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INTRODUCTION

I N T E R E S T in para l le l -p la te counter s has been evoked

by the possibi l i ty of using them for very exact m e a s -

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

j e c t o r i e s and of smal l t ime interva l s (for example,

in the decay of p a r t i c l e s ) . However, the very f i r s t

investigations (1948—1953) have shown that owing to

the long dead t ime (0.001—0.001 second) the counters

cannot be used to r e g i s t e r intense p a r t i c l e c u r r e n t s

in a c c e l e r a t o r s . On the other hand, it has not been

possible to produce counters with the large working

surface needed for c o s m i c - r a y r e s e a r c h . This is why

*The article contains a review of papers published up to April
1962 on parallel-plate spark counters (with dc and pulsed supply)
and on discharge and spark chambers.

para l le l-p la te s p a r k counters have not been exten-

sively used heretofore .

During the la s t two y e a r s , new ways in the devel-

opment of the method of s p a r k counters have been

successfully t r ied in many l a b o r a t o r i e s of the Soviet

Union and abroad, and have disc losed r a t h e r wide

possibi l i t ies of using these counters as t r a c k i n s t r u -

ments in e lementary par t ic le and cosmic ray physics .

We have in mind t r iggered s p a r k counters and v a r i -

ous modifications of d i scharge c h a m b e r s , which a r e

rapidly finding t h e i r way into physical e x p e r i m e n t a -

tion p r a c t i c e and have become just as widely used as

scinti l lat ion counters o r bubble c h a m b e r s .

The flow of p a p e r s devoted to the method itself and

to this application continues to grow. It is there fore

t ime to review the published m a t e r i a l and to concen-

t r a t e on the p r o s p e c t s of the method.
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Following a historical sequence, the review begins
with a description of parallel-plate spark counters
with dc supply (Part I); we have deemed it useful to
abstract all the published papers and summarize the
decade of research in this field, all the more since
many papers are still little known to the large group
of physicists and may be of considerable interest in
the future as a basis for practical realization of fast
particle detectors and for measurements of short
time intervals; so far, however, very little attention
has been paid to the development of these properties
of spark counters.

The bulk of the review (Parts II and III) is devoted
to the new most promising trends, which are based on
the use of pulsed supplies and the use of the counters
as tracking instruments.

In Part IV we summarize briefly the properties of
the new tracking instruments, consider the possibility
of their application, and report briefly the nature of
the physical research in which the new method is
being used.

As far as we know, this is the first review pub-
lished anywhere on this subject. There is no doubt
that it contains many inaccuracies, particularly be-
cause of the lack of a unified point of view on some
of the problems touched upon, ambiguous interpreta-
tion of individual experimental facts, and sometimes
also the lack of a standardized terminology. We hope,
however, that the publication of the review will ac-
quaint experimental physicists more rapidly with a
new promising method of elementary-process r e -
search and will contribute to further development of
this method.

I. SPARK COUNTERS

1. General Description of Spark Counters

In 1948 Keuffel called attention, in an article
"Counters with Plane Electrodes," to the possibility
of using a gas counter with two plane-parallel elec-
trodes, which constitutes a " f a s t e r " charged-particle
detector than the cylindrical Geiger-Muller counter.
The lag in the discharge in the Geiger-Muller counter
following the instant of the charged particle passage
is due principally to the drift of the electrons from
the point of their production into the higher field near
the counter filament, where impact ionization and
formation of electron-photon avalanches set in.

In the parallel-plate counter the electric field is
homogeneous, and if the potential difference on the
plates is sufficiently high the impact ionization can
begin at any point of the active volume.

We are interested here in counters in which this
process terminates in the formation of a streamer
and the occurrence of a spark breakdown*. Usually

the breakdown is accompanied by sound. The visual
effect is a bright sharply localized spark, which can
be readily photographed. The voltage pulse produced
by a discharge in the chamber is registered without
any amplification, since its amplitude is several
thousand volts. This signal can also be received by
an antenna located laterally away from the counter.

It must be noted that spark counters can be called
" fas t " only in the sense of a short delay between the
discharge and the instant of passage of the charge
particle. It is impossible, however, to use spark
counters to register intense particle fluxes, for in
order to restore the working conditions after each
discharge the voltage must be removed from the
counter for a t i m e Τ ~ 0.001—0.1 second (dead t i m e

of the counter ) . In p r a c t i c e this is done by connecting

to the counter c i r c u i t a quenching r e s i s t o r o r a
Γ7 8Ί

s p e c i a l e l e c t r o n i c q u e n c h i n g c i r c u i t L ·

T h e f i r s t i n v e s t i g a t i o n s ( 1 9 4 8 — 1 9 5 3 ) w e r e a i m e d

a t m e a s u r i n g t h e d i s c h a r g e d e l a y t i m e . T h e y w e r e

s t i m u l a t e d a t t h a t t i m e b y t h e g r e a t i n t e r e s t i n s m a l l

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

d e c a y of m e t a s t a b l e n u c l e i . A t t h a t t i m e K e u f f e l ^ 2 ]

a d v a n c e d t h e h y p o t h e s i s t h a t t h e s p a r k s o b s e r v e d i n

t h e c o u n t e r o c c u r n e a r t h e t r a j e c t o r i e s of t h e c h a r g e d

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

j e c t o r y c o o r d i n a t e s . H o w e v e r , t h i s v e r y i m p o r t a n t

q u e s t i o n w a s i n v e s t i g a t e d i n d e t a i l o n l y i n l a t e r r e -

s e a r c h ( a f t e r 1 9 5 7 ) , w h i c h h a s d e m o n s t r a t e d t h e g r e a t

c a p a b i l i t i e s of s p a r k c o u n t e r s w i t h r e s p e c t t o e x a c t

l o c a l i z a t i o n of c h a r g e d - p a r t i c l e t r a j e c t o r i e s .

F i g u r e 1 s h o w s a c o u n t e r d i a g r a m t a k e n f r o m a n

e a r l i e r p a p e r ^ a n d t h e s i m p l e s t c o u n t e r c i r c u i t .

A d d i t i o n a l e x p l a n a t i o n s a r e f o u n d i n T a b l e I , w h i c h

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

m a n y p a p e r s .

T h e c o u n t e r s a r e f i l l e d w i t h v a r i o u s w o r k i n g m i x -

t u r e s ( s e e T a b l e I ) ; i n a l l c a s e s t h e s e c o n d a r y e f f e c t s

o n t h e c a t h o d e , w h i c h l e a d t o t h e o c c u r r e n c e of e x -

t r a n e o u s s p a r k s a s w e l l a s o t h e r h a r m f u l e f f e c t s , a r e

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

w o r k i n g m i x t u r e t h e v a p o r of a n o r g a n i c s u b s t a n c e

( a l c o h o l , x y l o l , b u t a n e , a n d a c e t o n e ) .

2 . C o u n t i n g C h a r a c t e r i s t i c

F i g u r e 2 s h o w s a t y p i c a l c o u n t i n g c h a r a c t e r i s t i c

( a t T g = 0 . 0 5 s e c ) "-2 ]. T h e a b s c i s s a s a r e t h e c o u n t e r

v o l t a g e s a n d t h e o r d i n a t e s a r e t h e p u l s e s r e g i s t e r e d

p e r s e c o n d . T h e s i z e of t h e " p l a t e a u " o f t h e c o u n t e r

Glass envelope

*See [3] concerning operation in the рге-breakdown mode. We do

not touch upon the theory of spark breakdown, which is the subject

of many papers and reviews (see, for example, i 4" 6J).

Copper electrodes

FIG. 1
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Table I

Electrode material,
electrode dimensions

Copper, 35 cm2

Anode—copper.
cathode—various
metals, dia.
1/2 - 3 in.

Copper (rectangular)
50 cm'

Copper and trans-
parent, 28 cm1

Copper foil, 20 cm1

Steel and transparent.
0.75 cm2

Distance
between

electrodes

2.5 mm

1 —10 mm

2 mm

2 mm

0 lulu

0.2 mm

Working mixture,
total pressure

6 mm Hg xylene +
argon, 0.5 atm

Argon + butane (10%),,
to 3 atm

Saturated alcohol
vapor -f- argon.
60 cm Hg

Alcohol (saturated
vapor) + argon,
34 cm Hg

40 mm Hg alcohol +
260 mm Hg argon

Argon + ether.
3-13 atm

Dis-charge
quench-

ing
method

Quench-
ing cir-
cuit

»

»

Not indi-
cated

Quench-
ing re-
sistor

»

Dead
time

0.05 sec

Varying
times

0,01 sec

5.10-3—10-4

0.01 sec

Litera-
ture

2

8

θ

12

11

17

IV
3

2

1

ΰ

^—ν*—

• /

Ш 2000

Α.

2500

у

mo v
F I G . 2

i s a p p r o x i m a t e l y 1 0 0 V . S i m i l a r c h a r a c t e r i s t i c s a r e

cited in ί9~ηλ
To obtain good counting characteristics (a broad

plateau) it is necessary to finish the surfaces and the
edges of the plates very carefully, clean them, and
keep the distance between them constant.

The authors of '-13-' were able to greatly increase
the counter working region. Their counters had
copper electrodes made of thin foil (50 microns)
placed 5 mm apart. The electrode dimensions were
5 x 6 = 30 cm 2 . A rather complicated procedure was
used to purify the electrodes, without which, as
claimed by the authors, it was impossible to obtain
good counter characteristics.

The working media used in this investigation were
mixtures of argon with vapors of different organic
substances—alcohol, ether, acetone. The better of
the counting characteristics, obtained for a mixture
of acetone (35 mm Hg) and argon (265 mm Hg) had a
plateau 4 kV wide.

It will be shown below that as the relative over-
voltage Δϋ/Uo increases* an improvement takes
place in the main characteristics of the counter; its
efficiency increases, the deviation of the sparks from
the trajectories decreases, and the delay of the dis-
charge relative to the instant of passage of the charge
particle is reduced.

This is precisely why much attention has been paid
to obtain as large overvoltages in the counters as
possible. In particular, an investigation was made of
the dependence of the maximum permissible overvol-
tage on the composition and pressure of the working
mixture for two interelectrode distances, d = 0.25
and 0.5 cm. Figure 3 shows one of the plots obtained
[ 1 4 ] . The abscissas are the values of the pressure in
the counter, and the ordinates the corresponding over-
voltages. Each curve pertains to a definite percentage
ratio of acetone to argon in the mixture. It is seen
from Fig. 3 that for a specified vapor-gas mixture
there exists an optimal value of total pressure and
percentage vapor content, giving the best counting
characteristic (the largest "plateau"). For the ace-
tone + argon mixture these were found to be 41 cm
Hg total pressure and 11.4% vapor content. Finally,
it must be emphasized that the counting character-
istics depend essentially on the value of T$, for the
counter plateau increases with this value. In most of
the investigations cited above, TQ ~ 0.01 sec. The
low limit of this quantity is apparently 0.001 sec.

The dependence of the value of Τβ on the material
used for the counter cathode was investigated in one
of the earlier studies 0 ] ; the smallest values of T#
~ 0.01 sec were obtained for lead and tin cathodes;
these materials, however, are rarely used for elec-
trodes.

kV ли

*U0 — voltage corresponding to the start of the count; \U — volt-
age in excess of Uo.

О 100 ZOO 300 Ш №0 600
ρ, mm Hg

FIG. 3
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3 . C o u n t e r E f f i c i e n c y

A t y p i c a l c i r c u i t f o r e f f i c i e n c y m e a s u r e m e n t i s

s h o w n i n F i g . 4 a [ 1 3 ] . T h e s p a r k c o u n t e r i s p l a c e d i n

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

Z t a n d Z 3 a r e p l a c e d p e r p e n d i c u l a r t o Z 2 a n d Z4

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

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

fold c o i n c i d e n c e Zj + Z 2 + Z 3 + Z 4 = K s . R e g i s t e r 1

g i v e s t h e n u m b e r of c o i n c i d e n c e s K4 i n c o i n c i d e n c e

b l o c k I, w h i l e r e g i s t e r 2 g i v e s t h e n u m b e r of c o i n c i -

d e n c e s i n b l o c k II ( w h e r e t h e c o i n c i d e n c e s of t h e

p u l s e s f r o m t h e s p a r k c o u n t e r w i t h t h e p u l s e s f r o m

b l o c k I a r e s e p a r a t e d ) . T h e s p a r k - c o u n t e r e f f i c i e n c y

i s g i v e n b y t h e r a t i o K5/K4.

B e l l a , F r a n z i n e t t i , a n d L e e " 2 ] g i v e t h e f o l l o w i n g

f o r m u l a f o r t h e c a l c u l a t i o n of t h e c o u n t e r e f f i c i e n c y

R:

(1)

H e r e i>0 i s t h e p r i m a r y s p e c i f i c i o n i z a t i o n — t h e n u m -

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

one centimeter of path at a pressure of 1 atm, ρ the
pressure (atm), d the interelectrode distance,
С = 0.577 (the Euler constant), a e i the gas multipli-
cation number at the potential difference correspond-
ing to the start of the count, and a is the gas multi-
plication number in the operating mode. From *- > 1 6 ]

it follows that

atid=* 18 — 20; (2)

and neglecting the quantity С we have

With increasing overvoltage on the counter, a in-
creases (see [ 1 3 ] ) and with it the counter efficiency.

1.0
0.3
0,8
0,7
0,6
0,5
Ο,Ί
0,3
0.2
0,1

0

T h e f i r s t c o u n t e r s [ 7 > 8 ] h a d a l o w e f f i c i e n c y f o r t h e

r e g i s t r a t i o n o f c h a r g e d p a r t i c l e s ( ~ 1 0 % ) , f o r o w i n g

t o p o o r c o n s t r u c t i o n t h e y o p e r a t e d o n l y a t l o w o v e r -

v o l t a g e s . T h e e f f i c i e n c y of t h e c o u n t e r s d e s c r i b e d i n

t h e o t h e r c i t e d p a p e r s i s c l o s e t o 1 0 0 % .

F i g u r e 4 b g i v e s t h e e x p e r i m e n t a l v a l u e s o f t h e

e f f i c i e n c y o b t a i n e d f o r o n e of t h e c o u n t e r s ^ 1 3 ]

( d = 5 mm ) at different values of the overvoltage Δυ.
The solid curve shows the efficiency as calculated
from (1), with the values of a taken from the corre-
sponding measurements of the gas-multiplication
numbers in the same mixtures. The counter efficiency
is close to 100% over a wide range of overvoltages.
If we assume that a —- °°, then for the given counter

7?=1—ехр-^^О.Эв.

The experimental results are in good agreement with
the calculated values.

4. Time Characteristics of Counters

Madansky and Pidd L 7 > 8 ' 1 1 ] measured the time in-
tervals between a discharge in a Geiger counter and
a spark counter for the same charged particle trav-
ersing the two counters. The pulse from the Geiger
counter always lags the pulse from the spark counter.*
The distribution of the lags is shown in Fig. 5. It is
very difficult to measure directly the delay time of
the pulses relative to the instant of passage of the
charged particle through the spark counter. This is
why the relative delay of the pulses from two spark
counters was measured in all the investigations.

Keuffel ^·2] measured the relative delay of the
pulses due to a single cosmic-ray particle passing
through two counters, one directly on top of the other.
If the delay is measured in intervals (ΔΤ) such that
half the cases fall inside the interval (±ΔΤ), then
the dependence of the delay on the overvoltage can be
represented by the curve of Fig. 6. It is seen there-
fore that the time lag is greatly decreased at large
counter overvoltages. The authors of'-11-' measured,
with an analogous experimental setup, the delay time

w

40

-sjiz о ног ш ш ш 0.Ю

FIG. 5

1,0
b)

F I G . 4

iff 3.5
ΛΌ

*The particles (electrons) were made to pass close to the
Geiger counter filament (at distances to 1 mm) in order to reduce
the time of the secondary electron drift to the filament.
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FIG. 6

for two values of counter overvoltage, 300 and 1,000

volts . Thei r r e s u l t s agree with Keuffel's data .

Robinson L9] gives a h i s t o g r a m of the re lat ive d e -

lays in two c o u n t e r s , one located 6 c m over the o ther .

A total of 2,000 events w e r e r e g i s t e r e d with a counter

overvoltage of 500 V. The half-width of the curve a p -

proximating the obtained dis tr ibut ion turned out to be

5 x 10~9 s e c , approximately in a g r e e m e n t with the

preceding invest igat ions.

A further investigation of this question by M. V.

Babykin et al ^ 1 7 ] and by E. K. Zavoi sk i i and G. E.

Smolkin '-18] has shown that the delays of the d i s -

c h a r g e s in s p a r k counter s can be great ly reduced by

reducing the dis tance between counter e l e c t r o d e s .

