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Channeling radiation has been measured for planar-channeled 16.9-, 30.5-, and ~54.3-MeV elec-
trons and for axial-channeled 16.9-MeV electrons in the ionic crystal LiF. The results are shown to
be in reasonable, but not perfect, agreement with calculations which model the crystal as an array of

isolated Li* and F~ ions.

I. INTRODUCTION AND EXPERIMENT

Radiation from relativistic electrons channeled between
crystal planes or along crystal axes has been studied exper-
imentally by several groups (Refs. 1—15). All these exper-
iments have used elemental material (silicon, diamond,
germanium, or nickel) for the target crystal. Spontaneous
transitions between bound states in the interplanar or
interstring potential result in the emission of intense and
sharp spectral lines in the forward direction.

We have measured channeling radiation from the com-
pound binary crystal LiF. This material was chosen be-
cause of its low average atomic number (Li, Z =3, and F,
Z =9) and high Debye temperature (~730 K). These
characteristics ensure that the scattering of channeled
electrons by thermal vibrations of the crystal atoms will
be relatively small. Other factors in the choice were the
availability of high-quality samples and the ease of
preparation. The 25-um target used for this experiment
was prepared by polishing, followed by etching with wa-
ter. An x-ray-diffraction measurement of the mosaic
spread showed it to be less than the instrumental resolu-
tion of 1.5 mrad. ‘

LiF crystals have a rocksalt structure. For such crys-
tals, the planes whose Miller indices are all odd are segre-
gated: Planes consisting entirely of Li atoms alternate
with planes of F atoms. Planes with even indices are
mixed, and to first order will appear to a channeled elec-
tron to be simple planes of atomic number Z =6. Simi-
larly, axes whose Miller indices include two and only two
odd numbers are segregated; the others are mixed.

The measurements were performed with beams of elec-
trons from the Lawrence Livermore National Laboratory
Electron-Positron Linear Accelerator. The experimental
apparatus and procedures are described in Ref. 16.

Data were obtained at three incident electron energies:
~54.3, 30.5, and 16.9 MeV. In all cases, the energy
spread was <0.25%. The (110) and (111) planes were
studied with a 54.2-MeV (y=107.1) beam, and a 54.5-
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MeV (y=107.6) beam was used for the (100) plane. For
both these and the 30.5-MeV (y =60.7) case, the angular
divergence of the beam was <0.3 mrad full width at half
maximum (FWHM) before striking the crystal. Also used
was a 16.9-MeV (y=34.0) beam having a divergence of
roughly 0.6 mrad FWHM horizontally and 0.4 mrad
FWHM vertically. For the high and low beam energies,
the photons were measured with a Ge (Li) detector having
a resolution of ~2 keV FWHM. The efficiency of this
detector is nearly constant for incident photons in the en-
ergy region from 30 to 120 keV, and decreases above and
below this energy region. This detector viewed the radia-
tion through Al windows of total thickness 0.4 mm. For
the intermediate beam energy (30.5 MeV), an intrinsic Ge
detector was used, which viewed the radiation through Be
windows of total thickness 1.0 mm. This latter detector
system thus extends the usable energy range down below
10 keV. Axial-channeling radiation was measured at all
three beam energies. Owing to the high density of states
at the two higher beam energies, the axial spectra obtained
were smooth and featureless; hence only those for the
16.9-MeV electron beam are presented and discussed in

this paper.

