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The Xian gamma-ray light source (XGLS) is a proposed novel high brightness gamma-ray source based
on inverse Compton scattering (ICS) between the high brightness electron and laser beams. The
photoinjector of the accelerator is one of the main components that determines the electron beam quality
and related gamma-ray parameters [Phys. Rev. Accel. Beams 21, 030701 (2018); 20, 080701 (2017);
8, 100702 (2005)]. In order to reduce the risk of this project, a photoinjector including a laser-driven
photocathode rf gun, two S-band tubes, and a diagnostic section was constructed and installed from 2016,
serving as a pilot plant for the development of the key technologies for the projects. The injector is designed
to deliver high quality electron bunches of typically 500 pC charge and ∼120 MeV energy with low
emittance and jitter at 10 Hz repetition. Initial system commissioning with an electron beam was finished in
the end of 2017, with a goal of a stable 0.6–0.7 mmmrad emittance in a 500-pC bunch clearly demonstrated.
In this paper, we report the experimental results and experience obtained in the commissioning, including rf
gun, drive laser system, timing and synchronization system, and beam diagnostics.
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I. INTRODUCTION

High intensity x-ray light sources based on free electron
laser (FEL) and synchrotron accelerators have already set
off a wave of exploring the structure and dynamics of
atomic and molecular systems around the world [1–9].
However, high intensity quasimonochromatic dedicated
gamma-ray light sources are still rare till now. Gamma-
ray sources based on inverse Compton scattering (ICS) are
currently the most feasible solution [10]. Since in such
sources the incident photons are boosted to high energy
proportional to the square of electron beam energy, it is
easy to generate high energy gamma-ray beam with much
lower beam energy than FEL and synchrotron light source.
For example, to generate 1 MeV gamma-ray photon with
800 nm laser, the required beam energy is about 200 MeV,
which makes such sources very compact. Besides, gamma-
ray source based on ICS has the feature of high intensity,
quasi-monochromatic and good collimation. Dedicated
gamma-ray sources based on ICS are being proposed
and constructed at many labs worldwide [11–13], and thus
the applications of high intensity quasimonochromatic
gamma-ray are also being researched and excavated, such
as nuclear resonance fluorescence (NRF) imaging, nuclear
reaction research and so on [11,12].

Recently, we start to propose and design the Xian
gamma-ray source (XGLS) based on ICS at accelerator
laboratory in Tsinghua University, which will deliver
0.1–3 MeV energy tunable monochromatic gamma-ray
light of up to 108 photons yields per pulse at a repetition
of 10 Hz. This implies it requires high quality electron and
laser beam at the interaction point. In design, stable 500-pC
bunches would be accelerated to about 360 MeV and have
the emittance of less than 0.9 mmmrad. This requirement
would be met by careful and systemic design and con-
struction of the photoinjector based accelerator [14,15]. In
order to reduce the project risk, the photoinjector was
constructed and installed from 2016 first to serve as the
pilot plant and test bed of the key technologies and
components. The main design and typically measured
parameters of the photoinjector in XGLS are listed in
Table I. Initial commissioning with the first electron beam

TABLE I. Main design and typically measured parameters of
the photoinjector in XGLS.

Parameter Design Measured

Bunch charge (nC) 0.5 0.5
Final beam energy (MeV) ∼120 ∼120
Energy jitter 0.1% 0.1%
Bunch length (FWHM, ps) ∼10 10.1
Energy spread (rms, %) ≤0.14 0.18
Projected norm emittance
(mmmrad)

≤0.9 0.6–0.7
(in the best case)

Repetition rate (Hz) 10 10
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was finished in the end of 2017. The measured beam
emittance is about 0.6–0.7 mmmrad in a 500-pC bunch,
which clearly demonstrated the goal of the project.
In this paper, we report the first beam results and

experience obtained in the commissioning, including
photocathode rf gun, drive laser system, timing and
synchronization, and beam diagnostics. This main body
is organized as follow: in Sec. II, we will present the
description of the main components in the photoinjector,
including the main subsystems such as rf gun, drive laser
system, and timing and synchronization system. In Sec. III,
we give some commissioning results of the photocathode rf
gun. In Sec. IV, the result of emittance optimization will be
presented. And at last a summary and future perspective
will be presented.

