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The physics basis for an electron-beam-based Compton scattering x-ray source is investigated for single-
shot experiments at the major high-energy-density facilities, such as the Omega Laser Facility, National
Ignition Facility, and Z pulsed power facility. A source of monoenergetic (6¢/¢ < 5%) 10- to 50-keV x rays
can be produced by scattering of a short-pulse optical laser by a 23- to 53-MeV electron beam and
collimating the scattered photons. The number and spectrum of scattered photons are calculated as a
function of electron packet charge, electron and laser pulse duration, laser intensity, and collision geometry.
A source delivering greater than 10'° photons in a 1-mm-radius spot and 100-ps time resolution is plausible
with the available electron gun and laser technology. Applications of this source for x-ray diffraction, x-ray
imaging, x-ray absorption fine structure, and x-ray absorption spectroscopy in high-energy-density physics
experiments are described, demonstrating significant advancements compared to the present state of the art.
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I. INTRODUCTION

Understanding the structure and dynamics of dense
matter at moderate temperature is at the cutting edge of
high-pressure physics and has important applications for
research in planetary interiors, inertial fusion, and advanced
materials manufacturing [1-4]. Laboratory experiments
using high-power laser facilities are now able to access
the extreme material conditions with pressures exceeding
10-100 Mbar (1-10 terapascal) and with temperatures
ranging from a quantum dominated regime (~0.1 eV)
[5] to a moderately kinetic warm-dense-matter (WDM)
regime (~10 eV), where the thermal, Coulomb, and Fermi
energies of the conduction electrons are all comparable [6].
Recent discoveries in the low-temperature quantum regime
reveal that dense matter in these conditions can behave
quite differently than expected from the longstanding
Thomas-Fermi statistical model, giving way to structural
and electronic complexity and coherence. While there are a
growing number of predictions for such behavior for
elements and compounds [7-9], few data exist [10,11]
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because of the limiting quality of x-ray sources at the major
compression facilities.

The warm dense matter regime represents a significant
theoretical and computational challenge as traditional con-
densed matter techniques are only applicable to cold (i.e.,
with temperatures well below the Fermi level) systems,
while classical-plasma expansion approaches are also inap-
plicable since the matter remains strongly correlated. The
main difficulties in modeling warm dense matter states are
the joint requirements of maintaining the finite-temperature
electron degeneracy and the strong interparticle correla-
tions. One must employ a full quantum-mechanical treat-
ment of the free electrons while retaining a many-body
description of the ion motion, together with exact calcu-
lations of the bound and valence orbitals. All the computa-
tional techniques employed so far (see, e.g., Refs. [12-16])
have used approximations, which are largely untested as
experimental benchmarks are sparse [17]. Moreover, with
the recent advances in machine-learning methods, it has
become clear that progress in this field relies on data-driven
approaches that have the potential to explore greater
volumes of parameter space and exploit new relationships
that have so far remained hidden in our current physical
models [18].

While the availability of a large number of accurate
experimental datasets is therefore important for progress,
there is still no facility where these explorations can be
performed. The diagnostic techniques to probe WDM
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structure—x-ray diffraction, inelastic x-ray scattering, and
x-ray absorption spectroscopy—require narrow x-ray band-
widths (below 2.5%) and high x-ray spectral brightness
(above 107 photons/eV) in rapid pulses (ideally < 1 ns).
High-energy-density facilities, such as Omega, the National
Ignition Facility, or Z, excel in accessing a wide range of
conditions but lack sufficiently advanced x-ray probing
capabilities—mostly limited to noncollimated, incoherent
atomic fluorescence sources produced by thermal ioniza-
tion or fast electron heating. On the other hand, free-
electron laser (FEL) facilities have exquisite diagnostic
capabilities thanks to the availability of collimated, high-
brightness short pulses of monochromatic x rays, but they
lack the capability to produce the requisite extreme matter
conditions [19]. While, ideally, the combination of FELs
and high-energy-density compression capabilities into a
single multipurpose facility would be able to address the
above needs, such a facility will require a substantial capital
investment, and it is unlikely to become available in the
near term. Other sources of bright and prompt x rays
generated by laser-accelerated electron beams have been
studied, including betatron, inverse Compton, and brems-
strahlung sources. A good review of progress in this area is
contained in Ref. [20]. However, to date, these techniques
cannot produce monoenergetic sources (bandwidth is
typically over 50%) and have insufficient spectral bright-
ness to support the desired diagnostics.

This paper explores a different approach to making a
single shot, collimated, narrow bandwidth x-ray source
available for diagnosing experiments at the Omega Laser
Facility, at a significantly reduced cost. Here we propose to
use conventional linac technology for the generation of a
23- to 53-MeV electron beam and then employ inverse
Compton scattering from an optical high-intensity laser for
the generation of a 10- to 50-keV x-ray pulse containing at
least 10'° photons with less than 5% bandwidth and
duration of less than 100 ps. This technology can be
readily used to diagnose warm dense matter and will have
the potential to open a new frontier for discovery science in
high-energy-density (HED) physics.

The manuscript is organized as follows. Section II
introduces the relevant physics underlying Compton scat-
tering as an x-ray source. Section III discusses in more
detail the electron beam and laser properties required for
the source, as well as constraints on the beam-laser
interaction point, and presents an estimate for the perfor-
mance of such a source based on the existing linac and laser
technologies. Section IV presents simulations that test and
confirm the analytical estimate of the proposed Compton
source performance. Finally, Sec. V investigates in detail
the novelty of applying the proposed source for a variety of
HED diagnostic techniques, including x-ray diffraction,
inelastic x-ray scattering, x-ray imaging of implosions,
x-ray absorption fine structure measurements, and X-ray
absorption spectroscopy.

I1. PHYSICS BASIS

Compton scattering is the canonical electrodynamic
phenomenon of a charged particle scattering a high-energy
photon. In the case of a relativistic electron beam with
Lorentz factor y = (1 —f?)7"/2 = (1 + E./mc?) interact-
ing with a laser pulse, the apparent frequency of the
photons in the reference frame of the electrons is increased
by a factor (1 + f)y. Assuming the electron’s momentum is
not significantly changed and the photon is forward
scattered, returning to the laboratory frame applies this
multiplier again, for a total increase in frequency and
energy of approximately 4y2. This quadratic scaling allows
scattered optical photons (¢; ~ 1 eV) to reach the x-ray
regime (>1 keV) by scattering from an electron beam with
y 2 16 (E, = 8 MeV).

Accounting for relativistic electron orbits in a counter-
propagating intense laser field, the scattered photon has a
wavelength w; that depends on the initial laser wavelength
; and other terms as [21]:

_ 27%a;(1 + cos )N,
~ 2 N .
L+ 720> +3 +272

(o

(1)

Here ¢ is the incident angle of the laser, ag = e¢E/w;mc ~

0.86s/113/lﬁm is the normalized vector potential of the

incident laser with intensity /;5 in units of 10'® W/cm?
and wavelength ,,, in microns, N, ~ max(1, aj) represents
the number of photons scattered per event; 8 is the angle of the
scattered photon relative to the electron-beam direction, and
¥ ®yay/a. represents the laser electric-field strength in the
electron rest frame normalized to the critical field amplitude
a.~4.1x 105/1pm. (For conditions discussed in this work,
the last term in the denominator will be negligible).

Plots of the scattered photon energy in the limit of head-
on scattering (¢ = 0) are shown in Fig. 1(a). Although the
scattered photons are monoenergetic at any single detection
angle, collecting photons scattered into a range of angles
will produce a broadband source. The bandwidth is then a
function of the collection solid angle that scales as
(Aw¢/wf) ~0.29(0y)* — 0.13(0y)* in the range 6y < 0.7,
as shown in Fig. 1(b). Integrating over the differential cross
section for scattering and transforming to the laboratory
reference frame, the fraction of photons collected scales
with collection solid angle as fc =~ 1.49(8y)? — 2.18(0y)*
in the range 0y < 0.4. (Details of this calculation are given
in Appendix A 1.) The efficiency of the source is limited by
the required bandwidth: to achieve 1% (2%) intrinsic
bandwidth requires collimation to 8y < 0.19 (0.27) rad,
which in turn includes only 5% (10%) of the scattered
photons. If the photon energy is tuned using the electron-
beam energy, the collimation will need to be adjusted to
maintain the optimal collection angle as a function of y.
Other sources of spectral broadening include [22]:
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(a) Normalized photon energy gain as a function of the product of detection angle 6 and electron-beam Lorentz factor y.

(b) Fractional bandwidth (red) and cumulative signal fraction (blue) for collimation acceptance angle #y. Calculations assume head-on

scattering (¢p = 0).
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Here agey is the effective normalized vector potential
weighted by the local number of photons in the laser
pulse, and oy ¢ is the electron-beam divergence weighted
over the laser pulse. The x-ray bandwidth scaling with laser
and electron bandwidth follows directly from the numerator
of Eq. (1). The quadratic scaling with laser intensity a
arises from a reduction in the instantaneous energy of the
electron beam within the laser packet due to the ponder-
omotive force. (This form assumes a Gaussian laser
packet.) To maintain a scattered photon bandwidth of
1%, Eq. (2) suggests the intensity must be limited to
apese < 0.15. With control of the laser temporal and
spectral properties, this effect may be limited, allowing
monoenergetic scattering with more intense beams [23].

The number of photons scattered per laser cycle is given
by [21,24]

N,
vyt
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The number of photons scattered by a relativistic
electron charge packet interacting with a laser pulse can
be estimated as the product of Eq. (3) with the number of
electrons in the packet (N,) and the number of laser cycles
(N,). The number of laser cycles observed by the electrons
may depend on the temporal and spatial properties of the
focused laser pulse. Assuming a diffraction-limited focal
spot, if the Rayleigh length zy is long compared to the pulse
duration 7 (that is, zg & 4f31/n> 1 c, for fy the f
number of the focusing optic), then the temporal profile
will limit the interaction, and the number of laser cycles
will be N, = r w;/2xr. Otherwise, the geometry of the
interaction will limit the number of laser cycles to
N, ~2zx/A = 8f%/x, or 0.75f4/¢, whichever is smaller.
(The derivation of the geometric terms is described in
Appendix A 2.) In these cases, assuming the laser is in
the regime ag < 1, the number of scattering events is
approximately

haw;

T.C < R
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034701-3



HANS G. RINDERKNECHT et al.

PHYS. REV. ACCEL. BEAMS 27, 034701 (2024)

Typically, the second condition will hold since zgz/c =
0.42 ps for fy =10 and a 1-pm laser wavelength. The
number of scattered photons is maximized with high charge
(Q = eN,), high intensity, and longer focal lengths.

The use of a flying-focus laser may improve the
performance by decoupling the length of the scattering
volume (L) from the radius of the focal spot (¢;) [25]. This
makes more efficient use of laser energy. With a flying-
focus pulse, the number of cycles is simply L/4 and the
number of scattering events is

oy \?( O L ho
=7.7x10° 1
N, rr x (0.27) (1 nC) (1 mm) (1 CV)

{a%, ag <1
X .
2.2a0, agy > 1

(5)

Moreover, the bandwidth dependence on intensity (a3) is
produced by the gradient intensity and assumes a Gaussian
pulse. A flying focus can produce a roughly flat intensity
equal to the peak intensity that travels with the electron
packet over a long distance. This should reduce the
ap-dependent bandwidth term by the ratio of the rise
and fall region divided by the length: 2ay/ max(Vag)L.
However, the size of the electron packet that fits inside the
comoving intense region will be limited by the Rayleigh
length of the laser. This relationship is discussed in
Sec. III C.

