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An investigation was made of the spectra of radiative energy losses experienced by a 31 GeV electron beam
with a considerable angular divergence after passing through a single crystal of silicon positioned at various
angular orientations. In the range of relatively large angles between the direction of the electron beam axis
and a crystallographic axis the experimental results agreed with the well-known relationship describing the
cross section of coherent bremsstrahlung in a single crystal. The results disagreed for small angles between
such axes and this was clearly due to the process of spontaneous emission of radiation as a result of

channeling of a greater proportion of electrons in the single crystal.

PACS numbers: 61.80.Fe

1. INTRODUCTION

Recent theoretical and experimental investigations
have demonstrated the limited validity of the tradition-
al ideas on the interaction between relativistic charged
particles and the ordered structure of a crystal (for an
extensive bibliography see Refs. 1 and 2). The subject
has become topical once again, especially as modern
proton accelerators make it possible to reach particle
energies of hundreds of gigaelectron volts and this ap-
plies to electrons and positrons.

We shall report and discuss the experimental data,
obtained using the Serpukhov proton accelerator, on the
spectra of energy losses experienced by relativistic
electrons due to emission of radiation in a silicon single
crystal.

2. APPARATUS

Our experiments were carried out using an electron
beam® in the configuration? used earlier to obtain a
beam of high-energy labeled polarized photons. Use
was made of the arrangement shown in Fig. 1. An
electron beam was formed by a magnetooptic system
MO and it passed through a silicon single crystal Cr
placed on a goniometer G. Before reaching the crystal,
the electrons were recorded with scintillation counters
C, and C, connected in coincidence. A deflecting mag-
net M was used to remove electrons from a beam of
bremsstrahlung photons hehind the single crystal.
Background processes associated with the electron
beam and the associated cascade “halo” which accom-
panied it were eliminated by anticoincidence scintilla-
tion counters C, and scintillation counter-collimators
with lead converters Cg, The electron bremsstrahlung
energy was measured by a shower lead scintillation de-
tector L whose thickness along the beam was 20 radia-
tion lengths.® The signal from the shower detector
reached the input of a 256-channel amplitude analyzer,
which was triggered by the C,C,C,Cy system.

The energy of the electron beam was E,= 31+0.2
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GeV and its intensity was ~10* particles/sec. The an-
gular distributions of electrons reaching the crystal
were near-normal with the horizontal and vertical var-
iances 0,=~0.3 and 0, 0.8 mrad, respectively. The
shower detector was check-calibrated using the sys-
tem above to study the electron heam as well as a beam
of labeled photons of energies 8-31 GeV. The energy
resolution of the detector in this range was ~25-129%,
(this was the width of the amplitude distribution at half—
maximum). The energy threshold of the signals record-
ed by the shower detector was ~2 GeV. The normal op-
eration of the apparatus as a whole was checked and the
correction coefficient (representing miscounts of the
amplitude analyzer and false operations of the trigger)
was determined by measuring the Bethe-Heitler spec-
trum when the single crystal was replaced with a lead
plate of equivalent thickness (expressed in radiation
lengths).

The goniometer had vertical and horizontal axes of
rotation and could be used to set the corresponding
angles of orientation of the single crystal to within
0.025 mrad. The crystal was a disk 70 mm in diam-
eter and it was cut from a silicon sample along the
(100) planes; its thickness was 0.14X,, where X, is the
radiation unit (for silicon, X,=21.8 g/cm?). The [010]
and [001] crystal axes were made to coincide with the
vertical q, and horizontal q 4 rotation axes of the gonio-
meter, respectively (Fig. 2). The crystal was aligned
relative to the electron beam hy the method described
in Ref. 4.
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FIG. 1. Schematic diagram of the apparatus: MO is a mag-
neto-optic system for shaping an electron beam; C; and C,
are monitoring scintillation counters; C, and Ck are guard
scintillation counters; G +Cr is a goniometer with a single
crystal; M is a clearing magnet; and L is a shower detector.
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FIG. 2. Reciprocal-lattice (100) plane of a silicon single crys-
tal shown in systems of goniometric (qy,qy) and auxiliary
(q,9;) rotation axes (a is the lattice constant in units of the
Compton electron wavelength and n are the indices of the re-
ciprocal lattice sites).

