-electron, γ ( ^ ) the fraction of light enter ing the

sensi t iv i ty region of the optical s y s t e m of the counter ,

and Ι (φ) the path of the δ-electron in the counter .

If the DGC r a d i a t o r is gas contained in a tube of

r a d i u s R and length Zo, then by putting </>0 = t a n " 1

( 2R/Z), we can a s s u m e that

ί ( φ ) =
(30)

sin φ
φ><Ρο·

To simplify the calculat ions we a s s u m e that the ve loc-

ity of the δ-electron i s constant, that i s , we neglect

the ionization and radiat ion l o s s e s and mult iple s c a t -

t e r i n g .

Let us d e t e r m i n e у (φ) (Fig . 4.). Let θ be the

angle between the a r b i t r a r y g e n e r a t r i x AC of the

glow cone of the δ-electron and the d i rec t ion of the

p r i m a r y p a r t i c l e , D F the line of i n t e r s e c t i o n of the

plane p a s s i n g through the d i rec t ion of e m i s s i o n of the

δ-electron and the d i rect ion of the p r i m a r y p a r t i c l e

with the b a s e of the cone, and ξ the angle COF. It is

obvious that the fraction of the δ-electron Cerenkov
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radiation which enters into the sensitive region 6j—
θ2 of the counter optical system is proportional to
the length of the arc ab between the generatrices of
the cone that make an angle in the interval 0t— θ2

with the direction of motion of the particle, that is,
ь

On the basis of Fig. 4 we can show that
,. cos θ — cos φ cos α

COS Ε = : r- .

° sin φ sin α

F r o m t h e l a s t t w o r e l a t i o n s w e o b t a i n

(31)

(32)

, ч 1 / c o s θ ι — c o s r o c o s a c o s 9 2 — c o s c p c o s a N
ν ( φ ) = — ( a r c c o s -. ?-*• a r c c o s -. r-3- )1 ν τ / π V s i n φ s i n α s i n φ s i n α J

(33)

A feature of (32) is that cos ξ 1 > 2

 > 1 f ° r certain
angles φ > <^max and ψ < < р т ш . This corresponds
to cases when the Cerenkov light from the o-electron
does not enter the sensitive region of the optical
system at all. Consequently, у (φ) differs from zero
only in the angle region <Pmin < ψ < <Pmax· These
angles determine the limits of integration in (26).

FIG. 4. Illustrating the calculation of the probability of
registration of δ-electrons in a DGC. AB—direction of primary

particle; АО—direction of emission of the electrons; S t, S2—

lines bounding the sensitive region of the optical system of

the DGC.

where cos α (ψ), sin α (ψ), and Ι (φ) are deter-
mined by relations (1), (7), (19), and (30).

Figure 5 shows a plot of C\)i(p, m/k) against the
gas pressure, calculated by graphic integration, for
a DGC filled with ethylene and having the following
characteristics: optical system sensitive in the angle
interval from 3.5 to 4.5°, length of counter Zn = 100
cm, radiator tube radius R = 5 cm. The calculation
has been made for m/k = 0.05 for two values of the
photomultiplier quantum efficiency: εί = 0.01 and
ε2 = 0.05.
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Substituting now in (26) the values of all the quan
tities from (27)—(29) and (33), we obtain a rather
cumbersome expression for €\^х(р, m/k)—the effi-
ciency of registration of the harmful particle via δ-
electrons—as a function of the gas density and the
ratio of the particle mass to its momentum:

FIG. 5. Probability of registration of a δ-electron by a dif-

ferential gas Cerenkov counter as a function of the pressure.

E x p r e s s i o n (34) g i v e s t h e m o s t e x a c t e s t i m a t e of

the background produced by the δ-electrons. How-
ever, it is not convenient for rapid calculations. In
some particular cases it is possible to obtain simpler
but approximate formulas. For example, in'-13-' an

e b i

e s t i m a t e i s g i v e n f o r t h e r a t i o I ( a ) / I ( 0 O ) , w h e r e

I ( a) i s t h e i n t e n s i t y o f t h e C e r e n k o v r a d i a t i o n o f t h e

δ e l e c t r o n e n t e r i n g into the sens i t ive region of the
optical s y s t e m of the DGC, and Ι ( θ 0 ) is the intensity
of the Cerenkov radiat ion of the p a r t i c l e to which the
DGC i s tuned (see Fig. 18 for the d i a g r a m of the
counter ) . Only a n a r r o w angle interval was cons id-

( Q , ~^\ e r e d for the e m i s s i o n of δ-electrons, the angle b e -
tween g e n e r a t r i x AF of the cone and the p a r t i c l e

<pmax t r a j e c t o r y being in the interval f rom 6 t to θ2 (see

= ? | C ^ j i H | i 5 . ^ l _ e x p | - 5 ( X i X 2 ) e M i ( 9 ) s i n a a ( 9 ) Fig. 4), that i s , Αφ ~ ΔΘ.
<pmln Assuming that al l the angles θ 1 ( θ2, θ 0 , and a a r e

s m a l l , a > θ 0 , and ΔΘ = θχ - θ2 « θ0, we get
χ (arccos cos θ,—cos φ cos α (φ)

_ a r c c o s sin φ sin α (φ) (34)
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Ψ (α - θ0) Δθ = 21QC (α - θ0) Δθ. (35)

This approximation is justified for the given counter

const ruct ion, w h e r e the angle to which the optical

s y s t e m is tuned is c lose to the m a x i m u m angle of the

Cerenkov radiat ion. E x p r e s s i o n s (35) do not depend

on the energy and on the m a s s of the incident p a r t i -

c l e .

Since the counter efficiency depends on the s e n s i -

tivity t h r e s h o l d of the e lec t ronic a p p a r a t u s , it i s ob-

vious that the higher the threshold, the l e s s probable

is the r e g i s t r a t i o n of " h a r m f u l " p a r t i c l e s by m e a n s

of 6 - e l e c t r o n s .

B2. A charged p a r t i c l e with velocity such that it

should not be r e g i s t e r e d by the DGC can e n t e r into a

n u c l e a r in teract ion in the wal l s o r the gas of the coun-

t e r and be r e g i s t e r e d as a r e s u l t . In view of the in-

sufficient information on the angular and energy d i s -

tr ibut ions of the secondary p a r t i c l e s , and also in

view of the complexity of the calculat ion, we shall a t-

t e m p t only to obtain the o r d e r of magnitude of the

background resu l t ing from n u c l e a r i n t e r a c t i o n s , and

the c h a r a c t e r of i ts dependence on the energy of the

p r i m a r y p a r t i c l e .

If the energy of the incident p a r t i c l e is sufficiently

high, then s e v e r a l secondary p a r t i c l e s m a y be p r o -

duced as a r e s u l t of the n u c l e a r interact ion, and it is

known that t h e i r angular d i s t r ibut ion has a m a x i m u m

in the forward d i rec t ion. We shal l a s s u m e that, with

probabi l i ty c lose to unity, one of the produced p a r t i -

c l e s h a s a velocity to which the differential counter

is tuned. In this c a s e the probabil i ty ε|-,2 of r e c o r d i n g

the n u c l e a r i n t e r a c t i o n i s d e t e r m i n e d by the p r o b a -

bility with which one of the secondary p a r t i c l e s will

be r e c o r d e d by the o ther c o u n t e r s to which the DGC

is connected for coincidence. We can a s s u m e a p -

prox imate ly that ε^ is d e t e r m i n e d by the re la t ion

e b 2 = - ^ (0) ΔΩ, (36)

dN
w h e r e — ( 0) is the dis tr ibut ion of the secondary

ail

p a r t i c l e s at an angle 0° in the l a b o r a t o r y s y s t e m ,

and ΔΩ—solid angle of the te lescope in which the

DGC is connected. We shal l wr i te for the d i s t r i b u -

tion of the secondary p a r t i c l e s

dN /r.. — d<jy ,e\·. nnfjtk^x

w h e r e rn—average mult ipl ic i ty of the secondary p a r -
day

t i d e s , — — ( 0)—differential c r o s s sect ion of the
ail

c r o s s sect ion of the e las t ic s c a t t e r i n g at angle 0°,

σ^·—total c r o s s sect ion of in teract ion of the p r i m a r y

p a r t i c l e s , and x—thickness of the counter (nucleons

p e r c m 2 ) . Under these a s s u m p t i o n s , the DGC back-

ground due to the nuc lear in terac t ions will i n c r e a s e

quadrat ica l ly with i n c r e a s i n g p a r t i c l e m o m e n t u m .

E s t i m a t e s show that when the p a r t i c l e m o m e n t u m is

~ 10 BeV/c we have i b 2 ~ 10~5.

B3. Multiple s c a t t e r i n g of the " h a r m f u l " p a r t i c l e

through l a r g e angles can be a s o u r c e of false DGC

counts . The dis t r ibut ion of the intens i ty of Cerenkov

radiat ion at la rge s c a t t e r i n g angles , as well as for

s m a l l angles, was obtained by Dedrik ^ . E s t i m a t e s

show, however, that the background due to this effect

can be neglected.

B4. When light p a s s e s through a medium, s c a t t e r -

ing connected with the density f luctuations—local

condensat ions and r a r e f a c t i o n s of the m o l e c u l a r

s y s t e m — o c c u r s .

The intensity of light Ig( ξ ) s c a t t e r e d p e r unit

solid angle in a d i rect ion ξ on pass ing a path I

through the medium is given by the Rayleigh formula

(see , for example, '-11-')

, . (2?t)2 , (B
sin | / 0 , (oi)

where Io is the total intensity of the incident light,

N t i s the n u m b e r of molecules p e r c m 3 . The total

intensi ty Is of the s c a t t e r e d light is obtained by in-

tegra t ing (37) over the e n t i r e solid angle :

( 3 8 )

Let us e s t i m a t e yg—the fraction of the Cerenkov

light of the " h a r m f u l " p a r t i c l e e n t e r i n g a s a r e s u l t

of s c a t t e r i n g into the sensi t iv i ty region of the optical

s y s t e m of the DGC. F o r s impl ic i ty we a s s u m e that

the s c a t t e r e d light has at the s a m e total intensity not

the dis t r ibut ion given by (37) but an i sotropic d i s t r i -

bution

Then

Is ΛΩ

/s
4π

16л 3 Цп—ψΜ 2л sin θ 0 Αθ

λ 4 ЛГ, 4π

( 3 9 )

w h e r e Δίί—solid angle of the sens i t ive region of the

counter . In a counter of length ~ 1 m e t e r with a

sensi t iv i ty region from 3 to 5°, filled with ethylene

to a p r e s s u r e of 30 a tm, we have -yg ~ 10~5.

The t r a n s i t i o n to i sotropic dis tr ibut ion of the

s c a t t e r e d light leads to an o v e r e s t i m a t e in the region

of s m a l l s c a t t e r i n g angles . F r o m (37) and (39) we

s e e that I s ig( ξ ) up to an angle ξ 0 d e t e r m i n e d by

the condition s i n 2 | 0 = V3, that i s , ξ 0 ~ 35°. Since

angles s m a l l e r than 35° a r e used in gas c o u n t e r s ,

this approximat ion is c o r r e c t for such c o u n t e r s .

F r o m the foregoing e s t i m a t e it is c l e a r that the

contr ibut ion of the m o l e c u l a r s c a t t e r i n g to the p r o -

duction of the DGC background will be negligibly

s m a l l .

B5. The p a r t i c l e energy loss in col l i s ions with

atomic e l e c t r o n s has a s t a t i s t i c a l c h a r a c t e r , and, a s

shown L. D. Landau'-12-', the probabil i ty of a l a r g e

l o s s as a r e s u l t of s ingle col l i s ions can be a p p r e c i -

able . Consequently, in a beam with a given m o m e n -

tum k0, a harmful p a r t i c l e with m a s s mj < m 0 mov-

ing with velocity β1 > β0 can lose p a r t of the energy
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in such a way that i t s new velocity β[ i s equal to the

velocity of the p a r t i c l e β0 to which the DGC is

tuned. It is obvious that th is effect begins to m a n i -

fest itself s t a r t i n g with a value of p a r t i c l e m o m e n t u m

к such that β[ = /30 i s r e a l i z e d when the m a x i m u m

possible e n e r g y i s t r a n s f e r r e d to the e l e c t r o n . F r o m

the condition β[ = β 0 it follows that

At l a r g e e n e r g i e s k e m a x « E m a x [see (20)]. Tak-

ing th i s into account, we find that the probabil i ty of

s ingle col l i s ions with la rge energy l o s s m u s t be

taken into account for a beam of p a r t i c l e s whose m o -

mentum sat i s f ies the condition

If m 0 i s the m a s s of a K meson and mj i s the m a s s

of a π meson, then k 0 г 14 BeV/c.

B6. The scint i l la t ion of the gas and b r e m s s t r a h -

lung of the p r i m a r y p a r t i c l e will be cons idered in

Chapter III. Getting ahead of o u r s e l v e s , we shal l

s ta te that t h e s e phenomena make a negligible c o n t r i -

bution to the production of the DGC background.

The foregoing ana lys i s shows that of al l the phys i-

cal p r o c e s s e s which lead to the production of a back-

ground in a DGC, the pr inc ipa l ones a r e col l i s ions of

the p r i m a r y p a r t i c l e with atomic e l e c t r o n s and nu-

c l e a r i n t e r a c t i o n s . The r e m a i n i n g p r o c e s s e s a r e a p -

p a r e n t l y of pure ly academic i n t e r e s t for DGC.

C. Determination of the Mass and Momentum of Beam

Particles with the Aid of a DGC

If we know the angle at which the efficiency of

r e g i s t r a t i o n with a differential counter of p a r t i c l e s of

a given m a s s has a m a x i m u m , then the m o m e n t u m of

the p a r t i c l e s of the beam c a n be readi ly d e t e r m i n e d :

(41)

H e r e n ! i s the re f rac t ive index of the gas, c o r r e -

sponding to the m a x i m u m efficiency of the DGC to a

p a r t i c l e with m a s s m t . When the angle is not known

exact ly, the e r r o r in the de terminat ion of к may t u r n

out to be apprec iab le :

- ^ - = γ2 tg θο ΔΘ, (42)

w h e r e ΔΘ—inaccuracy in the angle θ0.

