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Channeling Experiments with Electron & Positrons 
in the USA

!Focusing on the radiation aspect of channeling leptons
– Miroshnichenko et al., SLAC 1978

• first > 10 GeV work (with positrons)
!The SLAC experiment sparked interest in the US 
– R.H. Pantell, Stanford, B.L. Berman et al., Livermore, mid-1980s: 

• Channeling radiation,10s of MeV electrons.
– Some theoretical notes by S. Heifets (SLAC-PUB-2137 and 2173)
– Theoretical work by Ellison (UNM) et al. beginning in the 1980s.

!most experiments done in former USSR.
!Renaissance of interest in the field in the West
– in light of new, very high-energy electron-positron colliders.
– in hadron collimation and extraction (FNAL, BNL, CERN).
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Electron Channeling at Fermilab

!NIU-FNAL-Vanderbilt-Rossendorf-LANL at HBESL
– 4 MeV, ≤ 10 nC e–, 10µm (111) Diamond crystal
– channeling radiation (≈ 1 keV)
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laboratory (HBESL). Eventually, we will also carry a CR
experiment at the Advanced Superconducting Test Acceler-
ator (ASTA) currently under construction at Fermilab with
the aim of producing high-brilliance x-ray radiation.

EXPERIMENT PLANS AT HBESL
Experimental Setup

Our group has recently completed the commissioning
of the HBESL facility at Fermilab [16]. The facility
essentially consists of an L-band (1.3-GHz) 1.5-cell RF
gun equipped with a cesium telluride Cs2Te photocath-
ode. Photoemission is realized by impinging the photo-
cathode with an ultra-short laser pulse generated by a com-
mercial Titanium-Sapphire laser system. The photoinjector
is capable of producing ⇠ 4-MeV electron bunches with a
maximum charge on the order of 10 nC. The RF gun is

Figure 1: Experimental setup at the HBESL facility (top)
and associated photograph of the beamline (bottom left)
and CR experiment area (bottom right).

surrounded by three solenoidal lenses to control the beam
transverse envelope and emittance. Downstream of the RF
gun the ⇠ 4-m long beamline includes quadrupole mag-
nets, a horizontally-deflecting cavity and a vertical spec-
trometer. When the spectrometer is turned off, the beam is
sent to the CR experiment area schematized in Fig. 1. A
10-µm thick diamond crystal mounted on a goniometer is
remotely insertable [17]. After passage through the crys-
tal the electron beam is separated from the x-ray radiation
(and x-ray detector) by a dispersive section composed of
two oppositely-bending dipole magnets arranged as a dog-
leg. The x rays will be detected by an AMPTEK silicon drift
detector (model X-123SDD).

Expected Results

The electrons will channel about the (111) plane of the
10-µm thick carbon target. The (111) plane was selected
because of the associated “deep” potential well and larger
number of bounded states; see Fig. 2. Other planes were

considered but did not allow for sufficient energy separa-
tion between the bounded state for CR generation.

Figure 2: Potential well and bound quantum states for 4-
MeV electrons channeling about the (111) plane of carbon.

For a 4-MeV electron, the MATHEMATICA simulations
predict a structured CR spectrum composed of a narrow-
width peak with mean photon energy (at ⇠ 1.05 keV) and
several peaks located at photon energies E 2 [1.2, 1.4] keV;
see Fig. 3. The peak at E ' 1.05 keV corresponds to pho-

Figure 3: CR spectral yield as function of the electron en-
ergy. The electron is taken to channel about the (111) plane
in a 10-µm-thick diamond crystal.

tons associated with the 1 ! 0 transition between bound
states, while the other peaks are associated with the 2 ! 1
transition.

Finally, we note that HBESL is also used to explore
another subsystem associated to the concept discussed in
Ref. [1], i. e. the operation of diamond field-emitter ar-
ray (DFEA) cathodes in an RF gun. Preliminary experi-
ments on DFEAs were recently concluded and reported in
Ref. [16].
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laboratory (HBESL). Eventually, we will also carry a CR
experiment at the Advanced Superconducting Test Acceler-
ator (ASTA) currently under construction at Fermilab with
the aim of producing high-brilliance x-ray radiation.

