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Abstract There is great interest in the generation of energy-
tunable, bright, short-pulse X/γ -ray sources, which are re-
quired in various research fields. Laser–Compton scatter-
ing (LCS) is considered to be one of the most promis-
ing methods to implement this kind of X/γ -ray source.
At the 100-MeV LINAC of the Shanghai Institute of Ap-
plied Physics, a 2-J, 8-ns, 1064-nm, Q-switched Nd:YAG
laser is brought to a slanting collision at 40° (44°) with an
112-MeV, 0.9-ns (rms) relativistic electron beam. We mea-
sured the LCS X-ray energy spectrum with a peak energy
of 31.73 ± 0.22stat ± 1.64syst keV and a peak width (rms)
of 0.74 ± 0.26stat ± 0.03syst keV. This preliminary investi-
gation was carried out to understand the feasibility of de-
veloping an energy-tunable X/γ -ray source. Based on this
study, the future Shanghai Laser Electron Gamma Source
(SLEGS) at the Shanghai Synchrotron Radiation Facility
(SSRF) can be constructed to be not only an energy-tunable
γ -ray source by guiding the laser incident angle from laser–
Compton scattering, but also a high flux (∼1010 photons/s
or even higher) γ -ray source by adding a laser super-cavity.
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1 Introduction

During the last few decades, the rapid development of
electron accelerator and laser techniques such as third-
generation synchrotron radiation facilities, chirped-pulse
amplification techniques, and the significant improvement
of synchronization between high-brightness electron beams
and high-intensity lasers has opened new possibilities for the
generation of short-pulse and high to moderate-flux X/γ -ray
sources. These X/γ -ray sources are required in various re-
search fields, such as material, chemical, medical and bio-
logical sciences.

One of the most promising approaches to short-pulse
and high to moderate-flux X/γ -ray generation is the use
of the laser-Compton scattering (LCS). Compton scatter-
ing of a relativistic electron beam from a laser is proven to
be an effective technique to generate high-brightness X/γ -
rays [1–9]. LCS X/γ -ray sources can possess unprecedented
compactness, brilliance, energy tunability, monochromatic-
ity and pulse speeds, with radiation pulse durations in the ps
to fs range and fluxes of 1011 photons/s and higher within a
small energy bandwidth.

Other X-ray sources like X-ray laser, synchrotron, and
free-electron laser light sources are also popular. X-ray
lasers, such as those based on laser-produced plasma (LPP)
and discharge-produced plasma (DPP), are bright and can be
of tabletop size, but are not tunable [10, 11]. Free-electron
lasers and synchrotron radiation sources are large installa-
tions for generating X-rays but cannot produce the harder
photons made by LCS X-ray sources. LCS are candidates
not only for X-ray sources, but also for γ -ray sources,
which can be used for nuclear physics, astrophysics, nuclear
data, and nuclear structure studies [12–17], and high-energy
physics applications, e.g. production of polarized positron
beams for future positron injectors, and photon linear col-
liders (γ –γ , γ –lepton, e+/e− colliders) [18–24].
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In addition, LCS sources are playing an increasingly crit-
ical role for some other research applications. These appli-
cations include:

• Medical and biological imaging (e.g. X-ray absorption
imaging, refraction contrast imaging and angiography)
[25–30].

• Solid-state physics and material sciences.
• Radiation detector development (e.g. X-ray line sensor for

American Homeland security) [31].
• Radioactive isotopes detection (e.g. non-destructive de-

tection and assay of radioactive isotopes in various ma-
terials which are essential for enabling nuclear power
to emerge as a sustainable and secure source of pri-
mary energy, segregation of nuclear waste, and stand-
off detection of clandestine fissile material in cargo and
packages, which is indispensable for advanced safeguard-
ing and non-proliferation in the nuclear power systems)
[32–35].

• ps or fs X-ray microscopy and holography, dynamic
analysis of chemical reactions, phase transitions, and
other ultrafast processes traced to atomic precision
[8, 36–39].