They succeeded in producing and investigating coun-

t e r s in which the i n t e r e l e c t r o d e d i s tance was 0.2 m m

(the counter s had round e l e c t r o d e s of 10 m m dia and

were filled with a mixture of argon and s a t u r a t e d

e t h e r vapor at 13 atm total p r e s s u r e .

The re la t ive delay of the pulses was m e a s u r e d in

two closely located counter s used to r e g i s t e r γγ c o -

incidences from C o 6 0 . The m e a s u r e m e n t method was

based on r e g i s t e r i n g with an e lectron-opt ical con-

v e r t e r (EOC) the light flashes accompanying the

s p a r k breakdowns.

The h i s togram given in '-18] for the re lat ive delays

is appreciably n a r r o w e r than the h i s togram obtained

in the e a r l i e r invest igations, with a half-width of

Ι Ο " 1 0 s e c . The s a m e authors show a microphotograph

of a t ime-scanned s p a r k image obtained with the aid

of the EOC. On the bas i s of the photographs it can be

concluded that the spark durat ion in the counter s

( d = 0.2 m m ) is 2 χ 10~9—3 χ 10~9, and the intensity

of the light from the s p a r k s r e a c h e s half the maximum

value within ~2.5 x Ι Ο " 1 0 s e c .

In a r e c e n t paper, Yu. F . Skachkova [ 1 9 ] r e p o r t s an

even n a r r o w e r delay distr ibution curve, obtained by

further reducing the i n t e r e l e c t r o d e dis tance and

changing the composit ion of the working m i x t u r e .

Figure 7 shows a h i s togram of the delays in the

discharge in counters filled with 0.5 a tm O2 and 20

atm He. The s ize of the gap is 0.1 m m and the work-

ing voltage 4 kV. One division on the a b s c i s s a axis of

the h i s togram c o r r e s p o n d s to 8 χ 10~2 s e c . The width

of the distr ibution at half the height is Ι Ο ' 1 1 sec . De-

tailed information on counter construct ions D 7 - * 9 ^ t h e

-10 0

FIG. 7

30

medium, the c h a r a c t e r i s t i c s , e t c . can be found in the

original p a p e r s .

Thus, s p a r k counters can be used to m e a s u r e

smal l t ime interva l s , down to 10~ 9—10" 1 1 s e c , but

the i r capabi l i t ies in this r e s p e c t depend strongly on

the power supply, the width of the i n t e r e l e c t r o d e gap,

the medium, and other p a r a m e t e r s .

5 . Accuracy of P a r t i c l e Tra jec tory Coordinate

M e a s u r e m e n t s

As noted above, the idea that the s p a r k observed

in the counter during the passage of a charged par t ic le

is produced n e a r the par t ic le t ra jectory, was advanced

already in Keuffel's f i r s t paper , but 10 y e a r s were to

elapse before this question was f i r s t subjected to a

quantitative study, i n ^ 1 0 ] .

To this end, a te lescope consis t ing of t h r e e s p a r k

c o u n t e r s , the c i r c u i t of which is shown in Fig. 8b, was

used. The original connection of the counters is

shown in Fig. 8a. A capaci tor C A is connected to

each counter through a tube; when the tube is cut off,

the counter opera tes in the usual mode and the s p a r k

br ightness is determined by the value of the capac i-

tance Cp. If the charged p a r t i c l e p a s s e s through all

counters s imultaneously, then block 1, which rece ives

the pulses from each counter (from r e s i s t o r R L ) ,

generates a coincidence pulse which is applied through

ampli f iers 2, 3, and 4 to the gr ids of the tubes . The

tubes conduct and the capac i tors С A d i scharge

through the corresponding s p a r k channels , great ly

increas ing the br ightness of the s p a r k s . Inasmuch as

the shut ter of the apparatus is open all the t i m e ,

t h e s e br ight s p a r k s a r e seen against the background

of a la rge number of weak s p a r k s from all the ex-

t raneous p a r t i c l e s pass ing through the counter . Under

the s p a r k te lescope a r e placed a lead block 10 cm

thick and a row of Geiger-Mul ler counters to se lect

the fast muons pass ing through the lead. Assume that

the s p a r k s in counters 1, 2, and 3 a r e located at d i s -

tances xj, x 2, and x 3 from the par t ic le t ra jectory,

respect ive ly . Then
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Coincidence
block

Register

Geiger»Muller
counters

b)

FIG. 8

(4)

H e r e Δ is the exper imenta l ly m e a s u r e d deviation

of the s p a r k in the lower counter from the line drawn

through the s p a r k s in the two other c o u n t e r s . It is

obvious that xj, X2, and x 3 a r e independent quantit ies

and x 2 = x | = x ! = x 2 . F r o m (4) we have

Δ2 = 2 - 4 + 1 ] ? .

Hence

» [ ( « + * +

(5)

Thus, f rom the distr ibution of the values of Δ we can
d e t e r m i n e the deviation of the s p a r k s from the p a r t i -
cle t ra jec tory ( Vf2 ) of i n t e r e s t to u s . The c i r c l e s
in Fig. 9 show the integral dis tr ibution of the values
Δ obtained in !- 1 0 ]*. The a b s c i s s a s a r e the values of
Δ, and the ordinates the number of events with devia-
tion l a r g e r than Δ. It is useful to cons ider h e r e some
of the physical p r o c e s s e s that lead to deviation of the
s p a r k s from the t r a j e c t o r i e s ^ .

1) Single-avalanche p r o c e s s . i^Pcl p a i r s of ions
a r e produced on the path of the charged par t ic le in
the gas of the counter . If the e lec t ron that ini t iates
the cascade is produced at a d is tance d from the
anode such that the Raether condition a d г 20 is
satisf ied 1- l e ], then a s p a r k breakdown is produced; in
this case the s p a r k is produced n e a r the t ra jec tory .

*The trajectories make a small angle with the direction of the
electric field in the counter.

II д tl 18 Si 30 36 К 4S

FIG. 9

2) T w o - a v a l a n c h e p r o c e s s . If d t i s s m a l l , s o t h a t
a d j ss 1 6 — 1 7 , t h e n t h e a v a l a n c h e d u e t o t h e p r i m a r y
e l e c t r o n d o e s n o t t u r n i n t o a s p a r k b r e a k d o w n . H o w -
e v e r , a l a r g e n u m b e r of p h o t o n s a r e p r o d u c e d i n t h e
h e a d of t h e a v a l a n c h e a n d g i v e r i s e t o p h o t o e l e c t r o n s
o n t h e c a t h o d e a n d in t h e g a s of t h e c o u n t e r . If a d j
г 20 for the l a t t e r , then the resu l tant avalanches
grow into a s p a r k breakdown which can be local ized
to the s ide of the t ra jec tory .
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3) Multi-avalanche p r o c e s s . Such a p r o c e s s can
be rea l ized, for example, if the t ime interval between
the entry of two p a r t i c l e s into the counter i s so s m a l l
that by the t ime of entry of the second par t ic le the
potential on the counter does not have t ime to r e a c h
its working value.

Owing to photoionization, s e v e r a l avalanches for
which the cr i t ica l Raether condition is not satisf ied
a r e produced each generat ing the next. However, in
s o m e place n e a r the cathode t h e r e can finally o c c u r
an avalanche for which this condition is satisf ied, and
this one turns into a s p a r k breakdown.

4) Production of δ electrons in the counter elec-
trodes . The б electrons, along with the primary
particle, ionize the gas and by the same token can
initiate sparks to the side of the trajectory of the
primary particle.

5) Cosmic-particle showers. Like δ electrons,
extraneous particles can give rise to a spark break-
down to the side of the main trajectory.

According to calculation made by the authors of
'-10-', under the conditions of their experiment the
mean-square deviation Δ due to processes 2) and 4)
is ~7 mm, while that due to processes 3) and 5) is
~25 mm.

It has turned out that the experimentally obtained
distribution of the deviations is well approximated by

oo
a curve of the form / W(A)dA (the solid curve of

I
Fig. 9), where W( Δ) is equal to the sum of three
Gaussian functions with different variances a t > σ2,
and ay.

aj = 0,8 m m , α 1 = 0.78,

α 3 = 0.17,

α 3 = 0.06.

78% of all cases constitute small deviations Δ (aj
= 0.8 mm) and are essentially due to single-avalanche
spark formation in all three counters simultaneously.
It follows, therefore, that in each counter ~92% of
the sparks ( 0.92 x 0.92 x 0.92 = 0.78) are due to the
single-avalanche process; for these counters, the
mean-square deviation of the sparks from the trajec-
tory is ~0.3 mm [see formula (5)].

With increasing overvoltage on the counter and
with decreasing dead time Tg, the probability of oc-
currence of a two-avalanche or a multi-avalanche
process decreases, and consequently the relative
fraction of the single-avalanche processes increases.

The deviations were measured in ' J 4 ] with a tele-
scope consisting of three and four spark counters,
filled with a mixture of acetone and argon (total pres-
sure 350 mm Hg). A very detailed analysis is pre-

sented of all the experimental e r rors and a value
-/Ш = 0.2 mm is given for the mean-square deviation
of the spark from the trajectory (disregarding the
' ' tail ' ' of the distribution). It is probable that owing
to the large counter overvoltage on the counters
better results were obtained in this investigation than
in 0 0 .

Finally, a histogram of the deviations, constructed
on the basis of a large statistical material, is pre-
sented in'-15-'. Altogether 2056 particles were regis-
tered, and in 325 (15.8%) cases the deviation exceeded
1 mm. The results of this investigation agree fully
with the deductions of M .

It is seen from the data presented that a rather
large number of false trajectories ( " ta i l s " of the
distribution) are produced.

In their last paper ^20] the authors have shown that
the relative number of large deviations ( Δ > 10 mm)
decreases with increasing thickness of the lead ab-
sorber installed over the telescope, in accordance
with the shower absorption in this filter as calculated
from the Rossi transfer curve. On going from 2 cm
to 10 cm of lead, the number of large deviations de-
creases to almost one-half. This result shows that
when several charged particles enter the counter the
spark breakdown occurs only in one place, namely
where the streamer developed earliest.

In conclusion, let us consider the deviation distri-
bution for trajectories with large inclinations '-10].

Figure 10 shows deviation histograms for trajec-
tories moving from left to right and from right to
left. To the side of the histograms are diagrams
illustrating the measurements of the spark coordi-
nates .

The points selected were those where the sparks
crossed the negative electrode in the first case and
the positive electrode in the third case, while in the
second case the coordinates of the center of the spark

-3-2-1 0 \l 2 3 mm

FIG. 10
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were measured. The best approximation for the tra-
jectories, giving a symmetrical distribution (about
Δ = 0 ) , is obtained in the f i rs t c a s e . This r e s u l t shows

that the s p a r k d i scharge is initiated with a high d e -

g r e e of probability by the e lec t rons produced on the

path of the charged par t ic le and located c l o s e r to the

cathode (since the c r i t ica l Raether condition a d = 20

is satisf ied for them with a g r e a t e r marg in) .

By special t r e a t m e n t of the e l e c t r o d e s , by p r e c i s e

as sembly of the c o u n t e r s , and by se lect ing the work-

ing m i x t u r e , it is possible to obtain counters with

working a r e a up to ~50 c m 2 , with good c h a r a c t e r i s t i c s

and a high counting efficiency. An i n c r e a s e in the

e lect rode a r e a entai ls an i n c r e a s e in the energy r e -

leased in the s p a r k (since the capaci tance of the

counter is i n c r e a s e d ) , making it n e c e s s a r y to in-

c r e a s e the dead t ime Tg so as to reduce the harmful

consequences of powerful s p a r k s . The i n c r e a s e in

Tg and the s imultaneous i n c r e a s e in the counting r a t e

(which is proport ional to the i n c r e a s e in the a rea)

leads to a reduction in efficiency. At the s a m e time it

m u s t be noted that even at high values of Tg (~ 0.5

s e c ) it is imposs ible to obtain counters with la rge

working sur faces , for many false s p a r k s not con-

nected with passage of p a r t i c l e s through the counter

a r e usually produced.

It is possible that l a r g e - a r e a counters can be
Γ17Ί

r e a l i z e d b y s e c t i o n a l i z i n g o n e of t h e e l e c t r o d e s L J ;

t h i s , i n c i d e n t a l l y , i n c r e a s e s t h e e f f i c i e n c y of t h e

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

T o c o n c l u d e t h i s s e c t i o n , w e w i s h t o r e f e r t o s e v -

e r a l i n v e s t i g a t i o n s i n w h i c h s p a r k c o u n t e r s w e r e u s e d

f o r p h y s i c a l r e s e a r c h . R o b i n s o n L 9 > 2 1 ] u s e d s p a r k

c o u n t e r s t o m e a s u r e t h e t i m e of f l ight of a p a r t i c l e

t h r o u g h a g i v e n p a t h s e g m e n t a n d t o m e a s u r e t h e t i m e

of r e l a t i v e d e l a y of p a r t i c l e s i n s h o w e r s . A l l k o f e r e t

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

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

s p a r k c o u n t e r s . A l l k o f e r L 1 5 > 2 3 ] c o m b i n e d a t e l e s c o p e

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

m o m e n t u m s p e c t r u m of t h e m u o n s a t s e a l e v e l up t o

6 χ 1Ο10 eV/c.

F u r t h e r applications a r e connected with new t r e n d s

in the development of the s p a r k - d e t e c t o r method, to

which we turn in the next s e c t i o n s .

II. TRIGGERED SPARK COUNTERS

6. Operating Pr inc ip le of Tr iggered Spark Counters

Ent i re ly new capabil i t ies of s p a r k de tec tor s were

disclosed by Cranshaw and de Beer '-24] who invest i-

gated s p a r k counters under t r i g g e r e d pulse condi-

t ions . The idea of using a pulsed supply was borrowed

by them from Conversi L 2 5 > 2 6 ] , who designed an i n s t r u -

ment for the reg i s t ra t ion of c h a r g e d - p a r t i c l e t r a j e c -

t o r i e s in the form of a set of gas-d i scharge tubes

placed in a para l le l-p la te c a p a c i t o r * : the tube

through which the par t ic le passed glowed if a high

voltage pulse was applied to the capaci tor e l e c t r o d e s

at the instant of par t ic le p a s s a g e ! ·

Figure 11 shows a block d iagram of the counter

connection. The 1 + 2 coincidence pulse, produced

when a charged c o s m i c - r a y par t ic le p a s s e s through

the te lescope, t r i g g e r s a blocking genera tor , a pulse

from which ignites in turn a thyrat ron that genera tes

a high-voltage pulse a c r o s s the plates of the s p a r k

counter .

It has been found that the gas ionization due to the

pass ing par t ic le p e r s i s t s until the a r r i v a l of the vol-

tage pulse on the e lec t rodes (the counter has

" m e m o r y " ) ; this causes a s p a r k breakdown localized

n e a r the par t ic le t ra jec tory .

In this c i r c u i t the s p a r k detector unlike the o r d i -

nary para l le l -p la te s p a r k counter, no longer counts

all the pass ing p a r t i c l e s , but m e r e l y tags with the

s p a r k the point through which previously s e p a r a t e d

p a r t i c l e s p a s s .

In the t r iggered mode t h e r e a r e no extraneous

pulses and associated dead t i m e . In the c a s e of

shor t-dura t ion pulses (10~ 5—10~ 7 s e c ) , the probabi l-

ity of o c c u r r e n c e of false s p a r k s due to edge effects is

d e c r e a s e d , and the s p a r k is produced p r i m a r i l y in the

place where the ionization due to the pass ing par t ic le

p e r s i s t s . Thus, the main shortcomings of the s p a r k

counter (see Sec. I), which l imit its working a r e a

s e r v i c e life, have been c i rcumvented.

Not much difficulty is entailed in construct ing

t r iggered spark counters with e lectrode a r e a s

amounting to hundreds or even thousands of square

c e n t i m e t e r s . They a r e s imple to build and o p e r a t e ,

and they do not call for such a scrupulous finishing of

the e l e c t r o d e s as do ordinary s p a r k c o u n t e r s .

Cranshaw and de Beer investigated counters with

meta l l ic e lec t rodes m e a s u r i n g 10 x 10 cm ( i n t e r e l e c -

trode dis tance d = 1, 2, and 2.5 m m ) . The working

gas employed was a i r at a tmospher ic p r e s s u r e i .

The counter supply c i r c u i t is shown in Fig. 11.

