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Transverse profile imager for ultrabright electron beams

Rasmus Ischebeck,* Eduard Prat, Vincent Thominet, and Cigdem Ozkan Loch

Paul Scherrer Institute, 5232 Villigen PSI, Switzerland
(Received 12 February 2015; published 27 August 2015)

A transverse profile imager for ultrabright electron beams is presented, which overcomes resolution
issues in present designs by observing the Scheimpflug imaging condition as well as the Snell-
Descartes law of refraction in the scintillating crystal. Coherent optical transition radiation emitted
by highly compressed electron bunches on the surface of the crystal is directed away from the camera,
allowing to use the monitor for profile measurements of electron bunches suitable for X-ray free
electron lasers. The optical design has been verified by ray tracing simulations, and the angular
dependency of the resolution has been verified experimentally. An instrument according to the
presented design principles has been used in the SwissFEL Injector Test Facility, and different
scintillator materials have been tested. Measurements in conjunction with a transverse deflecting
radiofrequency structure and an array of quadrupole magnets demonstrate a normalized slice emittance
of 25 nm in the core of a 30 fC electron beam at a pulse length of 10 ps and a particle energy of

230 MeV.
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I. INTRODUCTION

X-ray free electron lasers are becoming an indispensable
tool to study molecular interactions on a femtosecond time
scale [1,2]. To generate the X-rays, ultrarelativistic electron
beams are compressed and sent through a magnetic
undulator [3]. The transverse size and shape of ultrabright
electron beams are of great interest, hence transverse profile
imagers that measure the particle distribution are key
components of a free electron laser facility. A measurement
of the electron profile is of particular interest for the
determination of the beam area in transverse phase space,
i.e., the transverse emittance. This parameter has a direct
influence on the output power of a free electron laser. It also
influences the gain length, which determines whether
saturation of the FEL radiation can be achieved within
the undulator length. Recent developments toward the
highest brilliance X-rays and toward sub-femtosecond
pulse length are leading to more stringent requirements
on this instrumentation. Besides the increased demands on
resolution, a new effect has been observed in recent years:
highly compressed electron beams emit coherent optical
transition radiation (COTR) at visible wavelengths [4-9],
which impairs the measurement of profiles if it enters the
imaging system.

Inorganic scintillators, which have been used in transverse
beam profile measurements, help avoid this COTR [10,11].
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An additional benefit is that the emission of the scintillation
light does not depend on the longitudinal structure of the
bunches.

We present here a novel oblique imaging geometry,
which fulfills three goals simultaneously for the first time:
(i) The scintillator plane is imaged to the detector observing
the Scheimpflug condition [12]; (ii) A scintillating crystal
of finite thickness is imaged observing the Snell-Descartes
law of refraction [13]; (iii) Coherent optical transition
radiation is directed away from the camera axis. The first
condition has been observed previously in an accelerator
environment, both for imaging of scintillators [14] and
optical transition radiation [15,16]. In the present imple-
mentation, the geometry is modified as explained in Sec. II.
As a result, the monitor directs transition radiation away
from the imaging system, yet allows for a high-resolution
imaging of beams smaller than the thickness of the
scintillating crystal. A transverse profile imager complying
with these principles has been built and tested at the
SwissFEL Injector Test Facility [17]. We report the
time-resolved measurement of electron beam slice emit-
tances of electron bunches with a total charge of only 30
femtocoulombs using a transverse deflecting mode rf cavity
with one of these imaging stations.

An experimental verification of the COTR suppression is
ongoing. First tests have been performed at LCLS [18],
which hint at a suppression that is several orders of
magnitude better than in standard LCLS monitors [16].
The presently installed monitor suffers from coherent
diffraction radiation from the chamfer of the mirror, and
further experiments and a comparison to wire scanner
measurements are required to quantify the COTR suppres-
sion and the suitability for beam profile measurements.
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II. IMAGING OF SCINTILLATING CRYSTALS

A. Observation geometries

Profile monitors for the ionizing radiation typically
consist of a scintillating crystal that can be inserted to
intercept the primary beam inside a vacuum chamber,
generating light that is imaged onto an image sensor.
Excitation of the dopant levels in the scintillating crystal
leads to an isotropic emission of light around the beam path
in the medium. While different in their nature and in their
applications, the effect of high-energy electron and photon
beams on a scintillating crystal is very similar. As a
consequence, most of the statements made in this paper
are valid for both types of ionizing radiation, and differences
will be explicitly stated. Figure 1 shows some commonly
used layouts to image the fluorescent light onto the detector.