II. DESCRIPTION OF THE MAIN COMPONENTS

A. Overview

The injector adopts a common layout of a normal
conducting S-band (2.856 GHz) photoinjector [8], consist-
ing of a laser-driven photocathode rf gun, two S-band
tubes, and a diagnostic section. The rf gun and two S-band
tubes are powered by three sets of modulators and
S-band klystrons, respectively. Figure 1 shows the major
components of the photoinjector with a total length of about
15 meters. The injector begins with a S-band photocathode
rf gun, followed by two three-meters SLAC S-band
accelerating tubes. It produces a single electron bunch
typically with an energy of ∼120 MeV and 0.5 nC of bunch
charge at a 10 Hz repetition rate. Then this beam is
transported into a beam diagnostic section, consisting of
matching and scanning quadrupoles, an energy analysis
dipole magnet, and several beam profile monitors with
Yttrium Aluminum Garnet (YAG) and optical transition
radiation (OTR) screens. Beam diagnostics for charge and
position are located among the beam line, including an
integrating current transformer (ICT) for bunch charge
measurement, SBPMs (strip-line beam position monitors)
and CBPMs (cavity beam position monitors) for beam

position measurement. Drive laser system is located in a
clean room beside the injector hall and it can deliver
266 nm ultraviolet (UV) laser pulses with ∼10 ps FWHM
duration and variable transverse spot sizes at a 10 Hz
repetition rate.

B. Photocathode rf gun

The gun installed in the photoinjector is one of the
Tsinghua University third-type rf gun which have been
demonstrated to have high performance and to generate
high quality electron beam on beam lines of different
facilities [16–19]. This gun was developed based on the
conventional BNL/SLAC/UCLA/KEK type gun [20,21]
and improvements were made to improve the performances
[22,23]. The gun geometry profile was modified to reduce
the peak electric field on the iris, increase the quality factor
of the cavity and increase the mode separation of the
0-mode and pi-mode. The gasket between the cathode plate
and the first cell was removed and they were brazed directly
to reduce the rf breakdown possibility. The simple four
ports scheme with nonsymmetric vacuum port was used to
eliminate the dipole and quadrupole field. The cathode was
cleaned with dry ice after the brazing to reduce the dark
current. More detail information about the gun develop-
ment is introduced in Ref. [23].

C. Drive laser system

The drive laser was manufactured by Coherent
Corporation and is a frequency tripled, chirped-pulse
amplification fs laser system based on Ti:sapphire. It can
deliver 266 nm UV laser with ∼100 fs FWHM duration
and ∼1.5 mJ maximum energy per pulse at 10 Hz. The
laser energy jitter is far less than 1%. The spatial and
temporal shapes of this laser are both Gaussian distribution.
While in order to reduce the nonlinear space charge effect
on beam emittance, the laser pulse should have a uniform
distribution with hard edges in space and time [24–27].
Therefore, a spatiotemporal reshaping is required.

