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The spectral dependence of the forward coherent bremsstrahlung produced by beams of 28-MeV pos-
itrons and electrons incident upon a 5-um thick single crystal of silicon was measured with a Nal
photon spectrometer. Effects of channeling and perhaps of the nonvalidity of the first Born approxi-
mation were observed for beam directions near the { 111 ) axis of the crystal. A coherent peak near
0.5 MeV for both electrons and positrons was observed for a compound-interference direction, in

agreement with first-order theoretical calculations.

I. INTRODUCTION

Channeling of relativistic positrons and coherent-
ly produced bremsstrahlung from both electrons
and positrons in single crystals of silicon have
been observed in transmission and scattering mea-
surements for incident particle energies from
16 to 28 MeV, using beams from the Lawrence
Livermore Laboratory linear accelerator. The
axial and planar channeling and the accompanying
bremsstrahlung from relativistic electrons and
positrons impinging upon thin (5- to 53-um) single
silicon crystals were studied earlier.’ The data
reported in Ref. 1 demonstrated strong channeling
behavior for positrons, although the channeling
data for electrons reflected an angular dependence
upon the incident beam alignment which could not
be explained from experiments conducted at lower
energies.? Additional experiments®'* at comparable
energies have shown the same type of channeling
response for electrons; the entire subject of chan-
neling has been reviewed recently by Gemmell.®
Also, it was found that either type of charged par-
ticle generates coherently produced bremsstrahlung
when incident at a small angle from a major direc-
tion in a crystal. In this early work, however, only
total intensities of the bremsstrahlung were ob-
served. The measurements reported upon here
were undertaken in an effort to study the shape of
the coherent bremsstrahlung spectrum, and to
examine its dependence upon the charge of the
bombarding particles and the orientation of the
crystal axis with respect to the incident beam
direction.

The phenomenon of coherent bremsstrahlung
results from the periodicity of the reciprocal lat-
tice, which allows the occurrence only of those
lattice recoil momenta which satisfy both the Bragg
condition and momentum and energy conservation.
Observation of this interference effect is enhanced
in experiments where the detected bremsstrahlung
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photons are restricted by suitable collimation to
near the incident particle direction.®

In 1956, Uberall” used the Born approximation
and a simple cubic crystal lattice to analyze the
interference effect. He obtained an expression for
the intensity change of the Bethe-Heitler cross
section for bremsstrahlung resulting from inter-
ference effects which also took into account elec-
tron screening and lattice vibrations. Several
experiments (for example, Refs. 8—10) verified
the predicted enhancement and highlighted the
structure resulting from the discrete nature of
the reciprocal lattice. In 1963, Mozley and
De Wire!! pointed out that the observed coherent
spectrum can be modified further by strong colli-
mation of the emergent radiation, resulting in a
line spectrum superimposed upon a reduced in-
coherent background.

Diambrini® has reviewed both theory and experi-
ments as of 1968. In general, the experiments
have been conducted at GeV energies; to date,
none have been conducted in the MeV region.
Moreover, both the experimental and theoretical
requirements, techniques, and results in the MeV
region are so vastly different from those pertain-
ing to the GeV region that little useful information
can be obtained from a simple extrapolation. In
the present paper, for example, the influence of
positron and electron channeling on coherent
bremsstrahlung production is examined, along
with the dependence of the coherent bremsstrahlung
spectrum upon incident particle angle and polarity.

II. THEORY

The conventional theoretical treatment of co-
herent bremsstrahlung in single crystals is based
upon the first Born approximation.®'?*!2''3 Com-
puter programs based upon this approach have
been used to compute the predicted photon spectra
at high relativistic energies.’*"'¢ The effects of
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multiple scattering of the charged particles and of
collimation of the photon beam are included in

the calculations. However, for very small angles
of incidence, the relative contribution of the second
Born approximation can become comparable to the
contribution from the first.'” This could introduce
a sizable effect dependent upon the sign of the
charge; the prediction is an increase in the co-
herent bremsstrahlung intensity for positrons and
a decrease for electrons. Also, channeling of
relativistic positrons and electrons''®***'® has not
been included in any theory to date. Axial chan-
neling of positrons tends to kéep the particles far
from the strings of nuclei, thereby reducing the
probability of the close encounters necessary for
coherent bremsstrahlung production. Electron
channeling, on the other hand, increases the proba-
bility for close-encounter interactions.