For Eqgs. (4) and (5), the useful fraction of scattered
photons is limited by bandwidth considerations to roughly
fc 0.1 [see Fig. 1(b)]. Because the scattered photons
travel at approximately the same speed as the electrons, the
temporal resolution of the source will be set by the duration
of the electron packet. The charge available in a photo-
injector electron gun is limited by space charge and scales
with the duration of the packet (r. = w/c, for packet
width w). An optimal design would then have laser and
electron pulse durations equal at approximately the desired
temporal resolution to maximize both the bunch charge and
the number of laser cycles.

In the following section, we will consider available
electron gun and laser technology to assess the potential
for a single-shot source capable of producing high x-ray
fluence (above 10'°) while maintaining low bandwidth
(below 5%).

III. SOURCE PROPERTIES

A. Electron sources

Electron photoinjectors are a commercial technology
enabling ultrafast MeV-scale electron bunches [26]. In
these systems, a UV laser (typically with pJ energy)
irradiates a photocathode to produce electrons, which are
then accelerated using a small radio-frequency (1f) wave-
guide to several MeV. The photoinjector and first accel-
eration stage (5 MeV) of a commercial system is typically

less than 1 m in length. Further accelerating sections can be
introduced to reach higher energies, with typical acceler-
ation gradients of 20 MV/m. The primary parameters of
interest for this study are the total packet charge, which
directly affects the number of scattered photons [Eq. (4)],
and the beam emittance, which affects the bandwidth and
spatial resolution. Here we perform a brief literature review
to identify what electron beam properties have been
demonstrated, in order to inform our model of the potential
performance of a single-shot Compton scattering source.

1. Packet charge and width

From the scaling in Eq. (4), bunch charges on the 10-nC,
100-ps level are relevant to producing Compton x-ray
sources with the order of 10!° photons. Several examples
exist in the literature of sources producing tens of nC of
electrons in tens of ps bunches. The A@ photoinjector at
Fermilab produces 16-MeV, 10- to 14-nC electron bunches
with uncompressed length < 40 ps [27]. A subsequent
compression by a nine-cell cavity rf stage can reduce the
pulse length to under 10 ps. The ELSA facility at CEA
includes a photoinjector source that can produce 14-nC
bunches in 90-ps lengths using a 1.2-pJ, 60-ps laser
pulse [28]. These bunches are accelerated to 16 MeV in
the first stage of the linac (~7 m).

For the purposes of HED physics experiments, the
dynamics of interest are often on the scale of nanoseconds,
which are the primary motivation for developing a bright
single-shot electron beam source. However, a multibunch
photocathode rf gun system has been demonstrated [29],
which may be useful for recording multiframe “movies” of
HED systems. A 357-MHz (2.8-ns separation) pulse train
of 266-nm UV (4w) laser light with 5 pJ per pulse was used
to irradiate the photocathode. A total charge up to 3.5 nC
per packet was observed, accelerated to 5 MeV with a 1%
momentum spread between packets. This work suggests
that such a system may provide the basis for a multipulse
x-ray source with ns-scale pulse separation. Since the
resulting x-ray pulses would be colinear, a single line-
of-sight time-resolving camera would be required to differ-
entiate between signal pulses [30].

2. Emittance

Divergence of the electron beam o,y produces a broad-
ening in the spectrum proportionally to yoy [Eq. (2)]. Here
the divergence is defined as the rms average of the incident
electron angle relative to the beam axis. The quality of an
electron beam is usually characterized by the emittance
e = Pr/ () (x?) — (xx)? % fyo,o, in terms of the rms
beam size o, and divergence o,4. The measured emittances
of the sources discussed above are 207 mm mrad (Fermilab
A@) and <4 mm mrad (CEA ELSA), respectively
[27,28]. To limit the spectral broadening due to the beam
emittance below 1% (2%) requires yog e < 0.1 (0.14) rad,
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respectively. With an ELSA-quality beam, this level of
divergence could be attained with a beam spot size
o, = €/Pyoy ~ 40 pm (29 pm) at focus. The smaller value
between this and the laser focal spot size will define the
x-ray source size, which in turn defines the resolution for
imaging applications.

Lower emittance has been achieved in some systems
with reduced bunch charges. The ELSA photoinjector
achieved values as low as 1 mm mrad at Q = 1 nC, which
was close to the thermal emittance of the cathode [28]. The
BriXS Ultra High Flux inverse Compton source reports
packets of 100 to 200 pC in 1.3- to 4.0-ps bunches with
nominal normalized emittance in the range 0.6—1.5 mm
mrad [31]. A survey of the present literature suggested that
comparably low-emittance bunches are limited to roughly
the range 50- to 200-pC per ps pulse duration [32]. In
interactions with a flying focus, where shorter pulses are
required, we will assume values of € = 1 mmmrad and
Q = (100 pC/ps)r may be reasonably expected.

3. Bandwidth

Radio-frequency acceleration 1is self-correcting for
electron energy dispersion and in general achieves very
small bandwidth variations. For example, the CEA ELSA
accelerator described above produces 0.1% rms energy
dispersion [28]. Limiting the electron energy spread to less
than 1% should not be challenging, and the bandwidth of
the resulting x-ray source should not be dominated by the
(Ay/y) term in Eq. (2).

B. Laser sources

In the case of laser pulses with Gaussian temporal history,
monoenergetic scattered x rays (Aws/w; < 1%) require a
limit on the normalized vector potential of ¢, < 0.15, which
limits the intensity as / < 3 x 10'® W/cm?(4,,,) 2. This
level of intensity in a 100-ps pulse duration with a focal spot
of 40-pm radius would require 150 J of 1053-nm laser light
with peak power of 1.5 TW. The use of a higher-frequency
laser at the same values of a, and 7;, would linearly increase
the scattered photon frequency [Eq. (1)]. This would how-
ever require an increase in the laser intensity proportional
to w?.

A flying-focus pulse would make more-efficient use of
the laser energy. To achieve an intensity of 3 x 10'® W /cm?
in a focal spot with 40-pm radius and length of 1 mm
would require roughly 5 J in a flying-focus configuration.
However, the intense region would be a smaller region
comoving with the electron packet. The electron packet
width would then be limited to the Rayleigh length of the
focusing optic (in the example above, 1 mm/c = 3.3 ps),
which also limits the available charge. This may still have an
advantage if the lower-charge electron beam has improved
emittance and interacts on average with a higher-intensity
laser packet.

e-beam

J scattering laser Dump

>

X rays to
experiment

Electron beam
@

Dipole

E30651J2

FIG. 2. Schematic of an electron-beam Compton scattering
X-ray source.

C. Beam laser interaction

A schematic diagram of an electron-beam-based
Compton x-ray source is shown in Fig. 2. The primary
engineering challenge of the source is co-timing and
coaligning the electron beam and the scattering laser pulse.
At a minimum, the two beams must be co-timed better than
the longer of the two pulse durations and coaligned better
than the larger of the packet waist and the focal spot size.
Assuming the system is designed to achieve 100-ps
temporal resolution, a timing jitter of the order of 10 ps
will be required, equivalent to 3 mm of laser path. To
robustly achieve this level of co-timing, a single laser front
end may be used to seed both the pJ UV laser that irradiates
the photocathode and the scattering laser.

The creation of high-charge beams is more likely to be a
limiting factor than laser intensity. The most robust design
will therefore feature a laser pulse that is both longer and
spatially larger than the electron packet, such that the
spatial resolution of the system is set by the electron packet
size and the temporal resolution by the transit time. Note
that the geometric terms in Eq. (4) strongly encourage an
on-axis scattering geometry. If the laser is coaxial with the
electron beam (¢ = 0), the geometric term for spatially
limited scattering increases as f7, encouraging long scat-
tering distances. But if the offset from on-axis scattering
exceeds ¢ > 2/nfy(= 3.6° for fy = 10), the intersection
volume grows only linearly with f. In the case of a flying
focus [Eq. (5)], the standard optics used for spatiotemporal
control require on-axis scattering for the intense region to
comove with the electron packet. For these reasons, an on-
axis scattering geometry is highly beneficial for both cases.

D. Design calculation

On the basis of the above considerations, the perfor-
mance of three plausible ECOS designs is detailed in
Table I. In the case of a standard Gaussian laser focus, we
assume an electron source with properties similar to ELSA
in order to maximize electron packet charge with minimal
emittance. The electron bunch radius of 40 pm is selected
to reduce the emittance spectral broadening term in Eq. (2).
To match the electron bunch radius and pulse duration
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TABLE L.
physics applications.

Expected performance of a single-shot incoherent inverse Compton scattering source designed for HED

Quantity Symbol Gaussian laser Flying focus

X-ray energy haoyg 20 keV 10 keV 50 keV
Electron beam energy E.(y) 32.8 MeV (65.2) 23 MeV (46) 52 MeV (103)
Collimation angle 0 4.2 mrad 6.0 mrad 2.7 mrad
Bunch charge (0] 14 nC 0.1 nC

Bunch width 7, 90 ps 1.0 ps
Emittance € 4 mm mrad 1 mm mrad

Bunch radius Ore 41 pm 10 pm

Electron bandwidth Ay/y 0.001 0.001

Laser wavelength Ao 1053 nm 1053 nm

Laser bandwidth Aw;/w; 0.001 0.01

Laser focus f/# 61 15

Focal spot radius wo 41 pm 10 pm

Rayleigh length 7R 5.0 mm 310 pm

Laser duration TL 90 ps 67 ps (chirped)
Peak intensity ao(I) 0.15 (2.8 x 10'®* W/cm?) 1.0 (1.2 x 10'"® W/cm?)
Laser energy Ep 133 ] 269 J

Impact angle ¢ 0 mrad (0°) 35 mrad (2°) 0 mrad (0°)
Interaction length L 9.9 mm 1.4 mm 20 mm

# photons N, ot 2.9 x 1010 4.0 x 10° 1.9 x 10'0
Bandwidth Aw;/wf 2.5% 2.5%

(90 ps), a laser energy of 133 J and a focal length of f =
61 are required. The energy and focus are comparable to the
BELLA laser (40 J, f/65) although that system delivers
much shorter pulses (30 fs) [33]. The energy and pulse
length are less than an OMEGA EP short-pulse beam (1 to
2 kJ, 100 ps) but focused using a much longer focal length
[34]. Note that this design is in the spatial limit of Eq. (4)
(zr <71 .c~3cm). The on-axis design produces 2.9 x 100
scattered photons, with a bandwidth of 2.5%. If an off-axis
laser-electron interaction is required with an impact angle
¢ = 2°, the number of interacting laser cycles is reduced by
~0.14x compared to on-axis scattering due to the geo-
metric reduction in the interaction length.

Improving the electron-beam emittance would reduce the
bunch radius proportionally with e. This would in turn
reduce the required laser focal length to match the bunch
radius as € and the required laser energy as £2. However,
this would also reduce the interaction length by f3,
resulting in less scattering overall. In general, the number
of scattered photons benefits from larger fy (for longer
interaction distances), which produces larger spots and
requires higher laser energy as Ej o« f3. Overfilling the
electron packet with the laser may be beneficial since this
maintains the number of scattered photons and the source
resolution (o, ), reduces the intensity variation observed by
the electron packet, and reduces the difficulty of alignment.
Alternatively, the laser could be focused on a smaller spot
than the electron packet, increasing the resolution and

relaxing the bandwidth constraint due to yoy .¢;. However,
this would reduce the number of electrons available for
scattering (o (wg/0,.)?) and the scattering path length.

