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Hartemann3, C. P. J. Barty1:2.3
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2Beckman Laser Institute and Medical Clinic, University of California — Irvine, Irvine, CA 92612,
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3Lumitron Technologies, Inc., 5201 California Ave, Suite 100, Irvine, CA, 92617, USA

Abstract

The development of compact quasimonoenergetic X-ray radiation sources based on Laser
Compton scattering (LCS) offers opportunities for novel approaches to medical imaging. However,
careful experimental design is required to fully utilize the angle-correlated X-ray spectra produced
by LCS sources. Direct simulations of LCS X-ray spectra are computationally expensive and
difficult to employ in experimental optimization. In this manuscript, we present a computational
method that fully characterizes angle-correlated LCS X-ray spectra at any endpoint energy within
a range defined by three direct simulations. With this approach, subsequent LCS X-ray spectra can
be generated with up to 200 times less computational overhead.

1. Introduction

Laser Compton scattering (LCS) produces X-rays with unique spectral-spatial distributions
that are unlike those produced through bremsstrahlung and synchrotron radiation sources
[1]. LCS produces X-rays by scattering laser photons off relativistic electrons. LCS X-ray
sources can offer small energy bandwidths, i.e., quasimonoenergetic X-rays, and small
effective source sizes that can enable high-precision imaging techniques not possible with
bremsstrahlung sources [2]. While the monochromator output of synchrotron radiation
sources can also produce high X-ray fluxes with energy bandwidths of less than 0.1%

for high-resolution and low-dose imaging applications [3-7], the two primary limitations
of synchrotron radiation are its facility-scale space requirements and its inverse relationship
between X-ray flux and X-ray energy [8].

LCS sources offer the opportunity to produce quasimonoenergetic X-rays with room-scale,
rather than facility-scale, space requirements. Additionally, while LCS sources have already
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been designed and built with X-ray fluxes and X-ray energies capable of preclinical medical
imaging studies [9, 10], it has also been demonstrated both theoretically and experimentally
that LCS light sources are capable of scaling to higher fluxes when tuned to produce X-rays
at higher energies [11]. This direct relationship between flux and energy unlocks novel
opportunities such as medical X-ray imaging with high-Z contrast agents [12], ultrahigh
dose rate (FLASH) radiotherapy [13], and nuclear resonance fluorescence imaging, which
itself has extended applications in nuclear security and non-destructive testing [14-16].

One medical imaging technique that quasimonoenergetic X-ray sources are naturally suited
for is K-edge subtraction imaging, which utilizes the absorption line of a high-Z atom’s
inner shell electron to produce a strong differential X-ray absorption signal compared to
those from biological tissues. Utilizing quasimonoenergetic X-rays above and below a
contrast agent’s K-edge can enhance regions that take up contrast agent more readily, as
was first reported in 1983 at the Stanford Synchrotron Radiation Lightsource (SSRL) for
rapid digital subtraction angiography (DSA) [17]. The extension of K-edge subtraction
imaging from synchrotrons to LCS X-ray sources has been demonstrated with angiography
[18], contrast-enhanced mammography [19], computed tomography [20], and fluoroscopy
[21]. These preliminary experimental studies into the suitability of LCS X-ray sources

for advanced medical imaging techniques have justified the development of more LCS
X-ray sources capable of producing higher X-ray energies. They have also justified a more
subtle analysis of the X-ray spectra generated from such sources. These initial studies
approximated the LCS X-ray energy spectrum as the integrated spectrum over an entire
region of interest (Fig 1.a), which may not fully take advantage of a unique property of LCS
X-rays: an angle-correlated energy spectrum. The discontinuous nature of the atomic K-edge
means that a precise understanding of the spatial distribution of LCS X-ray energies will
enable the design of precision LCS imaging techniques.

For example, a LCS architecture employing a Gaussian electron beam in time and space

and a horizontally polarized Gaussian laser pulse may produce distributions of X-ray flux,
mean X-ray energy, and even local energy bandwidth that vary over the extent of the X-ray
beam profile (Fig. 1). This angle-correlated distribution of X-rays further differentiates LCS
radiation from commonly employed bremsstrahlung radiation in that the latter can often be
considered to produce a distribution of X-ray energies that is preserved throughout its spatial
extent. LCS X-rays have complicated spectral-spatial distributions but given the properties
of the interacting electron beam and laser pulse, these complicated distributions are well
described through simulation [22].

The characteristics of the interacting electron beam and laser pulse directly influence the
Compton edge energy, divergence, local energy, local bandwidth, and flux distribution of
the LCS X-ray output. However, conducting a detailed spectral analysis of LCS X-rays
cannot be performed on the timescale of an imaging experiment. Thus, being able to
reference simulated X-ray spectra for a given set of interaction conditions is required for
precision experimental design. In applications that require quasimonoenergetic X-rays with
strict bandwidth and field-of-view requirements, a set of simulated X-ray spectra with
varying LCS interaction parameters should be consulted to identify optimal conditions.
Simulations of LCS X-ray outputs have been shown to predict flux densities and spectral
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distributions accurately but simulating the relativistic collisions of electrons and photons is
computationally expensive. This is a severely limiting step in experimental optimization.

