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Thermal emittance and quantum efficiency (QE) are key figures of merit of photocathodes, and their
uniformity is critical to high-performance photoinjectors. Several QE mapping technologies have been
successfully developed; however, there is still a dearth of information on thermal emittance maps. This is
because of the extremely time-consuming procedure to gather measurements by scanning a small beam
across the cathode with fine steps. To simplify the mapping procedure and to reduce the time required to
take measurements, we propose a new method that requires only a single scan of the solenoid current to
simultaneously obtain thermal emittance and QE distribution by using a pattern beam with multiple
beamlets. In this paper, its feasibility has been confirmed by both beam dynamics simulation and theoretical
analysis. The method has been successfully demonstrated in a proof-of-principle experiment using an
L-band radio-frequency photoinjector with a cesium telluride cathode. In the experiment, seven beamlets
were generated from a microlens array system and their corresponding thermal emittance and QE varied
from 0.93 to 1.14 μm=mm and from 4.6% to 8.7%, respectively. We also discuss the limitations and future
improvements of the method in this paper.
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I. INTRODUCTION

Beam brightness, defined by current over emittance, is
one of the most important properties of photoinjectors.
The continuous improvement of beam brightness over the
past few decades has enabled many photoinjector-based
machines for scientific research, such as x-ray free electron
lasers [1,2], ultrafast electron diffraction and microscopy
[3,4], Thomson scattering x-ray sources [5,6], and wake-
field acceleration [7,8]. The beam brightness of a photo-
injector heavily depends on the photocathode, because its
thermal emittance (also known as intrinsic emittance,
denoted as εtherm or εtherm;n ≡ εtherm=σlaser when normalized
by the rms laser spot size) sets the lower boundary of beam
emittance and its quantum efficiency (QE) determines the
current with a certain incident laser. Recently, intense
studies have focused on advanced cathode research and

development to obtain low thermal emittance and high
QE [9–17].
Most cathode studies work on the average thermal

emittance and QE of large areas [18–24]; however, several
groups have begun to developmapping technologies to look
into the detailed distributions of these keyproperties over the
cathode [25–34]. Several QE mapping technologies have
been developed and applied in photoinjectors, and nonuni-
form QE distribution has been observed [30–33]. These
variations could be caused by localized surface conditions,
such as physical and chemical roughness, material defects,
and contaminants, etc., [27,30]. According to the correlation
between QE and thermal emittance [9,35–38], these con-
ditions would also lead to localized variations in thermal
emittance.
To the best of our knowledge, however, there is still a lack

in thermal emittance mapping technology for photoinjec-
tors. In fact, measuring the thermal emittance of a fixed
cathode area using a single beam remains difficult, because
all emittance growth factors need to be properly addressed
[31,36,39–41]. These factors can be categorized as εspace,
which denotes the emittance growth from space charge [42],
and εaberration, which denotes the growth caused by aberra-
tions, including dipole, quadrupole, and high-order field
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components inside the radio-frequency (rf) photocathode
gun; spherical and chromatic aberrations in the solenoid; and
coupled transverse dynamics aberrations [31,41,43–48].
The measurement would be even more challenging and
time consuming when the same procedure is repeated in
thermal emittance mapping by scanning a single beam
across the cathode with fine steps.
In this paper, we propose and experimentally demon-

strate a rapid method to map thermal emittance and QE
simultaneously. The basic concept is to use isolated
multiple beamlets instead of a single beam in a solenoid
scan. With the proper size and separation of the laser
beamlets, the generated electron beamlets are distinguish-
able in a certain current range during the solenoid scan so
that their thermal emittance and QE can be measured
individually. We believe this method will find broad
application in the high-brightness photoinjector commu-
nity: It can deepen the understanding of the observed
nonuniformity, improve simulation accuracy with a realistic
distribution of cathode properties, and further increase
beam brightness by helping to choose the emission site
on the cathode.
This paper is organized as follows. Section II introduces

the beam line layout for analysis and experiment. Section III
analyzes the method feasibility with beam dynamics sim-
ulation and theoretical derivation. Section IV gives more
details of the experimental setup. SectionV presents the data
analysismethod and experimental results. SectionVI briefly
discusses the observed correlation between thermal emit-
tance and QE and studies the current limitations and future
improvements of the proposed method. Section VII sum-
marizes the current work.