This difficulty can be c i rcumvented if the b e a m

contains p a r t i c l e s of different m a s s e s : p ions, K-

m e s o n s , p r o t o n s . Knowing the dependence of the

counting efficiency of these p a r t i c l e s on the gas den-

s i ty, we can der ive r e l a t i o n s analogous to (41) for

each m a x i m u m . Then, e l iminat ing the angle from

two equations, we obtain

>-</· (43)

m a x i m a of efficiency for the m a s s e s

spectively. H e r e

and m 2 r e -

Δ η — e r r o r in the determinat ion of the re f ract ive index

c o r r e s p o n d i n g to the m a x i m u m efficiency.

If we e l iminate the angle and m o m e n t u m from

t h r e e re la t ions of the type (41), we obtain a condition '

connecting the m a s s e s of the b e a m p a r t i c l e s

m\ (n\ - n\) = m\ (nj - n[) + m\ (nj - n° (44)

From this we can determine the mass of one of
the particles, knowing the value of the two others.
For example, if m, and m2 are the masses of a
pion and proton respectively, then by measuring the
re f rac t ive indices n 1 2 j 3 with a c c u r a c y Δ η 1 2 3 ~ 10" 5 ,

we can d e t e r m i n e the K-meson m a s s with an e r r o r

of ~ 1 MeV.

The dependence of the widths of the DGC efficiency

m a x i m a on the gas density (that i s , on n 2 — 1) e n -

ables us to d e t e r m i n e the v a r i a n c e of the momentum

dis t r ibut ion of the p a r t i c l e s in the b e a m , that i s , in

s o m e s e n s e , to solve the i n v e r s e of the p r o b l e m

t r e a t e d in Sec. A2. The v a r i a n c e of the efficiency

σ ε ( n 2 - 1) c o n s i s t s of the v a r i a n c e of the angular

resolut ion σ2(θ) and the v a r i a n c e of the m o m e n t u m

distr ibut ion σ 2 ( к ) :

. (45)

From (1) we have

Equations (45) for the two m a x i m a of efficiency

yield

«оме» . ioiW-D-yW-D
4 64 n\m\—n\m\

F o r s m a l l angles θ and for n t 2 c lose to unity we get

w h e r e nj and n 2 a r e the re f ract ive indices at the

П. THRESHOLD GAS CERENKOV COUNTERS (TGC)

As was a l ready noted, the di rect iv i ty p r o p e r t y of

Cerenkov radiat ion does not play an important ro le

in TGC. In p r a c t i c e this is manifest in the fact that

c o u n t e r s of this type have optical s y s t e m s with a con-

s tant l ight-gather ing efficiency in s o m e r a t h e r b r o a d

angle in terva l .

The dependence of the efficiency of r e g i s t r a t i o n

with a threshold counter of p a r t i c l e s with definite

velocity )30 (or with definite m a s s m 0 in a b e a m of

p a r t i c l e s with momentum к ) on the gas densi ty has

the form shown in Fig. 6. The density pt c o r r e -

sponds to a " t h r e s h o l d " re f rac t ive index (4), which

can be e x p r e s s e d in the form (24). With i n c r e a s i n g

densi ty [on the b a s i s of (6), (3), and (1)], the glow
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N = 2 π α

ft р~Г7г-1

F I G . 6. S c h e m a t i c form of t h e curve of t h e T G C ef f ic iency

a s a funct ion of t h e g a s d e n s i t y .

a n g l e a n d t h e q u a n t i t y o f r a d i a t e d l i g h t i n c r e a s e . A c -

c o r d i n g l y ( i f t h e o p t i c a l s y s t e m h a s c o n s t a n t l i g h t -

g a t h e r i n g e f f i c i e n c y , s t a r t i n g w i t h 0 ° ) , t h e a m o u n t of

l i g h t i n c i d e n t o n t h e p h o t o m u l t i p l i e r i n c r e a s e s , a n d

t h e c o u n t e r e f f i c i e n c y a p p r o a c h e s u n i t y .

F o r a g i v e n a m o u n t o f l i g h t p r o d u c e d b y t h e

c h a r g e d p a r t i c l e i n t h e g a s , t h e T G C e f f i c i e n c y d e -

p e n d s o n m a n y f a c t o r s , w h i c h c a n b e b r o k e n u p i n t o

t h r e e g r o u p s .

A . A p p a r a t u s f a c t o r s :

1) c o e f f i c i e n t o f g a t h e r i n g o f l i g h t b y t h e o p t i c a l

s y s t e m ; 2 ) q u a n t u m y i e l d a n d g a i n o f p h o t o m u l t i p l i e r ;

3 ) s e n s i t i v i t y o f t h e e l e c t r o n i c a p p a r a t u s ; 4 ) n o i s e

p u l s e s o f t h e p h o t o m u l t i p l i e r .

B . " B e a m ' ' f a c t o r s :

1) m o m e n t u m s c a t t e r o f t h e p a r t i c l e s o f g i v e n

m a s s m 0 ; 2 ) a d m i x t u r e o f p a r t i c l e s w i t h d i f f e r e n t

m a s s e s .

C . F a c t o r s d e p e n d e n t o n t h e m e d i u m :

1) Cerenkov radiat ion of δ-electrons; 2) b r e m s -

s t rah lung of p r i m a r y p a r t i c l e s ; 3) gas sc int i l la t ion.

The efficiency of the TGC in the region ρ < p^ is

due es sent ia l ly to factors of the th i rd group, which

a r e respons ib le for the production of the counter

background ε̂ . P a r t of the background is due a l so to

the p r e s e n c e in the beam of l ighter p a r t i c l e s , with

velocity β > β0, and to random coincidences connected

with the photomult ipl ier noise .

F a c t o r s of the f i rs t and second groups d e t e r m i n e

the dependence of the TGC efficiency on the gas

density in the region ρ > p^. Let us cons ider each

group in detai l .

A. Apparatus Factors which Influence the Efficiency

of Threshold Counters

It is obvious that the efficiency of the counter d e -

pends on the average number N of the photoelectrons

knocked out by the light from the photomult ipl ier

cathode. The average n u m b e r of photoelectrons is

proport ional to the intensity of the Cerenkov r a d i a -

tion, to the light gather ing coefficient η ( θ, I), and to

the quantum sensi t iv i ty of the photomult ipl ier cathode

ε ( λ ) :

\ sin2 θη (θ,
L

e (λ) λ"2 άλ dl. (48)

If t h e d i s p e r s i o n of t h e m e d i u m a n d t h e d e c e l e r a t i o n

of t h e p a r t i c l e s in i t a r e s m a l l , s o t h a t t h e c h a n g e in

t h e a n g l e of r a d i a t i o n i s i n s i g n i f i c a n t , w e c a n w r i t e

f o r g low a n g l e s a t w h i c h t h e l i g h t g a t h e r i n g i s c o n -

s t a n t

(49)

where A = 2πα jJT] (I) ε ( λ ) λ" 2 dl άλ is a constant

L λ

for each counter , d e t e r m i n e d by the light gather ing

and the quantum sensi t iv i ty of the photomult ip l ier .

The probabil i ty of photoelectron production is d e -

s c r i b e d by binomial d is t r ibut ion law, with a m e a n

value equal to the quantum sensi t iv i ty of the photo-

cathode ε = ( N / M ) , and with a v a r i a n c e ε( 1 - ε ) / Μ ,

w h e r e N and Μ a r e the n u m b e r s of photoelectrons

and photons, respect ive ly . We see there fore that the

distr ibut ion of the number of photoelectrons has a

mean value Ν = εΜ and a v a r i a n c e ε( 1 - ε) Μ. Since

the quantum sensi t iv i ty is s m a l l , that i s , ε ( 1 — ε ) Μ

~ Ν, we can a s s u m e that the photoelectrons have a

Poisson dis t r ibut ion

W(N,N)=-
7V1

(50)

T h e s t a t i s t i c a l d i s t r i b u t i o n of t h e p h o t o e l e c t r o n s on

t h e p h o t o m u l t i p l i e r c a t h o d e i s t r a n s f o r m e d a t i t s o u t -

p u t i n t o a s p e c t r u m of p u l s e s of d i f f e r e n t a m p l i t u d e s ,

t h e c o u n t e r e f f i c i e n c y d e p e n d i n g o n t h e m a g n i t u d e of

the ampl i tude. Denoting by Ρ ( N) the probabi l i ty with

which the e lect ronic appara tus r e c o r d s the pul ses

c o r r e s p o n d i n g to the knocking out of N e l e c t r o n s

from the cathode, and bear ing in mind that P ( 0) = 0,

we wr i te for the TGC efficiency

ε = Σ W{N,N)P(N)
JV=0

(51)

If we can set the threshold of the e lec t ronic appara tus

in such a way that it r e g i s t e r s the pulses c o r r e s p o n d -

ing to N e l e c t r o n s from the photomult ipl ier cathode

and does not r e g i s t e r pulses cor responding to N - 1

e l e c t r o n s , then

Ρ (Ν1) =-- 0

P(N') = l

for

for

Ν'^Ν

N'>N.

Then it follows from (51) that

F o r the sensi t iv i ty of the e lect ronic a p p a r a t u s

corresponding to the knocking out from the photo-

cathode of one e lec t ron we have
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for two electrons

etc.

(52)

(53)

The spectrum of the pulses at the output of the

photomultiplier depends not only on the distribution

of the photoelectrons but also on the fluctuations of

the gain of the photomultiplier, which is determined

essentially by the fluctuations in the first stages (see

'-1-', p. 115). The spreading of the pulse spectrum due

to the fluctuations causes the probability of appear-

ance of a pulse at the output of the photomultiplier to

remain always finite. Therefore even if the electronic

apparatus has a zero threshold, P( N) is never ex-

actly equal to unity. Consequently, the statement that

the apparatus has a sensitivity of one photoelectron,

and in the use of relation (52) in this connection, is a

certain idealization. This idealization can be justified

if 1 - P( 1) « 1. The statements that the sensitivity

of the apparatus corresponds to 2, 3, etc., photoelec-

trons and the use of relations (53), etc., are apparently

even cruder approximations.

In the analysis that follows we shall assume that

the gains of the first stages are sufficiently large and

that the threshold of the electronic apparatus is suf-

ficiently low, so that the registration efficiency is

— с ,

or

( 5 4 )

U s i n g ( 1 ) a n d ( 4 9 ) , w e e x p r e s s t h e a v e r a g e n u m b e r o f

t h e p h o t o e l e c t r o n s i n t e r m s o f t h e r e f r a c t i v e i n d e x

a n d t h e m a s s - t o - m o m e n t u m r a t i o o f t h e p a r t i c l e :

( 5 5 )

Substituting (55) and (7) in (54), we obtain the con-

nection between the efficiency of the TGC and the gas

density

l-Qt). (56)

B . I n f l u e n c e o f t h e B e a m P a r t i c l e V e l o c i t y D i s t r i b u -

t i o n o n t h e F o r m o f t h e T G C E f f i c i e n c y C u r v e

T h e v e l o c i t y s p e c t r u m i n a p a r t i c l e b e a m c a n b e

d u e t o t w o c a u s e s : t h e m o m e n t u m s c a t t e r a n d t h e

p r e s e n c e o f p a r t i c l e s w i t h d i f f e r e n t m a s s e s .

T h e v e l o c i t y s p e c t r u m c a n e i t h e r b e c o n t i n u o u s o r

c o n s i s t o f i n d i v i d u a l l i n e s o f f i n i t e w i d t h .

L e t t h e p r o b a b i l i t y o f t h e p a r t i c l e h a v i n g a v e l o c i t y

in the interva l between β and β+άβ be equal to

W ( 0 ) d 0 . Any velocity β can be se t in c o r r e s p o n d -

ence with a t h r e s h o l d re f ract ive index o r a function

of the re f rac t ive index.

w h e r e Δ̂ - = n^2 — 1. The velocity d i s t r ibut ion can be

t r a n s f o r m e d into a d is t r ibut ion that depends on Δ^:

Let us c o n s i d e r the c a s e when the efficiency of the

TGC is d e t e r m i n e d by re la t ion (52), where

N = ( Α / η 2 ) ( Δ - At) ~ Α ( Δ - A t ) . Then the efficiency

of the counter as a function of Δ, in a par t ic le b e a m

with dis t r ibut ion W ( Δ^), is equal to

ε (Δ) = \ W (At) [1 - «'] dAt. (57)

W(A) = 0 when |

Let the distribution W( At) be bounded:
Δ < At min,

Δ > At max·

In this c a s e the Δ axis can be broken up into t h r e e

r e g i o n s :

1) Δ < AJ^JJJ. Natural ly, the Cerenkov-radiat ion

efficiency of the TGC is equal to z e r o in this region,

s ince the re f ract ive index i s below threshold for

p a r t i c l e s with maximum velocity.

2) Δ η ι | η < Δ < A m a x . This reg ion c o r r e s p o n d s to

a c a s e when the re f ract ive index i s s t i l l lower than

t h r e s h o l d for s o m e p a r t i c l e s . The counter efficiency

h e r e is
д

ε (Δ) = jj W (At) [1 - β dAt

W(At)dAt, (58)

where Δ is the m e a n of £ m i n and Δ.

3) Δ > Δ ΐ η & χ , that i s , the re f ract ive index is

l a r g e r than threshold for the s lowest b e a m p a r t i c l e s .

F o r this region

ε(Δ) = 1 — (59)

w h e r e Δ is the mean of A m i n and

F r o m the ε( Δ ) curve in the th i rd region we can

d e t e r m i n e A and the average threshold re f rac t ive

index, and consequently a l so the p a r t i c l e ve loc i ty" 4 ' 1 5 ^,

extrapolat ing to z e r o the dependence of In f 1 - ε) on

Δ. The a b s c i s s a i n t e r c e p t gives the value of Δ = Δ,

and the slope will give the value of A.

