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Abstract

The first results from a broad angular beam experiment
on emission of high-energy photons from 170 GeV elec-
trons and positrons are presented. The targets were
0.5 mm thick S$i and Ge crystals. A dramatic enhance-
ment in the emitted radiation is found for angles of
incidence close to the <110» axis. The experimental
results are compared to a constant-field cascade cal-

culation.
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When energetic electrons or positrons penetrate single cfyél
tals close to axial or planar directions, their motion is gov-
erned by correlated scatterings on atoms in the crystal lattice.
For particles of energies in the GeV regime, the resulting tra-
jectories can be described by classical relativistic mechanics.
The action of the crystal may be represented by an axial or
planar- continuum potential, obtained by smearing the atomic
charges along strings or planes of atoms. "The special case of
channeling appears when the incident beam of particles is al-
igned with the crystallographic direction under consideration so
closely that the flux becomes non-uniform, i.e., positively
charged particles are prevented from coming <close to target
atoms, whereas negatively charged particles are focussed around
the nuclei'”?. The coherence in the.scattering on target atoms
results in a strong enhancement of the emitted radiation as com-
pared to the well known one-atom incoherent bremsstrahlung which
is described by the Bethe-Heitler formula. The structure of
channeling radiation is strongly connected to +the form of
continuum potentials but not directly connected to lattice para-
meters. This is in contrast to coherent bremsstrahlung., by which
is conventionally understood the coherently magnified radiation,
as obtained in the Born limit4 and, in turn, pertaining to
angles beyond the critical channeling angle. For coherent
bremsstrahlung, the spectra from electrons and positrons are
equal, which is not the case for channeling radiation.

For particle energies up to 10-20 GeV, the coherent part of
the photon spectra only reaches up to about 20% of the particle
energy, so the recoil during radiation emission can be neglect-
ed. This means that the radiation process can be described clas-

sically, and classical electrodynamics can be applied. For 1-10



Gev particles, the agreement between measured and classically
calculated spectra is goods's. For an introductory review of
channeling and channeling radiation, see ref. 3.

For energies of incidence above 10-20 GeV, the energy of the
photons in the coherent part of the spectrum can amount to an
appreciable fraction of the primary energy. Consegquently, the
classical description breaks down and quantum electrodynamics
has to be used. At these high impact energies, however, the cum-
bersome quantum-mechanical calculations can be simplified. For
an axially channeled particle, the angular excursion is of the
order of the Lindhard critical channeling angle wfcl/Jy. This
angle is large compared to the range of photon-emission angles
relative +to the local direction of the charged particle 0~1/y.
Consequently, the derivative of the continuum potential experi-
enced by the projectile varies little during coherent-photon em-
ission, and the entire process appears approximately as i1in a
constant electromagnetic field. This situation is analogous to
emiszion of synchrotron radiation’ . The ‘constant field approxi-
mation” (CFA) essentially applies up to incident angles to a
crystal axis of about eoon/mcz, where Uo is the depth of the
continuum potential and m the electron rest mass’ . It should be
noted that OO is independent of particle energy and about 10
times @l at 100 GeV. Outside @0, the first Born approximation
applies {coherent bremsstrahlung)g. This is in contrast to the
situation for lower particle energies, where the first Born ap-
proximation can be applied for angles of incidence down to wl
For small angles of incidence and high energies, we are thus in
a situation where the motion of the charged particle through the
crystal and the radiation process are decoupled. The radiation

spectrum is obtained by averaging the CFA spectrum over the



field strengths met by the projectile. For angles of incidence
w>¢1, the accessible area in the transverse plane is the entire
unit cell. The particle flux is uniform, and electrons and posi-
trons yield identical radiation spectra. On the other hand, for
¢<¢1, the flux is non-uniform. Electrons are concentrated near
the atomic positions, and the radiation intensity and photon en-
ergies are higher than for positrons.