Each layout has specific limitations for the applicability
at upcoming X-ray free electron lasers: Layout (a) may lead
to radiation damage in the detector and is difficult to
implement in an ultrahigh vacuum system. In layouts
(b) [19,20], (c) [11,21], and (d) [22] the horizontal
resolution is limited to the scintillator thickness because
points along the primary beam axis are imaged to different
locations on the detector. The field of view is limited by
the depth of field of the optical system. Both issues are
exacerbated for magnifying optics. Application of the
Scheimpflug principle [12,23], shown in layout (d),
improves the field of view, but the limitation due to the
finite scintillator thickness remains. Layouts (e) [24] and (f)
[25] can be set up to generate excellent resolution, smaller
than the thickness of the scintillating crystal. However, the
mirror intercepts the primary beam, which may lead to a
gradual loss of reflectivity due to radiation damage, and the
scattered particles may pose radiation protection issues.

Optical transition radiation, generated by charged par-
ticle beams at vacuum-scintillator and vacuum-mirror
interfaces, is emitted toward the camera in layouts (a),
(b), (d), and (e). The distribution of a microbunched beam
that emits fully coherent radiation may be determined from

phase retrieval of the far-field radiation [26]. However, for a
partially coherent emission of radiation with random trans-
verse spatial locations of the intense COTR, the measure-
ment of beam profiles with incoherent OTR is problematic
at best [27]. The intense coherent light can be suppressed
temporally by gating the exposure of the camera to start
after the emission of the prompt transition radiation, and to
integrate only the delayed scintillation light [28]. This
method requires a shutter which opens on a nanosecond
time scale, and which effectively suppresses the coherent
radiation which may be several orders of magnitude more
intense. To the authors’ knowledge, this is currently only
possible with intensified cameras that use microchannel
plates, which add a significant layer of complexity, and
which have limited lifetime [29].

A geometric suppression, as proposed in the present
layout, is independent of the camera readout, and would
thus not be impaired by beam repetition rates that are higher
than the camera frame rate, such as in superconducting
accelerators like the European XFEL [30] and LCLS-II [31].

B. Choosing an observation angle according
to the Snell-Descartes law of refraction

A beam of ionizing radiation generates a scintillating
column along its axis through the entire depth of the crystal.
The breadth of this scintillating column depends on the
properties of the scintillator. Screens made from powdered
scintillators show significant broadening due to light scatter-
ing within the screen volume [32]. Scintillating crystals are
compared in [33].

It is assumed here that the primary beam passes the
crystal undeflected, an assumption that is well fulfilled for
high energy beams used in X-ray free electron lasers, and
that the emission of fluorescent light is isotropic. A beam
with zero transverse size generates a scintillating column
with a length given by the thickness d of the scintillator
and the angle of incidence a. This column is imaged onto a
single point on the detector only for two observation
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FIG. 1. Commonly used layouts to image fluorescent light onto a detector. (a) Direct detection of the light, (b) and (c) imaging the light

through a vacuum window, (d) observing the Scheimpflug imaging geometry, (e) using an additional in-vacuum mirror, and (f) with an

additional mask to block coherent transition radiation.
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FIG. 2. Observation of light from a scintillating crystal. (a) Ideal observation angle, observing the Snell-Descartes law of refraction.

(b) Situation for an arbitrary observation angle f.

angles, dictated by the Snell-Descartes Law of refraction
[13], shown in Fig. 2(a). We assume an index of refraction
n in the crystal, surrounded by vacuum. If one chooses an
observation angle f# such that sina = nsinf then the
scintillating light emanating from the primary beam axis
is imaged onto the same point, assuming that the depth of
field of the imaging system is larger than the crystal
thickness [34].

C. Imaging at arbitrary observation angles

We will now look at the expected resolution when
choosing an arbitrary observation angle. Figure 2(b) shows
the imaging geometry for this case. Here, the primary beam
enters a scintillating crystal of thickness d at an angle a to
the normal. The primary beam produces a uniformly
radiating slab of length d/cosa, which is observed at a
distance much larger than d, under an angle /3 to the normal.
Because of refraction on the surface of the crystal, the
observer sees a virtual image of this slab, shown by a
dashed line in Fig. 2(b).

We now look at the observation geometry in detail.
Initially, we consider only the chief rays to an observer
located at infinity, i.e., the observation with parallel rays.
From the Snell-Descartes law of refraction [13], we get

sinf =sinpf.
n

Furthermore, the length of # := AB can be calculated as:

— d
£=AB=——+
cos ff

and the length of s’ := BC is

The cosine theorem of the triangle ABC yields to:

2
sfz_f2+( d ) Y

coSa

cos(a+ /).
cosa

From all of the above, the transverse size s of this virtual
image can be derived:

s=dcosp- 1‘2 n 1 _ZCOS[arCSin(¥)+a].
Los o 1= cos
(1)
This apparent size is zero (s = 0) exactly when:
Pideas = — arcsin(n sin a). 2)

We thus recognize the Snell-Descartes law of refraction, the
ideal observation angle shown in Fig. 2(a).