II. PLANAR-CHANNELING RADIATION

Calculated planar-averaged potentials for electrons
channeled along the three major planes in LiF are shown
in Figs. 1-3, along with the eigenvalues for the three
beam energies listed above. The calculations use the
many-beam approximation described in Ref. 5. This ap-
proach takes into account the periodicity of the potential,
so that the energy levels near the tops of the wells broaden
into bands (these bands are shaded in the figures). The
Fourier coefficients of the potentials were obtained from
the values of the electron-scattering factors f,(s) for iso-
lated Li* and F~ ions given in Ref. 17. The zero-order
coefficient was chosen to make the potential nearly zero
midway between the planes. For values of the transverse
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FIG. 1. Calculated interplanar potentials and energy levels

[case (a)] for ~54.3-MeV electrons in LiF: (a) for the (100)
plane; (b) for the (110) plane; (c) for the (111) plane. In (c), the
interplanar position is measured from the ﬂuorme plane; the
lithium plane is located at slighly less than 1.2 A.

wave number s larger than those for which values of f,(s)
were given in Ref. 17, a two-term extrapolation was per-
formed. The first term was a Coulomb term resulting
from the ionic charge (which is actually negligible for
large s5), and the second term was a Lorentzian which was
adjusted to give a good fit to the tabulated values of f,(s).
Thermal vibrations were taken into account by multiply-
ing the Fourier coefficients by Debye-Waller factors, us-
ing two sets of values for the mean-square vibrational am-
thudes The first set is given_ m Ref. 18: (U?)=0.0139
A2 for Li and (U?)=0.0085 A2 for F, The second set of
calculations used (U?)=0.0139 A? for Li and
(U?)=0.0114 A? for F. These calculations are referred
to below as cases (a) and (b), respectively.
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FIG. 2. Calculated interplanar potentials (the same as in
Fig. 1) and energy levels [case (a)] for 30.5-MeV electrons in
LiF: (a) for the (100) plane; (b) for the (110) plane; (c) for the
(111) plane.

The potentials for the mixed (100) and (110) planes are
not qualitatively different from those found in monatomic
crystals. The segregated (111) planes, however, have deep
F potential wells alternating (with equal spacing) with
shallow Li wells. This contrasts with the double-well
structure found for the (111) planes in diamond or silicon,
where the wells are of equal depth but the spacing is
uneven (see Ref. 14).

The measured spectra for these planes are shown in
Figs. 4—6. In each case a random spectrum, obtained by
aligning the crystal in a nonchanneling direction, has been
subtracted. The experimental line energies and widths
were extracted by a least-squares procedure which models
a spectrum as a series of Lorentzian lines atop a quadratic
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FIG. 3. Calculated interplanar potentials (the same as in Fig.
1) and energy levels [case (a)] for 16.9-MeV electrons in LiF: (a)
for the (100) plane; (b) for the (110) plane; (c) for the (111) plane.

background. These measured values are given in Table I.
A number of An =3 transitions can be discerned (but only
barely) as weak peaks at higher photon energies in the
spectra. For a more detailed discussion of An =3 transi-
tions (for silicon), see Ref. 4.

For the 54-MeV case, the calculated line energies [for
case (a)] are very close to the measured values, but are
consistently higher. This behavior could result from the
use in the calculation of thermal-vibration amplitudes that
are too small, particularly because the transitions between
states of lower n exhibit the larger disagreements. On the
other hand, for the 16.9-MeV case, the calculated line en-
ergies [for case (a)] are in general agreement with the mea-
sured ones, but are consistently lower.

The channeling of electrons along the (111) planes is
unique because of the double-well potential. In the fol-
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FIG. 4. Measured photon spectra (with random spectra sub-
tracted) for ~54.3-MeV electrons channeled in LiF: (a) along
the (100) plane; (b) along the (110) plane; (c) along the (111)
plane. The positions of the vertical lines indicate the Doppler-
shifted transition energies between the eigenstates of Fig. 1; their
heights indicate the relative intensities of these transitions, as-
suming equal initial level populations.

