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Abstract
To enhance the performance of the next generation of X-

ray free electron lasers (XFEL), it is essential to produce a
high quality electron beam with a low emittance, for instance,
below 0.2 mm-mrad for a 100 pC bunch charge. In order to
demonstrate the fundamental techniques required for future
FEL facilities, a C-band photoinjector test facility has been
constructed aligning with the Southern Advanced Photon
Source (SAPS) pre-research project. An emittancemeter
based on the consecutive double-slit-scan concept has been
proposed and designed for determining such small emittance.
This paper presents the further optimization of the primary
parameters of this emittancemeter employing numerical sim-
ulations in the presence of the measured motion accuracy
and the expected observation resolution.

INTRODUCTION
Next-generation XFEL is rapidly moving towards pro-

viding more flexible photon pulse time patterns and higher
average brightness. This has brought new requirements on
the high-brightness electron source to deliver the electron
beam with a low transverse normalized emittance (below 0.2
mm-mrad for a bunch charge of 100 pC). High-brightness
photocathode electron gun plays a decisive role in the overall
performance of XFEL. Among the brightest electron sources,
the photoinjector equipped with a low-intrinsic-emittance
photocathode has been widely used. For a photocathode
radio-frequency gun (RF gun), the beam emittance usually
reaches its minimum for an acceleration gradient of about
140-150 MV/m [1, 2]. However, the existing L-band and
S-band photocathode RF gun could hardly reach such high
acceleration gradient. The C-band photocathode RF gun
features a maximum gradient of above 150 MV/m and can
provide small-emittance beam for the future XFEL. More-
over, the C-band RF gun has a reasonable requirement on the
mechanical processing accuracy (about 20 µm) that could
be met with the state-of-art techniques.

The C-band photoinjector test facility at the Institute of
High Energy Physics (IHEP/CAS) employs a 5.712 GHz
3.6-cell gun with the designed acceleration gradient above
150 MV/m [3]. To optimize the beam emittance, the beam
tracking software Astra combined with Python’s lume-astra
and Geatpy libraries have been used. An evolutionary algo-
rithm has optimized the minimum emittance at a distance
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Figure 1: Layout of the C-band photocathode RF gun test
facility.

Table 1: Optimum Simulated Photoinjector Parameters for
Bunch Charge 100 pc

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
Transverse emittance mm-mrad 0.175
Bunch length ps 5
Beam rms size µm 42.5

of 1 m from the cathode surface as summarized in Table 1.
The cathode material is copper, and the beam energy at the
electron gun exit is 7-8 MeV. For a bunch charge of 100 pC,
the 100 % and 95 % emittances are 0.18 and 0.11 mm-mrad,
respectively. To quantify the beam quality at the gun exit,
a diagnostic beamline has been designed. It consists of an
emittancemeter (EM), an integral beam transformer (ICT),
two screen monitors and a Faraday cup (FC), as shown in
Fig. 1.

METHODS
For the C-band photoinjector, beam emittance increases

rapidly from 0.18 mm-mrad to about 0.8 mm-mrad as the
beam drifts from a distance of 1 m to 1.8 m. The conven-
tional quadrupole scan and multi-screen method could not
be adapted. Alternatively, the multi-slit method or single-slit
methods have been widely used at many photoinjector [4–7].
For instance, PITZ measured an emittance of 0.26 mm-mrad
employing a 10 µm slit [8]. The both methods employ a tight
slit to divide the beam into smaller beamlets and then visual-
ize the beamlet downstream using a profile monitor. Thus, it
allows the reconstruction of the phase space distribution and
emittance with an acceptable impact from the space-charge
effect. The multi-slit method has the merit of single-shot
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emittance measurement. However, one must avoid or correct
the overlap between beamlets. Meanwhile, the single-slit
method could reconstruct the almost full phase-space distri-
bution at the cost of a long scan time. But, the systematic
evaluation of the measurement accuracy and error are still
of great importance.