In pr inc ip le , if the ε( Δ ) curve is known with

sufficient a c c u r a c y and t h e r e a r e no other effects to

d i s t o r t the form of the TGC efficiency curve , we can

find not only the average m o m e n t u m , but the e n t i r e

velocity d i s t r ibut ion of the p a r t i c l e . Differentiating

(57) twice with r e s p e c t to Δ, we obtain

А <гда (60)

С. Efficiency of TGC Below the Radiation Threshold

C l . Let us e s t i m a t e the probabil i ty of r e g i s t r a t i o n
of a p a r t i c l e by m e a n s of ό - e l e c t r o n s . As for the
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DGC, we a s s u m e that this probability

by (26)
Етл%

8 b l = [ W(E,E')P(E')dE',

is given

where Φ( Ε, E ' ) d E ' is the probabil ity of production

of a δ-eleetron with energy between E' and E' + d E '

(22), and P( E') is the probability of its reg i s t ra t ion

by the TGC (52). To es t imate C b l we made severa l

simplifying assumptions, which can only make this

quantity l a r g e r .

1) We a s s u m e that in (52)

b b i "

w h e r e A ' , g e n e r a l l y s p e a k i n g , d e p e n d s o n t h e l e n g t h

of the δ-electron path in the counter gas, but we a s -

sume that it is constant.

2) The δ-electron velocity is as sumed equal to

unity, and in this c a s e E' = k'. Then, taking (55) into

account, we get

N = A'[A-^y\ , Δ = η«-1. (61)

3) We a s s u m e the maximum δ-electron energy to

be infinite.

4) We r e p r e s e n t the δ-electron reg i s t ra t ion

probabil ity P ( E ' ) in the form

P(E') = N 0<ίν<1,

P(E') = l JV>1.

After these assumptions we wri te ε^ in the form

e b l = \ Ψ (Ε, Ε') ΝάΕ'+\ψ (Ε, Ε') dE', ( 6 2 )

Et Ει

w h e r e E t a n d El a r e o b t a i n e d f r o m ( 6 1 ) f o r N = 0

and N = 1, respect ive ly . Since Δ « 1 in gas counter s ,

we get
π me ю ~
Et ^ - 7 = - , £ 1 =

/ * - • £ • '
(63)

Substituting (22) and (61) in (62) and integrat ing within

the l imi t s (63), we obtain:

1) When Α'Δ < 1, that is, when N s 1 and it is

n e c e s s a r y to take only the f i rs t integral

2) when A ' i l

(64)

(65)

3) when Α'Δ » 1 we find from (65), by expanding

in a s e r i e s , that the probabil ity of reg i s t ra t ion of a

par t ic le by means of δ-electrons in the TGC is

equal to the total probabil ity of production of δ-

e lec t rons with energ ies l a r g e r than threshold (25):

е Ь 1 =ЛГ б = 2Се/А1/2. (66)

The gas density ρ is proport ional to Δ, so that we

have in (64)

and in the c a s e of (66)

In the approximation considered, the efficiency of

reg i s te r ing a par t ic le by means of δ-electrons does

not depend on the momentum of the p a r t i c l e .

To i l lus t ra te the quality of the approximation made,

Fig. 7 shows two c u r v e s . Curve I is the probabil ity

for recording the p a r t i c l e s with a threshold counter

via the δ e l e c t r o n s , as a function of Δ, calculated

by the approximate method developed above. Curve

II is calculated m o r e accurate ly, using graphic inte-

gration and a method analogous to that developed in

Chapter ΙΠ, with allowance for the path length and the

decelerat ion of the б-electron in the gas . Curve II

has been calculated for the reg i s t ra t ion of a par t ic le

via б-electrons n e a r the threshold of its Cerenkov

radiat ion in the given medium. Both curves perta in

to a counter 70 cm long filled with ethylene. The

product of the photomultipl ier quantum sensit ivity by

the light gathering coefficient is a s sumed to be εη

= 0.02.

FIG. 7. Probability of registration of a particle in a TGC
by means of δ-electrons, as a function of the refractive index

of the gas. I—By formula (65); II—graphical integration.

It i s s e e n f r o m F i g . 7 t h a t t h e a p p r o x i m a t e e s t i -

m a t e a g r e e s v e r y w e l l w i t h t h e e x a c t c a l c u l a t i o n i n

the region of smal l Δ and does not deviate much for

l a r g e Δ. The approximate es t imate i s apparently

sufficient for most prac t ica l c a s e s of i n t e r e s t .

C2. The b r e m s s t r a h l u n g of heavy charged p a r t i -

cles can be calculated by using'-10-'. If we make h e r e

severa l simplifying assumptions, namely: (1) we

a s s u m e that the kinetic energy of the par t ic le is
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Table I. Energy lost by a particle to Cerenkov radiation (column
2) and to scintillation (column 3) relative to the ionization losses.

Column 4—ratio of the scintillation losses to Cerenkov losses.

Gas

He
Ar
Air
N2Kr
Xe

103 (iE) /(dE)

0.24
0.19
0.27
0.28
0,14
0.14

103. ( « ) /(ψ)

2.7
2.4

4-10-3
2
5
8.7

(dE\ /(dE\
\dx ' s c ' ^dx 'Cer

11
12.5
1.5-10-2
7.1

36
62

l a r g e c o m p a r e d w i t h t h e r u s t m a s s , (2) w e n e g l e c t

s c r e e n i n g of t h e c h a r g e of t h e n u c l e u s b y t h e e x t e r n a l

e l e c t r o n s , a n d (3) w e a s s u m e t h a t t h e p o t e n t i a l of t h e

n u c l e u s i s t h e s a m e a s t h a t of a p o i n t c h a r g e a t d i s -

t a n c e s l a r g e r t h a n t h e n u c l e a r r a d i u s r n a n d i s c o n -

s t a n t f o r d i s t a n c e s s m a l l e r t h a n r n , w h e r e r n = 1.38

x 1СГ13 A ' ^ c m , then we can readi ly obtain the n u m b e r

of photons rad ia ted by the p a r t i c l e with m a s s m

along a path of 1 g/cm 2 in the wavelength interval

λι—λ 2 :

rl 16 [ i n

E s t i m a t e s s h o w t h a t f o r a p i o n w i t h m o m e n t u m

~ 5 B e V / c i n t h e w a v e l e n g t h i n t e r v a l 6 0 0 0 — 3 0 0 0 A

we have Nb = 1.2 x 10"G ( Ζ = 6, A = 12) . Since Nb

~ l / m 2 , for heav ier p a r t i c l e s this quantity will be

even s m a l l e r and consequently the contr ibut ion of the

b r e m s s t r a h l u n g to the formation of the TGC back-

ground can be neglected.

C3. Data re la t ive to the sc int i l lat ion of gases used

in Cerenkov c o u n t e r s a r e p r a c t i c a l l y nonexis tent . We

can t h e r e f o r e p r e s e n t only s o m e genera l qualitat ive

d a t a .

The n u m b e r of photons I( ω ) emit ted by the p a r t i -

c le a s the resul t .of sc int i l la t ions on a path length I

in a frequency interval f rom ω to ω + άω is

w h e r e Β ( ω ) άω i s the p a r t of the p a r t i c l e energy

going into radia t ion. The average n u m b e r of photo-

e l e c t r o n s produced on the photomult ip l ier cathode by

the total light of the scint i l lat ion is d e t e r m i n e d by the

equation

w h e r e ε ( ω ) is the quantum yield of the photomult i-
p l i e r . We s e e t h e r e f o r e that N i s propor t iona l to the
gas densi ty . The proport ional i ty coefficient depends
on the n a t u r e of the gas and on the counter c h a r a c t e r -
i s t i c s . E x p e r i m e n t has shown (see below) that the
TGC efficiency below the Cerenkov rad ia t ion t h r e s h o l d
is s m a l l , that i s , the ro le of al l the phenomena of the
t h i r d group, including sc int i l la t ions , i s insignificant.
Consequently N « 1. On the b a s i s of (52) we can a s -
s u m e that the TGC efficiency due to sc int i l la t ions ,

Сьз, is equal to N and is proport ional to the gas

density

(67)

Natural ly, when choosing a gas for Cerenkov

c o u n t e r s , the scint i l lat ing ability of the gas m u s t be

taken into account. By way of i l lus t ra t ion we can

p r e s e n t data on the sc int i l la t ions of i n e r t gases and

ni t rogen, which is used in gas scint i l lat ion c o u n t e r s ,

and a l so a i r . The data on the r e l a t i v e light yield of

sc int i l la t ions of a i r a r e borrowed f rom ^ .

Table I gives the p a r t i c l e energy l o s s e s to sc int i l -

lation and Cerenkov radiat ion re la t ive to the ioniza-

tion l o s s e s . The Cerenkov l o s s e s a r e calculated for

p a r t i c l e s radiat ing light into the l imit ing angle .

F r o m an examination of Table I we see that the

r e l a t i v e energy l o s s e s to scint i l lat ion in i n e r t gases

exceed the m a x i m u m l o s s e s to Cerenkov radia t ion.

It m u s t be noted, however, that s m a l l i m p u r i t i e s of

gases such as oxygen, hydrogen, carbon dioxide,

carbon monoxide, and a few o t h e r s g reat ly s u p p r e s s

the scint i l lat ion of the i n e r t gases and nitrogen'-17-'.

D. Velocity Resolution of TGC

As was shown above, the efficiency of a t h r e s h o l d

counter at a given re f ract ive index is d e t e r m i n e d by

the a v e r a g e n u m b e r of photoelect rons (52). Let ε4

and ε0 be respect ive ly the efficiencies of the c o u n t e r s

for p a r t i c l e s with ve loci t ies jSt and j3 0. It i s obvious

that the r a t i o ε̂ ε,, will be maximal at a value of η

c o r r e s p o n d i n g to the r a d i a t i c i threshold for the v e -

locity β0, that i s ,

n = nh = j - . (68)

The velocity reso lut ion of the TGC can be defined
as the difference of two veloci t ies ( Δβ = βι - jS0), for
which the average n u m b e r of photoelect rons formed
on the photomult ipl ier cathode v a r i e s f rom 0 to 1.
This c o r r e s p o n d s to a counter efficiency of 63%.
Then, using (1), (49), and (68), we obtain

N
- ' - < ' - # ) ·

hence

l
~2Λ

(69)
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From (69) we can obtain the mass resolution of the
TGC for particles having the same momentum, while
the momentum resolution for particles having a defi-
nite mass

Am ДА- "?„*'
т к 1Атг '

We s e e t h e r e f o r e t h a t t h e r e s o l u t i o n of t h e T G C d e -

t e r i o r a t e s w i t h t h e i n c r e a s i n g p a r t i c l e e n e r g y .

F o r m u l a s (69) a n d (70) s h o w a l s o t h a t t h e l a r g e r A ,

t h a t i s , t h e s m a l l e r t h e f r a c t i o n of t h e r a d i a t e d l i g h t

i s g a t h e r e d b y t h e o p t i c a l s y s t e m of t h e c o u n t e r o n

t h e p h o t o c a t h o d e , a n d t h e l a r g e r t h e q u a n t u m y i e l d of

t h e p h o t o m u l t i p l i e r e m p l o y e d , t h e b e t t e r t h e r e s o l u -

t i o n o b t a i n a b l e w i t h t h e a i d of t h e T G C .

Ш. OPTICS OF GAS-FILLED CERENKOV COUNTERS

The Cerenkov radiation of a particle moving paral-
lel to the axis of a certain optical system is equiva-
lent, as a light source, to a glowing ring located at
infinity. If we use to gather the Cerenkov light a lens
with focal distance f, then the linear diameter of the
image of this ring at the focal plane is determined by

tfo = 2/tge0, (71)

where 60 is the angle of Cerenkov radiation of a par-
ticle whose velocity is β0. Particles of different ve-
locity will produce a ring image with a different
diameter. By placing an annular diaphragm in a
suitable place, we can pass the light of the required
particle and block the light from the remaining parti-
cles.

From the structural point of view, the most suit-
able is the case when the annular image of the
registered particles is reduced to a point. To this
end, as can be seen from (71), it is necessary to use
a lens with a small focal distance. However, Marshall
has pointed out '-18-' that for a counter of finite radius
the quantity f cannot be made arbitrarily small and
thus gather the Cerenkov light into ring of small
diameter. The minimal focal distance, determined by
law of conservation of the angular momentum of the
photon relative to the optical axis of the system, is
given by the expression

/min = '"'icoseo,

where r is the radius of the counter radiator.
The requirements imposed on the optical system

of threshold and differential counters are different.
In a TGC the optical system must ensure the gather-
ing by the photomultiplier cathode of the greater part
of the Cerenkov radiation emitted by the particle,
with the quality of the annular image being immaterial
in first approximation. In the DGC, where good
spatial separation of the annular image is necessary,
produced by particles of different velocities, the r e -
quirements imposed on the optical system are quite
stringent.

The quality of the image is determined by the

a b e r r a t i o n s of t h e o p t i c a l s y s t e m . T h e c h a r a c t e r i s t i c s

a n d t h e a b e r r a t i o n s of t h e s y s t e m d e p e n d t o a c o n -

s i d e r a b l e d e g r e e o n t h e p o s i t i o n a n d d i m e n s i o n s of

t h e e n t r a n c e p u p i l . We r e c a l l t h a t t h e e n t r a n c e p u p i l

of a n o p t i c a l s y s t e m i s c a l l e d t h e i m a g e of t h e a p e r -

t u r e d i a p h r a g m in t h e o b j e c t s p a c e .

T h e a p e r t u r e d i a p h r a g m i s t h e i m a g e i n t h e o b j e c t

s p a c e of t h e s a m e d i a p h r a g m of t h e o p t i c a l s y s t e m ,

t h e i m a g e of w h i c h i s s e e n f r o m t h e c e n t e r of t h e o b -

j e c t a t t h e s m a l l e s t a n g l e .

