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Abstract: In a high-brightness photocathode gun, the non-uniformity in both the transverse distribution of the
photocathode drive laser and the quantum efficiency (QE) map can lead to a degradation in electron beam
quality. This study explores an adaptive transverse laser shaping technique and its application to improve the
uniformity of the electrons emitted from the photocathode. By utilizing a spatial light modulator (SLM) with a
feedback algorithm, we effectively control the drive laser distribution and achieve single-shot QE map
measurement and QE compensation. The experiments conducted on the DC-SRF-II gun demonstrate a rapid
and efficient QE measurement process, as well as a notable improvement in electron beam uniformity. Our
study offers a promising approach for improving beam quality in accelerator applications that demand high-
brightness electron sources.

Keywords: adaptive transverse laser shaping; photocathode gun; QE measurement; QE
compensation

1. Introduction

The photocathode gun is a high-brightness electron source capable of producing high-quality,
shape-controllable electron beams. It is widely used in applications such as free-electron lasers (FELs)
[1-4], energy recovery linacs (ERLs) [5,6], Compton scattering sources [7-9], and ultrafast electron
diffraction [10,11]. In a photocathode electron gun, electron beam is generated through photoelectric
effect. The initial distribution of the beam is primarily determined by the profile of the photocathode
drive laser and the quantum efficiency (QE) map of the photocathode. As a result, transverse laser
shaping is a crucial method for controlling the transverse distribution of the electron beam.

Transverse laser shaping techniques can be categorized into passive and active shaping
methods. Passive shaping methods are used to produce lasers with fixed profiles, where the
effectiveness is determined by the quality of incident lasers. For example, radial birefringent filters
can transform a Gaussian laser into a flat-top distribution [12,13], optical beam expanders combined
with an aperture can generate a truncated Gaussian distribution [14], while aspherical lenses [15,16]
or microlens arrays (MLAs) [17,18] are used to create specific uniform or arrayed laser distributions.
Although relying on high-quality incident laser beams, these methods are simple, convenient, cost-
effective, and therefore widely used for generating fixed laser distributions. In contrast, active
shaping methods offer the flexibility to generate arbitrarily shaped transverse laser distributions,
tailored to the incident laser profile and specific requirements. For example, spatial light modulators
(SLMs) can modulate the laser’s wavefront phase [19-21] or polarization [21], digital micromirror
devices (DMDs) can control the reflection angle of the laser at each position [22,23], and deformable
mirrors can adjust the laser wavefront [24,25], enabling the laser to evolve into a specific spatial
distribution.

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.
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Transverse shaping of the photocathode drive laser has become widely utilized in accelerator-
related research [26], including applications such as electron beam emittance optimization [27-29],
beamline alignment [30], photocathode QE map measurements [31], and ghost imaging [32,33]. Over
time, as a photocathode is used, its quantum efficiency (QE) distribution tends to become increasingly
non-uniform [34]. Therefore, achieving efficient real-time QE map measurements and implementing
more precise laser distribution control based on the measurements are critical focuses for producing
high-quality electron beams.

In this study, experiments were conducted on the DC-SRF-II photocathode gun at Peking
University to investigate the control of transverse distribution of electron beams [35,36]. Transverse
laser shaping was performed on the photocathode drive laser, referred to as the Peking University
drive Laser System for high-brightness Electron source (PULSE) [37], by utilizing an SLM in
combination with polarization beam-splitting optics. GPT [38] simulations were used to determine
the optimal conditions for electron beam imaging. The results show that by adjusting the RF phase
and solenoid strength in the DC-SRF-II gun, an electron beam with an intensity distribution closely
matching that of the laser could be achieved. Based on electron beam imaging, a fast method for QE
map measurement was proposed, and through laser distribution control, a more uniform electron
beam was produced.

2. Adaptive Transverse Laser Shaping

We employ a SLM to achieve arbitrary transverse shaping of the 515 nm linearly polarized laser
generated by PULSE. Optical polarization elements are combined to adjust the polarization
components, which enables laser field modulation. Furthermore, a feedback algorithm is utilized to
enhance shaping precision. A schematic diagram of the layout for the laser shaping is presented in
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Figure 1. A schematic diagram of the laser shaping system.