• Cancer therapy by a high-energy photon beam [40–42].
• Drug delivery systems for chemotherapy (anti-cancer

drug) and photo-dynamic therapy [43].
• Applications in advanced beam technologies (e.g. the

laser cooling of electron beams [44]).

Because the above-mentioned large number of physics
studies and advanced applications can be explored, recently
many facilities have developed several types of LCS X/γ -
ray sources such as a linac based system [2, 44–46] and an
electron storage ring based system [47–49].

The proposed Shanghai Laser Electron Gamma Source
(SLEGS) at the Shanghai Synchrotron Radiation Facility
(SSRF) is an electron storage ring based system [50]. It will
be built at beamline BL20 on one of the long straight sec-
tions of the SSRF storage ring and will be one of the highest
intensity beam lines of γ -rays based on the LCS method us-
ing relativistic electron macropulses and a laser. The SLEGS
will be used to conduct a wide range of fundamental stud-
ies (e.g., nuclear physics, particle physics, and astrophysics),
and industrial and medical applications. According to our
simulations, SLEGS is expected to generate a polarized γ -
ray beam of up to 22 MeV and 109–1010 photons/s using
a 3.5 GeV, 200–300 mA relativistic electrons of the SSRF
storage ring and a 500 W polarized CO2 laser in a back-
ward laser-Compton scattering (BLCS) geometry. However,
this design of the SLEGS does not allow for easy adjust-
ment of the γ -ray energy because the energy of the 3.5 GeV
electron bunch in the storage ring is fixed, and, as a result,
many potential applications will be limited. So we propose
to build an energy-tunable SLEGS by guiding of the laser

incident angle from LCS. However, SLEGS has a low γ -ray
flux for a slanting interaction because of a short interaction
length [51]. In order to compensate the l oss of the γ -ray
flux, we can employ a laser super-cavity to obtain a stack-
ing laser pulse with a pulse energy gain of 102–103 and to
realize a high-repetition collision rate [52].

A proof-of-principle experiment (SINAP I) [53] for the
future SLEGS has been performed via Compton scatter-
ing of Q-switched Nd:YAG laser photons on ultrarelativis-
tic electrons within the linear regime of the Compton scat-
tering. Some evidence for LCS X-rays with the energies of
30 keV at the 2.5 sigma level was found. The SINAP II ex-
periment was designed to further clarify the first experimen-
tal results and investigate the feasibility of energy-tunable
photon source by guiding of laser incident angle from LCS.
Originally we designed three laser incident angles of 40◦,
90◦, and 140◦. Given the energy response of the Si(Li) de-
tector used to detect the generated X-rays, we chose the laser
incident angle of about 40◦ (44◦) in this experiment.

The remainder of this paper consists of five sections. The
next describes the principle of LCS. Sections 3 and 4 de-
scribe the arrangement of the LCS experiment with the 44◦-
configuration. Section 5 reviews the measured LCS X-ray
results. Section 6 summarizes the experiment and the future
outlook of the project.

2 Principle of the laser–Compton scattering

The interaction via laser–Compton scattering (LCS) is
mainly approached in two ways: particle-particle interac-
tion and the radiation of electrons in the electromagnetic
field of the laser. In particle-particle interaction the collision
between an electron and a laser photon is an elastic collision
with conservation of energy and momentum during the col-
lision. In the radiation of electrons, the dimensionless laser
strength parameter a0 plays an important role in determining
the character of the emitted radiation. a0 = eA0/mec