lowing, the unprimed quantum numbers refer to states lo-
calized primarily in the F potential well and the primed
numbers to the Li well. Channeling-radiation spectra for
54.2-MeV electrons from this plane are shown in part (c)
of Fig. 4 and in Fig. 7. The two highest-energy spectral
lines come from the 1—0 and 2—1 transitions, while the
lowest-energy line is a superposition of the 3—2 and
1'—0’ transitions. The 3—2 transition is predicted to be
about three times as strong as the 1'—0’ transition, but
also about twice as broad. Given equal populations in the
n=3 and n =1’ states, the two lines would have roughly
equal amplitudes at the peak. For 30.5-MeV electrons, on
the other hand [Fig. 5(c)], the lowest-energy line is the
1'—0’ transition, with very little contribution from any
F-well transitions. For 16.9-MeV electrons [Fig. 6(c)],
only F-well radiation can be seen because the Li well is too
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TABLE I. Comparison of calculated and measured spectral line energies and widths for electrons channeled along planes in LiF.

Peak energy (keV)

Linewidth FWHM (keV)

Calculated Calculated?®
Y Plane Transition (a) (b) Measured (a) Measured
107.6 (100) 1 -0 128.9 121.4 124.5+1 21.1 22.9+1
2 —1 101.5 98.1 97.4+1 16.1 239+1
3 52 78.4 77.2 75.3+1 11.7 17.8+1
4 -3 59.7 59.4 57.8+1 8.2 14.6t1
5 —»4 4.4 44.5 42.7+2 5.6 b
6 —5 30-33 30-33 b b
107.1 (110) 1 -0 105.1 99.3 101.5+1.0 14.3 13.1+0.5
2 —»1 78.2 75.8 75.5+0.8 10.2 10.7+0.4
3 52 54.3 53.6 53.2+0.9 7.1 7.240.4
107.1 (111) 1 -0 117.1 108.2 112.6£1.0 20.1 19.2+0.5
2 —1 86.4 82.6 84.1+0.9 144 17.0+£0.5
3 -2 59.0 57-9} 55.6+0.4 92] 7.210.5
1" -0 54.2 54.0 4.7
60.7 (100) 1 -0 51.0 48.4 48.8+0.4 6.5 7.31£0.2
2 —»1 36.6 359 34.9+0.4 4.5 6.7+0.2
3 52 25.5 254 24.31+0.4 29 4.4+0.2
4 -3 17.0 17.1 16.1+0.4 2.0 2.5+0.3
60.7 (110) 1 -0 41.3 393 38.9+0.4 4.5 4.840.1
2 —>1 26.8 26.3 25.31+0.4 3.0 3.5+0.1
60.7 (111) 1 -0 46.0 42.8 43.7+£0.4 6.2 6.01+0.2
2 —>1 29.1 28.3 27.840.4 3.7 5.0+0.2
1" -0 20.7 20.6 20.61+0.4 1.9 2.0+0.2
340 (100) 1 -0 19.5 18.7 20.0+0.7 29 3.9+0.5
34.0 (110) 1 -0 15.4 14.8 15.84+0.7 2.5 2.9+0.5
34.0 (111) 1 -0 17.0 16.1 17.5+0.7 2.7 2.9+0.5

2The linewidths calculated for case (b) are only slightly larger than those for case (a).

®Not well determined from the data [see Fig. 4(a)].

shallow to support more than a single bound state.

Figure 7 shows the (111) channeling-radiation spectra
for 54.2-MeV electrons (with random spectra subtracted)
for several angles of incidence of the electron beam. The
results of least-squares fits to the spectra are shown, as-
suming three Lorentzian lines and a baseline (also shown)
described by a second-order polynomial. The variation of
the incidence angle was accomplished by tilting the crystal
while the beam and the detector were held fixed. Thus,
for a given incidence angle ¢, the observation angle (rela-
tive to the crystal planes) is equal to the same angle ¢. As
a consequence of the Doppler shift, the photon energies
decrease with increasing incidence angle. The intensities
of the lines also decrease as the incidence angle increases,
and the interesting feature is that the lowest-energy line
decreases in intensity faster than do the other two lines.