This result can be generalized to an observer located at a
finite distance, imaging the object with a finite entrance
pupil. The refraction at the surface of the crystal makes the
virtual image appear closer to the observer, as shown in
Fig. 2(b). The ideal focusing point of the camera has to be
shifted by a fraction of the scintillator thickness. If we
assume that the diameter of the entrance pupil of the lens is
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much larger than the field of view, the observation angle is
the same for the entire extent of the beam, and the apparent
size is not changed.

D. Simulation with ray tracing

These findings are confirmed by a ray tracing simulation
of the imaging geometry, similarly to the work presented in
[28,33,35]. For the present situation, the imaging of a YAG
scintillator was modeled using Zemax OpticStudio [36].
The following parameters were modeled: a primary beam
with zero transverse size is intercepted by a scintillating
crystal, which has a thickness of 100 ym and a refractive
index of 1.8632 at a wavelength of 550 nm. The primary
beam has an incidence angle of 8.1° to the scintillator
normal, and the emission is simulated by five field points at
depths of [0, 25, 50, 75, 100] pm along the beam. This light
is imaged with a perfect lens of f =200 mm, and an
aperture of 50 mm, corresponding to f/4. The lens is
located at a distance of 400 mm to the scintillator, such that
the magnification is M = —1. For this magnification, the
effective F-number of the lens is 8, and the corresponding
numerical aperture is NA = 0.0625. The simulation is
performed at various observation angles f.

The simulated spot size consists of three components:
(i) the shift between the first and the last point at O and
100 um depth, respectively, (ii) the defocus due to the
depth of field, and (iii) the diffraction at the lens aperture,
which can be calculated as d = 1/2sind with a half-
opening angle 9.

The first contribution depends on the observation angle,
and agrees with the analytical expression (1), as shown in
Fig. 3. It is smallest for an observation angle of 15°, as
predicted by Eq. (2). For this situation, the defocus amounts
to 3.6 um, and the diffraction limit of the lens results in
an Airy disk of 5.38 ym radius. A real lens would add

image size / pm
N
o

-80 -60 -40 -20 0 20 40 60 80
observation angle 3/ degrees

FIG. 3. Ray tracing results of the image size (red circles) agree
with the analytical expression (1) (blue line).

additional aberrations as compared to an ideal lens.
Measurements of the point spread function (PSF) show
an overall resolution of 8 ym rms [18].

E. Experimental verification of angle dependency

The angular dependency of the imaged spot size was
verified experimentally. Scintillation light was generated by
3 eV photons from a diode laser (1 = 410 nm), focused to a
spot of wy = 45 ym FWHM into a 500 um thick Ce:YAG
scintillator. The Rayleigh length is Lz = zw}/1 = 16 mm,
thus the beam diameter can be considered uniform within
the crystal. The green scintillation light was imaged onto a
CCD detector with magnification M = —1, excluding the
exciting light with a longpass filter. The full width at half
maximum (FWHM) of the projected beam profiles is shown
in Fig. 4. for an angle a = 24° of the scintillating column.

F. Possible observation geometries

For a = 0, the ideal observation angle is # = 0, corre-
sponding to the rectilinear observation geometry (e) in
Fig. 1. This layout is used for the low-energy screens in
the SwissFEL Injector Test Facility. Beamlets of a size of
14 ym rms have been measured with 200 ym thick
scintillating crystals [37].

Choosing an oblique angle a # 0 however offers unique
opportunities for electron and X-ray beams, respectively:
(i) For electron beams, the effect of camera saturation
through coherent optical transition radiation emitted from
the scintillator surface may be avoided by directing the
radiation away from the optics. (ii) For X-ray beams above
about 5 keV, a semitransparent monitor may be built if one
chooses a suitable low-Z scintillator such as diamond [21],
because the radiation can be observed through an off-axis
Mirror.
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FIG. 4. Observed beam size, as a function of observation angle
p. Circles: experimentally obtained data, dashed line: calculated

values using Eq. (1), solid line: calculated values, with the initial
beam size added in quadrature.
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The discussion up to this point allows selection of an
ideal observation angle for arbitrary beam angles between
zero and arcsin(1/n). There is, however, an additional
constraint, which is based on the detector. The angle
between the incident photons and the detector normal
depends on the magnification M of the lens, and is given
by the Scheimpflug criterion arctan(tan /M ). Most com-
mercially available detectors employ microlens arrays to
increase the efficacy of light collection onto the sensitive
elements on the detector surface. This technology limits
the acceptance angle of the detector to a cone of typically
15° to 20° around the detector normal. As a consequence,
a larger observation angle limits the choice of detector to
those that can be obtained without a microlens array.