A calculation for a flying-focus design is also shown in
the right column of Table I. This design produces compa-
rable scattering performance with a substantially reduced
electron bunch charge (100 pC) due to the high intensities
(ap = 1) and long interaction lengths (20 mm). The spatial
resolution is also improved to ~10 pm and the focal length
is reduced to fy = 15. However, approximately twice as
much laser energy (269 J) is required to create the desired
laser focus. This design requires on-axis focusing due to the
coaxial nature of the spatiotemporal pulse shaping.

The purpose of this estimate of the performance of a
single-shot inverse Compton scattering x-ray source is to
assess its utility in probing the physics of high-energy-
density states of matter. These applications are investigated
in detail in Section V. However, incorporating such a source
within pre-existing high-energy-density physics facilities
will introduce several additional constraints on the source
geometry. Several such considerations for integrating the
described ECOS source in the particular case of the Omega
Laser Facility target areas are discussed in Appendix B.

IV. SIMULATION RESULTS

Extensive research has been done to develop codes
capable of rigorously simulating inverse Compton scatter-
ing (ICS) [35]. ICS can be classified in terms of the laser
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FIG. 3. X-ray photon spectra of the Gaussian laser configura-
tion, with crossing angles of 0° and 2°. The number density of
scattered photons is plotted against the scattered photon energy.

field strength parameter a, and the recoil parameter
X = dyhw;/m.c* = 2y/ay [36]. If ay < 1, the scattering
is linear, i.e., a purely harmonic motion is induced by the
external electromagnetic field for the electrons. Otherwise,
the interaction is nonlinear, which generates higher har-
monic modes in the scattered photons. For the cases
presented here, X < 1073 < 1, such that the electron recoil
is negligible and the Thomson regime applies, with a
constant cross section o = 87r2/3, where r. is the
classical electron radius.

To assess the validity of the analytical estimates devel-
oped in Sec. III D, we have performed simulations of
the conditions given in Table I using the code CAIN [37], the
standard Monte Carlo code used to simulate ICS in the
linear scattering regime. CAIN includes physics covering
both the linear and weakly nonlinear regimes in the
classical and quantum domains, including the physics of
collision angle, multiple scattering, and the polarization of
the scattered photons, and has been extensively bench-
marked against experimental results from ICS sources [38].
We note that the Gaussian laser configuration discussed
above has an amplitude ag = 0.15, which places the
interaction in the linear regime.

Scattered photon spectra computed in CAIN for the
Gaussian laser configurations given in Table I are shown

TABLE II.
from ten runs of the simulation code.

in Fig. 3. The Compton edge and scattered photon
bandwidth are similar for both crossing angles, indicating
a weak dependence of the scattered photon energy on this
parameter. The number of scattered photons significantly
increases for the on-axis collision, as expected given the
increased scattering length.

Parameters of the scattered photon spectrum simulated in
CAIN are included in Table II. The number of scattered
photons is roughly 60% of the value determined in the
analytical estimate but still exceeds 10'0 photons in the
head-on scattering case (¢p = 0°). The difference is likely to
be caused by additional effects included in CAIN, such as
nonzero recoil and transverse ponderomotive force in the
interaction region. The analytical predictions of the maxi-
mum energy and bandwidth of the scattered photons are
closely matched by the simulation. This result supports the
analytical model presented in Sec. III D.

V. APPLICATIONS

The source described above will have high utility as a
probe for a variety of HED experimental platforms and
conditions. Here we consider its applications in Xx-ray
diffraction, inelastic x-ray scattering, Xx-ray absorption
fine-structure measurements, x-ray absorption spectros-
copy, and imaging applications.

A. X-ray diffraction

The present state-of-the-art x-ray diffraction experiments
on OMEGA and NIF typically use laser-driven metal foils
as He, x-ray backlighters [10,39-42]. These sources
produce x rays between 6 and 16 keV with a typical
bandwidth (AE/E) of 1%. In order to maximize x-ray
production, up to 2-ns laser pulses are used to drive the
backlighters. This inhibits the ability to explore the phase
transformation kinetics and limits applicability to materials
compressed by comparably long laser pulses. Under
these conditions, Fe backlighters can probe the samples
with 10'? photons per experiment [39]. However, efficiency
decreases with increasing atomic number such that ele-
ments producing photon energies above 16 keV cannot be
effectively used. Radiation from the backlighter in the form
of Bremsstrahlung and radiative recombination manifests
as substantial x-ray background on the detector at and
above the energies of interest that must be subtracted to
extract the signal. The high laser intensities needed to

Parameters of scattered photons generated using CAIN. The mean values and errors were determined

Quantity Symbol Gaussian laser

Impact angle ¢ 0 mrad (0°) 35 mrad (2°)
Compton edge hawy 19.65 £ 0.12 keV 19.46 £ 0.29 keV
# photons Ny ot (1.68 £ 0.03)x10'° (2.60 £ 0.02)x10°
Bandwidth Aw¢/wy (2.56 £ 0.22)% (2.39 £ 0.43)%
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produce efficient He, line radiation also produce hot
electrons by laser-plasma interaction physics that result
in a broad, hard x-ray background. An example of 10 keV
Ge He, x-ray diffraction data collected on the NIF using
26 kJ to drive the backlighter is shown in Fig. 4 [39]. The
signal-to-background ratio in the collected data is below
unity for all but one of the recorded peaks. Additionally, the
drive pressure of the sample must be limited because of
competing background x rays from the driving laser pulse.
The need to subtract the background in order to analyze

these peaks introduces uncertainty and obscures details in
the diffraction measurement.

The ECOS backlighter would improve x-ray diffraction
studies by reducing background on the detector, enabling the
use of higher-energy x rays (20 to 50 keV), and improving
time resolution (<100 ps). A simulated x-ray diffraction
signal for bce iron using an ECOS source is shown in Fig. 5,
in comparison with the predicted background-subtracted
signal using a foil backlighter. The use of the ECOS source
eliminates the hot-electron background associated with the
x-ray source foil. The use of higher energy x rays benefits the
measurement in three ways. First, the x-ray background may

a e further reduced, as the detector can tolerate increase
(@ be furth duced he d 1 d
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E o
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FIG. 5. Predicted x-ray diffraction lines from ambient bcc Fe

FIG. 4. X-ray diffraction data collected on the NIF. (a) The
10.25-keV x-ray line of interest (Ge He,) sits on a two-
exponential background containing a similar amount of energy
(Ejine/ Egg ~ 1). (b) The raw data require, (c) background sub-
traction to obtain, (d) analyzable diffraction lines. The signal-to-
background ratio is often below unity, obscuring small peaks
and details in the signal. Images reproduced with permission
from Ref. [39].

(p = 7.87 g/cc) using a 10 keV (black), 30 keV (blue), or 50 keV
(red) ECOS source, in comparison with a background-subtracted
10-keV Ge He,, backlighter foil (grey dashed). Data is plotted as a
function of (a) scattering angle 20; (b) scattering plane d-spacing
in picometers. Higher energy x-rays are scattered into smaller
solid angles, increasing signal flux and capturing more diffraction
lines on the detector: this simulation includes the first 32
diffraction lines.
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sample (7T ~ few keV). Second, the x-ray scattering
dispersion for a given lattice spacing is reduced, correspond-
ingly increasing the x-ray fluence in the signal region. Third,
the reduced x-ray dispersion also significantly increases the
number of accessible scattering planes (“Q range”) in the
sample: while the current state-of-the-art 10 keV probes can
only capture the first five scattering lines, increasing to
30 keV or higher enables the detector to capture the first 32
scattering lines (as shown in Fig. 5) and more. Taken
together, the use of an ECOS source is expected to reduce
the background by more than two orders of magnitude and
allow for the determination of more complex crystal and
liquid structures than are currently possible. The benefits
compensate for the reduction in scattering signal; however,
at least 10'” photons in the source would likely be required.

B. Inelastic x-ray scattering

Inelastic x-ray scattering (IXS) has been an important
diagnostic for the experiments at laser facilities for many
years [17]. In this technique, x-ray scattering spectrally
resolves material excitations from both electron plasma
waves and ion-acoustic oscillations, and the resulting
spectral shape and dispersion provide information that
can be used to infer the equation of the state of the plasma
as well as transport properties. Presently, electron plasma
waves are primarily used to investigate the dense matter
states. These modes are separated by a few tens of electron
volts and can thus be resolved with well-established
methods [17], such as crystal spectrometers. While x-ray
probe beams from FELs operating in seeded mode can
achieve a spectral bandwidth of ~1 eV at 10 keV (0.01%),
experiments on laser facilities have been limited to x-ray
sources produced in the same manner as described above
for diffraction experiments. These line-radiation sources
impose severe limitations in terms of spatial and temporal

(@ (b)

coherences [43] and effectively limit what information can
be extracted from the data. IXS experiments using line-
radiation sources can at most resolve the plasmon peaks
[44] but only in strongly driven samples. Extracting
dynamical properties (i.e., the collision frequency) from
the width of those peaks is challenging. On the other hand,
if data can be collected at sufficiently high spectral
resolution, as in experiments at FEL facilities, then the
plasmon peaks or even ion-acoustic peaks can be well
resolved [19,45], and further information on transport and
dynamics becomes accessible.

The ECOS source that has been proposed here cannot
directly compete with line-radiation sources as those can
still produce a larger x-ray fluence, nor with FELs that can
provide narrower bandwidths. However, ECOS becomes
competitive in accessing higher x-ray energies. At energies
above 10 keV, line emission becomes much less efficient.
This is strikingly evident in IXS applied to probe the
conditions in the in-flight DT-ice layer in inertial confine-
ment fusion (ICF) implosions on OMEGA, as described in
Ref. [46]. The x-ray energies in that study are lower than
those considered here (2-3.5 keV), and the bandwidth was
assumed to be less than 0.5% (10 eV). A marginally
diagnosable signal was obtained with an x-ray fluence of
2.5 x 10'3 photons/sr, or 2.7 x 10'" photons interacting
with the target. This produced an estimated 3 x 107
scattered photons, with 300 ultimately detected.

The ICF case is significantly more challenging than other
WDM plasmas of interest, due to the low electron density
in hydrogenic fuels and the large background emission. A
higher photon energy source becomes valuable to penetrate
the denser material and increase the signal-to-background
ratio. Figure 6 presents a reassessment of the ICF IXS case
assuming an ECOS-generated 0.1 mJ, 90-ps x-ray pulse
generating 11-keV x rays with 275 eV bandwidth. A 50-pm
spot size incident on the in-flight capsule and a scattering
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angle of 40° was assumed (see Ref. [46] for details on the
synthetic IXS analysis). The higher x-ray energy results in
both reduced absorption in the target and a lower value of
the scattering parameter a = 1/kAp, ~ 0.2. This results in a
larger probability of scattering and a reduced background,
although the scattering is consequentially far into the
noncollective regime. Approximately 500 scattered pho-
tons were detected, in which 120 were scattered inelasti-
cally. The predicted spectrum is encouraging as it shows
measurable differences compared to the incident beam
profile. As such, an ECOS x-ray source provides some
utility for IXS as a diagnostic of compressed ICF capsules.

