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Abstract 
The nearly isolated precise measurement of the vacuum 

contribution, Delbrück scattering, to the elastic scattering 
of photons off nuclei can be realized by using high-flux 
linearly-polarized gamma-ray sources. For the proof of 
principle experiment, an intense linearly polarized gamma-
ray beam with an energy lower than 1 MeV should be pro-
vided. In order to examine the available gamma-ray perfor-
mance at the UVSOR facility by colliding a CO2 laser with 
a 746-MeV electron beam, a preliminary experiment has 
been performed. As a result, it was confirmed that the max-
imum energy of the gamma-rays was slightly lower than 1 
MeV and the measured gamma-ray flux was evaluated to 
be 6×10-4 photons/eV/mA/W/s around the peak energy of 
950 keV. If we accept a 20 percent energy spread, in case 
of a 100-W CO2 laser colliding with a 300 mA electron 
beam, approximately 4×106-photons/s gamma-rays could 
be obtained. This flux is sufficiently high enough for the 
proof of principle experiment.  

INTRODUCTION 
Delbrück scattering is the elastic scattering of photons 

by the electromagnetic field of an atomic nucleus, as a con-
sequence of vacuum polarization [1]. The isolated meas-
urement of Delbrück scattering has not been performed be-
cause of interference with other elastic scattering pro-
cesses. It was recently discovered that, using linearly po-
larized photons, Delbrück scattering can be measured 
nearly independently of the other scattering processes [2]. 
When the gamma-ray energy used for the experiment ex-
ceeds the pair creation threshold, 1022 keV, Delbrück scat-
tering by the pair created particles also takes place together 
with the Delbrück scattering by the vacuum polarization. 
In order to measure the Delbrück scattering induced by the 
vacuum polarization, a linearly polarized quasi-monochro-
matic gamma-ray beam with a maximum photon energy 
below the pair creation threshold, 1022 keV, should be pro-
vided. 

Our group considered that the Laser Compton Scattering 
(LCS) gamma-rays generated in a low energy electron stor-
age ring with a CW CO2 laser having high averaged power 

are one good candidate to realize high-flux linearly-polar-
ized gamma-rays below 1022 keV. CO2 lasers have been 
used for the generation of LCS X-rays and gamma-rays [3-
6] since they can provide high average power or high pulse
energy with low photon energy, around 0.117 eV. At the
UVSOR facility [7] where a 746-MeV 300-mA electron
beam is available, the expected gamma-ray energy is about
1 MeV when a 10.6-m CO2 laser is used as the collision
laser for a LCS gamma-ray source. In order to check the
maximum gamma-ray energy and flux, a preliminary ex-
periment has been carried out.

LASER COMPTON SCATTERING (LCS) 
Laser Compton scattering (LCS) is one method to gen-

erate a quasi-monochromatic and polarized gamma-ray 
beam. The schematic diagram of the laser Compton scat-
tering is shown in Fig. 1. A laser photon with an energy of 
Ep and a relativistic electron with an energy of Ee,i collide 
at the angle of p. As a result, the incident photon is scat-
tered by the relativistic electron and the scattered photon 
energy is up-converted to E which is expressed as [8] 

ஓܧ			 ൌ
ா౦ሺଵାஒୡ୭ୱ஘౦ሻ

ଵିஒୡ୭ୱ஘ಋା
ಶ౦

ಋౣబ೎మ
ሺଵିୡ୭ୱ஘౏ሻ

	,	 ሺ1ሻ	

where m0 is the rest mass of the electron,  is the Lorentz 
factor,  = (1-2)-1/2,  =v/c is the electron velocity relative 
to the velocity of light c,  is the angle of the scattered 
gamma-ray andS is the angle between the incident photon 
and the scattered gamma-ray. In the case of a high energy 

 ___________________________________________  
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Figure 1: Schematic diagram of the Laser Compton Scat-
tering (LCS). 
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electron beam i.e.,  > 1000, and head-on collision, p = 0, 
the maximum gamma-ray energy, which can be observed 
at  = 0, is given as 

ஓܧ																																											 ൎ 	.	୮γଶܧ4 ሺ2ሻ	

The energy of laser photons is up-converted to approxi-
mately 42 times higher energy by the collision with high 
energy electrons. 

