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Abstract—Using -ray beams produced in the inverse Compton
scattering between CO laser photons and relativistic electrons,
we have calibrated electron beam energies in the nominal energy
range 550–974 MeV at the synchrotron radiation facility NewSUBARU. The laser Compton-scattering (LCS) -ray beams were
produced at energies from 561 to 1728 keV and detected with
a high-purity germanium detector. The electron beam energies
were determined by reproducing the full energy peaks of the
-ray beams by Monte Carlo simulations. The accuracy of the
. The reproducibility of the
calibration is
electron beam energy is excellent in an independent injection and
deceleration. The present energy calibration of the electron beams
offers a standard for the energy calibration of high-energy LCS
-ray beams produced with a Nd:YVO laser. As applications
of the energy calibration, we investigated the energy linearity of
LaBr Ce detector in the response to -rays at
a
energies up to 10 MeV and the energy profile of the high-energy
LCS -ray beams.
Index Terms—Electron accelerators, gamma-ray detection,
storage ring.
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I. INTRODUCTION

Q

UASIMONOCHROMATIC -ray beams are produced
at the synchrotron radiation facility NewSUBARU in the
inverse Compton scattering of laser photons from relativistic electrons circulating in a storage ring [1], [2]. A beam
of 974 MeV electrons is injected from a linear accelerator into
the NewSUBARU storage ring. The energy represents a relative value with
1 uncertainty based on the magnetic field
strength and the beam optics of the storage ring [3] and is hereafter referred to as the nominal energy in this paper. The injected
beam can be either decelerated down to 0.5 GeV or accelerated
up to 1.5 GeV.
In the laser inverse Compton scattering, the energy of scattered photons is given by
(1)

is the energy of a laser photon,
is the rest mass
where
energy of an electron, is the scattering angle of a laser photon
with respect to the electron incident direction, and is the
Lorentz factor for electron,
, defined by the total
electron energy
and the rest mass energy.
The energy amplification factor in nearly head-on collisions
(
),
, is very large on the order of
for several hundred megaelectronvolts (MeV) to a few gigaelectronvolts (GeV) electrons (
for
1 GeV) so that
an eV laser beam can be converted to an MeV -ray beam in
the laser inverse Compton scattering. Note that the numerator
in (1) is a dominating factor to determine the LCS -ray energy.
At NewSUBARU, one can produce low-energy -ray beams at
a few megaelectronvolts using a CO laser (wavelength
10.59 m) and high-energy -ray beams at a few tens of megaelectronvolts using a Nd:YVO laser (
1064 nm) in collisions with 0.5–1.0 GeV electrons.
It is not straightforward to calibrate the energy of the LCS
-ray beam in the region of a few tens of megaelectronvolts
for a lack of proper -ray sources. A high-resolution germanium detector may be used for calibration. However, the standard -ray sources can cover only low energies so that a linear
extrapolation must be employed to extend the energy range to
high energies. It may not be surprising that such extrapolation
causes uncertainties of 50 keV around 10 MeV. Furthermore,
a large-volume Ge detector is needed to detect a high-energy
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edge corresponding to the full-energy (FE) peak for 10 MeV
-rays if it may not identify the FE peak as an isolated peak.
One can see by setting
in (1) that the maximum energy
of the LCS -ray beam can be determined if the electron beam
energy is known. It is, however, risky to rely on the nominal
energy because the 1% uncertainty results in 2% uncertainty in
the maximum -ray energy. Obviously, one derives from (1),
the following:
(2)
Au located at
We searched the neutron threshold for
8.07 MeV [4] by detecting neutrons from Au
reactions
with a 2-mm-thick
Au target. LCS -ray beams were produced with a Nd:YVO laser and electron beams at the nominal
electron energies from 677 to 661 MeV in steps of 2 MeV. By
changing the electron-beam energy by 2 MeV, we changed the
-ray energy by 50 keV. Note that electrons at 676.43 MeV
produce an LCS -ray beam with the maximum energy at the
neutron threshold for
Au. Neutrons were detected with a
neutron detector consisting of 20 He proportional counters
embedded in a polyethylene moderator. Statistically significant
events were observed above the nominal energy 667 MeV,
indicating that the neutron threshold lies between two LCS
-ray energies produced by electrons at the nominal energies of
667 and 665 MeV. This observation led to the fact that there is
a 1.4%–1.7% discrepancy between real and nominal energies
in this energy region; the real energy is higher than the nominal
energy.
The threshold search for Au showed that absolute calibration of electron beam energies is of critical importance to photoneutron cross-section measurements near neutron threshold
with LCS -ray beams. We performed absolute calibration of
electron beam energies of the storage ring NewSUBARU in the
nominal energy range of 0.55–1.0 GeV. In this paper, we report
results on the calibration of the NewSUBARU and applications
of calibrated electron beams.
II. EXPERIMENT
The technique of laser Compton backscattering has been developed to accurately determine electron beam energies as an
alternative to the technique of the resonant spin depolarization,
which is limited to high energy electrons because of the spin
depolarization time [6]. This technique was widely used to calibrate electron beam energies by using low-energy LCS -ray
beams produced with a CO laser [5], [7], [8], [9] and a free
electron laser [10] at different facilities worldwide. Unlike the
past calibrations, however, we performed the energy calibration
systematically in the following five steps:
1) production of low-energy LCS -ray beams in collisions of
CO laser photons with electrons at ten nominal energies
from 974 to 550 MeV;
2) measurements of LCS -ray beams with a high-purity germanium (HPGe) detector;
3) energy calibration of the HPGe detector with the standard
-ray sources;
4) determination of electron beam energies by Monte Carlo
simulations;

