
VOLUME 25, i%UMBER 10 PHYSI CA L RKVIE%' LETTERS 7 SEPTEMBER 1970

ion penetration in solids. '

~This work is sponsored by F. O. M. (Foundation for
Fundamental Research on Matter) with the financial
support of Z. W. O. {Netherlands Organization for the
Advancement of Pure Research) .

A. A. Abrahamson, Phys. Rev. 178, 76 (1969).
G. H. Morgan and E. Everhart, Phys. Rev. 128, 667

(1962).
V. V. Afrosimov, Yu. S. Gordeev, M. N. Panov, and

N. V. Fedorenko, Zh. Tekh. Fiz. 34, 1624 (1964) [Sov.
Phys. Tech. Phys. 9, 1256 (1965)].

4Q. C. Kessel, M. P. McCaughey, and E. Everhart,
Phys. Rev. Lett. 16, 1189 (1966).

5B. Fastrup and G. Hermann, Phys. Rev. Lett. 23,
157 (1969).

6U. Fano and W. Lichten, Phys. Rev. Lett. 14, 627
(1965).

'W. Lichten, Phys. Rev. 164, 131 (1967).
M. Barat, J. Bandon, M. Abignoli, and J. C. Houver,

J. Phys. B:Proc. Phys. Soc., London 3, 230 (1970).
C. P. Bhalla, J. N. Bradford, and G. Reese, Atomic

Collision Phenomena in Solids, edited by D. W. Palmer,
M. W. Thomson, and P. D. Townsend, {North-Holland,
Amsterdam 1970), p. 36.
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A new method for x-ray transition radiation detection by a streamer spark chamber is
suggested. The use of the chamber secures a separate observation of both the radiation
and the particle. It is shown that the mean number of the transition quanta linearly in-
creases in the electron energy range 1.2 to 2.46 GeV. When plastic foam was used in-
stead of a layered medium the efficiency of electron detection by transition radiation
was 86%.

The advancement of superhigh-energy physics
has called for new methods of measuring parti-
cle energies. The Cherenkov radiation commonly
used makes it possible to measure only P =v/c
(v is the particle velocity, c is the velocity of
light) which gives rise to considerable difficul-
ties when using it in an ultrarelativistic region.
Transition radiation' has recently attracted
more and more attention due to the fact that the
total intensity in the direction of the ultrarelativ-
istic particle motion depends linearly on y =E/
p, c'.' In addition, it was shown by Garibian' and

Barsukov' that the main fraction of this radiation
is in the x-ray frequency region. In Ispirian and

Qganessian and Alikhanian et al. ' the conditions
were found and experimentally supported where,
in the optical region as well, the transition-radi-
ation intensity increases strongly with y.

Nevertheless, a small number of photons and
small emission angles with respect to the direc-
tion of the particle motion cause considerable
difficulties both in investigation and in the use of
x- ray radiation.

The first attempts to this effect were made by
Arutunian, Ispirian, and Qganessian, Arutunian
et al. , and Alikhanian, ' where the idea of detect-
ing transition quanta, suggested by Alikhanian
et al. ,

' was put into effect by the use of charac-
teristic radiation.

The x-ray transition radiation in a layered
medium has recently been studied on an electron
beam of energy from 1 to 4 GeV from the Yere-
van electron accelerator. The x-ray transition
radiation was detected by means of a CsI scintil-
lation counter with a hole in its central portion
for free passage of primary electrons. The ef-
ficiency of electron detection, i.e., the fraction
of eases where at least one of the transition-ra-
diation quanta is detected by the counter, proved
to be 10%.for electron energies of 3-4 GeV. In
Yuan, %ang, and Prunster' charged particles
were deflected from the propagation direction of
transition quanta by a magnetic field and later
the quanta were detected by a germanium solid-
state detector. The efficiency of detection of
positrons of 2-GeV energy in this work was 27%.