The reduction of the intensity is caused primarily by the
change in the initial distribution of population. As the in-
cidence angle increases, so does the transverse energy of
the beam, and electrons will be captured preferentially
into states with higher transverse energy. On the basis of
this effect, one would expect the intensity of the low-n
transitions to decrease relative to those of the high-» tran-
sitions as the incidence angle increases. The observed
behavior is just the opposite. Figure 8 shows the normal-

ized line intensities versus incidence angle. It is clear that
the intensities are affected not only by the initial condi-
tions, but also by the subsequent redistribution of the
bound-state populations.

In the case of a simple plane (i.e., one with a single-well
potential), it is believed that incoherent scattering causes
the bound-state populations to become equal within a
short distance (~4 um for 54-MeV electrons in Si), and
the populations decay slowly with further penetration. In
the present case, there are two sets of bound states (primed
and unprimed) which are only weakly coupled to each
other, but both sets are coupled to the free states which lie
above both (see Fig. 1). Thus the population dynamics,
which determines the line intensities, is expected to be
considerably more complicated in this case. As a result,
studies of channeling along the (111) planes in LiF may
constitute the best test for theories which attempt to ex-
plain the population dynamics of planar-channeled elec-
trons.

Calculated linewidths also are listed in Table I (the de-
tails of these calculations are given in Ref. 19). The calcu-
lated width is the sum, in quadrature, of the widths from
four sources: (1) thermal incoherent scattering, which lim-
its the lifetime of the states; (2) Doppler shifts, resulting
from the angular spread of the electron beam caused by
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FIG. 5. Measured photon spectra (with random spectra sub-
tracted) for 30.5-MeV electrons channeled in LiF: (a) along the
(100) plane; (b) along the (110) plane; (c) along the (111) plane.
The positions of the vertical lines indicate the Doppler-shifted
transition energies between the eigenstates of Fig. 2; their
heights indicate the relative intensities of these transitions, as-
suming equal initial level populations.

multiple scattering in the crystal; (3) energy-band curva-
ture, which gives a range of energies for a given i—f
transition; and (4) detector resolution, which is important
only for the case of ¥ =34. Except for those for the (100)
plane, the calculated widths are reasonably close to the
measured values. The data from the (100) plane are
unusual in that the linewidths not only are considerably
larger than the calculated values, but also are much larger
than those for the corresponding transitions in the other
planes. Also, at 54 MeV, the 2— 1 width appears to be at
least as large as the 1—0 width. The latter fact violates
the trend seen for other planes and with other materials;
the 1—0 transition is usually the broadest because the
ground state has a larger overlap with the vibrating atoms
than do the higher-lying states.

Turning again to the transition energies, we see that the
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FIG. 6. Measured photon spectra (with random spectra sub-
tracted) for 16.9-MeV electrons channeled in LiF: (a) along the
(100) plane; (b) along the (110) plane; (c) along the (111) plane.
The positions of the vertical lines indicate the Doppler-shifted
transition energies between the eigenstates of Fig. 3; their
heights indicate the relative intensities of these transitions, as-
suming equal initial level populations.

result of calculation (a) for the (111) plane for 30.5-MeV
electrons agrees very well with the measurement for the
1'—0" (the Li-well) transition at 20.6 keV, but gives re-
sults that are significantly too high for the F-well transi-
tions. This suggests that the value for the fluorine
thermal-vibration amplitude given in Ref. 18 is too low.
Accordingly, we repeated the calculations using a larger
value for F, namely, {(U?)=0.0114 A2 The results of
these calculations are listed in the column labeled (b) in
Table 1. Although these calculations yield somewhat
better predictions for the 1—0 transitions for 30.5- and
54-MeV electrons, the calculated values of the higher-n
transition energies are still too high. In addition, these
calculations seriously underestimate the 1—0 transition
energies for 16.9-MeV electrons.