LCS Gamma-Rays at UVSOR with CO2 Laser 
Several LCS gamma-ray generation experiments have 

been already conducted at the UVSOR synchrotron radia-
tion facility based on a 750-MeV electron storage ring [9-
11]. From the prior experiment using a 1.94-m fiber laser, 
the energy of the electron beam circulating in the storage 
ring has been determined to be 746 ±1 MeV from the max-
imum energy of the LCS gamma-rays [11]. From the elec-
tron beam energy and laser photon energy, the maximum 
energy of the LCS gamma-ray can be estimated by equa-
tion (2). In the case of a CO2 laser with a wavelength of 
10.6 m i.e., Ep = 0.117 eV, the maximum energy of the 
LCS gamma-ray is estimated to be 998±3 keV. As afore-
mentioned, for the precise measurement of Delbrück scat-
tering, it is necessary to use a linearly polarized gamma-
ray beam with the energy below the pair creation threshold, 
1022 keV. The expected gamma-ray energy (998±3 keV) is 
slightly below the threshold. The combination of 746-MeV 
electron beams at UVSOR and the 10.6-m CO2 laser sat-
isfies the energy requirement of the precise measurement 
of Delbrück scattering. 

A numerical calculation based on the general formulae 
of luminosity [12] was performed to evaluate the available 
gamma-ray flux under the reasonable assumption of laser 
beam size (xp = yp = 5 mm). The total gamma-ray flux 
normalized by laser power and beam current can be evalu-
ated as approximately 6×103

 ph/W/mA/s. When a collima-
tor with a diameter of 5-mm aperture is used to cut out the 
high energy part of the LCS gamma-rays, the normalized 

gamma-ray flux can be evaluated as 1×103
 ph/W/mA/s 

with a gamma-ray energy spread of 15 percent in Full 
Width at Half Maximum (FWHM). When a linearly polar-
ized CO2 laser with an averaged power of 100 W and the 
electron beam current of 300 mA is used for the generation 
of LCS gamma-rays at UVSOR, linearly polarized gamma-
rays with a flux of 3×107 ph/s and an energy spread of 15 
percent in FWHM will be available. The expected accumu-
lation time required to obtain 10% accuracy with the ex-
pected gamma-ray flux is about 17 hours. This expected 
flux is high enough to perform the proposed experiment. 

EXPERIMENT 
A preliminary experiment was performed to investigate 

the highest energy and flux of the LCS gamma-ray gener-
ated at the UVSOR BL1U with a 10.6-m CO2 laser. 

Experimental Setup 
The experimental setup is shown in Fig. 2. In this exper-

iment, a non-polarized CW CO2 laser (LASY20D, Access 
Laser) with an average power of 1.1 W was used. This laser 
has been used for LCS gamma-ray generation at NewSUB-
ARU [6, 13]. A beam expander consisting of one concave 
ZnSe lens (f = -50 mm) and one convex ZnSe lens (f = 200 
mm) was used to have the beam waist at the centre of the 
interaction region. A 5-mm-thick BaF2 vacuum window 
(W1 in Fig. 2) was used for injecting the CO2 laser into the 
electron storage ring. Another 5-mm-thick BaF2 vacuum 
window (W3 in Fig. 2) was used for extracting the CO2 
laser from the electron storage ring. The approximate trans-
mittance of a 5-mm-thick BaF2 window at the CO2 laser 
wavelength (10.6 m) is 85%. The power of the transmit-
ted CO2 laser was monitored by a laser power monitor. A 
LaBr3(Ce) scintillation detector (3.5 inch diameter × 4 
inch) was used as the gamma-ray detector. In this experi-
ment, no collimator was used to measure the energy spec-
trum of the LCS gamma-rays. 

