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Abstract

We have constructed a new laser-Compton-scattering facility, called the LEPS2 beamline, at the 8-GeV
electron storage ring, SPring-8. This facility provides a linearly polarized photon beam in a tagged energy
range of 1.3–2.4 GeV. Thanks to a small divergence of the low-emittance storage-ring electrons, the tagged
photon beam has a size (σ) suppressed to about 4 mm even after it travels about 130 m to the experimental
building that is independent of the storage ring building and contains large detector systems. This beamline is
designed to achieve a photon beam intensity higher than that of the first laser-Compton-scattering beamline
at SPring-8 by adopting the simultaneous injection of up to four high-power laser beams and increasing a
transmittance for the long photon-beam path up to about 77%. The new beamline is under operation for
hadron photoproduction experiments.

Keywords: high energy photon beams, laser Compton scattering, linear polarization, hadron
photoproduction
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1. Introduction

Photon beams in the energy range from a few hun-
dred MeV to several GeV are useful tools to investi-
gate the structures and properties of hadrons, which
can be produced by the reaction of a photon with a
target nucleon or nucleus (hadron photoproduction).
In particular, photon beams with a few GeV energies
are suitable for hadron studies in the strange sec-
tor. As a distinct feature, photons can be polarized
linearly or circularly. This feature is effective to ob-
tain the spin and parity information of hadrons in
photoproduction reactions. Currently, high-energy
photon beams for hadron photoproduction experi-
ments are generated by laser Compton scattering or
bremsstrahlung at several facilities in the world. So
far, facilities based on the laser Compton scatter-
ing were realized at SPring-8 (LEPS) [1, 2], ESRF
(GRAAL) [3], and BNL (LEGS) [4]. However, only
the LEPS2 beamline at SPring-8, described in this
article, is now under operation as the laser Comp-
ton scattering facility. On the other hand, the high-
energy photon-beam production by bremsstrahlung
has been achieved at JLab [5], ELSA [6], MAMI [7],
ELPH [8, 9] etc.

For laser Compton scattering, high-intensity laser
light is injected into a high-energy electron storage
ring so that photons should be backscattered over a
very narrow angular region [10, 11, 12]. At this scat-
tering, the energy of a photon is greatly amplified
by receiving a large fraction of the energy of an elec-
tron. While the beam production by bremsstrahlung
requires a dedicated electron accelerator, the laser
Compton scattering facility has an advantage of low-
cost operation at one of many beamlines in an elec-
tron storage ring. In addition, demands for the elec-
tron storage rings are increasing as synchrotron ra-
diation sources for material, earth, life sciences etc.
Therefore, the laser Compton scattering is utilized
not only for hadron photoproduction experiments
in the GeV energy region but also for various re-
searches and applications with MeV photon beams
[13, 14, 15]. The energy spectrum of a photon beam
obtained by laser Compton scattering has a continu-
ously spread shape with a maximum at the Comp-
ton edge, whereas the intensity of bremsstrahlung

decreases in inverse proportion to the photon energy.
The photon beam production by laser Compton scat-
tering significantly reduces a low-energy component,
which cannot be tagged in the energy measurement
and contributes as experimental backgrounds.

Laser light is almost 100% linearly polarized, and
it is easy to control the direction of a linear polariza-
tion or make circular polarization by using a wave-
plate (retarder) [16]. The polarization state of the
laser light can be transferred to the photon beam
by Compton scattering in a wide energy range. For
both linearly and circularly polarized photon beams,
the degree of polarization increases as the energy goes
up to the Compton edge [17, 18]. On the other hand,
a linearly polarized component of the bremsstrahlung
beam is generated in a relatively narrow energy range
(coherent bremsstrahlung [19]), and the polarization
decreases as this range is adjusted to the higher en-
ergy side. A high-energy coherent bremsstrahlung
beam with high linear-polarization is only achieved
by increasing the energy of an electron beam, as re-
cently done in JLab for the photon beam energies
around 9 GeV [20]. In the energy range from approxi-
mately 2 to several GeV, there are no bremsstrahlung
facilities providing high linear-polarization for a pho-
ton beam. Instead, the laser Compton scattering
beamlines at SPring-8 have generated a highly linear-
polarized photon beam in the energy range up to the
Compton edge, exceeding 2 GeV. For the production
of a circularly polarized photon beam, a highly po-
larized electron beam is necessary at bremsstrahlung
facilities [21] with a high cost. Whereas, the circular
polarization of a laser-Compton-scattering beam can
be obtained only by the optical control of incident
laser light.

The LEPS beamline (BL33LEP) has been oper-
ated since 1999 as the first laser Compton scattering
facility at SPring-8, which is a storage ring with an
electron energy of 7.975 GeV. The photon beam en-
ergy at this beamline is the world’s highest among the
facilities adopting laser Compton scattering. When
the energy of incident laser light, the energy of an
electron storage ring, and the rest mass of an elec-
tron are denoted by k, Ee, and me, respectively, the
maximum energy of a photon beam via laser Comp-
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ton scattering (Emax
γ ) is written as

Emax
γ ' 4Ee

2k

me
2c4 + 4Eek

. (1)

At the LEPS beamline, ultraviolet (UV) laser light
with a wavelength of 355 nm (k = 3.49 eV) is in-
jected into SPring-8 to produce a photon beam in
the energy range up to Emax

γ = 2.39 GeV [1]. The
intensity of this photon beam (the counting rate of
photons that are tagged and reach a detector system
for hadron photoproduction experiments) has been
about 106 s−1 with the laser output power of 8 W.
The stabilization and maximization of a Compton
scattering rate have been realized by the top-up op-
eration that constantly refills electrons to the stor-
age ring up to 100 mA [22]. Nevertheless, the ob-
tained beam intensity is still an order of magnitude
lower than that of the bremsstrahlung facilities. In
order to get a higher photon-beam intensity without
accelerator upgrades, it is necessary to increase the
total power of incident laser light and the photon-
beam transmittance over the entire beamline. The
incident power can be improved by operating mul-
tiple high-power UV lasers simultaneously, and the
transmittance goes up by the reduction of beamline
materials.

For the photoproduction of heavier hadrons, it is
also an important issue to further raise the photon
beam energy while attaining a reasonable beam in-
tensity. Advances in the laser technology have made
it possible to shorten the wavelength of incident light
in Compton scattering for the production of a higher-
energy photon beam. The LEPS beamline has suc-
ceeded in generating a photon beam up to the energy
Emax
γ = 2.89 GeV by using deep-UV lasers with a

wavelength of 266 nm (k = 4.66 eV). However, the
output power of an existing deep-UV laser is about
an order of magnitude lower than that of the UV
laser with a wavelength of 355 nm. As a result, the
photon beam intensity achieved by the injection of
deep-UV lasers has been limited to about 105 s−1.
It is indispensable to develop high-power lasers also
for the deep-UV wavelength and construct a system
for the simultaneous injection of them. These devel-
opments in the laser injection is essential to obtain

a higher-energy photon beam in future because the
electron beam energies of new storage rings tend to
be reduced below the SPring-8 energy in order to aim
for higher-brilliance synchrotron radiation.

For the purpose to solve the above problems of
the photon beam intensity and energy, the LEPS2
beamline (BL31LEP) has been newly constructed
as the second laser Compton scattering facility at
SPring-8. Its operation has started in 2013 [23]. The
LEPS2 beamline is designed to allow the injection
of up to four laser beams with either of the UV
(355 nm) or deep-UV (266 nm) wavelength. New
high-power lasers are also being introduced step by
step. In addition, the LEPS2 beamline has succeeded
in taking a sufficient space to construct large and
complex detector-systems for hadron photoproduc-
tion experiments. So far, the LEPS beamline has
been built in the experimental hall common to many
other beamlines, and the LEPS experimental setup
has been made compact by specializing in the de-
tection of charged particles that are produced at ex-
tremely forward angles [18, 24]. In the case of the
LEPS2 beamline, experimental setups that can de-
tect both charged and neutral particles over almost
all solid angles have been assembled in a large space
inside the LEPS2 experimental building. This build-
ing is independent of the storage ring building hous-
ing the common experimental hall together. Two
types of large-acceptance detector systems with dif-
ferent characteristics are installed into the LEPS2
experimental building, and alternately operated ac-
cording to experimental programs. The construction
of the LEPS2 experimental building was possible be-
cause a spread of the photon beam is well suppressed
thanks to a small divergence of the electron beam in
the LEPS2 beamline.