Von D a r d e l ^19-' h a s s h o w n t h a t t h e e n t r a n c e p u p i l

of t h e o p t i c a l s y s t e m of a C e r e n k o v c o u n t e r c o n s i s t -

i n g of a r a d i a t o r of l e n g t h I a n d a l e n s i s l o c a t e d i n

t h e c e n t e r of t h e r a d i a t o r , a n d h a s a d i a m e t e r

w h e r e d i s t h e d i a m e t e r of t h e p a r t i c l e b e a m . If t h e

a p e r t u r e of t h e o b j e c t i v e i s s m a l l e r t h a n t h e c r o s s

s e c t i o n of t h e l i g h t b e a m i n c i d e n t on i t , I m u s t b e

t a k e n t o m e a n a c e r t a i n e f f e c t i v e l e n g t h

Z e f f = 2 tgB ·

where Dj is the diameter of the aperture of the ob-
jective diaphragm. To improve the gathering of the
Cerenkov light, it is possible to use a cylindrical r e -
flecting tube, the axis of which coincides with the
axis of the optical system. In this case the input
pupil is the end of the tube and its diameter is equal
to the diameter of the tube.

Let us stop to discuss monochromatic aberrations
of optical systems. In calculating centered systems
we use the theory of third-order aberrations (see,
for example, °~22^). in real optical systems, the
image of a point from object space has the form of a
scattering figure of complicated structure. The di-
mensions and form of this figure are determined by
five coefficients Si, Sn, Sm, SfV. and Sv, called the
aberration coefficients. Usually one investigates the
scattering figures under the assumption that only one
of the coefficients is not equal to zero.

The coefficient Si determines the so-called
spherical aberration. In the presence of spherical
aberration in the optical system, an image of a point
from object space has the form of a symmetrical
scattering circle, the radius p\ of which is deter-
mined by the expression

l ,
-) · (72)

Coma-aberration, which is determined by the coeffi-
cient Sn, is produced when a broad inclined beam of
rays leaving the object point outside the axis is asym-
metrical relative to the principal ray of the beam.
For the simplest case of meridional coma, that is,
asymmetry of a beam of rays lying in the meridional
plane (which is the plane passing through the object
point and the optical axis), the image of the point has
the form of a bright circle of small dimensions with
gradually broadening tail of considerably smaller
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brightness. The radial length of the tail of the coma
is 3pjj, and its maximum width is 2рц, where

· ( 7 3 )

and ω is the angle of inclination of the light beam to
the optical axis.

Astigmatism and curvature-of-field aberrations
are determined by the coefficients Бщ and Siy. each
of which is connected with the curvature of the focal
surface in the meridional and sagittal planes (which
is perpendicular to the meridional plane and crosses
it along a line passing through the object point and
the center of the system). If the focal surfaces in the
meridional and sagittal planes do not coincide, the
image of a point from the object plane has the form
of an ellipse, the axes a and b of which are given by
the formulas

(74)

The magnitude of the astigmatism is characterized
by the difference

(75)

If there is no astigmatism, that is, 2a - 2b = 0, then
the image of the point will have, as a result of the
curvature of the focal plane, the form of a scattering
circle with radius pjy, where

Qjy — "г о i v ί —τ- Ι ω . \ ι ο )

T h e l a s t o f t h e m o n o c h r o m a t i c a b e r r a t i o n s , d i s t o r -

t i o n , c a u s e s t h e i m a g e o f a p o i n t f r o m o b j e c t s p a c e

t o a l s o h a v e t h e f o r m o f a p o i n t , b u t a t a p o s i t i o n d i f -

f e r e n t f r o m t h a t g i v e n b y a n i d e a l o p t i c a l s y s t e m .

The shift ΔΖ of the image of the point from the posi-
tion expected in accordance with Gaussian optics is
proportional to the cube of the angle of inclination of
the beam:

Al = S\<u3. (77)

In real optical systems, individual types of third-
order monochromatic aberrations are rarely en-
countered in pure form. In practice one observes a
combination of aberrations of several forms, on
which are superimposed aberrations of higher orders.
Usually the design of an optical system is based on
third-order aberration theory. The effect of higher-
order aberrations is taken into account on the basis
of an exact trigonometric calculation of the path of
the rays through the optical system with subsequent
subtraction of the third-order aberrations. For op-
tical systems of Cerenkov counters it is possible to
confine oneself in many cases to the calculation of
the third-order aberrations.

It is necessary to take into account here the fact
that for Cerenkov radiation the distortion and the
curvature of the field do not influence the quality of
the annular image, since distortion does not broaden
the annular image, but only changes its diameter,
while the broadening of the annular image due to
curvature of the field can be avoided by shifting the
image plane away from the Gaussian plane.

Let us consider the monochromatic aberrations of
single concave mirrors and single lenses, these being
the most frequently encountered optical systems in
Cerenkov counters.

For a centered mirror and object at infinity, the
third-order aberration coefficients are given by the
formula b®

5 i = -

(78)

where b is the coefficient of deformation of the sur-
face (for a parabolic surface b = — 1, for a spherical
surface b = 0), and χ is the distance from the input
pupil to the top of the mirror .

It is seen from these formulas that the parabolic
mirror , unlike the spherical mirror, does not have
spherical aberration. Nonetheless, the mir rors
usually employed are spherical, since the technology
of their manufacture is much simpler than that of
parabolic m i r r o r s . For the case when the input pupil
coincides with the top of the mirror, the formulas for
the aberration coefficients of a spherical mirror have
the very simple form

T · S » = T · " n i = - i , [ { 7 9 )

Let us consider the aberrations of a positive thin
lens. For an object located at infinity, maximum
spherical aberration is produced by a doubly convex
lens with a surface radius of curvature ratio 6 :1 and
turned with the more convex side to the object. In
practice, almost the same spherical aberration will
be possessed by a planoconvex lens with its convex sur-
face facing the object. For an object situated at in-
finity, and for an input pupil coinciding with the lens
itself, the aberration coefficients of a planoconvex
lens have the following value &®

Si = 2.14, £ „ = - 0 . 3 ,
Siv = 0.6-^0,7, Sv

(80)

From a comparison with the aberration coefficients
of a spherical mirror (79) we can readily see that
for the same relative aperture (D/f) the spherical
aberration of the lens is more than eight times
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l a r g e r than the s p h e r i c a l a b e r r a t i o n of the m i r r o r ,

w h e r e a s the coma, a s t i g m a t i s m , and the c u r v a t u r e

of the sur face a r e prac t ica l ly the s a m e for the m i r r o r

and for the l e n s . It t h e r e f o r e a p p e a r s that for C e r e n -

kov c o u n t e r s with high velocity reso lut ion it is ad-

vantageous to u s e s p h e r i c a l m i r r o r s and not l e n s e s .

The main advantage of m i r r o r s is the absence of

c h r o m a t i c a b e r r a t i o n . The c h r o m a t i c a b e r r a t i o n of

a thin lens is given by the e x p r e s s i o n

0 λ ι λ 2 = 4 / ν λ . (81)

H e r e Aj a n d A2 a r e t h e l i m i t s of t h e s p e c t r a l i n t e r -

v a l s t r a n s m i t t e d b y t h e o p t i c a l s y s t e m a n d Ao i s t h e

wavelength cor responding to the m a x i m u m t r a n s m i s -

sion of the optical s y s t e m , with ^λ 0 the coefficient

of d i s p e r s i o n :

Β ( λ , ) - 1
λο n(Xt) —η(λ 2 ) '

C o m p l e x l e n s s y s t e m s m a k e i t p o s s i b l e t o c o m -

p e n s a t e t o s o m e d e g r e e f o r t h e d i s p e r s i o n of t h e

C e r e n k o v r a d i a t i o n .

F o r a n e s t i m a t e of t h e b r o a d e n i n g of t h e m a x i m u m

of t h e i n t e n s i t y c u r v e of t h e C e r e n k o v l i g h t , w e c a n

a s s u m e t h a t a l l t h e e r r o r s of t h e o p t i c a l s y s t e m a r e

a d d i t i v e :

ν
Q = S Q « - (82)

Then the angular width of the annular image of the

Cerenkov radiat ion will be d e t e r m i n e d by the equation

Δ Θ 3 2 ~ - ^ , (83)

w h e r e f is the focal d i s tance of the optical s y s t e m .

IV. GASES USED IN CERENKOV COUNTERS

A. Over-all Requirements and Attainment of
Prescribed Refractive Index Intervals

In gaseous media it i s poss ib le to obtain in t h e o r y

re f rac t ive indices with a wide range, f rom unity to

quanti t ies c h a r a c t e r i s t i c of l iquids, but the p r a c t i c a l

r e a l i z a t i o n enta i l s g rea t technical difficulties.

Most frequently t h e r e is no need for cover ing a

l a r g e re f rac t ive- index interva l in specific p r o b l e m s ,

so that it is poss ib le to employ in the c o u n t e r s v a r i -

ous g a s e s that satisfy in b e s t fashion the conditions

of the p a r t i c u l a r e x p e r i m e n t . All, however, should

satisfy s o m e genera l r e q u i r e m e n t s .

The m a i n c h a r a c t e r i s t i c of the DGC is the velocity

reso lu t ion, d e t e r m i n e d by Eq. (5), f rom which i t is

s e e n that in o r d e r to obtain the b e s t reso lut ion for a

given angle 0O, that i s , for a given n, it is n e c e s s a r y

to choose a gas such that ΛΘ i s m i n i m a l . F r o m (11)

and (15) (where Дк 2 ~ ρ ) we s e e that ΑΘ i n c r e a s e s

with i n c r e a s i n g densi ty for a given re f rac t ive index.

Consequently, it i s n e c e s s a r y to choose the gas with

the minimum p/( η - 1) r a t i o .

In addition to the velocity reso lut ion, an i m p o r t a n t

c h a r a c t e r i s t i c of DGC and TGC is the background,

due es sent ia l ly to the production of o - e l e c t r o n s .

Since t h e i r n u m b e r i n c r e a s e s , for a given re f ract ive

index, with i n c r e a s i n g Zp/A [see (29) and (65)], the

m o s t suitable gas has the s m a l l e s t ra t io Z p / A ( η - 1 ) .

One of the methods of obtaining different interva l s

of re f ract ive indices is the var ia t ion of the gas

p r e s s u r e at constant t e m p e r a t u r e . The u s e of high

p r e s s u r e s n e c e s s i t a t e s that the wal ls of the counter

be sufficiently thick. This leads to an additional d e -

t e r i o r a t i o n of the reso lut ion and to an i n c r e a s e in the

background of the counter . It is there fore n e c e s s a r y

to choose a gas in which it is poss ib le to obtain a

given re f rac t ive index at lowest p r e s s u r e .

On the b a s i s of the foregoing c o n s i d e r a t i o n s , a

l a r g e number of gases was cons idered, of which the

m o s t suitable for the use in Cerenkov c o u n t e r s a r e

l i s ted in Table II.

In compil ing Table II, the densi ty was d e t e r m i n e d

in m o s t c a s e s from the e x p e r i m e n t a l data on the

c o m p r e s s i b i l i t y of g a s e s , taken from the s o u r c e s

indicated in the l a s t co lumn. F o r s o m e g a s e s , in

view of the lack of exper imenta l data, the densi ty was

d e t e r m i n e d from the curves showing the dependence

of the c o m p r e s s i b i l i t y coefficient on the reduced

p r e s s u r e s and t e m p e r a t u r e s (see WMU) p o r t e n t a -

tive ca lcu la t ions , Table II gives the values of the r e -

fract ive indices of s e v e r a l gases at 20°C and at 50

a t m . It is seen from the table that under such condi-

t ions i t i s poss ib le to obtain a value of η in the i n -

terva l f rom 1.01 to 1.06.

In o r d e r to vary η in the interva l η = 1.1—1.2 at

not too high p r e s s u r e s , it i s n e c e s s a r y to employ

g a s e s at t e m p e r a t u r e s and p r e s s u r e s that a r e c lose

to c r i t i c a l . The l a t t e r s t a t e m e n t can be obtained

from the following cons iderat ion ^ . We w r i t e the

L o r e n t z - L o r e n z formula in the form

where Nj—number of molecules in 1 c m and a—

optical polar izabi l i ty of the m o l e c u l e s . It i s known

that a has the s a m e o r d e r of magnitude as r 3 — t h e

cube of the l i n e a r d imens ions of the molecule . If we

a s s u m e that a = r 3 , then a t the c r i t i c a l point, w h e r e

(b is the volume c o r r e c t i o n to the Van d e r Waals

equation, equal according to kinetic energy to

4πΝΓ 3/3 3, w h e r e N is the Avogadro n u m b e r ) , we

obtain

" c f 1 _ J _
"L+2 12 '

o r n c r w 1.13—the re f ract ive index of any subs tance

at the c r i t i c a l point. Of all the g a s e s l i s ted in Table

II, ethylene at 20°C and at 50 atm c o m e s c l o s e s t to

the c r i t i c a l point, so that it has the m a x i m u m r e f r a c -

tive index.
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Table II. G a s e s for Cerenkov c o u n t e r s and t h e i r c h a r a c t e r i s t i c s

Gas

Oxygen
Air

Nitric oxide
Carbon monoxide
Ammonia
Methane
Carbon dioxide
Freon-14
Nitrous oxide
Acetylene
Hydrogen sulfide
Sulfur dioxide
Ethylene
Ethane
Freon-13
Sulfur hexafluoride
Propane
Freon-12
Freon C-318
Chloroform
FC-75

Chemical
formula

o2

N2

N02CO
Nils
CH4
CO.
CF4
N2O
C2H2
H2S
so2C2H4
C,H0

SFe

CCUFJJ

C.HCI3

C8OF16

*At the saturated vapor pressure

r c r . °c

—240
—118

-147
—93

-140
132

—82.1
31.0

—45.5
36.5
35.7

100
158

9.2
32.3
28.8

96.8
112
115
263
221

Per·
kg/cm2

13.2
51.7

34.6
66.1
35.6

115
47.3
75.3
38.1
74.1
63.7
1)1.8
80.4
51.fi
49.8
39.4

43.4
40.9
27.6
55.8
16.3

indicated alongside.
**Obtained by calculation based on molecular

( η , , - Ι ) . ι ο ι
(760 mm Hg,

0-C)

1.39

2.72

2.926
2.97

3.03

3.34
3.77
4.41

4.50
4.61
5-15
6.10

6.19
6.60
6.96

7.06
7.82**)

7.85
10.05
11.27*)

12.85·*)
14,55

27.4**)

refraction!11-13].

em'/g

1.55

0.143

0.226
0.239

0.226

0.269
0,488
0.614

0.228

0.117
0.260
0.521

0.402
0.225

0.551
0.521
0.156
0.120

0.503

0.204
0.144

0.276

0.148

Λ π - 1

L ρ '

c m 3 / g

1.55

0 . 2 8 6

0 . 4 7 8

0 , 4 5 2
0 . 5 3 8

0 . 8 3 2

0 . 9 8 3

0 . 4 5 6
0 . 2 4 6

0 . 5 2 0

0 . 9 6 5
0 . 7 6 0

0 . 4 5 0

0 . 9 6 4

0 . 8 6 6

0 . 3 2 6
0 . 2 5 1

0 . 8 5 0
0 . 4 2 2

0 . 3 0 0

0 . 5 6 3
0 . 3 0 8

< " / ) -
(20° C,

0 . 6 2 8

1.26

1.35
1.39

1.50

1.54

0 . 3 2 8 * ) , 8
2 . 2 9

3-08
2 . 4 0
4 . 1 1 * ) , 4 9

4 . 8 0 * ) , 4 3

1 . 3 6 * ) , 18
0 . 2 2 1 * ) , 3

6 . 0 3
4 . 5 6 * ) , 3 8

4 . 0 0 * ) , 3 2

0 . 8 9 7 * ) , 8

0 . 6 4 6 * ) , 5

1) ·102

50 a t m )

. 4 6 k g / c m !

