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We report the experimental results of a study of the properties of radiation in the x-ray por-
tion of the spectrum arising on passage of electrons with energies up to 600 MeV through
various layered media. We have studied the spectra of the radiation, and the dependence of
intensity on the electron energy, on the period of the layered medium, and on the number of
layers. In the y-ray energy region up to 60—70 keV we have observed in a layered medium
radiation whose intensity exceeds by many times the corresponding intensity of bremsstrah-
lung. The experimental results are compared with the theory of resonance radiation.[1+2]

The data obtained on the absolute magnitude exceed the theoretical values in individual cases
by more than an order of magnitude and indicate that this excess is due to the substantial

scattering of the electrons.

1. INTRODUCTION

THE properties of resonance radiation arising on
passage of relativistic charged particles through a
layered medium consisting of alternating layers of
two different materials has been discussed in de-
tail previously.[*3]

This radiation was experimentally observed for
the first time by us in 1963, "1 in an experiment
in which the high energy 1 mesons of the horizontal
cosmic ray flux were used as the primary parti-
cles. The u mesons passed through a layered med-
ium consisting of 300 layers of paper of thickness
I, = 2.1 X 107% cm each, placed in air at a distance
of 1 cm apart. Photons with energy above 35 keV
produced by a charged particle in the layered
medium were absorbed in xenon, and the radiation
finally detected was the characteristic x radiation
of the xenon atom with an energy of 35 keV.

The apparatus is similar to a Cerenkov counter
both in the sense of its sensitivity to particle direc-
tion and its threshold properties but, in contrast to
a Cerenkov counter, can operate in the region of
B = v/c different from unity in the eighth to tenth
place.

As a consequence of the threshold properties of
the radiation being studied, the efficiency of the
experimental apparatus depends sharply on the en-
ergy of the u mesons being recorded. Thus, for an
increase in u-meson energy from 700 to 1000 BeV
the efficiency changes from 107" to 1072, and for
E = 4000 BeV it reaches a value of 16%. An analy-
sis shows that the efficiency of this apparatus can

‘be raised to 50% by simple improvement.

The experimental results showed that there is
no substantial difference between the data obtained
and the theory of resonance radiation. According
to the latter, the number of photons radiated by a
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charged particle with energy E in the frequency

interval dw’ in 1 cm of a layered medium is given

by the expression:("3]

Tmax

am = P+ 0) 57407 (= (B e/ B/ — 1)
] = — —
137aly 2 rPe® (1 —p/o'r)2(1+ po/o'r)?
SEE) 1
X sin [1 T r o) (1)

where /; is the thickness of the layer of dense ma-
terial and I, = ol is the distance between the lay-
ers:

p= (N1 — N3)/ (Ny 4+ alVy),

where Ny and N, are the densities of electrons
(cm™3 in the first and second media, respectively
(for the layered media studied N, << N; and p ® 1).

The frequency w’ in formula (1) is expressed in
units of

(2)

where rg is the classical electron radius and c is
the velocity of light.

The radiation is the sum of radiations of differ-
ent orders r, each of which arises at energies
above a threshold value for the given value of r:

Ey e = metly[ntre (1 + a) (V1 + Vo) I4/r.

@1 min = lLrec (N1 alVy),

(3)

In formula (1) E;jy is the threshold energy for
the first harmonic (r = 1).

In the present experiment we studied the proper-
ties of resonance radiation arising on passage of
electrons with energies up to 600 MeV through
various layered media in the y-ray energy range
from 10 to 100 keV. In this case only harmonics of
higher orders (r > 1) are generated, as a conse-
quence of which the sharply expressed oscillations
of intensity occurring on generation of the first
harmonics are absent in the y-ray energy interval
studied. The dependence of intensity on y-ray en-
ergy has the form of sharply falling smooth curves.
For layered media with the same number of layers
n and the same value of I, the yield of radiation does
not depend on «. It should be noted that for r > 1
the resonance is destroyed and a simple summation
of the transition radiation at the boundaries of the
layered medium then occurs.

The angle at which the resonance radiation pho-
tons are emitted is

2\ 2
By A [ 4nire (mc \

oh(1+a)
Wy = (4ﬂNeff lz/m) 1/2,
Negs = (N1 +alV2) /(1 + a).

o
E/ mz] ’

(4)
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The properties of the resonance radiation have
been discussed in detail previously.[2®"] Prelim-
inary results of the present experiment have been
reported briefly. 8]

2. EXPERIMENT

The present experiment was performed with the
electron synchrotron at the Lebedev Institute with
a maximum energy of 680 MeV. The experimental
arrangement is sketched in Fig. 1.