For the two higher beam energies, the n =0 and n =1
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FIG. 7. Measured photon spectra (with random spectra sub-
tracted) for 54.2-MeV electrons channeled along the (111) planes
in LiF, for various values of the incidence angle ¢ [the top spec-
trum (for ¢=0) is the one in Fig. 4(c)]. The curves are
Lorentz-line fits to the three major peaks atop a baseline (also
shown) which is parametrized by a second-order polynomial.
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states are localized near the minima of the potentials (i.e.,
near the atomic planes), and therefore the energies of the
1—0 transitions are very sensitive to the thermal-
vibration amplitudes. For 16.9-MeV electrons, however,
these states are more spread out, and therefore are sensi-
tive to the potential farther away from the centers of the
planes. Thus, although increasing the fluorine thermal-
vibration amplitude seems to improve our potential model
near the minima, it appears that this simple model is still
inadequate at somewhat larger distances (~0.2—0.7 A )
from the atoms. Since our calculated energies for the
high-n transitions are consistently too high, the model po-
tential apparently is deeper and varies more rapidly with
interplanar distance than the actual crystalline potential.
The scaling of the transition energies with incident
beam energy is of considerable interest."?* For a (one-
dimensional) potential whose dependence upon the coordi-
nate is a simple power law, the transition energies will
scale as a power of the beam energy. That is, if
V(x)=ax™, then the observed photon energy will vary as
#iw=>by®. For such a potential, the Schrodinger equation
in the rest frame (an inertial frame of reference moving at
the longitudinal beam velocity) can be put into a form that
depends explicitly upon ¥ only in the eigenvalue term. In
this case, the eigenvalues are seen to be proportional to
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FIG. 9. Calculated axial potentials and energy levels for
16.9-MeV electrons in LiF: (a) for the (100) axis, plotted along
the (001) direction; (b) for the {111) axis, plotted along the (112)
direction; (c) for the (110) axis. In (c), the interstring position
is measured from a point midway between the fluorine string
(left) and the lithium string (right), located at ~ +0.7 A . For
all three cases, we can identify the lowest, isolated level with the
1s level; the next higher-lying doublet with the 2p levels; and the
next higher-lying triplet with the 2s and 3d levels.

y2/m+2)_ Multiplying this by 2y to obtain the photon en-
ergy as observed in the laboratory frame, we find that the
photon energy obeys the relation fiw=>by't[2/m+2)] je
a=1+[2/(m +2)].

It can be seen in Fig. 1(a) that one can describe the
interplanar potential for electrons in the following qualita-
tive manner (excluding the region with |x | <0.1 A): the
potential is linear in x for small x and approaches a con-
stant at larger values. In other words, m is 1 for small
values of x and approaches O for larger values. On this
basis, we expect low-n transitions to exhibit a value of a
close to <, whereas the value of a for high-n transitions

should approach 2.
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FIG. 10. Measured photon spectra (with random spectra sub-
tracted) for 16.9-MeV electrons channeled in LiF: (a) along the
(100) axis, (b) along the (111) axis; (c) along the (110) axis.
The positions of the vertical lines indicate the Doppler-shifted
transition energies between the eigenstates of Fig. 9; their
heights indicate the relative intensities of these transitions, as-
suming equal initial level populations. A partial identification
of the transitions is given in the text.

Values of the scaling parameter a can be extracted from
our data by taking the electron energies in pairs. The
values of a obtained this way are given in Table II. The
trends are just as expected, based upon the argument given
above. The 4—3 transition in the (100) plane gives a
value of a which is greater than 2. This arises because the
crystal potential is periodic. A state with an energy level
near the top of the well not only is broadened but also can
be shifted (on the average) by the proximity of the neigh-
boring wells. The decrease of the potential at distances
greater than half of the interplanar spacing corresponds to
a negative value of m, resulting in a > 2. It also is very in-
teresting that the low-energy spectral line corresponding
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TABLE II. Scaling parameter a for the transition energies.

