Channeling and radiation experiments at SLAC
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Since 2014, a SLAC-Aarhus-Ferrara-CalPoly collaboration augmented by members of
ANL and MIT has performed electron and positron channeling experiments using bent
silicon crystals at the SLAC End Station A Test Beam as well as the FACET accelera-
tor test facility. These experiments have revealed a remarkable channeling efficiency of
about 24% under our conditions. Volume reflection is even more efficient with almost
the whole beam taking part in the reflection process. A positron experiment demon-
strated quasi-channeling oscillations for the first time at high beam energy. In our most
recent experiment we measured the spectrum of gamma radiation for crystal orienta-
tions covering channeling and volume reflection. This series of experiments supports the
development of more advanced crystalline devices capable e.g. of producing narrow-band
gamma rays with electron beams or studying the interaction of the electrons with the
wakefields generated in the crystal at high beam intensity.

*Now at CERN, Geneva, Switzerland.
TNow at Stanford University, Stanford, CA, USA.



1. Introduction

Channeling of protons in bent crystals has been thoroughly studied with the pur-
pose of, e.g., proton extraction at accelerator facilities!® and for particle-beam
collimation.* 8 Until recently, much less was known about channeling of electrons
and positrons at high particle energy. Our group has been studying planar electron
and positron channeling at the SLAC End Station A Test Beam (ESTB) and the
Facility for Advanced aCcelerator Experiments and Tests (FACET) at beam en-
ergies up to 20 GeV. The experiments were performed using a bent, quasi-mosaic
(111) Si crystal of 60 pum thickness. The (111) plane has two different lattice spac-
ings — 0.76 and 3.2 A effectively — which is considered of advantage for electron
channeling as the highest density of channeling electrons is in the middle of the
narrow channel, thus does not coincide with the “nuclear corridor” that would in-
crease the dechanneling probability. A plot of the potential for our crystal is shown
in Fig. 1 of Ref. 8.
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Fig. 1. Layout of the channeling and radiation experiments in the SLAC ESTB. “Counter” refers
to the SciFi gamma detector.

These experiments — which have produced a body of data important for any prac-
tical application of crystals in collimation or other manipulations of electron beams
at high energy — have enabled us to probe further and shift our experimental
program towards the radiative aspects of channeling and volume reflection. In this
overview we will first summarize the channeling data and then describe our more
recent experiments investigating the radiation generated. The experimental setup
is shown in Fig. 1 which shows the recent additions of a sweeper magnet and a
gamma-ray detector (scintillating fibers, or SciFi for short) to allow the isolation
and detection of gamma rays. Not shown is a thin scintillator paddle upstream of
the SciFi counter we used as veto counter to verify the absence of charged particles
when the sweeper dipole was energized. The 20-GeV positron experiment referred
to below was done at FACET with a setup that was in substance the same even if
the detailed detectors were different.



2. Electron Channeling

Channeling efficiency and dechanneling-length measurements were carried out with
our quasi-mosaic bent crystal of 60 ym thickness and 0.15 m bending radius.” A
summary of the data is shown in Fig. 2 together with simple model calculations.
The dechanneling length turns out to be roughly independent of beam energy be-
tween 40 and 60 pm, consistent with DYNECHARM++? simulations but requiring
a modification of the usual theoretical model for the dechanneling length. This ini-
tially unexpected result is important in energy scaling. The fitting function is

Lp=153 [ﬂ] E <1 - k02R6> (1)

GeV R

with k. = 1.76 determined by the fit. More details are given in Ref. 8. It is clear
that the energy dependence of the dechanneling length for electrons is qualitatively
different from that for protons.
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Fig. 2. Dechanneling length of electrons vs. beam energy in our bent Si crystal with a bending
radius of p = 0.15 m.

Channeling efficiency (the fraction of the incident electrons ending up in the chan-
neling peak, as found by a fitting procedure) is up to 24%, which makes application
of the channeling effect in beam-collimation systems for electrons a bit questionable.
However, we found volume reflection (VR) to be effectively about 95% efficient and
therefore a good candidate for collimation application.

The experiments also allowed us to assess the amount of multiple scattering,
which shows itself in the “free” direction, i.e. vertically in our setup. We found that
the rms width of the scattering angle goes up by about a factor of 2 compared to the
width of multiple scattering in amorphous orientation of the crystal — see Fig. 3.
The measured angular width in amorphous orientation agrees with the multiple-
scattering formula'® to within 10%. The naive explanation for this effect is that the
probability of a large-angle scatter from the nuclei goes up due to the attraction
of the electrons by the nuclei. This result is of interest when compared to the
measurement of the nuclear dechanneling length.!!
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Fig. 3. Multiple scattering angle in the free, non-bending direction for channeled electrons ws.
beam energy in our bent Si crystal with a bending radius of p = 0.15 m. The multiple scattering
angle was calculated using the formula in Ref. 10.
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Fig. 4. Channeling of positrons at 20.35 GeV. The blob on the right is the channeled beam, on
the left is a fraction of the unchanneled beam. The beamlets in between make up the dechanneling
tail, broken up by quasi-channeling oscillations.