III. TRANSVERSE PROFILE MONITOR

A. Construction of the monitor

A transverse profile imager built to observe the Snell-
Descartes law of refraction as well as the Scheimpflug
imaging criterion has been installed at the end of the
SwissFEL Injector Test Facility [17] at Paul Scherrer
Institut, Switzerland. The SwissFEL Injector Test
Facility was built to demonstrate the generation of electron
beams suitable for the upcoming X-ray free electron laser
SwissFEL [38]. The goal is to generate beams with a core
slice emittance of 430 nm at a charge of 200 pC, and of
180 nm at a charge of 10 pC. The electrons are generated by
a UV laser pulse in a radio frequency (1f) photocathode
gun. The particle bunches are accelerated by rf cavities to
an energy of up to 250 MeV per particle.

Four scintillators are installed: a cerium doped yttrium
aluminum garnet crystal (Ce:YAG) [39], a nitrogen doped
synthetic diamond multicrystal [40], a mixed rare-earth
silicate crystal “CRY019” [41], and a chromium-doped
aluminum oxide ceramic “CHROMOX” [42]. The thick-
ness of the scintillating crystals is 100 ym, and they are
polished on both sides. A conductive layer of indium tin
oxide (ITO) has been applied to avoid the collection of
surface charge on the Ce:YAG and CRYO19 crystals.
The ceramic screen has a thickness of 1 mm.

The scintillators have a diameter of 20 mm, but the field
of view is horizontally constrained by the in-vacuum mirror
[43] to 3 mm. This is sufficient for the present applica-
tion. A variant of the screen monitor with a larger field of
view has been built by using an observation angle of 30°.

The screens are imaged by an f = 200 mm macro lens
[44] to a CMOS detector [45]. The magnification of the
imaging system is 1:1.22, resulting in an effective pixel
size on the scintillator of 7.9 ym.

The scintillators are positioned at an angle of 8.1° to the
primary beam, and the in-vacuum mirror is placed such that
the normal of the crystal has an angle of 15° to the optical
axis of the camera. The geometry is shown in Fig. 5. To
fulfill the Scheimpflug imaging condition, the normal of

Scintillator Electron beam

(Coherent)
optical transition
radiation

Camera

FIG. 5. Cross section of the screen mount, with the electron
beam coming from the right. The angle from the normal of the
scintillator is 8.1° to the beam axis, and 15° to the optical axis of
the camera.

the CMOS detector is tilted by 14° to the optical axis.
At this angle, the microlens array on the chip can be used
with only minor loss in efficiency.

The screens are mounted to an aluminum frame. They
can be positioned into the beam by means of an ultrahigh
vacuum translation stage. An in-vacuum mirror allowed the
positioning of the camera at an observation angle of 90° to
the beam axis, which permitted the use of a compact
vacuum chamber of 137 mm length. The field of view
is 6 x 14 mm?.

For reference measurements, optical transition radiation
(OTR) was generated by charged beams on a 5 ym thick
silicon wafer [46]. The emission of OTR is a highly
directional cone with an opening angle of 1/y, centered
around an axis opposite to the normal of the surface. In the
present monitor, the silicon wafer was installed at an angle
of 15° to the beam axis. The transition radiation was
reflected into the camera with an additional in-vacuum
mirror, which has been positioned such that the imaging
condition was the same as for the scintillator.

To increase the dynamic range of the profile imager, two
neutral density filters [47] with 10% and 1% transmission,
respectively, could be inserted into the optical path.

B. Measurements of resolution and
slice emittance

The resolution of these scintillators was compared by
focusing the electron beam horizontally onto each screen.
The beam size was determined by fitting a Gaussian
function to the projection of the image. Table I lists the
values. For these measurements, the beam was not com-
pressed, and as such no coherent optical transition radiation
is expected. The resulting rms beam sizes can thus be
compared to an OTR measurement.

Optical transition radiation is emitted in a cone around
the beam axis, and the resolution that can be achieved with
a perfect lens can be calculated analytically [48]. If the
present f = 200 mm lens were replaced by a perfect lens
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TABLE I. Measured beam image size on different scintillators,
and compared to optical transition radiation.