Because of this computational hurdle, there has been recent interest in describing the
properties of LCS X-ray sources using convenient analytical forms [23, 24]. These
descriptions show strong agreement with Monte Carlo simulations at small scattering
angles and for a wide range of interaction conditions. Analytical descriptions of the
spectral bandwidth and flux densities of an LCS source are invaluable for evaluating design
benchmarks for the commissioning of new LCS sources, but the information they provide
is insufficient for precision imaging applications. The advantage that direct simulation
maintains over analytical approximations is the generation of detailed local X-ray spectra.

One study sought to retain the local spectral information of an LCS X-ray source by fitting
simulated LCS X-ray data to a function that visually approximated the shape of the LCS
X-ray energy spectrum over a field of view [25]. This allowed computationally efficient
implementation into imaging simulation studies with some consideration of variation in
local X-ray spectra. However, this previous work assumed that the shape of the local X-ray
energy spectrum is the same at all scattering angles, which can be limiting in trying to
produce realistic LCS X-ray spectra. An example of how the shape of the local X-ray
energy spectrum can change with observation angle is illustrated in Fig. 2. Furthermore, and
similarly for analytical approaches, radial symmetry must be assumed for X-ray intensity
distributions, which precludes the use of polarized laser pulses.

This paper seeks to retain the detailed spectral-spatial information from direct simulations
required for precision experimental design without the computational cost associated with
generating the many spectra required for optimization. Instead of implementing a relativistic
scaling factor (1/) to X-ray scattering angles, as is typically done in analytical approaches,
this paper investigates how the local X-ray distribution at a specific scattering angle in the
laboratory frame (i.e., a detector pixel) transforms as the energy of interacting electrons

is varied. Instead of applying general physical scaling laws or making assumptions about
the functional forms of local energy distributions, we instead use a data-driven approach

to directly interpolate the transformation of local energy distributions between direct LCS
simulation results.

This paper describes and evaluates a practical, computationally efficient approach to produce
simulated LCS X-ray spectra over a range of Compton edge energies. Unlike previous
work, this paper seeks to preserve the detailed local spectral information that is required
for precision experimental design. For the remainder of this paper, we will refer to this
approach to generating LCS X-ray spectra as Compton FastFit. The results and underlying
methods of this paper will enable the precision design of experimental applications using
LCS sources spanning medical imaging, non-destructive testing, and the interrogation of
nuclear phenomena. The goals of this work are to (1) generate detailed LCS X-ray spectra
with local deviations in mean energy and relative flux less than 1% in comparison with
direct LCS simulations and to (2) decrease the computational time required to generate said
spectra by more than two orders of magnitude.
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This paper is organized as follows: First, the Laser Compton interaction will be briefly
reviewed, followed by an explanation of the computational script used to generate simulated
LCS X-ray spectra. Next, we will discuss our approach toward discretizing and fitting

LCS X-ray spectra to a generalized functional form. We will then provide an evaluation of
how reliably we can predict LCS X-ray spectra over a range of Compton edge energies.

This experimentally translates to tuning the mean energy of an electron beam, a practical
approach to tuning the energy of a linac-based LCS source. Finally, we will use our
interpolation technique to determine which combinations of X-ray beam apertures and
Compton edge energies are necessary to maximize X-ray output within an energy bandwidth
constraint to demonstrate the utility of Compton FastFit.

2. Model and Computational Method

2.1 Modeling of Laser Compton sources

The spectral-spatial distribution of X-rays produced by a relativistic laser Compton source is
dependent on the interaction conditions between a laser pulse and a relativistic electron
beam. Within the moving frame of the electron, the incoming laser field is Doppler
upshifted. In the lab frame of the observer, the resulting Compton-scattered radiation is
additionally Doppler upshifted. For sufficiently energetic electrons, the resulting doubly
Doppler upshifted energy of the relativistic Compton-backscattered photons can easily fall
into the X-ray regime. To an observer in the laboratory rest frame, the results of this process
may appear somewhat confusingly to be the result of an “inverse” physical process in which
higher energy photons are produced from lower energy incident photons. However, within
the rest frame of the electron, the underlying physics is simply that of traditional Compton
scattering between photons and electrons.