. 4 a t m

. 3 "

. 4 k g / c m 2

. 3 7 "

5
4

. 5 0 "

.79 '

44

41

40
44

48,

49,
44
50

49,
49,
48
44

45
44
4 4 ,
51,
51
49
51

51
13

13

L i t e r a t u r e

P. 5 2

5 4
37

50
11 2 1 7 - 2 1 8

3 3
" 39

P· 4 0
70
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B. Determination of the Refractive Index of a Gas

We have seen that gas Cerenkov c o u n t e r s make it

poss ib le to d e t e r m i n e under sui table condit ions the

velocity [see (5)], the m o m e n t u m [see (43)] and the

m a s s [see (44)] of p a r t i c l e s . To this end it i s n e c e s -

s a r y to know exactly the re f rac t ive index of the gas,

which can be m e a s u r e d e x p e r i m e n t a l l y o r ca lculated

by the L o r e n t z - L o r e n z formula, if we know the

m o l e c u l a r re f rac t ion and the densi ty . F o r η c lose

to unity, the approx imate formula (7) holds, in which

D does not depend on the densi ty and i ts value for

s e v e r a l gases can be readi ly obtained '2 4^ from the

known η — 1 and p, o r can be calculated by using

the additivity of the m o l e c u l a r r e f r a c t i o n s .

The gas density is d e t e r m i n e d exper imenta l ly o r

calculated with the aid of the equations of s t a t e . Most

gases used in Cerenkov c o u n t e r s differ g reat ly from

ideal . The constants of the equations of s ta te (Van

d e r Waals, Beatty-Bridgman) can be found in Й3>44-4б]_

The validity of the L o r e n t z - L o r e n z formula for

the calculat ion of the re f rac t ive indices of poly-

atomic g a s e s i s , genera l ly speaking, not obvious.

Consequently a c o m p a r i s o n of η was made in '-30-' for

freon and for sulfur hexafluoride, obtained by the in-

t e r f e r e n c e method and calculated by Eq. (6). It is

s e e n from F i g s . 8a and b that the a g r e e m e n t between

the r e s u l t s is sa t i s factory .

On the b a s i s of (5), (43), and (44) we can e s t i m a t e

that for an exact de terminat ion of the velocity, m o -

m e n t u m , or m a s s it is n e c e s s a r y to know the r e f r a c -

tive index with an e r r o r Δη/η ^ 10~4. In view of the

lack of exact data on the c o m p r e s s i b i l i t y of g a s e s and

on t h e i r m o l e c u l a r r e f r a c t i o n s , it i s p r a c t i c a l l y i m -

poss ible to e n s u r e such a c c u r a c y by computat ion.

T h e r e a r e two methods of m e a s u r i n g the r e f r a c -

tive index of a g a s : with the aid of an i n t e r f e r o m e t e r

and by determining the d ie lec t r ic constant of a gas

with a c a p a c i t o r . We shal l not cons ider the f i r s t

method, r e f e r r i n g those i n t e r e s t e d to the or ig inal

s o u r c e s L55-60J r p n e ^ е а о£ ^ n e s e c o n c j method con-
s i s t s in the following. The formula for capaci tance in
a medium is

С = (84)

where ε is the dielectric constant of the medium and

Co is the rating of the given capacitor in vacuum

(where ε = 1). For two wavelengths Xj and λ2, cor-

responding to radio frequencies and to the visible

region of the spectrum, we can write

-=An

η ' ( λ 2 ) ~ 1 Bo
ε (λ!)+ 2

where A and В are constants that do not depend on
the wavelength or the gas density. Dividing one equa-
tion by the other and putting A/B = G, we get

from which we have, with account of (84),

(85)
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FIG. 8. Comparison of the refractive indices obtained by an
interferometer method with that calculated by the Lorentz-
Lorenz formula: a) For SF 6; b) for CC12F2. The measurements
were made for the wavelength 5400 A. Abscissas—pressure
(atmospheres), second scale—density (g/1).

F o r m u l a (85) is used to moni tor the var ia t ion of η as

a function of the gas p r e s s u r e . The constant G can

be d e t e r m i n e d if the re f ract ive index and the values

of the capac i tances at one point a r e known.

If the capaci tance is a c c u r a t e to 10~3 p F M , then

for η ~ 1.01 and Co ~ 100 p F the e r r o r in the d e -

t e r m i n a t i o n of the re f ract ive index will not exceed

Δη/( η - 1) « 7 x 10" 4 provided the constant G is

known a c c u r a t e l y .

C. Dispersion of Gases

Absolute m e a s u r e m e n t s of the re f rac t ive index of

many gases entai l g rea t difficulties in the e l iminat ion

of var ious i m p u r i t i e s . Consequently re la t ive m e a s u r e -

m e n t s a r e usual ly m a d e , in which the re f ract ive in-

dices a r e c o m p a r e d for all wavelengths with some

standard values η ( λ 0 ) . The l a t t e r is d e t e r m i n e d

beforehand by averaging of a s e r i e s of m e a s u r e m e n t s

where in the e n t i r e p r o c e d u r e , s t a r t i n g with the p r o -

duction of the gas, is duplicated. Although the r e l a -

tive var ia t ion of the d i s p e r s i o n is m e a s u r e d with high

a c c u r a c y , the e r r o r in the absolute values of η is not

s m a l l e r than for the s tandard value.

The var ia t ion of η ( λ ) in the vis ible and u l t r a -

violet regions has been obtained by the i n t e r f e r e n c e

m e t h o d i n L J f o r m a n y g a s e s u s e d i n C e r e n k o v

c o u n t e r s . In these m e a s u r e m e n t s η was c o m p a r e d

with the re f rac t ive index λ = 5461 A and reduced to

0°C and 750 m m Hg. The exper imenta l dependence

was approximated by formulas containing two con-

s t a n t s :
i_ = 3 n2 —1 _ . В

у - г п*+2 ~ л + λ2 ·

o r four constants
Σ = 3

¥ = 2" «2 + 2 β ) - λ - 2 ^ Β2-λ-* •

In T a b l e I II a r e g i v e n t h e v a l u e s of t h e c o n s t a n t s of

f o r m u l a ( 8 6 ) . As c a n b e s e e n f r o m t h e n e x t t o t h e

l a s t c o l u m n , t h e a c c u r a c y of a p p r o x i m a t i o n , c h a r a c -

t e r i z e d b y t h e q u a n t i t y

(86)

ytheor ^expt max
yexpt

•100%,

i s of t h e o r d e r of 0 . 0 1 .

U s i n g t h e d a t a of T a b l e III w e c a n s h o w t h a t d i s -

p e r s i o n of t h e r e f r a c t i v e i n d e x i n t h e w a v e l e n g t h

r e g i o n 2 5 0 0 — 5 5 0 0 A c a u s e s t h e v e l o c i t y r e s o l u t i o n

of the differential Cerenkov c o u n t e r s to be Δβ/β

~ 10" 4—10~ 5 for all the gases under cons idera t ion.

V. CONSTRUCTION OF GAS FILLED CERENKOV

COUNTERS

A. Threshold Gas Counters

The f i r s t gas filled Cerenkov c o u n t e r s w e r e of the

threshold type. Following Ascoli and Balzanelly ' J

and Barc lay and Jelley'-7-', who worked with TGC at

a t m o s p h e r i c p r e s s u r e , c o u n t e r s w e r e cons t ructed

with adjustable threshold of p a r t i c l e r e g i s t r a t i o n by

velocity.

Tol le s t rup and Wentzel J d e s c r i b e d a counter

used as a moni tor for high-energy g a m m a quanta.

The counter cons i s ted of a tube 1 m e t e r long, covered

on the ends with thin flanges and filled with hel ium at

low p r e s s u r e . A c o n v e r t e r was placed in front of the

counter . The e l e c t r o n s produced in the c o n v e r t e r

emit ted in the gas Cerenkov light which was deflected

at the end of the tube by a plane m i r r o r to a type 5819

photomult ip l ier . The moni tor did not r e g i s t e r indi-

vidual p u l s e s ; the intensity of the beam was d e t e r -

mined from the c u r r e n t in the photomult ipl ier cathode.

Kinsey and Wentzel ^ used a gas counter as a

threshold d e t e c t o r for pions with energy ~ 3 BeV.

The counter was m a d e in the form of a tube with a

parabol ic m i r r o r on the end, and the focus of which

was located a 1P21 photomult ip l ier . The tube was

filled with ni t rogen at a p r e s s u r e of s e v e r a l a t m o s -

p h e r e s . The gas counter connected in a t r i p l e - c o i n c i -

dence c i r c u i t with scint i l lat ion c o u n t e r s had a count-

ing efficiency c lose to 100% for pions with energy

500 MeV above t h r e s h o l d .

Lindenbaum and Yuan '-27-' have r e p o r t e d the con-

s t ruct ion of a counter operat ing with carbon dioxide
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Table ΠΙ. Values of the constants in the gas dispersion formulas

Gas
Chem-
ical
for-
mula

Ai Μ Bi B2

Region
of

appli-
cation,

A

Accu-
racy,

%

Methane
Ethane
Ethylene
Propane
Ammonia
Dry air

Carbon dioxide
Carbon

monoxide
Nitrogen

oxide
Nitrogen

dioxide

Hydrogen
Nitrogen

l _ 3 n
у 2 л"

A2-\Q->

Вг—108λ~:

CH t

С2Н4

С0 2

СО
N0

N0,

55813
200355

63682
437475

8656.0
571119.0

742030.0

49573.7
3482.94

39454.3

626028
1229245
851205
2577230
442413.8
8700.3

4852.0

630960.0
485547.0

750084.0

64.2208
72,2582
38.8407
77.7600
25.8837
211.146

172.409

549,894
26-9925

51.6712

181.2638
259.6137
158.7771
504.7311
131.2110
49.5608

45.0378

266.076
176.1095

179.3242

2300—5800
2300—5800
2300—5800
2300—5800
2300—5460
2379—5462

2379—5462

2379—5462
2300—5460

2300—5460

0.01
0.01
0.01
0.01
0.02
001

0.01

0.01
0.02

0.02

b) - - ,

Η 2 1428582
3953450

Ю
0-8λ"2 •*"

8 .
-2 ι ι η с ш )

754494

837340

Lit-
era-
ture

116.3126 568.6707 2300—5460 0,01 И
152.294 240.651 2300—5460 0.01 «о

a t a p r e s s u r e o f 1 0 0 - 2 0 0 a t m . H a n s o n a n d M o o r ^

a n d B e n e v e n t a n o e t a l ' - 2 9 - ' u s e d g a s c o u n t e r s ( T j a n d

T 2 ) , t h e c o n s t r u c t i o n o f w h i c h i s s h o w n i n F i g s . 9

a n d 1 0 , f o r t h e r e g i s t r a t i o n o f c o s m i c m u o n s . B o t h

c o u n t e r s o p e r a t e d w i t h c o m p r e s s e d C O 2 a t ~ 1 0 a t m .

T h e y w e r e t r i g g e r e d b y a t e l e s c o p e o f s c i n t i l l a t i o n

a n d G e i g e r c o u n t e r s a n d h a d e f f i c i e n c i e s ~ 8 6 a n d

~ 9 7 % , r e s p e c t i v e l y .

A m o n g t h e c o u n t e r s w h i c h w e r e s o r t o f " p i o n e e r s "

i n t h i s f i e l d , w e c a n a l s o i n c l u d e t h e t h r e s h o l d g a s

c o u n t e r ( T 3 ) d e s c r i b e d b y B e l y a k o v e t a l '- 1 4-', a n d

w h i c h w a s u s e d t o i n v e s t i g a t e t h e p o s s i b i l i t y o f o b -

t a i n i n g h i g h r e g i s t r a t i o n e f f i c i e n c y f o r p a r t i c l e s a n d

n e a t s e p a r a t i o n o f r a r e p a r t i c l e s a g a i n s t a l a r g e b a c k -

g r o u n d o f o t h e r s . I t s c o n s t r u c t i o n i s s h o w n i n F i g .

F I G . 9 . T h e c o u n t e r o f H a n s o n a n d M o o r . A, B , D , E —

T e l e s c o p i c c o u n t e r s , M — p a r a b o l i c mirror; C — p h o t o m u l t i p l i e r .