Actually, for O<¢$®D, a correction term to the CFA radiation
probability has +to be added®®. This correction, which scales
with wz at each photon energy, strongly suppresses the low-ener-
gy part of the spectrum, whereas the high-energy part changes
little. Correspondingly, the CFA approach with lowest-order cor-
rection 1is valid for a considerably narrower angular region in
the soft than in the hard part of the spectrum where it is ap-
prlicable to ~90.

Recently, the radiation from 150 GeV electrons and positrons
traversing 1.4, 0.4, and 0.185 mm Ge around the <110> axis was

studied in e parallel-beam experimentlo'll.

An unexpected peak
was observed for 150 GeV electrons incident on the 0.185 mm
crystal at very small angles (<¢1) to the <110> axis. This peak
has been interpreted as emission of multiple photons from elec-
trons which, due to the photon emissions,.lose transverse energy
in proportion to their total energy and thus become increasingly
better channeled ?. Multiple scattering is, however, opposing
this “cooling effect”.

In the present paper radiation spectra from 170-GeV elec-
trons and positrons penetrating 0.5 mm thick <110> Si and Ge
crystals at an angle of 0.1 mrad to the <110> axis are shown. At

this angle, larger than wl, there is no significant “cooling

effect”™ as long as the particles are not channeled since the



spatial density is uniform and the accessible area is the entire
transverse plane. The experimental results can thus be compared
in detail to a CFA calculation (with lowest-order correction)ss,
using a uniform particle flux in the transverse plane. This 1is

. 128
in contrast to Artru

who erroneously argued from the spatial
density in one dimension (planar channeling) that there 1is a
"self-moderation cooling process’ for particles incident close
to an axis with wzml. At 170 GeV, one obtains w1=52 prad and
eo=0.53 mrad for <110> Ge, whereas ¢l=35 prad and 90=O.3O mrad
for <110> Si, both at 100K.

The experiment was performed at the CERN SPS in the West
area. A broad (:20.5 mrad) tertiary electron/positron beam of 170
GeV was used in the experiment. The experimental setup (fig. 1)
was used both for pair production13 and radiation measurements.
In the present experiment, there was no excitation of the tag--
ging bend, and the Q magnet was used to bend the projectiles
away from the y detector (PLUG). This detector was a matrix of
lead and scintillating fibre blocks with an energy resolution of
10%. The y detector was calibrated with tagged photons. The an-
gular resolution of the incident charged particles was given by
the multiwire and drift chambers and amounts to (20x25) urad2
(RMS). The crystals were high-purity monocrystalline Si and Ge,
with 30-mm diameter, cut perpendicular to the <110> axis. To
avoid bending, the crystals were glued at one single point to a
copper ring that could be mounted in a goniometer which has an
angular step size of 0.01°. The crystals were cooled to 100K by
liquid nitrogen. The mounted crystals were tested for mosaic
structure and bending by measuring rocking curves in a double
crystal =x-ray spectrometer. This procedure ensured a bending of

less than 10 prad. A final check of goniometer stability and



crystal bending was performed in the off-line analysis - one of
the advantages of using the broad-beam technique. The informa-
tion for each particle emitting a photon and a fraction of all
the incoming particles (normalization events) was stored on mag-
netic tape for subsequent analysis.

In fig. 2 we present photon spectra, normalized to those ob-
tained in a random direction, for 170 GeV electrons incident on
0.5 mm Si (left) and Ge (right) crystals &t angles 90-120 urad
to the <110> axis (full circles). In the case of Ge, also the
background spectrum (triangles) and the random spectrum includ-
ing background (squares) are shown. The background spectra have
been subtracted from the aligned and the random spectra before
normalization. The random spectra are obtained at an angle of
4.5° from the axis far away from the major planes. The error
bars in fig. 2 originate from the statistical.uncertainties on-
ly. Furthermore, there is an overall systematic uncertainty of
about 20% on the enhancement, stemming from the statistical er-
rors of the normalization events. This uncertainty, however,
does not affect the shape of the spectra. Since the photon de-
tector gives the sum of energies of the photons emitted by each
particle, the spectra show the energy lost by the incoming par-
ticles rather than the photon spectra. As the crystal thick-
nesses correspond to 0.5% and 2.1% of the amorphous-radiation
length, the enhancements of 40 and 20 for the Si and Ge crystals
observed, respectively, imply a non-negligible probability of
multiphoton emission. Furthermore, very energetic photons can be
emitted, resulting in a significant change of the electron ener-
gy between photon emissions. Consequently, the data have been
compared +to a cascade CFA calculation, taking into account the

