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We report on the first experimental observations of quasi-channeling oscillations, recently seen in

simulations and described theoretically [I].

Although above-barrier particles penetrating a single

crystal are generally seen as behaving almost as in an amorphous substance, distinct oscillation
peaks nevertheless appear for particles in that category. The quasi-channeling oscillations were
observed at SLAC National Accelerator Laboratory by aiming 20.35 GeV positrons and electrons at
a thin silicon crystal bent to a radius of R = 0.15 m exploiting the quasi-mosaic effect. For electrons,
2 relatively faint quasi-channeling peaks were observed while for positrons, 7 quasi-channeling peaks

were clearly identified.

Through the coherent action of the lattice nuclei upon
a charged particle penetrating a single crystal along a
major crystallographic direction (axis or plane), the par-
ticle motion may proceed in a transverse potential barrier
and is thus restricted in the transverse direction, the so-
called channeling process, see [2] and e.g. [3] for a review.
Above-barrier particles, on the other hand, are generally
taken as behaving almost identically to interactions in an
amorphous substance, a notable exception being coher-
ent bremsstrahlung. It was therefore surprising to learn,
first from simulations [I] and as presented here from ex-
periment, that above-barrier particles may actually give
rise to oscillation patterns in the angular distribution of
the exiting beam. These so-called quasi-channeling oscil-
lations are the main subject of the present paper.

In the absence of inelastic scatterings, the transverse
energy is conserved during channeling. Such scattering
events may eventually lead to escape (dechanneling) of
the particle from the transverse potential well of depth
Up. Under conditions where the centrifugal force is not
excessive, this feature is preserved also in a bent crystal.

The deflection of high energy charged particles in bent
crystals is somewhat different for positive and negative
particles, with the former detected for the first time in the
late 70’s, while the latter only recently [5H7]. The basic
phenomenon is shown for a positive particle in figure [T}
depicted in a rotating coordinate system such that the
penetration depth z is shown as a straight line. In this
figure, all positrons enter the crystal with perfect align-
ment to the plane, but generally those particles which
have an angle of incidence less than the critical angle
2], 0. = \/2Uy/pv may channel, where p and v are the
particle momentum and velocity respectively. As can be

seen on the crystal potential on the right pane of fig-
ure [T} the potential may be somewhat more complicated
depending on the crystallographic direction, in this case
(111) planes. In the harmonic approximation, mainly -
but not exclusively [7] - applicable for positively charged
particles, the wavelength of the transverse oscillations
can be expressed by [8] A = wd+\/pv/2Uy, where d is the
inter-planar distance and Up the potential depth.

The bound motion is disturbed by multiple scattering
interactions with the crystal atoms that may increase the
transverse energy of the particle sufficiently, such that
it leaves the channel. Such dechanneling processes oc-
cur most likely near the lattice sites in the crystal, after
which the particle typically interacts with the crystal as
if it were an amorphous medium. In the present case,
however, the dechanneled particles leave the crystal while
still being influenced by the transverse potential.

Channeled particles at the extreme points in their os-
cillations have a higher dechanneling probability and the
wave-pattern shown in figure [I] may be observed if the
depth coordinate at which the dechanneling takes place
can be measured. This is exactly what is achieved in
a bent crystal, where the crystal angle corresponding to
a particular depth of penetration translates into a spe-
cific position downstream. Thus, the wave-pattern gives
rise to oscillations observed on a downstream screen, the
so-called channeling oscillation peaks.

A crystal with thickness [, and bending angle 6, may
lead to a constant angular distance between any two
neighboring channeling peaks of A¢e, = Abp/2l.-. Such
planar channeling oscillations have been observed at low
energy back scattering experiments, see [I] and references
therein.
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Figure 1. Calculated channeling oscillations. Left: Trajectories of 20.35 GeV positrons penetrating a bent crystal with with
radius of curvature R = 0.15 m; where each line corresponds to a different initial transverse coordinate, x. Multiple scattering
dechanneling is neglected and the incident particle is assumed to be exactly aligned to the planar direction. Red curves are
the channeled particles while the green are those not accepted into the channel at the crystal surface. Right: The centrifugally
distorted transverse potential energy curve calculated using the Doyle-Turner thermally averaged continuum potential [4].