 
Figure 2: The schematic drawing of the experimental geometry. QM: Quadrupole magnet in the storage ring, BM: Bend-
ing magnet in the storage ring, L1: ZnSe concave lens with the focus length of -50 mm, L2: ZnSe convex lens with the 
focus length of 200 mm, W1 and W3: BaF2 vacuum window, W2: fused silica vacuum window, SM: silver mirror, AM: 
aluminium mirror, PM: laser power meter. 
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Experimental Result 
The typical measured spectrum with and without CO2 la-

ser injection is shown in Fig. 3. The integration time of 
these measurements was 300 seconds. Even without CO2 
laser injection, the measured spectrum has peaks at 789 and 
1462 keV due to the internal activity of the LaBr3(Ce) scin-
tillation detector attributed to 138La. Those peaks are used 
for energy calibration of the gamma-ray spectrum. To ob-
tain the spectrum of the LCS gamma-rays, the spectrum 
without CO2 laser injection was subtracted from the spec-
trum with CO2 laser injection. As a result, the difference 
spectrum shown in Fig. 4 is obtained. As we expected, the 
maximum energy of the LCS gamma-rays is slightly lower 
than the pair creation threshold, 1022 keV. Since no colli-
mator was used in this experiment, the gamma-ray energy 
extends down to energies lower than 200 keV. 

The brightness of the LCS gamma-rays was evaluated by 
taking the average of a 100-keV window near the peak 
around 950 keV. As a result of the calculation, the bright-
ness was evaluated to be 6×10-4 photons/eV/mA/W/s 
around the peak energy of 950 keV. If we accept 20 percent 
energy spread, in the case of a 100-W CO2 laser colliding 
with a 300 mA electron beam, approximately 4×106-pho-
tons/s gamma-rays could be obtained. This flux is about 
one order of magnitude smaller than that of the numerical 
expectation. This mismatch probably comes from the not 
so good conditions of the CO2 laser focusing and alignment. 
However, this flux is still sufficiently high enough for the 
proof of principle experiment since the integration time re-
quired to obtain 10% accuracy is about 130 hours. In future 
experiments, a more precise adjustment of the focusing and 
alignment condition of the CO2 laser will be performed to 
increase the luminosity of the LCS to increase the gamma-
ray flux. 

CONCLUSION 
In order to perform a precise measurement of Delbrück 

scattering, high-flux linearly-polarized gamma-rays with 
the energy below 1 MeV should be provided. The LCS 
gamma-rays generated in a low energy storage ring with a 
10.6-m CO2 laser are considered to be a good candidate 
of the gamma-ray source. A preliminary experiment was 
performed to check the highest energy and flux of the LCS 
gamma-rays generated at UVSOR where a 746-MeV elec-
tron beam is available. As a result, it was confirmed that 
the highest energy of the LCS gamma-ray was slightly 
lower than 1 MeV. And the brightness of the gamma-rays 
was evaluated to be 6×10-4 photons/eV/mA/W/s around the 
peak energy of 950 keV. In this case, approximately 4×106-
photons/s gamma-rays in 20 percent energy spread will be 
available with the 100-W CO2 laser and the 300 mA elec-
tron beam. This flux is sufficiently high enough for the 
proof of principle experiment. 

 

 
Figure 3: Measured spectrum with and without CO2 laser 
injection. The CO2 laser power was 1.1 W and the electron 
beam current was 1.3 mA. 

 
Figure 4: Difference spectrum which was calculated by 
subtracting the spectrum without the CO2 laser from the 
spectrum with the CO2 laser. The CO2 laser power was 1.1 
W and the electron beam current was 1.3 mA. 

REFERENCES 
[1] M. Schumacher, “Delbrück scattering”, Radiation Physics 

and Chemistry, vol. 56, pp.101-111, 1999. 
[2] J. K. Koga and T. Hayakawa, “Possible Precise Measure-

ment of Delbrück Scattering Using Polarized Photon 
Beams”, Phy. Rev. Lett., vol. 118, p. 204801, 2017. 

[3] A. Ovodenko et al., “High Duty Cycle Inverse Compton 
Scattering X-ray Source”, Applied Physics Letters, vol. 109 
p. 253504, 2016. 

[4] Y. Sakai et al., “Single Shot, Double Differential Spectral 
Measurements of Inverse Compton Scattering in the Non-
linear Regime”, Physical Review Accelerators and Beams, 
vol. 20, p. 060701, 2017. 