C. X-ray imaging

The requirements of x-ray imaging are quite different
from diffraction and IXS. For imaging, beam divergence is
beneficial since it produces a magnification of the image
and simplifies diagnosis. For point-projection imaging, the
resolution would be set by the size of the source, which is
the smaller of the electron packet width and the scattering
laser focal width. Given the increase in bandwidth with
reduced electron packet radius, for imaging applications, it
is best to allow increased bandwidth in favor of improving
the spatial resolution. Consider a case in which the electron
beam is focused to a small point 6, ~ 1 pm. In this case, it
will have a divergence oy = ¢/fyo, ~50 mrad for an
ELSA-like beam, dominating the x-ray divergence
(@ ~1/y ~ 15 mrad). This increased divergence has two
effects. First, the field of view at the target plane is
increased to roughly 9 mm: this is much larger than the
typical target. Second, the fluence at the target plane is
reduced proportionally to ¢,2. For estimating the x-ray
imaging applications, we must therefore trade-off resolu-
tion with photon statistics.

We consider here the requirements for x-ray backlighting
of an imploded inertial confinement fusion (ICF) target at
peak compression. This measurement has not been suc-
cessfully performed on OMEGA due to the bright self-
emission of the imploded target and the small spatial
resolution required. The self-emission of an OMEGA
cryogenic ICF implosion is characterized by a roughly
thermal distribution, with temperature in the range of
2.8-3.5 keV and total emission of roughly 8 J/sr
[47,48]. The self-emission photon fluence above a given
energy is shown in Fig. 7, in comparison with a Compton
source fluence calculated using Eq. (4) and the small angle
approximation, Q ~ 76*. The source parameters are taken
from Table I. We observe that the fluence of the described
source exceeds the self-emission fluence from the implo-
sion for a source energy of approximately 10 keV and
above, as shown in Fig. 7(a).

At a higher photon energy, the opacity of the compressed
target is reduced. This sets a limit for the resolved contrast
that is required to record an image, as shown by the blue
curve in Fig. 7(b). For example, at 10 keV, the most opaque
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FIG.7. (a) Comparison of the x-ray fluence produced by an ICF
implosion on OMEGA calculated from Ref. [47] (blue) with
fluence from the electron-beam Compton source described in
Table I (black dashed). (b) Contrast required to resolve the
darkest feature in a backlit image (blue), and 10% (red), and 1%
(green) of that value, compared with the statistical resolution of
the described source assuming photon statistics and a 1000-pixel
image (black).

limb of the reference implosion absorbs only 2.9% of the
x rays, and a backlighting source must resolve this
perturbation. Contrast resolution depends primarily on
the number of photons recorded per imaging pixel: with
N photons recorded, a statistical uncertainty of oy = N'/?
is expected. This formula is used to estimate the contrast
resolution of the described source as a function of photon
energy, as shown by the black line in Fig. 7(b). We find that,
assuming a 1000-pixel image, the described source is able
to resolve the contrast level required to record an image of
the imploded target.

A simulated image using an ECOS source with an average
photon energy of 10 keV and sampled with realistic photon
statistics is shown in Fig. 8. The dark limb of the dense
converged shell is resolved, with sufficient resolution to
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FIG. 8. (a) Example simulated image of a direct-drive implo-
sion on OMEGA using ECOS at 10 keV, including photon
statistical sampling. Colorbar indicates photons per 1 um? pixel.
(b) Density and temperature profiles used to create the
simulated image.

diagnose asymmetries in the implosion. These data are similar
in quality to those obtained using the Compton radiography
diagnostic at the National Ignition Facility [49]. No compa-
rable diagnostic exists to obtain these data on OMEGA.

Since a narrowband spectrum is not required, an alter-
native option would be to directly irradiate a high-Z foil
with the electron beam. This will produce a broadband
intense bremsstrahlung backlighter, with x-ray energy of
hundreds of keV. Assuming 1% energy conversion into
X rays, such a source would produce at least an order of
magnitude more photons than the Compton scattering
source described here and might provide an alternative if
greater contrast is required.

D. X-ray absorption fine-structure (XAFS)
spectroscopy

X-ray absorption fine structure (XAFS) spectros-
copy studies modulations around an absorption edge to

characterize both the electronic and ionic structures of
compressed materials [5S0-52]. X-ray absorption near edge
spectroscopy (XANES) contains the region of the spectrum
near the absorption edge and is sensitive to the electron
band structure around the Fermi energy [53,54], providing
information about the electron temperature [55,56], elec-
tride phases [57], and solid-liquid melting [58]. The
extended x-ray absorption fine structure (EXAFS) region
contains the modulations at energies above the absorption
edge and is sensitive to the local ion structure and
ultimately the temperature of the material [59,60].
EXAFS requires a spectral resolution of around 5 eV
and a bandwidth of at least 500 eV, as shown in Fig. 9,
while XANES requires a bandwidth of at least 100 eV and a
resolution on the order of a few eV. These constraints are
constant for all absorbing materials.

The XAFS experimental platform on OMEGA-60 con-
sists of a primary target package, which is compressed to
the desired conditions and probed with a broadband x-ray
source. The ECOS x-ray source will significantly improve
the experimental platform compared to the two common
x-ray sources previously used to perform XAFS: capsule
implosions [62,63] and foil emission [64]. First, the ECOS
system will probe targets over 90 ps instead of the larger
time scales of capsule implosions or foil sources: the
majority of the capsule implosion x-ray emission is within
100 ps, but the duration of the entire signal is a little over a
nanosecond [63], while the foil emission lasts for one
nanosecond [64]. The short duration of the ECOS system
will reduce temporal gradients in the data, which integrates
over the evolving conditions in the compressed sample.
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FIG. 9. Mo (Z =42) XAFS spectrum [61] highlighting the
XANES and EXAFS regions.
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TABLE III. Photometric estimates for XAFS using an ECOS
and foil x-ray source, including for each x-ray energy the closest
candidate element for XAFS spectroscopy. The last two columns
refer to the ph/eV transmitted through the primary target package,
whose thickness was assumed to be one attenuation length. The
foil calculations assume a Ti foil at 10 and 20 keV and an Au foil
at 30 keV [64]. To estimate the ph/eV in the standard XAFS
configuration for the foil geometry, where the x-ray source is
reported in J/eV/sr [64], the solid angle was computed assuming
the distance between the foil and driven target was 10 mm and the
area of the driven target was a circle of radius 0.3 mm. The ECOS
source calculations assume 2.9 x 10'° photons with a bandwidth
of 2.5%.

Energy (keV) Element (Z) Foil (ph/eV) ECOS (ph/eV)

10 Zn (30) 1.63 x 108 4.29 x 107
20 Mo (42) 1.63 x 107 2.15 x 107
30 Sn (50) 1.74 x 10° 1.43 x 107
40 La (57) . 1.07 x 107
50 Eu (63) 8.58 x 10°

Second, the ECOS x-ray source will free the OMEGA-60
beams  that normally drive the  broadband
x-ray source, allowing for more flexibility when designing
experiments. Third, the narrow bandwidth of the ECOS
system will not transmit unnecessary photons through the
target, reducing the x-ray heating that is inherent when
using continuum sources. Finally, the ECOS x-ray source
will provide more x rays, especially above 20 keV.

Foil x-ray sources have been characterized up to 30 keV
and become brighter than capsule implosions above 10 keV
[64]. As shown in Table III, assuming a standard geometry
for foil XAFS experiments, the ECOS x-ray source will
provide more photons at 20 keV and extend the ability to
perform XAFS up to 50 keV or Z = 63. Therefore, the
ECOS x-ray source will significantly extend the ability to
perform XAFS on high-Z elements, where the 2.5% source
bandwidth, discussed in Table I, becomes sufficient to
perform both XANES and EXAFS spectroscopies. As an
example of a high-Z application, the ECOS x-ray source
will allow for XAFS measurements on the K edge of the
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recent superconducting lanthanum (Z = 57) hydride [65],
where both the behavior of the band structure and locations
of the hydrogen atoms at extreme conditions could be
measured.

E. X-ray absorption spectroscopy

X-ray absorption spectroscopy (XAS) can measure the
ionization balance of atoms and the structure of deeply
bound electrons, properties that are modified in a dense
plasma environment [66,67] and are important for model-
ing stellar structure and evolution [68—70]. In XAS, inner-
shell electrons are photoexcited to vacant higher-energy
states. The presence of an absorption line indicates a
vacancy in the upper state, while the photon energy reveals
the difference in energy between the upper and lower states.
At extreme pressures, electrostatic interactions with the
circumfluent plasma are liable to modify both the pop-
ulations [71] and the energies of the participating states
[72]. XAS is sensitive to each of these changes.

Novel experiments have recently used XAS to probe the
atomic physics of materials at 100-TPa pressures in
implosion shells [73]. Cu atoms were doped in a layer
within a CH implosion shell [see Fig. 10(a)]. At stagnation,
x rays from the hot core propagated outward through the
dense shell, encoding a line absorption spectrum of the
highly ionized Cu atoms embedded in the compressed CH.
The timing of this absorption measurement was governed
by the core flash, limiting the measurement to thermody-
namic states accessed during stagnation. From Fig. 10(b),
the 1s-2p absorption of Cu persisted until the end of the
core flash and could be probed by an external backlighter.

The ECOS system would deliver a bright x-ray back-
lighter independent of the core flash, extending the
absorption measurement into the decompression phase,
and accessing other thermodynamic states. Similar to
XAFS, XAS requires a smooth x-ray spectrum that covers
the spectral range of the line transitions. In Table IV, we list
for a few elements the energies of K, and K, as well as the
fractional bandwidths required to cover from these lines to
the corresponding H-like (Ly) line. Elements between

1-ns drive Core flash

X-ray signal (arbitrary units)

Time (ns)

(a) Implosion capsule with Cu-doped CH layer. (b) Experimentally observed streaked spectrum from the capsule in (a).

Photopumped Cu 1s-2p absorption is visible between 8000 and 8350 eV and is confined to the core flash at 2.0 ns. Use of the ECOS
system will enable measurement of the 1s-2p absorption after the core flash ends. Figure reproduced with permission from [73].
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TABLE IV. K, and Kj transition energies and the associated bandwidth required to cover the Ly, and Ly,
transitions, respectively, for select elements. The ECOS system can access K-shell spectroscopy for elements
between Ge and Au. Higher-Z elements require smaller percent bandwidths to span all 1s-2p—type transitions.

Element (Z) Si (14) Cr (24) Ge (32) Ag (47) Tm (69)
K-a energy (eV) 1740 5415 9886 22163 50742
K-a to Ly-a bandwidth (%) 15.3 9.6 7.5 5.6 1.9
K-b energy (eV) 1836 5947 10982 24941 57517
K-b to Ly-b bandwidth (%) 29.4 18.0 14.4 10.6 7.2

Ge and Tm have K-shell transition energies accessible by
the ECOS system, and the required bandwidth decreases
with higher-Z elements.

Photometric estimates indicate that ECOS is also sufficiently
bright. Given a photon fluence of 6 x 10'! photons/cm?
delivered to the target chamber center, of order 5 x 107
photons will interact with the 50-um radius implosion. To
resolve K-shell lines from the eight L-shell charge states or
the ten M-shell states, we can set a requirement of 100
spectral resolution elements, yielding 5 x 103 photons per
resolution element. For resolved line absorption, at mini-
mum, the intervening continuum must be observable. For
Ag at 40 g/cm® and 10-pm thick, the bound-free trans-
mission in the spectral range of the 1s-2p transitions is of
order 50%. For the same density and thickness, the trans-
mission varies from 30% in Ge in its respective range to
90% in Tm. Accounting for image plate sensitivity [74] of 1
mPSL per photon at 20 keV, a signal of 250 PSL is
anticipated for a 100%-efficient spectrometer. From this
estimate, even a 1%-efficient spectrometer would produce a
measurable signal.