Fig. 1. Experimental setup.

5) study of the accuracy and the reproducibility of the electron
beam energies.
Fig. 1 depicts the experimental setup for the present measurement in the -ray beam line BL01 of the NewSUBARU synchrotron radiation facility. An electron beam was injected from
the linear accelerator into the NewSUBARU storage ring at the
nominal energy 974 MeV. A grating-fixed CO laser (Infrared
Instruments, San Marcos, CA, USA, IR-10-WS-GF-VP) oscillated at a single line of the strongest master transition P(20).
The central wavelength of the P(20) transition is known (
10.5915 m
Å) [11] with the bandwidth
Å in the fullwidth at half-maximum (FWHM) [12]. The bandwidth, i.e., the
gain linewidth 340 MHz in FWHM, was provided by Infrared
Instruments. Including the bandwidth, the accuracy of the wavelength of CO laser is
.
The CO laser photons produced outside the storage ring
vault were led through four mirrors and one lens into the vacuum
tube of the ring to a collision point P1 in the straight section of
the storage ring. The alignment and stability of the laser optical elements were carefully checked by sending a He–Ne laser
beam into the straight section of the ring from the upstream on
the other side of the beam line and back to the center of the
exit of the CO laser through the optical elements. The collision
point P1 for the CO laser is located at the distance of 878 cm
from a collimator set in the experimental Hutch 1. The collision
between laser photons and electrons takes place with the maximum collision efficiency at P1, where the electron beam forms
a narrow waist in the beam optics [1]. In contrast, the collision
point P2 for the Nd:YVO laser is located at 1847 cm from the
collimator.
The fundamental parameters for the production of low-energy LCS -ray beams such as the central wavelength ( ) and
the bandwidth ( ) of the CO laser, the size ( ), the divergence ( ), and the energy spread (
) of the 974 MeV electron beam, and the angle acceptance of the collimator ( ) are
listed in Table I [1], [13]. The electron beam size at the collision
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TABLE 1
FUNDAMENTAL PARAMETERS FOR THE PRODUCTION OF A LOW-ENERGY LCS
-RAY BEAM WITH A CO LASER AT THE NOMINAL ELECTRON BEAM ENERGY
974 MEV AT THE NEWSUBARU STORAGE RING: THE CENTRAL LASER
WAVELENGTH , THE LASER BANDWIDTH , THE ELECTRON BEAM SIZE
, THE ELECTRON BEAM DIVERGENCE , THE ELECTRON BEAM ENERGY
SPREAD
, AND THE ANGLE ACCEPTANCE OF THE 2 mm COLLIMATOR

