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To develop an isotope selective computed tomography imaging technique, a flat-laser Compton
scattering γ-ray beam (F-LCS) by using a helical undulator installed in a storage ring has been proposed.
An LCS beam with a broad energy spectrum and spatial distribution, keeping a small beam size, is
preferable for multi-isotope imaging and qualitative evaluation. EGS5 simulations assuming the BL1U
beamline in UVSOR have been carried out and the result shows that the energy bandwidth of the LCS
beam is widened from 2.7% to 22% (FWHM) with a beam size of 2 mm in diameter by varying the
undulator K value from 0 to 0.4. A proof of principle (POP) experiment has been carried out in the
BL1U, where the APPLE-II undulator has been installed. The K value dependency of the energy
spectrum of the generated LCS beam was measured. As a result, a broader energy bandwidth of the LCS
beam was observed as the undulator K value increased. The measured energy spectra agreed with the
EGS5 results.
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I. INTRODUCTION

Tunable monochromatic γ-ray beams have been gener-
ated by laser Compton scattering (LCS) in various facilities
[1–6]. One of the remarkable applications using LCS
beams is a nondestructive analysis of hidden materials
through nuclear resonance fluorescence (NRF) [7–13]. So
far, we have successfully demonstrated a three-dimensional
(3D) isotope-selective computed tomography image of a
sample consisting of enriched 208Pb and 206Pb rods using
NRF [14] induced by an LCS beam. To obtain high-
resolution images, a small size of an incident LCS beam is
indispensable, which makes a narrow bandwidth of the
LCS energy spectrum. However, a narrow bandwidth LCS
beam is difficult to excite multiple isotopes in one-time
measurement. Therefore, in our previous measurement [15]
where NRF levels of 14N (4.915 MeV) and 12C (4.439MeV)
were excited at the same time, and an 8-mmφ collimator was

employed to generate about 20% bandwidth of the LCS
beam. In addition, the LCS interaction has a scattering angle
dependence in the energy of the scattered γ ray thatmakes the
LCS beam have a spatial dependency in the energy distri-
bution. Therefore, it is difficult to quantitatively evaluate
NRFyields in a sample by using standard LCSbeams. A flat-
laser Compton scattering γ-ray (F-LCS) beam with a broad
peak and flat spatial distribution in the energy spectrum has
been studied to obtain a multiple isotopes CT Imagingwith a
high spatial resolution enabling a quantitative evaluation of
measured isotopes using a small LCS beam size.
We have proposed the F-LCS beam which has broader

energy bandwidth with a small beam size and a spatially
uniform energy spectrum. By using a helical undulator
installed in a storage ring, such as the APPLE-II undulator
in the BL1U beamline of the UVSOR synchrotron facility
[16], a circular motion of electrons stored in the storage ring
can be excited. This circular motion of electrons widens the
electron beam size and divergence. Due to the LCS
interaction principle, broader bandwidth and a wider spatial
distribution of the scattered γ-ray beam can be expected. In
this paper, we describe the concept of the generation of the
F-LCS beam, a modeling of simulation with EGS5 [17], and
its result. We also report our proof-of-principle (POP)
experiment carried out in the BL1U of UVSOR and the
comparison with the EGS5 simulation.
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II. PRINCIPLE OF F-LCS BEAM GENERATION

Collision between a relativistic electron beam and an
intense laser beam generates an LCS beam [18]. The
scattered laser photon, whose energy is Ep, with a scattered
angle of θγ has an energy dependency as described in the
following formula [18]:

Eγ ¼
Epð1þ β cos θpÞ

1 − β cos θγ þ Ep

γEe
ð1 − cos θsÞ

; ð1Þ

where Eγ is the energy of the scattered laser photon, Ee is
the electron energy, β is the electron velocity relative to the
speed of light, θp is the incident laser angle, γ is the Lorentz
factor of the electron energy, and θs is the angle between
the incident laser photon and the scattered photon.
Equation (1) indicates that when we limit the scattering

angle with a collimator, a narrow bandwidth LCS beam can
be generated. The bandwidth of the LCS beam can be
described as
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where the terms on the right-hand side correspond to the
contribution to the bandwidth of the LCS beam from the
collimator, the electron energy spread, the laser bandwidth,
and the electron beam emittance, respectively [19–21].
Equation (2) indicates that a large energy spread and/or a
large emittance of the electron beam cause a wide band-
width of the LCS beam. However, electron beams circulat-
ing in storage rings, where most LCS instruments are
developed [1–3,5,6], have small energy spreads (<10−3)
and low unnormalized emittances (<1 μmrad). Therefore, it
is challenging to generate a broad bandwidth LCS beam
with a small collimation which is indispensable to obtain a
high-resolution image.
We have proposed an F-LCS beam generation by using a

helical undulator to excite a circular motion of an electron
beam at the electron-laser collision region. The electron
beam with a circular motion excited by the helical
undulator can have a large beam size and divergence that
is expected to broaden the energy spread of the LCS beam.
Figure 1 shows a conceptual drawing of the proposed
F-LCS beam generation. In the following subsection, we

describe our simulation study to confirm the generation of
the proposed F-LCS beam.