The exact energy of a Compton-scattered X-ray, £,, emerging from a photon collision with
a relativistic electron is given by:

—aly2 =
E = y y“—1cos¢ E,

v (@)
Y — \/)/2 — 1cosf + koA(1l — cos@cos¢ + cosysinfsing)

where yis the electron’s Lorentz factor, A is the wave number of the incident photon, 7, is
the reduced Compton wavelength of the electron, £, is the incident photon energy, ¢ is the
angle between the incident electron and photon, &is the angle between the incident electron
and scattered photon, and y is the angle between incident and scattered photons. In the
simplified case of a head-on collision, where ¢ = 7, and for small observation angles, where
sin @~ 6, the equation can be approximated to be

N 4y

n——— F @
1 +7%0% + dyk g,

This approximation is made under the assumption of a single photon colliding head-on
with a single electron at small scattering angles. As 6 — 0, £, — Ecg, Where Ecgis
defined as the Compton edge energy. To produce realistic distributions of Compton-scattered
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X-rays, the beam characteristics of both an electron beam and interaction laser must be
considered, along with the Compton scattering cross sections between participating electrons
and laser photons. For the distributions in this paper, X-ray beam spectra and beam profiles
are simulated using a Mathematica script originally developed and experimentally validated
by F.V. Hartemann, S. Wu and Y. Hwang at the Lawrence Livermore National Laboratory
(LLNL) [26] and adapted for use by Lumitron Technologies, Inc. The script calculates
resulting Compton X-ray flux, spectrum, and spatial distribution for a simulated interaction
of an electron beam and laser pulse. This script is based on physics and processes that have
been previously described [27, 28].

First, a 75 MeV electron beam with one hundred thousand particles is simulated using
General Particle Tracer (GPT) code. The phase space values of this electron beam are

then modified within the Mathematica script to fit desired beam parameters (electron beam
energy, divergence, spot size, etc.). In this paper, the electron beam has a normalized x- and
y-emittance of about 0.15 and 0.12 respectively, with an interaction spot size of about 5 pm.
In linac-based LCS sources, the normalized emittance can be assumed to stay constant as the
electron beam energy is scaled and the laser Compton focal spot size can be maintained via
adjustment of the magnetic focusing optics [29].

The laser pulse is modelled as a Gaussian beam. Hence, laser pulse bandwidth and
divergence effects are not simulated within this script. Previous analyses have indicated

that in a typical LCS arrangement that does not employ ultrafast (femtosecond) laser pulses,
the bandwidth and divergence of the laser pulse are not a significant contributor to changing
the LCS X-ray spectrum when compared to the emittance and spot size of the interacting
electron beam [11]. The Mathematica script assumes laser pulse widths on the order of
picoseconds, in which this approximation is valid. The amplitude of the focused laser pulse
is always less than the electric field amplitude of the relativistic electron beam, allowing us
to assume the linear Compton scattering regime.

After defining our interaction conditions, a discrete grid of observation angles (8yand 6)) in
horizontal and vertical planes is set up. At each grid point, for each electron beam particle,
the script calculates the Compton-scattered X-ray energy and number of photons scattered
at that energy. The energy and differential cross sections of Compton-scattered X-rays are
calculated using energy-momentum conservation and the Klein-Nishina formula for linearly
polarized photons. The interaction probability between the electron and laser beams is
calculated by integrating the photon density along the ballistic trajectory of the electron,
which is then multiplied by the Compton scattering cross-section to give the number of
photons within the solid angle at each grid point. Finally, contributions of all electron
particles for all grid points are summed up.

Laser Compton X-ray distributions produced in this way are then used as the input for the
Compton FastFitalgorithm for fitting and interpolation. It is important to note that Compton
FastFitis agnostic to the Laser Compton simulation used, so long as the LCS simulation
output can be expressed as a grid of observation angles with information about the spatial
and energy distributions of the Compton-scattered X-rays.
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2.2 Spectral-spatial fitting and interpolation using Compton FastFit

The input of the Compton FastFitinterpolation algorithm requires data that describe the
distribution of Compton-scattered X-rays in terms of both scattering angle and photon
energy generated from a Laser Compton Scattering (LCS) simulation code. We will refer
to these file inputs as anchor distributions as they will serve as the anchors for our
interpolations.

After anchor distributions have been loaded, Compton FastFitthen fits polynomial
expressions to the local energy distribution at each observation angle (6, 6,) using
Vandermonde matrices, or, in regions where the local bandwidth is especially small (8,
6, ~ 0 mrad), nonlinear least-squares fitting. The polynomial fits are then rescaled to match
the relative X-ray flux at that observation angle. We refer to these functional approximations
as anchor-fits. Paired with these anchor-fits are also bounds over the range of energies
produced at each observation angle, which appropriately truncate the polynomial function

at its nearest zeros on each side of the distribution. The dimensions of the anchor-fit

matrix generated is determined by the observation angle binning provided in the anchor
distributions. Thus, at this stage, each anchor distribution can be approximated as an anchor-
fit of dimensions (/m, 11, 0) where mand n indicate the number of 8yand 6, bins respectively,
and o indicates the number of polynomial coefficients employed to generate the functional
approximation of the local energy distributions. While the polynomial order can be easily
altered by the user, we have used eighth degree polynomials here (i.e., 0 = 9). While

this approach is not theoretically limited to polynomials, we found that using polynomials
allowed for very efficient fitting and interpolation, even with many coefficients.