the FE peak as well as the Compton scattered component. The
FE peak has an energy spread arising from angle acceptance of
the 2-mm collimator and the electron beam emittance. Furthermore, the high-energy edge of the FE peak has a slope that reflects the energy resolutions of the electron beam and the HPGe
detector. Because of the energy spread and the slope of the FE
peak, the electron beam energy cannot be determined analytically using (1).
B. Energy Calibration

Fig. 2. Response function of the HPGe detector to LCS -rays produced in collisions of CO laser photons with electrons at the nominal energy of 850 MeV.

point P1, which is circular, is calculated from the Twiss parameters in the straight section of the ring [1].
The beam line BL01 has two collimators; one (C1) in the
storage ring vault and the other (C2) in Hutch 1. Both collimators are made of 10-cm-thick Pb. In the present experiment,
we used the C1 collimator with an aperture of 6-mm diameter. The C2 collimator with an aperture of 2-mm diameter
defined scattering angle for laser Compton backscattering.
An NaI(Tl) detector of 6-in diameter and 5-in thickness was
mounted at the end of the beam line in the experimental
Hutch 2, GACKO (Gamma collaboration hutch of Konan
University), to monitor the -ray flux. The C2 collimator
was mounted on an - - stage driven by stepping motors.
Finetunings of the laser optics and the collimator alignment
along the horizontal ( ), vertical ( ), and rotational ( ) axes
were carried out to maximize the -ray flux. A coaxial HPGe
detector (64 mm in diameter 60 mm in length) was mounted
in GACKO and aligned with synchrotron radiation to measure
the low-energy LCS -rays. The HPGe detector was calibrated
with the standard -ray sources, Co including the sum peak,
Ba,
Cs, and
Eu and a natural radioactivity K.
After the injection of 974 MeV electrons into the NewSUBARU storage ring, the electron beam was decelerated
to the nominal energy 950 MeV, and subsequently down to
550 MeV in steps of 50 MeV followed by a production of the
LCS -ray beam and a measurements with the HPGe detector
at every energy.
III. RESULTS
A. Response Functions of the HPGe Detector to
LCS -ray Beams
Fig. 2 shows a response function of the HPGe detector to
LCS -rays produced in collisions of CO laser photons with
electrons at the nominal energy of 850 MeV. One can identify

The production of LCS -rays and the response function
of the HPGe detector to the -rays were simulated with the
Monte Carlo code of [8]. The EGS4/PRESTA code simulates
laser-Compton backscattering and interactions of -rays with
detector materials. The production of -rays is based on the
kinematics and the cross section for laser Compton backscattering. The cross section in the rest frame of electron is given
by the Klein–Nishina formula. The code EGS4 [14] is utilized
for the latter simulation.
The effect of the electron beam emittance on the laser
Compton backscattering consists of those of the beam size and
the beam divergence. The divergence of nonparallel electron
beams causes a kinematical effect that increases an angular
acceptance of the collimator for Compton backscattering compared with that for parallel beams and has no influence on the
maximum energy of the LCS -ray beam, which geometrically
corresponds to
. The electron beam size defines the size
of “a light source” from which LCS -rays are emitted within
a finite solid angle subtended by the collimator. Therefore, the
angular acceptance of the collimator increases with increasing
the electron beam size compared with that for the point source.
As a result, the divergence and size of the electron beam have
the same kinematical effect, which affects only the energy
spread of the LCS -ray beam in the Monte Carlo simulation.
Thus, the electron beam divergence can be effectively incorporated into the electron beam size, although they are different
physics quantities, which forms an effective source size [15].
The divergence of the laser beam as well as of the electron
beam does not change the maximum energy of the LCS -ray
beam because it is distributed around zero approximately in
a Gaussian function. The maximum allowed misalignment of
the laser optics is estimated to be 3 mrad for the lens with
the Rayleigh length 40 cm used for the CO laser with the
beam radius 1.2 mm. The 3 mrad misalignment between the incoming CO laser and 974 MeV electron beam decreases the
maximum energy of the LCS -ray beam by
. Therefore, laser misalignment, particularly after tuning the laser optics in the head-on collision geometry by optimizing the intensity of the LCS -ray beam, can be safely neglected in the
present measurement.
The energy resolution of the HPGe detector can be effectively
incorporated into the energy spread of the electron beam, which
forms the effective energy spread. The two fitting parameters,
the electron beam energy and the effective energy spread, have
a good control on the position and the slop of the high energy
edge of the HPGe response function, respectively, as shown in
[6], whereas the effective source size has a good control on the
energy spread of the LCS -ray beam.
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Fig. 4. Difference
of the calibrated energy
from the nominal energy
of the electron beams,
, at the NewSUBARU storage ring.

