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Abstract

Smith-Purcell radiation has been successfully used to per-
form longitudinal profile measurements of electron bunches
with sub-ps lengths [1]. These measurements require radi-
ation to be generated from a series of gratings to cover a
sufficient frequency range for accurate profile reconstruc-
tion. In past systems the gratings were used sequentially
and so several bunches were required to generate a single
profile, but modern accelerators would benefit from such
measurements being performed on a bunch by bunch ba-
sis. To do this the radiation from all three gratings would
need to be measured simultaneously, increasing the mechan-
ical complexity of the device as each grating would need to
be positioned individually and at a different azimuthal an-
gle around the electron beam. Investigations into gratings
designed to displace the radiation azimuthally will be pre-
sented. Such gratings could provide an alternative to the
rotated-grating approach, and would simplify the design of
the single-shot monitor by reducing the number of motors
required as all of the gratings could be positioned using a
single mount.

INTRODUCTION

Modern and future particle accelerators provide chal-
lenges for longitudinal beam profile monitors by produc-
ing short bunches with highly variable profiles. A success-
ful monitor will have to resolve sub-ps bunches in a non-
destructive manner on a single-shot (bunch-by-bunch) ba-
sis. Possible techniques which could enable such a monitor
include electro-optic measurements [2] and the use of co-
herent radiation spectroscopy [3] [4]. This paper presents
a preliminary conceptual design for a single bunch profile
monitor based on coherent Smith-Purcell radiation (cSPR),
with an emphasis on changes to the design of the metallic
grating used to generate the radiation.

SMITH-PURCELL RADIATION

Smith-Purcell radiation arises when a charged particle
bunch travels near to a periodic metallic structure. The elec-
tric field of the particles induces a surface charge on the sur-
face of the structure which then follows the particles, giving
rise to a surface current. Discontinuities in the structure re-
sult in changes to the current and so to the emission of ra-
diation. Each period will emit radiation in the same way,
giving rise to a far field dispersion relation which links the
wavelength of the radiation to angle of emission.
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To use cSPR as a beam diagnostic it is necessary to pre-
dict the intensity of the radiation which will be generated,
which requires several functions to be understood. The first
step is to calculate the radiation produced by a single par-
ticle travelling above a single period of the grating. The
effect of the grating periodicity can then be incorporated to
give the expected intensity distribution from a single parti-
cle travelling above the full Smith-Purcell grating. It is at
this stage that the dispersion relation becomes apparent.

The particle bunch must then be modelled. Assum-
ing that the transverse bunch profile remains constant
throughout we can describe the charge distribution as
T(x,y)Z(z,t), and the intensity of the cSPR is then found
to be proportional to the Fourier transform of the longitudi-
nal bunch profile. This means that by measuring the inten-
sity of the cSPR along with other relevant beam parameters
it is possible to retrieve the frequency components of the
particle bunch and determine the longitudinal profile [5].

Coherent Smith-Purcell radiation has already been used
to perform longitudinal bunch profile measurements at
FACET, SLAC [1]. The E203 experiment sequentially mea-
sured three gratings with different periods, with three addi-
tional blank measurements to perform background subtrac-
tion. Each grating provided 11 frequency measurements,
giving 33 measurement points in total. These measure-
ments had to be taken over an extended period of time as the
gratings were mounted on a carousel. As each accelerator
will have different measurement requirements 33 frequency
measurements has been taken as the target for the design of
the single-shot device. The key constraints on the monitor
are that background subtraction needs to be performed with-
out the use of blanks and that the device must be compact.

The first constraint can be addressed by taking advantage
of the high degree of polarization of Smith-Purcell radia-
tion, which is predicted by theory and has been confirmed
experimentally [6]. Previous measurements have shown
the background signal to be broadly unpolarized [1]. This
means that cSPR will be split asymmetrically by a polarizer
but the background radiation will be evenly split. By using
a pair of detectors it would therefore be possible to subtract
the background radiation from the cSPR signal on a bunch-
by-bunch basis. Such a detector layout is shown in Fig. 1.