2 is the
normalized amplitude of the vector potential of the incident
laser field. It can also be expressed by [54]

a0 = 0.85 × 10−9λ0

√
I0, (1)

where λ0 is the laser wavelength in μm and I0 is the laser
intensity in W/cm2. As a0 ≤ 1, the scattering occurs in the
linear regime. Doppler-upshifted radiation is generated. At
a0 � 1 the non-linear regime is entered and some higher
harmonics become visible. In our case, the laser pulses used
for the interaction carry the energy of 0.9 J/pulse, are 8 ns
long, and have the wavelength of 1064 nm (Nd:YAG). They
can be focused to a spot of 200-μm radius at the interaction
point with a0 ≈ 0.0005. Thus our experiment is in the linear
LCS regime.
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Fig. 1 a The coordinates for
LCS between a relativistic
electron and laser photon in the
laboratory frame. b The
scattered X-ray energy spectrum
from Compton scattering. The
parameters of laser and electron
beams are shown in Table 1

The energy of the scattered X-ray depends on the energy
of the electrons, the wavelength of the laser, and the laser in-
cident and X-ray scattered angles. The parameters for LCS
between a relativistic electron and a laser photon in the lab-
oratory frame and the expected X-ray energy spectrum are
shown in Fig. 1. The energy of the scattered X-ray photon
is

Ex = EL
(1 − β cos θL)

1 − β cos θ + EL
Ee

[1 − cos(θL − θ)] , (2)

where β is the electron velocity normalized to the speed
of light and equal to 1 − (2γ 2)−1 for γ � 1 (γ is the
total electron energy normalized to its rest energy), Ee

and EL are the energies of the incident electron and
laser photon, and θL and θ are the incident angles of
the laser photon and the scattered X-ray photon with re-
spect to the direction of the incident electron beam. Typ-
ically, the energy of the incident photon is much lower
than the energy of the electron, and therefore the X-rays
are scattered in a small angle along the direction of the
electron beam (θ ∼ 1/γ , where γ is the Lorentz fac-
tor).

The differential Compton scattering cross section comes
from the Klein–Nishina formula and can be easily derived
in the laboratory frame. It is [55, 56]

dσ

dΩ
= r2

0

2

1 − β2

(1 − β cos θ)2
R2

[
R + 1

R
− 1 + cos2 θ ′

]
, (3)

where r0 is the classical radius of the electron, R is the ra-
tio between the energies of scattered and incident photons
with its value of 1/[1 + (1 + cos θ ′)(1 +β)γEL/m0c

2], and
cos θ ′ = (cos θ − β)/(1 − β cos θ). We calculate the total
LCS cross section for our experiment in a cone of angle
θ ∼ 1/γ to be 400 mb.

Using (3), the total LCS X-ray yield for each collision
between a laser pulse and a relativistic electron macropulse
Nx can be estimated using

Nx = σL, (4)
where L is the luminosity as determined by the collision
geometry between the electron macropulse and the laser
pulse. In the case of the collision between a laser pulse
and an electron macropulse with a Gaussian spatial distri-
bution, the luminosity L for an incident angle θL is [57]

L = NeNL(1 − β cos θL)

2π
√

σ 2
ey + σ 2

ly

√
σ 2

lx(1 − β cos θL)2 + σ 2
ex(β − cos θL)2 + σ 2

lzβ
2 sin2 θL + σ 2

ez sin2 θL

, (5)

where Ne is the number of electrons in the electron macro-
pulse and NL is the number of photons in the laser pulse.
The subscripts e and l refer to electron and laser; σx,σy and
σz are the horizontal, vertical, and longitudinal rms sizes,
respectively. Therefore, the cross section of the total LCS
X-ray yield, dNx/dΩ , from (3) and (4) is

dNx/dΩ = Ldσ/dΩ. (6)

Considering the time jitter between the laser pulse and
the electron macropulse, τ jitter, the average of Nx for each

collision, Nx , and its standard deviation, σNx
, are [51]

Nx = Nx/
√

α2 + 1 (7)

and

σNx
= Nx

√
1√

2α2 + 1
− 1

α2 + 1
, (8)

where the normalized time jitter α ≡ τ jitter/τ0, and
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τ0 ≡
√

σ 2
lx(1 − β cos θL)2 + σ 2

ex(β − cos θL)2 + (σlzβ sin θL)2 + (σez sin θL)2/c.

