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Abstract

We present an algorithm to tomographically reconstruct
the 4D phase space of a beam distribution of a high bright-
ness 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 rotations 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 projections on the second screen until convergence
is achieved. This process is repeated for many quadrupole
current settings. The algorithm is 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.

INTRODUCTION

In high brightness electron accelerators, the beam dynam-
ics and transport is strongly influenced by the space charge
fields associated with the details of the electronic distribu-
tion and its evolution along the beamline, which depends on
each particle position and velocity [1]. In linear beam dy-
namics, it is 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 (either external or
internal) are applied, the distribution will evolve and change
along the beamline. Having an accurate representation of
the beam transverse phase space is then critical to predict
and then optimize the beam behavior in many setups. For
example in single-shot time-resolved electron microscopy,
it has been pointed out that different electronic distribution
can originate different space-charge induced aberrations and
greatly affect the spatial resolution of the instrument [2].

While it is of great interest to know the shape of the trans-
verse phase space distribution function, the experimental
measurement of this quantity poses some challenges as beam
profile monitors only record the spatial beam distribution
(i.e. the projection of the 4D phase space volume onto the x-
y plane) while the angular or transverse velocity distribution
is harder to access.

Tomography is a well developed imaging technique that
uses a set of projections to reconstruct a distribution in a
space with higher dimensions. Typically, tomography is used
to reconstruct the shape of an object in 3D from a complete
set of 2D projections along different angles as for exam-
ple in CAT scans. 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) [3-6].
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In this paper, we present the development of such a tech-
nique at the UCLA Pegasus Laboratory [7, 8] where fluo-
rescent screens are used to record the spatial projections
of a high brightness beams before and after a set of three
quadrupoles with adjustable currents to change the rotation
angles of the transverse phase space and enable a tomo-
graphic reconstruction. Importantly, the transformation of
the phase space in these measurements does not provide
projections for the entire range of rotation angles due to the
limitation in the quadrupole currents or placement of the
beamline components. Therefore, while usual tomography
reconstructs the source volume from complete set of pro-
jections over the entire range of possible angles [9, 10], the
algorithm for beam phase space reconstruction should be
tolerant of this incomplete set of projections. We present
here the MATLAB algorithm we used in the reconstruction
which is based on sampling the 4D beam transverse phase
space with a macroparticle distribution. The algorithm is
shown to work well both on simulation and experimental
data and is eventually expected to be used in a feedback
loop to optimize the photocathode illumination to generate
ideally shaped 4D transverse phase space distributions to im-
prove spatial resolution in single shot time-resolved electron
microscopy.

DATA COLLECTION

In order to perform a tomographic reconstruction, suffi-
cient access to different rotation angles is needed. While the
technique can be generalized and applied to other beamlines,
in the following we focus on the setup currently installed at
the UCLA Pegasus laboratory shown in Fig. 1. The measure-
ment takes place in the area highlighted by the red square.
The initial spatial distribution is 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.

In order to do this, we write the beam transport matrix
as a function of current settings on each of the quadrupole
(11, I, I3) using a smooth approximation for the quadrupole
field gradient profile G(z) along the axis:

G(l,2) = % [taﬂh (g (% - z)) + tanh (g (% + z))

where L is the effective length of the quadrupole, b is the
steepness parameter of the edges, and the nominal magnetic
field gradient C1 is simply proportional to the current setting
of the quadrupole. For the quadrupoles used in the exper-
iment L = 0.078m, b = 135m™! and C = 0.45 Tm~'A~L.
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shows where the experiment takes place.

The overall gradient function for our beamline can be ob-
tained by the superposition of G;(z) for each quadrupole.
The locations of the screens and the quadrupoles along the
beamline are given in Table 1.

Table 1: Locations of the Screens and the Quadrupoles
Along the UCLA Pegasus Beamline

Beamline Component Position

Screen 4 3.191m
Green Quadrupole 4 3.295m
Green Quadrupole 5 3.381m
Green Quadrupole 6 3.466m
Final Screen 4.500m

The matrix transport is checked to match the General Parti-
cle Tracer (GPT) simulation of the beam envelope evolution
as shown in Fig. 2.
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Figure 2: The envelope evolution of a Gaussian beam under
quadrupole current settings 1.41 A,-2.39 A, and 1.17 A. The
dashed lines shows the evolution under GPT simulation and
the solid lines shows the evolution using the step transport
matrices.

For uncoupled transport, the 2D transport matrix can also
be defined by affine transformation M = SER, where S, E,
and R are the shear, expansion, and rotation matrix respec-
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Initial screen Sample Chamber

Figure 1: Schematic of the UCLA Pegasus beamline. Initial screen projection is collected at screen 4. The green quadrupole
triplets perform rotations on the beam. Spatial projection images after rotation are collected at the final screen. The red box

tively:

M_(l o) (e1 0)(cos(9) —sin(e))
“\k 1/10 eil sin(d) cos(9) |

We can then obtain the overall rotation angles 6, and 6,
from the beam transport matrix,

M M; 3

0y = arccos | ———=|, 6y = arccos| —=—|,
\/M12,1 + M7, \/M32,3 + M3,

which is dependent on the current settings. Setting goal
x- and y- rotations from O to x, the desired quadrupole
current settings can be computed using a nonlinear least
square optimization. The obtained current settings are used
to collect final screen images under different rotations.