The second constraint can be met by rotating the three
gratings azimuthally around the particle beam. By posi-
tioning the three gratings at $=0° and +60° there is enough
space for the three sets of detectors to be positioned in a
compact region along the beam pipe. The layout, shown
in Fig. 2, is approximately 160 mm longer than the E203
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Figure 1: Two detector system to enable background sub-
traction on a shot-by-shot basis. By subtracting the signal
from detector 2 from the signal from detector 1 it is possible
to extract the SPR signal without backgrounds (assuming
that it is perfectly polarized).

system which has been deemed to be reasonable until con-
straints from specific accelerators are determined.

Other components (such as vacuum windows, band-pass
filters and mirrors) are expected to be similar to the E203
system, with the notable exception of the detectors. The
E203 experiment used pyroelectric detectors because their
broad frequency response meant that they could be used
with all three gratings, but in a single-shot device this is no
longer necessary. This enables more sensitive devices with
narrow frequency ranges, such as Schottky barrier diodes,
to be used. The specific choice of detector architecture
would be linked to the requirements of each application.

MODIFYING THE GRATING DESIGN

A key factor in the performance of a cSPR longitudi-
nal profile monitor is the number of radiation frequencies
which can be sampled, although the choice of frequencies
is also important. To sample a single frequency requires
two detectors in the proposed system, meaning that the cost
of detectors will be a major factor in the design of a final
device. The cost of the rest of the system should be mini-
mized to either compensate for the cost of the detectors or
to enable more to be incorporated into the device.

The obvious approach to simplifying the system would be
to reduce the number of motors and vacuum feedthroughs
required to position the three gratings. It is not possible to
mount three gratings in the orientations shown in Fig. 2 on a
single mount without modifying their design, because vari-
ations in the beam position would asymmetrically change
the beam-grating separation, leaving some gratings with op-
timal separation and others either too close or too far from
the beam.
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Figure 2: The proposed layout of a single-shot longitudi-
nal profile monitor. The components are: 1) beam path, 2)
vacuum feedthroughs, 3) mirrors, 4) polarizers, 5) vacuum
windows, 6) filters and 7) concentrators and detectors. Grat-
ing 1 illuminates detection system 1. Components are to
scale. Schematic drawn using CST Microwave Studio [7].

A possible solution to this problem is to angle the rul-
ings of the gratings with respect to the direction of travel
of the beam. This has been studied by Sergeeva et. al. [§]
who investigated Smith-Purcell radiation generated by an
infinitely wide gratings with the electron beam travelling at
non-normal incidence to the facets, which causes the Smith-
Purcell radiation to be emitted at non-zero azimuthal an-
gles and so provides a mechanism to distribute the radiation
while ensuring the gratings have a consistent beam-grating
separation.

To take advantage of this effect it is necessary to make ra-
diation intensity predictions for a grating with a finite width.
A program based on the NAG libraries [9] is in development
to achieve this using the surface current model. An electron
propagates in the Z direction at a fixed height above the grat-
ing. The grating is modelled as a flat sheet of perfect con-
ductor with gaps consisting of vacuum. The user defines
the shape of a single facet and the number of facets which
make up the grating. At the current stage we assume that
the electron is ultra-relativistic and so the electric field (and
so the surface current) is only calculated directly below the
electron. This assumption means that the model provides
qualitative distributions but does not currently provide quan-
titative results.