However, a preliminary spatial separation of a
particle from the accompanying radiation usually
gives rise to a decrease in the instrument's
transmission, and the detection of radiation quan-
ta by means of scintillation or semiconductor
counters makes it difficult to calculate their
quantity. But the successful application of transi-
tion radiation to measuring energies of indivi-
dual particles depends not only on the presence
of a great quantity of transition quanta emitted
from a layered medium, but on the efficiency of
detecting them with a simultaneous possibility
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FIG. 1. General arrangement.

of counting. If this possibility is lacking, the de-
vice in question can be used as threshold detec-
tor.

In the present study a streamer spark chamber
with Xe addition was used to detect transition ra-
diation quanta. The chamber was filled with a
mixture of 30%%uo He and 70%%uo Ne at atmospheric
pressure. The Xe addition accounted for 10'%%uo

and 15% of the mixture. For proper functioning
some iodine vapor was passed into the chamber
at a pressure of 10 ' Torr.

The advantage of this method lies in the fact
that one and the same device detects separately
both radiation and particles. Due to the pres-
ence of Xe, the chamber is highly efficient in de-
tecting photons. Such conditions for steamer
chamber functioning can, in principle, be chosen
that one a.nd the same chamber can, with 100%%up

efficiency, detect photons over a wide energy
range. A high spatia, l and angular resolution of
the chamber allows counting with good accuracy
the number of electrons produced by transition
photons over any range of angles. It is evident
that in this case the problem of the intrument's
transmission is solved in an optimal manner as
well, which in fact is of great significance for
the experiment.

The arrangement is schematically shown in

Fig. 1. Electrons of a given momentum (hp/p-
l%%ug) pass through a target T which is a layered

medium and, along with transition quanta pro-
duced in the medium, are detected in the spark
chamber SC. The selection of electrons pass-
ing through the center of the layered medium
and the spark chamber is effected by means of
the scincillation counters S» S» and S,. The
counter S, has in its center a hole 0.5 cm in di-
ameter and is set for anticoincidence with S, and

$,. The distance between the layered medium
and the chamber is 11 m. The chamber is 80
cm long (along the track), 10 cm wide, and 20

cm high. To reduce the bremsstrahlung and ab-
sorption of photons in the air, tubes 10 cm in di-
ameter evacuated down to 10 ' Torr are placed

throughout the electron path. The windows in the
tubes and the outlet window of the spark cham-
ber are made of Mylar 15 p. m thick. The pic-
tures of the tracks in the spark chamber are tak-
en in the direction of the electric field by means
of two stereoscopic cameras.

The measurements in each case were made in
two series with a target of a layered substance
and with a continuous target of the same materi-
al and equivalent thickness. Since in the latter
case no transition quanta were produced, the
measurements gave rise to a background due to
the bremsstrahlung in the target and 6 electrons
produced in the chamber gas. The geometry of
the arrangement made it possible to detect in the
spark chamber quanta of maximum radiation an-
gle equal to 4&&10 ' rad. The measurements
were made using a layered medium of polyethy-
lene films of thickness a =45 p. m, the average
distance between them being b = 500 p.m, the
number of films N = 500 and N =1000. In addition,
a target of plastic foam 2 g/cm' thick was used.

Those pictures were selected and processed
where a primary passing particle was observed,
regardless of whether any photoelectrons were
present in the picture or not. Figure 2 shows a
typical event of detection of a, primary particle
and two photons by photoelectrons, denoted by
arrows. The measurement results are shown in
Table I. The first column is for the targets and
the amount of Xe. The second column shows the

FIG. 2. Typical case of detecting primary particle
and two transition quanta by photoelectrons indicated
by arrows.

636



VOLUME 25' NUMBER 1P PHYSICAL REVIEW LETTERS 7 SEPTEMBER 1970

gable I. Results of experimental measurements of photoelectrons generated
by transition quanta.