Using (7) and (8), the number of the scattered X-ray pho-
tons, N ′

x , and its standard deviation, σN ′
x
, as functions of

the time difference between the laser pulse and the electron
macropulse are

N ′
x = Nx exp

[
−1

2

(
t

τ

)2]
(9)

and

σN ′
x
= σNx

exp

[
−1

2

(
t

τ

)2]
, (10)

where τ ≡
√

τ 2
0 + (τ jitter)2.

3 Experimental description

Figure 2 shows the general setup of the experiment, which
mainly contains a 100-MeV LINAC, a laser optical system,
a LCS chamber, and an X-ray detection system. Each elec-
tron macropulse contains three micropulses and carries the
total charge of 26.5 pC. The macropulses are generated at
the repetition rate of 1–20 Hz by a thermionic cathode elec-
tron gun. The 100-MeV LINAC can provide an electron
macropulse charge of ∼1.2 nC but we reduced the electron
macropulse charge to 26.5 pC for measuring the LCS X-ray
energy spectrum to avoid overflow and saturation of the de-
tector due to the bremsstrahlung background radiation. The
electron beam going through the center of the LCS chamber
has been accelerated up to 112 MeV with four accelerat-
ing tubes and focused with quadrupole magnets. The elec-
tron beam position at the interaction point can be adjusted
by steering magnets combined with the quadrupole mag-
nets. After passing through the interaction point, the elec-
tron beam is deflected by a 30◦ bending dipole magnet and
then separated from the forward scattered X-rays. Finally,
the electron is absorbed in a Faraday dump housed in a lead
enclosure.

The Nd:YAG laser (Beamtech, SGR-20) emitting pulses
of 8-ns duration and 2-J energy is used as the incident pho-
ton source for the LCS experiment. The basic parameters
of the Nd:YAG laser and the electron beam are summa-
rized in Table 1. The Nd:YAG laser pulse with a repeti-
tion rate of 2.5 Hz passes through a beam expander, a beam
splitter, several mirrors, and then propagates about 15 m to
the final focusing optics with a focal length of 14.8 cm. It
passes through a glass window and enters the LCS chamber

at an incident angle of about 44◦ with respect to the elec-
tron beam axis. The photon loss through the whole transport
is roughly 57%, leaving 860 mJ available at the interaction
point. A He–Ne laser at the bottom of Fig. 2 is used to align
the whole laser optical system. In addition, an energy and
power meter sensor (EPM-1000) placed about 30 cm away
from the beam splitter is used to measure the energy of some
of the photons reflected by the beam splitter for monitoring
the stability of the laser energy. A pin-photo diode detec-
tor near the EPM-1000 is used to determine the width of
the Nd:YAG laser pulse and especially to monitor the arrival
time of the laser pulse by measuring the other part of the
reflected photons.

The generated X-rays from LCS pass through a 200-μm
thick beryllium (Be) window, a 7-mm width lead slit, 7.8 m

Table 1 Summary of parameters of the electron beam and the
Nd:YAG laser used in the experiment

Electron macropulse

Number of micropulses 3

Separation of micropulses ∼350 ps

Electron energy 112 MeV

Macropulse total charge 26.5 pC/pulse

Normalized emittance (rms)a 60 mm mrad

Energy spread (rms)a 5�
Pulse length (rms) 0.9 ns

Repetition rate 5 Hz

Spot size (standard deviation)

Horizontal (σex ) 1.5 mm

Vertical (σey ) 1.9 mm

Nd: YAG laser

Fundamental Wavelength 1064 nm

Energy at the interaction point 0.86 J/pulse

Pulse duration (FWHM) 7.8 ns

Repetition rate 2.5 Hz

Polarization linear (in horizontal plane)

Spot size (standard deviation)

Horizontal (σlx ) <0.2 mm

Vertical (σly ) <0.2 mm

Laser incident angleb 44 ± 2◦

aSee Ref. [58]
bFor the electron energy of 112 MeV and the laser wavelength of
1064 nm, the laser incident angle is determined to be 44◦ by (2), using
the ending point of the LCS energy spectrum
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Fig. 2 LCS experimental setup

air, and a hollowed cylindrical lead collimator with an in-
ner diameter of 6 mm and length of 60 mm before reach-
ing the Si(Li) detector placed at 0◦ along the electron beam
axis. The distance between the LCS chamber and detector is
9.8 m and the solid angle, �Ω , subtended by the detector is
0.29 μsr.