Fig. 5. Energy calibration of the HPGe detector with the standard -ray sources
and a natural radioactivity K for a dynamic range up to the 2.5 MeV sum peak
of Co.

is shown in Fig. 4 as a function of
fourth-order polynomial fit to the data gives
Fig. 3. (a) Monte Carlo simulation (dotted line) with a calibrated energy of the
electron beam 982.2 MeV in comparison with the experimental data (solid line)
taken at a nominal energy 974 MeV. (b) The same as (a), but for a simulation
with a calibrated energy 860.7 MeV in comparison with the data at a nominal
energy 850 MeV. (c) The same as (a), but for a simulation with a calibrated
energy 559.6 MeV in comparison with the data at a nominal energy 550 MeV.

Monte Carlo simulations were carried out to reproduce the
FE peak of the response function with three fitting parameters:
the electron beam energy, the effective energy spread, and the
effective source size ( ) at the collision point. The parameters
of the distance of the collimator from the collision point, the
collimator size, the wavelength of the CO laser, and the size of
the HPGe crystal are fixed.
Examples of the best fits to the spectra are shown in Fig. 3.
The FE peaks were well reproduced by the Monte Carlo simulations with the source size
0.9–1.1 mm. The overall energy
resolution was taken to be
0.1 in the standard deviation of Gaussian function, which is a quadratic sum of the
detector resolution 0.077% (2.43 keV in FWHM for 1332 keV
-rays) and the intrinsic energy spread of the electron beam
0.063%. The estimated energy spread is consistent with the fundamental parameter listed in Table I.
The difference of the calibrated energy
, thus determined
by the Monte Carlo simulation from the nominal energy
,

. The

(3)
and
are given in megaelectronvolts. The discrepHere,
ancy of the energy calculated by using (3) from the calibrated
energy is 6–215 keV (
) at the ten
data points. The difference between the nominal and calibrated
energies is 10.44 MeV (1.56%) at the nominal energy 667 MeV,
which is consistent with the result of the neutron-threshold
search for
Au.
C. Accuracy of the Electron Beam Energy
Besides the wavelength of the CO laser, the accuracy of the
electron beam energy is determined by two factors involved in
the response function measurement, i.e., the energy calibration
and the counting statistics of the response function [10]. The
systematic uncertainty arises from the former factor and the
wavelength through (1), while the statistical uncertainty arises
from the latter factor in the least-squares fit to the response functions. The energy calibration of the HPGe detector is shown in
Fig. 5. Note that the energy range of the LCS -ray beams produced below 1.8 MeV is fully covered by the present calibration. The slope and intercept of the linear fit to the calibration
data are given in the figure. The systematic uncertainty for the
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Fig. 6. Dependence of the Monte Carlo simulation on the electron beam energy is shown for the response function of the HPGe detector to the LCS -ray
beam produced at the nominal energy 850 MeV. The best-fit result with
860.72 MeV is shown in comparison with those obtained with
860.72
0.50 MeV and
860.72 1.00 MeV.