Accessible angles are limited to the middle of the rotation
space due to the quadrupole and screen positions as well as
the current setting limits. In addition the final screen has a
diameter of 8 mm which also poses a limit on the available
rotation angles. The rotation angles used in the simulations
and experiments discussed below are shown in Fig. 3.

Rotation Angles Accessed by Final Images in Simulation Rotation Angles Accessed by Final Images from the UCLA Pegasus Beamline

Y Rotation (rad)

0 0s 1 0 0s 1

15 2 15 2
X Rotation (rad) X Rotation (rad)

Figure 3: On the left is the x- and y- rotation angles of each
set of quadrupole settings used in simulation. On the right
is the x- and y- rotation angles of each set of quadrupole
settings used in the Pegasus beamline experiment.
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RECONSTRUCTION ALGORITHM

To reconstruct the 4D transverse phase space (x, x’,y,y’),
we developed an algorithm that starts from the spatial pro-
jection as measured by screen 4 and attempts to match the
projections on the final screen resulting after applying rota-
tions using three quadrupoles.

We begin by initializing a number N of macroparticles us-
ing the image at the initial screen as the probability distribu-
tion for the x-y coordinates. A random uniform momentum
distribution is then assigned to the ensemble, which gives
us an initial guess 4D distribution (x;, x/, yi, y7).

For each set of quadrupole settings, the guess ensemble
is transported to the final screen using the beam transport
matrix. The phase space distribution so obtained is then
projected onto the x — y plane and then compared with the
data image at the final screen. Particles that landed in pixels
having excess charge compared to the measured image are
marked as candidates to be respawned. After the marking
process is repeated through all the quadrupole settings in
the data sets, particles that failed to 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.
The convergence parameters k and p can be altered based
on need for precision.

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 algorithm then reconstructs the test distribution
using those images.

The test beam we chose is Gaussian in its spatial distribu-
tion with a double Gaussian momentum distribution. This
choice is made to demonstrate the algorithm’s ability to con-
verge towards a momentum space with a complicated inner
pattern. The distribution to be reconstructed is shown in
Fig. 4.

Setting the convergence parameterstobe k = land 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
momentum reassignment loop stopped after 22 iterations
when the particles that landed in an over-dense region in
more than one image is less than 1% of the total number of
particles used.

While the reconstructed phase space shown in Fig. 5 can
give a good idea of the ability of the algorithm to reconstruct
the initial distribution we can also compare the second order
moment matrix which is found to agree within 10% of the
initial beam matrix.
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Figure 4: Simulated test distribution to be reconstructed.

After 22 Iterations
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Figure 5: The reconstructed 4D phase space after 22 itera-
tions of momentum reassignment.

Reconstruction of Experimental Data

The algorithm was then used on experimental data col-
lected from the UCLA Pegasus laboratory. The beam en-
ergy for these measurements was 8.7 MeV and the beam
charge was 2 pC. 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. 7. A guess Gaus-
sian momentum distribution with oy = 4 x 10~*rad and
oy = 3 X 107* rad is initialized with this spatial distribution
to create a guess initial 4D distribution. The number of
macroparticles used to simulate the distribution is 50,000.

The initial 4D distribution is then transported to the fi-
nal screen position using the beam transport matrices based
on each set of quadrupole current settings and compared
against 50 data images from the beamline. Setting the al-
gorithm hyper-parameters to be k = 5 and p = 15, the
runtime is 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 is 18.63 um. In order
to take into account for the Poissonian statistics associated
with the limited number of macroparticles used to sample the
beam distribution, the noise parameter from image filtering
is set as 0.5 so that a particle will be marked to be respawned
if p, —p; > 0.5-+/p; where p, is the count value of the pixel
the particle lands in and p; is the corresponding value from
the same pixel in the target data image. The reconstructed
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Figure 6: The left box contains 50 final images from the UCLA Pegasus

final images based on the reconstructed 4D phase space.
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Figure 7: The left shows the initial screen 4 image collected
from the UCLA Pegasus beamline. The right shows the
spatial distribution the algorithm initializes based on the
screen image.

distribution has a beam geometric emittance of 41 nm. The
distribution is shown in Fig. 8.
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Figure 8: The reconstructed 4D phase space after 428 itera-
tions of momentum reassignment.

In comparison with the simulation case, reconstruction
using experimental data is much more difficult due to noise
and image quality. The reconstruction time increases with
the number of images used. Additionally, tighter parameter
control-i.e. allowing smaller number of images to be missed,
stopping at lower number of particles to be respawned, or
decreasing the noise parameter—can all result in a longer
reconstruction time.
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CONCLUSION

We have presented a method to tomographically recon-
struct 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. Sufficient access to the ro-
tation angles in both x and y is needed in order to get an
accurate reconstruction. Using an iterative momentum re-
assignment 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 dis-
tribution. Using collected 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 tested on data images collected from the
UCLA Pegasus beamline. Although the reconstruction time
is higher than in simulation, the algorithm is able to recon-
struct a 4D transverse phase space that produces images that
well match the final spatial projections of the actual beam
under 50 quadrupole-controlled rotations. Potential future
improvements that could be made include understanding the
role of the space charge fields in the measurements, decreas-
ing the reconstruction time, optimizing image processing
method to reduce noise, and improving reconstruction accu-
racy.
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