Single Slit Method
To characterize the influence of the space charge force on

the beam, the envelope equation for the relativistic electron
beam in free space under the paraxial approximation could
be expressed as [9]

𝜎′′
𝑥 − 𝜀𝑛

2

𝛾2𝜎3
𝑥

− 4𝐼𝐴
𝛾3𝛽3𝐼0 (𝜎𝑥 + 𝜎𝑦)

= 0, (1)

where 𝐼𝐴 is peak current of beam, 𝐼0=17 kA the electron’s
Alfven current, 𝜀𝑛 the normalized emittance, 𝜎𝑥 , 𝜎𝑦 the
transverse root mean square (rms) beam sizes, 𝛾 the Lorentz
factor, 𝛽 the electron velocity scaled by light speed. Typi-
cally, we use the space-charge dominance ratio 𝑅𝑠𝑐 to quan-
tify the degree of space-charge dominance over emittance in
driving the evolution of the beam envelope. The 𝑅𝑠𝑐 is de-
fined by the ratio of the second and third terms in Eq. (1). To
mitigate the space-charge force, 𝑅𝑠𝑐 should be much smaller
than 1. As suggested in Ref. [10], One may consider that the
beam is emittance-dominated when 𝑅𝑠𝑐 is smaller than 0.1.

Concerning the design beam parameters at the exit of
the C-band photocathode RF gun, 𝑅𝑠𝑐 is about 2.5, i.e., the
beam is space charge dominated. For the beamlet at the
slit exit, the beamlet width can be approximated as 𝑤/

√
12

where 𝑤 is slit width. The space-charge dominance ratio
could be then approximated as

𝑅𝑠𝑐 =
4𝐼𝑤2

5
√

3𝛾𝛽3𝐼0𝜀
2
𝑛 (1 + 𝑤/

√
12𝜎𝑥)

, (2)

where 𝐼 the beamlet peak current which could be approxi-
mated as [11]

𝐼 = 𝐼𝐴𝑤/2.5𝜎𝑥 . (3)

Apparently, a narrow slit to divide the beam into more
smaller beamlets could effectively reduce the space charge
force and its influrence. For the beam parameters at the gun
exit at a bunch charge of 100 pC, the preliminary evaluation
by Eq. (2) reveals that a slit width of less than 9.1 µm is
necessary to ensure the emittance dominance of the beam-
let (𝑅𝑠𝑐 = 0.1).

Consecutive Double-Slit Method
We have proposed an emittance measurement technique

based on the consecutive double-slit-scan concept. By using
a second slit parallet to the first slit, one can divide the
beamlet into sub-beamlets. Thus, it is possible to further
mitigate the measurement error arising from the space charge
force, as depicted in Fig. 2.

Figure 2: The illustration of the consecutive double-slit
scheme.

Knowing the slit position and the sub-beamlet distribu-
tions, one can reconstruct the distribution and the rms diver-
gence of the beamlet as

𝑥′𝑖 =

∑𝑚
𝑗=1 𝑥𝑖, 𝑗 − Δ𝑥𝑖

𝐿1 + 𝐿2

𝜎′
𝑖 =

𝜎𝑖

𝐿1 + 𝐿2

, (4)

where 𝑥𝑖, 𝑗 is the position distribution of the 𝑗-th sub-beamlet
after the 𝑖-th beamlet passes through the second slit, 𝑚 is the
total number of the sub-beamlets derived from a single beam-
let, Δ𝑥𝑖 is the central position of the first slit corresponding
to the 𝑖-th beamlet, 𝜎𝑖 is the rms size of the accumulation of
sub-beamlets profile from 𝑖-th beamlet. 𝐿1 and 𝐿2 are the
drift length of the beamlet from the first slit to the second
slit and the drift length of the sub-beamlets from the second
slit to the screen, respectively. Then, the first moments of
the phase-space distribution could be approximated as