EXPERIMENT PLANS AT HBESL
Experimental Setup

Our group has recently completed the commissioning
of the HBESL facility at Fermilab [16]. The facility
essentially consists of an L-band (1.3-GHz) 1.5-cell RF
gun equipped with a cesium telluride Cs2Te photocath-
ode. Photoemission is realized by impinging the photo-
cathode with an ultra-short laser pulse generated by a com-
mercial Titanium-Sapphire laser system. The photoinjector
is capable of producing ⇠ 4-MeV electron bunches with a
maximum charge on the order of 10 nC. The RF gun is

Figure 1: Experimental setup at the HBESL facility (top)
and associated photograph of the beamline (bottom left)
and CR experiment area (bottom right).

surrounded by three solenoidal lenses to control the beam
transverse envelope and emittance. Downstream of the RF
gun the ⇠ 4-m long beamline includes quadrupole mag-
nets, a horizontally-deflecting cavity and a vertical spec-
trometer. When the spectrometer is turned off, the beam is
sent to the CR experiment area schematized in Fig. 1. A
10-µm thick diamond crystal mounted on a goniometer is
remotely insertable [17]. After passage through the crys-
tal the electron beam is separated from the x-ray radiation
(and x-ray detector) by a dispersive section composed of
two oppositely-bending dipole magnets arranged as a dog-
leg. The x rays will be detected by an AMPTEK silicon drift
detector (model X-123SDD).

Expected Results

The electrons will channel about the (111) plane of the
10-µm thick carbon target. The (111) plane was selected
because of the associated “deep” potential well and larger
number of bounded states; see Fig. 2. Other planes were

considered but did not allow for sufficient energy separa-
tion between the bounded state for CR generation.

Figure 2: Potential well and bound quantum states for 4-
MeV electrons channeling about the (111) plane of carbon.

For a 4-MeV electron, the MATHEMATICA simulations
predict a structured CR spectrum composed of a narrow-
width peak with mean photon energy (at ⇠ 1.05 keV) and
several peaks located at photon energies E 2 [1.2, 1.4] keV;
see Fig. 3. The peak at E ' 1.05 keV corresponds to pho-

Figure 3: CR spectral yield as function of the electron en-
ergy. The electron is taken to channel about the (111) plane
in a 10-µm-thick diamond crystal.

tons associated with the 1 ! 0 transition between bound
states, while the other peaks are associated with the 2 ! 1
transition.

Finally, we note that HBESL is also used to explore
another subsystem associated to the concept discussed in
Ref. [1], i. e. the operation of diamond field-emitter ar-
ray (DFEA) cathodes in an RF gun. Preliminary experi-
ments on DFEAs were recently concluded and reported in
Ref. [16].
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Fermilab

!NIU-FNAL-BYU-KU-Sokendai collaboration (at FAST)
– 50 MeV, <100 fC/pulse, 40 µm Diamond crystal, Rossendorf 

goniometer (from ELBE). X-ray generation, beam collimation
– later, possibly a flat pyrolitic graphite crystal is planned (HOPG)
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COMMISSIONING AND FIRST RESULTS FROM  
CHANNELING RADIATION AT FAST* 

A. Halavanau†, D. Mihalcea, NIU, DeKalb, IL, USA 
D. Broemmelsiek, D. Edstrom Jr., T. Sen, A. Romanov, J. Ruan, V. Shiltsev, 

FNAL, Batavia, IL, USA 
P. Kobak, BYU-I, Rexburg, ID, USA 
W. Rush, KU, Lawrence, KS, USA 
J. Hyun, Sokendai, Ibaraki, Japan 

Abstract 
X-rays have widespread applications in science and in-

dustry, but developing a simple, compact, and high-
quality X-ray source remains a challenge. Our collabora-
tion has explored the possible use of channeling radiation 
driven by a 50 MeV low-emittance electron beam to pro-
duce narrowband hard X-rays with photon energy of 40 to 
140 keV [1-3]. Here we present the simulated X-ray spec-
tra including the background bremsstrahlung contribution, 
and a description of the required optimization of the rele-
vant electron-beam parameters necessary to maximize 
brilliance of the resulting X-ray beam. Results are pre-
sented from our test of this, carried out at the Fermilab 
Accelerator Science & Technology (FAST) facility’s 50-
MeV low-energy electron injector. As a result of the beam 
parameters, made possible by the photo-injector based 
SRF linac, the average brilliance at FAST was expected to 
be about one order of magnitude higher than that in pre-
vious experiments. 

INTRODUCTION 
Crystal channeling presents the possibility of develop-

ing an easily disseminable, compact, and high-quality X-
Ray source, which could be useful in a number of areas of 
science and industry (e.g. lithography and adhesive cur-
ing). Because of the conditions for crystal channeling, a 
low-emittance electron beam is necessary for significant 
X-ray production. The Fermilab Accelerator Science & 
Technology (FAST) facility’s photoinjector-based SRF 
linac is ideal for testing this. Details of the UV Drive 
laser, photocathode-based electron gun, and other current 
machine parameters have been noted elsewhere [4]. 