Tar get Sc, Xe Moment~
oonoentration GeV W

brews

Polyethylene
N=IOOO1' Xe

l.2 0,37-0,1 0,$6-+0.136 O.~AM. 07 0.1~.0¹

Polyethylene
N = 1000
10$ Xe

2.0 0.67-0.13 1.0~.15 Oo4OMe06 0+17~++41

Polyethylene
M=5001' Xe Oo62-Oe13 0+93-0+136 3e8 Oo370e06 0+07-0026

Polyethylene
N = 1000
15+ Xe

2.0 0 67-0 13 1-21Wol¹ ¹o9 Oo 31~+055 Qo2~~(A5

Plastic&foam
2 g/cm
10%%uo Xe

2.0 0,86+-0+13 1 05M, 13 0,~ 06 0 085-0 02$

momentum of primary electrons. The third col-
umn gives the efficiency of detection of these
particles by means of transition radiation. The
fourth column represents the ratio between the
total number of photoelectrons and that of events;
that is, the average number of transition quanta
per primary particle. These data take account
of the background. The fifth column includes the
calculated value of this number. The sixth and
seventh columns list the average values of the
number of 5 electrons and bremsstrahlung quan-
ta, respectively, obtained from background mea-
surements. About 120 processed pictures were
used for each group of measurements.

It is evident from the table that the dependence
of efficiency of detection 8' and the average num-
ber of quanta N on the particle energy may be
thought of as linear. A more accurate determin-
ation of the course of these dependences is re-
stricted to the range of experimental error. As
far as the value N& within the range of experi-

mental error is concerned, it does not depend
on the electron energy and the type of target,
while Nb„, depends on the target thickness and
does not depend on the electron energy, which is
only natural.

An analysis of the experimental results shows
that in the background measurements the number
of pictures with two or more secondary electrons
is small. These results are easy to interpret,
if one takes into account the fact that the total
length of the target was 0.1 radiation length;
that is, the probability of simultaneous radiation
of two bremsstrahlung quanta is insignificant,
while the number of films in a stack was chosen
such that the average number of transition quan-
ta should be close to unity.

The following is the theoretical analysis of the
results obtained. The average number of transi-
tion radiation quanta produced in one plate of a
stack made of N plates is expressed by the for-
mula'

dN, 1 dN 4 ~,"'y (k+d) sin'[m(a/P)(k+ d+ ~,"/~+ ~/~, ')]
d(d N d(d 137& (d &- o(k+d+(d& '/(d+(0/(u& ) (k+d+(d/(d&')

where

p(1 —p') ' '~ 4' u
'

m '
m &a'&

'
&u &u~

'
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the square brackets in the last expression denote
the largest integer contained in the bracketed
quantity. By virtue of Ref. 8, the average number
of transition-radiation quanta is found from the
above formula, if ~~'/a «V«4+'/v. It is readily
seen that in the case in question these conditions
are satisfied. It should also be noted that the ser-
ies member denoted by k stands for the number of
quanta emitted at an angle 8,= [(4vu/P&u)(k+d)]'".
In the case of polyethylene 0 =10"sec ', a=4. 5
xl0 ' cm, p=a +b=5.45x10 ' cm. For elec-
trons of energies E =1.2, 2.0, and 2.4 GeV, the
curves calculated by the above formula and
shown in Fig. 3 are obtained for the angles of
photon radiation over the range (0-4) x10 ' rad.

When calculating the number of quanta emitted
from an 1V-plate stack, one should also take ac-
count of their being absorbed in the stack where
they are produced. This condition implies that
the spectral distribution of the number of transi-
tion quanta produced in one plate is to be multi-
plied not by the number of plates X but by N(u)
=[1—e ' " ]/[1 —e '" ], where p. (cv) is the ab-
sorption coefficient of the quanta in the film sub-
stance expressed in cm

In order to obtain the number of the photons
(photoelectrons) observed, the spectrum of the
quanta emitted from a layered medium should be
multiplied by the curve of their absorption in Xe.

On summing each of the spectra of the detected
quanta thus calculated over all the frequencies,
values are obtained for the number of photoelec-
trons which are shown in the fifth column of the
table. It is readily seen from comparison with
the fourth column that the experimental values
are 3-4 times lower than the theoretical ones.
This discrepancy is most probably due to the
fact that either some of the photoelectron tracks
produced in the spark chamber might be over-
looked because of a short path, or the absorption
of transition-radiation quanta was not taken ac-
count of with sufficient accuracy.