When a pulse is applied from the blocking g e n e r a t o r

to the t h y r a t r o n grid, the capaci tor С d i scharges and

an exponential voltage pulse is produced a c r o s s the

*Pulsed supply was used, independently of Conversi, by Tyap-
kin and by Vishnyakov and Tyapkin I27'28] in experiments with a
hodoscope of Geiger-Muller counters. Pulsed supply in the form of
a supplementary pulse on top of a high-voltage dc pedestal was
used in [20].

t The feasibility of a somewhat different version of the Conversi
system has been under extensive discussion recently. We refer here
to the experiments of Charpakt29], who observed a glow of neon
bubbles moving through transformer oil. Application of a high-
voltage pulse produced glow in those bubbles through which a par-
ticle passed.

tin this part we consider only air-filled counters. Counters
filled with inert gases have many essential peculiarities and will
be considered in the next part.
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FIG. 11

r e s i s t o r R, w i t h a t i m e c o n s t a n t R C . T h i s p u l s e i s

a p p l i e d t o t h e c o u n t e r t h r o u g h r e s i s t o r R 2 w h i c h

l i m i t s t h e c u r r e n t t h r o u g h t h e t h y r a t r o n . A s m a l l

c l e a r i n g f ie ld i s a p p l i e d a t p o i n t s X a n d Y.

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

of t h e c o u n t e r . P o s i t i v e i o n s ( e s s e n t i a l l y n i t r o g e n

i o n s ) , a n d e l e c t r o n s t h a t s t i c k t o t h e o x y g e n m o l e -

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

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

p o l a r i t i e s m o v e t o t h e c o r r e s p o n d i n g p l a t e s w i t h

velocity ν = KV, where V is the magnitude of the

c l e a r i n g field and К is the average ion mobility. In

the t ime interval T J e lapsed from the s t a r t of p a r t i -

c le passage to the a r r i v a l of the high-voltage pulse

( г ^ is the pulse delay t i m e ) , s o m e of the ions move

out of the gap, and not a single ion r e m a i n s in s e c -

tion X of the gap. We a s s u m e that the n e c e s s a r y and

sufficient condition for the o c c u r r e n c e of a s p a r k in

the s p a r k gap is the p r e s e n c e of at l eas t one ion in

the gap between the e lect rodes up to the instant when

the high-voltage pulse r e a c h e s s o m e cr i t ica l value.

Two c a s e s a r e then poss ib le :

a) Ions of e i ther polari ty can init iate the d i s c h a r g e .

b) Only ions of one sign can init iate the d i s c h a r g e .

It is obvious that in c a s e a) we have χ = vt - d and

up to the instant of breakdown the ions r e m a i n in a

gap s of s ize

2{d-x)

d,

vt >

vt.

while in the c a s e b)

s — <f — vt.

The counter efficiency*

ε = 1 — exp (— ns) (6)

*The formula gives the probability in the sense of Poisson, of
finding at least one ion in a gap of size s (the average number of
of ions is ns). Other conditions for the occurrence of the discharge
are considered in Part I.

in c a s e a) is then

β = 1 — exp [— 2n(d — vt)], vt > -

ε = 1 — exp (— nd), vt < -=- ;

a n d i n c a s e b)

ε = 1 — exp [ — η (d — vt)],

(7)

(8)

where η is the specific ionization of the p a r t i c l e .

In a i r η = 22 ion/cm and the maximum efficiency

for a 1 m m gap is 90% in both c a s e s a) and b).

It must be recognized that upon application of the

high-voltage pulse the ions a r e acted upon by an in-

c r e a s i n g e l e c t r i c field (front of the pulse) in addition

to the constant c lear ing field; the added field a l so

c l e a r s the s p a r k gap of ions p r i o r to the s t a r t of i m -

pact ionization. If we denote by Τ the t ime from the

s t a r t of the pulse to the s t a r t of the impact ionization

and by VJ( t ) the instantaneous velocity of the ions at

the t ime interval T, then the displacement of the ion

must be wri t ten in m o r e general form as

(9)

The formula for the efficiency will be in the genera l

c a s e

в = 1-ехр [ - « ( d ) - n t d ± (10)

The sign of the integral depends on the relative polarities

of the high-voltage pulse and the clearing field, since

the front of the pulse can displace the ions in the

same direction as the clearing field (minus sign) or

in the opposite direction (plus sign). The function

Vj(t) depends on the parameters of the leading front

of the pulse and consequently on many quantities: the

chamber capacitance C c . R2. C, R, the internal re-

sistance Rj(t) of the thyratron, etc.

The contributions of the individual terms to the

exponent of formula (10), and consequently also the

roles of the individual parameters, will be made clear

in the following.

7. Counting Characteristic

The counting characteristic of a triggered spark

discharge gives the dependence of the charged-parti-

cle registration efficiency on the amplitude of the

high-voltage pulse on the counter (in practice—on the

value of the high voltage on the thyratron anode).

The efficiency of a triggered counter is customar-

ily defined as the ratio of the number of events when

passage of a particle is accompanied by a spark dis-

charge to the total number of passing particles. In

practice, the efficiency is determined by visually

counting the sparks, by counting the crackles accom-

panying the spark breakdown with a microphone '-30-',



SPARK D E T E C T O R S FOR C H A R G E D PARTICLES* 437

or by receiving with an antenna a signal induced by

the breakdown; the number of passing particles is

determined from the number of operations of the

triggering telescope or thyratron. Figure 12 shows

a typical counting characteristic ( d = 1 mm ) ob-

tained l24-' at fixed values of the clearing field

(+12 V), delay t ime ( 6 μββο), and l imit ing r e s i s t a n c e

(100 ohms) . The width of the " p l a t e a u " of the counter

i s 2,000 V, and the efficiency on the plateau i s in

good a g r e e m e n t with the calculated value ( ~ 92%). A

control exper iment in which the voltage pulses w e r e

applied to a counter at a r b i t r a r y instants of t i m e , not

connected with the passage of charged p a r t i c l e s ,

showed that the number of accidental s p a r k s is a p -

proximately 1%. It was a l so shown that the var ia t ion

of the pulse duration (RC) in a range of 10"7—10~4

sec did not affect the counter efficiency.
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When the i n t e r e l e c t r o d e dis tance is i n c r e a s e d to

2.0—2.5 m m , the counter efficiency r e a c h e s 98—99%,

and the working voltage i n c r e a s e s to 15—20 kV. A

c h a r a c t e r i s t i c feature is that the field intensity a t

which the plateau is reached is 70 kV/cm. It is a p -

parent ly de termined by the condition under which the

e l e c t r o n s b r e a k away from the oxygen molecules in

the a i r . Indeed, the e lec t ron to oxygen molecule bind-

ing energy i s 0.34 V and when Ε/ρ ~ 90 V / c m - m m

Hg the e l e c t r o n s should b r e a k away from the m o l e -

cules ^ 6 ]. This is p rec i se ly the value corresponding

to the conditions of the cited investigation

Ε

Ρ

70000 V

760mm H g · cm
, 9 2

c m · m m Hg

C o u n t i n g c h a r a c t e r i s t i c s f o r v a r i o u s p r e s s u r e s

w e r e o b t a i n e d b y B a y u k o v , L e k s i n a n d S u c h k o v [ - 3 1 ]

f o r d = 2 m m , Rj = 0, V = 0, a n d r^ = 0.5 μ β β ο .

T h e y s h o w t h a t t h e s t a r t of t h e " p l a t e a u " m o v e s

t o w a r d s t h e h i g h e r v o l t a g e s w i t h i n c r e a s i n g p r e s s u r e

( s e e c u r v e s 1 a n d 2 on F i g . 1 3 ) . With d e c r e a s i n g

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

when ρ = 150—200 mm Hg the operat ing region d i s -

a p p e a r s completely; the c h a r a c t e r of the d i s c h a r g e

changes from c l e a r l y localized s p a r k s to a large

number of thin s p a r k s in the region where the p a r t i -

c les p a s s . At low gas p r e s s u r e s ( ~ 2 0 m m Hg) dif-

V.kV
FIG. 13. Counting charactertistic.

R 1 = 0, V = 0 . τ = 0 .5 j u s e c
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f u s e d g l o w o f t h e e n t i r e c o u n t e r e n s u e s , a n d f u r t h e r

d e c r e a s e i n t h e p r e s s u r e c a u s e s t h e e n t i r e e v a c u a t e d

v o l u m e t o g l o w .

I n c o n c l u s i o n w e w i s h t o c a l l a t t e n t i o n t o a n i n t e r -

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

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

( s t a t i s t i c a l l y ) b e t w e e n p a r t i c l e s h a v i n g d i f f e r e n t

i o n i z i n g a b i l i t i e s . * I n d e e d , i n a c c o r d a n c e w i t h f o r m u l a

( 6 ) , 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 s o n t h e q u a n t i t y n s ,

and at low values of ns we have in f i r s t approxima-

tion ε ~ n s . If a par t ic le p a s s e s in success ion through

a large n u m b e r of s p a r k gaps, ε can be e s t imated

di rec t ly :

number of gaps in which breakdown o c c u r r e d

total number of s p a r k gaps

and the value of η e s t imated t h e r e f r o m . In p r a c t i c e ,

a s p a r k counter of low efficiency (with r e s p e c t to

re la t iv i s t ic par t ic les ) o r a s y s t e m consis t ing of sev-

e r a l counters can be used to s e p a r a t e the strongly

ionizing p a r t i c l e s against the background of re la t iv-

is t ic p a r t i c l e s , or par t ic le beams (say the c o r e of a

shower) against the background of individual p a r t i -

c l e s . Some data on the dependence of the efficiency

of the a i r s p a r k gap on the ionizing ability of the

p a r t i c l e s were obtained by the group of Bayukov and

Leksin. The counting c h a r a c t e r i s t i c s for the r e g i s t r a -

tion of the p a r t i c l e s in the h a r d component of cosmic

r a y s (minimum ionization) and β p a r t i c l e s f rom a

radioact ive s o u r c e with average energy 300 keV yield

efficiencies of 70 and near ly 100% on the plateau, r e -

spectively.

8. T i m e C h a r a c t e r i s t i c s

We cons ider h e r e the question of the " m e m o r y "

and of the " d e a d " t i m e of the counter . It follows

•Similar to the low-efficiency Geiger-Muller counters ["].
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from (6) and (7) that the counter ineffectiveness σ = 1
— ε increases exponentially with increasing v, that
is with increasing clearing field V:

σ = 1 — e = exp [ — η (d — vt)]

1ησ = — n(d — vt). (11)

This linear dependence of In σ on V is confirmed by
the experimental results '-24] shown in Fig. 14a, where
σ (the ordinates in logarithmic scale) is plotted
against the clearing field Vcj for three values of the
supply-pulse delay time xd—67, 36 and 15 двес. What
is striking is, first, the fact that the counters have a
large "memory" : when the high-voltage pulse is de-
layed by even several dozen microseconds the
charged particles are still registered with high effi-
ciency. Extrapolating the results obtained to the
point σ = 1, that is, to ε = 0, we readily find the value
of К from the relation d = KVt. Its values are 22
cm/sec-V at 650 V/cm and at a delay of 67 дэес,
24.4 for 1150 V/cm and 36 двес, and 33 for 2,000
V/cm and 15 двес (the er ror in the determination of
К is ± 1 cm/sec-V). These values do not contradict
the known data on the mobility of ions in gases, thus
indicating that the "memory" of air-filled spark
counters has an ionic mechanism.

Figure 14b shows the same data as in Fig. 14a,
but the abscissas are the values of j/t/d. The same
figure shows two lines, 1 and 2, calculated from
formulas (7) and (8) respectively. The experimental
results lie quite definitely on the single straight line
(2), so that we can conclude that spark discharges are
initiated by ions of the same polarity. If, in addition,
we take the deduction of the preceding section into
consideration, we can trace the following pattern of
discharge development in the counter.

Positive ions (essentially nitrogen) and negative
oxygen ions are produced along the path of the charged
particle; the negative oxygen ions are the result of
sticking of primary electrons to the oxygen molecules.
Prior to the high-voltage pulse, both types of ions
move in the clearing field towards the corresponding
electrodes. In the strong electric field produced by
the voltage pulse, the electrons break away from the
oxygen molecules and acquire an acceleration suffi-
cient to produce electron-photon avalanches which
then turn into s treamers. The positive ions, on the
other hand, can not cause further ionization under
these conditions. The large "memory" of the
counters is due to the sticking of the electrons to the
molecules, whose mobility is appreciably reduced
and which remain for a long time in the working
volume of the counter.

Let us determine in greater detail the value of
τ—the numerical measure of the "memory" of the
spark counter. We assume that τ is numerically
equal to a delay T J such that the efficiency of regis-

50 100
a)

ISO
'cl b)

FIG. 14.

tration of the charged particles decreases to one-
half*. Figures 14 and 25 show that τ depends on the
value of the clearing field, and the larger V the
smaller this dependence. In small clearing fields τ
reaches several dozens or even hundreds of micro-
seconds [24-3i]_ I t i s e a s y t o s e e t ] i a t T depends a\so

on many other parameters, for example, d, p, etc.
These dependences can be easily predicted qualita-
tively, but they have not been investigated experi-
mentally for air-filled counters.

Let us consider now the question of the "dead"
time of the counter, since this quantity characterizes
along with the " m e m o r y " the possibility of register-
ing particular events. The "dead" time Τρ is
usually defined as the time necessary to restore the
working conditions following a spark breakdown.
When voltage pulses are applied to the counter with
a repetition period smaller than Tg, false break-
downs occur, as a rule at the location of the first
breakdown. One of the estimates of the value of T#
was obtained by Bayukov and Leksin in the following
experiment: periodic pulses were fed to a spark
counter from a generator; these pulses were not
connected with the traversing particles. The pulse
repetition frequency for which any breakdown in the
chamber gave rise to uninterrupted breakdowns fol-
lowing each high-voltage pulse was then determined.
The value of Τ θ depends on many parameters; p, V,
d, etc., but these relationships were not investigated
as such. For the cited parameters, Те ~ 0.1 sec.

We have disregarded above the front of the high-
voltage pulse, because its duration in the experiments
considered up to now was short, on the order of sev-
eral dozen nanoseconds. However, it is easy to dis-
close the clearing action of the leading front of the
pulse (see Sec. 1 of this part). Figure 15

*The question of defining Τ was considered also in a sympo-
sium on spark chambers!"] held at the Argonne National Labora-
tory in 1961. In addition to the definition presented here, a some-
what different T » T d was considered there, for which the regis-
tration efficiency of a charged particle was decreased by a factor
e.
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shows the dependence of the efficiency on the limiting
resistance R2. The counter efficiency decreases with
increasing R2. A similar drop in efficiency is ob-
served if the counter capacitance is increased and
not R2. Analogous conclusions were arrived at by
the authors of D l ] . This result is attributed to the
action of the pulse front: before reaching the critical
value necessary for the electron to become detached
from the oxygen molecule, the pulse accelerates the
ions and exerts an action analogous to that of the
clearing field. With increasing R2C2, the duration of
the action of the field on the ion increases, and con-
sequently the counter efficiency decreases.

9. The Counter as a Track Instrument. The Counter
in a Magnetic Field. Simultaneous Registration of
Several Particles

Inasmuch as the triggered spark counter is no
longer a particle counter in the usual sense of the
word, but is intended to determine the location of a
trajectory, its most important characteristic is the
accuracy with which the trajectory is localized.

This question was investigated by Daion, Volynskii
and Potapov '-30-' in a study devoted to the construction
of a spark-counter telescope in a magnetic field. For
better utilization of the magnet gap and for more ac-
curate measurement of the spark coordinates, the
authors constructed counters with transparent elec-
trodes, through which the sparks were photographed.
The electrodes employed were glass plates 1.7 and
5 mm thick, coated with a conducting SnCl2 film. The
interelectrode distance was 2 mm and the plate area
200 χ 100 m m . The counters w e r e as sembled in flat

Plexiglas boxes and filled with an a i r and argon

mixture (30 cm Hg) plus s a t u r a t e d vapor of pirydine

o r alcohol to a total p r e s s u r e of one a t m o s p h e r e .

A telescope of t h r e e s p a r k counters was placed in

the e lect romagnet gap in o r d e r to m e a s u r e the m o -

menta of the cosmic p a r t i c l e s . The d iagram of the

i n s t r u m e n t is shown in Fig. 16. Here 1, 2 and 3 a r e

the c a m e r a l e n s e s ; shown fur ther a r e reflecting

m i r r o r s , t h r e e rows of s p a r k counter s , and rows of

t r igger ing Geiger counters located below them; in

plane B, the par t ic le t r a j e c t o r y is bent very l i t t le by

FIG. 16

the magnetic field and follows a s t ra ight l ine. T h e r e -

fore, by m e a s u r i n g in this plane the deviation of the

lower spark from the line drawn through the s p a r k s

in the two upper c o u n t e r s , i t is possible to d e t e r m i n e

the m e a n - s q u a r e deviation of the s p a r k from the t r a -

jectory in each counter . We have mentioned this

method in p a r t I of the p r e s e n t review. It has turned

out that for single t r a j e c t o r i e s * the bulk of the c a s e s

( ~90%) c l u s t e r s about smal l deviations, ~ 1.3 m m .