Compared with the first experiment (SINAP I), this one
achieved three major technical and experimental improve-
ments. The Nd:YAG laser and its optical system were up-
graded. The peak-power is about 20 times higher and the
pulse duration is 2.5 times shorter than the values in SINAP
I [53]. In addition, a much smaller focal spot size at the in-
teraction point was achieved resulting from enlarging the
laser spot on the focusing optics. The lead slit was more
precisely aligned: After SINAP I we had found that the cen-
ter of the lead slit downstream the Be-window in Fig. 2 was
misaligned by 3 mm along the electron beam axis. Position
and time scans of the Si(Li) detector were performed to op-
timize the Si(Li) detector position and the LCS X-ray yield.
We measured the generated LCS X-ray yield as a function of
the time difference between the electron macropulse and the
Nd:YAG laser pulse and the X-ray divergence angle (con-
verted from the Si(Li) detector position). More details are
presented in Sect. 5.

4 Alignments

Spatial overlap and synchronization between the Nd:YAG
laser pulse and the electron macropulse is a key issue. With

a YAG plate and a 16-bit charge-coupled device (CCD) cam-
era, the spatial overlap of the focal spots of the laser pulse
and the electron macropulse at the interaction point is mea-
sured. A He–Ne laser is used to facilitate the alignment of
the Nd:YAG laser and the electron macropulse at the interac-
tion point. This also helps avoiding damage caused when the
high-power Nd:YAG laser hits the YAG plate and the camera
directly. In the observed images, the electron beam and the
He–Ne laser overlap well as shown in Fig. 3. The axes of the
He–Ne laser and the Nd:YAG laser are well aligned: The po-
sition deviation between the He–Ne laser and the Nd:YAG
laser at the center of the LCS chamber is less than 0.1 mm.

A synchronization diagram is shown in Fig. 4. There are
three main steps to achieve synchronization. First, we mea-
sure and check carefully the Nd:YAG laser pulse and the
electron macropulse jitter, pulse generator (M1 and M2)
jitter, cable delay times, total length of optical path, and
so on. The Nd:YAG laser pulse jitter, τl, is about 0.6 ns
as measured by the pin-photo diode detector. The elec-
tron macropulse jitter, τe, is about 0.6 ns as measured by
a wall current monitor (WCM). Considering peak-to-peak
synchronization of the Nd:YAG laser pulse and the electron
macropulse at the interaction point, the time difference is
expected to be 158.3 ± 1.0 ns based on measurements. Sec-
ond, we monitor the time difference (see Fig. 5) between
the Nd:YAG laser pulse and the electron macropulse by an
oscilloscope with the help of the pin-photo diode detector
and the WCM. Finally, we perform a scan of the time dif-
ference between the Nd:YAG laser pulse and the electron
macropulse by adjusting the delay time of M1 and M2. The
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Fig. 3 Spot images of the
electron beam (left) and the
He–Ne laser beam (right) at the
center of the LCS chamber (the
interaction point) observed with
the 16-bit CCD camera

Fig. 4 Scheme for the
synchronization of the Nd:YAG
laser pulse and the electron
macropulse. M1 and M2 are
eight-channel programmable
pulse-generators. M1 runs with
the repetition of 5 Hz and
provides several TTL trigger
signals to the following devices:
(1) Electron gun, (2) Nd:YAG
laser, and (3) M2. M2 provides a
pre-trigger signal to the
Nd:YAG laser. The oscilloscope
(TDS 7104) and its LabVIEW
program are used to monitor and
record the relative time
difference between the laser
pulse and the electron
macropulse

Fig. 5 Time difference between the Nd:YAG laser pulse and the elec-
tron macropulse measured by the oscilloscope. Each data point is a
one-minute average. The error bars mainly arise from the systematic
errors associated with the Nd:YAG laser pulse jitter, τ l, and the elec-
tron macropulse jitter, τ e. The red line is the average of the total time
difference

synchronization between the Nd:YAG laser pulse and the
electron macropulse at the interaction point can be estab-
lished by adjusting the delay time of M1 and M2 to generate
the maximum LCS X-ray yield.

