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Abstract
High-brightness photoinjector has been an indispensable

electron source driving X-ray free electron lasers (FEL).
To improve the performance of the next-generation FEL,
a high-quality electron beam with a small emittance, e.g.,
0.1 mm.mrad for a 100 pC bunch charge, will be of vital
importance. A consecutive double-slit emittance meter has
been proposed to measure such a small-emittance beam with
satisfactory accuracy. Analytical evaluations and optimiza-
tions have been performed based upon the beam parameters
of a C-band photocathode RF gun being constructed in the
China Spallation Neutron Source (CSNS).

INTRODUCTION
To improve the brightness of the next generation FELs, a

high-brightness electron source providing a small-emittance
beam, e.g., 0.1 mm.mrad for a bunch charge of 100 pC,
will be of vital importance. A C-band photocathode RF
gun with a gradient of more than 150 MV/m can quickly
improve beam energy to relativistic energy and effectively
suppress the undesired emittance growth due to space-charge
forces [1-5]. Comparing with the X-band photocathode RF
gun, the C-band RF gun has a reasonable dimension that
reduces the critical requirements on the manufacture preci-
sion. Thanks to the merit of a higher accelerating gradient
with controllable fabrication difficulty, the high-brightness
C-band photoinjector has been proposed for future FELs in
several institutes.

For the demonstration of the key techniques for future FEL
facilities, a photoinjector test stand has been constructed in
the Chinese Spallation Neutron Source campus. This test
beam consists of a driven laser, a 3.6-cell C-band RF gun,
and downstream diagnostics instruments, as shown in Fig. 1.
Concerning the merit of a long lifetime and promising toler-
ance on the vacuum, the copper cathode has been used. As a
consequence, a 266 nm UV laser with a repetition rate of 0-
100 Hz, a pulse energy of 2 mJ, and a pulse width (FWHM)
of less than 0.8 ps has been developed. The prototype C-
band RF gun has been manufactured and an electric field of
150-180 MV/m on the copper cathode has been confirmed
in the cold test. The typical beam parameters have been
summarized in TABLE. 1. The beam instrumentations in-
clude an integrating current transformer (ICT), an emittance
meter, an energy spectrometer, and a Faraday cup. The de-
signed sensitivity of the ICT is 5 Vs/C with an output gain
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of 20 dB and pulse width of about 70 ns. To quantify the
energy spectrum, two slits of a width of 50 𝜇m and with a
gap of 100 mm in between forming a vertical collimator have
been placed in front of the bending magnet. The momen-
tum profile is then determined by the transverse image at the
downstream screen with the known dispersion obtained from
ASTRA simulation. Since the ICT is an indirect diagnostic
and demands periodic recalibration, a Faraday cup has been
designed for direct current measurement with high accuracy.
To cure the escaping of backscattered particles, a bias volt-
age of 1 kV will be applied at the cup entrance. With careful
optimization of the geometry, a capacity of about 15.6 pF
has been achieved in simulation which enables registering
signal with satisfactory precision.

Figure 1: Schematic of the C-band photoinjector test stand
at CSNS.

Table 1: Design Parameters of the C-band Photoinjector Test
Stand at CSNS.

Parameter Unit Value

RF frequency GHz 5.712
Accelerating gradient MV/m 150
Repetition rate Hz 1-100
Beam energy at the gun exit MeV 7.3
Bunch charge nC 0.1∼1
Transverse emittance (0.1 nC) mm.mrad <0.2
Bunch length ps 5

To achieve the expected small-emittance beam, the diag-
nostic probe, emittance model and automatic optimization
scheme are necessary. Although the beam is at the rela-
tivistic energy at the exit of the photocathode RF gun, the
space-charge force is still a major obstacle for accurate emit-
tance diagnostics. For the emittance measurements employ-
ing the conventional single-slit scan, multi-slit method, or
pepper-pot method, a micrometer-scale slit width or hole di-
ameter allowing an extra-small partition of particles to pass
through is required. This brings grand challenges to state-
of-art manufacture and alignment techniques. To tackle the
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above challenges, a novel emittance meter capable of accu-
rate measurements of small emittance and with reasonable
fabrication and assembly difficulty has been proposed and
designed for the C-band photocathode test stand.

DESIGN CONSIDERATIONS
For the reconstruction of the phase-space profile and emit-

tance, the suppression of the space-charge forces, beamlet
imagination and algorithm for space-space analysis are key
considerations [6-12].

Thanks to the technical recipes for the single-slit-based
emittance meter in Ref. [7], a tungsten slit mask of a thick-
ness of 2 mm, which provides sufficient angle acceptance and
beam stop/scattering performance, has been chosen. To eval-
uate the influence of the space-charge force, a space-charge
dominance ratio for the beamlet is typically employed. Here,
we have alternatively assessed the impact of space-charge
forces through tracking simulations in ASTRA concerning
the design beam parameters. In the simulation, beamlets
are imagined at 0.55 m downstream of the slit mask and
then integrated for the determination of beam size. In the
absence of space-charge force, the beam sizes are slightly
lower than the expectations due to the angle acceptance. In
the presence of space-charge force, a single slit width of ∼5,
15∼20 and 30∼50 𝜇m is required for a bunch charge of 0.1,
0.3 and 0.5 nC, as shown in Fig. 2. The latter two slit widths
are technically feasible, however, a slit width of about 5 𝜇m
is difficult to fabricate.
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Figure 2: Beam sizes at the downstream screen(∼0.55 m)
for a bunch charge of 0.1, 0.3 and 0.5 nC.