As shown in Figure 1, the input laser power ratio passing through the polarization beam splitter
(PBS) is adjusted using a half-wave plate (HWP), and then the p-polarization is converted to circular
polarization using a quarter-wave plate (QWP). Subsequently, the laser is modulated by the liquid
crystal pixels of the SLM. When the phase of the liquid crystal pixels loaded on the SLM is ¢=0, the
laser is entirely reflected to the target plane. Conversely, when the phase of these pixels is adjusted
to ¢=m, no laser output from the SLM reaches the target plane. Furthermore, when adjusting the
change of phase for pixel (i, js) on the SLM, notated as A¢;, j.y, within a range between 0 and 7, the
output laser intensity on the target plane can be described by

AQci  ;
(g™ = 170 - sin? (<422), @
where (i, ;) represents the position on the target plane corresponding to the pixel (i, js). In the
practical optical configuration, the laser distribution between the target plane and the SLM plane
does not directly correspond due to factors such as the position and angle of optical elements, pixel
ratios, and imaging relationships. Consequently, translation, scaling, and rotation occur between
(ie,je) and (is, js)-

Typically, errors arise from factors such as phase and reflectance errors on SLM, measurement

errors in the incident laser distribution, and spurious reflections from PBS. They may result in
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discrepancies between the shaping results and the target distribution. To further reduce this
deviation, an automatic feedback optimization algorithm is designed. The algorithm compares the
actual measured laser field amplitude on the CCD (A¢p) with the final target laser field amplitude
(A7), and then adjusts the laser field amplitude on the SLM (A) based on the deviation between
Accp and Az

According to the laser field A, the new phase of liquid crystal pixel on SLM can be calculated
using Equation (1) to optimize the shaping output. The shaping is iterated until an appropriate laser
field distribution on the target plane is attained. The feedback process can be expressed as

AK+D) = g Ar y 2
(4% +hmax (4% ) (2)

where A(ckc)n is the laser field distribution measured by the CCD in the k-th iteration, A% is the laser
field input to the SLM in the k-th iteration, A®* is the laser field obtained in the (k+1)-th iteration,
Ar serves as a reference target and remains constant throughout the feedback process, while H is a
normal constant coefficient. In our experiments, H is set to 1 so as to adjust the feedback and prevent
the calculated laser field A from exceeding the incident laser field.

To quantitatively evaluate the difference between the intensity distribution of the shaped laser

and the target, a root mean square (RMS) deviation for transverse shaping is defined as

D= [ryleol 3)
where [; is the target intensity (normalized), Icp is the measured intensity (normalized), and N
represents the number of non-zero matrix elements of the target distribution.

The incident laser beam first passes through an achromatic zoom beam expander (Thorlabs
ZBE3A, 2-8X) for expansion, and is then shaped using a Hamamatsu SLM (X13138-04WL, 1272x1024
pixels) with a pixel size of 12.5 pm. The shaped beam is finally captured by a CCD camera (Thorlabs
BC106N-VIS/M, 1024x1360 pixels), which has a pixel size of 6.45 um. To minimize the impact of dead
pixels on subsequent measurements and shaping, all images were processed using median filtering.
For high-brightness operation of the DC-SRF-II gun, it is required to generate circular laser spots with
a flat-to distribution. A 2 mm diameter laser spot was therefore produced through shaping. Figure 2
shows the intensity distribution of the incident laser, the initial shaping result, and the iteration result.
In this case the RMS deviation is reduced from 7.8% to 3.3% via the feedback algorithm, showing a
significant improvement of the output laser quality.

y (mm)
y (mm)
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Figure 2. Laser profiles before shaping (a), after non-feedback shaping (b), and after feedback
iterations (c).

3. System Development

The shaped laser traverses a 4.3-meter-long vacuum tube connecting the laser room and the
accelerator hall. A 4F design is employed to image the shaped laser profile from the aperture shown
in Figure 3 to the photocathode. To enable real-time monitoring of the laser spot distribution on the
cathode surface, a set of virtual cathode optics was set up for observation.
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Figure 3. A schematic of the transverse shaping laser transmission optics.

The electron beam emitted from the photocathode is accelerated by the DC-SRF-II gun and then
focused by a solenoid, as illustrated in Figure 4. The bunch charge of the electron beam is measured
by a Faraday cup before being transmitted to a YAG screen positioned 1.5 meters downstream from

the photocathode. The transverse distribution of the beam is then recorded using a CCD camera.
Photocathode ccD

Figure 4. A schematic layout of the electron beam line. Sol is a solenoid, FC is a Faraday cup, and
YAG is a YAG screen. The YAG screen is 1.5m downstream from the photocathode surface.