On the other hand, similar oscillation patterns, aris-
ing from a completely different mechanism, the so-called
quasi-channeling oscillation peaks, may also appear [I].
These oscillations were treated numerically in a recent
study [I] using the CRYSTAL simulation code [9] [10].
Like channeling oscillations, this leads to peaks in the de-
flection spectrum observed from the crystal, but in this
case not evenly distributed, and here arising from over-
the-barrier motion, see figure 2]

The effect was initially only simulated for 7 TeV pro-
tons, but later also for electrons and positrons, and exam-
ples were provided at 20.35 GeV beam energy. Particles
that are initially channeled, and follow the curvature of
the crystal, may dechannel at some point downstream.
When this dechanneling occurs, the trajectories become
grouped near the region where the transverse kinetic en-
ergy is smallest, i.e. the transverse location where the
particles spend the most time. This gives rise to distinct
peaks in the dechanneling tail, see the green curves in
figure 2

The key feature that we will look for in this experiment
is the angular location of the quasi-channeling peaks.
The center of these can be approximated [I] for electrons
by

_ 2d0n
eqch ~ gd - R (1)
and for positrons by
2dp(n—1) 2d,
e s @)

where ds = dp/4 is the width of the narrow (111) chan-
nel, dy = d; +dy = 3.14 A is the sum of their inter-
planar distances and 6, = 6, + 0;, with 8; being the crys-
tal angle offset from ideal channeling orientation. From

these equations it is seen that the location of the quasi-
channeling peaks depends only weakly on the particle
charge sign and therefore almost solely on crystal char-
acteristics. The two phenomena of channeling peaks vs.
quasi-channeling peaks can thus be identified by a differ-
ent scaling, linear vs. a square root.
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Figure 2. Calculated quasi-channeling oscillations. Angles of
positrons as a function of penetration depth in a bent crys-
tal. The initial transverse coordinate, z is fixed to -1.2 A for
the green and blue curves, mimicking dechanneled particles,
see figure [T} right panel. With purple is shown those parti-
cles that do not channel initially, due to surface transmission
[4], with red those that channel through the entire crystal.
Of the dechanneled particles, the green trajectories tend to
condense’ at 7 specific angles 0, at the exit of the crystal,
z = 60pm in accordance with our experimental observation.

The experiments were performed at the SLAC Facility
for Advanced Accelerator Experimental Tests (FACET),
using beams of 20.35 GeV electrons and positrons respec-
tively. The crystal under study was fabricated at the
University of Ferrara in the Sensors and semiconductor
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Figure 3. Angular distribution of electrons obtained at maxi-
mum channeling conditions. The insert provides a zoom in the
regions around the quasi-channeling peaks. The blue curves
are individual gauss fits applied to obtain the center of the os-
cillations. Fits are performed for deflection angles of 0.33-0.36
mrad and 0.36-0.39 mrad respectively.

Laboratory [I1]. It is a silicon (Si) crystal with a thick-
ness of I, = 60 £ 1 um. The crystal bending exploits
the quasi-mosaic effect [I2] to provide (111) bent planes
at a radius R = 15+ 0.42 cm. The bending angle of the
crystal is 0, = 402 + 9 prad. Furthermore, we performed
an XRD analysis and measured an anticlastic curvature
to a radius not less than 80 m, i.e. almost its complete
suppression.

The crystal was mounted on a rotation table that could
be moved with roughly 5 prad precision such that an
angle scan of the channeling phenomenon could be per-
formed. The rotation angle was measured by reflecting a
laser beam off the crystal holder and measuring the po-
sition of the reflected laser spot as it moved on a screen
placed 1.16 m away.

The spatial resolution of the e® detector screen was
3.5 pym and its effective area was 7.6 by 8.8 mm.

For electrons, the angular distribution obtained when
the crystal is oriented in the maximum channeling direc-
tion is shown in figure

The leftmost peak is the primary beam and the smaller
rightmost peak are the channeled electrons. At angles
slightly below the latter, two quasi-channeling oscilla-
tions are visible. As predicted in [I], these oscillations
are only visible near the channeling peak. The loca-
tions of the two peaks are obtained by fitting gaussian
functions separately and the distance between them is
30.5 £ 2 prad. This is somewhat higher than the the-
oretical estimate for the distance between the quasi-
channeling peaks, (v/2 — 1)4/2do/R = 26.8 urad, based
on equation . Results from a simulation taking into ac-
count all important experimental parameters yield chan-
neling peak FWHMs of 44 prad for e~ and 48 urad for e™,
to be compared with the experimental values of 39 prad
and 48 prad, respectively. This agreement, though not
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Figure 4. Shown with the red, full-drawn line is the an-

gular distribution as in figure [3] but for positrons, zoomed
and taken without the optical attenuator at the detection
screen, to optimize for the intensity of dechanneling peaks.
The dashed, blue line shows the result of simulations.

perfect due to imperfections in the transverse potential
simulation, gives a very convincing support to our mea-
surements.

For positrons at deflection angles of ~ 0.2 —0.36 mrad,
quasi-channeling oscillations can be clearly seen in the
dechanneling tail of the red, full-drawn experimental data
line in figure @l We have zoomed in on the relevant an-
gular region and the data used for this zoom was taken
without an optical filter which attenuates the light hit-
ting the camera, such as to optimize for the observation
of the channeling oscillations. These quasi-channeling
oscillations are primarily obtained when the crystal is
oriented in the maximum channeling configuration. Re-
sults from simulations, in good overall agreement with
experiment, is shown in figure [4] as the blue, dashed line.