[5] T. Kaneyasu et al., “High Flux Gamma-ray Generation by 
Laser Compton Scattering in the SAGA-LS Storage Ring”, 
in Proc. IPAC’11, San Sebastian, Spain, Sep. 2011, paper 
TUPO014, pp. 1476-1478. 

[6] S. Amano et al., “Several-MeV -ray generation at New-
SUBARU by laser Compton backscattering”, Nuclear In-
struments and Methods in Physics Research A, vol. 602, pp. 
337-341, 2009. 

[7] M. Adachi et al., “Design and Construction of UVSOR-III”, 
Journal of Physics: Conference Series, vol. 425, p. 042013, 
2013. 

Th
is

is
a

pr
ep

ri
nt

—
th

e
fin

al
ve

rs
io

n
is

pu
bl

ish
ed

w
ith

IO
P

9th International Particle Accelerator Conference IPAC2018, Vancouver, BC, Canada JACoW Publishing
ISBN: 978-3-95450-184-7 doi:10.18429/JACoW-IPAC2018-MOPML049

MOPML049
510

Co
nt

en
tf

ro
m

th
is

w
or

k
m

ay
be

us
ed

un
de

rt
he

te
rm

so
ft

he
CC

BY
3.

0
lic

en
ce

(©
20

18
).

A
ny

di
str

ib
ut

io
n

of
th

is
w

or
k

m
us

tm
ai

nt
ai

n
at

tri
bu

tio
n

to
th

e
au

th
or

(s
),

tit
le

of
th

e
w

or
k,

pu
bl

ish
er

,a
nd

D
O

I.

08 Applications of Accelerators, Tech Transfer and Industrial Relations
U05 Other Applications



[8] F. R. Arutyunian and V. A. Tumanian, “The Compton effect 
on relativistic electrons and the possibility of obtaining high 
energy beams”, Physics Letters, vol. 4, pp. 176-178, 1963. 

[9] Y. Taira et al., “Feasibility study of ultra-short gamma ray 
pulse generation by laser Compton scattering in an electron 
storage ring”, Nuclear Instruments and Methods in Physics 
Research A, vol. 637, pp. S116-S119, 2011. 

[10] Y. Taira et al., “Generation of energy-tunable and ultrashort-
pulse gamma rays via inverse Compton scattering in an elec-
tron storage ring”, Nuclear Instruments and Methods in 
Physics Research A, vol. 652, pp. 696-700, 2011. 

[11] H. Zen et al., “Generation of High Energy Gamma-ray by 
Laser Compton Scattering of 1.94-m Fiber Laser in 
UVSOR-III Electron Storage Ring”, Energy Procedia, vol. 
89, pp. 335-345, 2016. 

[12] T. Suzuki, “General formulae of luminosity for various types 
of colliding beam machines”, KEK Report KEK-76-3, 1976. 

[13] T. Kawasaki et al., “Measurement of deflection on germa-
nium and gold prisms using 1.7 MeV laser Compton scat-
tering -rays”, Physics Letters A, vol. 381, pp. 3129-3133, 
2017. 

 

 

 

Th
is

is
a

pr
ep

ri
nt

—
th

e
fin

al
ve

rs
io

n
is

pu
bl

ish
ed

w
ith

IO
P

9th International Particle Accelerator Conference IPAC2018, Vancouver, BC, Canada JACoW Publishing
ISBN: 978-3-95450-184-7 doi:10.18429/JACoW-IPAC2018-MOPML049

08 Applications of Accelerators, Tech Transfer and Industrial Relations
U05 Other Applications

MOPML049
511

Co
nt

en
tf

ro
m

th
is

w
or

k
m

ay
be

us
ed

un
de

rt
he

te
rm

so
ft

he
CC

BY
3.

0
lic

en
ce

(©
20

18
).

A
ny

di
str

ib
ut

io
n

of
th

is
w

or
k

m
us

tm
ai

nt
ai

n
at

tri
bu

tio
n

to
th

e
au

th
or

(s
),

tit
le

of
th

e
w

or
k,

pu
bl

ish
er

,a
nd

D
O

I.