II. BEAM LINE LAYOUT

The front end of the drive beam line at the Argonne
Wakefield Accelerator (AWA) facility [49] is used in the
beam dynamics analysis and the following experiment, as
illustrated in Fig. 1.
The setup includes an L-band 1.6-cell photocathode gun

with a cesium telluride cathode, followed by a solenoid

(2.44 m from the cathode) and a screen (2.98 m from the
cathode). The incident 248 nm laser has a Gaussian
longitudinal distribution with a full width at half maximum
pulse length of 1.5 ps. The cathode gradient reaches
62 MV=m in the routine high-charge operation [8,50]. In
this study, the cathode gradient is set to 32.5 MV=m to
reduce field emission and to improve the signal-to-noise
ratio. The laser injection phase is set to 30°, which is close
to the phase of the maximum energy gain under this
gradient (37°).

III. BEAM DYNAMICS SIMULATION
AND THEORETICAL ANALYSIS

This section first summarizes the basic concept of
thermal emittance measurement using the solenoid scan
technology with a single beam. Next, it describes the beam
dynamics simulation and the theoretical analysis we used to
study the feasibility of the proposed thermal emittance
mapping method with multiple beamlets.
In this section, e and βγmc denote the charge and

momentum of the electron, respectively; B0, L, K≡
ðeB0Þ=ð2βγmcÞ, and KL denote the peak magnetic field,
effective length, strength, and Larmor angle of the solenoid,
respectively.

A. Solenoid scan with a single beam

In the conventional solenoid scan with a single beam, the
beam spot size squared taken on a screen downstream of the
solenoid varies with the solenoid strength as [41]

σ2 ¼ ðC − LdKSÞ2hx20i
þ 2ðC − LdKSÞðS=K þ CLdÞhx0x00i
þ ðS=K þ CLdÞ2hx020 i; ð1Þ

where hx20i, hx0x00i, and hx020 i are the beam moments at the
solenoid entrance, C≡ cosðKLÞ, S≡ sinðKLÞ, and Ld is
the drift length between the solenoid exit and the screen.
Therefore, the beam moments can be fitted from the beam
size when scanning the solenoid strength, and the normal-
ized emittance at the solenoid entrance can be expressed as

εn ¼ βγ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
hx20ihx020 i − hx0x00i2

q
: ð2Þ

B. Solenoid scan with multiple beamlets

To reduce the amount of time necessary to collect a
measurement by moving a single beam for thermal emit-
tance mapping, it is natural to use a pattern beam with
isolated multiple beamlets and obtain the thermal emittance
distribution in a single-turn measurement.
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FIG. 1. Beam line setup in the simulation and experiment.
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1. Beam dynamics simulation

We first conduct the beam dynamics simulation with the
ASTRA code [51] to evaluate this concept. The simulation
considers three-dimensional field maps with higher-order
field components of the photocathode gun and the solenoid
[41,48]. The space charge is not considered in the simu-
lation, which is valid for thermal emittance measurements
with ultralow charge.
For simplicity, we use only two beamlets in the simu-

lation. Each Gaussian-shaped beamlet on the photocathode
has a 50 μm rms spot size, and it is cut at 150 μm radius (3σ
cut, denoted as xc;max). The first beamlet is set at the center
of the cathode, and the second is offset horizontally by
1.812 mm. The center-to-center distance between the
beamlets on the cathode is denoted as △xc, as illustrated
in Fig. 2(a). The εtherm;n of both beamlets is set to
1.05 μm=mm according to a previous experiment [41].
The key challenge in solenoid scans with multiple

beamlets is to find a suitable range of the solenoid strength
for beam moment fitting in which the beamlets are
distinguishable. In this range and at the screen position,
we define the center-to-center distance between the electron
beamlets as △x and their closest distance as Dmin, as
illustrated in Fig. 2(b). In the ASTRA simulation, as the
solenoid strength increases from B0 of 0.1859 T, the
initially separated beamlets [Fig. 3(a)] begin to merge
[Fig. 3(b)], fully overlap [Fig. 3(c)], begin to separate
[Fig. 3(d)], and fully separate again when B0 is higher than
0.1995 T [Fig. 3(e)]. When B0 is higher than 0.1995 T, △x
[Fig. 4(a)] andDmin [Fig. 4(b)] monotonically increase with
the solenoid strength. A positive Dmin indicates that the
beamlets can be well distinguished. The rms size of each
individual beamlet

ffiffiffiffiffiffiffiffi
hx2i

p
reaches a waist at B0 of 0.2220 T

[Figs. 3(f) and 4(c)].
With the beam spot sizes in the B0 range between 0.2 and

0.25 T, the emittance of the two beamlets is fitted to be only
0.2% (the first beamlet) and 0.3% (the second beamlet)
higher than the thermal value. This negligible emittance
growth is caused by εaberration.