F. Electron radiography

The electron source described above for Compton
scattering may also be used directly as a source of probing
radiation for HED targets. Charged particle radiography
with protons is a mature technique at the Omega Laser
Facility using laser driven sources [75] and at Los Alamos
National Laboratory using an 800 MeV linear accelerator.
Compared to protons, electrons are more penetrating at
a given energy and are more sensitive to electric and
magnetic fields [76]. Additionally, electrons can take
advantage of magnetic optics to achieve 1-pm radiography
resolution or better. Current electron radiography research
at Omega is focused on using laser wakefield acceleration-
derived electron beams [77], but the low-emittance, mono-
energetic beam of a linear accelerator is much better suited
to this task and has already been shown to work for static
targets with electrons and static and dynamic targets with
protons [76].

VI. CONCLUSIONS

We have described the requirements for a single-shot
electron-beam-based Compton-scattering (ECOS) x-ray

source capable of producing at least 10'" x rays in less
than a nanosecond. The physics of Compton scattering
implies several important design constraints. Narrow band-
width requires source collimation (less than about 6 mrad),
a small electron beam emittance (¢ ~ a few mm mrad), and
a laser amplitude held below a, < 0.15. The divergence of
the source requires that the scattering occur in close
proximity to the probed experiment (about 17 cm).
Taking into account these considerations, and on the basis
of electron sources described in the literature, designs that
produce 10! scattered photons in the energy range of 10 to
50 keV and with a bandwidth of less than 3% are
technically feasible. Simulations using the CAIN code
confirm the analytical results assuming scattering of a
matched Gaussian laser pulse. Additionally, the use of a
spatiotemporally controlled (flying-focus) laser with the
proposed electron beam has the potential to dramatically
increase the number of scattered photons per electron beam
charge.

If implemented on the OMEGA or OMEGA EP lasers,
this source would greatly extend the sensitivity of present
efforts in x-ray diffraction and various Xx-ray absorption
measurements. Its brightness is predicted to be sufficient
for recording radiographs of cryogenic-DT-filled ICF
implosions on the OMEGA laser. In summary, the develop-
ment of this source would lead to significant and novel
results in HED physics over the next decade.
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APPENDIX A: DERIVATIONS

1. Photon energy and scattering probability
in the laboratory frame

The differential cross section for scattering in the
rest frame of the electron is given by the Klein—Nishina
formula [78]:

doxgn 72 (0\2 [0 o; . )
CORN _ Te (@)T(Dr | @i Giog Al
aQ 2 (a)i) w; * s sinds ). (A1)

where r. is the classical electron radius and 6, is the
scattering angle of the photon. Notably, the ratio of final to
initial frequency is determined entirely by scattering angle
and incident photon energy

1
= . (A2)
®; 14 -2 (1 —cosby)

mec

The total cross section is roughly 53 mb for low-energy
scattering and drops as hw; approaches and exceeds the
electron rest mass.

The relativistic calculation of the photon energy and flux
as a function of laboratory angle is most straightforward
using the four-vector notation, in which the energy and
momentum of the photon k and the Lorentz transformation
matrix L are

1

y’ € | sin@y cos ¢y,
¢ | sin@p singy,

R4 —7bx 1P, B, 7

: A -

| 1 0-0E -0 -8R
L) = | 2

1B =05 1+0-DF =15

- g

1B (=D (r-DEE 1+ (-5

(Ad)

for photon energy ¢ = Aw and incident laser direction

(9L9 ¢L)

To calculate the properties of the scattered photons, the
following procedure is performed. Initial laser photons I;i
are boosted into the electron rest frame by applying the
Lorentz transformation: k, = L(ﬁo)lzi. (Primes indicate
boosted quantities.) The scattering is calculated using
Egs. (A1) and (A2), resulting in a new energy and trajectory
for the photon, l?f The scattered photons are boosted back
into the laboratory frame: l_c} = L(—ﬁo)l_c’/f.

Without loss of generality, we choose ¢ = 7/2 and
initial electron velocity ﬁo = f.2. This results in a boosted
photon with four-momentum

y(1+ BcosOy) 1
p=d 0 _¢ 0 (A5)
Yoc sin 0y, c| sing |’
—y(p +cosby) —cos .

where we have defined the boosted energy e =
€;7(1 + fcos@) and the boosted incident laser angle
sinf] =sin@ /y(1 + fcosfy). Assuming 6 <1 and
y > 1, we can neglect the off-axis contribution of the
incident photon direction and approximate ¢; — 0. The
resulting scattered photon has an energy ¢} = (w}/w!)e!
determined by Eq. (A2), with the scattered vector:

1
-, ¢l | sinfcos ¢,
k==L U (A6)
¢ | sinf sin ¢,

—cos 6,

Finally, transforming this back into the laboratory frame

—cos o, results in a final photon direction cos @ and energy ¢;:
|
S — cos b
g=—"""75 A7
cos I~ Beost, (A7)
22 (1 1 0
€ 274 ( + ﬂ)( + ﬁCOS L) (Ag)

Tt 72 B(1 + B)(1 — cos ) + mecz y(1 + BcosB)(1+cosh)
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FIG. 11. Scattering cross section normalized to 4y (left, black)

and scattered photon energy (blue, right) as functions of the
scaled lab scattering angle 6y.

The variation in photon energy with angle arises from the
second term in the denominator. (For optical photons, the
third term is negligible for y < 10°.) The median photon
angle (produced at cos 6, ~ 0) is @ = cos™!f or @ ~ 1/y for
y > 1. In this limit, the second term is to the lowest order
y?62, as in Eq. (1), and the energy of the median scattered
photon is half of the maximum energy. It can be shown
from Eq. (A7) that in the high-energy limit, the scattering
angle cos 0 peut (0%y* — 1)/(0%** + 1), which is a function

only of (0y). This explains the scattered photon energy
and probability density of scattering scaling with this
product, as shown in Fig. 1.

The Klein—Nishina cross section can be rewritten in the
laboratory frame as dogy/dQ = (dogy/dQ)(dQ'/dQ),

(@)
20 T T T
Lnax/I:
—5.00
15 - —4.00 [
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<
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0 \ | | |
0 200 400 600 800
/A

E30658]1

FIG. 12.

d/WO

with the Jacobian term (dQ'/dQ) = dcos6,/dcosf =
y2(1 — Bcos@)~2. An analytical form is straightforward
to calculate from Eqgs. (Al) and (A7) and is plotted as a
function of Oy in Fig. 11. This is then integrated over
laboratory solid angle to infer the photon fraction within a
given acceptance angle (f) shown in Fig. 1(b).

2. Electron-laser intersection volume

To maximize the number of scattering events at a given
intensity, the electron path inside the focused laser spot
should be as long as possible. Assuming a Gaussian beam
with radius at best focus wy = 2fyl/x and Rayleigh
length zg = 7w}/A, the radius of the beam is w(z) =

wo/1 + (z/zr)?. The region with high intensity (1 >
I1ax /D) is then a volume with the boundary

2 2 2
(L> (1 +Z—2> {mb L (1 +Z—2)] (A9)
wo R 2 43

as shown in Fig. 12(a). The maximum path length for an
electron transiting this boundary depends on the angle of
incidence ¢ [from Eq. (1)]. Taking r = ztan¢, we can
solve for the path length d =2z/cos¢ as shown in
Fig. 12(b). The length of the interaction grows with reduced
impact angle as d ~ 2v/Inb/¢, up to a limiting value that

depends on the Rayleigh length as d,, = 2zgVb> — 1.
[The scaling in Eq. (4) uses an intensity boundary of
b = /2, such that d,,, = 2zg.] To take the advantage of
these long interaction volumes, however, requires a colli-
sion angle close to ¢ =0. For example, at ¢ = 1°
(0.017 rad), there is no additional increase in the normal-
ized path length with f, 2 16, which corresponds to
wg/A > 10. This conclusion depends on the use of

(b)
103 I
— 100
— 30
102 e N - —10
....... _5
....... 3
_2VInb
101 b
100 1 IIIIIII| 1 IIIIIII| 1 1 1 11111
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(a) Intensity boundaries for a Gaussian laser pulse with fi = 10 (wy, = 6.371). (b) Path length of an electron in the high-

intensity region (I, /I = e) for different focal numbers f, = zw,/2A. Limiting path lengths for on-axis scattering are 2zg Ve? — 1. To
take advantage of long focal lengths (fy > 20), the impact angle must be close to 0.
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Gaussian beams: more-realistic focusing schemes (for
example, flat profiles in the far field) must be evaluated
in future designs.

If a flying-focus pulse is used, the length of the intense
region that comoves with the electron packet is approx-
imately twice the Rayleigh length, and the portion of the
electron packet that can scatter at high intensity is limited to
this length. For diffraction-limited focusing, wy = 2fd/x,
the electron packet width is limited to 7 < 4f31/7nc =
(f2)0.00447 ps. For reasonable values of fy, this is much
shorter than the values described in Sec. III A, and severely
limits the charge contained in the packets. In this case, the
photoinjector would be optimized for low emittance and the
laser would be designed to achieve long interaction lengths
and high intensities on axis.

APPENDIX B: IMPLEMENTATION AT OMEGA

Integrating this novel x-ray source with an existing high-
power HED facility introduces several novel constraints on
the design of the system. In this section, we consider
several design challenges that must be overcome to imple-
ment such a source at the Omega Laser Facility.

The simplest approach to integrating an ECOS x-ray
source with the OMEGA-60 or OMEGA-EP target area
would locate the electron acceleration stages and laser
interaction chamber next to the OMEGA target chamber
with a fixed port location. In this design, the electron beam
is dumped outside of the OMEGA target chamber, and only
a collimated x-ray beam is injected into the chamber. A
benefit of this design is the ability to dump the electron
beam and scattering laser far from the sensitive diagnostic
instruments around the target chamber. However, this
design limits the x-ray flux on the laser-driven target, as
the scattering event would occur several meters from TCC
and the x rays diverge from the interaction point. To achieve
a collimation of 8y < 0.27 radians as described in Table I,
photons of 10 (50) keV [y = 46 (103) for a 1-pm wave-
length laser] require collimation angles of 5.9 (2.6) mrad,
respectively. If the interaction occurs 3 m from the target
chamber center (twice the OMEGA target chamber radius),
the collimated beam would then project to a radius of
18 (8) mm at TCC: almost an order of magnitude larger
than a typical target. Increased collimation reduces the
bandwidth at the cost of signal: a I-mm beam at TCC
would require collimation of 0.33 mrad and collect less
than 0.1% of the scattered signal.

This problem could be mitigated by the use of x-ray
optics to collect and collimate x rays of a desired wave-
length to the experimental chamber. Issues when consid-
ering the use of x-ray optics in this application are cost,
complexity, and efficiency. High-efficiency (>80%) lenses
have been demonstrated for >10 keV x rays using a
multilayer Laue geometry [79]. Such lenses typically suffer
from chromatic aberration, limiting their use to a specifi-
cally designed narrow-band wavelength, and reducing the

absolute efficiency for sources with bandwidth. Achromatic
lenses have also been demonstrated using a combination of
optics but with reduced efficiency [80]. Because the
proposed single-shot x-ray source is primarily limited in
the number of x rays produced, the efficiency of the source
is paramount to this approach. We therefore consider
methods to reduce the distance from the scattering point
to the target [81].