FIG. 1. Layout of the XGLS photoinjector.
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For the temporal shaping, pulse stacking method based
on birefringent crystal α-BBO is used in the drive laser
system [28,29]. We use five pieces of α-BBO crystal to
separate a input UV laser pulse into 32 subpulses with
appropriate time intervals and 32 stacked subpulses form a
temporally quasiflat-top laser pulse suitable for cathode
driving. The thickness of the five α-BBO crystals used for
stacking are 5.92 mm, 2.96 mm, 1.48 mm, 0.74 mm,
0.37 mm respectively. We measured the temporal distri-
bution of the UV laser with a cross-correlation method [30].
We used a bunch of 800 nm infrared (IR) laser with 100 fs
FWHM duration to make difference frequency with the UV
laser in a difference frequency crystal, generating the
400 nm signal light. We scanned the time delay between
the IR and UV laser and recorded the change in the signal
light intensity with an ultrafast photoelectric detector. Then
the temporal distribution of the UV laser was inferred as the
blue curve shown in Fig. 2. The red curve in Fig. 2 is the
fitting curve with a flat-top distribution and R2 is 0.9858.
FWHM duration of the UV laser is 9.32 ps, and the rise and
fall time between 10% and 90% peak is 0.96 ps. The
transmission length of the UV laser from the laser system
exit to the photocathode is more than 10 m. In order to
ensure the uniformity of the spatial distribution of the laser
beam onto the photocathode, the so-called relay-imaging
technique is used in the optical transport line [31,32]. In the
drive laser system, the excellent near-field distribution is
maintained by two stage relay-imaging systems, which
effectively overcomes the diffraction effect. Each relay-
imaging system consists of two focusing lenses. A variable
laser beam shaping aperture(BSA) is placed at the image
plane of first relay-imaging system. The laser spot size on
the photocathode can be controlled by changing the
diameter of BSA, including 1.2 mm, 1.4 mm, 1.6 mm,
1.8 mm, 2 mm, and 2.3 mm. Figure 3 shows the transverse
profile of UV laser at the virtual cathode plane when the
BSA is 2 mm.
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FIG. 2. Measured and fitted temporal profile of the UV laser.
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FIG. 3. Transverse profile of UV laser when the BSA is 2 mm.
The red solid lines are horizontal and vertical projections. The
green dotted lines are the distributions at the blue dashed line
positions.

FIG. 4. The test result of the 3-hour mutual monitoring and detecting experiment: (a) the working system is running at close loop
mode. (b) the monitoring system is running at open loop and detecting the phase error between the reference and driver RF from working
system.
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D. Timing and synchronization system

The timing and synchronization system is an essential
part for the XGLS. The timing jitter of the clients including
the rf in the accelerator structures and the driving and
scattering laser system should be less than 100 fs to
generate stable electron beam and gamma-ray pulse. An
integrated timing and synchronization system including the
fiber based phase reference distribution system (PRDS), the
digital low level rf system (LLRF) and the laser-rf syn-
chronization client has been developed and demonstrated
at Tsinghua Thomson scattering x-ray source [33–35].
It includes one PRDS, one laser-rf synchronization client
and three LLRF clients. We evaluated the PRDS with
LLRF client together by taking two clients mutual mon-
itoring and detecting experiments. The test results is shown
in Fig. 4. The jitter of the working system is 54 fs RMS
monitored by itself. The jitter monitored by other inde-
pendent client is 80 fs RMS. Since the phase error of
monitoring system is the sum of the two independent
systems, the real phase jitter of one LLRF system should be
80=

ffiffiffi
2

p ¼ 57 fs RMS, which is almost equal to that of
working LLRF system (54 fs). The 11 fs slow drift of the
detecting system might be caused by the temperature drift
between the two systems, which can be eliminated once the
system works at the close loop mode. Hence, the phase
jitter of the LLRF system is near 50 fs RMS.

III. COMMISSIONING OF
PHOTOCATHODE RF GUN

The gun was baked for 72 hours under 300°C temper-
ature in the vacuum furnace before installation. Nitrogen
environment was employed during the installation to
protect the inside surface and the cathode in the gun.
After installation on the beam line, it was baked again for
48 hours under about 110–120°C temperature in vacuum.
The gradient was increased gradually to about 110 MV=m
in about 300 hours along the high power conditioning
process, and finally reached about 120 MV=m in the
following commissioning smoothly. There were few rf
breakdowns occurred in the gun during the rf conditioning.
The rf breakdown which limited the input power mainly
occurred at the circulator and the rf window in the vacuum
waveguide system. The gun was usually operated at about
108 MV=m at a repetition rate of 10 Hz with a rf pulse
length of 1.8 us. The dark current was not measured
precisely since there was no ICT or Faraday cup followed
with the gun. The dark current estimated by the accumu-
lated light intensity on YAG screen at the gun exit was
about several hundred pico-Coulomb under a gradient of
108 MV=m. The vacuum levels in the gun were less than
1 × 10−7 Pa and 2.5 × 10−7 Pa without and with the rf
power fed into the gun, respectively.
In the previous simulation by Astra [36], a relatively