The crystal channeling test setup consisted of a dia-
mond crystal mounted in a goniometer (provided by 
HZDR via Vanderbilt University, see Fig. 1) near the end 
of the low-energy linac section tested during the 50-MeV 
commissioning run this past summer (2016). An open 
channel or Al foil target may also be used, selected with 
the goniometer translation axis. Once a channel is found 
by adjusting the pitch and yaw axes of the diamond crys-
tal with the goniometer, the electrons oscillating within 
the crystal channel generate a co-linear X-ray beam. The 

electrons were then swept downward into the low-energy 
beam absorber, but the X-rays were allowed to pass 
through a diamond window at the end of the low energy 
beamline for detection. 

 
Figure 1: The goniometer from Helmholtz Zentrum
Dresden Rossendorf (HZDR) used in the crystal channel-
ing efforts during the 50-MeV run [5]. 

Detector Commissioning 
To observe channeling two detectors were proposed: a 

forward or primary-beam detector (FwD) and a Compton-
scattering detector (CSD) as seen in Figure 2. Both sin-
gle-photon Amptek X-ray spectrometers, the FwD was 
located roughly 2 m from a channeling crystal. Because 
of the sensitivity of the detectors, a piece of PVC was 
placed in the path of the expected X-ray trajectory at 45° 
roughly 1.5 m from the diamond crystal to serve as a 
Compton scattering surface with the CSD 1 m from that 
to detect the much lower-intensity scattered X-ray beam 
expected from the scattering surface (7 orders of magni-
tude below the primary beam), allowing the CSD to oper-
ate at higher electron bunch charges. Installation and 
alignment of both detectors has been described previously 
[6]. Specifications for the detectors are listed in Table 1. 

Figure 2: Forward and 90-deg (Compton scattering)
detector configuration. 

 ___________________________________________  

* This work was seeded by the DARPA AXIS program award AXIS 
N66001-11-1-4196 to Vanderbilt University & Northern Illinois Uni-
versity. Fermilab is operated by the Fermi research alliance LLC under 
US DOE contract DE-AC02-07CH11359. 
† aliaksei@fnal.gov 
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Both detectors were calibrated with 57Co source, which 
produces emission at 14.4 keV and 122 keV. This tests 
much of the desired energy range for the crystal channel-
ing experiment as seen in Figure 3. For the purpose of the 
experiment, the spectrometer lower energy cut-off was set 
to 15 keV to cut out noise from the bremsstrahlung (BS) 
below the peaks of interest expected from crystal channel-
ing. 

Spectra were acquired using python-based acquisition 
software coordinated through the Fermilab controls native 
Accelerator Command Language (ACL) and python rou-
tines [7]. Acquisition times were set through the coordina-
tion routines to allow for some flexibility in spectra col-
lection.With the typical machine cycle rate of 1 Hz, the 
typical acquisition time allowed for integration over 300 
machine cycles, but some longer integration periods (up 
to 1 hour) were used for some tasks. 

 
Table 1: FwD and CSD Specifications 

X-Ray Spectrometer Amptek CdTe X-123 
Sensitive Area 9 mm2 
Selected Energy Range 15 keV – 150 keV 
Number of Channels 1024 

 
 

Figure 3: A simulated crystal channeling spectrum. Note
that this is for 20 pC/pulse electrons at 43 MeV in the
crystal channel, but does not take dark current into ac-
count. 

Linac commissioning 
As specified elsewhere [4], quadrupole scans were used 

to perform emittance measurements near the location of 
the diamond crystal, determination of the beam Twiss 
parameters there being a natural by-product of this meas-
urement. Final alignment of the beam down the line was 
performed with beam-based techniques to center the 
beam through the RF cavities and beamline quadrupoles 
thereby minimizing the dipole components with respect to 
phases and amplitudes respectively. The RF centering 
relied upon conjugate gradient minimization while the 
quadrupole centering was performed with an iterative, 
thick-element model-dependent technique [4,8]. 

Initially the quadrupoles in the 50 MeV beamline were 
significantly stronger, resulting in a harder focus at the 
diamond crystal, but these were relaxed near the end of 
the commissioning run. This was done to minimize the 
angular span through the crystal allowing more of the 
beam to find a channel so long as the crystal orientation 
was correct. 

While beam currents from the gun have been run as 
high as 4 nC/pulse, projected saturation levels for the 
Amptek detectors required significantly less. The nominal 
configuration required a neutral density filter to be placed 
in the photoinjector UV drive laser path, which limited 
maximum production to 200 pC/pulse (still detectable by 
BPMs and the beamline toroids) at full transmission to 
the PC. 