FIG. 1. Sketch of the experimental setup: M,, M, — internal
and external targets, K,, K, — collimators, MS — magnetic
spectrometer, LM — layered medium, DM,—DM, — deflecting
magnets, C,, C,, C, — scintillation counters, Cy — y spectro-
meter. Also shown are certain linear dimensions in centimeters.

By means of a slow spill of the accelerated
electrons onto the target M, located inside the
synchrotron vacuum chamber, a y-ray beam was
produced which had a duration of 0.5 sec. After a
collimator K; the v rays were converted in a lead
target M, into electron-positron pairs. A magnetic
spectrometer MS allowed separation of electrons
of the desired energy with an energy spread of
2—5%. The number of electrons per pulse (the
pulse repetition frequency was 1/6 sec”)) detected
by the experimental apparatus after collimator K,
was ~103 for an electron energy E = 600 MeV and
~10° for E = 250 MeV. The electrons were detec-
ted by a telescope consisting of two thin plastic
scintillators C; and C, of respective dimensions
3XT7x0.5cmand4X 17X 0.5 cm, located before
and after the layered medium LM and connected in
coincidence.

The photons of the radiation under study are
emitted at small angles to the direction of electron
motion (see Eq. (4)) and in order to have the possi-
bility of detecting them, the electrons were deflec-
ted from their initial direction by means of a mag-
netic field. The deflecting magnetic field was pro-
duced by four identical permanent magnets
DM,;—DM, located beyond counter C,. The action
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of the deflecting magnets was verified experimen-
tally. We measured the ratio of C; + C4 coinciden-
ces to Cy + C, coincidences. The departure of this
ratio from unity indicates that part of the electrons
fail to be deflected by the magnets sufficiently to
miss scintillator C;, immediately beyond which is
located the vy spectrometer C, which records the

v rays of the radiation under study. In the worst
case (E = 600 MeV) about 9% of the electrons are
not deflected and hit scintillator C;. For this rea-
son in the main measurements scintillator C,
(dimensions 7 X 7 X 0.5 cm) was connected in anti-
coincidence, and events in which a charged particle
entered the y spectrometer were excluded in this
way.

The v spectrometer consisted of a scintillation
counter employing a NaI(T1) crystal 7 cm in diam-
eter and 7 cm thick. The crystal used completely
absorbs v rays of the energies being studied (up to
100 MeV) and has an efficiency close to 100% for
this region.

All of the counters Cy, C,, C;, and the vy spectro-
meter C,, utilized type FEU-24 photomultipliers.
The number of electrons passing through the lay-
ered medium were recorded by a scaling circuit
counting coincidences of scintillators C; and C,.
The resolving time of the coincidence circuit was
10® sec. The final events detected were C; + C,

+ C.y — C;. This corresponds to an electron passing
through counters C; and C, and then being deflected
by the magnets, and producing in the layered med-
ium a y ray which is detected by the y spectrome-
ter.

To study the spectrum of the radiation, the pul-
ses from the v spectrometer were fed through a
linear amplifier to the input of a 100-channel pulse-
height analyzer of type AI-100, which was triggered
by a pulse from the final coincidence circuit. Cali-
bration of the v spectrometer was accomplished
with the radioisotopes Ce!* (30 and 134 keV) and
Cs!¥ (662 keV). By adjustment of the gain of the
linear amplifier and the y-spectrometer photomul-
tiplier we set the channel width of the pulse-height
analyzer so that 1 V corresponded to a y-ray en-
ergy interval of 1 keV. The results of the y-spec-
trometer calibration were verified by measurement
of the K line of the characteristic radiation of
xenon (35 keV) and it was found that the width of
the measured 35-keV line was 17%.