The experimental peaks are fitted by individual gaus-
sians to obtain their locations, see table [I}

| o [l2[s[a]s5][6[7][8]
Opear (nrad) |[299]275(256|241(226|213|201
Opear (nrad)||4.1[3.5/3.8(3.5(3.6(3.9(3.7

Table I. A table showing the positions and uncertainty (o) of
the quasi-channeling peaks for positrons.

These locations are then used as an input to a fitting
procedure based on equation (2), rewritten as 67, =

04 — ay/2(n— 1) + 3 where a = \/do/R, n = 2,...,8
being the peak number. We start from n = 2 since the
n = 1 peak is hidden inside the peak from the channeled
particles.

From the fit we obtain aexp = (4.39 & 0.06) x 1075 and
64 = (368 £+ 1.8) yurad which is the 95% confidence bound
from the fit. Adding errors from the calibration proce-
dure we obtain @eyx, = (4.39 £ 0.13) x 107°. The value of
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Figure 5. The experimentally obtained positions of the quasi-
channeling peaks for positrons are shown along with a fit
based on equation and a linear fit for comparison.

04 fits well with the observed position of the channeling
peak in figure [f] of 369 prad. Performing a linear fit of the
form G(J{Ch = cn + b we obtain b = (324.1 + 12) prad and
¢ = (—15.99 &+ 2.1) yrad. The comparison of the fits and
data can be seen in figure |5 From equation we would
expect aneory = (4.57 £ 0.06) x 107° where the uncer-
tainty comes from the uncertainty on R. Based on this we
conclude that theory and measurement show agreement
within the experimental uncertainty. In the linear case
we would expect |c| to equal Ay, however from theory
we have A¢c, = 49urad which is a large discrepancy. As
seen in figure |5| the formula of equation captures the
scaling better than the linear model as well. This, along
with the fact that oscillations in the dechanneling tail for
electrons can not be explained by channeling oscillations,
since here the motion is far from harmonic as shown for
positrons in figure [T} leads us to the conclusion that the
observed oscillations must be the quasi-channeling oscil-
lations. In the experiment an absolute measurement of
the deflection angle was not possible due to intervening
optics in the form of a quadrupole doublet with the op-
tics known to a limited precision. Therefore the deflec-
tion angles were calibrated such that the diagonal in a
triangle plot, see [0} [7], has a slope of 1. It should be
mentioned that quasi channeling peaks and the volume
reflection peak (leftmost in figure[4)) are sensitive to beam
jitter and this is the source of the errors shown in table[l]
which were obtained by looking at measurements from
10 bunches.

The presented measurements were performed with a
lattice function of 8, = B, = 10 m, leading to a diver-
gence in the deflection plane of approximately 10 prad
for e~ and 20 prad for et, with about a factor ~ 2 sys-
tematic uncertainty. For electrons, additional measure-
ments were done for other beam divergences, i.e. beta-
functions of 8, = B, = 20 m and 3, = B, = 100 m. No
quasi-channeling oscillations could be observed for these
other values of the beta-function for electrons. This is at

first sight surprising, since larger beta-functions make the
beam more parallel and from theory we would therefore
expect the peaks to become more pronounced. However,
the size of the beam also increases with increasing beta-
functions, which in this setup becomes detrimental to
the observation of the quasi-channeling oscillations. The
observation reported here thus not only requires a high
energy beam of very small emittance, but also a quite
accurately tuned beam in terms of lattice parameters.

By measuring the positions of the quasi-channeling
peaks, one can extract information for both bent crys-
tal radius, R, and orientation 6; = 03 — 0, = 04 — I /R
in one single measurement, i.e. for one goniometer po-
sition. Indeed, existing methods require the rotation of
the goniometer at different positions around channeling
to measure the crystal-to-beam orientation and conse-
quent analysis of the beam deflection efficiency, which
is not always so straightforward. The knowledge of the
position of the quasi-channeling peaks would improve
the alignment procedure between the bent crystal planes
and the beam direction, even for large misalignment, in
high-energy accelerators, where the crystal can be ex-
ploited as a passive and inexpensive tool for beam extrac-
tion/collimation. Furthermore, with the use of a bent
crystal, one may provide a direct measurement of the
quasi-channeling oscillation wavelength, in analogy with
the channeling one (\), as a function of the distance be-
tween quasi-channeling peaks: Agen, = RAfge, . Such
value may provide an insight to the interplanar potential
shape and strength, and on the dynamics of over-barrier
particles, thus giving important information for applica-
tions in high-energy particle accelerators, for either beam
steering or intense electromagnetic radiation generation.

We can conclude that the quasi-channeling oscillations,
presented here for the first time in an experiment, are
observed at angles in good agreement with expectations.
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