To investigate the imaging conditions for the electrons on the photocathode, the particle
trajectories along the DC-SRF-II beamline were simulated using GPT. In the simulation, four electrons
with different initial transverse momenta were generated from a point 1 mm off-center on the
photocathode surface, as shown in Figure 5(a). The electron momenta were normalized as x' =
P, /myc, where mo is the rest mass of electron and c is the speed of light in vacuum. Primary analysis
was first conducted at the phase for maximum energy gain (defined as 0° in the following). At 1.5
m downstream from the photocathode surface, the x and y positions of the four electrons vary with
the changes of the solenoid strength, as illustrated in Figures 5(b) and 5(c), respectively. Given specific
solenoid strength at 617 Gs, the four electrons converge at a same location on the imaging plane after
traveling a certain distance, indicating the imaging of the electron beam therein.
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Figure 5. (a) A schematic of electrons emitted from a same point located 1 mm off-center on the
photocathode. The arrows indicate the direction of their initial kinetic momenta. (b) x positions of the
electrons at 1.5 m downstream from the photocathode as a function of solenoid strength. (c) y
positions of the electrons as a function of solenoid strength. The legend texts indicate the initial x and


https://doi.org/10.20944/preprints202411.0044.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 4 November 2024 d0i:10.20944/preprints202411.0044.v1

y positions of the electrons on the photocathode (in mm) and their initial normalized transverse
momenta (with positive and negative signs indicating the directions).

Systematic analysis was then performed to optimize the imaging conditions by scanning the RF
phase of the DC-SRF gun and the solenoid strength, as shown in Figure 6. Note that the transverse
beam profile under imaging conditions has been rotated to eliminate the solenoid's rotational effect
on the electron beam. When the RF phase is below 26°, an inverted image of the electron beam can
be formed at 1.5 meters downstream from the photocathode with proper solenoid strength, while for
phases greater than 30°, an upright image can be formed. As a compromise between the
magnification factor and the required solenoid strength, our experiments were performed at an RF
phase of 20°.
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Figure 6. The required solenoid strength for imaging at different RF phase (red) and the
corresponding magnification factor (black). Positive/negative magnification factors correspond to
upright/inverted imaging.

Figure 7 shows a test of the electron beam imaging using a shaped laser as illustrated in Figure
7(a), where the solenoid strength was set to 504 Gs. The resulting electron beam profile measured on
the YAG screen is shown in Figure 7(b), which closely matches the shaped laser profile. This
demonstrates an effective manipulation of the transverse beam profile by laser shaping.
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Figure 7. (a) Laser spot distribution measured at the virtual cathode. (b) Electron beam distribution
measured at 1.5 meters downstream from the photocathode.

4. QE Measurement and Compensation

To produce electron beams with specific distributions through laser shaping, a precise and
accurate QE map measurement is critical. QE map is typically measured by scanning the
photocathode with a small laser spot [39]. However, its precision is limited by the diffraction limit
for the laser spot and the mechanical backlash in the scanning. Additionally, the scanning process is
time-consuming and its accuracy can be affected by laser pointing instability and power fluctuations.
In contrast, using electron beam imaging for single-shot QE map measurement can mitigate these
limitations.

Under high-fidelity electron beam imaging conditions, the initial electrons emitted from the
photocathode can be inferred from the measured image downstream. By comparing the distributions
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of the electrons and laser beam on the photocathode, the QE map can be derived. Here we present
the experiment on a photocathode after extended use. In the experiment, we performed five
measurements for the QE map of the central region (the active area) of the photocathode using
different laser profiles. An average of the measured QE maps is shown in Figure 8, while the
uncertainty is evaluated to be 7.8%. As an comparison, SLAC reported an uncertainty of 10% in their
QE measurement employing a small spot scanning in 2017 [31]. Apparently, this single-shot electron
beam imaging method offers a fast and efficient way to obtain QE map.

¥ (mm)

0 0.5 1 15 2
X (mm)

Figure 8. QE map measurement result of a photocathode after extended use.

Based on the single-shot QE map measurement result, we utilized the adaptive transverse laser
shaping to conduct QE compensation for a 2 mm (diameter) circular region within the lower part of
Figure 8. As shown in Figure 9, the RMS variation of the electron density was 30.8% before
compensation and decreased to 14.4% after compensation. This demonstrates a substantial
enhancement in the beam uniformity, effectively mitigating the impact of non-uniform QE.
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Figure 9. (a) Electron beam distribution before compensation. (b) Electron beam distribution after
compensation.

5. Conclusions

We have demonstrated the utilization of adaptive transverse laser shaping to improve the
transverse electron beam distribution in a photocathode gun. By employing an SLM and the feedback
algorithm, precise control over the laser distribution has been achieved, which enables the
implementation of single-shot QE map measurement and QE compensation. The single-shot QE map
measurement offers a rapid and efficient alternative to scanning methods and shows an improved
measurement accuracy. The QE compensation, significantly reducing the RMS fluctuation of electron
beam distribution, highlights the effectiveness of this shaping technique mitigating non-uniformities
in photocathode QE. This work provides an efficient solution for generating high-quality electron
beams with specific distributions, particularly suited for high-brightness applications.
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