⟨𝑥⟩ =
∑𝑛

𝑖=1 𝐼𝑖𝑥𝑖∑𝑛
𝑖=1 𝐼𝑖

≈
∑𝑛

𝑖=1 𝐼𝑖Δ𝑥𝑖∑𝑛
𝑖=1 𝐼𝑖

⟨𝑥′⟩ =
∑𝑛

𝑖=1 𝐼𝑖𝑥
′
𝑖∑𝑛

𝑖=1 𝐼𝑖

, (5)

where 𝐼𝑖 is the integrated detected intensity of the 𝑖-th beam-
let, 𝑛 the total number of beamlets, 𝑥𝑖 the distribution of
the 𝑖th beamlet. The second moments of the phase-space
distribution and the emittance could be expressed as〈

𝑥2〉 = ∑𝑛
𝑖=1 𝐼𝑖 (Δ𝑥𝑖 − 𝑥)2∑𝑛
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〉
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𝑖

]∑𝑛
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⟨𝑥𝑥′⟩ =
∑𝑛

𝑖=1 𝐼𝑖 (Δ𝑥𝑖 − 𝑥) (𝑥′2 − 𝑥′)∑𝑛
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, (6)

where 𝑥 and 𝑥
′ are the mean position and the mean diver-

gence of entire beam, respectively.
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The measurement accuracy also depends on the algorithm
of emittance analysis. Due to a limited signal-to-noise ratio
(SNR), an imperfect image noise subtraction and a weak
signal recognition, it’s impossible to reconstruct the 100 %
of the emittance. Thus, a more appropriate measure of the re-
sult is the 95 % emittance. The popular emittance evaluation
techniques include the threshold method, ellipse exclusion
method, and single projection ellipse analysis (SPEA) [12].
Hereinafter, the SPEA method is used to fit the reconstructed
phase space distribution and determine the 95 % emittance.

EMITTANCEMETER DESIGN
The primary parameters of an emittancemeter encom-

pass the slit width, the slit thickness, and the drift dis-
tance [13–16]. Compared with traditional single-slit method,
the consecutive double-slit method has another key parame-
ter 𝐿1. The concept design of the emittancemeter in Ref. [17]
emphasises on the control of the central-beamlet size. How-
ever, to reduce the measurement error, the optimization of
the emittancemeter parameters by means of numerical simu-
lation is indispensable.

Preliminary Design
The slit width is important in reducing the space charge

force. In order to minimise the space charge force and to en-
sure reasonable processing accuracy, it is more appropriate
to use two 10 µm slits.

The SNR of detection for the downstream sub-beamlets
is related to the thickness of the slit mask. The density of
sub-beamlets on the downstream observation screen must
be higher than the density of both transmitted and scattered
particles. Thus, the slit mask must effectively block or de-
flect the peripheral particles. In order to ensure an accept-
able SNR and sensitivity for the emittance measurement, a
tungsten slit mask with a thickness of 1 mm was selected
regarding the Monte Carlo simulations and the fabrication
difficulties [18].

If the drift distance 𝐿1 is insufficient, the beamlet cannot
be divided into the smaller sub-beamlets with lower bunch
charge before fully diverging. Conversely, when 𝐿1 is exces-
sive, the beamlet distribution was more significantly altered
by the more potent space charge force before reaching the
latter slit. In this case, the performance of this emittanceme-
ter will be similar to that employing a single-slit of the same
slit width. Assuming a total drift distance of 0.55 m, the
optimized of the beamlet’s drift distance concerning the mea-
surement error is considered. To obtain a measurement error
below 8 %, 𝐿1 should be within 0.03-0.04 m, as shown in
Fig. 3.

An appropriate drift distance of the sub-beamlet is also
necessary for measurement accuracy. As shown in Fig. 4,
for a drift distance of 0.26 m, the measurement error could
be minimized to about 5 % and the 𝐿1 parameter at 0.04 m.
It is also observed that the increase of the measurement error
caused by space charge force is quantified to be less than
1 % when the drift distance is from 0.26 m to 0.5 m. After

Figure 3: Measurement error versus the distance of two slits
𝐿1.