The validity of the Born approximation for the
treatment of coherent bremsstrahlung has been
discussed by several authors.”'!2'17'19'20 1n gen-
eral, the Born approximation begins to fail for
high atomic numbers, for photon energies near
the high-frequency limit, and for low incident
electron energies. Schiff’® pointed out that, even
for small Z, the phase change of the wave function
of an electron passing through a crystal can be
very large. Hence, Bloch wave functions are more
appropriate than plane wave functions when treating
coherent bremsstrahlung. Ferretti,'>'® predicted
that, for unitarity reasons at very high energy,
the Born approximation had to break down com-
pletely. He later? proposed a method for calcu-
lating coherent bremsstrahlung which is valid
when the energy of the photon is very small com-
pared to the incident particle energy, as is the
case in the present experiment. Unfortunately,
the treatment is valid for positrons only. Akhie-
zer et al.'” showed that at small angles of inci-
dence the kinematical restrictions imposed by the
allowed crystal recoil momenta lead to an in-
creased relative contribution from the second Born
approximation, and hence in the intensity ratio
of positron- to electron-produced coherent brems-
strahlung.

The relative contribution of the second Born
approximation becomes appreciable at low rela-
tivistic energies. For 28-MeV positrons and elec-
trons incident at 1° from a major axis of a single
crystal of silicon, the second Born approximation
makes a relative contribution of about 12%.!” This
effect will of course be intertwined with the effect
of the channeling.

Although an exact treatment of the intensity of
coherent bremsstrahlung is lacking, the qualitative
features, such as the locations of the peaks, can
be interpreted easily as the result of kinematical

limitations introduced by the reciprocal lattice.
The energies of the peaks can be determined from
the following approximate formula??;

_ 2
B 2B, -q O

E, 1+2Eg, ’
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where E is the energy of the photon, E, is the total
energy of the incident charged particle, ¢, is the
longitudinal momentum transferred to the crystal,
4, is the transverse momentum transferred to the
crystal, and normalized units (Z=c=m =1) are
used. Equation (1) is based upon the assumptions
E<E; and E,>>1. The transverse momentum term
in Eq. (1) represents the curvature of the “momen-
tum pancake” ®'” so prominent at lower energies.
Both ¢, and g, have allowed discrete values; it
should be noted that ¢, and ¢, must satisfy the
conditions,®*”

E/2E2<q,<2/E, and 0<g,=4. @)

Photon collimation (or second collimation)!* 22
causes the coherent bremsstrahlung peaks to be-
come narrower, approaching line spectra as the
collimator angles are reduced. Also, it reduces
the incoherent bremsstrahlung intensity (whose
angular distribution is broader).

Thus, for positrons and electrons incident at
small angles from major directions in single
crystals we should expect competing trends in the
theoretical predictions from the effects of channel-
ing and of taking into account the second Born
approximation. As the angle of incidence is de-
creased, the intensity of coherent bremsstrahlung
will increase for positrons until channeling be-
comes significant. (Axial-channeling half angles
for silicon single crystals are on the order of two
mrad for incident particle beams with energies of
some tens of MeV; it is reasonable to expect rela-
tively thin crystals, 5 to 50 um, to exhibit strong
channeling response to particle beams having di-
vergences of about one mrad.) Once the particle
beam is incident within the angular range for
channeling, a strong reduction for close-encounter
interactions should result for positrons. Electron
channeling, on the other hand, keeps the particle
near the atomic string, thereby increasing the
probability for close-encounter interactions. It
is noted, however, that electrons channel in an
oscillatory manner around one atomic string, and
thus are very susceptible to becoming dechanneled
by thermal and zero-point motion, whereas posi-
trons channel for relatively long distances, and
are almost unperturbed by lattice motion.

III. EXPERIMENT

The experimental procedures were similar to
those of Ref. 1. The apparatus is shown in Fig. 1.
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FIG. 1. Experimental apparatus. The high-current electron beam from the first accelerator section @ struck the
0.25-cm thick tungsten positron converter @, producing in turn bremsstrahlung and positron-electron pairs in the con-
verter, which were captured into the next accelerator section. By selecting the phase of the radiofrequency power to
the subsequent accelerator sections @ to be either the same as or opposite to that in the first section, either electrons
or positrons were accelerated in the rest of the machine. The charged-particle beam was energy analyzed, transported
to the experimental room, and focused into a nearly parallel beam by the bending and focusing magnets @ and ®. The
analyzed beam then impinged upon the thin silicon single-crystal bremsstrahlung target ® , and the transmitted beam
was swept out of the 0° line of sight by the sweeping magnet @. The collimated beam of forward bremsstrahlung pho-

tons was detected with the NaI(T1) photon spectrometer ®.