Qf great interest are the results of measure-
ments with a plastic foam target. This target is
not of an ordered structure and it consists of
randomly spaced pores with different thickness-
es of the pore walls and dimensions of thepores
themselv'es. The production of transition radia-
tion in this case as well testifies to the fact that
for the radiation to be generated the structure
need not be periodic, but the presence of the in-
terface of the media is sufficient. This condition
greatly simplifies the problem of designing trans-

Z46Gev

2'0 Gev

&2Gev

I s s

10
ka), rrcv

FIG. 3. Calculated curves for average number of
transition quanta.

ition- radiation generator s.
The results in question permit the design of a

system of a layered medium and a spark cham-
ber where the particle tracks with large values
of y =E/pc' will differ from .other particle tracks
with smaller y because of the former being spe-
cifically accompanied by photoelectron tracks.
With a known particle momentum (for example,
when the spark chamber is in a magnetic field)
the values p and y allow a determination of the
particle nature. %'e believe that the method de-
scribed here can be rather useful at particle en-
ergies up to hundreds of GeV.

We are thankful to A. Ts. Amatuny and S. K.
Yesin for their help in conducting the study, to
E. M. Matevossian, R. L. Kovalov, and A. Muta-
fian for their assistance in constructing the ex-
perimental arrangement, and to the workers and
engineers of the ARUS accelerator for favorable
conditions for carrying out the experiment.
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PERTURBATION OF MAGNETIC SURFACES IN A ROTATING HIGH-P TOROIDAL PLASMA
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In a toroidal resistive plasma in the presence of a radial electric field one can obtain
large perturbations of magnetic surfaces when the frequency of the azimuthal plasma
rotation approaches the Alfven frequency.

Recent work has considered the effect on dif-
fusion of azimuthal rotation due to radial elec-
tric fields in toroidal resistive plasmas. String-
er' first included toroidal variation of the elec-
trostatic potential and pointed out a possible res-
onance between angular frequency of rotation and
natural electrostatic plasma modes: The re-
sponse of the plasma to the charge separation ro-
tating at frequency —v, /x (v, being the electric
drift) has in fact to be inversely proportional to
the electrostatic dielectric constant. Further
work" has made this physical effect quantitative-
ly precise.

In the present work it is pointed out that the in-
clusion of nonpotential perturbations for the
same model of a resistive toroidal plasma in the
presence of a radial electric field E,(r) can bring
new resonant effects when the frequency of the
azimuthal plasma rotation approaches the fre-
quency of some natural electromagnetic wave in
the plasma. It is in fact explicitly shown that,
for not too small p [/3~=p/(Bs'/8~) & I, where p
=nT is the plasma pressure and Be the poloidal
magnetic field], at v, '-9'v„(where 9 =Be/B, «1,
Bo being the toroidal magnetic field, and v„'=Bo'/
nM the Alfven velocity), very large modifications
of the toroidal equilibrium can occur.

The basic equations of our calculation are

-Vy+v x B = (T, /en)Vn-+ j x B/en,

nM (v. V)v = -T, Vn + j x B,

V (nv) =0,

(2)

V j=0,

VxB=j. (5)

v~ = (8 x V y)/B', (6)

For simplicity, T; =0.
Equations (1)-(5) are applied to an axisymmet-

ric system of large aspect ratio (e =r/R «1).
In the usual tprpidal cpprdjnates dg =dy +y d8
+(1+a cos9)'dz' the magnetic field is given by
B—:(0, Bs (w), Bo/(1+ e c os 9)) and the exact mag-
netic surfaces are given by y = constant. All
quantities are now expanded in e, namely n =n.,
+en, (r, 9), y =go(r)+ay, (r, 9), etc. , where all
the zeroth-order quantities refer to a straight
cylinder of plasma. The magnetic field is also
perturbed so that B=B,+eB„where B,=-(0, Bs,
B,) and 8, = (B,„,B,s, B,cos9). —

From Eqs. (1) and (2) one can write v~ as
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