In all y-ray spectrometers, as a consequence of
the finite resolution of the apparatus, there is not
an exact correspondence between the y-ray ener-
gies and the pulse heights. In the most general case
the problem of conversion from the raw pulse-
height distribution to the desired energy distribu-
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tion reduces to solution of the integral equation[s]

P(a)= N(E\) K (Ey,a)dE, (5)

to find N(Ey), where P(a) is the measured pulse-
height distribution, N(E.),) is the desired y-ray en-
ergy spectrum, and K( E,, a) is the probability that
a vy ray with energy E’Y produces a pulse with am-
plitude a. Using for K(Ey, a) the expression[m]

, AW2\~% (Ey— a)?1n 2
K(Ev a) =< In2 ) eXp[ - —172)__]

(6)

where W is the half-width of the photopeak, we
solved Eq. (5) for the portion of the spectrum being
studied, by the method of successive approxima-
tions with a Razdan-2 computer. These calcula-
tions show that the pulse-height spectra obtained
experimentally may differ from the calculated en-
ergy spectra by only 10—20%, and that mainly in
the beginning and end portions of the spectra.

Various layered media were used in the experi-
ment. Each layered medium was assembled of
sheets of paper mounted parallel in air. The choice
of paper (Z =~ 6) was governed mainly by the low
absorption of v rays of the range being studied in
the layered medium itself, the relatively low yield
of bremsstrahlung, and the comparative simplicity
of preparation of the medium. Paper of three dif-
ferent thicknesses was used: I; = 2.43 X 102 cm
(Whatman paper), I; = 9.3 X 1072 cm (writing paper),
I, =2.83% 107 cm (duplicating paper).

To obtain a single period of the layered medium,
the paper was glued to flat metal rings of trans-
former iron 5.37 X 1072 ¢m thick with an internal
diameter of 10 cm and external diameter of 14 cm.
The metallic rings were subjected in advance to
appropriate mechanical processing and cleared of
burrs, and were satisfactorily flat. After glueing,
the paper was slightly moistened; after drying, a
paper layer tightly stretched on the ring was ob-
tained. The necessary number of layers prepared
in this way were stacked and tightly pressed by two
metallic flanges 1.5 cm thick with an opening 10 cm
in diameter. The distance between the layers
l, = al, is given by the thickness of the metallic
ring, and when we wished to obtain larger values
of ¢, additional empty rings of the necessary num-
ber were placed between the layers. Repeated
measurements of the thickness of the paper and
the metallic rings, and of the period as a whole,
showed that the mean-square error in the thickness
values is less than 2%.

Study of the resonance radiation was performed
in layered media with the following values of paper
thickness 4, the quantity «, the total length of the
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Table I
1, cm 2.43.10—2 9.3.10—2 2,83.10-8
o 3.0 | 454| 6,59 | 8,85 {11.1 [19.8 | 5.84| 11,6 [28.9 | 18.8
L, cm 29,2 | 40.2 [ 554 | 71.3 |87.2(49,5 |49,7 | 91.4 |38.0 | 58.6
n 30 300 | 300 300 300 {100 |780 | 780 |[130 1050
t, g/cm’ 6,2 | 6.2 6,2 6.2 6.2 | 2,07| 6.2 | 6,2| 1,03] 3,52
0, kev | 35,7 | 35.7 |35.7 |35.7 |35.71357 |13.8 |13.8|13.8 4,2
By o keV | 3840 | 4490 | 5260 | 6000 | 6652 |8770 {1920 | 2610 | 4065 | 998
Table II
1y, cm 2.43-10—2
a 114 114 | 111 [ 114 | 1114 | 4,54 | 6,59 | 8,85
L, cm 58,2 | 29.1 | 14.5 7.3 | 2.9 6.7 9.2 | 11,9
n 200 | 100 | 50 25 10 50 50 50
t, g/em® | 445 | 2.07 | 1.04| 0.52| 0.21 ] 1.04 | 1.04 | 1,04

layered medium L = nl4(1 + @), the number layers
n, and the quantity of material t (see Table I).

Table I also lists the corresponding values of
minimum frequency of the first harmonic of reson-
ance radiation wq yin (see Eq. (2)) and values of
the threshold energy for the first harmonic E; tjyp
from Eq. (3). Study of the dependence of intensity
of resonance radiation on the number of layers was
performed for the layered media whose parameters
are listed in Table II.

When an electron moves in a layered medium,
bremsstrahlung occurs in addition to resonance
radiation, and it is obvious that the latter can be
observed only in the case when its intensity is at
least comparable with the intensity of bremsstrah-
lung. It should be emphasized that bremsstrahlung
occurs not only in the material of the layered med-
ium, but also in the remaining material existing in
the path of the electron (the material of the scin-
tillators, their containers, air, etc.).

