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INTRODUCTION

In high brightness electron accelerators, the beam dynamics and transport is strongly influenced by
the space charge fields, which depend on the detail of the electronic distribution and its evolution
along the beamline [1]. In linear beam dynamics, it 1s sufficient to monitor the second order moments
of the distribution which has a constant shape along the beamline, but as soon as non-linear forces are
applied, the distribution will evolve along the beamline. Having an accurate representation of the
beam transverse phase space is then critical to predict the beam behavior in many setups.

Tomography is a well-developed imaging technique that uses a set of projections to reconstruct a
distribution in a space with higher dimensions. Applied to beam physics, tomography can be used to
reconstruct the 4D phase space distribution from an appropriately chosen set 2D transverse beam
profile (projections) [2-5]. We present an algorithm to tomographically reconstruct the 4D phase space
of a beam distribution of a high brightness electron beam, based on the use of two fluorescent screens
separated by a beamline containing a quadrupole triplet which can be used to impart arbitrary rotation
to the beam phase space. The reconstruction method is based on generating a macroparticle
distribution which matches the initial profile and then it is iteratively updated using the beam
projection on the second screen until convergence is achieved. This process is repeated for many
quadrupole current settings. The algorithm 1s benchmarked against GPT simulations, and then
implemented at the UCLA Pegasus beamline to measure the phase space distribution for an upcoming
high speed electron microscope experiment [6-8].

METHODS

The reconstruction is performed on the setup currently installed at the UCLA Pegasus laboratory
shown in Fig. 1. The initial spatial distribution 1s recorded on screen 4 and the various projections are
obtained changing the currents in the green quadrupoles with the beam profile recorded on the final
YAG screen. The current settings for the quadrupoles are chosen in order to maximize the range of
angles the phase space rotates before hitting the final screen. The rotation angles used in both the

simulation and the experiment are shown in Fig. 2.
To reconstruct the 4D

transverse phase, we begin by
initializing N macroparticles
using the image at the initial
screen as the probability
distribution for the x-y
coordinates. A random uniform
momentum distribution is then
assigned to the ensemble. For
each set of quadrupole settings,
the guess ensemble 1s

Rotadon Angls Accesed by Final Images from he UCLA Pegasws Beamiine— tranisported to the final screen

' T using the beam transport matrix.
The final phase space is then
projected onto the x-y plane and
compared with the data image at
the final screen. Particles that
landed 1n pixels having excess
charge compared to the
measured image are marked to
be respawned. After the marking
process is repeated through all
the quadrupole settings in the
data sets, particles that failed to
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Figure 1: Schematic of the UCLA Pegasus beamline. The red
box shows where the experiment takes place.
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Figure 2: The rotation angles of each set of quadrupole settings
used in simulation (left) and experiment (right).

land in the correct pixels for more than k& images are respawned with values from a 4D normal
distribution centered at 0 with standard deviation from the second-order moment matrix of the particles
that survived the marking process. The algorithm terminates when the number of particles that need to
be respawned is less than p% of the total number of macroparticles used.

RESULTS

Reconstruction of Simulation

To test the reconstruction algorithm, we generated a test data set using GPT formed by an initial screen
image and 59 final screen images with different quadrupole current settings. The distribution to be
reconstructed is shown in Fig. 3. Setting the convergence parameters to be k=1 and p = 1, the algorithm
was able to reconstruct the full 4D phase space in 7.46 s on a standard personal laptop using four cores.
The reconstructed distribution is shown in Fig. 4.
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Figure 4: The reconstructed 4D phase space
after 22 iterations of momentum reassignment.

Figure 3: Simulated test distribution to be
reconstructed.

Reconstruction of Experimental Data

The algorithm was used on experimental data collected from the UCLA Pegasus laboratory after the
simulation successfully reconstructed the desired phase space. An initial screen image was taken at screen
4 and used as a probabilistic intensity mask to obtain the initial spatial distribution as shown in Fig. 5.
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Figure 5: The initial screen 4 image collected T ek . o " K
from the UCLA Pegasus beamline (left) and the
spatial distribution the algorithm initialized.
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Figure 7: The reconstructed 4D phase space
after 428 iterations of momentum reassignment.

At the final screen, 50 data images from the beamline were used for image comparison. Setting the
algorithm's stopping parameter to be k=35 and p = 15, the runtime 1s 361.78 s using four cores on a
personal laptop. Figure 6 shows the comparison between the data images and the reconstructed phase space
projections. The point-spread function used in the displayed trial 1s 18.63 um. The noise parameter from
image filtering 1s set as 0.5 so that a particle will be marked to be respawned if p.—p,> 0.5 - \/pt where p,1s
the pixel the particle lands in and p, 1s the corresponding pixel from the target data image. The
reconstructed distribution has a beam emittance of 1.6332x10-15 [m - rad]. The distribution is shown in

Fig. 7.
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Figure 6: The left box contains 50 final images from the UCLA Pegasus beamline. The right box are
the corresponding final images based on the reconstructed 4D phase space.

CONCLUSION

We have presented a method to tomographically reconstruct the full 4D transverse phase space
distribution. The method uses one initial screen projection, three quadrupoles for beam rotation, and
a final screen for spatial projections of the beam's final distribution. Using an iterative momentum
reassignment algorithm, the method can reconstruct the full 4D phase space with reasonable
computational time. We have verified the algorithm by applying it to a simulated distribution. Using
images from GPT, the algorithm was able to reconstruct complicated inner patterns within the
momentum space. The reconstructed distribution closely matches the original distribution.

The algorithm is then tested on data images collected from the UCLA Pegasus beamline.
Although the reconstruction time is higher than in simulation, the algorithm can reconstruct a 4D
transverse phase space that produces images that approximately matches the final spatial projections
of the actual beam under 50 quadrupole-controlled rotations.
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