Besides the synchronization and the spatial alignment,
some other challenges have to be overcome, too, in par-
ticular the low signal-to-noise ratio (SNR) (extracting the
LCS X-ray signal in presence of a low SNR) and the signal-
photon detection (measuring the X-ray spectrum). How
these issues are resolved is explained in detail in Ref. [53].

5 Experimental results and discussion

5.1 Scan of the X-ray divergence angle

We need to determine the Si(Li) detector position in order to
detect the X-ray signals. There are two main steps to achieve
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Fig. 6 The detected and theoretical LCS X-ray count rates as a func-
tion of the X-ray divergence angle (converted from the Si(Li) detector
position)

the optimal Si(Li) detector position. The Si(Li) detector is
first positioned where the total yield including background
radiation and the generated X-rays is maximized. Second,
the fine adjustment of the detector position is performed by
scanning its position vertically or horizontally with a step of
1.0 mm around the initial position. The experimental LCS
X-ray count rate, Y , with respect to the detector position is
measured. The LCS X-ray yield per collision at the interac-
tion point is

N
exp
x = Y

γ 2�Ωηξζ
, (11)

where γ is the electron relativistic factor equal to 219, 1/γ 2

is the narrow solid angle of the generated LCS X-rays, �Ω

is the solid angle of the detector equal to 0.29 μsr, η is the
total LCS X-ray transmission efficiency accounting for the
transmissions of the 200-μm Be-window (99.4%) and the
7.8 m air path (77.3%), ξ is the idle efficiency of the Si(Li)
detector equal to 30% in this LCS experiment, and ζ is the
efficiency of the Data Acquisition system equal to 100%
at 5 Hz. We found that the efficiency of the DAQ system
is close to 100% when the detector count rate is less than
20 Hz. Therefore, based on N

exp
x the dependence of the LCS

X-ray yield recorded by the Si(Li) detector on the X-ray di-
vergence angle can be extracted. This dependence and the
theoretical prediction from (6) are shown in Fig. 6 proving
that the detected LCS X-ray photon yield is consistent with
the theoretical prediction in the θ -range investigated experi-
mentally.

5.2 Time scan for maximal LCS X-ray yield

The synchronization is initially achieved by setting the time
difference between the Nd:YAG laser pulse and the elec-
tron macropulse to 158 ns as recorded by the oscilloscope
(see Sect. 4). After the position of the Si(Li) detector is op-
timized, a time scan is performed by adjusting this time dif-
ference in steps of ∼1 ns around 158 ns. During the time

Fig. 7 The generated X-ray yield as a function of the time difference
between the electron macropulse and the Nd:YAG laser pulse recorded
by the oscilloscope. The shaded band is the theoretical estimation. The
uncertainty of the LCS X-ray yield is due to the time jitter of 1.0 ns

scan, we measure the LCS X-ray yield per collision, N
exp
x ,

as a function of the time difference between the electron
macropulse and the Nd:YAG laser pulse. The result is shown
in Fig. 7.