2. Matrix analysis

We then employ a start-to-end matrix calculation of the
beam dynamics to analyze the solenoid scan with multiple
beamlets and give insight into the ASTRA simulation results.
In a transverse Larmor coordinate (i.e., the axis rotates

along the solenoid), the motion of an electron can be
expressed as [52]

�
x
px

�
¼

�
R11 R12

R21 R22

��
xc
pxc

�
; ð3Þ

where xc and x are the beam position on the cathode and the
screen, respectively; pxc ¼ βxcγ and px ¼ βxγ are the
corresponding normalized transverse momenta; and Rij is
the transfer matrix element from the cathode to the screen.
Based on Eq. (3), the final position x is written as

x ¼ R11xc þ R12pxc: ð4Þ

For isotropic emission on the cathode with p̄xc ¼ 0 and
hxcpxci ¼ 0, the beam position x̄ and the rms beam size
square hx2i on the screen can be expressed as

(a)

(b)

(1) (2)

(1) (2)

FIG. 2. Definition of beamlet geometry parameters on the
cathode (a) and on the screen after the solenoid (b). (1) and
(2) in the figure indicate the two beamlets.

(a) (b) (c)

(d) (e) (f)

FIG. 3. The simulated beamlet distribution on the screen as a
function of B0. In (a)–(f), B0 is set to 0.1859, 0.1900, 0.1940,
0.1970, 0.1995, and 0.2220 T, respectively. (1) and (2) in the
figure indicate the two beamlets.

(a) (b) (c)

FIG. 4. Beam evolution as a function of B0 when B0 is higher
than 0.1995 T. (a) Center-to-center distance. (b) Closest distance
between the two beamlets. (c) The rms beam size. Red stars: ASTRA
simulation results. Solid blue lines: Matrix calculation results.
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x̄ ¼ R11x̄c;

hx2i ¼ R2
11hx2ci þ R2

12hp2
xci: ð5Þ

Therefore, the closest distance between the two beamlets
can be expressed as

Dmin ¼ jR11△xcj − 2jR11xc;maxj − 2jR12pxc;max
j; ð6Þ

where pxc;max
is the maximum normalized transverse

momentum on the cathode.
We follow the method introduced in Ref. [53] to

calculate the transfer matrix from the cathode to the screen.
In this method, the superimposed one-dimensional rf and
solenoid fields are considered, and the transfer matrix is
computed without solving eigenfunction expansions or
numerical derivatives. In the calculation, we apply the
same beam line parameters as in the ASTRA simulation,
except for the three-dimensional field maps. The use of a
one-dimensional field is valid, because εaberration is negli-
gible based on the previous simulation. The resultant R11

and R12 are illustrated in Fig. 5.
The beam parameters are also set to be the same as the

ones used in the ASTRA simulation:
ffiffiffiffiffiffiffiffi
hx2ci

p
is 50 μm, xc;max

is 150 μm,
ffiffiffiffiffiffiffiffiffiffi
hp2

xci
q

is equal to εtherm;n of 1.05 μm=mm,

pxc;max
is 1.82 × 10−3 (

ffiffiffiffiffiffiffiffiffiffiffiffiffi
3hp2

xci
q

for isotropic emission), and

x̄c ¼ 0 and 1.812 mm for the two beamlets (△xc ¼
1.812 mm), respectively.
The calculation has been compared with the ASTRA

simulation. The two beamlets fully overlap when R11 ¼ 0.
The corresponding B0 was found to be 0.194 T based on
Fig. 5(a), which agrees well with the simulation result in
Fig. 3(c). When the two beamlets are distinguishable
(Dmin > 0), their center-to-center distance, closest distance,
and rms beam size are calculated according to Eqs. (5) and
(6). These equations show good agreement with the ASTRA

simulation, as illustrated in Fig. 4.