low beam emittance was obtained when the launch phase

of the electron bunch center was 27 degrees from the zero
crossing. A Schottky scan method was used to establish
the laser launch phase in the gun. The bunch charge was
measured by the SBPM and its electrics downstream of
the rf gun which was carefully calibrated by the ICT
installed at the exit of the first accelerator tube. The typical
curves with 104� 4 MV=m peak cathode field are shown
in Fig. 5. The right side is close to the zero launch phase.
The inflection point on the curves near 180 degrees is due
to the ∼10 ps driving laser pulse duration, which takes
about 10 degrees in a period of S-band microwave. Based
on the scan curves, the zero launch phase is defined to
185 degrees where the center of the driving laser is just at
the zero crossing of the rf field at the cathode. All the
following launch phases are related to zero launch phase.
The scanned curves clearly demonstrate the Schottky
effect in the photoemission process. The intrinsic work
function can be estimated with the scan curves. According
to the three-step photoemission model in metal cathodes
[37], the square root of the cathode quantum efficiency
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(QE) is proportional to the rest kinetic energy of the
emitted electron beam,

ffiffiffiffiffiffiffi
QE

p
∝ ðhωþ ϕSchottky − ϕωÞ,

where hω is the photon energy, ϕSchottky is the Schottky
work function due to Schottky effect ϕSchottky ¼
3.79 × 10−2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
EðMV=mÞ � sinðθÞp

eV, ϕω is the intrinsic
work function of the cathode [37], E is the peak cathode
field, and θ is the launch phase with respect to zero
crossing. Since the laser energy is constant, bunch charge
Q is linear with QE when the bunch charge is low and the
space charge induced field makes no difference to cathode
surface field and bunch charge. With the data of the low
charge Schottky scan curve between 15–45 degrees of
launch phase, we can fit the curve of

ffiffiffiffi
Q

p
vsðhωþ

ϕSchottkyÞ as shown in Fig. 6. The intrinsic work function
of the cathode ϕω based on the fitting is 4.38 eV and this
value is close to the published work function 4.31 eV for
clean copper cathode [38,39]. That means this cathode
surface is in quite good condition. When launch phase is
27 degrees and the peak cathode field is 104 MV=m,
taking the Schottky effect into consideration the rest
kinetic energy Ek of electron emitted from the cathode
is about 0.54 eV. Knowing that the electron transverse

momentum σth ¼
ffiffiffiffiffiffiffiffiffi
Ek

3m0c2

q
, we get that the thermal emit-

tance is about 0.59 mmmrad/mm(rms).
In the measurement of QE, we got the change in bunch

charge as a function of laser energy with two different BSA,

1.4 mm diameter and 1.8 mm diameter. Also we varied the
peak cathode field and launch phase by changing input rf
power and rf phase correspondingly. The peak cathode
fields were estimated to be 84.9 MV=m and 108 MV=m.
The launch phases were chosen to be 17 degrees and
25 degrees from zero crossing. The measured curves are
shown in Fig. 7. Intersection with the x-axis might result
from some stray light mixed in the UV laser. We believe
that the energy of stray light is the same when BSA
diameter is the same. So we fixed the intersection with the
x-axis in the linear fit. QE is given by the slope of the
straight line before the space charge force makes a differ-
ence. We get all QE results shown in Table II. The QE is
measured as 5.55 × 10−5 with a 1.8 mm diameter BSA at
the nominal peak cathode field of 108 MV=m and launch
phase of 25 degrees from the zero crossing, giving a
cathode field of 45.6 MV=m during photoemission. Just as
Table II shows, QE decreases due to Schottky effect as the
cathode surface field becomes lower. Through above
30 minutes, we got the curve of the bunch charge as a
function of time, as shown in Fig. 8. Here the sampling
frequency is 5 Hz. In the long term, the average bunch
charge is 502 pC and bunch charge jitter is 0.7%.
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FIG. 7. Measured QE curves.