It is obvious that to separate the desired spec-
trum of resonance radiation from the total radia-
tion observed experimentally, it is necessary to
subtract the bremsstrahlung spectrum, which forms
the background in the present case. For this pur-
pose we performed measurements in which the lay-
ered media were compressed to ¢ = 0, and the me-
tallic rings of the layered medium were absent. To
verify the fact that the minute air gaps remaining
between the individual layers after compression to
o =0 did not lead to occurrence of additional radia-
tion, the same measurements were made for a
solid block of plastic of the same thickness (plastic
is equivalent to paper as a medium for bremsstrah-
lung), the metallic flanges used to compress the

layered medium also being absent in this case.

The spectra measured in the two cases agree
completely with each other. In addition, the high-
energy part of the spectra (hw & 50—60 keV; in
this portion of the spectrum only bremsstrahlung
occurs) in layered media with different numbers of
metallic rings (different o) and the spectra in con-
tinuous media also agree. This indicates thaty rays
scattered in the metallic flanges and rings are not
recorded. It turned out also that, as would be ex-
pected from the theory of bremsstrahlung, the
bremsstrahlung spectra for electrons with energies
from 250 to 600 MeV do not depend on the electron
energy.

An analysis shows that radiation produced by
secondary processes (6 electrons, pairs, etc.) in
the material, whose thickness for all of the media
studied did not exceed 0.2 radiation lengths,
amounts to not more than 10—15% of the brems-
strahlung from the primary particle. It is assumed
that in subtraction of the background the contribu-
tion of the secondary processes is also automatic-
ally subtracted.

3. EXPERIMENTAL RESULTS AND DISCUSSION

Figure 2 shows the measured dependence on
v-ray energy of the ratio of the intensity of radia-
tion of 600-MeV electrons in the various layered
media to the intensity of radiation in the same
amount of material of a continuous medium. In the
initial portion of the spectrum the intensity in the
layered medium considerably exceeds the brems-
strahlung intensity. This excess is as much as a
factor of fifty, depending on the parameters of the
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layered medium in the different cases. With an in-
crease in y-ray energy the difference in the inten-
sities of radiation in the layered and continuous
media gradually disappears and for hw

2 50—60 keV the radiation in the layered medium
does not differ from the radiation in the continuous
medium. This additional radiation with a high in-
tensity in the x-ray part of the spectrum (up to

hw <50 keV) arises as the result of nonuniformity

of the medium. For electrons of lower energies
this ratio has a similar dependence on y-ray energy
with the only difference that the yield of radiation
in the layered medium decreases in absolute value,
and the ratio of the intensities is comparable with
unity for smaller y-ray energies.

Figure 3 shows the experimentally measured
spectra radiated by electrons of different energies
in one of the layered media. Also shown are the
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spectra radiated in the continuous medium. The
data show that for comparatively low y-ray ener-
gies the intensity of radiation in the layered med-
ium depends to a strong degree on the electron
energy. With increasing y-ray energy the spectrum
of radiation in the layered medium gradually ap-
proaches the spectrum for the continuous medium,
and the latter, for the same quantity of material,

F. R. ARUTYUNYAN et al.

does not depend on E, I, and o. Similar radiation
spectra were obtained for all the layered media
whose parameters are listed in Table I, but all of
the spectra are not shown.

The difference in the intensities of radiation in
the layered and continuous media is identified with
resonance radiation. Figures 4 and 5 show the ex-
perimental spectra together with the corresponding
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theoretical spectra of resonance radiation, with in-
clusion of the effect of absorption in the layered
medium itself and in the entire particle path (solid
curves), and also without inclusion of this absorp-
tion (broken lines). As we can see from these fig-
ures, the experimental data exceed by many times
the corresponding theoretical values obtained with-
out taking into account y-ray absorption, this dis-
crepancy increasing with increasing y-ray energy
(not considering the region hw < 20 keV, where
accurate inclusion of the absorption is difficult).
The same increase in discrepancy between experi-
ment and theory occurs with an increase of 4.

It should be noted that according to theory the
intensity of radiation in the layered media studied,
for electrons with energies up to 600 MeV for the
same values of the layer thickness /; and the num-
ber of layers n, should not depend on . However,
the experimental data show that with increasing o
the intensity of radiation increases.

In Fig. 6 we have shown for illustration the ex-
perimental spectra of resonance radiation pro-
duced by 550-MeV electrons in layered media with
1,=2.43%102%cm and; = 9.3 X 1073 cm for given
values of «.