energy calibration is energy dependent; it is
at the
nominal energy 550 MeV and
at 974 MeV, including
the accuracy of the wavelength (
). We obtained the
statistical uncertainty of
in the least-squares fit
to the response functions. An example of the dependence of the
Monte Carlo simulation on the electron beam energy is shown
in Fig. 6. The overall uncertainty in the present calibration over
550–974 MeV is
, which is to be compared
with the one (
) reported in [10].
D. Reproducibility of the Electron Beam Energy
To test the reproducibility of the electron beam energy, we
aborted the 550 MeV electron beam left in the calibration runs,
initialized all the dipole magnets of the storage ring, newly injected an electron beam at the nominal energy 974 MeV, and
repeated the procedure of deceleration down to 550 MeV. We
produced LCS -ray beams with the CO laser at two nominal energies, 974 and 550 MeV. The response functions of the
HPGe detector measured in the second injection are shown by
the open circles in Fig. 3(a) and (c). The high-energy edge of
the LCS -ray beam was excellently reproduced at these two
energies.
IV. APPLICATIONS
A. Linearity of a LaBr Ce Detector
An interesting application of the present energy calibration of the electron beam may lie in energy calibration of
photon detectors. To demonstrate such an application, we
produced high-energy LCS -ray beams in an energy range
of 10–8 MeV at the nominal energies 753.0 (calibrated energy 764.0), 714.0 (724.8) and 677.0 (687.7) MeV with a
Nd:YVO laser (Spectra-Physics, Inazuma,
1064 nm)
and measured the -ray beams with a LaBr Ce detector
(
in diameter
in length, BrilLanCe380 89S102/3.5,
Saint-Gobain) at the count-rate less than 10 000 counts per
second with a bias voltage of 400 V and a shaping time 0.5 s
of an NIM amplifier module. Fig. 7 shows response functions
of the LaBr Ce detector to these LCS -rays.

Fig. 7. (a) Monte Carlo simulations (dotted line) with 764.0 MeV (nominal
1.7 mm for the LCS -ray beam produced with
energy 753 MeV) and
a Nd:YVO laser in comparison with the experimental data (solid line). The
experimental data are energy-calibrated following the simulation. (b) The same
as (a), but for a simulation with 724.8 MeV (nominal energy 714 MeV) and
2.5 mm. (c) The same as (a), but for a simulation with 687.7 MeV (nominal
2.5 mm.
energy 677 MeV) and

We performed Monte Carlo simulations of the response function of the LaBr Ce detector. The angle acceptance of the collimator with an aperture of 2-mm diameter, which is located at
1847 cm from the collision point P2, is 0.054 mrad. It is pointed
out in [10] that when the beam energy spread due to the collimation is smaller than or comparable to that due to the electron beam energy spread, the collimation effect will start to alter
the high energy edge of the spectrum, resulting in a shift of the
spectrum toward the higher energy. This is not the case in the
present measurement because the beam energy spread due to
the collimation is
, whereas that
due to the electron beam energy spread is
. The
energy resolution of the LaBr Ce detector was incorporated
into the simulation as effective energy resolution of the electron
beam as was done for the HPGe detector. Best fits were obtained
with the resolution 0.45%, which can be translated into the detector resolution 2.1% in FWHM for 8–10 MeV -rays. The energy resolution of the present LaBr Ce detector was 4.0% in
FWHM for 662 keV -rays and 2.6% in FWHM for 1332 keV
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Fig. 8. Linearity in the response of a LaBr Ce detector to -rays in the
energy range 356–10190 keV. The data for low-energy photons were taken
Ba,
Cs, and
Eu, along with
with the standard -ray sources, Co,
an Am–Be source. The data include the single escape peak of 4.4 MeV -rays
(Am–Be). The data for 8–10 MeV -rays were taken with LCS -ray beams
produced with a Nd:YVO laser. The solid line is the second-order polynomial
fit to the data, while the dashed line is the best linear fit to the low-energy data
excluding those for the LCS -rays.