Once we have produced anchor-fit counterparts from anchor distributions, we then

evaluate goodness-of-fit by comparing two parameters between our anchor-fits and anchor
distributions at each observation angle: flux density and mean energy. We then calculate the
mean absolute percentage error (MAPE) for each parameter over the entire set of considered
observation angles to provide a quantitative metric for the fitted and interpolated spectra.

After producing polynomial-fitted counterparts for our original anchor distributions, we
examine how X-ray flux and mean energy change between anchor distributions at each
observation angle. Based on the transformation of flux and mean energy at each observation
angle as Ecsranges from 20 keV to 100 keV, we can qualitatively see that parameters
increase in a way that can be well-approximated as quadratic (Fig. 3). Since our field of
view only includes small scattering angles and since we assume a head-on collision between
electrons and laser photons, we find that Eq. (2) describes the mean energy distributions in
Fig. 3c and Fig. 3d well. For generality, however, we still create a quadratic interpolation
map for both mean energy and relative flux at each observation angle. These mappings allow
Compton FastFitto rescale local energy distributions appropriately as Compton edge energy
is varied.

To reshape the local energy distributions as a function of £~z we overlay a quadratic
interpolation map over three anchor-fits (Ec£= 20 keV, 60 keV, 100 keV) of dimensions
(m, n, o) for each polynomial coefficient. This is because polynomial coefficients were also
observed to vary over Ecgin a way that was well-approximated by quadratic functions.

Appl Opt. Author manuscript; available in PMC 2023 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Effarah et al.

Page 7

Thus, our final interpolation map is a matrix with dimensions (/m, n, o, 3). This interpolation
map describes how each polynomial coefficient varies at each observation angle while E-¢
is tuned. To maintain appropriate local energy bandwidths, the energy bounds are also
quadratically interpolated and carried through as constraints for the polynomials generated
by the interpolation map.

To evaluate this approach for the rapid generation of LCS X-ray spectra, we compare these
predicted X-ray spectra with those generated using the Mathematica script described in

the previous section (Section 2.1). To scan over a range of Compton-edge energies, as we

do in Section 3.3 and Section 3.4, we simply loop over an iteration of predicted Laser
Compton X-ray output distributions. We embed functions in these iterative loops to calculate
properties of interest that are then plotted to identify X-ray aperture and Eqgpairs that
optimize our properties of interest.

Producing a single LCS X-ray distribution using the Mathematica script described in
Section 2.1 requires 16 CPU minutes on one core of an Intel® Core™ i5-8279U Processor.
Producing the initial Compton FastFit interpolation map requires 2 CPU minutes (regardless
of anchor function CPU time). After the interpolation map has been generated, only 5 CPU
seconds are required to produce an LCS X-ray distribution from the interpolation map. As
Compton FastFitstill requires three anchor functions to initialize (48 CPU minutes in our
case), the utility of this technique from the standpoint of computation time is best realized
in applications where many LCS X-ray spectra need to be generated to identify optimal
LCS interaction parameters. All Compton FastFit code was written and tested in MATLAB
R2021a and can be accessed with explicit instructions on how to generate the data that will
be presented and discussed in this paper [30, 31].

3. Simulation Results and Discussion

3.1 Producing anchor-fits from LCS anchor distributions

We first seek to evaluate how well the anchor distributions provided by direct LCS
simulation can be described as matrix of polynomials, which we refer to as anchor-fits.

This evaluation is carried out through a pixel-by-pixel image subtraction between anchor
distributions and their respective anchor-fits. Image subtraction results between an anchor
distribution with £-£= 60 keV and its anchor-fit is shown in Fig. 4. The absolute percentage
error (APE) is calculated at each observation angle for both X-ray flux and mean energy.
Calculations of the mean absolute percentage error (MAPE) are inset in 4(a) and 4(b). The
anchor-fit was produced using a matrix of eighth degree polynomials.

In Fig. 4(a), the flux image subtraction at each observation angle is essentially non-existent,
reflected by the order 10714 percent errors at each observation angle. This is present by
design, as polynomial functions at each observation angle are re-scaled such that the flux
exactly matches that of the anchor distribution. Our decision to explicitly constrain flux
while fitting our anchor distributions is that in a quasimonoenergetic X-ray spectrum, the
flux is the most important determiner of dose. Thus, trying our best to maximize fidelity in
flux reproduction will make radiation dose simulations using these spectra more reliable.