Assuming a 1-pum laser is used, acheiving a beam radius
less than 1 mm for photons above 10 keV would require the
scattering to occur roughly 15 cm from TCC. This concept
would require that the electron beamline is injected into the
OMEGA target chamber at a fixed port location. Final
beam steering and shaping magnets would point the beam
to TCC and control its focus. In this arrangement, the
scattering laser cannot be injected directly opposite the
electron beam, as the target is in the way. Three options are
available. With the final optics of the scattering laser on the
opposite side of the target chamber, either a nonzero
incidence angle ¢ would be introduced to avoid TCC or
the scattering laser may be apodized to prevent striking the
target. Third, the final optics may be positioned colinear
with the electron beam on the near side of TCC. These
cases are considered below.

If the laser final optic is opposite TCC from the electron
beam entrance port, an incidence angle of ¢ ~ 0.033 rad
(2°) and a beam focus fy > 1/ tan(2¢) ~ 15 would provide
a 5 mm standoff from the target hardware at TCC.
Following Eq. (4), the scattered photon number would
increase quadratically with focal length up to fz = 20 and
linearly above that. This arrangement has the disadvantage
that plasmas near TCC may perturb the beam transport and
that the quadratic increase in scattering volume with longer
focal lengths cannot be leveraged. This scenario is depicted
in Fig. 13.

If the laser final optic is opposite TCC from the electron
beam and apodized to avoid target hardware near TCC,
similar calculations require the apodization to subtend at
least 2°. However, this places an upper limit on the f
number of the final optic: the apodized beam is limited to a
focal length of fy < 15, whereas a short focal length is
undesirable for this application. This requirement will be
further reduced by the need to avoid a collimator foil. As
such, apodization of an on-axis opposing beam is not likely
to succeed for the Gaussian-beam application. However, for
the case of a flying-focus laser, the interaction length is
decoupled from the focal length and this approach may
succeed. Within the OMEGA target chamber, an f/2 OAP
is currently used to focus the OMEGA-EP short-pulse
beam during joint operations. Using a comparable optic,
apodization of 11% of the beam area would allow a 5 mm
offset for the scattering laser from all sides of a target and
stalk positioned at TCC.

If the final optic is positioned on the electron beam axis
prior to TCC, its location must take into account the
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FIG. 13.

Cartoon of laser-electron interaction region for case with the final laser optic on the opposite side of TCC from the electron

beam. This image assumes ¢ = 2° and electron deflection angle 3° (B ~ 1 T).

electron beam dump magnet and the x-ray collimator. To
use the system on cryogenic target implosions, all hardware
must be at least 10 cm from TCC on an equatorial line of
sight (the distance increases for nonequatorial views).
The maximum distance between the final optic and the
scattering location is then D = 5 cm. Intensity on this final
optic will scale as the intensity at the best focus times a
geometric ratio R=f44>/D?. For D =5 cm, 1 =1 um,
and fy = 10, this ratio is 4 x 107 and an a, = 0.15
(I =2.8 x10'® W/cm?) beam will produce an intensity
of 10" W/cm? on the mirror. This intensity is approaching
the threshold for optic damage, so the use of a plasma
mirror for this final stage may be required. A plasma mirror
is capable of reflecting light at above TW/cm? intensity,
which would enable placing the final mirror closer to the
scattering point and using longer focal lengths. A cartoon
of this scenario is depicted in Fig. 14. Because flying-focus
laser intensity is generally elongated along the axis of the
final optic, a coaxial geometry would be needed for a
flying-focus-based source.

A magnetic deflection system between the scattering region
and TCC would steer the electrons away from TCC to a beam
dump on the opposite side of the chamber. A collimator would
also be needed to block non-monochromatic photons pro-
duced at larger scattering angles. Challenges of this scenario
include co-timing of the electron beam and scattering laser,
and alignment of the beam, laser, and collimator.

1. Beam dump requirements

To prevent the electron beam from impacting the experi-
ment at TCC, the electrons must be deflected to a beam

Laser in

dump. A magnetic dipole field produced by a capacitor
discharge through a magnetic field coil may be fielded
between the scattering region and TCC, similar to the
magneto-inertial fusion electrical discharge system
(MIFEDS) that has been implemented for magnetized
plasma experiments on OMEGA [82]. The deflection must
occur prior to x-ray collimation because if the electrons
were to strike the high-Z collimator foil, this would
produce a large, broadband bremsstrahlung source that
would likely overwhelm the Compton scattering signal.
The angle of deflection £ for relativistic electrons traversing
a magnetic field is given by the scaling formula
sin ~ (BL/3.33 Tcm)(E,./10 MeV)~!. A deflection of
3° would avoid striking the experiment from a distance of
10 cm, requiring a magnetic field integral of at least 0.9 T
cm. This is readily achievable using MIFEDS-3, which has
demonstrated peak fields over 30 T in a 0.8 cm region [82].
For electron beams at lower energy, the coil field can be
detuned to ensure the electron beam reaches a beam dump
located on nearly the opposite side of the target chamber
wall from the electron source.

2. Collimation requirements

Collimation of the x-ray source is needed to achieve
narrow bandwidth, as shown in Fig. 1(b). The e-folding
attenuation depth for 50-keV x rays in tungsten (tantalum)
is 87 (105) pm, respectively. Attenuation to < 1% of the
signal can therefore be achieved by a 0.5-mm-thick foil
fielded between the source and TCC at a distance d from
the source. The radius of the collimating aperture is
required to be at most r, = dtan 6, ~ 0.27d/y for 2%
bandwidth and becomes smaller as the electron beam

Final dump

mirror

Electon
beam i H
eam in Focusing Collimator TCC
optic OAP Dipole
fH#~10 Scattering
E30653J1 pOint

FIG. 14. Cartoon (not to scale) of laser-electron interaction region for case with the final laser optic on the same side of TCC as the

electron beam.
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energy increases. For the highest energy x rays, y = 100,
the required aperture radius scales as r, =27 pmx (d/cm).

Coalignment of the electron source, aperture, and TCC
must be achieved to on the order of the collimator radius.
This requirement becomes easier as the collimator distance
increases. Assuming the electron beam repetition rate is
the order of 1 Hz, alignment of the electron beam and
collimator may be achieved either by operating the full
scattering source at high-repetition rate and low power, or
by directly irradiating a scintillator or phosphorescent
screen at TCC using electrons transiting the collimator.
In general, a high repetition rate mode for the electron beam
and laser will be beneficial for fine-tuning the alignment,
co-timing, collimation, beam energy, and beam deflection,
prior to operating at full power on the integrated HED
experiments.

[1] B.A. Remington, R.E. Rudd, and J.S. Wark, From
microjoules to megajoules and kilobars to gigabars: Prob-
ing matter at extreme states of deformation, Phys. Plasmas
22, 090501 (2015).

[2] R.G. Kraus et al., Measuring the melting curve of iron at
super-earth core conditions, Science 375, 202 (2022).

[3] C.L.A.Leung, S. Marussi, R. C. Atwood, M. Towrie, P. J.
Withers, and P. D. Lee, In situ X-ray imaging of defect and
molten pool dynamics in laser additive manufacturing, Nat.
Commun. 9, 1355 (2018).

[4] H. Abu-Shawareb et al. (Indirect Drive ICF Collaboration),
Lawson criterion for ignition exceeded in an inertial fusion
experiment, Phys. Rev. Lett. 129, 075001 (2022).

[51 R.E Smith, J.H. Eggert, R. Jeanloz, T.S. Dufty, D.G.
Braun, J. R. Patterson, R. E. Rudd, J. Biener, A. E. Lazicki,
A.V. Hamza, J. Wang, T. Braun, L. X. Benedict, P. M.
Celliers, and G. W. Collins, Ramp compression of diamond
to five terapascals, Nature (London) 511, 330 (2014).

[6] A.L. Kritcher et al., A measurement of the equation of
state of carbon envelopes of white dwarfs, Nature (London)
584, 51 (2020).

[71 K.P. Hilleke, T. Bi, and E. Zurek, Materials under high
pressure: A chemical perspective, Appl. Phys. A 128, 441
(2022).

[8] C.J. Pickard and R.J. Needs, Ab initio random structure
searching, J. Phys. Condens. Matter 23, 053201 (2011).

[9] D.C. Lonie and E. Zurek, Xtalopt: An open-source evolu-

tionary algorithm for crystal structure prediction, Comput.

Phys. Commun. 182, 372 (2011).

D. N. Polsin, A. Lazicki, X. Gong, S.J. Burns, F. Coppari,

L.E. Hansen, B.J. Henderson, M.F. Huff, M.L

McMahon, M. Millot, R. Paul, R. F. Smith, J. H. Eggert,

G. W. Collins, and J.R. Rygg, Structural complexity in

ramp-compressed sodium to 480 GPa, Nat. Commun. 13,

2534 (2022).

M. G. Gorman et al., Experimental observation of open

structures in elemental magnesium at terapascal pressures,

Nat. Phys. 18, 1307 (2022).

[10]

(1]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

(20]

(21]

(22]

(23]

(24]

[25]

(26]

(27]

(28]

034701-18

S. Ichimaru, Strongly coupled plasmas: High-density
classical plasmas and degenerate electron liquids, Rev.
Mod. Phys. 54, 1017 (1982).

R. O. Jones, Density functional theory: Its origins, rise to
prominence, and future, Rev. Mod. Phys. 87, 897 (2015).
T.G. White, S. Richardson, B.J.B. Crowley, L.K.
Pattison, J. W. O. Harris, and G. Gregori, Orbital-free
density-functional theory simulations of the dynamic
structure factor of warm dense aluminum, Phys. Rev. Lett.
111, 175002 (2013).

T. Dornheim, S. Groth, J. Vorberger, and M. Bonitz,
Ab initio path integral Monte Carlo results for the dynamic
structure factor of correlated electrons: From the electron
liquid to warm dense matter, Phys. Rev. Lett. 121, 255001
(2018).

B. Larder, D. Gericke, S. Richardson, P. Mabey, T. White,
and G. Gregori, Fast nonadiabatic dynamics of many-body
quantum systems, Sci. Adv. 5, eaaw1634 (2019).

S. H. Glenzer and R. Redmer, X-ray Thomson scattering in
high energy density plasmas, Rev. Mod. Phys. 81, 1625
(2009).

P. W. Hatfield et al., The data-driven future of high-energy-
density physics, Nature (London) 593, 351 (2021).

L. B. Fletcher et al., Ultrabright x-ray laser scattering for
dynamic warm dense matter physics, Nat. Photonics 9, 274
(2019).

F. Albert and A.G.R. Thomas, Applications of laser
wakefield accelerator-based light sources, Plasma Phys.
Controlled Fusion, 58, 103001 (2016).

A. Alejo, G.M. Samarin, J. R. Warwick, and G. Sarri,
Laser-wakefield electron beams as drivers of high-quality
positron beams and inverse-compton-scattered photon
beams, Front. Phys. 7, 49 (2019).

J. M. Kramer, A. Jochmann, M. Budde, M. Bussmann, J. P.
Couperus, T.E. Cowan, A. Debus, A. Kohler, M.
Kuntzsch, A. Laso Garcia, U. Lehnert, P. Michel, R.
Pausch, O. Zarini, U. Schramm, and A. Irman, Making
spectral shape measurements in inverse Compton scatter-
ing a tool for advanced diagnostic applications, Sci. Rep. 8,
1398 (2018).

D. Ramsey, B. Malaca, A. Di Piazza, M. Formanek, P.
Franke, D. H. Froula, M. Pardal, T. T. Simpson, J. Vieira,
K. Weichman, and J.P. Palastro, Nonlinear thomson
scattering with ponderomotive control, Phys. Rev. E
105, 065201 (2022).