IV. EXPERIMENTAL SETUP

Figure 1 illustrates the experimental setup at AWA. At the
photocathode gun exit, the electron beams reached 3.3MeV
and were focused by the solenoid onto a retractable yttrium-
aluminum-garnet (YAG) screen perpendicular to the beam

line. The beam images were reflected by a 45° mirror after
the YAG screen and captured by a PI-MAX Intensified CCD
camera (ICCD) [54]. The shutterwidth of the camerawas set
to 100 ns to improve the signal-to-noise ratio. The spatial
resolution of the camera was ∼60 μm, measured with a
standard USAF target. A calibrated strip line beam position
monitor (BPM) downstreamwas used tomeasure the charge
with a sensitivity of ∼40 mV (1 pC) [41,48]. The minimum
detectable charge of the multiple beamlets is therefore
0.05 pC (2 mV).
Themultiple laser beamletsweregenerated by amicrolens-

array (MLA) system [55,56]. After passing through a pair of
MLAs and three convex lenses, the incident ultraviolet
(UV) laser was redistributed to yield a pattern with two-
dimensional arrays of beamlets at the iris location. The iris
was set to select a few beamlets from the entire pattern.
Then the pattern was imaged onto the cathode by a pair of
convex and concave lenses. The UV laser energy loss of the
MLAs and the lenses was ∼90%. On the virtual cathode
(not shown in Fig. 1), the laser pattern was captured by a
UV camera with a high spatial resolution of 7.5 μm per
pixel. In this proof-of-principle experiment, the system
successfully produced a pattern with seven laser beamlets,
as illustrated in Fig. 6. Each beamlet had a Gaussian-like
transverse distribution with an rms spot size of ∼50 μm.
The distance between two adjacent beamlets was
1.812 mm. The laser energy of the entire pattern was
measured by a UV power meter. The energy of each laser
beamlet was calculated according to the beamlet’s relative
brightness on the UV camera.

V. EXPERIMENTAL RESULTS

A. Thermal emittance mapping

The beam images on the screen under different solenoid
settings are shown in Fig. 7. The seven beamlets fully
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FIG. 5. (a) R11 and (b) R12 as a function of B0.
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FIG. 6. Laser transverse pattern observed on the virtual cathode.
The brightness variation among the laser beamlets was caused by
the incident laser, as well as nonideal conditions of the MLA
system. The third beamlet was centered on the cathode.
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overlap when B0 ¼ 0.1940 T, become distinguishable
when B0 > 0.2045 T, and reach the waist when B0 ¼
0.2294 T. These solenoid strengths show reasonable agree-
ment with the ASTRA simulation and the theoretical analysis
results.
We calculated the beam size of each electron beamlet

using the following procedure. (i) Background field emis-
sion images without laser illumination were subtracted to
improve the signal-to-noise ratio. (ii) Each beamlet was
manually selected, and its projected distributions in the x
and y directions were Gaussian fitted to obtain the coarse
rms beam sizes, denoted σgx and σgy, respectively. (iii) For
each beamlet, the image within 3

ffiffiffiffiffiffiffiffiffiffiffiffi
σgxσgy

p of its center was
preserved, while the rest was set to zero. (iv) The cut image
was projected in the x and y directions again, and the
accurate rms beam sizes were calculated by selecting the
central 95% of the entire area under the projection curve
(i.e., 5% charge cut of the most outward part of the beamlet)
[57]. (v) The rms beam size was calculated as the geometric
average of the sizes in the x and y directions: σ ¼ ffiffiffiffiffiffiffiffiffi

σxσy
p .

Six images were taken under each solenoid strength, and
we calculated the emittance using the following procedure.
(i) For eachB0, the rms beam size fluctuated due to machine
jitter, and its distribution was assumed to be Gaussian. The
average value and the standard deviation of the distribution
were calculated from the six images as σ̄ and δσ, respec-
tively. (ii) The average emittance of each beamlet was fitted
using σ̄ andB0 according to Eq. (1). (iii) Another set of beam
sizes was generated from the Gaussian distributions and
applied to Eq. (1) for emittance fitting. (iv) Step (iii) was
repeated multiple times. The fitted emittance was weighted
according to the probability of each set of beam sizes in the
Gaussian distributions, fromwhich the standard deviation of
emittance can be calculated. It should be noted that the error
bar in fitting is negligible when compared to the standard

deviation caused by machine jitter in our measurement. The
rms beam sizes of the seven beamlets as a function of B0 are
plotted in Fig. 8.
The influence of εaberration on the thermal emittance

measurement has been studied in ASTRA using the same
settings as in Sec. III. B. 1. The simulation results indicate
the influence is negligible: The emittance growth is 0.2%
for beamlet 3 (at the cathode center); 0.3% for beamlets 1,
2, 4, and 6 (1.812 mm off axis); and 0.4% for beamlets 5
and 7 (2.563 mm off axis).
The influence of εspace was experimentally minimized by

reducing the total charge of the pattern beam. The total
incident laser energy was controlled by neutral density
filters (NDFs) before the MLA system. The charge of each
beamlet can be calculated from the total charge measured
by the calibrated BPM and the relative brightness of the
beamlet over the entire pattern on the YAG screen. For
example, the measured emittance of beamlet 1 as a function
of its charge is shown in Fig. 9. The measured emittance
converged when the beamlet charge was lower than
0.02 pC, which indicates that εspace is negligible and εn ≈
εtherm below this charge level.
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FIG. 7. Beam images as a function of solenoid strength. B0 in
(a)–(d) is 0.2045, 0.2170, 0.2294, and 0.2530 T, respectively. The
electron beamlets are marked in (c) following the same laser
beamlet index as in Fig. 6.