-rays. These energy resolutions are less than those (2.8% at
662 keV, 2.1% at 1332 keV, and 1% at 10 MeV) reported in
small (3 mm in diameter 10 mm in length [16], 2
2 [17])
detectors.
Results of the Monte Carlo simulation are shown by the
dotted lines in Fig. 7. The high-energy portion of the spectra
including the FE peak and the bump of Compton scattering was
well reproduced. It is noted that the low energy yield of the data
includes contributions from backscattering by Pb blocks that
were used as a part of the detector mount for the LaBr Ce .
The discrepancy between the experimental data and the simulation in the low-energy region is due to this backscattering. The
FE peaks formed at 10.19, 9.14, and 8.19 MeV corresponded
to the channel numbers, 947.2, 857.8, and 775.8, respectively.
The linearity in the response of the LaBr Ce detector to the 8
- 10 MeV LCS -rays is shown in Fig. 8, where the low-energy
data were taken with the standard -ray sources ( Co,
Ba,
Cs, and
Eu) and an Am–Be neutron source as a 4.4 MeV
-ray emitter, including the single escape peak.
The data show that the linearity is slightly deteriorated at high
energies beyond the Am–Be data at 4.4 MeV. A best fit with the
second-order polynomial function is shown by the solid line in
Fig. 8 together with the best-fit parameters. For comparison, a
linear fit to the data taken with the standard -ray sources and the
Am–Be source is also shown by the dashed line in the figure. It
is seen that the output of the LaBr Ce detector for 8–10 MeV
-rays is quenched to lower channel numbers from the linear
response; the higher the energy is, the larger the quenching. A
similar quenching effect was previously reported above 10 MeV
in a
LaBr Ce detector [17]. It is unknown, however,
that the quenching is due to scintillation property intrinsic to the
LaBr Ce crystal or saturation of the photomultiplier tube.
B. Energy Profile of the LCS -ray Beams
The present large volume LaBr Ce detector identified the
FE peak in the response function as shown in Fig. 7. The Monte
Carlo simulation, which best reproduced the response functions
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Fig. 9. Results of the Monte Carlo simulations for energy distributions of the
LCS -ray beams produced at the -ray experimental hutch GACKO of the
synchrotron radiation facility NewSUBARU.

of the LaBr Ce detector, also provides the energy distribution
of the LCS -ray beam incident on the detector. The energy profile of the LCS -ray beams is shown in Fig. 9. The present study
shows that using a 2-mm collimator, LCS -ray beams were produced at 10.19 MeV in the FE peak with a 267 keV spread ( )
in FWHM, at 9.14 MeV with
394 keV, and at 8.19 MeV
with
339 keV. The energy spread amounts to 2.6 –4.3%
in FWHM. The energy spread of the LCS -ray beam depends
on tuning the electron and laser beam optics besides the collimator size.
V. CONCLUSION
We have systematically calibrated energies of the electron
beams in the storage ring NewSUBARU in the nominal energy range of 550–974 MeV by using low-energy LCS -ray
beams produced with a CO laser at the -ray experimental
hutch GACKO. The absolute energy calibration of the electron
beams with the high accuracy and excellent reproducibility
provides a standard for the energy calibration of high-energy
LCS -ray beams produced with a Nd:YVO laser. The energy-calibrated LCS -ray beams produced in the range of
5.6–17.3 MeV in the fundamental mode of the laser operation
with
1064 nm offer a variety of experimental opportunities in nuclear science. The energy range can be extended to
11.2–34.6 MeV and 16.8–51.9 MeV in the second and third
harmonics of the laser with
532 nm and
355 nm,
respectively. As applications of the calibrated electron beams,
we demonstrated a detector-calibration measurement with a
3.5
4.0 LaBr Ce detector in its response to 8–10 MeV
-rays and an energy-profile study of the high-energy LCS
-ray beams. The large-volume LaBr Ce detector with the
excellent response function and the good energy resolution can
be a good instrument to determine the energy profile of the
high-energy LCS -ray beams.
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