III. EGS5 SIMULATION

The simulation modeling of the proposed F-LCS beam
has been developed using the EGS5 code. The electron
motion excited by an undulator is expressed as [22]
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Here x axis is the horizontal axis, y axis is the vertical axis,
and the z axis is the traveling direction of the electron beam
in the experimental geometry in UVSOR. In Eq. (3), Kx;y

are the K values of the helical undulator, λu is the undulator
period.
The LCS beamline in BL1U of UVSOR (Fig. 2) was

assumed for a test experiment. The APPLE-II undulator
consists of two helical undulators, which have 20 periods of
8.8 cm, and a 50-cm dispersive section in the middle of
APPLE-II was installed at the center of the 6.3-m straight
section of the BL1U [16]. It should be noted that the
magnetic field of the dispersive section was zero in this
calculation as well as in the POP experiment explained in
the next section.
Our EGS5 simulation procedure is as follows: First,

the transverse electron position and divergence were
calculated by Eq. (3) by a random z-position with a
Gaussian distribution in the collision region of a size of
σ ¼ 45.2 cm; This size is determined by Rayleigh length of
the incident cw laser in the experimental setup. Second, the
γ-ray scattering angle was randomly generated to satisfy the
probability of Compton backscattering. Then, the energy of
each scattered γ ray was calculated one by one. We repeated
this routine 10,000,000 times and constructed the energy
spectrum.
Figure 3(a) shows the energy distribution of the

standard LCS γ ray along the vertical axis (z) after passing
through a 2-mmϕ collimator without the undulator
(K ¼ 0). A position-energy dependency is clearly observed
in Fig. 3(a). If we excite the helical undulator withK ¼ 0.2,

FIG. 1. Conceptual drawing of F-LCS beam generation.

FIG. 2. Schematic drawing of the BL1U beamline in UVSOR.
APPLE-II type undulator is installed in 6.3-m straight section.
PM: power meter, W: window.
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the position-energy dependency is relaxed as shown in
Fig. 3(b). According to Eq. (3), the excited electron beam
radius can be calculated to be 1.9 μm with K ¼ 0.2 which
is negligible to the electron beam size (σy ¼ 20 μm) on the
vertical axis and the horizontal axis (σx ¼ 580 μm) in the
case of UVSOR. Therefore, the beam divergences excited
by the helical undulator are considered to be the main
reason for the relaxation of the position-energy dependency
in Fig. 3(b). One of the advantages of the LCS beam is its
small beam size and small beam divergence. By using
Eq. (3) with K ¼ 0.2, the electron beam divergence can be
calculated to be 132 μ rad, which is comparable to the
2-mmϕ collimator defined beam divergence 115 μ rad.
Therefore, the beam divergence of the F-LCS γ-ray beam
will be 175 μ rad and the beam size at 1-m downstream of
the 2-mmϕ collimator will become 2.35 mmϕ. An appli-
cable K value for the isotope imaging application should be
carefully considered. Figure 4 shows the energy spectra of
the LCS beams with different K values from 0 to 0.4. As
shown in Fig. 4, the wider energy bandwidth is observed
with a larger K value. The peak energy shifts to lower
energy as the K value becomes larger. The circular motion

of the electrons by the helical undulator widens the electron
beam size and enlarges the beam divergence. However, the
effect of the beam size is small, and the effect of the
beam divergence is dominant, as we describe in the above
paragraph. According to Eq. (1), for the larger collision
angle between the electron beam and the laser, smaller
energy of the scattered γ ray should be generated.
Therefore, we can observe the peak energy shift at larger
K value case in Fig. 4 and Table I which summarizes the
simulation results. The energy bandwidth is widened from
2.7% to 22% (FWHM) and the peak energy is shifted from
5.53 to 5.01 MeV by increment of the K value from 0 to
0.4. About 8 times larger bandwidth can be obtained with
the collimator diameter of 2 mmϕ. We should mention that
the F-LCS beam yield at the top energy region decreases
with the increase of the undulator field. In addition, to
reconstruct the isotope selective CT image, the transmis-
sion γ rays have to be measured [14] and a large K value
might not be applicable due to the lack of a clear LCS peak.
Therefore, K value of 0.2 would be a suitable for the POP
experiment to measure multiple lead isotopes, 206Pb
(5.037 MeV) and 208Pb (5.512 MeV), in UVSOR. By
using F-LCS beam with K ¼ 0.2, the γ-ray flux at
5.087 MeV is about 4 times larger than that with the
normal LCS (K ¼ 0). On the other hand, the γ-ray flux at
5.512 MeV is about 1.7 times smaller than that with the

FIG. 3. LCS γ-ray energy distribution in the vertical axis with
the undulator K value of (a) K ¼ 0, (b) K ¼ 0.2.

FIG. 4. Energy spectra of the γ-ray beams with different
K values from 0 to 0.4.