This article describes the details of the LEPS2
beamline facility together with the design concepts.
In addition, the method of photon beam production
in this facility is given with discussions about the
observed beam properties. The following part is or-
ganized by six sections, covering an overview of the
beamline design (Sec. 2), laser injection and polariza-
tion measurement systems (Sec. 3), beamline equip-
ment for the photon beam production and trans-
portation (Sec. 4), the LEPS2 experimental build-
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ing containing detector systems for hadron photopro-
duction experiments (Sec. 5), a detector system tag-
ging high-energy photons generated by laser Comp-
ton scattering (Sec. 6), and the properties of a pho-
ton beam in the LEPS2 beamline (Sec. 7). Finally, a
summary follows in Sec. 8 with future prospects.

2. Beamline design

For the photon beam production by laser Comp-
ton scattering, the LEPS2 beamline uses one of only
four long straight sections in SPring-8. A length of
the part without any magnets reaches 30 m in this
straight section. In contrast, the LEPS beamline is
constructed along one of the 40 usual straight sec-
tions, which are 7.8 m long. Electron beam diver-
gence in the straight section influences the angular
spread of a generated photon beam. The electron
beam emittance of SPring-8 has become better from
2013 [25], and standard deviations (σ’s) of the elec-
tron beam divergence at the long straight section are
currently 8 and 0.7 µrad in the horizontal and vertical
directions, respectively. This divergence is much bet-
ter than that of the 7.8 m straight section, where the
σ’s are 57 and 1.4 µrad in the above two directions.

In the head-on collision of laser and electron beams,
the correlation between the backscattering angle of
photons θ and the amplified energy Eγ is kinemati-
cally determined by the following equation:

Eγ =
k(1 + βe)

(1− βe cos θ) + k(1+cos θ)
Ee

(2)

This equation tells that photons generated by laser
Compton scattering are emitted in a conical shape
with a scattering angle depending on the photon en-
ergy, as shown in Fig. 1(a). Kinematically, the scat-
tering angle θ becomes 0 degrees at the maximum
energy corresponding to the Compton edge. Ac-
tual scattering angles are influenced by the electron
beam divergence as indicated with the filled areas
in Fig. 1(a). These areas show the 1σ spreads of
scattering angles after smearing the horizontal diver-
gences of the electron beams in the LEPS2 and LEPS
beamlines. In other words, they express the realis-
tic production angles of photons that are scattered

in the horizontal plane including the electron beam
axis. There is a large discrepancy between the an-
gular spreads in the two beamlines due to different
electron-beam divergences.

Figure 1(b) shows the RMS of scattering angles in
the horizontal projection plane as a function of the
lower bound (or the threshold value) of a selected
photon-beam energy range. Contributions from the
energy range exceeding the threshold are integrated
with weights according to the photon beam energy
distribution. A size of the photon beam in the se-
lected energy range is given by multiplying a tangent
of this RMS value by a distance. The RMS values
were obtained by simulating photon scattering direc-
tions which form an energy-dependent cone and con-
volving them with the electron beam divergence of
the LEPS2 or LEPS beamline. The evaluated hor-
izontal angular spread for the LEPS2 beamline is
not much different from the result using the simple
kinematics of laser Compton scattering without any
convolution. The horizontal divergence of a photon
beam in the LEPS2 beamline is suppressed to about
30 µrad for the tagged energy range above 1.3 GeV.
In the case of the LEPS beamline, the horizontal an-
gular spread is calculated to be 62 µrad by the same
procedure except for changing the lower bound of the
tagged energy range to 1.5 GeV. The smaller angu-
lar spread in the LEPS2 beamline allows the trans-
portation of a photon beam to a location far from
the Compton scattering point, so that the LEPS2 ex-
perimental building containing large detector systems
has been constructed about 130 m downstream. The
photon beam size in the LEPS2 experimental build-
ing is suppressed to σ ∼ 4 mm for the tagged energy
range. As suggested by Fig. 1(b), a size variation of
the photon beam can also be observed depending on
the photon energy region in the LEPS2 beamline, but
not in the LEPS beamline.

The LEPS2 beamline is designed to make it possi-
ble to inject a maximum of four laser beams simulta-
neously. Each incident laser beam is expanded to a
1/e2 diameter of about 40 mm by a beam expander to
focus on a narrow spot corresponding to the electron
beam size at the Compton scattering point, which is
about 31.5 m away from the laser injection system.
The four expanded laser beams are injected into the
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Figure 1: (a) The energy dependence of Compton scattering angles for photons produced in a conical shape (black line). The
kinematics was calculated in the case of injecting laser light with a wavelength of 355 nm into SPring-8. The green and yellow
areas indicate the 1σ spreads when the horizontal divergences of the electron beams in the LEPS2 and LEPS beamlines are
smeared, respectively. (b) The RMS of scattering angles in the horizontal projection plane for the photon-beam energy range
exceeding the threshold shown in the x-axis. The conditions of photon beam production are the same as those for (a). The
black thin solid, red thick solid, and blue dashed lines show the cases for the kinematics of laser Compton scattering, the LEPS2
beamline, and the LEPS beamline, respectively.

storage ring so that their profiles should be in con-
tact with each other by arranging the central axes of
four incident laser beams at the vertices of a square.
Increase of the overall incident laser power causes a
higher intensity of the photon beam, although the
intensity gain is not fully proportional to the total
power due to laser incident angles relative to the elec-
tron beam. An ideal gain factor of the photon beam
intensity by the four laser injection has been simu-
lated as shown in Fig. 9 of Ref. [1]. It is evaluated to
be 2.14. Furthermore, we are improving the photon
beam intensity also by introducing high-power lasers
with a wavelength of 355 nm, which is currently cho-
sen for normal operations. So far, such UV lasers
with the output powers of 16 and 24 W have been
installed in addition to 8 W lasers, which have been
mainly used in the LEPS beamline.

The explained injection method using multiple
lasers also enables the minimization of photon beam
loss during its transportation from the Compton scat-
tering point to the LEPS2 experimental building.
The center of the square whose vertices correspond to

the four laser beam axes is a peripheral or low power-
density part of any laser light. It is also a region that
becomes the path of a photon beam produced by laser
Compton scattering. Therefore, a hole has been made
in the center of a mirror that reflects the four laser
beams toward the Compton scattering point. This
procedure has reduced the amount of beamline ma-
terials, maximizing the number of photons reaching
the LEPS2 experimental building.

Propagation of the laser light follows Gaussian
beam optics. When a designed value of the laser
beam size is set at a focusing point (or the Comp-
ton scattering point), the magnification of a beam
expander is uniquely determined as a function of the
focal length. (See Eq. (2) of Ref. [1].) As this length
becomes longer, it is necessary to increase the magni-
fication factor and correspondingly enlarge the aper-
tures of optical devices (e.g. reflection mirrors) and
ultra-high vacuum chambers for laser beam paths. In
order to make the focal length as short as possible in
the LEPS2 beamline, laser beams are orthogonally
injected into a beamline chamber through a hole at
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a side concrete wall of the storage ring tunnel and
reflected to the long straight section by a mirror in a
vacuum.

Vacuum chambers connected to the long straight
section have a special specification that cuts the in-
ternal diameter larger than the normal aperture for
synchrotron radiation. Sufficient apertures that four
laser beams go through are secured. A bottleneck of
the laser beam passage exists in the vertical opening
of a vacuum chamber inside the bending magnet that
is 13.5 m away from the Compton scattering point.
This vertical opening is enlarged to a maximum of
±20 mm, accepting 2.5σ regions of the laser beam
profiles. The internal aperture of the LEPS2 beam-
line has a margin allowing even elliptical focusing of
laser beams with a cylindrical expander [1] as a future
option. In this case, by doubling the cross section of
an incident laser beam only in the vertical direction,
the vertical beam size at the focal point can be halved
with twice the power density. Such laser beam shap-
ing will enhance the efficiency of Compton scattering
with the stored electron beam, whose cross section is
flat having the horizontal and vertical sizes (σ) of 340
and 10 µm, respectively.