Even at 200 pC/pulse the radiation flux from chan-
neling would be several orders of magnitudes higher than 
the maximum capability of the detectors linear operation 
limit. Studies were performed to determine and under-
stand the detector performance. The injector optics were 
re-optimized for low charge (≤50 fC/pulse). In order to 
produce these bunch charges, several adjustments to the 
laser system control were made as described elsewhere. 
[4] 

To examine detector response, the counts from each de-
tector were integrated for 300 s at a number of charge 
steps (see Fig. 4). The FwD confirmed linear scaling up to 
charges of 50 fC/pulse and the CSD preserves the lineari-
ty feature up to 10 pC/pulse. These injector settings were 
selected for the later experiments. 

Figure 4: Scaling of Forward and 90-deg detectors counts
vs. bunch charge (left) and number of counts in 90-deg
detector as a function of number of bunches (right). 

Dark current 
Dark current was a significant issue and its mitigation 

was not trivial. A number of approaches were taken in 
parallel, including optimization of the gun, collimation, 
and energy-scraping through the chicane. 

Figure 5: The gun dark current was reduced significantly
by reducing the gun exit energy to ~3.5 MeV (left). Even
with the lower gun gradient, dark current from the gun
dominated the overall bunch signal, as shown (right) for a
200 fC/pulse signal. 

 
Optimization of the gun involved both lowering the 

cavity gradient and shortening the RF pulse to the cavity 
to more closely match the number of pulses in the pulse 
train provided by the drive laser within the macropulse 
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Figure 4: Overview of the ASTA photoinjector with location of the foreseen CR experiment. Diagram (a) and (b) re-
spectively depicts the phase 1 and 2 of the experiment (in phase 1 the x-ray detector will be located straight ahead of the
crystal while in phase 2 the x-ray radiation will be reflected and collimated off a remotely-insertable monochromator).
The “CAV1” and “CAV2” labels corresponds to the superconducting accelerating cavities and “BC1” to the magnetic
chicane used for longitudinal bunch compression.

Figure 6: Potential well and bound quantum states for a 40-
MeV electron channeling about the (110) plane of carbon.

spectral yield appear in Fig. 7. During this study we also
hope to test other types of crystal (different material and
thicknesses).

Finally, in Run 4 the CR x-ray brilliance will be mea-
sured using point-projection microscopy or ptychogra-
phy [21]. The generated x-rays would also be used to
carry out an imaging experiment. Currently, several op-
tions are under consideration. One of them includes the
possibility of using an array of electron beams to attempt
a phase-contrast imaging experiment [22]. The required
multi-beam bunch could easily be created by, e.g., masking

Figure 7: CR spectral yield as function of the electron en-
ergy. The electron is taken to channel about the (111) plane
in a 42.5-µm-thick diamond crystal.

the photocathode drive laser or imaging it using a micro-
lens array.

At a later stage, when the development of gated DFEAs
is mature, we plan on incorporating such a cathode in the
ASTA RF gun. Such an addition would enable the produc-
tion of low-charge bunch trains repeated at a frequency of

Proceedings of FEL2013, New York, NY, USA MOPSO07
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Resuming Channeling Experiments @ SLAC

!SLAC joined the US-LARP program (LHC Accelerator 
Research Prog.)
– Beam collimation one area of LARP interest (for SLAC in ILC context).
– SLAC, incl. this author, joined the UA9 collaboration of Scandale et al.

!FACET was being commissioned, providing an exp. facility

!SLAC + Aarhus (Uggerhøj) + Ferrara (Mazzolari) + CalPoly 
(Holtzapple)
– T513 Collaboration (Channeling & VR, ESTB, e–)
– E212 (Radiation & crystal undulators, FACET, e+ and e–)
– T523 (g-Ray production, ESTB, e–)
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FACET and the End Station A Test Beam (ESTB)
2011…2016

!ESTB: up to 15 GeV e–, 5 Hz, ≤ 200 pC/pulse
– “pulse stealing” from LCLS

!FACET: 20 GeV e+ or e–, 2 nC/pulse, 10 Hz, “203 µm3”
! control of optics, momentum spread
– both can provide relatively parallel beam (<10 µrad)
– FACET has a e– spectrometer downstream; ≈ 0.1% resolution

6
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Deflection Experiments (T513, ESTB)

!Measurement of channeling parameters of 3…14 GeV e–

– bent crystal from U. Ferrara

7

Top View, not to scale



• Crystal thickness 60±1 µm
Once the crystal will be back in 
Ferrara we will measure crystal 
thickness with accuracy of a few nm.

• (111) bent planes (the best planes for 
channeling of negative particles).

• Bending angle 402±9 µrad, 
(x-ray measured). If needed I can 
provide a value with lower uncertainty.