F o r these c a s e s the m e a n - s q u a r e deviation is 0.4

m m t . We can therefore conclude that for 96.5% of

the s ingle s p a r k s produced in the given counter

(0.956 x 0.965 x 0.965 = 0.9) the m e a n - s q u a r e devia-

tion from the t ra jectory is 0.18 m m [see formula (5)

of p a r t I ] . Thus, the t ra jectory in a te lescope with

s e v e r a l spark gaps can be determined with high d e -

g r e e of re l iabi l i ty and a c c u r a c y . Of g r e a t prac t ica l

significance is the use of s p a r k counter s in a magnetic

field. The investigation of the counter p a r a m e t e r s in

a magnetic field, made by the authors of ^ , is t h e r e -

fore of i n t e r e s t . Under the conditions of the i r e x p e r i -

ment (magnetic field of 6300 Gauss, counter c lear ing

field 40 V/cm) no visible change was observed in the

s p a r k s ize and br ightness ; the counter efficiency a l so

remained the s a m e as before.

The question of the s p a r k deviation in a magnetic

field was investigated under the s a m e conditions and

it was shown that if it exis ts at al l , it does not exceed

0.1 m m .

*In approximately 2-10% of the cases not one but several
sparks are produced in the counter. This effect depends, in par-
ticular, on the resistivity of the plates; it increases with increas-
ing resistivity, for then the individual parts of the plates are better
decoupled electrically (see below).

tWe note that the contribution from the particle distance in the
central counter is relatively small.
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Later, in 1961—1962, Daion, Knyazev and Akopyan
have shown that all of the counter characteristics
listed in the present section remain practically un-
changed even under more "s t r ingent" experimental
conditions: a magnetic field of 10,000 Gauss, a clear-
ing field of 400 V/cm, and a high-voltage pulse lag-
ging the instant of particle passage by 30 двес.

In 1961, the same group investigated the accuracy
with which the particle trajectory can be retraced by
using a spark counter in open air. It was shown that
in open air the number of false sparks in the spark
gap increased, and for the sparks of the main group
the scatter in the deviations from the charged-particle
trajectory increased. The mean-square deviation
reached in this case 1.6 mm. A similar result was
obtained by Thompson and Wolfendale '-34] *.

The broadening of the distribution of the number
of sparks as a function of their deviation from the
trajectory is apparently the result of the secondary
photoeffect on the cathode (see Sec. 4 of Part I), since
addition of argon and organic vapors to the working
medium decreases the scatter of the streamers by
several times '-30-'.

The most important problem in the use of the
spark counter as a track detector is the possible
simultaneous registration of several particles or the
simultaneous registration of one spark by many
counters connected in parallel. It is shown in [ 3 1 ] that
in a spark chamber consisting of four spark gaps with
d = 2 mm and s = 10 χ 4 cm2, filled with air at 1 atm,
the spark breakdown is produced as a rule only in one
gap and in one point in this gap. The breakdown oc-
curs apparently where the electron first breaks away
from the oxygen molecule and where the streamer is
produced earliest. The development of the discharge
at this point produces a drop in the counter plate po-
tential, and this prevents formation of the remaining
streamers.

This property of air counters is their greatest
shortcoming. For example, in the registration of
particles accompanied by an extraneous background,
or when residual ionization due to preceding particles
is present in the gas, sparks located to the side of
the trajectory may be produced in the air counter.
These apparently explain, in part, the already men-
tioned " t a i l s " in the deviation distribution. It must
be noted that if several air spark gaps are used, they
can be fed from a single thyratron. For this purpose
it is necessary to connect decoupling resistances
[30,31] o r i n ( j u c tances '-31] in series with at least one of
the electrodes of each spark gap. The purpose of
these decoupling resistances is to slow down the de-
crease in the voltage across the gaps which have not
yet broken down, so that the time during which the

*Recently Daion, Knyazev, and Solodnikov greatly improved
this result by increasing the overvoltage on the counter and by
increasing the interelectrode distance.

voltage remains above the breakdown value is longer
than the time fluctuations of the start of the break-
down.

We have been considering air-filled spark counters.
In ™1] there is brief mention of counters filled with
COj and N2. It is shown that they are similar to air
counter with respect to registration of many particles
and the presence of a Jong memory. It is probably
that the "memory" mechanism has here, too, an
ionic character, although it must be borne in mind
that the probability of the electrons sticking to the
CO2 molecules is very low. It is possible that the
results obtained depend to some degree on the im-
purities in the gas.

10. Remarks Concerning Construction Features

Usually in air-filled spark counters the electrodes
are spaced d = 2 mm apart, and must therefore, be
parallel within at least ~ 0.05 mm. A good method for
adjusting the electrode spacing is to use calibrated
washers, which can be installed not only at the edges
of the electrodes, but also in the center. However,
the material used for the washers is of great impor-
tance '-30]; for example, in the case of glass washers
breakdown can occur along the surface. Good results
are obtained with washers made of polystyrene or
teflon '-30], probably owing to the low dielectric con-
stants of these materials. In the case of relatively
small interelectrode distances and large electrode
areas, certain difficulties can arise in connection
with the photography of sparks in several narrow
spark gaps. We have already mentioned (Sec. 4) a
system developed ""J for photography through trans-
parent electrodes. Bayukov, Leksin, and Lesina pro-
posed to fix the spark position with the aid of coordi-
nate paper: graph paper was placed in the spark gap,
in which a hole 0.1 mm in diameter was burned by the
spark at the breakdown location (provided the current
was sufficiently high). It was shown that introduction
of the graph paper did not affect adversely the count-
ing characteristic. The proposed method is best used
if the counter operates in open air and there is free
access to the spark gap. There is no doubt that in
many cases the possibility of working in open air does
in itself greatly simplify the counter construction. In
order to obtain high efficiency of registration of sev-
eral particles, it is possible to make one of the
counter electrodes in the form of a mosaic, with de-
coupling resistors connected between the individual
parts of the mosaic. This idea was realized in prac-
tice by Daion, Knyazev and Akopyan.

11. New Variant of Triggered Pulse Supply for
Counters

Trumper, ' 2 0 ] continuing to develop the ideas of the
German researchers (see Part I), proposed a trig-
gered pulse power supply for spark counters, some-
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what different from the Cranshaw and de Beer c i r -

cui t* . T r u m p e r ' s c i r c u i t is shown in Fig. 17. Here

Sj and S2 a r e two ordinary s p a r k c o u n t e r s , connected

in a coincidence c i rcu i t . The t h r e e investigated

counters Dj, D 2 , and D 3 (e lectrode a r e a 5 x 5 cm,

d = 5 m m , acetone (35 m m Hg) plus argon with a

total p r e s s u r e 30—50 cm Hg) a r e maintained at a

constant potential somewhat lower than the s tat ic

breakdown potential . Consequently, the avalanches

produced in the counters by the pas sage of charged

par t ic le s do not develop into s p a r k breakdowns. At

the instant of an F t + F 2 coincidence an additional

shor t-dura t ion high-voltage pulse is applied to

counters D t , D 2 , and D 3 , producing s p a r k b r e a k -

downs in the region of the initial avalanches.

The te lescope О ^ г О з can in genera l be t r iggered,

without an extraneous t r igger ing sys tem, by separa t ing

the coincidences of the pulses produced in these

counters in the pre-breakdown mode ™. This i n t e r -

est ing vers ion of te lescope t r igger ing is undoubtedly

worthy of attention.

III. DISCHARGE AND SPARK CHAMBERS

12. Introduction

We have shown in the preceding par t the extent to

which the capabi l i t ies of para l le l-p la te s p a r k counters

a r e expanded by using a t r i ggered pulse supply. How-

ever , the s u c c e s s was incomplete, s ince the " a i r "

c o u n t e r s , which were the f irst objects of the invest i-

gation, sti l l had many s e r i o u s shortcomings which

hindered, in par t icu lar , t h e i r use in a c c e l e r a t o r s ( see

P a r t II).

One m o r e effort was n e c e s s a r y to complete the

groundwork and finally a t t r a c t the i n t e r e s t of the ex-

p e r i m e n t a l phys ic is t s to the new method. This ro le

was a s s u m e d by the paper of Fukui and Mijamoto

"New Type of P a r t i c l e Detector—Discharge C h a m b e r "

135] _ w h a t w a s essent ia l ly new in this work was such

a seemingly inessent ia l detai l a s the use of neon (with

a smal l amount of argon added) in place of a i r as the

Pb Ш Ж Ш 1

HP г
L

r
—*—J с

С — coincidence block
r — delay block

H P — high-voltage pulse block

FIG. 17

w o r k i n g m e d i u m . H o w e v e r , t h e r e s u l t o f t h i s s u b s t i -

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

d i s a g r e e w i t h t h e c l a i m s o f t h e a u t h o r s t h a t a n e w

p a r t i c l e d e t e c t o r h a s b e e n d e v e l o p e d . F u k u i a n d

M i j a m o t o c o n s t r u c t e d a s y s t e m c o n s i s t i n g o f s e v e r a l

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

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

t o r y a r e v i e w e d . T h i s i s w h y t h e n e w i n s t r u m e n t w a s

c a l l e d a " c h a m b e r . "

F o l l o w i n g t h e p a p e r b y F u k u i a n d M i j a m o t o , r e -

p o r t s w e r e p u b l i s h e d i n t h e S o v i e t U n i o n o n a s o m e -

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

w i t h i n e r t g a s e s - n e o n ^ 3 1 ' 3 0 , a r g o n Г з 1 ' 3 7 ' з й , h e l i u m 1 " 3 0

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

v a p o r L 3 8 ] . F o l l o w i n g t h e a c c e p t e d t e r m i n o l o g y , w e

s h a l l c a l l t h e m " s p a r k c h a m b e r s . " T h e f i r s t r e p o r t s

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

a c o n f e r e n c e i n B e r k e l e y i n A u g u s t 1 9 6 0 [ - 3 9 ] * .

F o r a l o n g t i m e t h e o p i n i o n w a s t h a t s p a r k c h a m -

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

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

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

d a t a , h o w e v e r , h a v e s h o w n t h a t t h e r e i s n o p r i n c i p a l

d i f f e r e n c e b e t w e e n t h e s e i n s t r u m e n t s .

W e s h a l l c o n s i d e r d i s c h a r g e a n d s p a r k c h a m b e r s

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

c h a r a c t e r i s t i c s .

1 3 . N e w T y p e o f P a r t i c l e D e t e c t o r — " D i s c h a r g e

C h a m b e r "

T h e f o r e g o i n g h e a d i n g i s a l s o t h e t i t l e o f t h e a r t i -

c l e b y F u k u i a n d M i j a m o t o [ 3 5 ] d e v o t e d t o a n e w p a r t i -

c l e d e t e c t o r , i n w h i c h t h e s p a r k d i s c h a r g e i s p r o -

d u c e d a l o n g t h e p a r t i c l e t r a j e c t o r y ! . W e n o t e h e r e

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

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

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

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

r e c t a n g u l a r g l a s s b o x e s f i l l e d w i t h a w o r k i n g m i x t u r e

N e + A r ( 0 . 5 % ) a t a t m o s p h e r i c p r e s s u r e ! . T h e i n -

s i d e d i m e n s i o n s o f e a c h b o x w e r e 8 . 5 x 1 3 x 2 ( o r 1 )

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

a n d s e p a r a t e d b y e l e c t r o d e s — m e t a l p l a t e s o r c o n -

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

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

o f t h e g l a s s c o v e r s ; t h e e l e c t r o d e s u r f a c e w a s s e p -

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

d i e l e c t r i c ( g l a s s ) l a y e r . F i g u r e 1 8 a s h o w s a s k e t c h

* T r u r a p e r ' s p a p e r w a s p u b l i s h e d in I 9 6 0 , fol lowing t h e pub-

l i c a t i o n of t h e p a p e r s on d i s c h a r g e and spark c o u n t e r s , r e v i e w e d

in the fol lowing p a r t s of t h e survey .

*At t h e s a m e c o n f e r e n c e , A. I . Al ikhanyan and M. S. K o z o d a e v

repor ted on t h e work d o n e by Soviet r e s e a r c h e r s . Much m a t e r i a l

w a s c o n s i d e r e d a t t h e symposium on spark c h a m b e r s at t h e Ar-

gonne N a t i o n a l L a b o r a t o r y in 1 9 6 l M , in which work by Soviet

r e s e a r c h e r s , who o b t a i n e d by t h a t t ime a n a l o g o u s exper imenta l

d a t a , w a s not r e p r e s e n t e d .

t T h e t r a c i n g of a d i s c h a r g e a long t h e t ra jectory of a c h a r g e d

(a lpha) p a r t i c l e w a s first d e s c r i b e d in M .

t L a t e r d i s c h a r g e c h a m b e r s w e r e a l s o f i l led with h e l i u m M .
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Conducting
glass

Metal plate
or conduc-
ting glass
plates

of a c h a m b e r consist ing of four boxes, and the low-

voltage supply c i rcu i t (Fig. 18b). The supply-pulse

delay t ime is one microsecond and RC ~ 0.1 μββο.

F i g u r e 19 shows a photograph of the d i scharges p r o -

duced in the chamber by passage of a single charged

p a r t i c l e . In this case the d i scharge occurs not along

the direct ion of the external e l e c t r i c field, but at an

angle, in the direct ion of the t ra jec tory of the pass ing

p a r t i c l e .

It turned out that when the angle θ between the

t ra jec tory and the d i rect ion of the e l e c t r i c field is

l e s s than 15°, the s p a r k s have the s a m e s lopes in all

the s e g m e n t s ; in the angle range 15° < θ < 30° a kink

in the spark path is s o m e t i m e s observed, or b r a n c h -

ing into severa l channels . At angles θ > 60° a chain

FIG. 20

of s p a r k s is produced along the t ra jec tory . Figure 20

shows a photograph of the d i s c h a r g e s o c c u r r i n g when

a p a r t i c l e p a s s e s along the in tere lec t rode gap, with

the plates a r r a n g e d ver t ica l ly (see Fig. 18a). The

p i c t u r e was taken through the conducting sur faces of

the p l a t e s * . It was es tabl i shed that an insensit ive

zone 2—3 mm wide, in which no d i scharges were

produced, exis t s n e a r the posit ive e l e c t r o d e . Table II

s u m m a r i z e s the working c h a r a c t e r i s t i c s of the c h a m -

b e r at the different values of the supply voltage. It

can be concluded from these data that the working

region is quite broad. Table III l i s t s data on the effi-

ciency of the c h a m b e r as a function of the delay of

the high-voltage pulse . A s h a r p d e c r e a s e in efficiency

is observed with increas ing delay t ime, caused by the

diffusion of the e lec t rons to the p l a t e s .

Pulse delay is accompanied a l so by a broadening

of the d i scharge column (see Fig. 21 and Table IV).

F i g u r e 21 shows a compar i son of the observed and

calculated broadening under the assumpt ion that the

broadening of the column is due to the diffusion of

the e lec t rons from the place of the i r production: the

points r e p r e s e n t the exper imental values and the con-

tinuous curve the calculated values. The good a g r e e -

ment between these resu l t s indicates that the individ-

ual d i scharges a r e initiated along the par t ic le path by

e lect rons produced on the path of the p r i m a r y p a r t i -

c le . Finally, it is of i n t e r e s t to d e t e r m i n e the number

δ, mm
5

4

3

г
1

0

-

Ϊ
12

λ-'

\

1 14 S
FIG.

δ

21

j ^

'Ί

} d-Scm
i 4-1 cm

ι 1

10 12

Τ, μεβ

FIG. 19

•The a u t h o r s do not give a photograph of a n o t h e r pro ject ion.

A s imi lar photograph in two p r o j e c t i o n s , t a k e n under somewhat

different c o n d i t i o n s , i s shown in F i g . 29.
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Applied voltage
(maximum value)

Tracks present

Discharges not
connected
with tracks

11 kV/2 cm

No tracks

Discharges appear
rarely on the
sides of the box

12 kv/2 cm

Weakly
visible
tracks
appear

13 kV/2 cm,
14 kV/2 cm 15 kV/2 cm

Bright tracks

Discharges occur on
the sides of the box

False dis-
charges
occur in
the en-
tire vol-
ume

No discharges occur in boxes through which a charged
particle does not pass

Table III

Ef
fic

ie
nc

y

Pulse delay time
1 / i s e c 6 μ s e c

~ 1 0 0 %

G o o d t r a c k s v i s -

i b l e o n a l l f r a m e s

~ 1 0 0 %

~ 5 0 %

L i g h t l y b e n t t r a c k s

o r n o t r a c k s v i s -

i b l e i n h a l f o f t h e

f r a m e s

~ 5 0 %

1 0 . 5 M s e c

~ 1 0 %

A c c i d e n t a l d i s - '

c h a r g e s s e e n

~ 5 %

^ max

1 3 k V / 2 c m

1 0 k V / 1 c m

T a b l e I V

P u l s e d e l a y t i m e

B o x h e i g h t 2 c m

( 1 3 k V / 2 c m )

B o x h e i g h t 1 c m

( 1 0 k V / 1 c m )

1

1

1 /^sec

. 7 ± 0 . 2

. 4 ± 0 . 3

mm

m m

3 .

