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The radiation of high-energy positrons channeled in a diamond crystal is studied experimentally. Spectral
distributions are given for the intensity of radiation in planar channeling in the (011) plane of positrons of
energy 2, 4, 6, 10, 14, and 16 GeV and in axial channeling of positrons with energies 4, 6, 10, and 14 GeV

along the {100 axis.

PACS numbers: 61.80.Mk

The present experiments are devoted to study of the
radiation in channeling of high-energy positrons in cry-
stals as theoretically predicted by Kumakhov.®

Experimental studies of the radiation spectra of high
energy positrons undergoing channeling were carried
out by us at the SLAC electron linear accelerator for
positron energies 2, 4, 6, 10, 14, and 16 GeV during
1978 to 1979. Preliminary data were published in Ref.
2. The experimental apparatus is shown in Fig. 1.

The electron accelerator beam with energy 22 GeV
hit a tungsten target which served as a source of secon-
dary positrons. A system of collimators, deflecting
magnets, and quadrupole lenses focused a positron beam
onto a goniometer in which two diamond crystals of
thickness 0.08 and 0.6 mm were placed alternately.
Further adjustment of the beam in the horizontal and
vertical planes was accomplished by means of correct-
ing magnets. Control and monitoring of the beam dur-
ing tuneup of the beam line was accomplished by means
of remotely controlled scintillation counters. Directly
in front of the crystal was placed a scintillation counter
S4 with a center opening 2 mm in diameter, in order to
avoid the effect of beam halo and possible deviations of
the positron beam from the central location. The mo-
mentum spread of the positron beam was +0.1%. The
beam was shaped in such a way that at the point of loca-
tion of the crystal an approximately parallel beam of
positrons was provided, with a total angular spread A9
~107° rad. After passing through the crystal the posi-
trons were deflected by a magnet and detected by scin-
tillation counter S6, the size of which was chosen suf-
ficiently large to record practically the entire spectrum
of scattered positrons. The flux of photons from the

FIG. 1. Diagram of experiment. 1—Pulsed magnet, 2—tung-~
sten target, 3 and 4—secondary emission monitors, 5—gonio-
meter, 6—Nal (T1) spectrometer, 7—lead shield, C1-C4—
collimators, triangles—bending magnets, S1-S6-—scintillation
counters.
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crystal was measured by a total-absorption spectrom-
eter employing an NaI(T1) crystal of thickness 10x, (x,
is the radiation length).

The experiment utilized a goniometer with the pos-
sibility of rotation of the crystal in two mutually perpen-
dicular directions withan accuracy of angle setting equal
to 2.30- 107 rad.

The photons traveled the entire path from the crystal
to the spectrometer in a specially constructed chamber.
In front of the spectrometer at a distance of 20 m from
the diamond crystal was placed a photon collimator 50
mm in diameter which provided a photon angular col-
limation equal to 1.25: 10~ rad, considerably larger
than the expected angular spread of the emitted photons
in the channeling process. An appropriate coincidence
and anticoincidence technique was used for selection of
useful events and provided control of a multichannel
analyzer which served to analyze the y-ray pulses re-
corded by the spectrometer. The detector signal was
recorded 2 usec after the accelerator pulse. Appro-
priate electronic circuitry was used to select possible
background events which appeared during the accelera-
tor pulse of duration 1.6 usec. Cases of coincidence of
signals from counter S4 and the spectrometer, and also
the appearance of two pulses in the spectrometer during
the accelerator pulse, vetoed the transmission of the
signal from the spectrometer to the input of the pulse
analyzer. The analyzer was triggered by coincidence
of the accelerator synchronization pulse and a signal
from the positron counter S6.

All measurements were made at an average positron
beam intensity no greater than one positron per accel-
erator pulse. All information from the counters was
read by a microcomputer and recorded on floppy disks.
As information was stored, operative control was ac-
complished by means of tabular and graphical displays.
The information was then transferred from the floppy
disks to the magnetic tape of the SLAC computation tri-
plex and processed to obtain the final results.

The number of positrons hitting counter S4 during the
experiment varied from 1% to 3% of the total positron
beam, depending on the quality of shaping of the electron
beam at the accelerator output. Calibration of the
spectrometer in the low-energy region was accomplished
by means of radioactive sources of Cs'*" (E, =0.661
MeV), Co®™ (E,=1.17 and 1.33 MeV), Po-Be (E, =4.4
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MeV), and Cm-C*® (E, =6.13 MeV). In the high-energy
region the calibration was carried out by measurement
of the spectrum of positrons with energies 2, 4, 6, 10,
14, and 16 GeV.

The y-ray spectrometer, which employed a NaI(T1)
crystal of length 20x,, was linear in the energy region
up to 16 GeV., Correctness of the calibration was
checked in an experiment in which the cross section for
bremsstrahlung from an amorphous target was mea-
sured and checked against the Bethe-Heitler cross sec-
tion. In addition, calibration measurements were made
of the bremsstrahlung spectra from a carbon target
(equivalent to the diamond) and from a disoriented cry-
stalline target.