Appl Opt. Author manuscript; available in PMC 2023 November 01.
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In Fig. 4(b) we see small deviations in mean energy, with the largest deviations near the
edges of the image where the total number of scattered X-rays is lowest. Regions of higher
X-ray flux (central) tend to have their mean energies more accurately reproduced in the
functional approximation, though throughout the distribution the absolute percentage error
(APE) in mean energy prediction is at most just above 0.02%.

Based on our goal of minimizing local deviations in mean energy and relative flux to less
than 1% between spectra generated from Compton FastFitand traditional LCS simulations,
the direct fitting of LCS energy spectra using a simple array of polynomials is well within
our benchmark for success. The generality of polynomial functions and our separation of the
X-ray spectrum into discrete observation angles allows for the accurate description of the
shape of local X-ray distributions. As illustrated in Fig. 2, and again later in Fig. 5, assuming
a static functional form for all observation angles would lead to inaccurate reproductions of
local X-ray spectra.

3.2 Interpolation of Laser Compton X-ray distributions while varying E,,

After expressing the anchor distributions generated from direct LCS simulation as anchor-
fits, we then produce a discretized interpolation map for each observation angle that
slightly deforms local polynomial functions to smoothly transition between anchor-fits.
These gradually morphing polynomials are then remapped onto the relative flux and mean
energy values that correspond to the appropriate value of £-£(Fig. 3).

To investigate the reliability of this interpolation approach, we produced an interpolation
map using anchor functions with £-£= 20 keV, 60 keV, 100 keV and produced an
interpolated LCS X-ray distribution at £-£= 80 keV. We evaluated how reliable this
interpolated LCS X-ray spectrum was by comparing it to a distribution produced using
direct LCS simulation. We then use the same image subtraction technique employed in Fig.
4. Image subtraction plots and MAPE insets are shown in Fig. 5.

Unlike the flux image subtraction in Fig. 4 between anchor distributions and anchor-fits,
we cannot make any explicit constraints on interpolated spectra. This causes an expected
increase in flux APE in Fig. 5(a) as we attempt to interpolate to new values of £cz
However, our MAPE is still well below 1% over the entirety of the image, and the largest
APEs are at the largest observation angles. At these large observation angles, relative X-ray
flux is lowest. Even then, the largest APE values are only about 1.5% at the fringes of the
region of interest.

In Fig. 5(b), we see an increase in MAPE by about an order of magnitude when compared
with Fig. 4(b). Even so, the MAPE in mean energy prediction is less than a fraction

of a percent. Expectedly, the worst fits occur at the largest observation angles, where

a lower relative flux will decrease our ability to accurately predict mean energy since
there is a smaller relative population of X-ray photons at that observation angle to sample
from. At the largest observation angles, the APE does not reach over 0.2% between direct
LCS simulation and interpolated predictions. If direct LCS simulation is performed with
a sufficiently large sampling of Compton-scattered particles at a given observation angle,
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we believe that mean energy should naturally remain well-predicted using this interpolation
technique.

To better visualize how our interpolated polynomials are fitting at each observation angle,
we examine the local energy distributions at two observation angles from Fig. 5 for both the
Compton FastFit-interpolated and direct LCS simulation-generated X-ray spectra (Fig. 6).
These polynomial fits are typical over the entire range of observation angles of interest and
demonstrate qualitatively that there are no regions of unusual deviation from local energy
distributions in our anchor distributions, even after interpolation.

To illustrate the reliability of Compton FastFit over a range of interpolated spectra, MAPE
analysis was repeated at different £-£values using the same interpolation map. The
resulting MAPE for flux and mean energy are recorded in Table 1. In general, MAPE is
lower for interpolated spectra with £z closer to those of the anchor distributions. The
MAPE also tends to be larger for lower energies (especially for flux) because given the same
direct LCS simulation conditions, more X-rays are scattered outside of observation angles of
interest, leading to a noisier anchor distribution and thus a less reliable fit. In other words, of
the three anchor distributions employed, we expect £-£= 20 keV to be the noisiest. Even so,
the calculated MAPE values are below our 1% benchmark for success with respect to flux,
and less than 0.1% in mean energy.

Based on these results, we believe that Compton FastFit's use of polynomial approximations
and quadratic interpolations is an effective, reliable, and computationally efficient approach
to scanning through different £-£values for a given LCS X-ray source configuration. This
approach can be used to optimize LCS source settings for a given imaging application. We
also note here that these results are only tested in the linear Compton regime (where the
amplitude of the interaction laser pulse is lower in magnitude than the amplitude of the
electric field of the electron beam), the regime where all currently commissioned LCS X-ray
sources operate for imaging applications.

Furthermore, we only validate the use of this interpolation map when the employed anchor
functions have sufficient X-rays scattered to them. Typically, as Ecgincreases, more X-rays
are strongly forward scattered near 8= 0, reducing the relative flux at larger observation
angles. Using Compton FastFitin its presented form at higher energies will require a
reduced range of observation angles. Although not explicitly discussed in this paper,
extrapolation to energies outside of the range of anchor distributions is possible if there

is a sufficiently large flux at each observation angle.