Main crystal features
A. Mazzolari

r=0.15 m
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Crystal mounted in “Kraken” Chamber in ESA
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image.jpg (JPEG Image, 640 × 480 pixels) http://esacam02/jpg/1/image.jpg?timestamp=1386943927502
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Crystal-Rotation @ 4.2 GeV

10

(Movie credit: T. Wistisen)

VR

amorphchanneling

Wienands et al., Physical Review Letters 114, 2015, 074801 

https://www6.slac.stanford.edu/news/2015-02-25-slac-led-research-team-bends-highly-energetic-electron-beam-crystal.aspx
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Triangle plot (10.4 GeV)

11

of the (111) plane [31]. Its thickness was measured
interferometrically to be 60! 1 μm. The (111) plane has
a bending radius of 0.15 m giving a total bending angle of
the crystal of θb ¼ 402! 9 μrad in the horizontal direc-
tion. The crystal was mounted in a scattering chamber in
the End Station Test Beam A (ESTB A) at SLAC, see
Figure 3. A rotational stage allows rotation of the crystal
with step sizes of approximately 5 μrad. A translational
stage moves the crystal to its optimal position. The rotation
angle of the crystal is determined by reflecting a laser beam
off a flat mirror mounted on the side of the crystal holder.
The reflected laser beam hits a screen approximately 1 m
from the mirror. When the crystal is rotated, the laser beam
on the screen provides a read-out of the rotation angle of the
crystal with a resolution better than 5 μrad. A Cerium
doped Yttrium Aluminum Garnet (YAG for short) screen of
500 μm thickness with a CCD camera 13 m down stream of
the crystal provides the means of data acquisition in this
experiment. Saturation of the YAG screen is negligible at
the bunch charge 108 particles per bunch that was provided
for this experiment [32]. The beam divergence was mea-
sured to be less than 10 μrad rms by the wire scanners. The
spot-size was less than 150 μm and the momentum spread
reduced to about 0.15%.

IV. DATA ANALYSIS AND RESULTS

The experimental measurements were performed by
rotating the crystal in small angular steps and recording
an image of the circular YAG screen. The camera was
mounted at an angle with respect to the screen which
distorted the image. An ellipse was fitted along the edge of
the screen, for this was known to be circular. This allows
one to revert this image distortion due to the positioning of
the camera. A region of the screen is chosen such that the
edge of the screen is avoided. The crystal deflects particles
in the horizontal plane and we sum the intensity in the
vertical plane and normalize the probability distribution as
seen in e.g. Figure 8. For each crystal angle several images

were taken. Images with low or high (camera saturated)
light intensities were ignored. Plotting the distribution
along the y-axis with the crystal angle along the x-axis
one obtains the so called “triangle plots,” (Figures 2, 4, 5, 6,
and 7 represent the raw data). A crystal angle of 0 was
chosen to be the orientation of closest direct entry of the
beam into the channel as could be experimentally realized.
This orientation, along with the halfway of the full bending
of θb ¼ 402 μrad, (roughly θb

2 ) termed the volume reflec-
tion orientation, will be investigated in detail. In the triangle
plots of Figure 4 to Figure 7 some features should be noted.
When the beam has a tangent along the curved crystal
plane, volume reflection takes place giving rise to the
downshifted horizontal island in these figures. The skewed
line shows the particles not reflected at the tangent between
the bent plane and beam, but captured and following the
curvature until the end of the crystal. The small island at the
end of the skewed line arises due to particles entering
directly into the crystal channel acceptance at the crystal
face, and which travel along the whole curvature of the
crystal plane. The vertical line connecting this island and
the lower horizontal island are the particles that were
captured at the crystal face, but then dechannel along
the way.
In Figure 8 and Figure 9 the probability density of the

deflected particles is plotted for the two different cases
described above. In Figure 8, some general tendencies
can be identified. The width of the large leftmost peak,
becomes narrower as does the channeled peak due to the
decreasing critical angle. In Figure 9 the large leftmost
peak due to volume reflection moves closer to the
undeflected position and the width decreases as energy
increases. To extract quantitative information from these
distributions we consider a fitting procedure consisting
of two Gaussian probability distributions for the two
peaks and a function for the dechanneled particles in
between to be specified. For i ¼ 1, 2 we have two
Gaussian distributions

FIG. 7. The probability density relative to the maximum
probability density of the deflected particles as a function of
the crystal angle for the case of 10.5 GeV electrons.

FIG. 8. The probability density of the deflected particles when
the crystal is in the channeling orientation for the different
energies in the experiment.