Figure 2 shows an outline drawing of the LEPS2
beamline. Laser oscillators and a part of optical de-
vices are arranged on a surface plate in the laser in-
jection room with an area of approximately 5 m ×
8 m. As described above, multiple laser beams are
merged so as to be adjacent to each other after the
beam sizes are individually magnified by beam ex-
panders. The merged beams are then guided into
the storage ring tunnel by using three large mirrors
with a diameter of 150 mm. As a laser beam path, a
hole with a diameter of 160 mm is drilled through the
1-m thick concrete wall that forms the storage ring
tunnel. A radiation protection hatch is constructed
only around this hole in the experimental hall of the
storage ring building. One of the three large mirrors
mentioned above is placed in the radiation protection
hatch.

The laser beams entering the tunnel are injected
into a beamline chamber of the “front-end” section
from its side entrance port. Chambers in the front-
end section are directly connected to the storage ring
on the extension of the long straight section with a

ultra-high vacuum, which is typically around 10−8–
10−7 Pa. Inside the chamber that has the side en-
trance port, the “first mirror” has been installed to
reflect the incident laser beams to the upstream long
straight section. In addition, the “monitor mirror”
which drives up and down has been set up in a dif-
ferent chamber 0.7 m upstream of the first mirror. In
the case of extracting the incident laser beams to the
polarization measurement system, the laser beam di-
rection can be changed to the outside of the front-end
section by the monitor mirror. The monitor mirror is
retracted upward when a photon beam is generated
by laser Compton scattering.

The laser beams pass through the bending mag-
net, and then travel through the straight chambers
that are also commonly used as the stored electron
beam path. The section of those straight chambers
is equipped with quadrupole and sextupole magnets
for a distance of 10 m. Finally they reach the 30-m
long straight section where no magnets exist. The
beamline is designed to cause Compton scattering
at a position about 2 m after the laser beams enter
this straight section. At a location 8.4 m upstream
from the Compton scattering point, there is a vac-
uum chamber that monitors laser spots and allows
visual confirmation of the laser beam axes.

A photon beam generated by laser Compton scat-
tering returns in the opposite direction of the inci-
dent laser-beam path. Recoil electrons which have
lost energies due to Compton scattering also follow
the same path. Their trajectories are largely bent
to the inner side of the storage ring at the bending
magnet. A detector for recoil electrons, called “tag-
ger”, is installed downstream of the bending magnet
to measure the hit position of a recoil electron whose
trajectory differs depending on its momentum. A
photon beam, which is a flux of high-energy γ rays,
goes straight through the bending magnet and passes
through a hole made at the center of the first mirror
without loss due to electron-positron pair creation.
After exiting a front-end vacuum chamber through
a 2-mm thick aluminum window, it passes through
a collimator and a sweep magnet. The collimator is
located 24.5 m downstream from the Compton scat-
tering point.

From downstream of the sweep magnet, the pho-
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Figure 2: A conceptual overview of the LEPS2 beamline.

ton beam enters a transport pipe with a vacuum of
about 10 Pa, and goes out of the storage ring tun-
nel. This transport pipe connects a long distance
from the storage ring building to the LEPS2 exper-
imental building, which is constructed about 130 m
downstream from the Compton scattering point. The
photon beam is extracted into the atmosphere from
the transport pipe, and delivered to the detector sys-
tems that are set up for hadron photoproduction ex-
periments in the LEPS2 experimental building. The
height of the LEPS2 beamline is set to 1200 mm in-
side the storage ring tunnel, and 1400 mm in all other
places.

3. Laser injection system

Figure 3 is a plan view of the section related to laser
beam injection in the LEPS2 beamline. The optical
system is built on a surface plate in an aluminum
booth, called the laser injection room. This booth
is made as a simple clean room under the condition
of ISO class 7. We have operated UV lasers with a
wavelength of 355 nm and an output power of 8, 16,
or 24 W (Paladin Advanced, manufactured by Co-
herent Inc.[26]). Deep-UV lasers with a wavelength
of 266 nm are also usable on another surface plate.
As shown in Fig. 4, two stages are prepared with dif-
ferent heights, and four UV lasers are installed so
that two of them should be placed on each stage. A
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Figure 3: A plan view of the front-end section with the laser injection system in the LEPS2 beamline.

laser beam output from the individual oscillator is
optically controlled by a set of a beam expander, a
waveplate, and two mirrors.

The beam expander expands the 1/e2 diameter of
an incident UV laser beam from 1.35 mm to about
40 mm for the purpose to make a focus at the Comp-
ton scattering point, which is located 31.5 m ahead.
On the basis of Gaussian beam optics [1, 2], the focal
length is adjusted by changing a magnification factor
of the beam expander, where a distance between the
concave (input) and convex (output) lenses is opti-
mized by a micrometer. This adjustment is finally
accomplished by maximizing a Compton scattering
rate or a photon beam intensity, measured by the
tagger described in Sec. 6.

The two mirrors on the surface plate are used to
adjust the direction and position of a laser beam in-
jected into the storage ring. They are made of a syn-

thetic quartz substrate with a diameter of 80 mm.
Their reflective surface is treated with a dielectric
coating giving a reflectance of almost 100% at a wave-
length of 355 nm. One of the two mirrors reflects laser
light in the vertical direction, and the other in the
horizontal direction at a proper height to make colli-
sions with the electron beam. Each mirror is mounted
on a dual-axis automatic precision stage that rotates
in two orthogonal directions. A combination of the
two mirrors enables the direction change and parallel
shift of an incident laser beam. The automatic preci-
sion stage can be remotely controlled from the outside
of the laser injection room, and the mirror angle can
be adjusted in increments of approximately 30 µrad.

A laser beam whose axis has been adjusted by the
above two mirrors are further reflected in a direc-
tion parallel to the beamline at a reflective surface
of a prism mirror. This mirror is made of a syn-
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Figure 4: The optical system to simultaneously inject four laser beams into SPring-8. All devices are on a large surface plate.

thetic quartz right-angle prism with two orthogonal
reflective surfaces, each of which has a size of 80 mm
× 80 mm. The reflective surface is coated exclu-
sively for a wavelength of 355 nm. Two different laser
beams at the same height are individually redirected
by the two reflective surfaces, and merged into ad-
jacent beams traveling in the same direction. There
are two prism mirrors with slightly different heights
to handle four laser injection by making two sets of
side-by-side beams vertically adjacent. The four laser
beams are simultaneously guided into the storage ring
tunnel by using three large mirrors with a diameter of
150 mm. These large mirrors are made by applying
a dual-wavelength coating for 355 and 266 nm on a
circular substrate of synthetic quartz. The two prism
mirrors and the three large mirrors are individually
mounted on manual precision stages. The setting of
their positions, heights, and angles was fixed after the
adjustment in the initial stage of beamline operation.

Inside the laser injection room, two of the three
large mirrors and the merged laser-beam paths be-
tween them are shielded by a lead-plate box with a
thickness of 3 mm. Thanks to this radiation shield,
we can perform manual adjustment and maintenance
works for lasers and optical devices in the laser injec-
tion room even during the photon beam production.
The other large mirror is set in an interlocked radi-
ation protection hatch, which is located outside the
laser injection room and covers a 160-mm diameter
hole for laser beams entering the storage ring tunnel.
This hatch is constructed by concrete walls in a small
area of 1.5 m × 1.7 m. For the hole drilled through a
side wall of the storage ring tunnel, we put a motor-
driven laser shutter made of iron with a thickness of
400 mm. It can be remotely closed inside the tun-
nel for radiation shielding when laser beams are not
injected.