3. Positron Channeling

An experiment with positrons at 20.35 GeV was conducted at the FACET facility.
The experimental setup was similar to Fig. 1. Qualitatively different than the elec-
tron data, the dechanneling tail with positrons is breaking up into small beamlets
at slightly different deflection angle, see Fig. 4. This was identified as the quasi-
channeling oscillations suggested by Sytov'? to be detectable with positrons even
at higher beam energy. It is a projection of the crystal structure on the screen as
the dechanneling probability is always higher for electrons being close to the lower



potential barrier in the periodic but also sloped potential of a bent crystal. In that
publication a relation for the deflection angle was given:
Oderr = (Op + 6:) — \/2d0 (2 D + 2;8 (2)
Figure 5 shows the deflection angles together with the relation above using the
parameters 0, = 402 + 9 urad (the crystal bending angle), R = 0.15 m (the crystal
bending radius), d; = 3.14 A (the plane separation) and dy = 4d, (a parameter),
see Ref. 13.
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Fig. 5. Location of the quasi-channeling oscillation peaks for 20.35 GeV positrons together with
a model calculation. See text for details.

4. ~ radiation

Electrons (and positrons) will radiate violently if deflected with sufficiently tight
bending radii. In order to detect and possibly record a spectrum of the radiation
emanating from crystals, our experimental setup in the ESTB was augmented by a
sweeper magnet to deflect the electrons away from the v beam and by a scintillating-
fiber calorimeter (SciFi) mounted about 45 m downstream of the crystal, both
shown in Fig. 1. The full opening of the SciFi of 9 by 9 cm? was exposed to the
incoming particles. The SciFi can be moved transversely in the horizontal plane,
thus allowing to center it on the beam axis. Data was taken both with a secondary
beam of an average of 10 electrons per pulse, giving less than one photon every
second pulse and therefore allowing spectroscopy of the photons with little pile-up
contributions. The SciFi counter is about 25 cm long, sufficient to measure spectra
up to about 5 GeV photons without significant escape of the shower created in
the counter. The counter was calibrated by detecting single and low-multiples of
electrons using the secondary beam. The data were background-subtracted using



spectra from an empty run without the crystal in the beam. Figure 6 shows a
background-subtracted spectrum with the crystal rotated far out of the aligned
angle to avoid coherent bremsstrahlung (CBR), it shows the expected Bethe-Heitler

bremsstrahlung distribution. This spectrum also served for intensity normalization
of the aligned spectra.
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Fig. 6. Background-corrected bremsstrahlung (Bethe-Heitler) spectrum from the crystal oriented
far from channeling or CBR. The vertical scale indicates intensity/bin times energy, i.e. it is
corrected for the 1/E behavior of bremsstrahlung.
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Fig. 7. Raw energy spectra of photons for all crystal angles. The scale labelled “Ruler” is the
uncalibrated crystal angle scale, the vertical scale is photon intensity per bin times the bin energy.

Crystal orientation was set with primary beam to ensure the crystal angle was
near alignment. Spectra were taken at a total of 9 crystal angles covering the whole
deflection triangle plus data points outside of the triangle. Figure 7 shows the raw



data collected, already indicating a strong enhancement at aligned angles. Figure 8
shows a 3-d plot of the full, calibrated data set, against crystal angle and photon
energy. The intensity enhancement in VR alignment is quite evident. The incoming
secondary electron beam had a 1o divergence of about 75 urad. This exceeds the
critical angle for channeling (about 60 urad at 12.6 GeV) and therefore washes out
features in the spectrum related to channeling radiation.
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Fig. 8. Measured energy spectrum of photons vs. crystal angle.

5. Modeling

To understand the nature of the distribution, the spectrum was compared to the
results from a simulation model of the spectrum.'® This model determines the tra-
jectory of an electron by numeric integration of the equation of motion using the
Doyle-Turner potential in an appropriate form for our crystal. With this trajec-
tory, the Lienard-Wiechert radiation integral is evaluated using the Belkacem, Cue
and Kimball (BCK) radiation integral.1®1¢ This calculation is then done for 1000
particles at the different crystal orientations comparable to that of the experiment.
The calculation reproduces the Bethe-Heitler spectrum at angles far enough away
from the aligned orientation; the Bethe-Heitler calculation is used as an intensity
calibration. Similar features are observed when comparing the experimental 3-d dis-
tribution (Fig. 8) to the simulated distribution (Fig. 9). A direct comparison of data
and model calculation between 100 and 300 prad crystal angle is shown in Fig. 10.
By“tagging” the photons in the simulation model it is found that the photons as-
sociated with the high intensity peak around 100 to 300 urad are predominantly
generated by volume reflection. However, both the model as well as the data exhibit
a CBR component evident by their energy-angle correlation in both the model as
well as the data. The enhancement of the VR radiation over the Bether-Heitler
intensity is a remarkable factor of 8 at the maximum energy and angle.
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Fig. 9. Simulation of photon energy spectrum wvs. crystal angle.
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Fig. 10. Energy spectra of photons for three crystal angles. The data are shown as points with
error bars, the lines show the result of the modeling calculations.

6. Future Work

With ongoing refinement of our experimental technique we will focus on radiation
detection. Our results for channeling efficiency and the efficiency of the VR process
as well as the v rays from volume reflection suggest a number of follow-on exper-
iments to further improve our understanding of the origin of the radiation as well
as considering application of crystals in radiation generation. At FACET-II, exper-
iments with much higher intensity are possible, but if spectral analysis is desired,
a device like a Compton spectrometer would be needed, e.g. like the Los Alamos
spectrometer.'”
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