FIG. 8. Bunch charge jitter in the long term.

TABLE II. QE results.

Cathode surface
field QEðBSA ¼ 1.4 mmÞ QEðBSA ¼ 1.8 mmÞ
45.6 MV=m ð5.55� 0.06Þ × 10−5 ð5.55� 0.06Þ × 10−5

35.9 MV=m ð5.07� 0.05Þ × 10−5 ð5.16� 0.08Þ × 10−5

31.6 MV=m ð4.89� 0.05Þ × 10−5 ð5.00� 0.08Þ × 10−5

24.8 MV=m ð4.25� 0.04Þ × 10−5 ð4.62� 0.08Þ × 10−5
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IV. EMITTANCE OPTIMIZATION

The locations of beam profile monitors are shown in
Fig. 1. Transverse beam profiles are measured using six
1-μm thick aluminum OTR (optical transition radiation)
screens, and six 100-μm thick Ce-doped YAG (Yttrium
Aluminum Garnet) screens are mounted on the same frame
for low electron density use when OTR light is limited. The
light from YAG and OTR screens is detected with 16-bit
CCD camera. The beam profile measurement system has an
imaging resolution of less than 15 μm. The electron bunch
average energy and energy spread are measured by an
analysis dipole that deflects the beam by 45 degrees.
Typically, the bunch average energy is ∼120 MeV and
energy jitter is about 0.1% and energy spread is about
0.18%. In the following emittance measurement, the bunch
average energy is 103.6 MeV. Besides, we measured the
bunch length with an adapted rf zero-phase crossing
method. When second S-band rf cavity operates at the
zero crossing of the accelerating wave, we can measure
longitudinal distribution by changing the rf phase and
recording beam intensity at a definite position on the OTR
screen for energy measurement. The FWHM bunch length
is 10.1 ps. The resolution of this method is limited by the
bunch energy jitter, rf phase jitter, and energy measurement
resolution. A rough estimation of bunch length measure-
ment resolution is about 0.5 ps.
A quadrupole scan method is used in the emittance

measurement [40]. As shown in Fig. 1, the second S-band
tube is followed by five quadrupoles. We use the first four
quadrupoles for beam matching to adjust the transverse
beam size and scan the last quadrupole for emittance
measurement. The OTR screen for emittance measurement
is located 2.3 m away from the last quadrupole. Image
analysis and emittance calculations are implemented by
software. The software first subtracts the background
determined by the average pixel value of background
images. And it calculates the beamsize within the 5%
charge-cut area with two optional methods, Gaussian fit
and rms. The beamsize at a certain quadrupole gradient