Under the experimental conditions the space in front
and behind a single crystal, right up to the clearing
magnet, was filled with an amorphous substance of
thickness 0.08X, and 0.03X, (scintillation counters,
air). However, the contributions of the amorphous
substance and of the single crystal to the process under
investigation were not additive hecause of the probable
multiple emission of radiation by electrons. This made
it impossible to determine experimentally, by the dif-
ference method, the effect solely due to the single cry-
stal.

3. RANGES OF SINGLE-CRYSTAL ORIENTATIONS

The radiative energy losses of electrons were inves-
tigated in three ranges of the angular orientation of the
single crystal:

a) the crystal was strongly disoriented and the energy
losses were governed by the noncoherent part of the
bremsstrahlung cross section’;

b) the crystal was oriented in the range of angles cor-
responding to the strongest coherent electron brem-
sstrahlung at a chain of reciprocal lattice sites char-
acterized by the index ratio n,/n,=1 (Refs. 1 and 4)
(Fig. 2);

c) the crystal was oriented in the range of directions
close to the [100] crystallographic axis and to the elec-
tron beam axis, when one would expect the emission of
radiation from channeled electrons, 5

When the [100] crystallographic axis was made to
coincide with the electron beam, the orientation angles
of the single crystals ® ,and &, relative to the gonio-
metric axes q,and q, were taken to be zero. In the
ranges a) and b) the orientation of the single crystal was
described with the aid of a system of auxiliary axes q,
and q, (Fig. 2) and the angles of rotation of &, and &,
about them., When the angle &, in this system differed
considerably from zero, coherent bremsstrahlung from
a chain of reciprocal lattice sites with »,/n,=1 was
practically governed by the angle |®,| and by the angular
divergence of the electron beam in a plane perpendicular
to the corresponding auxiliary axis.*

The investigated orientations of the single crystal are
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TABLE I. Orientation angles of silicon single crystal.

Angle Orientation

mrad 1 2 3 ‘o ] l 1]
Of +73.75 +1725 +16.25 - 0 0
Dy +31.25 -16,25 -16.25 - +1.25 0
O, ** +28.63 +23,67 +22.98 +22.56 - -
@, ** +74.81 +1.16 +0.44 0 - -

*In this experiment the orientation was not determined
(for some data see Ref. 4).

**Calculated from the values given above allowing for
the experimentally determined inaccuracy of the initial
coincidence of the crystallographic axes, amounting to
19.10 mrad in the anticlockwise direction with the gonio-
metric axes in the (100) plane (Fig. 2).

given in Table I. The total error in the determination
of the orientation angles was +0.06 mrad.

4. EXPERIMENTAL RESULTS AND DISCUSSION

The experimental spectra of the energy losses ex-
perienced by electrons due to emission of radiation in
a layer of matter of the composition 0.08S, (amorph. )
+0. 14X, (cryst.) +0.03X, (amorph.) are plotted in
Fig. 3 for the orientation angles of the crystal listed
in Table I. The spectra were not corrected for the
energy resolution of the shower detector. The repro-
ducibility of the spectra was 10-15% when the orienta-
tions were reset. Figure 3 includes also the corre-
sponding spectra (continuous curves) calculated for the
experimental conditions, i.e., allowing for the angular
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FIG. 3. Energy loss spectra experienced by a 31 GeV electron
beam due to emission of radiation in a combined system of the
composition 0.08X, (amorph.) +0. 14X, (silicon crystal)
+0.03X, (amorph.). Here, N, is the total electron flux and X,
is the radiation unit. The points are the experimental values
summed for five successive analyzer channels without cor-
rections for the energy resolution of the shower detector. The
random error varies along the spectrum proportionally to the
square root of the number of events. The continuous curves
are calculated for the experimental conditions allowing for
multiple processes. The dashed curves are calculated on the
basis of the assumptions reported in text and on the assump-
tion that radiation is emitted by the channeled electrons in
accordance with the Bethe—Heitler mechanism. The curves

in Figs. 3a and 3b are numbered in accordance with the orien-
tations of the silicon single crystal listed in Table L
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and energy scatter of electrons in a heam, for multiple
noncoherent and coherent bremsstrahlung emission, for
multiple Coulomb scattering, and for fluctuations of the
amplitudes of the output signals of the shower detector.
These spectra were calculated by the Monte Carlo meth-
od. The electron bremsstrahlung cross section of the
single crystal was found using the relationships of Ref,
9 and the atomic form factor of silicon for the Moliere
potential, 1°