TABLE I. Summary of the simulation result.

K value
Peak energy

(MeV)
Bandwidth
FWHM (%)

Yield
(4–5.6 MeV)

0 5.53 2.7 1362
0.1 5.53 3.3 1327
0.2 5.50 7.2 1228
0.3 5.31 14 1082
0.4 5.01 22 914
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normal LCS. It should be noted that when we use a F-LCS
beam with K ¼ 0.2, which has 7.2% FWHM bandwidth,
the background γ rays originated from the atomic scattering
of the target nuclei should be larger than in the case with the
conventional LCS beam. Therefore, a proper detector
position and an absorber thickness should be used for
the NRF measurement.

IV. EXPERIMENT AT BL1U IN UVSOR

The POP experiment of the F-LCS beam generation was
performed at the BL1U in UVSOR. The experimental setup
was the same as that shown in Fig. 2 except for the detector
system located after the 2 -mmϕ collimator made by a
20 cm × 10 cm × 10 cm lead block. The stored electron
with an energy of 746 MeV [5] and a current of about 6 mA
was used. The laser beam from a Tm-fiber laser system
(TLR-50-AC-Y14, IPG Laser GmbH) with around 1 W cw
power with random polarization was used for the incident
laser beam. The wavelength was 1.896 μm and the spectral
linewidth was 0.7 nm. A high-purity germanium (Ge)
detector with a relative efficiency of 120% was used for
the measurement of the energy spectra of the generated
γ rays.
Before the LCS γ-ray generation, we checked the orbit

distortion of the stored electron beam by excitation of the
undulator with a K value of 0.2. After the orbit correction,
the beam position monitor located in BL1U showed that the
orbit change was about 25 μm in the horizontal axis and
50 μm in the vertical axis, which is acceptable for the other
beamline users.
Figure 5 shows the measured γ-ray beam spectra with K

values of 0, 0.1, 0.2, and 0.3. The vertical axis is normal-
ized by the maximum counts in the energy region from 4
to 6 MeV. Although the measured spectra show Ge
response, the LCS peak at 5.5 MeV with K ¼ 0 gradually
disappeared by increasing the undulator K value.

The tendency of the peak bandwidth broadening agrees
with the EGS5 simulation.

V. DISCUSSION

To verify the simulation result with the experiment, the
EGS5 simulation taken into account of the Ge detector
response was performed. Figure 6 shows the result of the
simulation. The vertical axis is the normalized counts,
which was calculated in the same way as Fig. 5. Although
the measured energy bandwidth was slightly larger than
the simulation result, the simulated LCS spectra well
reproduce the experimental results. The slight difference
would originate from our simple model assumed for the
electron-laser interaction region. We assumed that the
electron-laser collision point was the center of the undu-
lator where the 50-cm dispersive section was in the EGS5

simulation. The electron-laser collision point affects the
energy spectrum of the collimated LCS beams and is more
significant for the F-LCS beam because the circular motion
cannot be excited at the dispersive section in our case.
To confirm the effect of the electron-laser collision

point, EGS5 simulation has been performed for three
collision points, (i) the center of the APPLE-II down-
stream undulator, (ii) the center of the APPLE-II dis-
persive section, and (iii) the center of the APPLE-II
upstream undulator. The results are shown in Fig. 7.
The collision point at the center of the dispersive section,
which was the expected point of our experimental con-
dition, has the smallest bandwidth of the F-LCS beam, and
those at the upstream and downstream of the undulator
sections have wider bandwidths. This suggests that if the
electron-laser collision point was shifted to an up or down
undulator position, a wider energy bandwidth should be
observed. Unfortunately, we could not specify the colli-
sion region during the present experiment.
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FIG. 5. Measured LCS beam spectra with the undulatorK value
of 0, 0.1, 0.2, and 0.3. The LCS beam was collimated with
2-mmϕ lead collimator.

FIG. 6. LCS energy spectra calculated EGS5 including Ge
detector response.
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VI. CONCLUSIONS

In this paper, we have proposed the generation of F-LCS
beams with a broad energy bandwidth and a small beam
size using a helical undulator in a storage ring. A simulation
study using EGS5 shows the energy bandwidth of the LCS
beam with circular motion excited by a helical undulator is
widened from 2.7% to 22% (FWHM) with fixed collimator
size (2 mmϕ) by varying the undulator K value from 0 to
0.4. The property of the LCS beamline of the BL1U in
UVSOR was assumed for the simulation. An experiment of
the F-LCS beam generation has been carried out at the
BL1U in UVSOR. The APPLE-II undulator was used to
generate the circular motion of electron beams. The energy
spectra of LCS beams generated with K ¼ 0, 0.1, 0.2, and
0.3 have been measured with a Ge detector, and the results
agree with the EGS5 simulation. This result supports the
successful generation of the F-LCS beam. The spatial
distribution of the F-LCS beam, precise modeling of
EGS5 simulation, and a multiple NRF excitation experiment
should be performed in further study.
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