Considering the peak-to-peak time jitter between the
electron macropulse and the laser pulse of 1 ns, the the-
oretical estimation with its uncertainty of the LCS X-ray
yield due to this time jitter is obtained from (9) and (10)
and is also shown in Fig. 7. All parameters used in (9)
and (10) are summarized in Table 1. The numbers of laser
photons, NL , and electrons, Ne, are calculated to be 4.82 ×
1018 photons/pulse and 1.66 × 108 electrons/pulse from
the laser pulse energy (0.86 J) and the electron macropulse
charge (26.5 pC), respectively; the laser pulse duration
(FWHM) of 7.8 ns corresponds to σlz = 1.0 × 102 cm; the
longitudinal length of the electron macropulse of 0.9 ns cor-
responds to σez = 25.5 cm. Based on (4) and (5), the lu-
minosity L and the average of the total LCS X-ray yield,
Nx , are 2.7 × 1028 m−2 and 1.0 photons/collision, respec-
tively, where α is calculated to be 0.4. We conclude that
the time difference between the laser pulse and the elec-
tron macropulse maximizing the LCS X-ray yield is be-
tween 156 ns and 158 ns, agreeing with our expectation of
158.3 ± 1.0 ns.

5.3 LCS X-ray energy spectrum and its flux

During this experiment, data is taken alternatively with laser
pulse on and off. The Nd:YAG laser and the electron beam
repetition rates are 2.5 Hz and 5 Hz, respectively. We use
data with laser pulse on minus data with laser pulse off
to separate the LCS X-ray signal from background radia-
tion. Background radiation can be largely suppressed if the
laser pulse and electron beam are stable. Although the SNR
is very low in this experiment, the generated LCS X-rays
can still be observed by this method; similar methods have
been widely used in the measurement of small asymmetries
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Table 2 The LCS experimental
parameters including the
generated LCS X-rays

aX-ray flux (total spectrum)
from SINAP I and II normalized
to an electron macropulse
carrying the charge of 1 nC

Parameter SINAP I SINAP II

Electron beam

Macropulse energy (MeV) 108 112

Macropulse charge (nC) ∼0.1 (1.0) 0.027 (1.0)

Pulse length (rms) (ns) 0.95 0.9

rms spot size at focus (σex/σey ) (mm) 3.1/2.5 1.5/1.9

Nd: YAG laser

Wavelength (nm) 1064 1064

Pulse energy (J) 0.113 0.9 (2.0)

Pulse duration (FWHM) (ns) 21 7.8

rms spot size at focus (σlx /σly ) (mm) <0.5/<0.5 <0.2/<0.2

Laser incident angle 42◦ 44±2◦

Relative time jitter at interaction point (ns) 1.3 1.0

X-rays

Peak energy (keV) 29.1 ± 4.4stat ± 2.1syst 31.73 ± 0.22stat ± 1.64syst

Peak width (keV) 7.8 ± 2.8stat ± 0.4syst 0.74 ± 0.26stat ± 0.03syst

Photons/s (total spectrum)a (5.2 ± 2.0) × 102 (1.7 ± 0.3) × 103

Fig. 8 The LCS X-rays energy spectrum after background subtraction

in spin physics: asymmetries as small as 10−8 were mea-
sured [59].

The LCS X-ray energy spectrum obtained after back-
ground subtraction is shown in Fig. 8. The horizontal axis
is inscribed with the energy of a single photon whose en-
ergy is calibrated by the standard X-ray sources from 125I
and 55Fe radioactive sources. By fitting the LCS X-ray en-
ergy spectrum, the peak energy and the peak width of the
LCS X-ray spectrum are 31.73 ± 0.22stat ± 1.64syst keV and
0.74 ± 0.26stat ± 0.03syst keV. Here the subscripts stat and
syst refer to statistical and systematic errors. In order to com-
pare with SINAP I [53], the LCS experimental conditions
and their results including the observed LCS X-ray peak en-
ergies and widths are compiled in Table 2. The measured
peak energy is consistent with that in SINAP I.