Beams of 28-MeV positrons and electrons were
obtained from the linear accelerator and energy
analyzed with a bending -magnet-and-slit system
to an energy spread of less than 1%. The beam
was collimated in such a way that it was nearly
parallel (see below) when it was allowed to strike
a 5-um-thick single crystal of silicon. The
charged-particle beam, after having passed through
the crystal, was bent down at a 50° angle by a
sweeping magnet into a 3-m-long dumphole under -
ground, at the end of which it was monitored by a
plastic scintillator detector. The forward beam
of bremsstrahlung photons produced in the silicon
crystal was itself collimated (see below) and
viewed with a 12.5-cm-diam-by-15-cm-thick
Nal(T1) photon spectrometer positioned 5 m down-
stream from the silicon crystal. The 1.25-cm-
diam silicon crystal was cut so that the short di-
mension (5 um) was nearly parallel to the (111)
crystallographic direction, and was mounted on a
goniometer capable of rotating the crystal through
a two-dimensional angular range in 0.04-mrad
steps.

The collimation system, which limits the mo-
mentum transferred by the incident charged par-
ticle to the crystal lattice, is shown in Fig. 2. The
maximum (full-angle) beam divergence allowed
was 4 mrad, corresponding to an optimum (full-
angle) divergence of half this value. However,
careful tuning of quadrupole magnets in the beam-
transport system resulted in a beam quality which
was considerably better than these geometrical

limits. This was borne out by the observation

that positron-transmission measurements per-
formed both with this set and with a much more
restrictive set of collimators yielded essentially
the same apparent channel widths. The upstream
1.6-cm-diam carbon collimator was selected to re-
duce the bremsstrahlung yield from that back-
ground source. Although the silicon-crystal target
was 1.25 cm in diameter, the downstream 0.5-cm-
diam lead collimator and the 45-cm-thick 0.95-cm-
diam lead collimator positioned directly in front of
the Nal detector allowed the latter to view only

the central area of the silicon target.

The orientation of the single crystal mounted in
the goniometer was determined by the channeling
response of transmitted positrons. The single
crystal initially was grown and prepared with the
(111) direction nearly normal to its surface. It
was mounted on the inner gimbal ring of the gonio-
meter and adjusted until the crystal showed no
optical distortion. A positron mapping was per-
formed to locate the string position and the (110)
planes. This was accomplished by measuring the
transmitted positron beam with a plastic scintilla-
tor as a function of the goniometer settings, as
was reported in Ref. 1, and observing the large
increase in the transmitted positron intensity
when the crystal was swept through a channeling
direction. The data set generated by this procedure
is shown in Fig. 3. This technique allowed the
crystal to be oriented to within 0.1 mrad, an un-
certainty much smaller than the probable beam
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FIG. 2. Collimation sys-
] tem. The 15-cm-thick
graphite collimator limited
— the charged-particle beam
diameter at the position of
the last quadrupole focus-
T ing magnet. The 10- and
46-cm thick lead collima-
tors limited the part of the
silicon crystal viewed by
L the photon spectrometer as
well as the angular diver-
gence of the forward brems-
strahlung beam.

divergence involved.

The electronics and data-recording equipment
were straightforward. The amplified output sig-
nals from the Nal spectrometer were split and
fed both to a 1024-channel pulse-height analyzer
having a threshold for valid events (well above
noise level) corresponding to 162-keV photons,
and to a single-channel analyzer having a thres-
hold of 12.5 MeV, for normalization purposes.
Both analyzers were gated by a trigger pulse from
the linear accelerator so that events occurring
from cosmic rays and other machine-off back-
ground sources were reduced to a negligible rate.
The counting rate of stored pulses was monitored
and used to hold the beam intensity at a (low) con-
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FIG. 3. Planar-channeling map of the 5-um-thick sili-
con crystal. Wide-angular-range scans of the trans-
mitted positron beam were made, and the location of
the various planar-channeling peaks form a data set
which allows the mapping of the major planes which
intersect the principal {L11) crystallographic direction.
This mapping technique was used to orient the crystal
with a high degree of precision.

stant level, so that pile-up corrections were
small (<3%). A ?2Na y-ray source was used to
calibrate the energy scale. The accelerator was
operated at 360 Hz (1-usec pulses); the experi-
mental runs each were a few hours long, during
which the counting rate never exceeded 10 sec™!.
Eight kinds of data runs were taken, for both
incident positrons and electrons and for each of
four orientations of the target crystal: on-channel,
on-shoulder, compound, and random (Figs. 4 and
5). In the on-channel position, the particle beam
was collinear with the (111) string direction (within
the limits of divergence of the beam). The on-
shoulder spectrum was measured with the particle
beam incident along a (110) plane, 15 min of arc
from the string direction. In the compound posi-
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FIG. 4. Unnormalized photon spectra for incident

positrons: (a) on-channel spectrum; (b) on-shoulder;
(c) compound; (d) random. No backgrounds have been
subtracted from the data (see .ext).