Figure 4: Measurement error versus 𝐿2 when 𝐿1 at 0.01,
0.06, 0.10 m.

being further attenuated by the second slit, the sub-beamlet
is emittance dominant when the drift distance is sufficiently
large.

Dynamic Errors and Their Impacts
In addition to the space charge force, the accuracy of the

emittance measurement is mainly determined by dynamic
errors, e.g., the displacement accuracy of the linear stage and
the image resolution of the beamlet or sub-beamlet profile.
Typically, the slit scan is driven by a motor equipped with
a grating ruler. The off-line measurements using a laser
tracker has indicated a rms displacement accuracy of about
0.8 µm for an unidirectional scan with a step size of 10 µm.

For a beam size of 10-100 µm, a YAG screen has been con-
sidered to imagine the sub-beamlet distribution. The screen
is perpendicular to the beam trajectory, and the fluorescence
light is transported in to the in-air optical observation sys-
tem through a mirror in downstream. Concerning Optical
diffraction limit, optical aberrations, YAG screen thickness
and sensor pixel size, the resolution of our image system has
been assessed as less than 10 µm.

Based on the above evaluations, the drift distances 𝐿1
and 𝐿2 have been further optimized. Considering the dy-
namic errors, the optimal drift distance of sub-beamlet is
about 0.24 m with a minimum measurement error of 7.3 %,
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Figure 5: Measurement error versus 𝐿2.

as shown Fig. 5. Compared to the preliminary design in
the above sub-section, the dynamic error enlarges the re-
constructed beam divergence and the drift distance of sub-
beamlet should be longer.

By optimizing the drift distance, the parameters of the
emittancemeter are essentially established, which allows
the assessment of the measurement errors. We have re-
optimized the drift distances for single-slit scan with slit
widths of 5 µm and 10 µm, and consecutive double-slit scan
with two 10 µm slits. As shown in Fig. 6 (a), the single-slit
scan with a slit width of 5 µm and 10 µm has a minimum
measurement error of 4.7 % and 14 %, respectively. Mean-
while, the consecutive double-slit scan can minimize the
measurement error to about 7.3 %, as shown in Fig. 6 (b).

The Scope of Applications
In order to determine the applicability domain of the con-

secutive double-slit method, the phase space distribution
of the beam with bunch charge 100 pC is manipulated to
produce a variety of emittances from 0.1 to 0.3 mm.mard.
For a smaller emittance, the mitigation of space-charge force
is weakened accompanied with a higher beam loss. But, it is
possible to diagnose higher beam emittances with smaller im-
pact of space charge force. For an emittance of 0.1-0.15 mm-
mrad, the measurement error of consecutive double-slit scan
exceeds 10 %. For an emittance of 0.15-0.25 mm-mrad, the
measurement error of consecutive double-slit scan remains
below 10 %, whereas the measurement error of single-slit
scan is over 10 %, as shown in Fig. 7. Moreover, the con-
secutive double-slit scan, which uses one of the two slits,
can measure an emittance of over 0.26 mm·mrad with a
measurement error below 10 %.

CONCLUSION
To quantify the beam emittance from a C-band photo-

cathode RF gun with a acceptable accuracy, a consecutive
double-slit emittancemeter has been proposed. In the pres-
ence of the expected dynamic errors, the slit width, slit
thickness and the drift distances have been optimized. Con-
cerning the beam parameters at a bunch charge of 100 pC, a
minimum measurement error of 7.3 % has been predicted
for a slit width of 10 µm, a slit thickness of 1 mm, a beamlet

(a) single-slit scan

(b) consecutive double-slit scan

Figure 6: Optimized the drift distance for a single-slit with
slit width of 5 and 10 µm (a), and for the consecutive double-
slit (b).

Figure 7: Measurement different emittance error.

drift distance of 0.04 m, and a sub-beamlet drift distance of
0.24 m. Finally, the applicability of the emittancemeter is
determined by simulating a range of emittances, specifically
measuring emittances over 0.15 mm-mrad with a measure-
ment error of less than 10 %.
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