CHANNELING, VOLUME REFLECTION, AND … PHYS. REV. ACCEL. BEAMS 19, 071001 (2016)

071001-5
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Dechanneling Length of e–

12

T.N. Wistisen et al., 
Phys. Rev. ST-AB 19, 071001 (2016)

LD = 15.3 µm
GeV

E[GeV] 1−1.76 2Rc
R

⎛
⎝⎜

⎞
⎠⎟

2018 JINST 13 C02046

3 Comparison of dechanneling length measurements with results of the modified

Fokker-Planck equation for bent crystals

As already mentioned in the Introduction, dechanneling length measurements have been performed
at FACET (SLAC) for Si (111) planes at beam energies between 3.35 and 14 GeV [10]. The crystal
thickness and the bending radius R were 60 µm and 0.15 m, respectively. In figure 3 (a) an example
of calculations on the basis of the modified Fokker-Planck equation (2.2-2.4) is shown. It can be
seen that the occupation of the potential pocket fch(x) can well be approximated by an exponential
function. With the exception of an unimportant scaling factor no further parameters were adapted.
The dechanneling lengths L

d

obtained this way are compared in figure 3 (b) with the experimental
results [10]. The gross features of the measurements are well described. Shown are also calculations
on the basis of the MBN Explorer software package [20].

0 5 10 15
E [GeV]

0

20

40

60

80

100

L
d
[µ
m
]

R = 0.15 m (b)

Figure 3. (a) Solution of the modified Fokker-Planck equation (black line) compared with an exponential
decay (red line). Shown is the fraction of electrons captured in the potential pocket fch(x) as function of
the distance x traversed by the electron. The dechanneling length L

d

was adapted. Beam energy 6.3 GeV.
(b) Comparison of the dechanneling lengths obtained this way (red points) with experimental results (full
circles) [10]. The red dashed lines connect the calculated red points to guide the eye. The blue error bars are
simulation calculations of G.B. Sushko, A.V. Korol, A.V. Solov’yov [20] on the basis of the MBN Explorer
software package.

Encouraged by this result calculations have been performed for a Si (110) four period undulator
with which experiments were performed at MAMI beam energies of 270 and 375 MeV [11, 12].
The design values were �

U

= 9.9 µm for the period length, and A = 4.64 Å for the amplitude,
resulting in a bending radius R � (�

U

/4)2/2A = 6.6 mm. In figure 4 the solutions of the modified
Fokker-Planck equation as function of the beam energy are compared with the experimental results.
It appears that for the real undulator a bending radius R = 10 mm might be a better approximation.
However, the experimental finding in references [11, 12] that only a few percent of all electrons
contribute to the coherent part of the peak strongly suggests that only parts of the undulator exhibit
the designed structure.

– 6 –

Backe, JINST 13 C02046

Rc/R

MBN explorer
(Channeling 2016)

Channeling efficiency 18…25%
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Volume Reflection Angle

13

T.N. Wistisen et al., Phys. Rev. ST-AB 19, 071001 (2016)

θVR = 338µrad ⋅E[GeV]
−0.81

θVR = 207µrad ⋅E[GeV]
−0.5



!MS in channeling is enhanced by ≈ factor 2. 
– expressed in X0, it is a factor 1/4.
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Scattering in “Free” Direction

14

mult. scatt.

T.N. Wistisen et al., Phys. Rev. ST-AB 19, 071001 (2016)



!Raw data
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E212: First Channeling Data of 20 GeV e+ in Bent Crystal

15

e– data, 20.35 GeV, 1010 e–/pulse

E212 Data e+

E212 Data

20.35 GeV e+

1010 e+/pulse

3

The crystal was mounted on a rotation table that could
be moved with roughly 10 µrad precision. This allowed
rotating the crystal and performing an angle scan of the
channeling phenomenon. The rotation angle was mea-
sured by reflecting a laser beam o↵ the crystal holder
and measuring the position 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 µm and its e↵ective area was 7.6 by 8.8 mm. The de-
flection angle that corresponds to maximum channeling
has been set equal to ✓

b

.
For electrons, the angular distribution obtained when

the crystal is oriented in the maximum channeling direc-
tion is shown in Figure 3.
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FIG. 3: Angular distribution of electrons obtained at maxi-
mum channeling conditions. The insert provides a zoom in
the regions around the quasichanneling peaks. The green and
the red curves are individual gauss fits applied to obtain the
center of the oscillations. Fits are performed for deflection an-
gles of 0.295-0.315 mrad and 0.320-0.350 mrad respectively.

The peak at 0 mrad is the primary beam and the
smaller peak at ⇠ 400 µrad is the channeled electrons.
At angles slightly below the latter, two quasichanneling
oscillations are visible. As predicted in Ref. [2], these os-
cillations are only visible near the channeling peak. The
locations of the two peaks are obtained by fitting gaus-
sian functions separately and the distance between them
is 27±3 µrad. This is in very convincing agreement with
the theoretical estimate for the distance between the qua-
sichanneling peaks, (

p
2� 1)

p
2d0/R = 26.8 µrad.