energy loss of the projectile and emission of more than one pho-



ton. The calculation, however, does not take photon-pair crea-
tion into account. The dashed 1lines in fig. 2 represent the cal-
culated CFA vyields for infinitely thin crystals (including the
first-order correctionaﬂ, corresponding to ¥=0.1 mrad). The
thermally averaged Doyle-Turner potential14 is used in the cal-
culation, with a two-dimensional vibrational amplitude of 0.077
A for Si and 0.074 A for Ge (ref. 14), corresponding to a tempe-
rature of 100K. The results of the cascade€ calculation are shown
as solid curves in fig. 2. Inclusion of the cascade mainly re-
sults in a distribution peaking at &a higher energy, and the
largest difference between the two curves occurs at low ener-
gies, where the number of photons is highest. We see that the
total radiated energy measured is about 25% lower than in the
cascade calculation in both cases. The shapes of +the measured
and the calculated spectra also agree reasonably well, especial-
ly for Ge. For Si, however, the high-energy part of the experi-
mental spectrum is significantly higher than calculated. This
disagreement cannot be accounted for by reasonable changes 1in
the input of the computation of the theoretical spectra since
this upper end of the spectrum is very dependent on the energy
of the electrons and the maximum electric field encountered by
the projectiles. We note, however, that the CFA calculation with
first-order correction at an angle of 0.1 mrad to the axis is
expected to be less accurate for Si than for Ge due to the
smaller value o©of eo for Si.

Finally, we compare in fig. 3 photon spectra obtained for
170-GeV positrons 4incident in the same angular range with the
electron data. The positron spectra are identical to the elec-
tron spectra within the uncertainties since there is a normali-

zation uncertainty for Ge of 3% and 5% for electrons and posi-



trons, respectively, and about 7% for both electrons and posi-
trons on Si. The fact that the positron data in both cases afe
higher than the electron data is considered fortuitous. The
identical electron and positron spectra are in agreement with
our expectations since for ¢>¢1, both electrons and positrons
have a uniform flux distribution in the transverse plane, lead-
ing to the same average over the electric fieids of the CFA cal-
culation.

In conclusion, first detailed comparisons between experimen-
tal photon spectra for 170 GeV electrons and positrons incident
on 0.5 mm Si and Ge crystals near the <110> axis and CFA calcu-
lations are given. Differences are of the order of 25% in the
radiated energy comparable to the uncertainty in the normaliza-
tion of the data. For Ge, the calculated high-energy edge of the
spectrum is in very good agreement with observations, but for
Si, an unexplained discrepancy exists. Better agreement has been
obtained for the related process of pair productionla. Combina-
tion of the very enhanced pair production and gamma radiation in
and above the hundreds-of-GeV region leads to an increased
shower formation, which promises well for applications in the
construction of compact, direction-sensitive electromagnetic ca-

lorimeters for very high-energy physics and gamma-ray

16
astronomy
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Figure Captions

Fig. 1.
Fig. 2.
Fig. 3.

Schematic drawing of the experimental equipment.
Enhancement, relative-to-random, ©of gamma xradiation for
170 GeV electrons incident in the angular range 90-120
prad to the <110> axis in 0.5 mm Si and Ge, respective-
ly (full circles). The background (triangles) and the
random (squares) spectra observed are shown in the case
of Ge. The dashed curves show the result of a CFA cal-
culation wvalid for infinitely thin crystals, whereas
the solid curves are the results of a cascade CFA cal-
culation.

Comparison of y-ray spectra for 170-GeV electrons and
positrons incident in the angular range 90-120 prad to

the <110> axis in 0.5-mm Si and Ge.
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