FIG. 8. The rms beam sizes of the seven beamlets (marked by
number) as a function of B0. Blue dots: Experimental data. The
error bar at eachB0 denotes the standard deviation of the measured
beam size. Red lines: Fitting with σ̄ according to Eq. (1).
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The measured thermal emittance of the seven beamlets is
summarized in Table I. In this table, the spot size of each
laser beamlet is calculated following the same steps [steps
(ii)–(v)] as the electron beamlets. Its average value and
standard deviation are calculated using 20 images taken by
the UV camera. The resultant thermal emittance varies from
0.934 to 1.142 μm=mm. Their average value is close to the
previous experimental result of 1.05 μm=mm using a large
single beam with 3 mm diameter [41]. We notice that these
values are higher than some of the previously reported
results of thermal emittance of cesium telluride cathodes
[21–23]. This may be caused by various factors, such as
cathode preparation procedures, surface conditions, and
operation conditions.

B. QE mapping

The QE mapping is straightforward with isolated multi-
ple beamlets, because the laser energy and the charge of
each beamlet can be derived based on experimental
measurement. For example, Fig. 10 shows the charge of
beamlet 1 when gradually reducing the laser energy with
NDFs. The linearity between the charge and the laser
energy confirms single-photon emission, and its slope is

used to calculate the QE. The QE of the seven beamlets is
also summarized in Table I.

VI. DISCUSSION

A. Dependence of thermal emittance on QE

Based on Table I, we can see that beamlets with higher
QE usually have higher thermal emittance. This trend is
illustrated in Fig. 11.
In a metallic photocathode, the thermal emittance and

QE depend on electron excess energy hν − ϕeff. This can be
described by Dowell’s three-step model [35] as follows:

εtherm;n ∝
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
hν − ϕeff

p
;

QE ∝ ðhν − ϕeffÞ2; ð7Þ

where hν is the incident photon energy and ϕeff is the
effective work function.
In a semiconductor photocathode, the first equation

holds valid by assuming that most photoelectrons emit
from the valence band [9,36]. However, the second one is
still controversial due to the complicated emission mecha-
nism [37,38]. Reference [38] suggested a modified version:

FIG. 9. Measured emittance of beamlet 1 as a function of the
beamlet charge. Black circles with error bars: Experimental data.
Dashed green line: Converged emittance.

TABLE I. Experimental results of the rms spot size of the laser beamlet σlaser, thermal emittance εtherm, εtherm;n, and QE of the seven
beamlets. The error bar denotes the standard deviation of the measurement.

Beamlet no. σlaser (μm) εtherm (μm) εtherm;n (μm=mm) QE (%)

1 48.4� 0.5 0.0452� 0.0038 0.934� 0.079 4.59� 0.66
2 49.8� 0.4 0.0518� 0.0031 1.040� 0.063 7.17� 0.80
3 50.2� 0.4 0.0515� 0.0034 1.026� 0.068 6.15� 0.57
4 49.7� 0.7 0.0500� 0.0041 1.006� 0.084 5.60� 0.79
5 48.7� 0.5 0.0556� 0.0026 1.142� 0.055 8.66� 0.63
6 49.9� 0.5 0.0510� 0.0042 1.022� 0.085 5.64� 0.79
7 51.8� 0.9 0.0520� 0.0033 1.004� 0.066 5.47� 0.55

FIG. 10. Measured charge as a function of the laser energy for
beamlet 1. Blue dots: Experimental data. The error bar denotes
the standard deviation of the measured charge. Red line: Linear
fitting.
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QE ∝ ðhν − ϕeffÞp; ð8Þ

where p is a constant.
From the experimental data, the dependence of thermal

emittance on QE was least-square fitted as εtherm;n ¼
2.223 ×

ffiffiffiffiffiffiffi
QE3.61

p
, which resulted in p ¼ 1.805. This number

is within the large range of p from 1.3 to 4.6 extracted from
previous studies [14,58,59]. The large variation of p may
be caused by preparation procedures, surface conditions,
operation conditions, and other factors. The physical
understanding of the constant p requires more fundamental
research in the future.

