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Abstract

The coherent Smith-Purcell radiation (SPR) emitted as a
short electron bunch passes over a periodic metal surface
is expected to be applied as a non-destructive beam diag-
nostic tool. The longitudinal profile of the electron bunch
can be deduced by the measured spectrum of the coherent
SPR, which is compared with the theoretical one for single
electron. There are several theoretical models that explain
the SPR mechanism, such as the surface current (SC)
model and the van den Berg model. But the difference of
estimation in radiation intensity between different models
is not trivial, and also the experimental data to evaluate
those validity is not enough. At test accelerator, t-ACTS,
in Tohoku University we are conducting experimental re-
search on coherent SPR in the terahertz frequency region
using an ultra-short electron bunch of about 100 fs. As a
result of the measurement, the reasonable response of the
CSPR angular distribution with the change in bunch length
in the 100 FS region was con-firmed. On the other hand,
the observed angular distribution and the calculated results
show different peak positions and shapes especially for the
longer bunch length. From these results, we confirmed the
usefulness of SPR as a non-destructive bunch length meas-
urement, and we plan to conduct additional experiments to
confirm the difference from the SC model.

INTRODUCTION

Smith-Purcell radiation is supposed to be applicable to
non-destructive beam monitors [1-3]. It is also expected
that a single shot measurement is possible and the meas-
urement system can be constructed compactly. So far, most
of the bunch length measurements by CSPR have been per-
formed in the sub-ps region and no measurements have
been made with bunch lengths less than 100 fs. In order to
obtain the information of the longitudinal bunch shape
(bunch form factor) in the frequency domain, the measured
spectrum of coherent radiation has to be compared with the
theoretical one. Although the SC model is widely used in
many experiments in bunch length measurement, there are
differences in the evaluation of radiation intensity between
models [4], and thus it seems that the validity of a specific
model has not yet been established. Therefore, we decided
to conduct experiments to measure the bunch length in the
fs region using SPR. CSPR was generated by an ultra-short
electron bunch (80~150 fs) at t-ACTS and its angular dis-
tribution was compared with the calculation based on the
SC model in order to investigate its practicality as a non-
destructive bunch length monitor.
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SMITH-PURCELL RADITAION

The Smith-Purcell radiation is obtained when electrons
pass over a metal surface with a periodic structure [5]. SPR
is characterized by a dispersion relation between the radia-
tion wavelength and the radiation angle. The relationship
between the radiation wavelength A, and angle 6 is given

by

A = E(l — cosG), (D

n\p

where S is v/c, d is the period length of the periodic struc-
ture, and n is the order of the radiation.

In the SC model [6], which explains SPR through the
currents that are being induced on the surface of the grating
by a charge passing near-by, the energy dI emitted per unit
solid angle dQ by a single electron passing at a distance h
above the grating is given by
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where Z is the length of the grating, ¢ is the electron charge
and R? is a grating factor depending on the shape of the
grating. The quantity A, in the Eq. (2) is “evanescent wave-
length” and defined by
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The intensity of the SPR decays with the distance be-
tween the bunch and the grating surface.

In the case of a bunch consisting of N, electrons, the
emitted energy per solid angle is given by

(d1>N = (ﬂ)sp [Ne + No(Ne = Df (@)]. (4

o) an

For the bunch length sufficiently shorter than the wave-
length of radiation, the radiation is coherently enhanced
and its intensity is proportional to the product of the square
of N, and the bunch form factor f{w) as written in the
Eq. (4). The bunch form factor f{w) is defined as the Fou-
rier transform of the longitudinal particle distribution
within the bunch. From the dispersion relation between ra-
diation angle and frequency, the angular distribution of
CSPR reflects the form factor. Therefore, we can get the
information of bunch length from the angular distribution
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of CSPR. The period of the grating used and the observa-
tion angle range need to be determined according to the de-
sired bunch length region.

EXPERIMENT

t-ACTS

At t-ACTS (test Accelerator as Coherent THz Source)
facility, ultra-short electron beams of less than 100 fs can
be generated by velocity bunching method, and the R&D
works for terahertz light sources and beam monitors are
conducted based on this ultra-short electron bunch [7]. In
the velocity bunching method, the bunch length can be ad-
justed by the injection phase of the beam to the accelerating
structure. The t-ACTS linac consists of a thermionic rf gun,
an alpha magnet with an energy filter and a 3 m traveling-
wave accelerating structure. Table 1 shows the beam pa-
rameters. A diagnostic section for measuring bunch length
by observing the coherent transition radiation (CTR) spec-
trum using a Michelson interferometer is provided down-
stream of the accelerating structure, and a grating that gen-
erates SPR is installed 1 m downstream of it, 1 m upstream
of the SPR chamber.