In the storage ring tunnel, the incident laser light
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Figure 5: Front and top views of the first mirror installed in a front-end vacuum chamber. Four laser cross sections reflected
at this mirror are also indicated by smaller purple circles.

enters a front-end chamber from a side viewport with
a ConFlat flange size of ICF203 (DN160). This view-
port has a synthetic quartz window with an effective
diameter of 140 mm and a thickness of 8 mm. Its
transmittance for UV wavelength light is about 94%.
The incident laser light is then reflected toward the
long straight section by the first mirror tilted 45 de-
grees with respect to the beamline direction. The
first mirror is made of an aluminum-coated silicon
substrate with a diameter of 150 mm and a thickness
of 20 mm. Its reflectance is about 90% in a UV wave-
length region. As shown in Fig. 5, a 5-mm wide slit
is horizontally machined at the electron beam height
in the half area closer to the storage ring. This struc-
ture allows synchrotron radiation of X rays to escape
without heat load to the first mirror, whose reflective
surface can be distorted by non-uniform temperature
rise. Moreover, a water-cooled oxygen-free copper
plate is applied to the back surface of the mirror in
order to remove heat that is generated by a halo com-
ponent of the synchrotron radiation hitting the edges
of the slit. An entire mirror holder with the cooling
plate is fixed by three columns that can be manually
moved back and forth. The position and angle of the
first mirror have been adjusted at the beginning of
LEPS2 beamline operation by using these columns.

At the first mirror, four incident laser beams are

reflected in a square positional relationship as shown
in Fig. 5. The reflected laser beams are focused at the
Compton scattering point 22 m ahead from the first
mirror, and collide with the stored electron beam.
A high-energy photon beam generated by Compton
scattering travels back to the first mirror, and passes
through its central hole with a diameter of 7 mm.
This hole is made along the photon beam path from
the center of the reflective surface with a tilting angle
of 45 degrees. This structure is important to elimi-
nate the photon beam loss due to electron-positron
pair creation.

The laser light is almost 100% linearly polarized
when it is emitted from an oscillator. The direction
of linear polarization is controlled by using an optical
element called a λ/2 waveplate, which causes a phase
difference of half a wavelength between two orthogo-
nal polarization components. Because the LEPS2 fa-
cility uses high-power lasers, we have adopted a zero-
order quartz waveplate with an air gap. In the laser
injection room, a λ/2 waveplate is installed at the
exit of each laser oscillator, and is rotated around the
laser beam axis to adjust the direction of linear po-
larization horizontally or vertically. This rotational
adjustment is done in the same way for all the laser
beams that are simultaneously injected. The polar-
ization direction is alternately changed about every
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week during the collection of physics data. The laser
light immediately after the emission from an oscilla-
tor has a high power density, so that an irradiation
position on the λ/2 waveplate is periodically shifted
to avoid significant damage. For reducing such dam-
age, a large λ/2 waveplate with a diameter of 60 mm
has been also introduced to control the polarization
after magnifying a laser beam diameter by a beam ex-
pander. But the production cost of large waveplates
is high and the installation of them is limited for a
part of multiple laser beams. In the case of mak-
ing circular polarization, an optical element called a
λ/4 waveplate will be placed downstream of the λ/2
waveplate.

The polarization of a photon beam produced by
Compton scattering is calculated by inputting that
of laser light into Eqs. (16) and (17) of Ref. [17] for
linear and circular polarization states, respectively.
The linear polarization is highest at the Compton
edge, and gets lower as the photon beam energy de-
creases. The polarization of laser light acts as a scale
factor for that of a photon beam in the above cal-
culation. Here it is important to measure the linear
polarization of laser beams just before Compton scat-
tering because it may be deteriorated by reflections
at many mirrors. This deterioration can happen by
slightly different reflectances for the S- and P-wave
components of laser light, which are defined by the
direction of linear polarization with respect to the
plane of incidence [16]. Therefore, the polarization
measurement is regularly performed by inserting the
monitor mirror on a laser beam path, as mentioned in
Sec. 2, and extracting the laser light from a synthetic
quartz viewport of a front-end vacuum chamber in
the direction to the outer periphery of the storage
ring.

The extracted laser light is incident on the po-
larization measurement system contained by a lead
radiation shielding box in the storage ring tunnel.
A main unit of the polarization measurement sys-
tem consists of a polarizer (Glan Laser prism made
of calcite) that rotates by remote control and a sil-
icon photodiode (S8746-01 manufactured by Hama-
matsu Photonics K.K.) that measures an intensity of
the laser light after passing through the polarizer. A
neutral-density filter for dimming is inserted between

the polarizer and the photodiode. For linearly polar-
ized laser light, the above unit measures a sine curve
of the transmitted light intensity, where the maxi-
mum and minimum values (Pmax and Pmin, respec-
tively) appear alternately depending on the rotation
angle of the polarizer. The linear polarization is given
by the calculation of (Pmax − Pmin)/(Pmax + Pmin).
In the operation so far, the measured polarization
was typically about 98% and there was no siginifi-
cant difference between the horizontal and vertical
polarization states. Because four laser beams that
are simultaneously injected reach different positions
in the polarization measurement system, the unit of
the polarizer and the photodiode is mounted on a
stage that moves to the position of each laser beam
by remote control.

4. Beamline chambers and transport line

Figure 6 shows a plan view of the LEPS2 beamline
from the downstream part of the long straight section
to the vicinity of the tagger, which is located down-
stream of the bending magnet. The explanation of
newly produced and modified chambers for the con-
struction of the LEPS2 beamline can also be found
in Ref. [27]. Laser Compton scattering is designed
to occur at a place that the laser light reaches after
entering the 30-m long straight section and traveling
a distance of 2 m. Most of the unscattered laser light
goes upstream of the storage ring, but cannot escape
from the viewport on the opposite side of the straight
section, being repeatedly reflected by the inner walls
of vacuum chambers. Such laser reflections inside the
storage ring can cause vacuum deterioration that is
not negligible in maintaining an ultra-high vacuum.
Therefore, beamline baking with laser injection is reg-
ularly performed during the shutdown periods of the
storage ring.

In order to know the directions of incident laser
beams, it is necessary to install a dedicated cham-
ber where laser beam spots can be observed before
the inner reflections happen in the long straight sec-
tion. This observation system is called the laser mon-
itor. The 725-mm long chamber that was originally
located 8.4 m upstream of the Compton scattering
point is replaced with the laser monitor chamber

11



�hi�hh�p�o�n�i jhyh
�n

�hg

þ�� ���Ìü�� �� ���Ìô ��

ò��� Ìñ�������ßÜÌ�Ù����Ìÿ ���� Ìÿ�� ���

ï��� ��Ìÿ�  �����Ìü��� 

ø���Ìø��� �Ù ���

ï����� �Ì���

ø���Ìù��� ��

î������Ìù��� 

�k �j �l �k
�m �l

ÿü����ÙäÌþ���Ì�!����

ÿü����ÙäÌñ$������� �Ìô��
ÝÌ�

ú�#Ìí��������
í�������

í��� ����

Figure 6: The upstream part of the LEPS2 beamline from the laser monitor to the bending magnet, where the accumulated
electron orbit and the produced photon beam path are separated.

shown in Fig. 7. Inside this chamber, comb-shaped
windows with many 1-mm wide slits are attached at
an angle of 9 degrees on the upper and lower sides not
to interfere with the surface current that accompanies
the stored electron beam. A distance to the elec-
tron beam orbit is 8 mm at the closest points of the
window structures. The laser light that has passed
through either of the upper or lower slits hits an in-
ternal screen made of an alumina fluorescent plate,
allowing the irradiated position to be observed from
a CCD camera set in the atmosphere outside a view-
port.

A high-energy photon beam produced by laser
Compton scattering goes back on the path of the inci-
dent laser light in the opposite direction. After leav-
ing the 30-m long straight section, the photon beam
passes through straight chambers with quadrupole,
sextupole, steering magnets, etc. for a distance of
10 m. Then, the photon beam path is separated from
the accumulated electron orbit in a vacuum cham-
ber set inside a gap of the bending magnet. In this
chamber, the aperture for the photon beam path is
widened as much as possible, as described in Sec. 2.