Figure 3: Principle of the consecutive double-slit emittance
meter.
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Figure 4: Beamlet sizes and its growth rate (comparing with
the expectations without space-charge force) as a function
of the drift length in the presence of space-charge force.

During the beamlet spreading between the front slit and
downstream profile monitor, the dilution due to space charge
is related to the particle population and impacting time. In-
stead of single-slit scanning with an extra-small slit width,
a consecutive double-slit scan has been proposed for mea-
suring the small emittance (<0.2 mm.mrad). As shown in
Fig. 3, the beamlet produced by the front slit is shaped into
sub-beamlets by the latter slit located at 𝐿1 downstream.
Assuming two slits with similar widths, the initial sizes of
the beamlet and sub-beamlet are comparable. But, the space
charge of the sub-beamlet is much lower owing to a very
small particle population. The distance between these two
slits is determined by the compromise among the strength
of space charge force, the fabrication difficulty of the slit
mask and the sensitivity of the sub-beamlet imaging sys-
tem. The upper limit of the width of the second slit is given
by the beamlet size, and the bottom limit is determined by
the fabrication difficulty. Since the space-charge force is
extremely weak for the sub-beamlet, the distance of the drift
from the latter slit to the screen (𝐿2) should be determined
concerning the resolution of the imaging system.

Concerning the beam parameters at a bunch charge of
0.1 nC, the beamlet-size growth has been evaluated for a
front slit width of 5, 10 and 15 𝜇m, as shown in Fig. 6. With
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Figure 5: Expected phase-space profile at the first slit (a),
phase-space profiles constructed from beamlet intensity dis-
tributions with slit widths of 5 and 10 𝜇m (b, c) and phase-
space profile determined by sub-beamlet profiles with slit
widths of 10 𝜇m (d).

a front slit width of 10 𝜇m, the gap between the two slits is
set as 0.1 m inducing a beamlet-size growth of ∼7% than
that in the absence of space-charge force. Regarding a small
beamlet at the second slit (∼30 𝜇m), a slit width of 10 𝜇m
has been chosen. Thus, the beamlet is then divided into ∼9
sub-beamlets. To loose the requirements of the resolution
of the imaging system, a drift length of 0.75 m providing
a sub-beamlet size of 30∼40 𝜇m at the screen has been
implemented to 𝐿2. With linear transfer matrices, the phase-
space profiles have been reconstructed with single-slit and
consecutive double-slit scans, as shown in Fig. 5. For a
single-slit width of 5 𝜇m and the consecutive double-slit
widths of 10 𝜇m, the constructed rms beam divergences are
about 8% higher than the expectation. But, the rms beam
divergence grows by 24% constructed by the single-slit scan
with a slit width of 10 𝜇m.

TOWARDS EXPERIMENTAL
DEMONSTRATION

Following the above design considerations and constraints,
an emittance meter has been designed at CSNS. At the first
slit mask, multiple slit widths of 10, 20 and 50 𝜇m and a
Ce:YAG screen are arranged capable for emittance mea-
surements at a bunch charge of 0.1-0.5 nC and beam profile
imaging. In the downstream, the other mask with a slit width
of 10 𝜇m is inserted. For the beamlet and sub-beamlet imag-
ination, a Ce:YAG screen, a 45◦ mirror and an in-air optical
observation system are employed. Such configuration has
the merit of excellent resolution, smaller than the Ce:YAG
screen and the transition radiation light generated at the mir-

ror has been verified to be negligible. On the other hand,
this beamlet imaging system has been integrated with the
slit masks for energy spectrum measurement. Concerning
diffraction limit, screen thickness, pixel size and optical aber-
ration of the macro zoom lens, a spatial resolution of about
10 𝜇m has been predicted.

Figure 6: Schematic of the emittance meter for the C-band
photocathode test stand at CSNS.

In addition, the actual slit widths of 9.08±0.73,
20.76±0.73 and 50.59±0.47 has been checked using a mi-
croscope, as shown in Fig. 7.

Figure 7: False color images of slits obtained with a 50X
microscope. Notice that one pixel represents 0.085 𝜇m.

CONCLUSIONS
To quantify the emittance of the high-brightness electron

source required for next-generation FELs, a consecutive
double-slit emittance meter has been proposed and designed
with respects to the designed beam parameters of a C-band
photoinjector test stand at CSNS. Major considerations and
constraints towards an accurate emittance measurement have
been described in detail. The experimental demonstrations
will be conducted after assembly and commissioning of the
photoinjector test stand.
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