Electron energy range®

Plane Transition Low-medium Medium-high Low-high
(100) 1 -0 1.54 1.64 1.59
2 —1 1.79
3 2 1.98
4 -3 2.23
(110) 1 -0 1.56 1.64 1.59
2 —1 1.93
(111) 1 -0 1.58 1.67 1.62
2 —»1 1.95
3 =2
1’——»0’} 1.75

2Low: y=234.0 (Fig. 6); medium: y=60.7 (Fig. 5); high: y=107.6 for (100), 107.1 for (110) and (111)

(Fig. 4).

to the 1’0’ transition for the (111) plane scales like a
low-n transition, which in fact it is.

III. AXTIAL-CHANNELING RADIATION

For axial-channeling radiation, the situation is more
complex. Low beam energies are required if one is to see
distinct lines in an axial-channeling spectrum because
there are more bound states in an axial (two-dimensional)
potential than in a planar potential at the same beam ener-
gy. A simple phase-space estimate of the number of
bound states for axially channeled electrons is®!
n =(yZ)/(m’Nd?a,), where Z is the atomic number of
the crystal atoms, N is the number of atoms per unit
volume, d is the spacing of atoms along the axis, and a is
the Bohr radius. Using ¥ =34 and an average Z of 6, the
resulting estimates are 25 bound states for the (100) axis
and 8 for the (111) axis. The (110) axis contains
separate Li and F strings, and the estimates are 19 states
for the F strings and 6 for the Li strings. These numbers
all are fairly large, so that an absence of distinct lines is
not unexpected.

However, although complicated, it is still possible to
perform a many-beam calculation to attempt to determine
the axial energy levels and anticipated line energies. We
have performed such calculations, with 11x11 (121-
beam) and 15X 15 (225-beam) many-beam programs. The
Fourier coefficients were obtained from the electron-
scattering factors f,(s) for isolated neutral atoms given in
Ref. 17. The thermal vibrations were taken into account
by the Debye-Waller factor, using a two-dimensional
root-mean-square vibrational amplitude of 0.141 A for
both Li and F atoms. The resulting axially-averaged po-
tentials, along with the calculated energy levels for y =34,
are shown in Fig. 9. One sees that the above simple esti-
mate of the number of levels is only roughly correct (there
are 12 bound states for the (100) axis [Fig. 9(a)], 8 for the
(111) axis [Fig. 9(b)], and 21 and 17 for the F and Li
strings, respectively, for the (110) axis [Fig. 9(c)]). More
important, however, partly because of occasional degen-
eracies and partly because some transitions are very weak,
we expect, in effect, only six strong lines for the (100)

axis, three for the (111) axis, and eight for the (110)
axis.

The measured axial spectra for 16.9-MeV electrons
channeled along the three major axes are shown (with ran-
dom spectra subtracted), together with the calculated line
energies and strengths, in Fig. 10. It can be seen from this
figure that the calculated line energies and strengths corre-
spond remarkably well to the observed channeling-
radiation strength distributions. The calculated results for
the (111) axis in particular [Fig. 10(b)], perhaps because
this is the simplest case [Fig. 9(b)], are seen to be in de-
tailed agreement with the data, with respect to both
strength and structure. In fact, for this case at least, we
can identify the transitions in this two-dimensional poten-
tial with the spectral lines: The two 2p—ls transitions
with the line that is highest in energy (at 33.7 keV); the
four 3d —2p transitions with the next (at 25.3 keV); and
the two 2s—2p transitions with the third (at 20.4 keV).
There even is (weak) evidence for the 3p— 1s transitions at
~68 keV.

IV. SUMMARY

Radiation from electrons channeled in LiF has been
measured for electron energies of 16.9, 30.5, and ~54.3
MeV. The results of simple calculations are in moderate
agreement with the planar-channeling data, but there are
some systematic discrepancies which cannot be explained
by merely changing the thermal-vibration amplitude. The
calculated results for axial-channeling radiation agree with
the 16.9-MeV data; but a lower beam energy is required to
resolve the spectral lines clearly.
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