Highly brilliant synchrotron radiation of X rays is
not only an unnecessary contamination for the GeV
γ-ray beam but also a source of heat generation and
vacuum deterioration due to their scattering at vac-
uum chambers and optical devices. Thus, two new
X-ray absorbers are installed in the chamber just
downstream of the bending magnet. They are at-
tached instead of a conventional crotch absorber, and
cover side areas of the photon beam path so as not

to interfere with the laser injection; One is placed on
the accumulated electron orbit side to receive bril-
liant synchrotron radiation, while the other is put on
the outer circumference side to absorb a halo compo-
nent of X rays. For the chamber to which the new
absorbers are mounted, further modification has been
made on the inner side of the accumulated electron
orbit; The chamber size is horizontally enlarged to
secure the widespread path of recoil electrons, which
lose energy by Compton scattering and are largely
bent at the bending magnet. A horizontal-slit win-
dow made of 3-mm thick aluminum-alloy is attached
to the modified chamber as the exit of recoil elec-
trons. Recoil electrons extracted into the atmosphere
are analyzed by the tagger to measure their momenta,
as explained in Sec. 6.

After passing through the bending magnet, the
photon beam further travels inside large-aperture
straight chambers located in a 4-m long area beside
a series of convergent magnets. Here, an additional
X-ray absorber is installed to stop the horizontally
spreading synchrotron radiation. This absorber is
shaped in a narrow fin extended from the accumu-
lated electron orbit side at the photon beam height.
It is designed to avoid obstructing the laser injection
but block a part of synchrotron radiation.

The photon beam then enters the section of front-
end chambers which have the optical devices related
to the laser injection. At an upstream chamber of the
front-end section, the monitor mirror made of a 20-
mm thick silicon substrate can be inserted downward,
as mentioned in the previous sections. The mirror
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Figure 7: The laser monitor chamber installed 8.4 m upstream of the Compton scattering point in the straight section of the
LEPS2 beamline. The ConFlat flange ICF152 (DN100) has an outer diameter of 152 mm.

substrate is horizontally tilted by 45 degrees to the
beamline. It also serves as an absorber to prevent
synchrotron radiation from penetrating downstream
of the beamline when a photon beam is not gener-
ated. This mirror absorber can be remotely raised or
lowered by compressed air operation when necessary.

The front-end vacuum section ends 2 m down-
stream of the first mirror or 24.1 m downstream of the
Compton scattering point. The photon beam is once
taken out into the atmosphere from a water-cooled
ICF152 (DN100) flange with an aluminum window
that is made thin down to 2 mm in a 10-mm diam-
eter region. On the vacuum side of this window, an
oxygen-free copper mask is attached with a water-
cooling pipe. This mask receives synchrotron radia-
tion in a rectangular part that has vertical and hor-
izontal widths of 10 and 120 mm, respectively, with
depth-direction slopes toward a narrow central area.
The central area corresponds to a photon beam path
with the thin aluminum window. A vacuum in the
front-end section is maintained in the range around
10−8–10−7 Pa by two ion and two titanium getter
pumps.

The photon beam extracted into the atmosphere
immediately passes through an X-ray absorber made
of a 1-mm thick tungsten plate and a 7-mm diame-
ter lead collimator with a length of 100 mm. In the
LEPS2 beamline, the straight section common to the
storage ring is much longer than that of the usual
beamlines, so that there is a non-negligible amount
of the contamination due to bremsstrahlung γ rays

generated by accumulated electrons passing through
a residual gas inside the ring. Therefore, a broad
angular component of γ rays are cut off by the colli-
mator. Lower-energy γ rays have angular broadening
in the kinematics of laser Compton scattering, so a
component of the photon beam below about 0.5 GeV
cannot go through the lead collimator, as recognized
from Fig. 1.

A sweep magnet, which is a 1-m long neodymium
magnet with a magnetic field of 0.63 T, is installed
downstream of the lead collimator to remove the con-
tamination of electrons and positrons produced by
pair creation at the upstream materials. At a loca-
tion 10 m downstream of the lead collimator, an iron
collimator with a diameter of 11 mm and a length of
200 mm is placed to serve as a buffer collimator to
shield secondary particles produced with large angles
at the tungsten absorber and the aperture edge of the
lead collimator. Downstream of the iron collimator,
we put a beam shutter to provide radiation shielding
when a photon beam is not generated. All the devices
described above are located inside the 1-m thick con-
crete walls of the storage ring tunnel so as to avoid
possible problems on radiation protection.

A photon-beam transport pipe with a medium vac-
uum of 10 Pa starts immediately downstream of the
sweep magnet, and runs 95.6 m through the con-
crete wall of the ring tunnel and the experimen-
tal hall in the storage ring building. It extends to
the LEPS2 experimental building, which is indepen-
dently constructed for hadron photoproduction ex-
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periments. The inner diameter of the transport pipe
is 60 mm in the storage ring tunnel and gradually
increases to 200 mm as it approaches the LEPS2 ex-
perimental building. On both ends of the transport
pipe, thin films are attached as a partition between
the atmosphere and a vacuum. A Kapton film with
a thickness of 75 µm (125 µm) and an aramid film
with a thickness of 50 µm (50 µm) are superimposed
for the upstream (downstream) end. For putting the
films safely on the downstream end of the transport
pipe, its inner diameter is converted from 200 mm to
100 mm by adding a short straight pipe.

5. Experimental building

The LEPS2 experimental building is located at the
most downstream of the LEPS2 beamline and has
enough space to contain large detector systems cov-
ering most of all solid angles. The size of the LEPS2
experimental building is 18 m in the direction of a
photon beam, 12 m in width, and 10 m in height. It
is equipped with an overhead traveling crane allowing
a maximum load of 2.8 t. Figure 8 shows a floor plan
of the LEPS2 experimental building. In the future,
this building can be expanded downstream to an area
about 1.5 times larger. The downstream end of the
photon-beam transport pipe is located at the most
upstream part of the LEPS2 experimental building.
A 200-mm thick lead shield with a 45-mm diame-
ter hole is installed just downstream of the pipe end.
This hole is slightly wider than the maximum spread
expected for the photon beam that is cut off by the 7-
mm diameter collimator in the storage ring tunnel. It
prevents a halo component of the photon beam from
entering the downstream detector systems. Further
downstream but just upstream of the individual de-
tector systems, additional lead shields or collimators
are placed depending on the experiments. Charged
particles contaminating the photon beam or gener-
ated by the halo component of the beam are rejected
in the offline analysis by using a large plastic scintil-
lator, called the UpVeto counter.

A beam dump, which receives all photons, is lo-
cated at the downstream end of the LEPS2 exper-
imental building [28]. A core of the beam dump
is made of iron with a cross section of 400 mm ×

400 mm and a depth of 300 mm. In front of the core,
a 150-mm thick iron block having a 100-mm square
hole along the photon beam axis is attached to ab-
sorb the backscatter of electromagnetic showers. The
back and sides of those iron blocks are covered with
100-mm and 50-mm thick lead, respectively. The sur-
rounding volume with a horizontal width of 2200 mm,
a height of 2600 mm, and a beam-direction depth
of 1800 mm is further filled with concrete. This
structure allows a photon-beam intensity (a Comp-
ton scattering rate over all the energy range) up to
5× 107 s−1 in terms of the radiation safety. In addi-
tion, the outside area of the front part of the beam
dump is reinforced with a 300–400-mm thick concrete
shield wall to stop particles photoproduced with an-
gular spread from the fixed target inside a detector
system. The additional concrete wall is designed to
permit a target thickness to be increased up to 0.1 ra-
diation length in the LEPS2 experimental building.
Almost all of the LEPS2 experimental building is set
to a radiation controlled area, except for the front
room with a size of 2.4 m × 7.5 m near the entrance.
The amount of radiation leakage is reduced by taking
a large space whose boundary is far enough from the
fixed target and restricting access to this area with
an interlock system.