740 R. L. WALKER, B. L. BERMAN, AND S. D. BLOOM 11

800 T ———— T
|
Electron Channel Spectrum
700f a
600 |- ’f 4
= 500 | B
£ !
=
£ 00 - B
)
£
g 00l
< 300 -
200 E
100 f il W o
0 L
500 T T T
ﬂ Electron Shoulder Spectrum
400+ ! b 4
§ 300 Y
5 'ﬂ‘iw §
£ 200 L. 1
E il ™ ‘
< L T,
100~ Tyl l{‘!"‘!“\I"le"‘uﬁlw‘\\‘,,;“",u\‘l'"u il
ALY
0 . L L
600 (—— T T
Electron Compound Spectrum
500 - I ¢
_ 400+ B
2
s F
S 300 E
=]
z M ‘I"lv‘i'ﬂ‘l ol i
LT ,
£ 200} N g g
(T AL
S 1Y "W'”‘;‘i“iea‘\' 1y |
) iy
100 g
ob— ' L
00— T T T —
= It Electron Random Spectrum
£ 200} | | a
S i ‘zi’\‘\'hplil_pi .
> R L0 T T
£ loof A g g
g Ll 1 d [k
L=
0 L S e
0 05 10 15 20

Photon Energy - MeV
FIG. 5. Unnormalized photon spectra for incident elec-
trons: (@) on-channel spectrum; (b) on-shoulder; (c)
compound; (d) random. No backgrounds have been sub-
tracted from the data (see text).

tion, the particle beam was incident along a (110)
plane, 50.5 min of arc from the string direction.
Finally, the random-position spectra were mea-
sured at an orientation selected far from the string
direction and major planes. The electron beam
intensity was about three times as great as the
positron beam intensity. Four electron spectra
were measured with a high-energy (>12.5-MeV)
normalization of 1.5x10% counts and one compound
spectrum was normalized to 3x10* counts. Four
positron spectra were measured with a high-energy
normalization of 0.5 x10% counts and one compound
spectrum was normalized to 1 X10* counts.
Backgrounds were shown to be negligible by
means of beam-off and target-out runs, the latter
performed at other times but with the same ex-
perimental geometry. No backgrounds have been

subtracted from the data in the figures, but it
should be noted that whatever (small) background
is present (a) will be present in nearly proportion-
ate amounts in all the spectra, and (b) will tend
only to emphasize further the difference between
the relative sizes of the coherent peak for posi-
trons and electrons shown in Figs. 4(c) and 5(c).

IV. RESULTS AND DISCUSSION

The results are shown in Figs. 4-7. Figure 4
shows the unnormalized photon spectra for the
four positron runs, and Fig. 5 shows those for
the electron runs. The on-shoulder spectra [Figs.
4(b) and 5(b)] and the on-channel spectrum for
electrons [Fig. 5(a)] show the enhancement of low-
energy bremsstrahlung [relative to the random
spectra shown in Figs. 4(d) and 5(d)] expected
from the results of Ref. 1. Since the positrons,
being positively charged, are repelled from the
lattice sites (the atomic nuclei) when the beam is
directed along the string direction, bremsstrahlung
production in general is inhibited for this case, the
coherence effect is suppressed, and hence the
spectrum of Fig. 4(a) does not show any signifi-
cant low-energy enhancement. Indeed, the present
collimation assured that the maximum beam div-
ergence still lay within the channeling half angle
(which was in fact measured for this crystal in a
subsidiary experiment); therefore, one can assume
that the positrons were well channeled and only de-
channeled positrons contributed to the bremsstrah-
lung production, resulting in a photon spectrum
shape comparable to one for a random orientation
of the crystal.

The low-energy bremsstrahlung enhancement
can be seen more clearly in Fig. 6. Here are
plotted the normalized differences between the
spectra of Figs. 4(b) and 4(d) [Fig. 6(a)], Figs.