The LCS X-ray flux is obtained from the LCS X-ray
yield per collision, N

exp
x , at the interaction point, which

is 0.92 ± 0.16 photons/collision from (11) for an electron
macropulse charge of 26.5 pC and the laser pulse energy
of 0.9 J. Normally the 100-MeV LINAC operates with the
electron macropulse charge of 1.0–1.2 nC/pulse, an inci-
dent laser pulse energy of 2 J, and an electron and laser
collision repetition rate of 20 Hz. The corresponding LCS
X-ray flux is listed in the right-hand column in Table 2
as (1.7 ± 0.3) × 103 photons/s from N

exp
x . When increas-

ing the electron beam current from 26.5 pC/macropulse to
1.0 nC/macropulse, it has to be realized that other prop-
erties of the electron beam are changed, too. For example,
the electron beam emittance due to the space charge effect
will grow. Therefore the X-ray flux as given above is only a
rough estimate.

6 Summary and outlook

We have demonstrated the generation of quasi-monochro-
matic laser-Compton scattering X-rays with a peak en-
ergy of about 30 keV by the interaction of Q-switched
Nd:YAG laser pulses (wavelength 1064 nm, pulse width
8 ns, and pulse energy 2 J) and electron macropulses (en-
ergy 112 MeV and pulse width 0.9 ns (rms)) at the an-
gle of 44◦. The generated X-ray peak is visible and its
peak energy is consistent with that in SINAP I. The LCS
X-ray yield as a function of the time difference between
the electron macropulse and the laser pulse and the angu-
lar distribution of the detected LCS X-ray count rates with
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Table 3 Typical parameters of
laser, electron beam and γ -rays
at the future SLEGS

Electron in storage ring

Electron energy GeV 3.5

Bunch intensity (single/multi bunch) mA 5/200 ∼ 300

Bunch length (σez) mm 4

RMS beam size (σex) μm 30–40

RMS beam size (σey) μm 50–60

Normalized emittance nm rad 3.9

Nd:YAG laser

Wavelength nm 1064

Peak power GW 10

RMS beam size (σlx) μm 50

RMS beam size (σly) μm 50

Pulse length (σlz) ps 10

Laser incident angle 10◦–170◦

Gain of laser super-cavity 10–100

γ -rays

Peak energy adjustable MeV 1.6–204

Flux (two orders energy gain is considered) Photons/s 1.9 × 109–2.4 × 1011

the X-ray scattered angle are presented. Normally, the 100-
MeV LINAC operates with an electron macropulse charge
of 1.0 nC/pulse, an incident laser pulse energy of 2 J, and an
electron and laser collision repetition rate of 20 Hz. There-
fore, a total LCS X-ray flux of (1.7 ± 0.3) × 103 photons/s
can be achieved.

This experiment is the foundation for two future appli-
cations. Based on (4) and (5), we simulate the γ -ray fea-
tures for the future SLEGS. A conventional GW and ps
Nd:YAG laser and a laser super-cavity with an energy gain
of 100 are employed in our simulation. More detailed para-
meters of the laser and electron beams are summarized in
Table 3. The future SLEGS can be a high flux (1.9 × 109–
2.4 × 1011 photons/s) and energy-tunable (1.6–204 MeV)
γ -ray source according to our simulation. However, there
will be many technical difficulties and challenges for con-
structing energy-tunable SLEGS, e.g. building a laser super-
cavity with a high gain. Also the generation of high flux
γ -rays may affect the electron lifetime in the storage ring
and the performance of the SSRF [60]. So we are going to
construct the SLEGS with a low photon flux first and (if
possible) then update it s flux to about 1010 photons/s us-
ing a laser super-cavity. Based on the experimental device,
we design the future SINAP III. If an updated terawatt and
fs Ti: Sapphire laser and the layout of backward LCS are
employed, SINAP III will become an X/γ -ray source with a
flux of 106–108 photons/s and a pulse length from ps down
to hundreds of fs. This source will be of great interest for the
study of the interaction between ultra-intense laser and elec-
tron beams (e.g. laser acceleration of electrons, non-linear
laser–Compton scattering, and radiation damping), and in

many other fields, e.g., non-destructive assay of radioactive
nuclides and detection and management of nuclear waste in
nuclear research and industry [61, 62].
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