When the orientation of the single crystal was far
from the coincidence of the [100] crystallographic axis
with the electron beam axis (Fig. 3a), the agreement
between the calculated and experimental spectra was
good. Some discrepancy for the spectra labeled 3 was
possibly due to different type of radiation emitted in
the course of channeling by the (011) crystallographic
planes, which affected a small proportion of the elec-
tron flux hut which was ignored in the calculations. The
agreement between the theoretical and experimental
results in these cases made it possible to calculate the
expected spectra 1-4 of the electron energy losses in
the single crystal itself and the corresponding energy
spectra of the hremsstrahlung photons. These spec-
tra are given in Fig. 4. The results of Fig. 4b illus-
trate the considerable increase in the intensity of the
electron bremsstrahlung in the region of the coherent
effect. In this region there is also an increase in the
average relative radiation energy losses of electrons
per unit radiation length' in the material of the single
crystal calculated using the relationships of Ref. 9
(Fig. 5). The results obtained support the validity of
the well-known relationships for the coherent brems-
strahlung'-® emitted by the unchanneled electrons of ~31
GeV energy and the increase in the effective radiation
length compared with the amorphous modification of the
investigated material.

Figure 3b shows the spectra of the radiative energy
losses experienced by electrons moving in the range of
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FIG. 4. Spectra of the energy losses experienced by a 31 GeV
electron beam due to emission of coherent bremsstrahlung (a)
and energy spectra of photons (b) emitted by a silicon single
crystal 0.14X, thick (N, is the total electron flux, Ny is the
bremsstrahlung photon flux, X, is a radiation unit; the curves
are labeled in the same way as the orientations of a single
crystal in Table I).
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FIG. 5. Average relative losses of the electron energy due

to the emission of coherent bremsstrahlung in a silicon single
crystal calculated per radiation length of its amorphous mod-
ification and plotted as a function of the electron energy and
the orientation angle of a single crystal |®,| (mrad). Here,
the chain line represents the Bethe—Heitler mechanism; R is
the thickness of silicon radiation units; A is the range of
angles of capture by a planar (011) channel.

small angular deviations from the [100] crystallographic
axis. In this range the experimental spectra did not
agree with those calculated (continuous curves) on the
same assumptions as before. The calculated probabili-
ties of the electron energy losses inthe range AE < 7—-10
GeV were too low and in the range AE,~ 20-25 GeV

the calculations exceeded considerably the experimental
results. The nature of the calculated spectra could be
explained by an increase in the effective radiation length
in the single crystal, which should result in strong
multiple emission of radiation by electrons, as found

in the amorphous substance (Fig. 6). An increase

in the rms angle of multiple scattering of electrons in
the single crystal,'? allowed for in the calculations of
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FIG. 6. Calculated spectra of the energy losses experienced
by 31 GeV electrons due to the emission of bremsstrahlung in
amorphous layers of thickness R radiation lengths (Monte
Carlo calculations).
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FIG. 7. Angular acceptances of the main planar channels in a silicon single crystal bombarded with 31 GeV electrons along the
[100] crystallographic axis in the Bravais lattice (the ellipses represent variants 5 and 6 of the orientation of a single crystal in
Table I and the angular dispersions of the electron beam in the experiments).

the spectra, had little effect on their shape.

The discrepancy between the experimental and cal-
culated spectra 5 and 6 was probably due to the fact that
the mechanism of coherent bremsstrahlung did not ap-
ply to a considerable proportion of the beam electrons
which were now channeled by the planes in the single
crystal of silicon,® as shown in Fig. 7. The angular
acceptances of the planar channels were calculated for
the relativistic case from the relationship 2a,=2(2V,/
E,)'/?, where a, is the critical channeling angle, and
the interaction potential V, of an electron with the cry-
stallographic plane was approximated by the continuous
Moliére potential allowing for two planes forming a
channel, 3