S. Corde, K. Ta Phuoc, G. Lambert, R. Fitour, V. Malka, A.
Rousse, A. Beck, and E. Lefebvre, Femtosecond x rays
from laser-plasma accelerators, Rev. Mod. Phys. 85, 1
(2013).

D. H. Froula, D. Turnbull, A.S. Davies, T.J. Kessler, D.
Haberberger, J. P. Palastro, S.-W. Bahk, 1. A. Begishev, R.
Boni, S. Bucht, J. Katz, and J. L. Shaw, Spatiotemporal
control of laser intensity, Nat. Photonics 12, 262 (2018).
Radiabeam Technologies, see http://www.radiabeam.com.
M. J. Fitch, A.C. Melissinos, N. Barov, J.-P. Carneiro,
H. T. Edwards, and W. H. Hartung, Compression of high-
charge electron bunches, arXiv:physics/0008206.

J.-G. Marmouget, A. Binet, Ph. Guimbal, and J.-L. Coacolo,
Present performance of the low-emittance, high-bunch
charge ELSA photo-injected linac, in Proceedings of the


https://doi.org/10.1063/1.4930134
https://doi.org/10.1063/1.4930134
https://doi.org/10.1126/science.abm1472
https://doi.org/10.1038/s41467-018-03734-7
https://doi.org/10.1038/s41467-018-03734-7
https://doi.org/10.1103/PhysRevLett.129.075001
https://doi.org/10.1038/nature13526
https://doi.org/10.1038/s41586-020-2535-y
https://doi.org/10.1038/s41586-020-2535-y
https://doi.org/10.1007/s00339-022-05576-z
https://doi.org/10.1007/s00339-022-05576-z
https://doi.org/10.1088/0953-8984/23/5/053201
https://doi.org/10.1016/j.cpc.2010.07.048
https://doi.org/10.1016/j.cpc.2010.07.048
https://doi.org/10.1038/s41467-022-29813-4
https://doi.org/10.1038/s41467-022-29813-4
https://doi.org/10.1038/s41567-022-01732-7
https://doi.org/10.1103/RevModPhys.54.1017
https://doi.org/10.1103/RevModPhys.54.1017
https://doi.org/10.1103/RevModPhys.87.897
https://doi.org/10.1103/PhysRevLett.111.175002
https://doi.org/10.1103/PhysRevLett.111.175002
https://doi.org/10.1103/PhysRevLett.121.255001
https://doi.org/10.1103/PhysRevLett.121.255001
https://doi.org/10.1126/sciadv.aaw1634
https://doi.org/10.1103/RevModPhys.81.1625
https://doi.org/10.1103/RevModPhys.81.1625
https://doi.org/10.1038/s41586-021-03382-w
https://doi.org/10.1038/nphoton.2015.41
https://doi.org/10.1038/nphoton.2015.41
https://doi.org/10.1088/0741-3335/58/10/103001
https://doi.org/10.1088/0741-3335/58/10/103001
https://doi.org/10.3389/fphy.2019.00049
https://doi.org/10.1038/s41598-018-19546-0
https://doi.org/10.1038/s41598-018-19546-0
https://doi.org/10.1103/PhysRevE.105.065201
https://doi.org/10.1103/PhysRevE.105.065201
https://doi.org/10.1103/RevModPhys.85.1
https://doi.org/10.1103/RevModPhys.85.1
https://doi.org/10.1038/s41566-018-0121-8
http://www.radiabeam.com
http://www.radiabeam.com
http://www.radiabeam.com
https://arXiv.org/abs/physics/0008206

ELECTRON-BEAM-BASED COMPTON SCATTERING ...

PHYS. REV. ACCEL. BEAMS 27, 034701 (2024)

(29]

(30]

(31]

(32]

(33]

(34]

[35]

(36]

(37]

(38]

(39]

[40]

(41]

(42]

[43]

8th European Particle Accelerator Conference, Paris, 2002
(EPS-IGA and CERN, Geneva, 2002), p. 1795, https://cds
.cern.ch/record/584636.

K. Hirano, M. Fukuda, M. Takano, Y. Yamazaki, T. Muto,
S. Araki, N. Terunuma, M. Kuriki, M. Akemoto, H.
Hayano, and J. Urakawa, High-intensity multi-bunch beam
generation by a photo-cathode rf gun, Nucl. Instrum.
Methods Phys. Res., Sect. A 560, 233 (2006).

W. Theobald et al., The single-line-of-sight, time-resolved
x-ray imager diagnostic on OMEGA, Rev. Sci. Instrum. 89,
10G117 (2018).

I. Drebot et al., BriXs ultra high flux inverse Compton
source based on modified push-pull energy recovery linacs,
Instruments 3, 49 (2019).

R. Tikhoplav, Low emittance electron beam studies, Ph.D.
thesis, University of Rochester, 2006, https://doi.org/10
.2172/892283.

K. Nakamura, H. Mao, A. J. Gonsalves, H. Vincenti, D. E.
Mittelberger, J. Daniels, A. Magana, C. Toth, and W.P.
Leemans, Diagnostics, control and performance parame-
ters for the BELLA high repetition rate petawatt class laser,
IEEE J. Quantum Electron. 53, 1 (2017).

D. D. Meyerhofer, J. Bromage, C. Dorrer, J. H. Kelly, B. E.
Kruschwitz, S.J. Loucks, R. L. McCrory, S.F. B. Morse,
J.E. Myatt, P.M. Nilson, J. Qiao, T.C. Sangster, C.
Stoeckl, L.J. Waxer, and J. D. Zuegel, Performance of
and initial results from the OMEGA EP Laser System,
J. Phys. Conf. Ser. 244, 032010 (2010).

G. A. Krafft and G. Priebe, Compton sources of electromag-
netic radiation, Rev. Accel. Sci. Techol. 03, 147 (2010).
N. Ranjan, B. Terzi¢, G. A. Krafft, V. Petrillo, 1. Drebot,
and L. Serafini, Simulation of inverse Compton scattering
and its implications on the scattered linewidth, Phys. Rev.
Accel. Beams 21, 030701 (2018).

P. Chen, G. Horton-Smith, T. Ohgaki, A. W. Weidemann,
and K. Yokoya, CAIN: Conglomérat d’ABEL et d’Inter-
actions Non-linéaires, Nucl. Instrum. Methods Phys. Res.,
Sect. A 355, 107 (1995).

C. Sun and Y. K. Wu, Theoretical and simulation studies of
characteristics of a Compton light source, Phys. Rev. ST
Accel. Beams 14, 044701 (2011).

J.R. Rygg et al., X-ray diffraction at the National Ignition
Facility, Rev. Sci. Instrum. 91, 043902 (2020).

J.R. Rygg, J.H. Eggert A.E. Lazicki, F. Coppari, J. A.
Hawreliak, D. G. Hicks, R.F. Smith, C. M. Sorce, T. M.
Uphaus, B. Yaakobi, and G. W. Collins, Powder diffraction
from solids in the terapascal regime, Rev. Sci. Instrum. 83,
113904 (2012).

M. Millot, F. Coppari, J.R. Rygg, A. Correa Barrios, S.
Hamel, D. C. Swift, and J. H. Eggert, Nanosecond x-ray
diffraction of shock-compressed superionic water ice,
Nature (London) 569, 251 (2019).

F. Coppari, R.F. Smith, D.B. Thorn, J.R. Rygg, D. A.
Liedahl, R. G. Kraus, A. Lazicki, M. Millot, and J. H.
Eggert, Optimized x-ray sources for x-ray diffraction
measurements at the omega laser facility, Rev. Sci. Instrum.
90, 125113 (2019),

G. Gregori, R. Tommasini, O. L. Landen, R. W. Lee, and
S. H. Glenzer, Limits on collective X-ray scattering im-
posed by coherence, Europhys. Lett. 74, 637 (2006).

[44]

[45]

[46]

[47]

(48]

[49]

(501

(51]

(52]

(53]

[54]

[55]

[56]

[57]

034701-19

S. Glenzer, O. Landen, P. Neumayer, R. Lee, K. Widmann,
S. Pollaine, R. Wallace, G. Gregori, A. Holl, T. Bornath,
R. Thiele, V. Schwarz, W.-D. Kraeft, and R. Redmer,
Observations of plasmons in warm dense matter, Phys.
Rev. Lett. 98, 065002 (2007).

E. McBride et al., Setup for meV-resolution inelastic X-ray
scattering measurements and X-ray diffraction at the
Matter in Extreme Conditions endstation at the Linac
Coherent Light Source, Rev. Sci. Instrum. 89, 10F104
(2018).

H. Poole, D. Cao, R. Epstein, I. Golovkin, T. Walton, S. X.
Hu, M. Kasim, S. M. Vinko, J. R. Rygg, V. N. Goncharov,
G. Gregori, and S.P. Regan, A case study of using x-ray
Thomson scattering to diagnose the in-flight plasma con-
ditions of dt cryogenic implosions, Phys. Plasmas 29,
072703 (2022).

D. Cao, R.C. Shah, S.P. Regan, R. Epstein, L. V.
Igumenshchev, V. Gopalaswamy, A.R. Christopherson,
W. Theobald, P. B. Radha, and V. N. Goncharov, Interpret-
ing the electron temperature inferred from x-ray continuum
emission for direct-drive inertial confinement fusion im-
plosions on OMEGA, Phys. Plasmas 26, 082709 (2019),
Total x-ray yield in experiments is typically 1/3 of the
simulated values plotted in the reference.

R. Tommasini et al., Time-resolved fuel density profiles of
the stagnation phase of indirect-drive inertial confinement
implosions, Phys. Rev. Lett. 125, 155003 (2020).

D. Koningsberger and R. Prins, X-Ray Absorption: Prin-
ciples, Applications, Techniques of EXAFS, SEXAFS, and
XANES, Chemical Analysis: A Series of Monographs on
Analytical Chemistry and Its Applications (John Wiley &
Sons, Hoboken, NJ, 1988).

J.J. Rehr and R. C. Albers, Theoretical approaches to x-ray
absorption fine structure, Rev. Mod. Phys. 72, 621 (2000).
G. Bunker, Introduction to XAFS: A Practical Guide to
X-ray Absorption Fine Structure Spectroscopy (Cambridge
University Press, Cambridge, England, 2010).

J.J. Rehr and A. L. Ankudinov, Progress in the theory and
interpretation of XANES, Coord. Chem. Rev. 249, 131
(2005).

F. Dorchies and V. Recoules, Non-equilibrium solid-to-
plasma transition dynamics using XANES diagnostic,
Phys. Rep. 657, 1 (2016).

A. Lévy, F. Dorchies, M. Harmand, C. Fourment, S. Hulin,
O. Peyrusse, J. J. Santos, P. Antici, P. Audebert, J. Fuchs, L.
Lancia, A. Mancic, M. Nakatsutsumi, S. Mazevet, V.
Recoules, P. Renaudin, and S. Fourmaux, X-ray absorption
for the study of warm dense matter, Plasma Phys. Con-
trolled Fusion 51, 124021 (2009).

B. Kettle, E. Gerstmayr, M. J. V. Streeter, F. Albert, R. A.
Baggott, N. Bourgeois, J. M. Cole, S. Dann, K. Falk, I. G.
Gonzidlez et al., Single-shot multi-kev x-ray absorption
spectroscopy using an ultrashort laser-wakefield acceler-
ator source, Phys. Rev. Lett. 123, 254801 (2019).