We also believe that it is both possible, and a benefit to the application of LCS X-ray
sources, to extend these interpolations to other LCS interaction parameters like electron
beam emittance and interaction spot size. Future work by the authors intends to explore
these other LCS beam parameters to provide more optimizable variables for imaging
applications. To better scan over multiple parameters simultaneously, we could further
generalize how we approximate spectra and generate interpolation maps through machine-
learned approaches. However, we believe that interpolating over LCS interaction parameters
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that are conveniently tunable at LCS X-ray sources is of the most immediate practical
interest.

3.3 Application: circular aperture optimization

To test the utility of Compton FastFit, we presented the simple task of optimizing £ozand
the radius of a circular beam aperture to maximize X-ray flux passing through the aperture.
In a simplified version of a constraint that could be used in designing a K-edge subtraction
imaging experiment, X-rays are constrained to have energies within a bandwidth of interest.
For this illustrative problem, we define a “good” X-ray energy as Egppy= 72 keV + 2%
X-rays of any other energy are labeled as having an energy Epa4 We define a threshold of
acceptance such that 80% of the X-ray flux through the aperture is attributed to X-rays with
energy Egooqg Using Compton FastFitand the anchor distributions described previously at
Ece=20keV, 60 keV, 100 keV, we interpolate LCS X-ray spectra with £z ranging from 70
keV to 80 keV at a spacing of 0.2 keV. We also scan through circular aperture radii ranging
from 0.1 mrad to 5 mrad at a resolution of 0.1 mrad and calculate the difference between
“good” and “bad” X-ray flux, normalized to the total X-ray flux within the aperture. This
metric allows for an intuitive visualization of the relative flux of “good” X-rays, Nypoa
where a metric value of 1 indicates that all X-rays lie within our energy bandwidth constraint
and a value of -1 indicates that all X-rays lie outside of our energy bandwidth constraint

(Fig. 7).

From Fig. 7, we see that there is a clear delineation of aperture radius and £z combinations
that satisfy our constraint, and we can select the combination that maximizes X-ray flux
with said constraint by maximizing aperture radius within the 0.8 contour. The result of this
optimization is reasonable, as 72 keV + 2% = 73.4 keV, which is very near our interpolated
prediction for the ideal value of Eqz= 73.6 keV. From Eq. 2, we can see that the X-rays
with the highest energies produced through LCS are completely forward scattered, or in
other words, scattered to 8= 0. Thus, for a circular aperture, it is reasonable that tuning our
Compton edge, Ecf to a value that lies outside of the upper limit of an energy constraint
will begin to introduce “bad” X-rays in our aperture and thus rapidly increase the value

of NpagTor small beam aperture radii. To validate this result, we produced multiple LCS
X-ray spectra using direct LCS simulations at £ values around 73.6 keV and set circular
apertures to 2.8 mrad to see how well our interpolated optimization plan matches the results
of direct LCS simulation (Fig. 8).

From Fig. 8 we see a remarkably accurate prediction of our metric’s value for corresponding
values of aperture radius and Eq£ Through simple polynomial functional approximations
and a quadratic interpolation map we can obtain practical information about a Laser
Compton source that can be used to optimize interaction parameters and aperture design.
The total computational time required from Compton FastFitto produce the LCS X-ray
spectra required for this analysis was 54 CPU minutes; 48 CPU minutes to produce three
anchor distributions, 2 CPU minutes to produce the interpolation map, and then only 4

CPU minutes to produce 50 LCS X-ray spectra. Producing the same spectra using just LCS
interaction code would require 800 CPU minutes, or just over 13 CPU hours.
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This approach to LCS parameter optimization may be especially useful in designing K-edge
imaging experiments with LCS X-ray sources. Maximizing X-ray flux will minimize image
acquisition time, while constraining bandwidth will maximize image contrast per unit dose
imparted upon the patient. In the application of this code to a real K-edge imaging example,
one could easily define their bandwidth acceptance metric based on which X-ray energies
maximize the differential absorption response from the contrast agent. This differential
absorption response will be unique to the geometry and composition of the sample.

3.4 Application: annular aperture optimization

As a slightly more complicated example compared to the previous section (Section 3.3), we
have generalized our search for a combination of aperture radius and Compton edge energy,
Ecr to consider either circular or annular apertures. In general, with circular apertures, one
must reduce the radius of the aperture to minimize the energy bandwidth of the LCS X-ray
output, as X-ray energy decreases with radial symmetry as the observation angle increases
(see Fig. 1). However, because of this predictable radial energy dependence, one could
employ annular apertures to take advantage of the relatively small local bandwidth at a given
radial scattering angle (Fig. 1.b). Since the tuning of Eozfor any LCS X-ray source has yet
to be accomplished on the experimental timescale [18-21, 32, 33], alternative approaches to
rapidly changing the energy spectrum of an LCS X-ray source are of practical interest.