Different detector systems are separately set up in
the upstream and middle parts of the LEPS2 ex-
perimental building, and operated in different peri-
ods of the beamtime depending on experimental pro-
grams. Details of the individual detector systems will
be described in separate articles. In the upstream
area, a large-acceptance electromagnetic calorimeter
“BGOegg”, which covers polar angles from 24 to 144
degrees, is installed with a fixed target at a distance
of 125 m from the Compton scattering point. This
calorimeter consists of 1,320 BGO crystals assembled
in an egg shape, and a total length of the detector
reaches about 1 m between the upstream and down-
stream ends. It excels in detecting photoproduced
neutral mesons, decaying into multiple γ rays. The
energy resolution for 1-GeV γ rays is 1.3% [29], cor-
responding to the highest performance in the world.
The BGOegg is combined with charged-particle de-
tectors that are installed onto its inner and forward
sides to detect and identify all the final states of a
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Figure 8: A plan view of the LEPS2 experimental building, located in the downstream end of the LEPS2 beamline.

hadron photoproduction reaction as much as pos-
sible. Because of temperature dependence in the
amount of scintillation light of a BGO crystal and
the signal output of a photomultiplier tube, the en-
tire detector system is housed in a thermostatic booth
with an area of 5.2 m × 4.2 m. The detector system
with the BGOegg calorimeter is already under oper-
ation. Physics data-taking using a liquid hydrogen
or carbon target was done from 2014 to 2016. So far,
we have shown results in the analyses searching for
baryon resonances and mesic nuclei [30, 31, 32].

In the center of the LEPS2 experimental building,
there is a pit with an area of 5 m × 6 m and a depth
of 1.5 m. The center of the pit is 131 m away from
the Compton scattering point. A large solenoid mag-
net weighing 400 t with a diameter of 5 m and a
length of 3.5 m has been relocated to this pit from
the E787/E949 experiment [33] at Brookhaven Na-
tional Laboratory. The central axis of the solenoid
magnet is aligned along the photon beam. Inside the

2.96-m diameter bore with a central magnetic field
of 1 T, we have set up a large charged-particle spec-
trometer, which consists of a time projection cham-
ber, four planar drift chambers, and many types of
particle identification detectors [34]. Data acquisi-
tion using a liquid hydrogen or deuterium target is
beginning for studying the photoproduction of a pen-
taquark Θ+, which is attracting attention as an ex-
otic hadron [35, 36], and a hyperon Λ(1405), which
is expected to have a hadronic molecular structure
[37, 38]. The use of a large solenoid magnet with
normal conductivity scales up the infrastructure of
the LEPS2 experimental building by requiring a unit
receiving and transforming an electric power up to
2 MVA and a cooling water system with a capacity
of 1.5 MW as ancillary equipment.
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6. Photon tagger

The tagger detects recoil electrons whose energy
is lost by laser Compton scattering. As shown in
Fig. 6, it is installed near the exit of the 0.68-T bend-
ing magnet downstream of the long straight section.
It is located on the inner circumference side of the
storage ring to measure the momentum of a recoil
electron. From the four-momentum conservation in
laser Compton scattering, the measured electron mo-
mentum is converted to the energy of a backscattered
photon event by event. In addition, the integrated
number of scattered photons during an experiment is
obtained by counting the number of recoil electrons
detected at the tagger, and used to measure the cross
sections of hadron photoproduction reactions. The
detection of a recoil electron also serves to generate
a trigger signal for physics data acquisition.

The detector structure of the tagger is shown in
Fig. 9. Two layers of bundles made of 1-mm square
scintillating fibers are arranged in the upstream side,
while two layers of plastic scintillators having a width
of 8 mm, a thickness of 4 mm, and a height of 10 mm
are placed in the downstream side. Six scintillating
fibers are bundled into a single readout channel by
lining them up in the direction of a recoil electron
track to increase a detection efficiency. The recoil
electron whose trajectory has been bent at the bend-
ing magnet changes a hit position in the tagger de-
pending on its momentum. The digitization of hit po-
sitions is subdivided by installing the two fiber-layers
with a 0.5 mm shift to each other. Correspondingly,
the measurement of a photon beam energy is digitized
by about every 15 MeV, resulting in the detector res-
olution of 15/

√
12 = 4.3 MeV.

The plastic scintillators in the downstream side
are arranged so that two channels in different lay-
ers should be paired with geometrical overlap in the
direction of a recoil electron path. A pair of plastic
scintillators covers an about 240 MeV range of the
photon beam energy. The 2-mm wide region at the
edge of each scintillator overlaps with that of an adja-
cent scintillator. The overlapped region corresponds
to a photon beam energy range of about 60 MeV. If a
recoil electron passes through this region, four plastic
scintillators have hit signals.

The position of individual scintillating fiber bun-
dles and plastic scintillators in the same layer is
shifted downstream as they are away from the elec-
tron beam orbit toward the inner side. This arrange-
ment is adopted because a large amount of X rays
by synchrotron radiation are scattered at an absorber
in the vacuum chamber immediately downstream of
the bending magnet. The entire tagger is enclosed
in a shield box to prevent these X rays from enter-
ing the signal-sensitive parts. The layers of scintil-
lating fibers and plastic scintillators are arranged in
a shadow of the shield-box wall on the storage ring
side. The shield box is made of 1-mm thick copper
and 2-mm thick lead plates. A part of the shield-
ing wall where X rays are particularly intense on the
storage ring side is made of a 3-mm thick tungsten
plate instead of the lead plate. Only in the area that
recoil electrons go through, a narrow window is left
on the upstream wall of the shield box.

A 16-channel multi-anode photomultiplier tube
(H6568-200MOD by Hamamatsu Photonics K.K.)
and a metal-package photomultiplier tube (R9880U-
210 by the same manufacturer) are used to read sig-
nals from scintillating fiber bundles and a plastic scin-
tillator, respectively. For the readout of a scintillat-
ing fiber signal, only the detection time of a recoil
electron is recorded in data collection, and the gain
of a photomultiplier tube is adjusted before the data-
taking by determining the applied voltage to an opti-
mum value giving an enough detection efficiency. On
the other hand, both the detection time and energy
are recorded as data for a plastic scintillator signal.

A recoil electron track is reconstructed under the
conditions that one or two layers of scintillating fibers
and both layers of plastic scintillators have coincident
hits and that the positions of hit fibers and scin-
tillators are geometrically on a straight line nearly
parallel to the accumulated electron orbit. The hit
timing of a plastic scintillator is tightly required to
be consistent with that of a paired plastic scintilla-
tor in the other layer. The detection time of a re-
coil electron track is calculated by averaging the hit
timings of plastic scintillators. When multiple recoil-
electron tracks are found in one recorded event, only
one track that is associated with a physics reaction
can be selected by requiring its detection time to be
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Figure 9: A plan view of the tagger with two layers of scintillating fibers (upstream) and two layers of plastic scintillators
(downstream).

consistent with the reaction timing determined by a
detector system in the LEPS2 experimental building.
However, the track selection is impossible if multi-
ple recoil-electron tracks are detected without a time
difference larger than 2 ns, which corresponds to the
minimum bunch interval of the stored electron beam.
In this case, a true photon beam energy cannot be
identified for a hadron photoproduction event. Such
an event was discarded in physics analyses.

Recoil electrons that have not lost large energy at
Compton scattering pass near the accumulated elec-
tron orbit without entering the tagger. Therefore,
there is a lower limit to the photon beam energy that
can be measured. It is 1.26 GeV for the case of the
LEPS2 beamline. Calibration of the photon-beam
energy determination at the tagger was performed by
comparing the hit position of a recoil electron with
a photon energy predicted in an independent mea-
surement. Here, the detector system in the LEPS2
experimental building can measure all the final-state
particles of a hadron photoproduction event, and it
is possible to evaluate a photon beam energy from
the kinematic fit that does not use the tagger infor-

mation. In this energy calibration, a quartic function
was fitted to the correlation between the predicted
energy and the hit fiber position. This fit was con-
strained by an additional condition that the polyno-
mial function should represent the maximum photon
beam energy, calculated based on Eq. 1, at the Comp-
ton edge observed in the distribution of hit fiber po-
sitions.