For positrons at deflection angles of ⇠ 0.2� 0.3 mrad,
quasi-channeling oscillations can be clearly seen in the
dechanneling tail in Figure 4.

It highlights the relevant angular region and the data
used for this figure was taken with an optical filter such
as to optimize for the observation of the channeling os-
cillations.
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FIG. 4: Angular distribution as in Fig. 3, but for positrons,
zoomed and taken with an optical filter at the detection
screen, to optimize for the intensity of dechanneling peaks.
Blue dots are data and red curves are gaussian functions fit-
ted individually to the datapoints around the peaks. The
’shoulder’ to the right of the highest peak is unexplained, but
may be related to the two planar spacings in the (111) orien-
tation.

These quasi-channeling oscillations are primarily ob-
tained when the crystal is oriented in the maximum chan-
neling configuration.

The peaks are fitted by individual gaussians to obtain
their location, as shown in Figure 4. The locations of
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FIG. 5: Angular position of oscillation peaks, where n is the
peak number as counted from the channeling peak towards
smaller deflection angle. The upper color plot shows an ex-
ample of raw data from the screen.

the centroids of these peaks are presented in Fig. 5 along
with a fit with a function of the form ✓ = ✓

b

�
p
2d0/R

p
n,

as prescribed by eq. (1), where the two parameters ✓
b

and
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Analysis of the “Quasi-Channeling Oscillations”

16

θb = 402±9 µrad, R = 0.15 m,
ds= 3.14Å (known), d0 = 4 ds

Wistisen et al., Phys. Rev. Lett. 119, 024801 (2017)

x (Å)

V 
(e

V
)

A. Sytov et al., Eur. Phys. J. C (2016) 76: 77

θdef = (θb +θt )−
2d0 n −1( )

R
+ 2ds

R

intensity data

R = 15±1.3 cm
θt = 40 µrad
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Summary of Deflection Results

!Channeling efficiency ≈ 18…24 %, VR up to 95%
!Dechanneling length ≈ 40…60 µm
– roughly independent of the beam energy in our range

!Surface transmission 57% (6.3 GeV)…65% (3.35 GeV)
– calc: 57% @ 6.3 GeV

!Scattering is enhanced in the vertical plane for channeled 
particles
– by roughly a factor 2 (X0 –> X0/4)

!Quasi-Channeling oscillations observed with e+ 
(and hints with e–).
– dechanneling length with electrons approx. 350 µm.

17
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VR Collimator Concept

!The T513 data can be used to investigate beam collimation:
!APS-U: 6 GeV,

2 T513 crystals
in series 

18

60 µm, 400 µrad

Beam

pdf to generate deflections

2 m

160 µr
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Radiation Experiments

!ESTB Setup augmented with g counter and deflector.

19

Top View, not to scale

vertical slit
collimator
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High-Intensity spectra

20

Channeling
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10 mm ≈ 200 µrad

energy-weighted pulse height spectra of ∑E(γn) 
many photons per linac pulse
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Monolithic Undulator

21

“Slow” betatron oscillations,
fast undulations

– 37 µm long, 120 periods, (110)
– Eg ≈ 0.7 GeV @ 6.2 GeV e–

– Eg ≈ 4 GeV@ 16.1 GeV e–

– K ≈ 0.07 

Large amplitude, long period 
(LALP, Solov’yov et al.):

Small amplitude, 
short period (SASP, Kostyuk 2014):

0.

0.

0.

0.

0.

0.

e–

e+
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Expected spectra, 16 GeV

22

(Wistisen, 2016)
Undulator and flat xtal (Aarhus)

φ

!
r
a

"
¼

X3

i¼1

αie−
βir
a ;

with coefficients fαig ¼ f0.1; 0.55; 0.35g and
fβig ¼ f6.0; 1.2; 0.3g. Furthermore, the atomic positions
were displaced in a random direction by sampling a three-
dimensional Gaussian distribution to simulate thermal
vibrations with an rms amplitude of u ¼ 0.062 Å [10].
The model used to describe the potential of the periodically
bent plane due to the periodic addition of germanium is
given by