F I G . 1 0 . G a s f i l l e d C e r e n k o v c o u n t e r for t h e r e g i s t r a t i o n

o f c o s m i c m u o n s .

l l a . T h e s t e e l t u b e a n d t h e f l a n g e s o f t h e c o u n t e r s

w e r e d e s i g n e d f o r a p r e s s u r e o f 3 0 0 a t m . F i g u r e l i b

s h o w s t h e e f f i c i e n c y o f t h e c o u n t e r a g a i n s t t h e e t h y -

l e n e p r e s s u r e , o b t a i n e d w i t h a 3 9 3 - M e v p i o n b e a m .

T h e c u r v e s h o w s c l e a r l y t h e p r e s e n c e o f t w o p l a t e a u s ,

c o r r e s p o n d i n g t o t h e c o u n t o f m u o n s a n d p i o n s .

A n a l o g o u s c u r v e s w e r e o b t a i n e d w h e n t h e c o u n t e r w a s

f i l l e d w i t h a i r . I t i s i n t e r e s t i n g t o n o t e t h a t t h e b a c k -

g r o u n d o f t h e c o u n t e r b e l o w t h e r a d i a t i o n t h r e s h o l d

w a s a p p r o x i m a t e l y f o u r t i m e s h i g h e r w h e n f i l l e d w i t h
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45 SOP, atm

FIG. 11. TGC designed for 300 atm (T3). a) Counter dia-
gram: 1—steel housing, 2—aluminized glass tube 3 cm in dia-
meter; 3—aluminized glass light pipe; 4—Plexiglas window;
5-FEU-33 photomultiplier. b) Efficiency of counter T, as a
function of the ethylene pressure. The curve was obtained in
a 393-MeV π +-meson beam. Ρμ, ρπ—threshold pressures for

muons and pions, respectively.

a i r t h a n w i t h e t h y l e n e . T h e d e n s i t i e s of t h e s e g a s e s

h a v e t h e s a m e r a t i o . T h e m a g n i t u d e of t h e b a c k g r o u n d

itself (~0.5%) is apparently due essentially to δ-
electrons, since rotation of the counter through 180°
reduced its efficiency to the level of random coinci-
dences (0.1%), that is, the scintillations of the gas
make a small contribution to the background.

Experience with the foregoing counters has shown
that once their construction is improved, threshold
gas filled Cerenkov counters can be used success-
fully as high efficiency detectors for high-energy
charged particles. Subsequent experiments have con-
firmed this. Figure 12a shows a TGC ( T 4) used for
many years as a pion detector for energies above
3 BeV^30^. The counter consists of a steel tube, in-
side of which is inserted a tube of polished aluminum,
a plane mirror deflecting the light through 90°, a
polished aluminum cone to improve the light collec-
tion, and a type RCA-C7232A photomultiplier.

To reduce the number of noise pulses, the photo-
multiplier was cooled with dry ice located in a foam-
plastic box outside the jacket of the photomultiplier.

Figure 12b shows the counter efficiency as a func-
tion of the gas pressure ( SFG), obtained with a beam
of pions with momentum 3.0 ± 0 . 1 BeV/c. The varia-
tion of the type of the curves as a function of the
photomultiplier voltage offers evidence that the re-
cording apparatus has a threshold corresponding to
knocking out more than one photoelectron from the

P, atm

FIG. 12. a) Diagram of counter T4: 1—aluminum flange
1.9 cm thick; 2—polished aluminum reflector; 3—flat aluminum
mirror; 4—lucite window 1.9 cm thick; 5—magnetic screen of
photomultiplier; 6—C-7232A photomultiplier; 7—dry ice; 8—
polished aluminum cone, b) Efficiency of T4 as a function of
the SF6 pressure at different photomultiplier voltages, meas-
ured in a beam of 3.0 BeV/c pions.

photomultiplier cathode. The count below the thresh-
old is apparently due to the small fraction of the
electrons always present in the pion beam. The
smooth bend of the efficiency curve near the threshold
of radiation can be attributed to the momentum
scatter of the particles and to the muon admixture in
the beam.

Swanson and Masek *-3 , on the basis of the con-
struction just discussed, produced a large TGC ( T 5)
for operation in a 2-BeV/c muon beam (Fig. 13a).
The counter is 2.2 meters long and has a diameter
of 32 cm. The difference from the construction in '-30'
lies in the fact that in order to improve the light
gathering, a Fresnel lens of 30 cm diameter and 30
cm focal distance is used to focus the light on the
RCA 7264 photomultiplier. The efficiency of the
counter for 2 BeV/c muons and pions is shown in
Fig. 13b as a function of the gas pressure ( CO2 )·
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/ г

-2.2m

a)

0.001

FIG. 13. a) Diagram of counter T s : 1—thin aluminum
window; 2—holes for gas and for pressure measurement; 3—
Fresnel lens; 4—mirror; 5—lucite window; 6— photomultiplier
in magnetic shield, b) Efficiency of counter to muons (solid
curve) and pions (dashed curve) with momentum 2 BeV/c as
a function of the C02 pressure. Abscissas—Counter pressure
above atmospheric (in pounds per square inch).

Babaev and Landsberg'-32-' described the counter
( T 6) shown in Fig. 14. This counter was tested with
a beam of 200-MeV/c electrons and had an efficiency
~ 100% at a freon-13 pressure of 5 atm. When the
counter was turned through 180°, its efficiency de-
creased to 1.4%.

FIG. 14. Diagram of the counter T6. 1—Housing of counter;
2—cylindrical mirror; 3—flat mirror; 4—lens; 5—Fr£u-24 photo-
multiplier, 6—magnetic shield of photomultiplier.

b'2 4 б"в ΪΟ -'-
Inches

FIG. 15. Diagram of the counter of Cork et al [40]. 1_
Aluminum windows 0.75 mm in diameter; 2—cylindrical mirror
of anodized aluminum 15 cm in diameter; 3-flat mirror of
anodized aluminum; 4—lucite lens 10 cm in diameter; 5—mag-
netic shield of photomultiplier; 6—6810-A photomultiplier.

The counter shown in Fig. 15 was used to measure
the differential cross sections of elastic pp scatter-
ing ^4(Я. It was connected for anticoincidence with
other counters to suppress the pion background.

The gas threshold counters ( T7, T8, T 9 ) , shown in
Fig. 16a, b, and c, respectively, were used in the high-
energy laboratory of the Joint Institute for Nuclear
Research. ΰ 4 ' 5 3> 5 4^ A characteristic feature of these
counters is the use of an inclined parabolic or

г

b)

c)

FIG. 16. a) Diagram of counter T7: 1—steel tube 10 cm in
diameter; 2—aluminum reflector; 3—parabolic mirror; 4—quartz
window; 5—FEU-33 photomultiplier. b—c) Diagrams of
counters T, and T9, respectively; 1—spherical mirror; 2—
aluminized conical reflector; 3— Plexiglas window; 4—photo-
multiplier; 5—magnetic shield of photomultiplier; 6—polished
aluminum tube; 7—tube (in counter T,—steel, in counter T9—
duraluminum); 8—manometer; 9—flange.
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FIG. 17. a) Registration of negative pions
with 2.95 BeV/c momentum with counter T7,
as a function of the air pressure, b) Regis"
tration of negative pions with momentum 3.9
BeV/c with counter T, as a function of the
air pressure, c) Efficiency of counter T, for
positive pions with momentum 4 BeV/c as
a function of the pressure of the Freon-12.
Dashed curve—extrapolation to the threshold
pressure.

2 p, atm
c)

spherical mir ror in order to bring the photomulti-
plier out of the particle beam. This circumstance
greatly simplifies the construction of the counter and
its manufacture. Data on tests of these counters are
given in Fig. 17. All the counters operated with
electronic apparatus having a sensitivity correspond-
ing to the formation of 1 photoelectron on the photo-
multiplier cathode.

A giant threshold gas counter has been constructed
at C E R N U U . It is 10 meters long, with an inside
diameter 15 cm, and is intended for the separation of
pions, muons, and electrons up to 10 BeV energy.
The counter consists of a tube made up of individual
80 cm sections, at the end of which is secured a flat
mirror , deflecting the light. The light is gathered on
a type 56 UVP photomultiplier with the aid of a
parabolic mirror . The working medium is hydrogen,
which is the most convenient gas from the point of
view of minimum production of δ -electrons, energy
loss to ionization, and multiple scattering. Under
ordinary conditions the gas pressure is set such as
to make the glow angle equal to 1°. In this case a
total of 140 photons is produced in the spectral r e -
gion of the photomultiplier sensitivity. Tests have
shown that when tuned for registration of the electrons
the counter has a high efficiency (better than 99%)
and a high degree of suppression of the heavier parti-
cles.

Let us consider the resolution of the described
Cerenkov threshold counters. The form of the effi-
ciency curve of the TGC near threshold of Cerenkov
radiation is influenced by many various factors (ad-

m i x t u r e o f m u o n s i n t h e e l e c t r o n b e a m , m o m e n t u m

s c a t t e r o f t h e s e p a r t i c l e s , s e n s i t i v i t y o f t h e e l e c t r o n i c

a p p a r a t u s ) , t h e c o n t r i b u t i o n o f w h i c h i s d i f f i c u l t t o

e v a l u a t e . T h e r e f o r e t h e d e t e r m i n a t i o n o f t h e t h r e s h o l d

p r e s s u r e a n d t h e u s e o f f o r m u l a s ( 6 9 ) a n d ( 7 0 ) f o r t h e

c a l c u l a t i o n o f t h e T G C v e l o c i t y r e s o l u t i o n , m a s s

r e s o l u t i o n , o r m o m e n t u m r e s o l u t i o n i s m a d e v e r y

d i f f i c u l t . O n g o i n g f a r t h e r f r o m t h e t h r e s h o l d , t h e

e f f e c t o f t h e f o r e g o i n g i n f l u e n c e s b e c o m e s s m o o t h e d

o u t a n d t h e s l o p e o f t h e e f f i c i e n c y c u r v e i s d e t e r m i n e d

t o a n e v e r i n c r e a s i n g d e g r e e b y t h e c o n s t a n t A o f t h e

c o u n t e r . I t c a n b e a s s u m e d t h a t a n e f f i c i e n c y o f 1 0 %

a l l t h e n e a r - t h r e s h o l d p h e n o m e n a b e c o m e a l r e a d y

s m o o t h e d o u t . C o n s e q u e n t l y , a s a c h a r a c t e r i s t i c o f

t h e r e s o l u t i o n o f a c o u n t e r w e c a n c h o o s e t h e s e c t i o n

o f t h e e f f i c i e n c y c u r v e o f t h e T G C , p l o t t e d a g a i n s t

pressure, between the levels 10 and 90% "̂-Ч Since
the counter efficiency is a function of sin2fi, it is ob-
vious that the quantities

C l = l -

c 2 = 1 — •

"ΪΡ 1

1
(87)

w h e r e ni and n 2 a r e the re f ract ive indices c o r r e -

sponding to the efficiencies 90 and 10%, will a l so be

constants of the counter . To der ive the m o m e n t u m

reso lv ing power of the counter , we w r i t e Cj and c 2

in the form

c 2 = l - -
(88)
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F r o m t h i s w e r e a d i l y o b t a i n t h e v a l u e o f t h e m o m e n -

t u m k 2 , f o r w h i c h t h e c o u n t e r h a s a n e f f i c i e n c y 1 0 %

i f i t h a s a n e f f i c i e n c y o f 9 0 % f o r kt:

- T = U T ( * i + ™ a + » !

( 8 9 )

It is interesting to know which pairs of particles can
separate the counter in a beam with given momentum.
From (88) we readily obtain the kinetic energy T t of
a lighter particle mj, registered by a counter with
efficiency 90%, at which the heavier particle m 3 will
be registered with efficiency of 10%:

V ml — m?

= - - 1

1-ci

(90)

Tables IV and V give respectively the momentum and
mass resolutions of the discussed counters, calculated
by formulas (89) and (90). An examination of these
tables shows that the threshold counters have good
momentum resolution up to approximately 1.5 BeV/c.
At larger energies, the resolution deteriorates
rapidly, in accordance with formula (70).

It is seen from Table V that the TGC are good
devices for the separation of particles by masses in
a beam with given momentum. Therefore, to separate
the light particles, the gas pressure is set in such a
way that the heavier particles are below the radiation
threshold. The counter is connected for coincidence
with scintillation counters which register both light
and heavy particles. When separating heavy particles,
the TGC is connected for anticoincidence with the
scintillation counters.

The accuracy of separation of the lighter particle
depends on the ratio of the counter background to the
efficiency on the plateau. The curves obtained by
testing the foregoing counters show that the lowest
background obtained in ~ 0.002 of the efficiency at
the plateau (counter T 5 ) . Nothing definite can be said
with respect to the background in the other counters,
since they were tested under conditions in which the
presence of high-energy electrons in the beam was
not excluded. The background can be reduced by
connecting two or more TGC for coincidence or by
raising the sensitivity threshold of the electronic

Table ГУ. Momentum resolution ob-
tained with threshold Cerenkov

counters

h (90%).
BeV/c

4.0
3.0
2.0
1.5
1.0
0.5

1000
720
260
120
40
8

T
7

800
630
230
110
40
7

2 = Δ(ι(90 J-

T
3

2600
1700

900

530

220

40

T,

510

470

170

80

30

10%) MeV/c

T ,

930

700

250

130

45

10

T ,

1120

800

1300

1.50

50

10

T
s

650

550

200

120

35

8

T a b l e V . S e p a r a t i o n o f d i f f e r e n t p a r t i c l e p a i r s b y

m e a n s o f C e r e n k o v t h r e s h o l d c o u n t e r s . T h e t a b l e

g i v e s t h e k i n e t i c e n e r g y o f t h e l i g h t e r p a r t i c l e ( i n

B e V ) , a t w h i c h t h e h e a v i e r p a r t i c l e i s c o u n t e d w i t h

a n e f f i c i e n c y o f 1 0 %

Coun-
ters

T
3

T
4

T
5

T
6

μ-π

0.83
2.2

2.75
2.0

2.5

2.3

3.0

η—К

4.2

12

15

11

13.3

12

16

K-v

7.1

19

25.5

14.5

23.5

21

28

π—ρ

8,3

23

29

21

26

24
32

a p p a r a t u s . T h e p u r i t y o f s e p a r a t i o n o f t h e h e a v y

p a r t i c l e s i s d e t e r m i n e d b y t h e e f f i c i e n c y o f t h e

c o u n t e r a t t h e p l a t e a u a n d b y t h e e f f i c i e n c y o f t h e

a n t i c o i n c i d e n c e c i r c u i t . T h e t e s t c u r v e s o f c o u n t e r s

T 5 a n d T 6 s h o w t h a t t h e b e s t e x p e r i m e n t a l l y o b t a i n e d

e f f i c i e n c y i s 0 . 9 9 6 . T h i s m e a n s t h a t if t h e e l e c t r o n i c

a n t i c o i n c i d e n c e c i r c u i t h a s a n e f f i c i e n c y o f 1 0 0 % , t h e n

i t i s p o s s i b l e t o s u p p r e s s w i t h t h e a i d o f s u c h T G C

t h e l i g h t e r p a r t i c l e s b y a f a c t o r b e t t e r t h a n 2 5 0 .