Two example grating facets and their associated intensity
distributions (as calculated by the program) are shown in
Fig. 3. Grating A is a standard (normal incidence) 0.5 mm

Time Resolved Diagnostics and Synchronization



Proceedings of IBIC2016, Barcelona, Spain - Pre-Release Snapshot 06-Oct-2016 08:00

period grating, and grating B has the same physical period
butits rulings are rotated by 30° with respect to the direction
of particle propagation, which increases the facet length by
a factor of 1/(cos ¢) where § is the angle of rotation. The
gratings have 120 facets, meaning that the plots show the
intensity associated with the wavelength given by the Smith-
Purcell dispersion relation at each angle.
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Figure 3: Two example grating facets and their associ-
ated intensity distributions. Yellow indicates conductor and
blue indicates vacuum. Grating A is a "standard" grating,
whereas grating B has been rotated with respect to the direc-
tion of beam propagation (Z), shifting the ¢ position of the
peak of the intensity distribution. Note that the Y-axis cov-
ers 20 mm but the Z-axis only covers around 0.5 mm which
exaggerates the effect of the rotation. The beam propaga-
tion direction is shown by the red arrows.

It is clear that the radiation from grating A is emitted
along ¢=0°, whereas the radiation distribution for grating B
is displaced from the ¢ axis, with a minimum value of ¢=9°
at #=30°. The position of the maximum of the intensity
distribution can be predicted by considering the system as
a pair of coupled diffraction gratings, one in the direction
of beam propagation and a second perpendicular to it. The
first gives the SPR dispersion relation, where A is the emit-
ted wavelength, / is the grating period, n is the radiation
order, S is the particle speed as a fraction of the speed of
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light and 6 is the emission angle where 0° is the beam direc-
tion and 90° is perpendicular to the grating surface, with the
addition of the cos ¢ term to model the stretch of the period
as the grating is rotated (Eq. 1). The perpendicular period-
icity of each facet can be viewed as a standard diffraction
grating, meaning that the radiation peak can be predicted
using the relation given in Eq. 2 for order m. By equating
the wavelengths it is possible to predict the ¢-position of the
peak of the intensity distribution, as given in Eq. 3.

[ 1
A = P (E - cos(@)) (D)
A = s sin @ sin ¢ 2)
. _ mtand [ 1 3
sing = g (E COS(H)) 3)

The ¢ values predicted by Eq. 3 (see Fig. 4) agree with the
results of the calculation program to within the resolution of
the simulation. By using three gratings with different values
of ¢ it should be possible to spatially distribute the radiation
without needing to change the ¢ positions of the gratings
and therefore correct changes in beam-grating separation
for all three gratings simultaneously.
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Figure 4: Predicted locations of peak cSPR intensity accord-
ing to Eq. 3 for a particle beam with y=39000 andn=m = 1.

A further improvement would be to combine the three
gratings into one, as shown in Fig. 5 which combines a grat-
ing with a facet length of 1.5 mm and 6 = 0° with a grating
with a facet length of 0.75 mm and 6=20° and a third grat-
ing with 0.5 mm facet length and 6=—20°. The grating was
60 mm long, meaning that there were 40 0° facets, 80 20°
facets and 120 —20° facets. The predicted radiation inten-
sity distributions for each facet length in Fig. 5 show that
the radiation is either spatially or chromatically separated,
with the highest intensities distributed either at ¢=0° or at
+ve or -ve ¢ angles. The spatial distributions may cause dif-
ficulties when manufacturing the vacuum chamber because
of the variations in ¢-angle with 6, so designs should be
sought which alleviate this problem.

CONCLUSION

A preliminary concept for a single-shot cSPR longitudi-
nal bunch profile monitor has been developed. Novel grat-
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Figure 5: A facet which combines three gratings of different periodicities into a single grating. Yellow indicates conductor,
blue indicates vacuum and the beam propagation direction is shown by the red arrow. The calculated intensity distributions
associated with each periodicity predict that the radiation should be spatially and spectrally separated.

ings could be selected to spatially disperse the radiation at a
reduced cost, enabling higher performance for given finan-
cial constraints. Rotated gratings are currently under study,
although the intention is to use more complex designs to al-
low f or easier manufacturing of the vacuum chamber. The
grating simulations require further development to move be-
yond qualitative distributions. The radiation intensity from
any novel grating design would require extensive experi-
mental testing before it could be used in a bunch profile
monitor.
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