2

6 / i sec

9 ± 0 . 4 , m m

3 ^ 0 . 5 mm

10

4

.5 Msec

6 ± 0 . 7

T a b l e V

ευ

•a

X
&

Voltage

Pulse delay time

No. of spark channels
per centimeter

13 kV/2 cm

1.8±0.3 2.2±0.4

10.5 μsec

2.9±0,7

15 kV/2 cm

1 fisec

2,6±0.3

Voltage 8 kV/1 cm

Pulse delay time

No. of spark channels
per centimeter

2.4±0.3

10 kV/1 cm

2.6±0.4

of s p a r k s p r o d u c e d p e r u n i t p a t h u n d e r t h e s e c o n d i -

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

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

c l o u d c h a m b e r . T h e a u t h o r s ' d a t a a r e s u m m a r i z e d i n

T a b l e V. It i s s e e n f r o m t h e t a b l e t h a t t h e n u m b e r of

s p a r k s i s a p p r o x i m a t e l y l / l O t h e n u m b e r of e l e c t r o n s

p r o d u c e d b y t h e p r i m a r y p a r t i c l e . T h i s e f fec t c a n b e

d u e to m a n y p r o c e s s e s , f o r e x a m p l e , r e c o m b i n a t i o n ,

p r o d u c t i o n of n e g a t i v e i o n s , a n d o t h e r p r o c e s s e s

w h i c h a r e c o n s i d e r e d i n ' 3 5 ] o n l y q u a l i t a t i v e l y * . 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 t h e c h a m b e r i s i t s d e a d

t i m e T g , w h i c h d e t e r m i n e s t h e p o s s i b i l i t y of r e g i s -

*It is possible that in the future it will be possible to correlate
the number of sparks per unit path with the ionizing ability of the
particle.
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trat ion of frequent events ; without stopping to d i scuss

how the dead t ime is de termined, we indicate that it

amounts to 0.1—0.2 s e c .

Let us cons ider now, following Fukui and Mijamoto,

the possible mechanism for the o c c u r r e n c e of a d i s -

charge along the par t ic le t ra jec tory .

P a s s a g e of the charge p a r t i c l e leaves in the

counter a chain of e l e c t r o n s , with each succeeding

e lec t ron c l o s e r to the p la te . When a high-voltage

pulse is applied, each e lect ron init iates a c a s c a d e ,

and for inclined t r a j e c t o r i e s an e lect ron cloud of one

cascade occurs n e a r the posit ive-ion cloud of the

neighboring c a s c a d e . When these clouds a r e suitably

a r r a n g e d , the e lec t r ic field between them can become

sufficiently s t rong to cause the fur ther development

of the c a s c a d e s to be governed by this field r a t h e r

than by the external e l e c t r i c field (which d e c r e a s e s

exponentially with t ime) . In the theory of s t r e a m e r

di scharges a formula is derived for the field Ε at a

dis tance χ from the c e n t e r of the head of the c a s c a d e :

Ε = ~- εαρβα ί/*2,

w h e r e ε is the e lectron c h a r g e , a the Townsend c o -

efficient, p the radius of the avalanche head, and б

the path covered by the avalanche. If it is a s s u m e d

that in o r d e r for cascades to develop along the t r a -

jectory the field Ec m u s t be at l e a s t equal to the ex-

terna l field E o , we obtain the equation

Ec =

where t is the action t ime of the external field. Un-

d e r the conditions of № with t = 5 χ 1 0 " 8 sec , the

s p a c e - c h a r g e field is approximately equal to the ex-

t e r n a l field. Then p = 0.007 c m .

If we denote by I the average dis tance between

p r i m a r y e l e c t r o d e s , which is equal to 0.03 cm, then,

if 2p > I s in Θ, the two neighboring clouds will o v e r -

lap. This gives a c r i t ica l value sin θ < 0.007/0.03,

corresponding to θ ~ 30°. The fact that at 15 < θ < 30°

the d i s c h a r g e s do not always follow the t r a j e c t o r i e s

i s a t t r ibuted by the authors of the p a p e r to fluctua-

tions in the development of the c a s c a d e and to diffu-

sion of the p r i m a r y e l e c t r o n s .

F u r t h e r investigations of d i scharge c h a m b e r s w e r e

made in Dubna by A. A. Tyapkin (see ^39-1) and by

Govorov et al ^ 4 2 ] in exper iments with cosmic rays

and with a 660-MeV proton beam from an a c c e l e r a t o r .

The authors developed c h a m b e r s with long i n t e r e l e c -

t rode gaps, up to 70 m m , and filled with neon a t

a tmospher ic p r e s s u r e and 0.4% argon added. In one

of the construct ions, the e lect rode was an e lectrolyte

poured over the sur face of an organic-g lass box con-

taining the working volume of the c h a m b e r . Photo-

graphs w e r e obtained of t r a c k s making different

angles with the e l e c t r o d e s ; typical photographs a r e

shown in Fig. 22.

Figures 22a and b show t r a c k photographs of p r o -

tons pass ing success ive ly through two c h a m b e r s , one

FIG. 22

placed a t an angle to the direct ion of motion of the

p r o t o n s . The t r a c k thickness is 2 m m . The maximum

angle at which the discharge always p a s s e s along the

t r a c k is 30°. At angles l a r g e r than 30°, both normal

and dis tor ted t r a c k s were observed. Sometimes s a t i s -

factory t r a c k s were observed even at angles close to

50°. The authors note that the maximum angle in-

c r e a s e s with d e c r e a s i n g gradient of the e l e c t r i c field,

with d e c r e a s i n g durat ion of the pulse, with d e c r e a s i n g

front of the high-voltage pulse, with increas ing ion-

izing ability of the p a r t i c l e s , and with increas ing d i s -

tance between e l e c t r o d e s . F igure 22b shows a photo-

graph of the t r a c k of a p a r t i c l e pass ing along the

e l e c t r o d e s . The photograph was taken through the

t r a n s p a r e n t e lec t rode . In the o ther project ion the

t r a c k becomes s m e a r e d out on going from e lect rode

to e l e c t r o d e . The authors note a l so s m e a r i n g of the

t r a c k perpendicular ly to the e l e c t r i c field, owing to

secondary d i scharge columns n e a r the main s p a r k

channels .

The t ime c h a r a c t e r i s t i c s presented in the paper

a g r e e with the data of Fukui and Mijamoto.

14. Spark Chamber. Counting C h a r a c t e r i s t i c of the
Spark Chamber

The s p a r k c h a m b e r usually const i tutes a shelf

s t r u c t u r e (metal l ic o r g lass p lates with conducting

coatings on both s ides), placed in a box filled with

i n e r t gas* . Unlike the discharge c h a m b e r , the e l e c -

t rodes a r e in d i r e c t contact with the working gas in

this c a s e . The interconnection of the plates and the

high-voltage pulse supply a r e exactly the s a m e as

used by Fukui and Mijamoto. Figure 23 shows a

photograph obtained by Mikhailov, Roinishvili, and

Chikovani ^ 3 6 ] in a 10-layer spark c h a m b e r made up

of b r a s s p lates m e a s u r i n g 11 x 14 cm and filled with

•Differently constructed variants will be considered below
in Sec. 20.
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a)

neon "of special purity" to a pressure 1.1 atm. The

particle trajectory can be traced by following ten

sparks, each 2—3 mm in width (distance between

electrodes is 10 mm). The photograph shows that,

unlike in the discharge chamber, the development of

the discharge in the spark chamber is along the direc-

tion of the external magnetic field, although in some

segments the sparks do follow the trajectory or ex-

hibit kinks. Similar chambers, filled with inert gases,

are widely used and have been described in many

p a p e r s В^зз,36-39] _ W e s h a l l c o n s i d e r t h e i r main

p r o p e r t i e s below.

The operat ion of the s p a r k c h a m b e r is c h a r a c t e r -

ized to a considerable degree by the p r o p e r t i e s of the

individual s p a r k gap, which has the s a m e construct ion

and supply c i r c u i t as the a i r counter (see Fig. 11),

and is invest igated in an analogous method and f rom

the s a m e point of view. We shall therefore r e f e r f r e -

quently to the corresponding sect ion of the preceding

par t , emphasiz ing only the principal ly new features

introduced into the operat ion of the s p a r k c h a m b e r by

the use of the iner t gas as a medium.

The counting c h a r a c t e r i s t i c of a s p a r k c h a m b e r

filled with i n e r t gas is a typical curve with a plateau.

It is easy to obtain a c h a m b e r efficiency c lose to 100%

and an operat ing-region width of 3—5 kv. At d = 10

m m and ρ = 1 atm (these p a r a m e t e r s a r e typical of

a l a r g e number of investigations), the working region

is n e a r ~ 7 kV for neon and 13 kV for argon, that is ,

s m a l l e r gradients a r e n e c e s s a r y for argon and neon

c h a m b e r s than for a i r c h a m b e r s , for in this c a s e

t h e r e is no detachment of e lec t rons f rom the e l e c t r o -

negative ions. On the high-voltage s ide, the plateau

is l imited by the spontaneous breakdown, which is not

connected with the passage of p a r t i c l e s ( see P a r t II,

Sec. 7). However, if the high-voltage pulse i s always

connected with the passage of a par t ic le through the

chamber , the breakdown will occur at the point of

passage of the par t ic le under considerably higher

voltages. This effect extends the operat ing reg ion

even m o r e .

The information presented m u s t be r e g a r d e d as

tentat ive. We a l ready know that the counting c h a r a c -

t e r i s t i c depends on many p a r a m e t e r s of the equip-

ment. F i g u r e 13, to which we have a l ready r e f e r r e d

10
FIG. 24

г—12 p F ; 2 — i n o p F ; 3—2000 pF.

15 kV

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

counting c h a r a c t e r i s t i c s for different ρ and d. Fig-

u r e 24 shows the counting c h a r a c t e r i s t i c s for a

chamber with a capaci tor connected in para l le l '-43].

We s e e that reduct ion of the p r e s s u r e and of the d i s -

tance between e lec t rodes , and a l so i n c r e a s e of the

c h a m b e r capaci tance, lead to a d e c r e a s e in efficiency.

F o r the s a m e pulse front, ~ 3 χ 10~8 sec , the working

region d i s a p p e a r s completely in the c a s e of a s p a r k

c h a m b e r with d = 3—4 m m filled with neon o r a rgon

at a tmospher ic p r e s s u r e . However, an efficiency ex-

ceeding 90% was obtained for a c h a m b e r using neon

a t 1.3—2 a t m o s p h e r e p r e s s u r e with d = 3 m m .

These phenomena can be descr ibed by formula (10),

and a r e connected with the t ime behavior of the s p a r k

c h a m b e r s , and p r i m a r i l y with the fact that the front

of the pulse and the c l e a r i n g field have t ime to gather

away the e l e c t r o n s from a l a r g e r o r s m a l l e r p a r t of

the s p a r k gap p r i o r to the breakdown.

Let us cons ider a few other de ta i l s . The amplitude

of the high-voltage pulse n e c e s s a r y for n o r m a l o p e r a -

tion of the s p a r k c h a m b e r does not depend strongly on

the dis tance between the e lec t rodes (it v a r i e s m o r e

slowly than the f i rs t power of the dis tance). F r o m an

examination of curves s i m i l a r to 4 and 5 on Fig. 13,

and a l so f rom exper ience with e lec t rodes in the form

of round f r a m e s with foil s t r e t c h e d over them ^ , it

can be concluded that even when the gap v a r i e s by

5—10% from point to point in the c h a m b e r , the c h a m b e r

efficiency r e m a i n s c lose to 100%. The working region

d e c r e a s e s in this c a s e . The 5—10% figure is the o r d e r

of magnitude of the requi red accuracy in the adjust-

ment of the e l e c t r o d e s , and d e t e r m i n e s in p a r t i c u l a r

the r e q u i r e m e n t s imposed on the c a r e in s t re tching

the foil, on which waves may be produced by t e m p e r a -

t u r e var ia t ions .

Brief information concerning c h a m b e r s filled with

hel ium and xenon a r e contained in L 3 1 l 4 4 ] and in *-45-'

respect ive ly . A hel ium c h a m b e r with d = 6 m m ,

ρ = 760 m m Hg, V c i = 0, τ = 0.5 дэес at V = 16 kV

had an efficiency of 100%, which dropped to 80% for

d = 3 m m , ρ = 4 a tm, and V = 12 kV. F o r a xenon

c h a m b e r with d = 7 mm, the efficiency was 90% in

the p r e s s u r e range 0.1 — 0.2 a t m . Mention is made in

'-44] of a hydrogen-filled s p a r k c h a m b e r . With d = 3

m m , V = 12 kV, and a p r e s s u r e in the range 1—3, the

hydrogen c h a m b e r had negligible efficiency.
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15. Time C h a r a c t e r i s t i c s of the Spark Chamber

We have a l ready mentioned the e lectronic m e c h -

ani sm of m e m o r y in s p a r k c h a m b e r s filled with iner t

g a s e s . Let us cons ider the corresponding e x p e r i -

mental data.

Figure 25, from the p a p e r of Bayukov et al '-31],

shows the dependence of the efficiency on the c l e a r i n g

field for a c h a m b e r filled with argon a t ρ = 400 m m

d = 6 m m (curve 6) and d = 4 m m (curve 7); r = 0.5

/zsec. F o r compar i son, the s a m e figure shows the

corresponding curve for a c h a m b e r filled with a i r

(curve 1) a t ρ = 760 m m Hg, d = 2 m m and τ = 0.5

/jsec. These curves differ great ly, p a r t i c u l a r l y a t

low c l e a r i n g fields. The r e s u l t s p r e s e n t e d for argon

can be readi ly t r e a t e d by m e a n s of formula (11), a s

was done for a i r c h a m b e r s in Sec. 3 of the preceding

c h a p t e r . The value ~ 3 χ 10~3 cm 2 /V-sec obtained

for the mobil i ty c o r r e s p o n d s to the mobil i ty of the

e l e c t r o n s in the g a s . P r o p e r l y speaking, evidence in

favor of the e lect ronic m e m o r y m e c h a n i s m is p r e -

sented even by the re lat ively s h o r t m e m o r y t ime of

the s p a r k c h a m b e r s , which of c o u r s e depends, as we

shal l show present ly , on many p a r a m e t e r s .

F i g u r e 26 shows the dependence of the efficiency

on the t ime delay (Curve 1) for a high-voltage pulse

applied to a neon s p a r k c h a m b e r (d = 8 m m , ρ = 1.1

a tm, V c i = 0 ) , given in the paper by Mikhailov,

Roinishvili and Chikovani '-36]. The c h a m b e r m e m o r y

t ime amounts to s e v e r a l m i c r o s e c o n d s . Figure 27

shows the corresponding data obtained by Cronin ' s

group '-46] in Berkeley. The family of curves was

plotted for a neon chamber with different values of

c l e a r i n g fields. Similar information can be found in
39

many p a p e r s *-39J An analogous variat ion is observed

for an argon c h a m b e r
g

8J
Simultaneous examination of all the published ex-

p e r i m e n t a l data makes it poss ible to draw the follow-

FIG. 25. Efficiency vs. clearing field (Vci).
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ing conclusions concerning the memory time of spark
chambers filled with inert gases.

a) The memory time varies from fractions of a
microsecond to ten microseconds, depending on the
type and pressure of the gas, distance between elec-
trodes, clearing voltage, etc. The upper limit is de-
termined by the diffusion of the electrons in the gas.
The role of the diffusion is also manifest in the
broadening and splitting of the spark in the case of
long delays of the high-voltage pulse. The lower limit
of the memory time has not been investigated, since
there are difficulties in applying a high-voltage pulse
with sufficiently steep front, ~ 10~8 sec, and with a
delay time shorter than a fraction of a microsecond.
If these difficulties are overcome, we can hope that
for some parameters of a spark chamber the memory
time will at least be one order of magnitude shorter
than that obtained.

b) The memory time decreases with increasing
voltage. However, according to Cronin's data (see
Fig. 27) for a neon chamber, it has a minimum which
is attained at Vci = 150 V. This is apparently con-
nected with the fact that large clearing fields will by
themselves start to accelerate the electrons to the
atomic excitation energy. At the present time there
are no data concerning the memory time for clearing
fields exceeding 400 V.

c) The memory time of the chamber decreases
with decreasing working pressure.
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d) At a fixed gas pressure, the memory time de-
creases with decreasing distance between electrodes
(see for example, curves 6 and 7 on Fig. 25). It is
prec i se ly this effect, when τ < τ φ which d e t e r m i n e s

the minimum distance between the e lec t rodes (see the

las t sect ion). In es t imat ing the influence on d, it i s

n e c e s s a r y to take into account not only the fact that

when this quantity d e c r e a s e s the dis tance which the

e lect ron m u s t cover in o r d e r to r e a c h the e lect rode

d e c r e a s e s , but a lso that, o ther conditions remaining

equal, the capaci tance i n c r e a s e s and consequently the

front of the high-voltage pulse becomes les s s teep .

e) The c h a r a c t e r of the dependence of the efficiency

of the s p a r k c h a m b e r s on the delay t ime for fixed

values of p, d, and V is such (see Fig. 27) that for

any of the curves given, even at the lowest value of

the delay, t h e r e is a region with ~ 100% efficiency.