Table 1: Beam Parameters

Macro-pulse duration ~2.0 ps

Number of bunches ~5700 (per macro-pulse)

Beam energy 20 MeV

~3 nmm mrad
3~10pC

80~100 fs

Beam emittance
Bunch charge
Bunch length (a;)

Experimental System

Figure 1 shows the layout to measure the angular distri-
bution of the CSPR. The electron beam passes near the
grating surface in the chamber, and then the generated
CSPR is extracted through the TPX window. In order to
reduce the absorption of THz waves by water the entire op-
tical system outside the vacuum was purged with dry air.
CSPR was detected by pyroelectric detector THZ51-BL-
BNC (Gentec-EO), which has high sensitivity and wide
bandwidth in the terahertz frequency region. For the meas-
urement of the angular distribution of the CSPR, this THz
detector can be moved to scan the angle from 66 to 96 deg,
keeping the optical path length to 400 mm. For the meas-
urement of the frequency spectrum of CSPR, whole system
was replaced to the Michelson interferometer.
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Figure 1: SPR measurement system.

The grating block was made of aluminum alloy and fab-
ricated to have a pitch of 200 pm as shown in Fig. 2. The
inclination angles of the gratings G1 and G2 are 12 degrees
and 30 degrees, respectively. The wavelength of the SPR
emitted from G1 at an observation angle of 90 degrees is
1.5 THz. The number of grooves is 60. This block was
mounted on the movable base to adjust the distance be-
tween the beam and the grating surface as shown in Fig. 2
(lower).
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Figure 2: Grating profile of G1 and G2 (upper) and mova-
ble system (lower).
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MEASUREMENT

Figure 3 shows the measured CSPR spectrum for the
grating G1. The interferogram of CSPR emitted at the
90 degrees direction is shown in Fig. 3 (left). The corre-
sponding frequency spectrum is also shown in Fig. 3
(right). The measured frequency of CSPR is about
1.53 THz, which is well consistent with the expectation for
the SPR from the grating with a period length of 200 um.
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Figure 3: Interferogram (left) and corresponding spectrum
(right) of measured CSPR.

The measurement results of the bunch length depend-
ence of the CSPR intensity are as follows. The upper graph
in Fig. 4 shows the calculated angular distributions for the
Grating G1 based on the SC model. In the calculation, the
bunch length was varied from 110 to 160 fs as shown by
the different color lines.

The lower left graph in Fig. 4 shows the angular distri-
butions of CSPR from G1 measured at different bunch
length. The lower right graph in Fig. 4 is normalized by the
strength at 192 fs. The SPR intensity in the shorter wave-
length region more decreases than longer part as the bunch
length increases, thus the overall behavior regarding the
bunch length response looks consistent with the expecta-
tion. This suggests that the CSPR observation can be ap-
plied to bunch length monitoring in the THz region.
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Figure 4: Angular distributions for the SC model (upper)
and measurement results for grating G1 (lower).
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However, looking at the angular distribution, there is a
discrepancy between the measurement and the model cal-
culation. The background that affects the measurement is
important because the signal intensity of the SPR is gener-
ally very weak. The background of the coherent diffraction
radiation from the edge of the grating block may have a
significant effect. We fabricated the dummy block without
grating, and the additional measurement is now under prep-
aration to confirm the effect of the diffraction radiation.

Figure 5 shows the results of measuring the angular dis-
tribution of CSPR from gratings with of different inclina-
tion angles. The measurement results are normalized to the
maximum value in the angular distribution for G1 calcu-
lated by the SC model. According to the calculation by the
surface current model, the intensity for G2 was expected to
be several times that for G1, but the measured signal
strengths were similar level to each other. In the derivation
of the bunch form factor, it is essential to evaluate the spec-
trum by model calculation, so further measurements are re-
quired to confirm the validity of the SC model calculation.
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Figure 5: SPR measurement results using gratings G1 and
G2 with different inclination angles (left) and Comparison
with calculation results of SC model (right).

CONCLUSION

Coherent Smith-Purcell radiation has a definite ad-
vantage of the beam nondestructive and single shot capa-
bility for the beam monitor.

We observed CSPR in the terahertz frequency region
from the ultra-short electron bunches with the bunch length
of about 100 fs and confirmed the expected response of the
intensity distribution with respect to the bunch length.
However, the measurement also shows some disagree-
ments with the SC model calculation, so that the additional
measurements are under the preparation. Since the signal
intensity of CSPR is rather weak, the background of dif-
fraction radiation from the edge of the grating block may
have a large effect, and preparations for additional meas-
urements are underway. Improving the measurement sys-
tem is also an issue to check the validity of the SC model
calculation, thus the SPR chamber are going to be replaced
to cover the wider range of observation angle.
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