Orientation of the diamond crystals mounted in the
goniometer was accomplished by means of the well
known effects of coherent bremsstrahlung of electrons
in crystals. The following well known regularities of
coherent bremsstrahlung were utilized®: a) the photon
energy spectrum contains coherent peaks associated with
definite sites of the reciprocal lattice; b) the position
of a peak in the spectrum is uniquely related to the cry-
stal orientation angles; c) the number of photons in the
spectrum increases when the energy of the main peak
in the spectrum approaches zero. On the basis of these
facts it is possible to determine the orientation angles
of the diamond crystal for which a rapid decrease of the
intensity of low-energy photons is observed.

In the experiment we used a diamond plate of thick-
ness 80 um with an orientation at which the (100) cry-
stal plane was placed perpendicular to the positron
beam. The vertical axis of rotation was perpendicular
to the (011) plane. We measured the number of ¥ rays
recorded by the spectrometer as a function of the orien-
tation angle of the crystal in one plane for a fixed angle
with respect to the other plane. For orientation pur-
poses it is sufficient to measure several points along
the most effective row of the reciprocal lattice, in ord-
er to determine the “zero” orientation of the crystal
6,=0,6,=0. Nevertheless in the experiment we ob-
tained a complete set of data necessary for construct-
ing an orientation map of the crystal.

In the experiment we carried out a careful measure-~
ment of the dependence of the total photon intensity on
the crystal orientation near the angles corresponding
to planar and axial channeling. All measurements were
made with a step of 2.3 :107° rad. To monitor the cor-
rectness of choice of the crystal orientation and the
processing of the results, we measured the coherent
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FIG. 2. Spectra of coherent bremsstrahlung of positrons with
energy 10 GeV in a diamond crystal. The horizontal solid line
shows the Bethe-Heitler spectrum in an amorphous material.
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bremsstrahlung spectrum of positrons with E;=10 GeV
under conditions of orientation of the diamond crystal
in which the energy of the photons of the coherent peak
occurs at 5 GeV (Fig. 2).

In the experiment we measured the spectra of elec-
tromagnetic radiation in planar and axial channeling of
high-energy positrons in the diamond crystal. In Figs.
3-5 we have shown the measurements of the radiation
spectra of positrons.with energy 2-16 GeV in planar
channeling in the diamond crystal. The ordinate gives
the intensity of radiation d*W/d(fw)dl per centimeter
of lergth and per positron. The horizontal solid lines
in Figs. 2 and 4 correspond to the Bethe-Heitler spec-
trum:

FWan _ 16 Z(ZH) n
d(hw)dl 3(mc)?

In(1832-"),

where a =e?/lic =<5, Z is the charge of the nucleus,
and 7 is the density of atoms of the material.

In all spectra we observed distinct peaks whose inten-
sity significantly exceeds the intensity of radiation in
an amorphous medium. With increase of the positron
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FIG. 3. Spectral distributions of radiation of positrons with

energies E(=2,4, and 6 GeV incident on a diamond crystal
along the (110) crystallographic plane.
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FIG. 4. Spectra of radiation of positrons with energy £,=10
GeV incident on a diamond crystal along the (110) plane, as a
function of the orientation angle 6 of the (011) crystal plane
with respect to the direction of the positron momentum:
circles—0=0, crosses—6=6.96+10"° rad, triangles—0=9.28
%105 rad, rhombs—Bethe-Heitler spectrum (x10).

energy up to 10 GeV the intensity of radiation at the
maximum increases; at higher energies a decrease of
the intensity and monochromaticity of the radiation is ob-

served. The widths of the peaks increase with increase
of the initial energy of the positrons. The energy of the

photons in the peak approximately follows an E3/? law
up to positron energies 10 GeV, after which the rise

of the peak photon energy slows down and becomes pro-

portional to EL/2,

At all positron energies, especially above 10 GeV, a

second maximum appears in the radiation spectra at ap-
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FIG. 5. Spectral distributions of radiation of positrons with
energies E,=14 and 16 GeV incident on the crystal along the
(110) crystallographic plane.
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proximately twice the frequency of the first maximum.

In Fig. 4 we have shown the radiation spectra of pos-
itrons with energy 10 GeV as a function of the orienta-
tion angle of the (011) plane of the crystal with respect
to the direction of the positron momentum. As can be
seen from the figure, the intensity in the peak is sen-
sitive to the crystal-plane orientation angle 6 relative
to the positron momentum. The intensity of the peak
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FIG. 6. Radiation spectra in axial channeling of positrons with
energies 4—14 GeV along the (100) axis in a diamond radiator
of thickness 80 um; 6, =0, 6,=0.
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is greatest for 6 =0; on increase of the angle within the
critical channeling angle the peak intensity falls off,
but the energy of the photons in the peak does not
change, and for 6 > 6., where 6 is the critical chan-
neling angle, the peak in the spectrum almost disap-
pears and the radiation is already completely due to
superbarrier particles and can be qualitatively de-
scribed by the behavior of coherent tremsstrahlung.

In Fig. 6 we have shown the radiation spectra in axial
channeling of positrons with energy 4-14 GeV along the
(100) axis in a diamond radiator of thickness 80 um. A
peaked structure of the radiation spectrum is also ob-
served. The intensity of radiation in the peak is some-
what higher than the level of the planar case, but the
total intensity is significantly higher as the result of
the width of the peaks and their slow falloff. The peak
energy of the protons in the axial case is somewhat high-
er than in the case of planar channeling.
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