We define an annular aperture here to have an inner radius, r;; and an outer radius, 7,

such that only X-rays scattered to observation angles that subtend the solid angle contained
between the two radii are considered. In this example, r;is allowed to have values down to
ri=0 mrad whereas r, has a minimum allowed value of 7, = 0.1 mrad. We optimize to the
same metric as in Section 3.2, seeking to find combinations of £-zand aperture geometry
that maximize the X-ray flux that passes through the aperture given that at least 80% of the
X-rays are of energies 72 keV + 2%. To condense the results of our optimization, we report
the r,and r;combination that resulted in the largest X-ray flux for each value of £z We
also report the X-ray flux, Ny that passed through the optimal aperture for each value of
Ece (Fig. 9). All other combinations of r,and r;at a given value of Eozeither resulted in a
lower X-ray flux or did not conform to the previously stated X-ray energy constraint.

From Fig. 9, we see the range of £-£Vvalues that have any possibility of satisfying our

Xray energy constraint. In agreement with the (N goog = Npao)! Nroras = 0.8 contour in Fig.

6, satisfying the constraint with a circular aperture (rj= 0) is only possible at £-£values
ranging from about 71 keV to just below 74 keV. At values below 71 keV, no X-rays

are being generated through the Laser Compton interaction that satisfy our X-ray energy
constraint. However, as £ is tuned above 74 keV, the inclusion of annular aperture options
allows us to block central X-rays which in turn allows us to decrease the overall energy
bandwidth of X-rays passing through the aperture. For example, at Ec= 75 keV, the use of
an annular aperture with r;= 2.3 mrad and r, = 3.4 mrad will result in an X-ray spectrum
that satisfies the energy constraint with only a 33% decrease in total flux when compared to
the ideal circular aperture that maximizes X-ray flux at Ecz= 73.6 keV and r, = 2.8 mrad.
As with the previous example, once anchor distributions and the interpolation map were
initialized, only 4 CPU minutes were required to generate the LCS X-ray spectra for this
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analysis using Compton FastFit. It is important to note that new anchor distributions only
need to be produced when LCS interaction parameters other than £-£have been altered,
e.g., electron beam emittance, interaction spot size, laser pulse intensity.

In an imaging application that requires the use of two energies like K-edge subtraction
imaging, being able to quickly change the spectral content of the LCS X-ray output can
facilitate experimentation. An analogous approach to rapidly changing the LCS X-ray
spectrum has been demonstrated using filters, but the annular aperture approach may
preserve X-ray flux and energy bandwidth at the cost of requiring sample scanning to ensure
imaging of the same sample coordinates. Another promising approach to rapidly tuning
Ec£has been proposed and recently experimentally tested, which instead changes the laser
source or laser interaction angle with respect to an electron beam through fine adjustments
in an optical cavity [34, 35]. Regardless of the ultimate approach employed in LCS energy
tuning, the rapid and accurate generation of simulated LCS X-ray spectra with varying Ecg
facilitates the evaluation of experimentally relevant spectral properties.

4. Conclusion

In this paper we have described and implemented a computationally efficient, data-driven
technique to generate LCS X-ray spectra with detailed local energy information and
interpolate said LCS X-ray spectra through simulating the energy tuning of an electron
beam in a linear accelerator (changing £-£). By constraining the relative X-ray flux
throughout a collection of observation angles, we observe good agreement between the
properties of X-ray spectra generated through a direct LCS simulation and interpolations
from Compton FastFit. Furthermore, in terms of CPU time, generating an X-ray spectrum
using the Compton FastFit interpolation map is about 200 times more rapid than generating
the same X-ray spectrum through detailed LCS interaction code. We demonstrate the utility
of Compton FastFitby finding the optimal £-£and aperture geometry for a given energy
bandwidth constraint, an optimization approach that can be directly applied to bandwidth-
dependent imaging experiments. The underlying assumption of Compton FastFitin its
presented form is that scanning over mean electron energy does not impact other electron
beam parameters, e.g., emittance, energy spread and focal spot size. This assumption is
valid for linearly accelerated electrons or for electron storage ring architectures in which the
Compton edge is tuned through means that will not affect the electron beam emittance.