Observed rms Light yield

beam image relative
Scintillator size [pm] to OTR
YAG 16.4 252
CRYO019 23.4 102
Diamond 106.6 1.9
CHROMOX 252.2 432
OTR (for comparison) 15.8 1

with the same aperture, we would expect a ringlike point
spread function on the detector plane, with a radius of
3.5 ym and a FWHM of 11.2 ym. The observed beam size
is about a factor of five larger.

The broadening for Ce:YAG, observed in Ref. [33],
could not be confirmed in the present measurements, where
image sizes of 1o = 16.4 ym have been observed. This
could be mostly due to the thinner scintillator in the present
experiment.

A transverse deflecting rf structure is installed after the
accelerating structures, allowing the vertical streaking of
the electron beam and thus converting the vertical spatial
axis to a time axis on the screen. In conjunction with an
electron beam optics consisting of adjustable quadrupole
lenses and the transverse profile imager, measurements of
the transverse phase space of the beam have been per-
formed. This includes a measurement of the slice emittance
of the beam, i.e., the time-resolved measurement of the
transverse phase space volume. The measurement method
is illustrated in Fig. 6.

Five quadrupole magnets are used to generate the
electron beam optics required for the slice emittance

FIG. 6.

measurement: (i) The horizontal phase-advance is regu-
larly scanned to cover a total of about 150 degrees to
precisely reconstruct the horizontal emittance. (ii) The
vertical phase-advance between the transverse deflector
and the profile monitor is fixed to about 90 degrees to
optimize the longitudinal resolution of the transverse
deflector: with a maximum deflecting voltage of 5 MV
and a f-function at the transverse deflector of 40 m, the
longitudinal resolution is about 13 fs (assuming a pro-
jected vertical emittance of 500 nm and a beam energy of
250 MeV). (iii) The horizontal f-function is kept rela-
tively high (between 35 m and 40 m) to have beam sizes
that can be conveniently measured even for very low
emittances. Considering a beam size resolution of 15 ym
and assuming a beam energy of 250 MeV, for a ff-function of
35 m the emittance resolution is about 3 nm. (iv) The vertical
p-function is kept below 10 m to control the beam size in the
streaked direction.

At each optics the phase of the transverse deflector is
varied to obtain individual y — ¢ calibrations. The beam was
split into slices using the centroid from a Gaussian fit as a
reference, and the beam size was obtained for each slice.
From the beam sizes at each optics the slice emittances
along the bunch are obtained. The measurement and data
analysis are described in more detail in [49].

Figure 7 shows two examples of a slice emittance
measurement of a beam with a total charge of 30 fC and
10 pC, respectively. The normalized slice emittance for the
30 {C case is below 25 nm. The error bars indicated in the
plots correspond to the statistical uncertainties calculated
from the statistical errors of the beam size measurements.
The calibration error of the profile monitor is of the order of
1%, which causes a systematic error of the reconstructed
emittances of around 2%. The calibration uncertainty is

@)

Mlustration of slice emittance measurements in a particle accelerator. The beam enters from the left and undergoes the

following transformations: (1) mapping of the time axis onto the vertical angle by the transverse deflecting structure, (2) variation of the
horizontal phase advance between the deflector and the profile monitor by adjusting the quadrupole lenses, while keeping the vertical
phase advance approximately constant such that a vertical angle is transformed optimally into a vertical position, and (3) measurement of

the horizontal beam size in several slices of the beam.
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FIG. 7. Slice emittance measurement of a 30 fC beam (left) and of a 10 pC beam (right). The plot shows the charge distribution

(black curve) as well as the emittance of the slices (blue curve).

dominant over other systematic errors such as energy
uncertainties or quadrupole field errors—the magnitude
of these two error sources is around 0.1...0.2% according
to the accuracy of beam momentum and magnetic field
measurements done at the SwissFEL Injector Test Facility.
The optics of the beam core were well matched to avoid a
systematic increase of the error of the reconstructed
parameters due to optics mismatch.

IV. CONCLUSION

A transverse profile imager to measure the two-
dimensional profile of ionizing electron or photon beams
has been built. The observation geometry of the scintillat-
ing crystal observes the Snell-Descartes law of refraction
and the Scheimpflug imaging principle and thus results in a
resolution better than 10 ym across a field of view of
6 x 14 mm?. This monitor was installed in the SwissFEL
Injector Test Facility, and it has been used on a daily basis
for measurements of beam profiles, projected and slice
emittance. The resolution of the monitor is sufficient to
measure a normalized slice emittance of 25 nm for a beam
with a charge of 30 fC.

Different scintillators have been compared, and for
uncompressed electron bunches, the measured beam image
sizes using Ce:YAG were found to be comparable to
measurements using optical transition radiation.
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