The reconstruction efficiency for a recoil electron
track is mainly determined by the following three
sources: ( i ) a percentage of a straight track that
is successfully reconstructed from a combination of
scintillating fibers and plastic scintillators, (ii) a rate
to find only one track that can be separated at a re-
action time for a certain event, and (iii) detection ef-
ficiencies of the scintillating fibers for which discrim-
inator thresholds become effectively high when the
gains of photomultiplier tubes drop. This efficiency
is evaluated by using a data sample in which the pho-
ton beam energy can be obtained independently of
the tagger information, as done in the energy cali-
bration. The efficiency value varies depending on the
hit position of a tagger track or the photon beam en-
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ergy because of the source (iii). Its typical value is
estimated to be around 90%.

A tagger trigger signal, which is a logic signal
with a width of 20 ns, is generated when there is
at least one pair of coincident hits at geometrically
overlapped channels in the two layers of plastic scin-
tillators. This signal is incorporated as a part of the
hadron photoproduction trigger required for physics
data acquisition. It is also used to measure the inten-
sity of a tagged photon beam by counting the num-
ber of signals at a scaler. The integrated number of
tagger trigger signals is important for calculating the
luminosity of collected data. In the measurement of
a photon beam intensity, it is not possible to separate
time difference equal to or less than the width of the
tagger trigger signal, so it is necessary to correct dead
time. This correction is purely stochastic, and influ-
enced by the filling pattern of electron beam bunches
at SPring-8 [39]. The amount of dead time correction
increases as a length of bunch trains, where electron
bunches are filled every 2 ns according to the radio
frequency applied to the accelerator, becomes longer.
In contrast, the amount of correction is smaller when
electron bunches are filled at equal intervals every
several tens of ns. Moreover, a larger dead time cor-
rection is needed as the photon beam intensity itself
increases. Such correction factors are obtained by a
Monte Carlo simulation depending on the filling pat-
tern and the beam intensity.

The tagger trigger counts are affected by the con-
tamination originating from high-momentum recoil
electrons, which take the paths closer to the accumu-
lated electron orbit and thus should not be tagged in
principle. A part of these recoil electrons hit a side
wall of the tagger shield box or a vacuum chamber
structure to extract recoil electrons into the tagger.
The electron hit can cause an electromagnetic shower
that leaves signals at the sensitive parts of the tag-
ger. A contamination rate of the shower contribution
in the tagger trigger counts is estimated to be 4.2%
for the LEPS2 beamline. This rate is much lower
than that of the LEPS beamline (∼ 21%) because
we have cut off a wall structure separating the stor-
age ring and the space expanded for recoil electron
paths inside the vacuum chamber just upstream of
the tagger. In the offline reconstruction of a recoil

electron track, the contamination of an electromag-
netic shower is removed by tightening the conditions
of geometrical correspondence among hits in multiple
layers and limiting the number of hit fibers that can
be continuously connected as a cluster in a certain
layer.

7. Photon beam properties

The construction of the LEPS2 beamline started in
2010, and the first observation of photon beam pro-
duction was successfully done in January 2013 [23].
After commissioning, the first phase of full-scale data
collection was carried out from 2014 in the experi-
ments using the BGOegg calorimeter. In the oper-
ation so far, only UV lasers with a wavelength of
355 nm have been used. Depending on experimental
periods, two to four laser beams were simultaneously
injected into the storage ring. The number of lasers
in use often decreases from the maximum of four be-
cause some of oscillators alternately need to be over-
hauled for about half a year due to the deterioration
of inner optics by aging. We currently operate one
and two high-power lasers with outputs of 24 W and
16 W, respectively, and additionally use old oscilla-
tors with an output power of 8 W at remaining slots
for multiple laser injection. The optical system for
laser injection is damaged due to the long-term irra-
diation of laser light and the leakage of X rays by
synchrotron radiation. Since the transmittance and
reflectance of optical devices decrease, they should
be renewed as appropriate. In particular, the first
mirror and synthetic quartz window installed in a
front-end vacuum chamber need to be replaced once
every few years. For deep-UV lasers, we will proceed
with their installation in the future after the devel-
opment of high-power oscillators has been achieved,
as described in Sec. 8.

The intensity of a photon beam reaching a tar-
get for hadron photoproduction experiments in the
LEPS2 experimental building is estimated by correct-
ing the counting rate of tagger trigger signals with the
simulated dead time and the shower contamination
rate, explained in Sec. 6. Then, the corrected tagger
rate must be multiplied by the beamline transmit-
tance for photons traveling a distance of about 130 m.
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A time-integrated value of the photon beam intensity
is important for obtaining the differential cross sec-
tions of hadron photoproduction reactions measured
in the detector system around the target. As already
mentioned, there are various materials on the pho-
ton beam path from the Compton scattering point to
the fixed target in the LEPS2 experimental building,
causing conversions to electron-positron pairs. Here,
the beamline materials refer to the aluminum window
at the exit of the front-end section, the tungsten X-
ray absorber, the Kapton and aramid films attached
to both ends of the photon-beam transport pipe with
a medium vacuum, the air space after leaving the
front-end section or the beam transport pipe, and
the UpVeto counter. The transmittance calculated
from the amount of these materials is 77.2%, where
the influence of the 1-mm thick tungsten plate is the
most effective. On the other hand, the LEPS beam-
line has a structure in which a photon beam passes
through a silicon mirror in a vacuum [1], providing a
lower transmittance of about 67%.

Recently, a system to measure the photon beam
transmittance by counting a rate of pair creation
with a converter has been developed to be installed
upstream of the beam dump in the LEPS2 experi-
mental building [40]. The ratio of counting rates in
this system and the tagger will be immediately mon-
itored during experimental periods. The measured
transmittance is in agreement with the value calcu-
lated from the amount of materials. So far, we have
observed a phenomenon in which the transmittance
depends on the photon beam energy when the fo-
cal point of incident laser light shifts farther than
the design, causing the cut-off of a lower-energy and
more-widespread component of the photon beam at
the lead collimator [30, 40]. Therefore, it is important
to monitor the laser focal point through the confir-
mation of no existence of energy dependence in the
transmittance measured with this system.

In the LEPS2 beamline, the maximum rate of
tagged photons, obtained based on the tagger trigger
rate with the corrections for dead time and shower
contamination, has reached 3.0 × 106 s−1 by inject-
ing the UV laser beams into the storage ring with
an electron beam current of 100 mA. After multi-
plied by the beamline transmittance, this rate corre-

sponds to a photon beam intensity of 2.3×106 s−1 in
the LEPS2 experimental building. The photon beam
intensity at an experimental setup has increased by
approximately 25% compared with the case that two
UV laser beams are injected in the LEPS beamline.
At the moment, the tagger trigger rate in the LEPS2
beamline is not as high as initially expected. This
problem arises from the difficulty to precisely ad-
just the optimum axes of incident laser beams due
to the deterioration of a vacuum during the storage
ring operation. The vacuum deterioration occurs by
repeated reflections of the laser beams inside the stor-
age ring chambers, so that the beamline baking must
be performed by laser injection with fixed beam axes
before the ring operation, as explained in Sec. 4. We
plan further improvement of the tagger trigger rate
to be realized after the introduction of pulsed lasers,
described in Sec. 8.

When laser beams are not injected, γ rays by
bremsstrahlung from the residual gas in the electron
storage ring are generated in the form of a beam.
In the LEPS2 beamline, a portion that is common
with the storage ring is as long as 50 m, includ-
ing the 30-m long straight section without any mag-
nets and the additional 10-m long parts at both ends
with convergent magnets. So the tagger trigger rate
by bremsstrahlung γ rays becomes (1–2) × 104 s−1,
which is an order of magnitude more than that in
the LEPS beamline with a straight section of 7.8 m.
When laser beams are injected, the bremsstrahlung
γ rays are mixed in a tiny fraction with the photon
beam generated by Compton scattering.