A qualitative estimate of the energy losses due to
emission of radiation by electrons in the channeling
range was obtained by calculating the spectra 5 and 6
on the assumption that these electrons emitted in ac-
cordance with the Bethe~Heitler mechanism exactly as
in an amorphous medium. The radiation of the unchan-
neled electrons was calculated in the same way as be-
fore. The results are given in Fig. 3b by the dashed
curves. An analysis of the results in the figure shows
that the intensities of the radiative losses of the elec-
tron energy in crystallographic channels are greater
than those for an amorphous medium but smaller than
those predicted by the relationship applicable to coher-
ent bremsstrahlung. Of the two orientations of the
single crystal 5 and 6, a considerably smaller propor-
tion of the electron flux is channeled in the former case
(Fig. 7) and, therefore, the coherent electron brems-
strahlung predominates. This is why the agreement be-
tween the calculations and experiment is better for spec-
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trum 5 than for spectrum 6. On the whole, an analysis
of the spectra in Fig. 3b suggests that, in this experi-
ment as well as in the earlier investigations,*'4™'® the
observed effects are due to the predicted®™® basically
new phenomenon of emission of spontaneous radiation
when charged particles are channeled in single cry-
stals.

A comparison of the radiative energy loss spectra of
electrons obtained by us with similar spectra of the
Bethe—Heitler bremsstrahlung (Figs. 3, 4, and 6) dem-
onstrates that single crystals can be used more effec-
tively than amorphous substances in selective reduction
in the energy of electron beams with small angular di-
vergences.

The authors are grateful to V. A. Yarbe, A.Ts. Ama-
tuni, G.A. Vartapetyan, and S.P. Denisov for encour-
aging this investigation and to I. A. Grishaev for val-
uable discussions.
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We consider the electromagnetic P-odd interaction produced between an electron and a nucleus by parity-
violating nuclear forces. New information on these forces can be obtained even now by experimentally

investigating the optical activity of heavy atoms and diatomic molecules. In the case of the deuteron, the P-
odd vector potential is expressed in terms of parameters that characterize parity violation in np scattering.

PACS numbers: 31.90. + s, 21.30. +y, 11.30.Er

1. The discovery of the weak electron—nucleon in-
teraction due to neutral currents, which was made in
Novosibirsk' by observing the optical activity of atom-
ic-bismuth vapor, is undoubtedly only the first positive
result in the study of the structure of weak interactions
by atomic-spectroscopy methods. The subsequent in-
crease of the accuracy of this experiment? makes it
quite realistic to obtain qualitatively new results in this
field. We have in mind, in particular, the measure-
ment, in atoms® and in molecules,* of the constant that
characterizes the weak interaction of the electron with
the nuclear spin. The natural scale of this effect is
-1/Z of the already measured one, since it receives
contributions not from all the nucleons of the nucleus,
but only from the one valence nucleon. It is realistic
to expect to measure an effect of this order of magni-
tude even at present. However, within the framework
of the Weinberg-Salam model, at the mixing-parameter
value sin%0 =0. 23 which follows from the available ex-
perimental data, the constant of the interaction in ques-
tion is numerically very small,

We wish to note in the present article that parity-
violation effects that depend on the spin of the nucleus
can be produced in atoms not by neutral currents only.
They are induced also by P-odd nuclear forces. These
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forces produce in the electromagnetic vector-potential
of the nucleus an increment of incorrect P-parity, and
this increment acts on the electron. The contribution
of this mechanism can be noticeably larger than that of
the neutral currents. Thus, experiments aimed at ob-
serving the effects in question are already realistic at
present. They can yield valuable information on parity
violation in a nucleus.

Effects peculiar to u-mesic atoms and due to P-odd
nuclear forces were considered earlier by Grechukhin
and Soldatov.® Parity violation in the interaction of an
electron with a nucleus, induced by P-odd nuclear for-
ces, was discussed from a general point of view in a
recent paper by Henley et al. ®

2. The cause of the considered phenomenon is easier
to understand by starting from the fact that violation of
spatial parity in the nucleus produces in it a spiral spin
structure”® and toroidal currents.” It is the resultant
contribution to the vector-potential of the nucleus which
leads to the P-odd electron-nucleus interaction of in-
terest to us. We shall show that this electromagnetic
interaction must of necessity be of the contact type.
This result is contained in essence in a number of pap-
ers. According to a private communication from P.
Sandars, it was known already to N. Ramsey. None-
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