P. Chanhom, K. E. Fritz, L. A. Burton, J. Kloppenburg, Y.
Filinchuk, A. Senyshyn, M. Wang, Z. Feng, N. Insin, J.
Suntivich, and G. Hautier, Sr;CrNj3: A new electride with a
partially filled d-shell transition metal, J. Am. Chem. Soc.
141, 10595 (2019).


https://cds.cern.ch/record/584636
https://cds.cern.ch/record/584636
https://cds.cern.ch/record/584636
https://doi.org/10.1016/j.nima.2006.01.106
https://doi.org/10.1016/j.nima.2006.01.106
https://doi.org/10.1063/1.5036767
https://doi.org/10.1063/1.5036767
https://doi.org/10.3390/instruments3030049
https://doi.org/10.2172/892283
https://doi.org/10.2172/892283
https://doi.org/10.2172/892283
https://doi.org/10.1109/JQE.2017.2708601
https://doi.org/10.1088/1742-6596/244/3/032010
https://doi.org/10.1142/S1793626810000440
https://doi.org/10.1103/PhysRevAccelBeams.21.030701
https://doi.org/10.1103/PhysRevAccelBeams.21.030701
https://doi.org/10.1016/0168-9002(94)01186-9
https://doi.org/10.1016/0168-9002(94)01186-9
https://doi.org/10.1103/PhysRevSTAB.14.044701
https://doi.org/10.1103/PhysRevSTAB.14.044701
https://doi.org/10.1063/1.5129698
https://doi.org/10.1063/1.4766464
https://doi.org/10.1063/1.4766464
https://doi.org/10.1038/s41586-019-1114-6
https://doi.org/10.1063/1.5111878
https://doi.org/10.1063/1.5111878
https://doi.org/10.1209/epl/i2005-10570-7
https://doi.org/10.1103/PhysRevLett.98.065002
https://doi.org/10.1103/PhysRevLett.98.065002
https://doi.org/10.1063/1.5039329
https://doi.org/10.1063/1.5039329
https://doi.org/10.1063/5.0072790
https://doi.org/10.1063/5.0072790
https://doi.org/10.1063/1.5112759
https://doi.org/10.1103/PhysRevLett.125.155003
https://doi.org/10.1103/RevModPhys.72.621
https://doi.org/10.1016/j.ccr.2004.02.014
https://doi.org/10.1016/j.ccr.2004.02.014
https://doi.org/10.1016/j.physrep.2016.08.003
https://doi.org/10.1088/0741-3335/51/12/124021
https://doi.org/10.1088/0741-3335/51/12/124021
https://doi.org/10.1103/PhysRevLett.123.254801
https://doi.org/10.1021/jacs.9b03472
https://doi.org/10.1021/jacs.9b03472

HANS G. RINDERKNECHT et al.

PHYS. REV. ACCEL. BEAMS 27, 034701 (2024)

(58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

M. Harmand et al., X-ray absorption spectroscopy of iron
at multimegabar pressures in laser shock experiments,
Phys. Rev. B 92, 024108 (2015).

E. Sevillano, H. Meuth, and J.J. Rehr, Extended x-ray
absorption fine structure Debye-Waller factors. I. Monatomic
crystals, Phys. Rev. B 20, 4908 (1979).

Y. Ping, F. Coppari, D.G. Hicks, B. Yaakobi, D.E.
Fratanduono, S. Hamel, J. H. Eggert, J.R. Rygg, R. F.
Smith, D. C. Swift, D. G. Braun, T. R. Boehly, and G. W.
Collins, Solid iron compressed up to 560 GPa, Phys. Rev.
Lett. 111, 065501 (2013).

International X-Ray Absorption Society: Fe Data, IXAS
X-Ray Absorption Data Library Accessed on January 13,
2023, https://xaslib.xrayabsorption.org/elem/.

Y. Ping, D. G. Hicks, B. Yaakobi, F. Coppari, J. Eggert, and
G. Collins, A platform for x-ray absorption fine structure
study of dynamically compressed materials above 1 Mbar,
Rev. Sci. Instrum. 84, 123105 (2013).

D. A. Chin, J.J. Ruby, P.M. Nilson, D.T. Bishel, F.
Coppari, Y. Ping, A.L. Coleman, R.S. Craxton, J.R.
Rygg, and G. W. Collins, Emission phases of implosion
sources for x-ray absorption fine structure spectroscopy,
Phys. Plasmas 29, 052702 (2022).

A. Do, F. Coppari, Y. Ping, A. Krygier, G. E. Kemp, M. B.
Schneider, and J. M. McNaney, Foil backlighter develop-
ment at the Omega Laser Facility for extended x-ray
absorption fine structure experiments, Rev. Sci. Instrum.
91, 086101 (2020).

A. Drozdov, P. Kong, V. Minkov, S. Besedin, M.
Kuzovnikov, S. Mozaffari, L. Balicas, F. Balakirev, D.
Graf, V. Prakapenka et al., Superconductivity at 250 k in
lanthanum hydride under high pressures, Nature (London)
569, 528 (2019).

G. Ecker and W. Kroll, Lowering of the ionization energy
for a plasma in thermodynamic equilibrium, Phys. Fluids 6,
62 (1963).

J.C. Stewart and K.D. Pyatt, Lowering of ionization
potentials in plasmas, Astrophys. J. 144, 1203 (1966).
E. Moravveji, The impact of enhanced iron opacity on
massive star pulsations: Updated instability strips, Mon.
Not. R. Astron. Soc.: Lett. 455, L67 (2016).

J. Daszyniska-Daszkiewicz, P. Walczak, A. Pamyatnykh,
and W. Szewczuk, Testing stellar opacities using astero-
seismology, in Proceedings of the Polish Astronomical
Society, Olsztyn, Poland, edited by K Malek, M. Polifska,
A. Majczyna, G. Stachowski, R. Poleski, £.. Wyrzykowski,
and A. Rézanska, arXiv:1912.00409.

M. Le Pennec, S. Turck-Chieze, S. Salmon, C. Blancard, P.
Cossé, G. Faussurier, and G. Mondet, First new solar
models with OPAS opacity tables, Astrophys. J. Lett. 813,
L42 (2015).

[71]

(72]

(73]

[74]

[75]

[76]

[77]

(78]

[79]

(80]

[81]

(82]

034701-20

G. B. Zimmerman and R. M. More, Pressure ionization in
laser-fusion target simulation, J. Quant. Spectrosc. Radiat.
Transfer 23, 517 (1980).

X. Li and F.B. Rosmej, Quantum-number-dependent
energy level shifts of ions in dense plasmas: A generalized
analytical approach, Europhys. Lett. 99, 33001 (2012).
S.X. Hu, D.T. Bishel, D. A. Chin, P.M. Nilson, V. V.
Karasiev, 1. E. Golovkin, M. Gu, S.B. Hansen, D.I
Mihaylov, N. R. Shaffer, S. Zhang, and T. Walton, Probing
atomic physics at ultrahigh pressure using laser-driven
implosions, Nat. Commun. 13, 6780 (2022).

B.R. Maddox, H. S. Park, B. A. Remington, N. Izumi, S.
Chen, C. Chen, G. Kimminau, Z. Ali, M. J. Haugh, and Q.
Ma, High-energy x-ray backlighter spectrum measure-
ments using calibrated image plates, Rev. Sci. Instrum.
82, 023111 (2011).

J.R. Rygg, F. H. Séguin, C. K. Li, J. A. Frenje, M. J.-E.
Manuel, R.D. Petrasso, R. Betti, J. A. Delettrez, O. V.
Gotchev, J. P. Knauer, D. D. Meyerhofer, F. J. Marshall, C.
Stoeckl, and W. Theobald, Proton radiography of inertial
fusion implosions, Science 319, 1223 (2008).

F.E. Merrill, Imaging with penetrating radiation for the
study of small dynamic physical processes, Laser Part.
Beams 33, 425 (2015).

G. Bruhaug, M.S. Freeman, H.G. Rinderknecht, L.P.
Neukirch, C. H. Wilde, F. E. Merrill, J. R. Rygg, M. S. Wei,
G. W. Collins, and J. L. Shaw, Single-shot electron radio-
grapy using a laser-plasma accelerator, Sci. Rep. 13, 2227
(2023).

0. Klein and T. Nishina, Uber die Streuung von Strahlung
durch freie Elektronen nach der neuen relativistischen
Quantendynamik von Dirac, Z. Phys. 52, 853 (1929).

S. Bajt et al., X-ray focusing with efficient high-NA
multilayer Laue lenses, Light Sci. Appl. 7, 17162 (2018).
A. Kubec, M.-C. Zdora, U.T. Sanli, A. Diaz, J. Vila-
Comamala, and C. David, An achromatic X-ray lens, Nat.
Commun. 13, 1305 (2022).

Increased collimation may also be achieved by using a long
wavelength scattering laser, compensated by higher elec-
tron beam energy. A CO, laser (4= 10 pm) would
produce 10-50 keV photons by scattering from an electron
beam with y = 142-318. Optimal collimation would then
capture 1.9-0.85 mrad, projecting to 5.7-2.5 mm at TCC,
respectively. This is somewhat improved over the prior
case, but the illuminated area is still larger than most
targets. Moreover, this comes at the cost of a considerably
larger and higher-energy electron gun.

R. V. Shapovalov, G. Brent, R. Moshier, M. Shoup, R. B.
Spielman, and P.-A. Gourdain, Design of 30-t pulsed
magnetic field generator for magnetized high-energy-
density plasma experiments, Phys. Rev. Accel. Beams
22, 080401 (2019).


https://doi.org/10.1103/PhysRevB.92.024108
https://doi.org/10.1103/PhysRevB.20.4908
https://doi.org/10.1103/PhysRevLett.111.065501
https://doi.org/10.1103/PhysRevLett.111.065501
https://xaslib.xrayabsorption.org/elem/
https://xaslib.xrayabsorption.org/elem/
https://xaslib.xrayabsorption.org/elem/
https://doi.org/10.1063/1.4841935
https://doi.org/10.1063/5.0077023
https://doi.org/10.1063/5.0015313
https://doi.org/10.1063/5.0015313
https://doi.org/10.1038/s41586-019-1201-8
https://doi.org/10.1038/s41586-019-1201-8
https://doi.org/10.1063/1.1724509
https://doi.org/10.1063/1.1724509
https://doi.org/10.1086/148714
https://doi.org/10.1093/mnrasl/slv142
https://doi.org/10.1093/mnrasl/slv142
https://arXiv.org/abs/1912.00409
https://doi.org/10.1088/2041-8205/813/2/L42
https://doi.org/10.1088/2041-8205/813/2/L42
https://doi.org/10.1016/0022-4073(80)90055-2
https://doi.org/10.1016/0022-4073(80)90055-2
https://doi.org/10.1209/0295-5075/99/33001
https://doi.org/10.1038/s41467-022-34618-6
https://doi.org/10.1063/1.3531979
https://doi.org/10.1063/1.3531979
https://doi.org/10.1126/science.1152640
https://doi.org/10.1017/S0263034615000282
https://doi.org/10.1017/S0263034615000282
https://doi.org/10.1038/s41598-023-29217-4
https://doi.org/10.1038/s41598-023-29217-4
https://doi.org/10.1007/BF01366453
https://doi.org/10.1038/lsa.2017.162
https://doi.org/10.1038/s41467-022-28902-8
https://doi.org/10.1038/s41467-022-28902-8
https://doi.org/10.1103/PhysRevAccelBeams.22.080401
https://doi.org/10.1103/PhysRevAccelBeams.22.080401