The energy spectrum of a photon beam can be di-
rectly measured by placing a small detector on the
photon beam axis in the LEPS2 experimental build-
ing. This measurement provides a smooth spectrum
over all the energies in contrast to the indirect mea-
surement by the tagger, which can only determine
the energies higher than 1.26 GeV and returns dig-
itized values corresponding to the individual scintil-
lating fiber channels. Figure 10 shows photon-beam
energy spectra obtained by using a SF5 lead-glass
counter [41, 42] in the LEPS2 experimental build-
ing. The dimensions of the lead-glass counter are
150 × 150 mm2 in area and 300 mm in length so
as to catch an electromagnetic shower without leak-
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Figure 10: Photon-beam energy spectra measured by a lead-
glass counter. Two spectra when laser injection is turned on
(dark-blue histogram) and off (blue crosses) are overlaid.

age. Data was taken by self-triggers of the lead-
glass counter. The photon beam intensity was in-
tentionally lowered down to a tagger trigger rate of
0.7×106 s−1 for suppressing pile-up signals. The two
spectra with and without laser injection were normal-
ized by a gas-bremsstrahlung component in the en-
ergy range above 5 GeV. A small contribution from
pile-up signals, appearing mainly in the energy range
below 5 GeV, was subtracted by using a spectrum
for events where multiple hits were clearly found in
a short time range. In the case that laser light is in-
jected into the storage ring, a component of γ rays
produced by Compton scattering is observed with
a strength that is roughly two orders of magnitude
higher than that by bremsstrahlung. It is also seen
that the energy region lower than around 0.5 GeV
is cut off by the effect of the lead collimator with a
diameter of 7 mm.

A photon beam energy measured for each event
by using the tagger is fluctuated around a true value
with a finite resolution. By shifting the relative po-
sitions of the two layers of scintillating fibers, recoil
electrons can be detected with an accuracy of each

0.5 mm, which corresponds to a tagger energy reso-
lution of 4.3 MeV, as described in Sec. 6. However,
the actual energy resolution has been evaluated to
be 12.1 MeV by comparing a photon beam energy
measured by the tagger with an independent value
predicted from the kinematic fit for a coincident pho-
toproduction reaction. This resolution was confirmed
by an alternative method where a complementary er-
ror function was fitted to the Compton edge of the
energy spectrum measured by the tagger for evalu-
ating a convolved uncertainty. The photon-beam en-
ergy resolution worse than the detector resolution of
the tagger is caused by the energy spread (0.11%)
and angular divergence (8 and 0.7 µrad in the hor-
izontal and vertical directions, respectively) of the
stored electron beam, resulting in the fluctuation of
recoil-electron momenta and angles. If these effects
are taken into account as the uncertainty of tagger hit
positions, a simulated energy resolution reproduces
the measured value.

Figure 11 shows photon beam profiles measured by
using a beam profile monitor (BPM) in the LEPS2
experimental building [43]. The BPM is fabricated
by arranging 25 scintillating fibers of 3-mm square
each to make a plane sensitve to charged tracks and
then by stacking two planes whose fiber directions are
orthogonal to each other. A signal from each fiber is
read out by a Multi-Pixel Photon Counter (MPPC)
to identify a combination of vertical and horizontal
fiber channels which an electron and positron pair
created at a converter have passed through. The σ
of observed photon beam spread is about 3 mm for
the energy region higher than 1.6 GeV. It is consis-
tent with the beam spread calculated by convolving
the electron beam divergence with the kinematical
angular broadening of laser Compton scattering, as
shown in Fig. 1, and taking into account the distance
of photon beam propagation to the LEPS2 experi-
mental building.

Because the electron beam divergence of the
LEPS2 beamline is much better than that of the
LEPS beamline, it can be observed that a beam size
changes depending on the photon beam energy, as
expected from the kinematics of laser Compton scat-
tering. (Compare Fig. 11 (a) and (b), or (c) and (d).)
It is also seen that the major-axis direction of the
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Figure 11: Photon beam profiles when the direction of linear polarization is vertical ((a) and (b)) and horizaontal ((c) and (d)).
The left panels ((a) and (c)) are plotted for the photon beam energy range of 0.7–1.6 GeV, while the right panels ((b) and (d))
for that of 1.6–2.4 GeV.
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beam profile changes by 90 degrees depending on the
direction of linear polarization. (Compare Fig. 11 (a)
and (c).) This means that radiation tends to occur
at the angles perpendicular to the linear polarization
direction or the direction of the electric field oscilla-
tion. This behavior agrees with a simulation result
based on the formula by QED [44].

8. Summary and future prospects

The second laser-Compton-scattering facility,
called the LEPS2 beamline, has been constructed at
SPring-8, which is a storage ring of 8-GeV electrons.
A linearly polarized photon beam is available in a
tagged energy range of 1.3–2.4 GeV by the injection
of UV laser light with a wavelength of 355 nm, and
hadron photoproduction experiments are already un-
derway. The photon beam energy can be determined
for each event by measuring the momentum of a recoil
electron at the tagger, where the lower limit of the
tagged energy region is lowered to 1.3 GeV from that
of the LEPS beamline (1.5 GeV). The photon-beam
energy resolution is estimated to be 12.1 MeV. Since
the electron beam divergence is small at the long
straight section of the storage ring used by the LEPS2
beamline, the photon beam generated by Compton
scattering does not spread and can be extracted over
a long distance. Therefore, the LEPS2 experimen-
tal building independent of the building housing the
storage ring has been constructed at a location about
130 m away from the Compton scattering point. The
construction of the LEPS2 experimental building has
enabled the installation of two large detector systems
covering almost all the solid angles. For enhanc-
ing the intensity of the photon beam reaching the
LEPS2 experimental building, the LEPS2 beamline
is designed to allow the simultaneous injection of four
laser beams at a maximum and increase the transmit-
tance of the generated photon beam. The internal di-
ameters of ultra-high vacuum chambers connected to
the storage ring are expanded so that multiple laser
beams can pass through. The shape of the first mir-
ror used for laser injection in a vacuum is designed to
avoid direct hits of X rays by synchrotron radiation
and γ rays by laser Compton scattering. The photon
beam intensity is evaluated by counting the number

of tagger trigger signals. In the LEPS beamline, the
tagger trigger counts were largely contaminated by
the influence of electromagnetic shower produced at
the internal structure of the vacuum chamber having
a window for the tagger. Thus, the corresponding
chamber in the LEPS2 beamline has been improved
so as to reduce such contamination by removing a
wall structure which is hit by high-momentum re-
coil electrons. The maximum intensity of the photon
beam that can be used for hadron photoproduction
experiments in the LEPS2 experimental building was
2.3×106 s−1. By combining the photon beam having
high intensity and linear polarization with the detec-
tor systems having high resolutions and acceptances,
we can systematically study the nature of hadrons.

In the near future, we will introduce the latest
type of pulsed lasers [45] in order to further increase
the photon beam intensity. Recently, Spectronics
Corp. has released a pulsed UV laser (355-nm wave-
length) capable of synchronous output by an external
signal. It is now possible to inject pulsed laser light
at the timing synchronized with an electron beam
bunch in the storage ring [46, 47]. In contrast to the
case of continuous wave (CW) or pseudo-CW laser
light, the incident laser pulse can efficiently collide
with electrons at the focal point without wasting any
laser power. Thus, significant improvement of the
photon beam intensity is expected. In the LEPS2
beamline, a finite incident angle of laser light is in-
evitably needed due to the simultaneous injection of
multiple laser beams. The decrease of a photon beam
intensity due to the crossing of the electron and laser
beam axes around the laser focus can be minimized in
the case of using a pulsed laser because their scatter-
ing positions are always fixed at a single point. We
have conducted operational tests of the pulsed UV
laser at the LEPS beamline, and the results will be
discussed in a separate paper with a detailed descrip-
tion of the method.

This new laser technology is available not only for
the UV wavelength that is currently used but also
for deep-UV wavelengths that can provide higher en-
ergy photon beams. In particular, the output powers
of pulsed deep-UV lasers have been much improved.
For the wavelength of 266 nm, a new pulsed laser
developed by Spectronics Corp. has achieved an out-
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put power of about 20 W. This value is an order
of magnitude higher than the output power of exist-
ing deep-UV lasers and rather comparable to that of
high-power UV lasers. In addition, a pulsed deep-
UV laser whose output power is in the watt class for
a wavelength of 213 nm has become a reality. If it is
used at SPring-8, the maximum energy of a photon
beam reaches 3.3 GeV.
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