The dependence of the intensity of radiation on
the electron energy for different y-ray energies and
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for different layered media is shown in Fig. 7. The
data are given in arbitrary units. In these plots
the theoretical curves are normalized to the ex-
perimental data at the point E = 600 MeV. In the
region of comparatively low electron energies a
stronger dependence of intensity on electron en-
ergy is observed than is expected from theory.
Over the entire energy region studied from 250 to
600 MeV this dependence has a form ~EY, where

v 2 2.

The yield of radiation for a small number of
layers is relatively large, which is due to the small
absorption of the radiation in the layered medium
itself. For a‘large number of layers this yield
gradually approaches saturation. These data are
shown in Fig. 8.

It appears to us that the observed excess of the
experimental data over the theoretical values and
the dependence of the yield of radiation on a are
due to a substantial scattering of the electrons in
the layered medium. Actually the theory of reson-
ance radiation!?] with which the experimental data
are being compared is based on the assumption that
the multiple scattering angle (6%) in a path of the
order of the period of the layered medium must be
considerably less than the characteristic angle of
the resonance radiation, i.e.,

8> < 08% (7

where (6%) = E41;/E’Ly, Eg = 21.2 MeV, L is the
radiation length of the material of the layered
medium, and the angle of radiation R is given by
Eq. (4). In the present experiment, condition (7) is
not fulfilled in most cases, particularly with in-
creased values of o, I, and w. For example, for
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1,=2.43x 1072 cm, hw = 20 keV, and E = 600 MeV,
the ratio (6%)/06% is respectively ~1.0 and ~7.0 for
o = 3.0 and a = 6.59.

On the other hand, it is well known that the ef-
fect of multiple scattering in transition radiation
should lead to appearance in its spectrum of rela-
tively high-energy photons which are absent when
this scattering is not taken into account.[!!] In
transition radiation the limiting frequency, up to
which the spectrum of this radiation is broadened
as the result of substantial scattering of the parti-
cle, is connected with the angle of emission of
transition radiation mc?/E. The angle of emission
of resonance-radiation photons for the harmonics r
which give the principle contribution to the intensity
of the radiation is less than mc?/E.

In addition, in transition radiation the scattering
is appreciable in a coherence length, which in the
case of resonance radiation is equal to the period
of the layered medium and is r times larger than
in transition radiation. However, under the condi-
tions of the present experiment r,,i, is always
> 1, where rp,ip is the minimum number of
harmonics for which radiation occurs for a given
electron energy, and its value is determined from
the condition that the numerator in formula (1) is
positive and approximately equal to

1/ mc?\2 ®
'min~ —{ — ) (1 —.
ram (=) 1+ o) (8)
Therefore, as the result of scattering, the electron
is carried outside the limits of angle of the radia-
tion, at lower energies than occurs in transition

radiation. Since the quantity r,,i, increases with

n, rel. un.
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40

' ﬁwln 40keV|
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FIG. 9. The ratio () of the experimental yield of resonance
radiation to the resonance radiation obtained from theory with
inclusion of absorption, as a function of the quantity (1+a)l,?
for different layered media. The parameters of the layered
media are as follows:
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increasing /4, a, and w, the excess of the experi-
mental data over the theoretical values also increa-
ses correspondingly.

This is illustrated by Fig. 9, which shows the
ratio (n) of the experimentally observed yield of
radiation to the theoretical value as a function of
the quantity Z#(1 + o), which is roughly proportional
to the ratio (6%)/ 9%{. The data are shown for
E = 600 MeV and for three y-ray energies, and
show that with increasing degree of violation of
condition (7) the value of  increases, while for
(02S )/6% — 0 the value of n — 1. With decreasing
electron energy an increase in the degree of excess
of the experimental data over the theoretical values
is also observed, which also follows from formula
(8). For accurate comparison of experiment with
theory it is necessary to take into account strictly
in the theory the multiple scattering of particles
in the layered medium.

Summing up, we can state that we have experi-
mentally observed in a layered medium radiation
from relativistic electrons with an intensity in the
x-ray portion of the spectrum exceeding by many
times the intensity of all forms of radiation known
up to this time; we have studied in detail the main
properties of this radiation. The intensity of the
radiation depends to a strong degree on the elec-
tron energy, which opens up the possibility of its
efficient use to detect and measure the energy of
superhigh~-energy particles.
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V. A. Petukhov and the personnel of the high-energy
electron laboratory at the Lebedev Institute for
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experiment, to Professor M. L. Ter-Mikaelyan for
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in the work.
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