Ubentðx; y; zÞ ¼ Uðx; y − au sinðkuzþ φÞ; zÞ: ð6Þ

The beam direction is chosen to be the z direction and the
direction of channeling oscillation as the y direction; i.e.,
the potential center follows the path au sinðkuzþ φÞ.
In order to get accurate values for comparison with the

experiment, Eq. (2) must be integrated over the relevant
angular region, depending on the collimation setting in the
experiment. Only calculating the emission in the exactly
forward direction as is done in [6] does not suffice for
experimental comparison. The radiation was calculated on
an angular (Cartesian) grid of 20 × 20 points as this
produced converged results.
The two potentials described both have their advantages

and disadvantages. The continuum potential model allows
for a fast numerical calculation, which gives good results in
reasonable agreement with the experiment, but it is well
known that this does not account for the Bethe-Heitler
bremsstrahlung, which is usually added to the radiation
from the channeling motion. The calculation using the full
potential of Eq. (4) is considerably slower because the step
size when solving the system of differential equations for
the trajectory cannot be larger than the typical scale of the
variation of the potential, which is less than the size of the
atom. It is nontrivial to determine the exact amount of
Bethe-Heitler radiation, which should be added with this
type of undulator crystal. Furthermore, the continuum
potential does not take into account the dechanneling

process. The more elaborate potential was chosen to deal
with these issues, where both Bethe-Heitler bremsstrahlung
and dechanneling are inherently included. For the con-
tinuum potential, we have added the Bethe-Heitler brems-
strahlung, as measured in the random crystal orientation to
the calculated result.
A direct fit of the data in the random direction with the

Bethe-Heitler formula (see, e.g., [5]) shows that experi-
mental values are too low by factors of 15.5 and 8.5 at 600
and 855MeV, respectively. This is mainly due to an angular
collimation performed in the experiment where the opening
angle was 0.49 mrad corresponding to angles less than
0.28=γ and 0.40=γ from the central axis for 600 and
855 MeV, respectively. Classical works (such as [7]) show
that at relativistic electron energies and low photon energies
ω ≪ E, the angular distribution of the intensity of brems-
strahlung is independent of the photon energy ω, barring
small corrections. The normalized angular distribution is
given as

dI
dΩ

¼ 3γ2

2π
1þ γ4θ4

ð1þ γ2θ2Þ4
; ð7Þ

where dI is the differential probability of emission
within the solid angle dΩ. Integrating this up to the two
angular regions stated gives an expected reduction of 9.85
and 5.53 for 600 and 855 MeV, respectively. In both cases,
this means that a factor of about ∼1.5 is unaccounted for.
This error is reasonable considering the uncertainty on
the beam current and the fact that a slight misalignment of
the collimator would further decrease the solid angle of the
detected radiation. Considering the size of the multiple
scattering angle of 0.134 mrad at 600 MeV after traversing
the target suggests that this might also have a small effect.
The normalization procedure for the theoretical curves is to
multiply with the same factor as is necessary for the fit with
the Bethe-Heitler formula. We also note that in the
simulations a value of au ¼ 0.13 Å was used, which is
well within the experimental uncertainty. It is seen in

FIG. 4 (color online). Comparison of theoretical and exper-
imental radiation yield for the 600-MeV data.

FIG. 5 (color online). Comparison of theoretical and exper-
imental radiation yield for the 855-MeV data.

PRL 112, 254801 (2014) P HY S I CA L R EV I EW LE T T ER S
week ending
27 JUNE 2014

254801-3

Comparison of spectrum of similar crystal 
at 855 MeV (MAMI expt., 
Wistisen et al., PRL 112, 254801 (2014) )



Angular Distribution Aligned – Amorph
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160 µr SciFi acceptance
g angle scan 
(aligned crystal – amorph)

Undulator crystal angle scan

≈ 2 mr FWHM

Of three indicators for 
undulator radiation
(crystal orientation, directional,  
 energy spectrum),

two have been seen.
–800        –600        –400         –200            0             200          400           600

qSciFi  (µrad)

qcrystal  (a.u.)
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T523 and E212 and Beyond

!ESTB & FACET have been off since late 2016
!ESTB is on-line again until end of 2018.
!FACET is off-line until end 2019.
– e– only, no e+ until 2022 or 2023

!We will have our next E212/T523 run in November

!A Dark Matter experiment (DASEL) is supporting creation of 
a GEANT model of the beam line => better understanding of 
the backgrounds.

!A group from CERN is interested in radiation experiments 
with W crystals 
– e+ source study for CLIC and/or FCC-ee or ILC

24
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Planning for FACET-II as a Community Resource

• FACET stopped running in April 2016 to begin LCLS-II construction

• Over the next few years FACET-II will add new capabilities:

- LCLS style photoinjector with state of the art electron beam

- Flexibility e.g. low-charge mode or ‘two color’ operation for two-bunch PWFA

- Nominal e- parameters: 10GeV, 2nC, 15kA, 30Hz (2019)

- Nominal e+ parameters: 10GeV, 1nC, 6kA, 5Hz (2021)

- External injection

• Continue to plan experimental program with Science Workshops

FACET-II has been designed to address many of the R&D 
challenges of the Beam Driven Roadmap

SLAC Linac in 2021

Beam quality

Positron Acceleration

Staging studies, ultra-bright sources

low emittance, small 

divergence

EST
B
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