5(b) and 5(d) [Fig. 6(b)], and Figs. 5(a) and 5(d)
[Fig. 6(c)]. These normalizations equated the num-
ber of counts above 12.5 MeV for the various pairs
of runs, on the reasonable assumption that all co-
herent effects in the high-energy region of the
bremsstrahlung spectra are negligible. The on-
shoulder position was chosen to investigate the
bremsstrahlung spectra for particles in the an-
gular range where the “shoulders” of the channel-
ing response are prominent.! The low-energy
bremsstrahlung enhancement for on-shoulder
incident positrons [Fig. 6(a)] exceeds that for the
comparable electron data [Fig. 6(b)]. This could
be explained by the need for taking into account
the second Born approximation for this case. The
influence of axial channeling is dramatized by the
large low-energy enhancement for on-channel in-
cident electrons [Fig. 6(c)]; presumably this re-
sults from the electrons being attracted to the
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FIG. 6. Normalized difference spectra, showing the
low-energy bremsstrahlung enhancement: (a) on-shoul-
der-minus-random spectrum for positrons; (b) on-
shoulder-minus-random spectrum for electrons; (c)
on-channel-minus random spectrum for electrons.

string of atomic nuclei, as contrasted with the
case for positrons.

The photon spectra for the cases when the orien-
tation of the silicon crystal, relative to the direc-
tion of the incident beam, was adjusted for com-

pound interference are shown in Figs. 4(c) and 5(c).

Both these spectra contain a striking peak near
0.5 MeV, although the peak is at least twice as
prominent in the positron data [Fig. 4(c)l. The
kinematics of the coherent bremsstrahlung pro-
cess results in the prediction [from Eq. (1)] of a
clustering of coherent strength near 0.5 MeV for
the compound interference position chosen here
for study, in agreement with the present experi-
mental results. Although the charged-particle
beam optics were not precisely the same for the
two cases, it still is likely that channeling, with
perhaps some contribution from the second-Born-

approximation effect, account for the relatively
greater enhancement of the coherent peak in the
positron data.

We also note that for the shoulder position a
coherent bremsstrahlung peak should occur at
0.13-MeV and higher-order peaks approximately
at integral multiples of this energy. However, the
lowest-order shoulder peak is below the thres-
hold set on the Nal detector, and the higher-order
peaks are too weak to be discernible. Higher-
order peaks also should occur in the compound-
position spectra. Such peaks are predicted [Eq. (1)]
to lie near 1.1 and 1.7 MeV, but should have in-
tensities much smaller than that for the one near
0.5 MeV. Figure 7 shows the data up to 4 MeV for
these spectra; it does not appear that these or
any other higher-order peaks have been observed.
Also, in both the shoulder and compound positions
planar channeling might have some influence on the
data, but no apparent effect is discernible [the
(110) planar-channeling angles are approximately
% of the (111) axial-channeling value].

As a final note, it is worth commenting on the
application of Eq. (1) to the peak at E=~ 0.5 MeV.
There are, of course, a very large number of sets
of (q,, g,) which contribute to this observed peak.
Choosing a representative point in this set, we
find the approximate results:

q,~0.029 and g¢,=~1.78,

which satisfy conditions (2). Substituting these
values into Eq. (1) results in the scaling law

§ = (0.058E, - 3.17)/(1 + 0.058E,), 3)
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where all energies are expressed in units of
m,c® (0.511 MeV). It can be seen that a mere
doubling of E, results in an increase of E/E, of
considerably more than a factor of 10; now, how-
ever, E no longer is much smaller than E,, which
means that a more rigorous relation than Eq. (3)
is required to predict properly the scaling pro-
perties of the peaks of the coherent bremsstrah-
lung. Nonetheless, whatever a more reliable
theory might predict, it is clear that the produc-
tion of monochromatic coherent peaks in the MeV
region is not an unreasonable objective, which,

of course, was one of the main driving purposes
of this experiment.

V. SUMMARY

When bremsstrahlung was established as an ob-
servable in channeling experiments,® it was noted
that the response resulted primarily from low-
energy photons. It now has been shown clearly
that the low-energy component indeed owes its
origin to coherent bremsstrahlung. The spectral
shape of the low-energy component has been ex-
amined, and a specific peak of coherent brems-

strahlung for a compound-interference direction
has been observed. The position of this peak is
consistent with first-order theory within the ex-
perimental accuracy of the measurement.

It is clear that certainly channeling and perhaps
the nonvalidity of the first Born approximation
must be considered when studying coherent brems-
strahlung generated by relativistic positrons and
electrons in the MeV region. The data gathered
from this experiment highlight the significance of
the former and suggest the investigation of the
latter with more high-resolution experimental
measurements.
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