The p r e s e n c e of such a region has g r e a t p r a c t i c a l

importance, s ince T J cannot be made very s m a l l .

The width of this region depends apparently on the

s a m e p a r a m e t e r s as the m e m o r y t ime itself.

f) The curves of the c h a m b e r efficiency against

the delay t ime, for la rge values of r d , frequently

have slowly descending " t a i l s " at the 20—30% level

(see, for example, Fig. 26). The " t a i l s " a r e due a p -

parent ly to the impur i t ie s in the gas filling the c h a m -

b e r . This may be an admixture of a e lectronegat ive

gas or a gas that ionizes as a r e s u l t of removal of

the excitation from the atom of the main gas, which

is in a m e t a s t a b l e s t a t e . The m e c h a n i s m of this phe-

nomenon has not been investigated in detai l . Addition

of uncontrol lable impur i t ie s to the working gas a l so

gives r i s e to a s c a t t e r in the t ime c h a r a c t e r i s t i c s ob-

tained by different w o r k e r s or even by one and the

s a m e group at different t i m e s . Thus, curve 2 of Fig.

26 is the s a m e chamber c h a r a c t e r i s t i c as r e p r e s e n t e d

by curve 1, except that it has been plotted i m m e d i -

ately after filling the chamber (whereas the previously

presented curve was obtained after s e v e r a l hundred

d i s c h a r g e s in the chamber , after it has attained suf-

ficient t ime stabil i ty). It is probable that the observed

differences a r e due to gas r e l e a s e d from the c h a m b e r

m a t e r i a l (see Sec. 1).

The question of the dead t ime has been considered

in Sec. 3 of P a r t II. We note m e r e l y that in c h a m b e r s

filled with iner t gases the dead t ime can apparent ly

be reduced to 5—10 дэес J

F i s c h e r and Zorn ^48•' m e a s u r e d the t ime of forma-

tion of a s p a r k in a s p a r k c h a m b e r filled with i n e r t

g a s e s . Detailed dependences of this t ime on the value

of the high-voltage pulse were obtained at different

values of d for c h a m b e r s filled with different gases

(argon, neon, hel ium), with and without addition of

alcohol. The t ime of formation of the spark var ie s

from s e v e r a l microseconds to severa l hundredths of

a microsecond. It d e c r e a s e s rapidly with increas ing

amplitude of the high-voltage pulse.

16. Simultaneous Regis t ra t ion of Several P a r t i c l e s

We have a l ready seen (see the typical photograph

on Fig. 23) that one p a r t i c l e i s r e g i s t e r e d effectively

in all the gaps of a m u l t i - l a y e r c h a m b e r if the l a t t e r

a r e connected in para l le l and a r e fed from one high-

voltage s o u r c e . A s p a r k c h a m b e r is a lso capable of

r e g i s t e r i n g s e v e r a l charged p a r t i c l e s s imultaneously

(Fig. 28) [ 4 3 ] ( see also C 4 6 ' 4 7 ] ) .

I I i t

I H i

I Щ

FIG. 28

It is simpler to register one particle in several
gaps connected in parallel than it is to register sev-
eral particles in a single spark gap^43'45]. The reason
for it is apparently that the spark gaps are still de-
coupled from one another. To be sure, this decoupling
is much weaker than that required for the operation
of air spark chambers, but it is sufficient, inasmuch
as the neon and argon chambers have an electronic
memory and the fluctuation in the time of the start of
the discharge is much smaller. These fluctuations
are apparently so small that at sufficiently high vol-
tages it is not only the parallel gaps that are de-
coupled, but even individual points on the same elec-
trode; the drop in the potential at the point of the
electrode where the discharge occurs does not have
time to influence appreciably the potential at the point
where the second discharge begins to develop, and in
any case the potential of the second point also corre-
sponds to the working region.

Meyer and Terwilliger [-49] investigated the effic-
iency of registration of one particle in two parallel
gaps with different electrode distances. For d = 11.1
and 12.7 mm, the second gap did not operate at all.
However, when decoupling resistances were connected
in the leads supplying the pulse to the two chambers,
both gaps were made to break down by a single parti-
cle, with efficiency ~ 100%. The authors note that a
small sag in the electrode in an individual gap (d
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Table VI

Vcl, V

0
7

10

Ч12

o
o

o
O

O
O

"22

0 . 9 7 ± 0 . 0 1
0 . 9 6 ± 0 . 0 3
0 . 9 4 ± 0 . 0 3

132

0 . 9 1 ± 0 . 0 2
0 . 8 9 ± 0 . 0 2
0 . 8 6 ± 0 . 0 2

ήΐ2 — VTjsi

0 . 0 2 ± 0 . 0 2
0 . 0 2 ± 0 . 0 2
0 . 0 3 ± 0 . 0 3

"12 - f 43,

0 . 0 3 ± 0 , 0 2
0 .04±0.02
0.05±0.02

= 9 . 6 m m ) l e a d s t o a d e c r e a s e i n t h e e f f i c i e n c y o f

r e g i s t r a t i o n of t h e s e c o n d p a r t i c l e ( t o 5 0 % ) . I n t h e

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

t r a t i o n o f a l a r g e n u m b e r o f p a r t i c l e s ; a d e c r e a s e i n

e f f i c i e n c y b y 5 0 % i s n o t i c e d o n p a s s a g e o f 2 0 — 3 0

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

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

t a n e o u s r e g i s t r a t i o n o f s e v e r a l p a r t i c l e s c o n s i d e r e d

a b o v e .

Q u a n t i t a t i v e d a t a o n t h e e f f i c i e n c y o f r e g i s t r a t i o n

o f s e v e r a l p a r t i c l e s i n o n e s p a r k g a p ( d = 1 0 m m ,

D = 1 3 k V ) w e r e o b t a i n e d i n [ 4 3 ] f o r a f o u r - l a y e r n e o n

c h a m b e r o p e r a t i n g w i t h a m e s o n b e a m . T h e c o r r e -

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

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

s p a r k g a p a r e s u m m a r i z e d i n T a b l e V I . I f t h e p a r t i -

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

a n o t h e r , t h e e f f i c i e n c y f o r t h e r e g i s t r a t i o n o f t w o

p a r t i c l e s i s e x p e c t e d t o e q u a l t h e s q u a r e o f t h e r e g i s -

t r a t i o n e f f i c i e n c y o f o n e p a r t i c l e , t h a t f o r t h r e e p a r -

t i c l e s t o e q u a l t h e c u b e , e t c . I n t h e f i f t h a n d s i x t h

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

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

t h o s e c a l c u l a t e d u n d e r t h i s a s s u m p t i o n . I t i s e v i d e n t

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

r e g a r d e d a s a n i n d e p e n d e n t e v e n t .

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

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

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

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

t h e n u m b e r o f s p a r k s , o n t h e i r m u t u a l p l a c e m e n t , e t c .

T h e q u e s t i o n of t h e r e l a t i v e i n t e n s i t y o f s p a r k g l o w

h a s n o t b e e n i n v e s t i g a t e d i n d e t a i l . I t c a n o n l y b e

n o t e d t h a t i n t h e c a s e w h e n s e v e r a l p a r t i c l e s a r e

r e g i s t e r e d , t h e d i f f e r e n c e i n t h e s p a r k b r i g h t n e s s

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

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

T h e q u e s t i o n o f s i m u l t a n e o u s r e g i s t r a t i o n o f t r a c k s

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

t i m e s h a s b e e n d i s c u s s e d i n a s y m p o s i u m t 3 3 ] . I t h a s

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

c i e n c y o f t h e " o l d " a n d " n e w " t r a c k s i s d i f f e r e n t .

T h i s q u e s t i o n w a s n o t i n v e s t i g a t e d i n g r e a t e r d e t a i l .

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

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

t h r o u g h a c h a m b e r a t a s m a l l a n g l e t o t h e e l e c t r o d e

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

o b t a i n e d b y F u k u i a n d M a j a m o t o ( s e e S e c . 1 3 o f t h i s

p a r t ) , a r e c o n t a i n e d i n C 3 7 > 3 ^ . F i g u r e 2 9 s h o w s b y w a y

Side v iew

View through t h e t r a n s p a r e n t e l e c t r o d e s

F I G . 29

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

p a r t i c l e t r a c k i n a f i v e - l a y e r s p a r k c h a m b e r w i t h

t r a n s p a r e n t e l e c t r o d e s '-37-'.

1 7 . D e v i a t i o n o f t h e S p a r k f r o m t h e P a r t i c l e

T r a j e c t o r y

T h e m o s t i m p o r t a n t q u e s t i o n i s t h a t o f t h e v a l u e o f

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

j e c t o r y a n d t h e a c c u r a c y w i t h w h i c h t h e t r a j e c t o r y of

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

o f s p a r k s i n t h e s p a r k c h a m b e r .

M i k h a i l o v e t a l '-36-1 m e a s u r e d i n a t e n - l a y e r n e o n

s p a r k c h a m b e r ( d = 1 0 m m ) t h e c o o r d i n a t e s of t h e

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

s q u a r e s s t r a i g h t l i n e s a p p r o x i m a t i n g t h e t r a j e c t o r y .

T h e m e a n - s q u a r e d e v i a t i o n o f t h e c e n t e r s f r o m t h i s

line turned out to be σ = 0.22 mm for trajectories
that make a small angle θ with the direction of the
electric field in the chamber. The distribution of the
deviations is shown in Fig. 30. The deviation method
(see Part I) was used to determine in a five-layer
argon chamber *-37] the mean-square deviation of the
streamer from the trajectory, σ ~ 0.22 mm, for tra-
jectories with inclination θ < 10°.*

With increasing slope of the trajectory, the dis-
tance from the center of the spark to the trajectory

*The coordinates were measured by determining the points of
intersection of the streamer with the negative electrode; where the
streamer was bent, in the cases when a straight-line section was
observed near the positive electrode, the measurement was based
on the point of intersection of the negative electrode with the con-
tinuation of the straight-line part of the streamer.
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FIG. 30

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

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

t i v e e l e c t r o d e ( s e e S e c . 4 of P a r t I ) . T h e a u t h o r s of
[-36] obtained a value σ = 1.6 m m at an angle θ ~ 45°.

An analys i s has shown that in this c a s e the c l o s e s t to

the approximating line were the points of the s p a r k s

s i tuated at a dis tance s = 0.16d from the negative

e lec t rode (for which σ ~ 0.44 m m ) . A s i m i l a r resu l t ,

σ ~ 0.2d, was obtained by Rutherglen and Paterson'- 5 0 ]

for a seven-layer c h a m b e r , filled with a mixture of

hel ium (75%) and argon (25%). These authors have in-

vest igated in detai l the s c a t t e r of the s p a r k s at dif-

ferent s lopes of the trajectories'- 5 0 ' 5 1-' and different

delay t i m e s of the high-voltage pulse . As a m e a s u r e

of the s c a t t e r they have chosen the quantity δ, which

is the dis tance from the determined s p a r k point to

the line joining s i m i l a r points of the e x t r e m e s p a r k s .

The a b s c i s s a s of Fig. 1 a r e the deviations (meas-

u r e d by the s p a r k points s i tuated at a d i s tance

s = 0.2d from the negative e lectrode) and the o r d i -

nates a r e the n u m b e r s of events (in p e r cent) having

a deviation s m a l l e r than δ. The t h r e e curves a, b ,

and с per ta in to t r a j e c t o r i e s that l ie in the angle in-

t e r v a l s 0—15°, 15—30°, and 30—45°, respect ive ly

( T J = 0.25 μββο). Comparison of these curves shows

that with increas ing slope of the t ra jectory the devi-

ation of the s p a r k s from the t ra jec tory i n c r e a s e s . The

s a m e figure shows curve d for the angle interval

0—15°; for T,J = 1.6 μββο it is much l e s s s teep than

the corresponding curve a, indicating that the devia-

tions i n c r e a s e noticeably with i n c r e a s i n g delay t i m e

of the high-voltage pulse . The main cause of this is

the diffusion of the e lec t rons during the delay t i m e .

F o r inclined t r a j e c t o r i e s , in addition, an important

role is played by the fluctuations in the position of the

initial points of o c c u r r e n c e of the s t r e a m e r and other

factors , for example, the d e p a r t u r e of the e l e c t r o n s

from the vicinity of the negative e lectrode to the

e l e c t r o d e .

Let us cons ider now the influence of the e l e c t r i c a l

c l e a r i n g field. The c lear ing field t r a n s p o r t s the col-

umn of e lec t rons produced along the path of the p a r -

t icle to the positive e l e c t r o d e . When the high-voltage

pulse (of polar i ty opposite that of the c l e a r i n g field)

is applied, the s t r e a m e r i s initiated as before by the

e lec t rons s i tuated near the negative e lec t rode, but

these e l e c t r o n s t u r n out to be far away f rom the t r a -

jectory . The points c l o s e r to the t r a j e c t o r y a r e now

those s i tuated not at a d is tance s ~ 0.2d from the

negative e lec t rode, but at a different d i s tance. F o r

example, a value s = 0.75d i s obtained for a 100-V

clear ing field; however, the curves obtained under the

new conditions for dis tr ibut ion of the values of δ (for

s = 0.75d) t u r n out to be identical to the curves a, b ,

and с of Fig . 31.

FIG. 31

We have thus cons idered the influence of some

factors on the deviation of the s t r e a m e r f rom the

t ra jec tory , and have presented n u m e r i c a l values of

this quantity for ord inary operat ing conditions of

s p a r k c h a m b e r s .

More exact values for the specific c a s e s a r e b e s t

obtained direct ly by means of a control exper iment .

In conclusion it m u s t be noted that the s c a t t e r of

the s t r e a m e r should depend on the value of the over-

voltage on the s p a r k c h a m b e r ; in the region of low

overvoltages at the s t a r t of the plateau the s c a t t e r

can i n c r e a s e noticeably (see Sec. 4 of P a r t I), but

t h e r e a r e s t i l l no d i r e c t pert inent exper imenta l data.

In addition to the p a p e r s r e f e r r e d to, t h e r e a r e s o m e

communicat ions containing data on the a c c u r a c y with

which coordinates a r e m e a s u r e d in s p a r k c h a m b e r s ,

and these data a r e in approximate a g r e e m e n t with

those p r e s e n t e d . Inasmuch as these communicat ions

have not been published, t h e r e i s no s e n s e in d i s c u s -

sing these r e s u l t s in g r e a t e r detai l .

18. Succession of Sparks Along the P a r t i c l e T r a c k

Borisov e t al [ 3 8 ] have shown for the f i rs t t ime that

under c e r t a i n conditions the s p a r k s follow the t r a j e c -

tory of the charged p a r t i c l e s in an ordinary s p a r k

c h a m b e r without a d ie lec t r ic between the e l e c t r o d e s .

The investigations were c a r r i e d out with a c h a m b e r

filled with argon at a tmospher ic p r e s s u r e or with an

argon and alcohol ( sa turated vapor) m i x t u r e a t 0.5—1

a t m . The i n t e r e l e c t r o d e d i s tance was 10, 12, and 30

m m . Up to p a r t i c l e - t r a j e c t o r y inclinations ~30°, the

d i s c h a r g e s always followed the p a r t i c l e t ra jec tory

(Fig. 32a), but when a 300 p F capac i tor was connected

in para l le l with the c h a m b e r (the capaci tance of which
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FIG. 32

was 50 pF), step-like tracks replaced the inclined
tracks (Fig. 32b). With further increase in the capac-
itance, the usual discharge picture occurring in spark
chambers with small gap, where the discharge is
perpendicular to the electrodes, was observed (see
Fig. 23).

The succession of the sparks along the track was
observed very consistently in spark chambers with
large gaps. Thus, '-52-' reports investigation of cham-
bers with 50—100 mm spark gaps, fed with high-vol-
tage pulses from a Marx discharge generator. It was
shown that in these chambers, in a cone ranging in
angle from 0 to 40°, the discharge always follows the
trajectories of the particles and the chambers regis-
ter the particle showers effectively. The best results
were obtained with chambers filled with neon of high
purity. Chikovani et al ] (Fig. 33), using a telescope
of three spark chambers (one with a 100 mm gap and
two others with 50 mm gap each) have shown that in
a chamber measuring 800 x 400 x 100 mm, the errors

in the measurement of the inclination of the trajectory
by determining the inclination of the spark is on the
order of 10~3 radian, that is, the discharge follows
very accurately the particle trajectory. Figure 33a
shows a photograph of a particle shower obtained in
the same chamber.