B . D i f f e r e n t i a l G a s C o u n t e r s

T h e f a m i l y o f d i f f e r e n t i a l c o u n t e r s i s l e s s n u m e r -

o u s t h a n t h e f a m i l y o f t h r e s h o l d c o u n t e r s . T h i s i s

c o n n e c t e d , f i r s t , w i t h t h e f a c t t h a t t h e i r c o n s t r u c t i o n

b e g a n m o r e r e c e n t l y ; s e c o n d , b e c a u s e t h e y c o n s t i t u t e

r a t h e r c o m p l i c a t e d i n s t r u m e n t s w i t h p r e c i s i o n o p t i c s .

T h e f i r s t t o b e d e s c r i b e d w a s a D G C ( O i ) i n w h i c h

t h e r e f r a c t i v e i n d i c e s o f t h e m e d i u m c o u l d b e v a r i e d

o v e r a w i d e r a n g e u p t o 1.277^13,39,33,35]

T h e w o r k i n g m e d i u m i n t h e c o u n t e r w a s t h e

f l u o r o - o r g a n i c c o m p o u n d p e r f l u o r o t r i b u t y l t e t r a h y -

d r o f u r a n ( C 8 O F 1 6 ) , t h e c o m m e r c i a l d e s i g n a t i o n o f

w h i c h i s F C - 7 5 . A t n o r m a l p r e s s u r e a n d t e m p e r a t u r e

t h i s i s a l i q u i d w i t h l o w c r i t i c a l p r e s s u r e 1 6 . 3 a t m

a n d a c r i t i c a l t e m p e r a t u r e 2 2 7 . 1 ° C . R e f r a c t i v e i n d i c e s

o f t h e o r d e r o f 1 . 1 — 1 . 2 c a n b e o b t a i n e d i n t h i s s u b -

s t a n c e a t r e l a t i v e l y l o w p r e s s u r e , b y h e a t i n g i t t o

~ 2 5 0 ° C . A s c h e m a t i c d i a g r a m of t h e c o u n t e r i s s h o w n

i n F i g . 1 8 a . T h e h o u s i n g o f t h e c o u n t e r , 2 5 c m l o n g

a n d 1 0 c m i n d i a m e t e r , i s m a d e o f c o p p e r ; t h e i n s i d e

s u r f a c e i s p o l i s h e d a n d c h r o m e p l a t e d . T h e e x i t

w i n d o w f o r t h e p a r t i c l e b e a m i s a h e m i s p h e r i c a l s t e e l

m e m b r a n e 1.6 m m t h i c k . T h e e x i t w i n d o w f o r t h e

l i g h t i s m a d e o f q u a r t z 2 . 5 c m t h i c k . T h e c o u n t e r i s

h e a t e d b y a h e a t i n g e l e m e n t s u r r o u n d i n g i t s h o u s i n g .

T o r e d u c e t h e t e m p e r a t u r e a n d t h e p r e s s u r e , a

l a r g e r o r s m a l l e r a m o u n t o f F C - 7 5 i s a d m i t t e d i n t o

t h e w o r k i n g v o l u m e . A s p a r e r e s e r v o i r of l i q u i d i s

k e p t a t r o o m t e m p e r a t u r e . T h e p r e s s u r e i n t h e s y s -

t e m i s v a r i e d b y v a r y i n g t h e p r e s s u r e o f t h e n i t r o g e n
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FIG. 18. a) Diagram showing construction
of the counter D^ 1—hemispherical steel
entrance flange 1.6 mm thick; 2—nitrogen
fed under pressure; 3—FC-7S liquid; 4-
heater; 5—heating element; 6—capacitive
density transmitter; 7—quartz window; 8—
plane mirror; 9—quartz lenses; 10—conical
reflector; ll_black disc; 12—light-tight
box; 13—magnetic shield of photomultiplier;
14-C7267 photomultiplier, b) Efficiency of
counter D t for pions with momentum 2.6
BeV/c. On the abscissas—the lower scale
is the gas pressure (in pounds per square
inch) and the upper scale is the refractive
index.

o v e r the liquid in the s p a r e r e s e r v o i r . In o r d e r for

the liquid FC-75 flowing from the r e s e r v o i r not to

change the t e m p e r a t u r e of the medium in the counter ,

a t h e r m o s t a t - c o n t r o l l e d h e a t e r is connected in the

line to the i n s t r u m e n t . The re f rac t ive index of the

medium i s moni tored by m e a n s of a capaci t ive

t r a n s d u c e r .

The optical s y s t e m of the counter is designed for

r e g i s t r a t i o n of p a r t i c l e s which r a d i a t e light at an

angle ~ 10° to the d i rect ion of motion. It c o n s i s t s of

a deflecting plane m i r r o r , a two-lens focusing e l e -

ment c o r r e c t e d for coma and a s t i g m a t i s m , but having

s m a l l spher ica l and c h r o m a t i c a b e r r a t i o n , and a

d i a p h r a g m m a d e up of a black moving disc and an

aluminized conical re f lec tor . The calculated width of

the annular image in the focal plane has d imens ions

of 1.08 m m o r 0.3° due to s p h e r i c a l a b e r r a t i o n and

3.1 m m o r 0.8° due to c h r o m a t i c a b e r r a t i o n . The

l e n s e s a r e made of quar tz and luci te . The Cerenkov

light i s r e g i s t e r e d with an RCA-C7267 photomult i-

p l i e r with a quartz window.

Taking into account the s p e c t r a l dis tr ibut ion of

the intensi ty of the Cerenkov radia t ion, the t r a n s -

p a r e n c y of the q u a r t z , and the s p e c t r a l sens i t iv i ty of

the photomult ip l ier , it can be shown (see '-1-', page 127)

that when a quartz optical s y s t e m is used the number

of photons reaching the sur face of the photocathode of

the photomult ipl ier is twice as l a r g e as when lucite

o r g lass optics a r e used.

Figure 18b shows the dependence of the count in

D t on the gas p r e s s u r e , obtained in a posit ive pion

b e a m with m o m e n t u m 2.6 BeV/c. The d iaphragm

t r a n s m i t t e d in this c a s e light emit ted at angles 9.5—

10.5°. The efficiency of the counter at the m a x i m u m

(68%) is a function of the threshold of the e lec t ronic

a p p a r a t u s . It can be i n c r e a s e d , but the width of the

m a x i m u m and the ra t io of the background to the ef-

ficiency at the m a x i m u m i n c r e a s e s accordingly.

The velocity reso lut ion of the counter , ca lculated

0 50 100 150 200 250 3OO 350
P, psi

b)

f rom the half width of the efficiency curve at half

height, Δβ/β = Δη/h = 0.0025, is c lose to the theo-

r e t i c a l value 0.002 given by formula (7). The back-

ground in the counter is 0.0015 at a p r e s s u r e of 14

a t m . With fur ther i n c r e a s e in the p r e s s u r e , the back-

ground i n c r e a s e s , apparent ly b e c a u s e of an i n c r e a s e

in the n u m b e r of δ-electrons.

Counters of the const ruct ion d e s c r i b e d w e r e used

in e x p e r i m e n t s on the study of the total c r o s s sec t ions

of the interact ion of тг and K + mesons with protons

L3G, 37J p j g u r e i9 shows an example of the s e p a r a t i o n

of K* m e s o n s from a beam of p a r t i c l e s with m o m e n -

tum 2.6 BeV/c.

A l a r g e D G C ( D 2 ) , cons t ructed at C E R N 0 3 · 3 5 - *

is designed to o p e r a t e with ethylene up to a p r e s s u r e

of 70 a t m * (Fig. 20). The re f ract ive index l imi t s a r e

1.0—1.15 at 22°C. A capaci t ive t r a n s m i t t e r , c a l i b r a t e

with the aid of a r e f r a c t o m e t e r , i s provided for meas-

000! 200
Pressure, psi

300

FIG. 19. Mass spectrum obtained with the aid of Dt in a
beam of particles with momentum 2.6 BeV/c. Abscissas-
pressure in pounds per square inch.

*See ["] concerning the use of a counter of similar construc-
tion.
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12 77

FIG. 20. Differential counter D2. 1-Alumi-
num windows; 2—spherical mirror; 3—to vacuum
pump; 4—gas inlet; 5—refractor prism; 6—win-
dow for observation; 7—capacitive transmitter;
8—quartz window; 9—photomultiplier; 10—
variable annular diaphragm; 11—safety valve;
12—heating element.

urement of the refractive index in the counter. The
gas temperature is maintained constant by water
circulating around the counter and connected with a
thermostat. The Cerenkov light is focused with a
centered spherical mir ror with large focal distance
f = 130 cm and with small relative aperture ( D/f),
making it possible to obtain an annular image of high
quality. The most important are the coma and astig-
matism aberrations. For particles traveling at a
distance of 8 cm from the optical axis of the mirror
and emitting light at an angle 0.1 rad, the broadening
of the ring due to coma and astigmatism is 0.6% of
the radius of the annular image. The broadening of
the ring due to dispersion of the refractive index in
the region of the spectral sensitivity of the photo-
multiplier cathode is 1%.

To take the photomultiplier outside the particle
beam, a plane mirror is used, which deflects the
Cerenkov light onto an annular diaphragm. The dia-
phragm is located at the focus of the spherical
mir ror . It has a stationary central part, correspond-
ing to a radiation angle of 0.1 rad, and a variable
annular slot, the angular width of which can be regu-
lated from 0 to 0.03 rad. Since according to (71) the
given spherical mir ror gives an annular image of 26
cm diameter, it is necessary to employ an additional
optical system, in the form of an aluminized elliptical
cone, in order to gather the light passing through the
diaphragm onto the cathode of the photomultiplier.

Light strikes the photomultiplier through a quartz
window 8 cm in diameter. The path length of the
particles that radiate useful light ( ~500 photons) is
1 meter. The total length of the counter is 2.5 meters
and the weight is 3 tons.

The theoretical resolution of the counter is shown
in Fig. 21. An example of a velocity spectrum, de-
termined with the aid of the given counter in a parti-
cle beam with momentum 18 BeV/c and with diverg-

FIG. 21. Factors determining the theoretical velocity reso-
lution of the counter D2 as a function of the particle momen-
tum. 1—Multiple scattering, 2—momentum scatter (15%), 3—
dispersion (3%), 4—beam divergence (2 χ 10"' rad).

ence of 1.7 mrad is shown in Fig. 22. The π, Κ, and
ρ peaks are obtained with an annular diaphragm 2
mrad wide. The counter has then an efficiency of 72%
and a velocity resolution Δβ/β = 3 χ 10"4. The deu-
teron peak has been measured with an annular dia-
phragm 6 mrad wide. The counter efficiency was
then close to 100%. The background of the counter is
~10" 4 .

Cork et al '-39-' constructed a counter D3, which
operates simultaneously with two angle intervals.
Figure 23a shows a section through this counter. The
radiating volume of gas (methane) is in the form of
a tube 12.7 cm in diameter and 70 cm long, covered
with thin aluminum flanges ~5 mm thick. The
Cerenkov light is deflected by 90° by a plane mirror
and two side arms, which contain lucite lenses which
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70''

, pF

FIG. 22. Velocity spectrum of beam of positive 18 BeV/c
particles, obtained with the aid of the counter D2. The second
scale on the abscissa axis—variation of the capacitance with
variation of gas pressure in the counter.

focus the light into a r i n g on a quartz window. If the

angular r a d i u s of the r ing is s m a l l e r than 6.6°, then

the l ight s t r i k e s a c e n t r a l photomult ipl ier through a

conical light pipe. If the angular rad ius is l a r g e r

than 7.4°, the light s t r i k e s four photomult ip l iers lo-

cated on a r i n g and opera t ing in p a r a l l e l . The theo-

r e t i c a l velocity reso lut ion of the counter is Δβ/β

= 2 Χ ΙΟ" 3 .

Counter D 3 was intended for a specia l purpose—to

s e p a r a t e К mesons with m o m e n t a from 1.5 to 5

BeV/c in a p a r t i c l e b e a m . It was opera ted in con-

junction with a s y s t e m that s e p a r a t e d К m e s o n s by

t i m e of flight. The operat ing c i r c u i t of the c o u n t e r

differed with the p a r t i c l e m o m e n t u m : mode A—mo-

m e n t u m l a r g e r than 1.5 Be V/c, mode B—smal le r

than 1.5 BeV/c. Mode A c o n s i s t s in the following.