While Compton FastFitrelies on spatial discretization to interpolate between LCS X-ray
energy spectra, an alternative approach to simulating mean electron energy variation could
be to use a relativistic coordinate system, rather than a rectilinear one. The local energy
distributions at a given £-gare adjusted to new coordinates as the Lorentz factor of

the accelerated electron beam changes. This adjustment could then be projected onto a
rectilinear coordinate system to reconstruct the new local energy distributions at each
observation angle in the lab frame. Through the underlying principle of discretizing
observation angles, there are many opportunities to conveniently describe the X-ray spectra
of these rapidly emerging sources. We believe that this approach to approximating LCS
X-ray spectra will prove to be an invaluable tool in optimizing LCS sources for precision
imaging applications whose parameters of interest are dependent on X-ray energy, flux, and
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local bandwidth (e.g., K-edge subtraction imaging, medical CT, phase-contrast imaging,
non-destructive material testing, nuclear resonance fluorescence imaging, and isotope
detection).
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Fig. 1.
Visualization of the rich angle-correlated X-ray spectrum of a simulated LCS output with

a Compton edge (Ecg) of 60 keV at observation angles (6y, 6)) up to 5 mrad from the
center of the beam profile. On the X-ray flux density plot (left), four regions of interest

are highlighted with dashed lines. (a) The entire field of view, (b) a centered annulus, (c)
the center, and (d) an off-center region of the LCS X-ray spectrum are highlighted, and the
relative total flux and energy spectrum through these regions is illustrated (right). The LCS
interaction parameters used to generate these plots are described in more detail in Section
2.1 and are assumed for all LCS X-ray distributions simulated in this paper.
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Visualization of the change in shape of local X-ray distributions as a function of observation
angle (8y) from an LCS interaction with a Compton edge (Ecg) of 60 keV.
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Change in local X-ray flux density and mean energy at a range of observation angles over

a range of Ecgvalues. The color of the plotted line corresponds with the color in the inset
X-ray flux density distribution at values overlayed by the black bar in each inset. (a, b)
Relative X-ray flux density (normalized to the X-ray flux density at 8,=0, 8,=0, and Ecg
= 20) for a set of observation angles with (a) =5 mrad < 8y < 0 mrad, 6,,= 0 and (b) 0 mrad
< 6,<5mrad, 8x= 0. (c, d) Mean energy for a set of observation angles with (c) =5 mrad <
6x< 0 mrad, 6,=0and (d) 0 mrad < 8,<5 mrad, 6y=0.
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Fig. 4.
Image subtraction plots comparing parameters between an LCS X-ray distribution produced

through direct LCS simulation and its polynomial approximation using a matrix of eighth
degree polynomials. (a) The flux at each observation angle (8, 8,) has been explicitly
constrained to match that of the distribution produced by the LCS code, resulting in a nearly
exact match. The deviations between distributions at each observation angle are expressed as
an absolute percentage error (APE). (b) The mean energy is compared at each observation
angle, with deviations between distributions expressed as an APE. Inset in each image is the
mean absolute percentage error (MAPE) over all observation angles.
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Fig. 5.
Image subtraction plots comparing parameters between an LCS X-ray distribution produced

through direct LCS simulation and an interpolated LCS X-ray distribution, both with £E-¢
= 80 keV. (a) The X-ray flux is subtracted between interpolated and LCS-interaction-code-
generated distributions at each observation angle (6, 8,). (b) The mean energy, defined to
be the mean of the local energy bandwidth, is compared at each observation angle. The
deviations between distributions at each observation angle are expressed as an absolute
percentage error (APE). Inset in each image is the mean absolute percentage error (MAPE)
over all observation angles.
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Comparison of FastFit interpolation and LCS code at two observation angles whose values
are in mrad.
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Fig. 7.

Ogtimization of Ecesand aperture radius to the X-ray flux passing through the aperture given
the energy constraint Egooq = 72 keV £ 2%. A contour line is drawn at (Nyoog = Npad)! Niotar
= 0.8 to indicate all £czand aperture radius combinations such that at least 80% of the
X-rays that pass through the aperture are within our energy constraint. To maximize the total
number of X-rays, we use aperture radius as a proxy for NVy,sand identify our optimal (Ecs
radius) as (73.6 keV, 2.8 mrad).
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Fig. 8.
Evaluating the optimization results for aperture radius and £.that maximizes the metric

(Ngood = Npad)! Nyotar Values for the metric are calculated at a circular aperture radius of
2.8 mrad (indicated by the dotted white line in Fig. 7) for £c£values near the predicted
optimal value of Ecg=73.6 keV. Nygpgis defined as the X-ray flux within an aperture that
falls within a 72 keV £ 2% energy constraint. Ny is defined as all other X-rays within the
aperture such that Npog+ Npag= Niotar
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Finding combinations of £-zand annular aperture radii that maximize X-ray flux through
the aperture. At least 80% of X-rays that pass through the aperture must be of energies

72 keV £ 2%. For every Ecsexamined, the inner (r;) and outer (r,) aperture radii that
maximized X-ray flux are reported.
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Table 1.

MAPE at different £ values

MAPE (%)
Ece (keV)  Flux Mean energy
25 0.8015 0.08162
40 0.1917 0.09486
55 0.07331  0.02552
65 0.1430 0.01510
80 0.3408  0.04218
95 0.09268 0.01660
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