Another group* investigated a chamber 40 cm high
(chamber area 30 x 30 cm, glass walls, electrode
area 60 x 60 cm), consisting of two sections of 20 cm
each, separated by an aluminum foil 50 microns thick.
The chamber was filled with pure neon to a pressure
of 650 mm Hg and operated at 55 kV on each section.
The upper and lower electrodes of the chamber were
layers of SnCl2 (resistance ~100 Ω/cm), deposited
on glass. Sparks induced by muons with momentum
>1 BeV were photographed (the threshold was set by
means of a layer of lead located above the chamber),
for which the mean-square multiple scattering angle
in the foil was 4 x 10~4 radian. The photography was
by means of an RP-53 lens, corrected for the front
wall of the chamber, with low optical distortion in the
central region of the chamber. The photography scale
was 1 :10. The high-voltage pulse was applied to the
chamber from a discharge generator with a lag of 0.6
цзес following the passage of the particles; the pulse
rise time was 10~8 sec and its duration 10~7 sec.
Geiger-counter telescopes separated the muons going
into an angle 0—8° to the vertical.

Fifteen muon trajectories passing through the
central part of the chamber were processed (Fig. 34).

FIG. 34

FIG. 33
*V. N. Bolotov, M. I. Daion, M. I. Devishev, V. N. Dolgoshein,

L. F. Klimanova, V. I. Luchkov, A. P. Shmeleva.
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A total of 100 points of the trajectory were measured
in the film in each section, and the approximating
straight line was drawn by the method of least squares.
The angle between these lines in the two sections of
the chamber was determined. The mean-square value
of the angle, after corrections for distortion, was
found to be (0.65 ± 0.3) x 10~3 rad. If we take into
account scattering in the foil, then the mean-square
value of the false angle between the tracks in two
sections of the chamber amounts to 0.5 χ 10"3 rad;
these quantities are considerably larger near the
chamber walls, apparently owing to the greater in-
homogeneity of the electric field in this region.

The authors suggest that in a chamber where the
electric field is highly homogeneous the value of the
false angle can be decreased. We note that the quality
of the tracks in the chamber depends significantly on
the pulse parameters.

The data presented concerning the succession of
the spark along the particle trajectory can be readily
explained by starting from the same concepts as were
developed in the second section of the present part,
as applied to the discharge chamber; in fact, the
presence of the dielectric along the path of the dis-
charge was not considered at all.

In order to gain a deeper understanding of the
nature of the succession of the sparks along the track,
it is necessary to consider in addition the time devel-
opment of the process. The leading front of the high-
voltage pulse blows the column of electrons toward
the positive electrode in such a way, that only in part
of the spark gap is there a relic left of the direction
of the registered particle. In this part of the spark
gap where no electrons were left, the discharge de-
velops in a direction close to that of the external field.
In the case of smaller gaps distortions in the inclined
tracks are observed near the positive electrode, and
these cannot be attributed to the removal of the elec-
tron column "-69].

It is seen from the foregoing that the size of the
spark section in the direction of the external field
depends on the steepness of the high-voltage pulse
applied to the chamber plates. The steeper the front,
the smaller the displacement of the column of elec-
trons and the easier it is for the spark to follow the
particle track. It has already been noted that this ef-
fect is observed best of all in chambers in which the
distance between electrodes is large. In such cham-
bers, first of all, the part of the gap from which the
electrons are removed by the pulse, is small com-
pared with the entire interelectrode distance, and
second, at large values of d the capacitance of the
chamber decreases, other conditions being equal,
that is, the front of the pulse becomes steeper.

It is noted in D 8 ] that the succession of the spark
along the track in the spark chamber deteriorated in
time. This is probably connected with the appearance
of electronegative gases in the chamber.

Having surveyed the papers on discharge in spark
chambers, let us compare the physical characteristics
of these two instruments. First, discharge in spark
chambers barely differ in their counting and time
characteristics. Their similarity manifests itself
also in the ability of registering with high efficiency
charged-particle showers. Finally, the development
of the discharge along the particle trajectory is not
restricted to the discharge chamber alone, inclined
discharges occur in all spark chambers if the front
of the high-voltage pulse applied to the plates is suf-
ficiently steep.

Usually the spark chambers described in the liter-
ature have small interelectrode gaps and relatively
large capacitances, and the leads supplying the pulse
have relatively large resistance and inductance; this
causes the front of the high-voltage pulse on the
plates of the spark chambers to collapse and conse-
quently the sparks follow along the direction of the
electric field. The presence of a dielectric between
the discharge-chamber electrodes, which at one time
seemed very important, is of no decisive significance
for the succession of the spark along the track, al-
though it does influence the character of the discharge
and some properties of the chamber.

19. Spark Chamber in a Magnetic Field

In practice it is very important to know whether a
spark chamber can operate in a magnetic field, and if
so what are its characteristics under these conditions.
A convincing answer, at least to the first question, is
the photograph shown in Fig. 35, taken from ^ , in a
49-layer spark chamber, filled with a mixture of
argon (70%) and helium (30%) and placed in a 13 kG
magnetic field, we can trace readily the tracks of
fast cosmic particles, and also the track of a slow
electron. We see that in many places the electron
track is directed along the electrodes, but this does
not prevent us from determining its curvature.

The accuracy with which the curvature of a track
in a spark chamber is determined depends on many
parameters: the size of the gap, the clearing field,
the magnetic field intensity, the direction of particle
motion, etc. In particular, in^4 4 ], where a 46-layer
spark chamber filled with neon or helium was used,
the momentum of a 15-BeV particle in a magnetic

.. ν / \

V.
'.••*. i

FIG. 35
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field of 18 kG could be measured accurate to 1 per
cent. In the same paper it is noted that the magnetic
field did not noticeably influence the efficiency and
other characteristics of the chamber. Somewhat
more detailed data on the influence of the magnetic
field on the spark-chamber characteristics are given
in '-47-'. In particular, the so-called Ε χ Β effect is
observed, consisting in the displacement of the pri-
mary-electron column by the action of the clearing
electric field Ε and the magnetic field B, and conse-
quently a displacement of the spark channel relative
to the place where the particle passes. Figure 36
shows a photograph of a track in a chamber with every
other electrode connected to the power supply, so that
the sparks were displaced in opposite directions in
neighboring spark gaps. The displacement is propor-
tional to Ε, Β, and the time of action of these fields,
that is, the time delay of the high-voltage pulse. The
photograph shown was obtained with Ε = 100 V,
В = 13 kG, and r^ = 1 μββο. The displacement of the
sparks is ~5 mm. The authors note that the memory
time of the chamber has been increased. Such effects
as the displacement and the smearing of the spark as
a function of the current through the spark have not
been investigated experimentally and are not con-
sidered here. What is striking is that in a magnetic
field the observed shift of the sparks in a spark cham-
ber filled with inert gas is much larger than in an
air-filled spark counter (see Sec. 4 of Part II'-30-').
The very small deviations of the sparks in an air-
filled spark chamber are connected apparently with
the short lifetimes of the primary electrons produced
on the path of the charged particle: within a time
<10~7 sec they stick to the oxygen molecules and their
mobility drops sharply.

In ordinary spark chambers, the voltage pulse is
applied 10~6 sec after the passage of the charged part i-
cle; during that time the primary electrons can move
far away from their point of initiation in strong elec-
tric ( E ) and magnetic (B) fields.

20. Spark Chamber Constructions

There are various published descriptions of spark
chambers, with constructions that differ greatly from
one another. We shall attempt, however, to group
them in several classes. The most frequently en-
countered spark-chamber construction is in the form

of a rack of electrodes of alternating polarities. The
electrodes are separated from one another by means
of insulating adjusting washers C30>37·38^ o r e j s e a r e

alternately interconnected by metal posts in such a
way that two racks, one inserted in the other, are
produced '-46-',· in this case the electrodes of one polar-
ity are turned 90° relative to the electrodes of the
other polarity in the plane of the electrodes. The
working part of the chamber is formed at the place
where the electrodes cross. The entire construction
is placed in one common evacuated volume with win-
dows for photography. Figure 37 shows the photo-
graph of such a chamber*.

FIG. 37

Another class includes chambers made up of indi-
vidual spark gaps. Frequently the spark gap is made
in the form of a Plexiglas or glass frame, enclosed
on both sides by plates—electrodes (for example'-49'50-').
This class usually includes track type chambers.

For some experiments it may be quite useful to
employ a spark chamber in which a large solid angle
is subtended'-45-'. The electrodes of this chamber are
made in the form of coaxial cylinders, mounted be-
tween plexiglas flanges. A diagram of the chamber is
shown in Fig. 39 below.

Special mention should be made of chambers with
a minimum amount of matter along the particle path
[48,55] T h e a u t j ,ors of [ 5 Й constructed a four-layer
chamber with electrodes made of thin aluminum foil,
7 μ thick, stretched over round frames. The chamber
had windows for the passage of the particles, made of
polyethylene film 70 μ thick. It was shown C 4 8 ' 5 5 ] that
the damage produced to the foil by the sparks, namely
pits, " c r a t e r s , " and even holes, does not change the
chamber characteristics. Chambers of this type are
necessary for experiments under conditions where
the gamma background is large, and also where an
appreciable role can be played by multiple scattering
in the electrodes. Recently a "filament" spark cham-

FIG. 36

*An interesting variant of this construction was demonstrated
by A. A. Tyapkin at the 1961 Conference on Nuclear Radioelec-
tronics in Moscow.
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ber was reported E33].* in this instrument the spark
jumps between oppositely charged filaments, ar-
ranged in a definite sequence. They can be stretched
in different planes. We know little so far about this
instrument, but it is assumed that it will find applica-
tion where it is necessary to register particles
moving in different directions or else along a trajec-
tory with large curvature (spark chamber in a mag-
netic field). It is readily understood that in a filament
spark chamber the problems involved in photography
will be greatly simplified, particularly if the fila-
ments can be made sufficiently thin.

The main difficulty in the construction of a spark
chamber of any type is to overcome false breakdowns
on the edges of the electrodes or through the Plexi-
glas wall between the electrodes. To eliminate false
breakdowns in chambers of the " r a c k " type, the ends
of the electrodes are rounded off, covered with in-
sulating material, or enclosed in special jackets of
insulating material. Sometimes the electrodes are
shaped in such a way that their edges are farther
from one another than the working surfaces of the
electrodes.

Elementary cleanliness conditions must of course
be observed in the assembly of the chamber.

There are apparently no limitations on the mate-
rials from which the electrodes are made. Brass,
iron, aluminum, lead, glass with conducting coating,
etc. have all been used. The housing of the chamber
has been made of glass, Plexiglas, or metal. Packing
of rubber and teflon was used in the chambers, and
epoxy resins were used as glues. It must be noted
that sometimes the chambers begin slowly to lose
their efficiency, particularly in the registration of
several particles. This effect depends, in the opinion
of many authors, on the gas released from the walls
of the chamber and the other structural elements
(Plexiglas, rubber).

21. Effect of Additives in the Working Gas on the
Characteristics of Spark Chambers

The effect of additives on the working character-
istics was not investigated systematically so far. It
is known, however, that the role of different additives,
even in small concentrations, differs greatly both in
character of their action and in the physical nature of
the processes in which they participate.

In some investigations alcohol vapor was added to
the neon or the argon filling the chamber. Such an
addition improves the operation of the chamber'-33'38-'
and reduces the number of the false sparks, which
sometimes accompany the discharge along the parti-

cle track, but apparently calls for some increase in
the working voltage. Other organic additives, such as
acetone, dichloroethane, etc, act similarly. Their
operating mechanism is connected with photon ab-
sorption and is well known from experience with
Geiger counters.

The influence of additives that may enter the
chamber during its production and operation was
considered in L43>44]. First among these is air. It has
been shown '-43] that addition of air with partial pres-
sure 0.02 mm Hg does not affect the efficiency of a
spark chamber. When the partial pressure of the air
in the chamber is 0.1 mm Hg, the efficiency decreases
by less than 10 per cent. These data agree with the
results of'-36-'. They are important for the determina-
tion of the vacuum required before filling the chamber.
Upon further increase in the amount of air in the
chamber, the efficiency of the latter decreases, owing
to the production of electronegative molecules which
do not disintegrate at the gradients under which spark
chambers filled with inert gases operate.

Small additions of nitrogen and carbon dioxide have
an effect similar to that of oxygen. It must be noted
that in many investigations technical argon is used,
which always contains some amounts of these gases.

The presence of water vapor in the gas of the
chamber leads to the occurrence of false breakdowns
at lower voltages, increases the probability of false
breakdowns, and reduces somewhat the registration
efficiency. These effects can apparently be connected
with the dissociation of the water molecule.

It is interesting to note the effects produced on the
operation of the chamber by the vapor of carbon
tetrachloride, which is sometimes used in laboratory
practice to wash equipment. The presence of even
negligible amounts of carbon tetrachloride in the
chamber reduces the chamber efficiency in the trig-
gered mode at τ^ = 0.5 sec to zero ^43]; many hours
of pumping are needed to restore the chamber effi-
ciency.

Many spark chambers are filled with neon to which
argon is added. The addition of a small amount of
argon to the neon increases the ionization density,
owing to the Penning effect.* The presence of meta-
stable states of the atoms of inert gases can greatly
influence the memory time of the chamber and its
dead time. In this sense, a noticeable role can be
played by additives which remove the excitation as a
result of impact of the second kind.

Attention is called in '-45] to the fact that small ad-
ditions of xenon ( ~ 0.1%) to the neon increase the
brightness of the sparks.

*There are also published descriptions of spark counters in
which one of the electrodes is made in the form of several fila-
ments stretched in one plane (see, for example L56J, where all the
earlier work is referred to).

*It is shown in L"J that the same Penning mechanism, which
acts during the short time of spark development, reduces the oper-
ating potential. In chambers filled with neon and argon, the op-
timum argon concentration is 30 per cent.
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22. Features of Photography of Particle Tracks in
Discharge and Spark Chambers

The overall scheme for photographing particle
tracks in a spark or discharge chamber is the same
as in other track chambers. We emphasize below
only those photography features connected with the
specific nature of spark detectors.

The first distinguishing feature is that the object
photographed is a spark. This solves completely the
illumination problem of ordinary track chambers,
which is frequently quite complicated. Usually the
sparks are sufficiently bright (with the exception of
some cases when the discharge develops between
dielectric-coated electrodes), so that small dia-
phragms can be used, increasing the depth of focus
and reducing the requirements with respect to lens
quality. For the same reason, flashes and occasional
extraneous illumination of the volume of the chamber
present no danger.

A second feature pertains essentially to spark
chambers with small interelectrode distances. If the
chambers have any appreciable depth and consist of
several spark gaps, then difficulties arise in the
photography of the entire working volume with a
single lens, since in ordinary photographic systems
the opaque plates (electrodes) interfere with the
photography. Consequently in many investigations
the optical system of the spark chamber includes a
cylindrical lens with generators parallel to the elec-
trodes, and the camera is placed in the focus of the
lens, which extends beyond the photographed volume
^46]. A schematic diagram of such a system is shown
in Fig. 38. In order to view the spark gaps over the
entire depth of a cylindrical spark chamber, the au-
thors of ^45] used part of a spherical lens (Fig. 39).

Cylindrical lenses introduce certain distortion in
the track images, and these are particularly impor-
tant in precise measurements of the tracks in spark
chambers. Some technical difficulties in the manu-
facture of good cylindrical lens for large chambers
must be kept in mind.

If the spark chamber consists of individual spark
gaps, then a possible method of photography is to ar-
range the photographic plates around the axis passing

Camera

Cylindrical
lens

Camera

FIG. 38

[55]through the lenses of two stereo cameras L 5 S J. In view
of the inclination of the gaps relative to one another,
the volume of the chamber is used less effectively,
but the tracks remain undistorted. In many investiga-
tions simple mirror systems are used to photograph
the tracks in two projections on a single frame.

It must be noted that there are still no published
papers in which the problem of photography of tracks
in spark chambers and the concomitant er rors are
considered in sufficient detail.

23. Microwave Chamber

To conclude this chapter let us consider a micro-
wave or highfrequency spark chamber. Strictly speak-
ing, this is not even a spark-type particle detector.
We consider it appropriate, however, to mention this
new instrument, to which only a few papers have been
devoted so far.

The microwave chamber is a cavity resonator
filled with a Penning mixture ( Ne + 0.5% Ar) at
atmospheric pressure. At the instant of passage of
the registered particles through the cavity volume, a
pulse of microwave oscillation of 3000 Me frequency
and of ~10~7 sec duration is excited in the cavity. The
amplitude of the microwave oscillations is sufficient
to permit the electrons produced along the path of the

Cylindrical
spark chamber

Sph.
lens
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Track instruments

Emulsions
Cloud chamber
Bubble chamber
Spark chamber

Spatial
resolution,

cm

Ю-4
10-2
10-2

5-10-2

Sensitivity
time; sec

10-2
- 1 0 - 2

5-10-'

Can it be
controlled?