The p r e s s u r e in the counter is chosen such that the

К m e s o n s produce a Cerenkov light at an angle 6°,

which is ga thered by the c e n t r a l photomult ip l ier . The

Cerenkov radiat ion from the π, μ, and e p a r t i c l e s

i s focused on the o u t e r r ing . The s ignals f rom the

c e n t r a l photomult ipl ier a r e connected for coincidence

with the sc int i l la t ion c o u n t e r s , while the s ignals f rom

the externa l photomult ipl ier a r e connected for ant i-

coincidence. A typical curve i l lus t ra t ing the o p e r a -

tion of the counter in this mode a s a function of gas

p r e s s u r e is shown in Fig. 23b. The p a r t i c l e m o m e n -

tum is 2 BeV/c. At a p r e s s u r e of 100 to 400 p s i , the

efficiency is c lose to unity and the counter r e g i s t e r s

π, μ, and e p a r t i c l e s whose light r e a c h e s the c e n t r a l

photomult ip l ier . With i n c r e a s i n g p r e s s u r e , the light

shifts to the outer r ing and the count d e c r e a s e s

sharply, to a value ~ 10" 6 . The K-meson glow

Ο Ζΰΰ 400 BOO 600 1000 1200 7400 1600/300

b)

FIG. 23. a) Diagram of counter D 3: 1—aluminum hemi-
spherical window ~ 5 mm; 2—6810 A photomultiplier; 3—mag-
netic shield of photomultiplier; 4-lucite light pipe; 5—quartz
window ~ 3.8 cm; 6—plane aluminum mirror; 7—lucite lens, b)
Efficiency curves for К mesons at different operating modes
as a function of the methane pressure. Abscissas—pressure
(in psi).

t h r e s h o l d i s 700 p s i , a n d t h e c o u n t d u e t o t h e s e

m e s o n s r e a c h e s a m a x i m u m a t ~ 1000 p s i .

In m o d e B, t h e s i g n a l f r o m t h e c e n t r a l p h o t o m u l -

t i p l i e r i s n o t n e c e s s a r y . T h e c o u n t e r o p e r a t e s o n l y

f o r a n t i c o i n c i d e n c e . So l o n g a s t h e C e r e n k o v l i g h t

d o e s n o t s t r i k e t h e o u t e r r i n g , t h e a p p a r a t u s c o u n t s

the p a r t i c l e s it + к + ρ (first plateau on Fig. 23b).

With i n c r e a s i n g p r e s s u r e , the p a r t i c l e glow angle in-

c r e a s e s , and light on the o u t e r photomult ip l ier is

produced f i rs t by the IT mesons and then by the К

m e s o n s . Accordingly, the e l e c t r o n i c a p p a r a t u s counts

к +'р p a r t i c l e s (second plateau) and ρ p a r t i c l e s

(third plateau).

An i n t e r e s t i n g example of the use of gas Cerenkov

c o u n t e r s is descr ibed by Cook'-41-1. The counter , the

const ruct ion of which is shown in Fig. 24a and b, was

used in m e a s u r e m e n t s of e la s t ic K"p s c a t t e r i n g in

ant icoincidence, to exclude the secondary products of

К meson decay, which d i s t o r t the angular d i s t r ibut ion
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FIG. 24. Diagram of the counter of Cook et al. a) 1, 3-Mag-
netic shield of photomultiplier; 2—7046 photomultiplier; 4—
anodized aluminum reflector; b) 5—lucite lens; 6—aluminized
spherical mirror (~ 30 χ 30 cm, radius of curvature ~ 71 cm).

of the scattered К mesons. The pressure of the gas
( SF 6) was adjusted such that the particles with ve-
locity /3 = 1 emitted light at an angle of 10°. The
Cerenkov radiation was focused by a spherical
mirror on a Plexiglas stopper, which simultaneously
served as a lens.

Figure 25 shows the diagram of a DGC ( D4) de-
veloped and employed at the High-Energy Laboratory
of the Joint Institute for Nuclear Research to separate
К mesons ^2,43] T n e c e r e n k o v radiation is produced
in a steel tube (10 cm diameter) filled with gas. The
tube is closed on both sides with stainless steel
flanges 1 mm thick. It was initially polished, but
during the tests it was found that the counter back-
ground depends strongly on the quality of the polish.
Therefore the internal surface of the counter was
subsequently covered with black velvet, so as not to
gather the reflected light. The counter length was
1.6 mm and the velvet coating decreased the effective
length of the counter to 0.7 meters.

The optical system of the counter D4, consisting
of a spherical mirror with focal distance 40 cm, the
axis of which is inclined to the axis of the particle
beam, is set for registration of Cerenkov radiation
emitted at an angle of 4°.

The use of an inclined mirror in place of a centered
mirror has made it possible to remove the photo-

FIG. 25. a) Diagram of counter D4 (dimen-
sions in millimeters): 1—steel tube; 2—counter
housing; 3, 4-removable flanges; 5-Fliu-24
photomultiplier; 6—Plexiglas window; 7—
flanges of stainless steel, 1 mm; 8—spherical
mirror (f = 40 cm), b) Efficiency of two counters
D4 to 3.4-BeV/c pions as a function of the air
pressure: Y,—10 mm diaphragm; Y2—4 mm dia-
phragm, Yt + Y2—both counters connected for
coincidence.

10 15 20
Atmospheric air

b)
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mult ip l ie r from the p a r t i c l e beam without the u s e of

additional plane m i r r o r s . The a b e r r a t i o n s of such a

m i r r o r can be e s t i m a t e d by r e g a r d i n g it as p a r t of

a l a r g e r m i r r o r , the axis of which coincides with the

r a d i a t o r ax i s . It is c l e a r that the a b e r r a t i o n s of the

p a r t of the m i r r o r will not exceed the a b e r r a t i o n s of

the e n t i r e sur face . The calculat ions show that the

m o s t e s s e n t i a l in this c a s e is the s p h e r i c a l a b e r r a -

tion, which amounts to 10% of the image r a d i u s .

Counting efficiency c u r v e s for two DGC of this

type, with annular d i a p h r a g m s 10 and 4 m m wide,

plotted against the p r e s s u r e of the a i r in them, a r e

shown in Fig. 25b. The ins ide d i a m e t e r of the d i a -

p h r a g m s is the s a m e . The c u r v e s w e r e obtained in a

•к* meson b e a m with momentum 3.4 BeV/c. Since

few photons a r e produced in the counter ( ~ 150), in

o r d e r to obtain high counting efficiency it is n e c e s -

s a r y to s e l e c t careful ly a photomult ip l ier with a high

quantum efficiency and with l a r g e gain. The e lec-

t ronic a p p a r a t u s m u s t be sensi t ive to pulses c o r r e -

sponding to one photoelectron from the photomult i-

p l i e r cathode. The efficiency for different type F E U -

24 photomul t ip l ie r s ranged from 40 to 96%.

JO Ρ

FIG. 26. Mass spectrum obtained with the aid of type D4

counters in a beam of particles with momentum 4.75 BeV/c.

Abscissa—ethylene pressure in atmospheres. Ordinates—ratio

of the count of two D4 to the scintillation monitor.

T h e b a c k g r o u n d in t h e c o u n t e r s i s a p p r o x i m a t e l y

2%. To s e p a r a t e К m e s o n s ethylene was used in-

stead of a i r to reduce the background. The reso lut ion

of the counter D4 d e t e r m i n e d from curve Y2 of Fig.

25b ( Δβ/β ~ 10" 3 ) is c lose to the t h e o r e t i c a l value

(7 x 10~ 4 ).

F i g u r e 26 shows an example of the m a s s s p e c t r u m

of a beam of 4.75 BeV/c p a r t i c l e s , obtained with the

aid of two DGC connected for coincidence. The back-

ground in the K~ m e s o n peak amounts to l e s s than

1% of the count in the m a x i m u m . The d i a g r a m of the

second differential counter D s , obtained in the high-

energy l a b o r a t o r y of the Joint Institute of Nuclear

R e s e a r c h [64] is shown in Fig. 27. Its optical s y s t e m

cons i s t s of a s p h e r i c a l m i r r o r with focal d i s tance

110 c m and two parabol ic m i r r o r s , in the focus of

which a r e located the cathodes of the photomult i-

p l i e r s . The ref lect ing s u r f a c e of the parabol ic m i r -

r o r s s e r v e s s imultaneous ly as a d iaphragm. The in-

t e r n a l sur face of the counter i s covered with black

velvet. The working medium i s e thylene. An e x p e r i -

menta l curve of the counter efficiency of the function

of the glow angle of π + m e s o n s with momentum 3.14

BeV/c is shown in Fig. 28. The counter velocity

resolut ion calculated from this curve is Δ/3//3 = 5

x 10" 4 .

3'

FIG. 28. Registration efficiency of D5 counter to 3.14-
BeV/c positive pions as a function of the glow angle.

FIG. 27. Diagram of the construction of the D5

counter (dimensions in centimeters). 1—Duraluminum
housing; 2—spherical aluminized mirror; 3—parabolic
mirrors; 4—quartz windows (diameter 40 mm, thickness
20 mm); 5—FEU-33 photomultipliers; 6—magnetic
screen; 7, 8—duraluminum flanges 5 mm thick.
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Thus, from among all the presently existing dif-
ferential-counter constructions, the best velocity
resolution Δ/3//3 = 3 x 104 is obtained in counter D2,
and this quantity agrees with the theoretical estimate
determined essentially by the divergence of the beam.

The magnitude of the background in the DGC de-
pends strongly on the sensitivity of the electronic ap-
paratus. At high sensitivity Сь ~ 10~2. In order to
obtain ε̂  ~ 10~3—10~4, it is necessary to reduce the
sensitivity of the apparatus, to a level corresponding
to the production of dozens of photoelectrons on the
photomultiplier cathode. Naturally, this decreases
the efficiency of the counters at the maximum.

APPENDIX

Table II. Fraction of light Ρ (%) r e -
flected from a thin glass polished plate
at different angles of incidence and for

different refractive indices.

Angle of
incidence

Θ, deg

0
10
20
30
40
50
60
70

Refractive
index

7.8
7.8
8.0
8.0
8.6

10.4
15.2
27.3

1.50

8.8
8.8
8.9
9.1
9.8

11.6
16.3
28.1

1.55

Λ %

10.2
10.2
10.3
10.4
11,1
12.7
17.4
28.9

1.60

11.3
11.3
11.4
11.4
12.2
13.9
18.4
29.6

1.65

12.6
12.6
12.7
12.8
13.4
15.1
19.4
30.2

1.70

T a b l e I. F r a c t i o n of l i g h t ( % ) r e f l e c t e d a t n o r m a l i n c i -

d e n c e f r o m a n o p a q u e m e t a l l i c f i l m d e p o s i t e d o n p o l i s h e d

g l a s s

Wave-
length,

A

1863
1886
1936
1990
2000
2144
2196
2265
2313
2510
2573
2749
2880
2981
3050

Chemically
deposited

silver

22

25

—
34.1

21.2
—
9.1

Sputtered
aluminum

70

87
87

84
86
86
91

89
90

90

Wave-
length,

A

3160
3261
3380
3404
3570
3610
3850
4200
4500
5000
5400
5500
5800
6000

Chemically
deposited

silver

4.2
14.6
55.5

—
74.5

81.4
86.6
90.5
92.0
93
92.7
94.8
92.6

Sputtered
aluminum

91
—
83
—
84
90
—
91
92
—
—
—
92

Table ΙΠ. Transparency of fused quartz
in the ultraviolet region of the

spectrum '-61-' *

λ, ηιμ

217
220
224
226
230
232
234
236
238
240
242
244
248

Trans-
parency,

6.0
10.1
21.2
28.0
38.0
40.9
41.9
41.9
41.3
41.3
41.9
43.5
50.9

λ, πιμ

252
256
260
264
268
272
276
280
290
300
—

350
400

Trans-
parency,

62.0
73.0
82.0
87.5
90.0
91,0
91.2
91.6
92.0
91.8

92.0
92.4

•The transparency of optical g lasses in the
ultraviolet region can be> found in handbooks

Table V. Radiation length t 0 for different substances (see

Element or
substance

Hydrogen
Helium
Lithium
Beryllium
Boron
Carbon
Nitrogen

Oxygen
Fluorine
Sodium
Aluminum
Silicon
Chlorine
Argon
Potassium
Calcium
Iron
Copper
Bromine

Ethane CjH.
Methane CH4

Propane C3H,
Ethylene C2H4

Acetylene C2H2

to, g/cm1

62.8
93.1
83,3
66.0
53.6
43.3
38.6

34.6
33.4
28.2
24.3
22,2
19.5
19.7
17.4
16.3
13.9
13.0
11.5

46.1
47.0
46.0
45.3
44.4

Element or
substance

Silver . . .
Iodine . . .
Xenon . . .
Tungsten . . .
Lead . . .
Air . . .
N—75.52%
0—23.14%
AT—1.34%
Water
Clay (kaolin)
Quartz, SiO,
Limestone CaCO,

Rock salt NaCl
Nuclear emulsion

NIKFI-R

Plastic scintillator
LiH

Methyl fluoride CH3F
Nitrous oxide N2O
Nitric oxide NO
Carbon monoxide CO
Freon-13 CCIF3

Freon-12 CCljFj

t0, g/cm2

9,0
8,5
8.5
6.8
6.4

37.1

36.4
28.8
27.4
24.2

22.2

11,4

44,4
80,0

38.05
37.05
36.4
37.9
27.5
24.0

Remarks

~~t :== ^ 1 Pif 0i 1*
0 i \ J

where pi—fraction by
weight and toi—radia-
tion length of the i-th
component.

Table IV. Refractive index of fused quartz as a
function of the wavelength of the light (density

of fused quartz ρ = 2.21 g/cm3)

η

λ, A
η

λ, Α

1.4561
6708

1.4636
4800

1.4564
6503

1.4697
4047

1.4568
5893

1.4869
3034

1.4585
5461

1.5339
2144

1.4619
5086

1.5743
1852

1.4632
4861

Table VI. Explosive concen-
trations of gases mixed with
air in local heating to ~500—

600°C

Gas Per cent in airi

Hydrogen
Ammonia
Acetylene
Ethylene
Methane
Ethane
Propane

4
15.7-
2.

3
5-
3

2.1-

34-82

•75
•27.4

3 3 . 5
•15
14
9 5
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