B. Mapping limitation and future improvement

We measured the thermal emittance and QE of seven
isolated spots near the cathode center in this proof-of-
principle experiment. In future studies, the mapping method
could be improved with a larger area, higher resolution, and
higher density.
The mapping area is defined as the maximum boundary

that the beamlets can cover on the cathode. When the space
charge effect is negligible, the mapping area will be limited
by the emittance growth from the aberration terms. We use
the ASTRA simulation with a single off-axis beamlet to
evaluate the growth. In the simulation, the beam line
parameters and the size or emittance of the beamlet are
kept the same as the ones in Sec. III. B. 1. A quad corrector,
containing a pair of normal and skew quadrupoles, has been
added to correct the coupled transverse dynamics aberra-
tion. More details of the quad corrector can be found in
Refs. [41,48]. The simulation results show monotonic
emittance growth when increasing the beam offset, as
illustrated in Fig. 12. The emittance growth reaches 10%
when the beam offset is 12.5 mm.
The mapping resolution is defined as the smallest area

that can be measured by a beamlet. It can be improved by

using smaller laser spots, in general, but will be eventually
limited by the system resolution in a given experiment,
such as the UV camera that determines the laser beamlet
spot size and the YAG screen that determines the electron
beamlet spot size.
Themapping density is defined as the number of sampling

beamlets per unit area. Unlike some QE mapping methods,
in which a single beam scans across the cathode continu-
ously, the initial beamlets in the proposedmethod need to be
separated by a certain distance when placed on the cathode.
The minimum separation, or the highest density, is physi-
cally limited by the beamlet overlapping issue.
Based on Eq. (6), the dependence of the closest distance

between two adjacent electron beamlets Dmin on the laser
beamlet separation△xc and the solenoid strength B0 can be
calculated, as illustrated in Fig. 13(a). The beam line and
beam parameters, other than the initial separation, remain
the same as those in Sec. III. B. 1. The minimum initial
distance in the calculation is set to 300 μm, which is twice
the beamlet radius. When the initial separation is larger,
there will always be a B0 range in which the beamlets are
distinguishable (Dmin > 0). In principle, the beammoments
can be fitted out in this range and the emittance can be
calculated accordingly. In practice, however, it is desirable
to include both sides around the beam waist in fitting,
in order to obtain accurate results [60], as illustrated in
Figs. 4(c) and 8. In Fig. 13(a), when △xc is larger than
415 μm, both sides around the beam waist have a distin-
guishable range.
Even when both sides are available, there are still several

different criteria to select the B0 range to improve the fitting
accuracy [61–63]. For example, Ref. [62] selects the range
in such a way that the maximum beam sizes at both sides
are twice that of the waist. From Fig. 13(b), we learn that
the maximum beam size for certain △xc is limited by the
low B0 end. In general, larger △xc leads to a larger beam
size at this end, as illustrated in Fig. 14. Further discussion

FIG. 11. Dependence of thermal emittance on QE. Black circles
with error bars: Experiment data of the seven beamlets (marked
by number). Green line: Least-square fitting.

FIG. 12. (εn − εthermÞ=εtherm as a function of the beamlet offset
on the cathode.

RAPID THERMAL EMITTANCE AND QUANTUM … PHYS. REV. ACCEL. BEAMS 23, 052801 (2020)

052801-7



of the range selecting criteria is beyond the scope of the
current study. It should be noted that, in addition to the
selecting criteria, the minimum separation also depends on
the initial laser spot size and the thermal emittance.

VII. SUMMARY

In summary, we introduce a rapid thermal emittance and
QE mapping method that uses multiple beamlets in a
solenoid scan. Its feasibility is supported by beam dynamics
simulations and theoretical analysis. In a proof-of-principle
experiment using an L-band rf photoinjector with a cesium
telluride cathode, seven beamletswith 50 μm rms beam size
and 1.812 mm separation were generated and their thermal
emittance (varying from 0.93 to 1.14 μm=mm) and QE
(varying from 4.6% to 8.7%) were successfully measured.
The range, resolution, and the density of the proposed
method can be improved by using smaller laser beamlets
with denser separation in a larger area, which could be
achieved by optimizing the MLA system. The ultimate
performance will be limited by the emittance growth from
the aberration terms, the system resolution, and the beamlet
overlapping issue.
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