No
Yes
No
Yes

Dead time,
sec

30
1

10 2

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

g a s t o g l o w a t t h e i r l o c a t i o n . T h e a u t h o r s of t h e

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

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

a s y e t .

T h e m i c r o w a v e d i s c h a r g e c h a m b e r m a y h a v e t h a t

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

i n t h a t t h e m a x i m u m a c c u r a c y i s t h e s a m e i n a n y

d i r e c t i o n .

T h e a u t h o r s of ' - 5 8 ] b e l i e v e t h a t f u r t h e r i m p r o v e m e n t

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

t r a c k s a n d b e t t e r l o c a l i z a t i o n t h a n o b t a i n e d w i t h o r d i -

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

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

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

a l s o p o s s i b l e t h a t t h e m i c r o w a v e d i s c h a r g e c h a m b e r

w i l l h a v e b e t t e r t i m e r e s o l u t i o n .

I V . A P P L I C A T I O N S O F D I S C H A R G E A N D S P A R K

C H A M B E R S

2 4 . C o m p a r i s o n o f S p a r k C h a m b e r w i t h O t h e r

P a r t i c l e D e t e c t o r s

B e f o r e w e d i s c u s s t h e p r o b l e m s c o n n e c t e d w i t h t h e

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

s u m m a r i z e t h e m a i n f e a t u r e s of t h i s i n s t r u m e n t a n d

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

u s e d p a r t i c l e d e t e c t o r s . *

T h e s p a r k c h a m b e r i s a t r a c k i n s t r u m e n t , w h i c h

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

r e g i s t e r e d p a r t i c l e . I n t h i s r e s p e c t i t i s s i m i l a r t o a

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

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

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

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

c u r a c y o f l o c a l i z a t i o n o f t h e p a r t i c l e s i n t h e s p a r k

c h a m b e r ( f r a c t i o n s o f a m i l l i m e t e r ) a n d t h e s p a t i a l

r e s o l u t i o n o f s e v e r a l s i m u l t a n e o u s l y t r a v e l i n g p a r t i -

c l e s ( n o t w o r s e t h a n 1 m m ) a r e m a n y t i m e s g r e a t e r

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

G e i g e r a n d s c i n t i l l a t i o n c o u n t e r s .

O n t h e o t h e r h a n d , t h e s p a r k c h a m b e r i s a n e l e c -

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

of f r a c t i o n s of a m i c r o s e c o n d . S u c h t i m e s a r e c h a r -

a c t e r i s t i c o f c o i n c i d e n c e c i r c u i t s u s i n g G e i g e r

*When we s p e a k hencefor th of spark c h a m b e r s , we mean both

d i s c h a r g e and spark c h a m b e r s .

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

m o d e r n s c i n t i l l a t i o n - c o u n t e r c o i n c i d e n c e c i r c u i t s b y

o n l y a f a c t o r o f s e v e r a l t i m e s t e n . T h u s , t h e s p a r k

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

t e r i s t i c s t h a n o t h e r t r a c k - t y p e p a r t i c l e d e t e c t o r s . T h e

s p a r k c h a m b e r h a s a 1 0 0 p e r c e n t 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 c h a r g e d p a r t i c l e s . I n t h i s c h a r a c t e r i s t i c i t

i s s i m i l a r t o o t h e r w i d e l y u s e d r a d i a t i o n d e t e c t o r s .

H o w e v e r , t h e s p a r k c h a m b e r m a y t u r n o u t t o b e

n o t i c e a b l y m o r e e f f e c t i v e t h a n t h e l a t t e r f o r t h e

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

q u a n t a , n e u t r o n s , a n d n e u t r i n o s . T h i s i s c o n n e c t e d

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

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

p a r t i c l e p a t h . T h e s p a r k c h a m b e r c a n b e m a d e p r a c -

t i c a l l y i n s e n s i t i v e t o n e u t r a l r a d i a t i o n , if i t s e l e c -

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

o f l i g h t m a t e r i a l .

B y i t s v e r y n a t u r e , t h e s p a r k c h a m b e r i s a c o n -

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

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

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

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

t h e p a r t i c u l a r o n e of i n t e r e s t t o t h e e x p e r i m e n t e r . I n

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

m e n t l i k e t h e b u b b l e c h a m b e r , w h i c h r e g i s t e r s a l l t h e

p h e n o m e n a o c c u r r i n g w i t h i n i t s v o l u m e , b u t a n i n -

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

s p e c i f i c p r o c e s s .

N o t t h e l e a s t i m p o r t a n t a m o n g t h e f e a t u r e s o f t h e

s p a r k c h a m b e r i s t h e r e l a t i v e s i m p l i c i t y o f t h e c o n -

s t r u c t i o n , e v e n i n t h e c a s e w h e n t h e d i m e n s i o n s a r e

l a r g e . T h e s i m p l i c i t y o f c o n s t r u c t i o n c a u s e s t h e

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

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

m a t e r i a l a n d t e c h n i c a l r e s o u r c e s .

S o m e n u m e r i c a l c h a r a c t e r i s t i c s o f t h e s p a r k

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

i n T a b l e V I I .

2 5 . A p p l i c a t i o n s o f S p a r k C h a m b e r s

T h u s , t h e n e w i n s t r u m e n t — s p a r k c h a m b e r — c o m -

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

e l e c t r o n i c a n d a t r a c k - t y p e p a r t i c l e d e t e c t o r . S u c h a

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

v e r y s u c c e s s f u l f r o m t h e p o i n t o f v i e w o f m o d e r n

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

p a r t i c l e s .
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At the energ ies attained with a c c e l e r a t o r s , t h e r e

is a l ready sufficiently detailed information c o n c e r n -

ing the c r o s s sect ions of the major i ty of the ord inary

m o s t probable p r o c e s s e s . Attention is now focused

on obtaining detailed c h a r a c t e r i s t i c s of many low-

probabil i ty p r o c e s s e s . It becomes n e c e s s a r y in p r a c -

t i c e to dist inguish the p r o c e s s of i n t e r e s t against a

l a r g e background of accompanying p r o c e s s e s , which

frequently a r e tens of thousands of t i m e s l a r g e r than

the effect itself. F o r this purpose i t is n e c e s s a r y to

introduce a maximum number of se lect ion c r i t e r i a

for the specified event, and when working by the

scinti l lat ion technique it is n e c e s s a r y in addition to

s e t up laborious and prolonged background e x p e r i -

ments .

A photograph of a p r o c e s s contains much in forma-

tion about the var ious events . This is one of the r e a -

sons why many of the r a t h e r in teres t ing investigations

have been c a r r i e d out recent ly with bubble c h a m b e r s .

There is no doubt that the l imits of the capabi l i t ies of

this widely used i n s t r u m e n t have not yet been r e a c h e d .

F o r many physical p r o b l e m s , however, the sensible

l imit of applicability of the bubble c h a m b e r has a l -

ready been reached. We re fer to the observat ion of

such r a r e p r o c e s s e s , yet those growing in i m p o r t a n c e

from day to day, wherein 10—15 se lected events a r e

se lected from 5 χ ΙΟ 5—10 6 photographs made in a

l a r g e bubble c h a m b e r . In such c a s e s the production

of the photographs and p a r t i c u l a r l y the se lect ion con-

s u m e very much t i m e , even if the par t ic le t r a c k s on

the photographs a r e p r o c e s s e d by modern machine

methods .

A photograph can be readi ly p r o c e s s e d if it con-

ta ins not m o r e than 20—40 incoming p a r t i c l e s . If the

number of photographs is 106, the total flux of p a r t i -

c le s r e g i s t e r e d in a bubble c h a m b e r cannot exceed

(2—4) χ 107 p a r t i c l e s . This means that in many c a s e s

the c h a m b e r p r o c e d u r e makes inefficient use of the

p a r t i c l e fluxes in exist ing proton a c c e l e r a t o r s . In

fact, in pr inciple, e lectronic r e g i s t r a t i o n methods

make it possible to accumulate adequate s ta t i s t ic s

for proton b e a m s during one a c c e l e r a t o r pulse, and

for pion b e a m s in approximately one hour of o p e r a -

tion. Another advantage of e lect ronics is the p o s s i -

bility of se lect ing the p a r t i c l e s by the i r velocit ies

(Cerenkov counters) , so that the p a r t i c l e m a s s e s can

be determined if the momenta a r e known. On the

other hand, in bubble c h a m b e r s , re la t iv i s t ic p a r t i c l e s

have t r a c k s which hardly differ f rom one another .

Never the les s , a s noted above, e lect ronic methods

have a major shortcoming, namely the lack of d i r e c t

r e g i s t r a t i o n and low rel iabi l i ty of each individual

event. A unique vicious c i r c l e is produced, a way out

of which is to use the s p a r k - c h a m b e r p r o c e d u r e .

The scheme of the exper iment is as follows. An

electronic s y s t e m consis t ing of scint i l lat ion and

Cerenkov c o u n t e r s , connected for coincidence and

anticoincidence, identifies the beam p a r t i c l e s and the

secondary par t ic les—the products of the investigated

nuclear react ion. The interact ion o c c u r s e i ther in-

s ide the s p a r k c h a m b e r , o r e l se the secondary p a r t i -

c les p a s s through its s p a r k gaps. If the c r i t e r i a s e t

by the e lectronic sys tem a r e satisfied, a pulse is

produced and causes operat ion of the s p a r k c h a m b e r .

The e x p e r i m e n t e r a c q u i r e s a photograph of an event

separa ted in the s p a r k c h a m b e r itself with a t ime

resolut ion of ~ 1 s e c , that is , against the background

of a beam of par t ic le s having an intensity 106 p a r t i -

c l e s / s e c .

In this connection it must be emphasized that the

spark c h a m b e r can be used in individual c a s e s very

effectively to study a definite nuc lear react ion,

w h e r e a s the bubble c h a m b e r makes it possible to

discover interact ions having heretofore unknown

p r o p e r t i e s (production and decay of new p a r t i c l e s ,

e t c ) . It is c l e a r that the s p a r k c h a m b e r cer ta in ly does

not " r e p l a c e " the bubble c h a m b e r (or any other in-

s t r u m e n t used in high-energy par t ic le phys ics) .

The idea of using these i n s t r u m e n t s s imultaneously

has been advanced recent ly . A s p a r k c h a m b e r p r e -

ceding a bubble c h a m b e r is operated by a pulse from

an electronic c i r c u i t that s e p a r a t e s the specified p a r -

t ic le (say an antiproton in a pion beam) and indicates

which of the t r a c k s in the bubble c h a m b e r belongs to

the se lected p a r t i c l e . Analogously, a s p a r k c h a m b e r

can be combined with a nuclear emulsion '-60].

Let us proceed to cons ider s o m e specific exper i-

ments .

One of the f i rs t applications of the s p a r k c h a m b e r

with an a c c e l e r a t o r was the m e a s u r e m e n t of proton

polar izat ion in elast ic π'ρ s ca t te r ing in the region of

the second (600 MeV) and third (880 MeV) pion-nu-

cleon r e s o n a n c e s . It is well known that in o r d e r to

d e t e r m i n e the beam polar izat ion it is n e c e s s a r y to

m e a s u r e the right-left a s y m m e t r y which o c c u r s upon

secondary s c a t t e r i n g of the beam. The need for ob-

serv ing second s c a t t e r i n g great ly reduces the effi-

ciency of the ord inary methods of investigation of

polar izat ion. The exper imental setup of Cork et al [61]

using a spark chamber is shown in Fig . 40. The sc in-

ti l lation and Cerenkov c o u n t e r s , connected in a coin-

cidence-anticoincidence 1 + 2 + 3 + 4 + 5 - 6 c i rcui t ,

s e p a r a t e those e las t ic π"ρ sca t te r ing events on a

polyethylene ta rge t , wherein the s c a t t e r e d proton is

r a p h i t e /\у
t o d e s

19 g
electrodes

FIG. 40
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scattered again in the graphite plates of the spark

chamber and is not registered by counter 6. Photog-

raphy of the secondary scattering in the plates of the

spark chamber, operated by a pulse from the elec-

tronic circuit, makes it readily possible to find the

ratio of the number of particles scattered to the right

and to the left relative to the direction of motion of

the protons. We emphasize that in the registration of

the secondary scattering, practically the entire solid

angle is encompassed. Six non-physicists processed

the 100,000 obtained photographs in one month.

An analogous setup, including two spark chambers

in which the secondary scattering of both scattered

particles was measured, was used by Cronin et al ^ 6 2 ]

to investigate spin-spin correlation in elastic pp

scattering.

An interesting example of the use of a spark

chamber for the investigation of a rare decay is pro-

vided by the experiments on the search for the

μ —» e + у p r o c e s s , c a r r i e d out by Alikhanov, Babaev,

et al . A s ix- layer cyl indrical s p a r k c h a m b e r was

used, operated by a signal fed from scinti l lat ion

c o u n t e r s , connected for 0 + 4 + 5 + 7 + 8 - 6 - 9 - A

and 0 + 1 + 2 + 10 + 11 - 3 - 1 2 - A . A d iagram of

the setup is shown in Fig. 39. The f i r s t four s p a r k

gaps w e r e used to r e g i s t e r the e lect ron, and the l a s t

two, which w e r e beyond the lead c o n v e r t e r , r e g i s t e r e d

in addition to the e lec t ron a l so the e l e c t r o n - p o s i t r o n

pa i r f rom the gamma-quantum convers ion. The e lec-

tron and the gamma quantum from the decay of the

r e s t i n g muon s c a t t e r e d in opposite d i rec t ions , as

could readi ly be establ ished with the aid of the s p a r k

c h a m b e r . The use of such an additional c r i t e r i o n in

the select ion of the μ —• e + у events has made it

poss ib le for the authors to reduce the upper l i m i t of

the probabil i ty of the obtained react ion by a factor of

s e v e r a l t i m e s c o m p a r e d with the e a r l i e r e lectronic

exper iments , to a value 5 x 10~7 with 90 p e r cent

confidence.*

Figure 41 shows the d iagram of another e x p e r i -

ment ^ where a s p a r k c h a m b e r was used. The ap-

p a r a t u s is used to investigate the π~ + ρ —- π~ + тг+

+ η react ion with smal l momentum t r a n s f e r to the

nucleon, in o r d e r to obtain information on the ττπ in-

t e r a c t i o n . A high-voltage pulse is applied to the s p a r k

c h a m b e r if the pion leaves the b e a m , and s i m u l t a n e -

ously two te lescopes which r e g i s t e r the s c a t t e r e d

p a r t i c l e s o p e r a t e . The photography of the event in a

s p a r k c h a m b e r m a k e s it possible to employ s e v e r a l

additional se lect ion c r i t i e r i a and to d e t e r m i n e with

sufficient accuracy the angles of e m i s s i o n of the

secondary p a r t i c l e s . In o r d e r to m e a s u r e m o r e a c -

curate ly the angles and to avoid convers ion of the

background gamma quanta in the e lectrode plates , the

l a t t e r a r e made of aluminum foil.

T h e r e a r e r e p o r t s in the l i t e r a t u r e of a successful

Photographic
came:

Selection system

Selection telescope
made up of scin-
tillation counters

FIG. 41

application of s p a r k c h a m b e r s for the m e a s u r e m e n t

of the a s y m m e t r y in the decays Σ + — η + тг+ and Л°

—• ρ + π" L66] and the investigation of the Compton ef-

fect on protons and deuterons ^ 6 7 ] . Rather obvious sug-

gestions have been published concerning the use of

l a r g e s p a r k c h a m b e r s with thick i ron e lec t rodes for

the r e g i s t r a t i o n of neutrons '-33]. In the 1961 Conference

on Cosmic Rays in Japan, it was repor ted that the

Fukui and Mijamoto d i scharge c h a m b e r was used in

c o s m i c - r a y exper iments m a d e on airplanes'-6 8-'. In

these e x p e r i m e n t s , an additional advantage of the in-

s t r u m e n t i s i t s low weight.

The p r o s p e c t s of the use of s p a r k c h a m b e r s for

the study of cosmic r a y s a r e connected in p a r t i c u l a r

with the fact that this re lat ively s imple t r i g g e r e d

track-type par t ic le detector , with good spatial r e s o -

lution, can be made with l a r g e d imens ions .

Our examples do not exhaust, of c o u r s e , all the

exper imenta l capabi l i t ies of the new i n s t r u m e n t . The

l i s t p r e s e n t e d i s but a s m a l l fraction of those e x p e r -

i m e n t s in which the s p a r k c h a m b e r will be used and

is a l ready being used.

*RecentlyM this limit was reduced to 6 x 10"'.
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