setting is averaged with 13 images to reduce statistics error.
Emittance is finally obtained by curve fitting according to
the transport matrix theory. The statistics error of emittance
is calculated by error transfer formula using the statistics
error of beamsizes. The systematic errors mainly comes
from space charge effects,the imaging optics resolution of
CCD camera, the quadrupole field error and the beam-
energy uncertainty. The contribution of space charge effects
is estimated to be less than 0.5% by simulating the
emittance measurement process with and without space
charge. The imaging optics resolution is less than 15 μm.
The quadrupole field error is about 1% and the energy
uncertainty is about 1%. The whole systematic error is
estimated to be on the order of 10%. A measurement result
of 500-pC bunches as an example is shown in Fig. 9, with
the beamsize calculated in the 5% charge-cut rms method
the same as all the following results. Only the statistics
error is shown in the figure. In the process of emittance
optimization, we also record the emittance without charge
cut. From 22 sets of data, we get that a 5% charge cut
averagely reduces the emittance by about 30%. Launch
phase, laser spot size and gun solenoid magnet gradient are
three key parameters in the injector for low emittance
[41,42]. The laser spot size determines the thermal emit-
tance and space charge effect that will decay the emittance.
The launch phase influences the rf effect on a beam. And
the gun solenoid can compensate the linear effect of space
charge force on emittance if the gun solenoid magnet
gradient is appropriate. In the commissioning, we system-
atically measured the changes in emittance of both 200-pC
and 500-pC bunches with different launch phases, laser
spot sizes, and gun solenoid magnets. As shown in Fig. 10,
we measured both horizontal and vertical emittance of
200-pC and 500-pC bunches with a 1.8 mm diameter BSA.
Good symmetry were observed in the emittance measure-
ment of horizontal and vertical directions. Therefore we
only cared about vertical emittance in the following
measurement. For different launch phases and laser spot
sizes, we need to scan gun solenoid magnet gradient to
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minimize emittance because emittance is quite sensitive to
gun solenoid magnet gradient. We measured the change
in emittance of 200-pC and 500-pC bunches with different
launch phases as a function of gun solenoid magnet
gradient. Figures 11 and 12 respectively correspond to a
1.8 mm diameter BSA and a 2 mm diameter BSA. For
every fixed launch phase, we first scanned the gun solenoid
magnet gradient to find the minimum emittance in a wide
range with a relatively big step. Then we carefully
measured 5 points around the minimum emittance point
which is the compensated point. The compensated gun
solenoid magnet gradient for 500-pC bunches is higher
than that for 200-pC bunches, in agreement with previous
simulations. The optimal launch phase of 500-pC bunches
for both 1.8 mm diameter BSA and 2 mm diameter BSA is
23 degrees. The minimum vertical emittance of 500-pC
bunches with a 2 mm diameter BSA is lower than 0.6 mm
mrad. And the minimum vertical emittance of 200-pC
bunches with a 2 mm diameter BSA is lower than 0.35 mm
mrad. By changing the diameter of BSA, we measured the
change in emittance of 200-pC and 500-pC bunches with
different laser spot sizes as a function of gun solenoid
magnet gradient, which is shown in Fig. 13. The optimal
laser spot size of both 200-pC bunches and 500-pC bunches
is 2 mm.

V. SUMMARY AND FUTURE PERSPECTIVE

In the initial system commissioning, all subsystems have
operated smoothly, including drive laser system, timing and
synchronization system, photocathode rf gun, beam diag-
nostics system and so on. Drive laser system can deliver
266 nm UV laser with energy jitter far less than 1% and the
spatiotemporal reshaping has been done. The phase jitter of
the LLRF system is near 50 fs RMS that meets the
synchronization needs. The gun typically operate under
a peak gradient of 108 MV=m with few rf breakdowns

and a Schottky scan is used to determine the launch phase
and estimate the intrinsic work function of the cathode.
The intrinsic work function of the cathode is estimated to
be 4.38 eV. The typical QE of this copper cathode is
5.55 × 10−5. The three parameters, launch phase, laser spot
size, and gun solenoid magnet gradient, are optimized to
get the lowest emittance, and the minimum vertical
emittance of 500-pC bunches is lower than 0.6 mm mrad.
Then it has been demonstrated that the injector in XGLS
can deliver very stable 500-pC charge electron bunches
with 0.6–0.7 mmmrad emittance and typically 120 MeV
energy at 10 Hz repetition. This lays an excellent founda-
tion for the output of high brightness gamma-ray light.
In the following phase, more accelerating tubes to increase
the beam energy and a high power IR laser as the scattering
laser will be installed in succession. In the future, this high
intensity quasimonochromatic gamma-ray light delivered
in XGLS will be used in nuclear resonance fluorescence
(NRF) imaging, nuclear reaction research and so on. As for
now, this injector can also be used to do research with
respect to high brightness electron beam.
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