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ABSTRACT

An x-ray imaging scheme using spherically bent crystals was implemented on the Z-machine to image x rays emitted by the hot, dense
plasma generated by a Magnetized Liner Inertial Fusion (MagLIF) target. This diagnostic relies on a spherically bent crystal to capture x-ray
emission over a narrow spectral range (<15 eV), which is established by a limiting aperture placed on the Rowland circle. The spherical crystal
optic provides the necessary high-throughput and large field-of-view required to produce a bright image over the entire, one-cm length
of the emitting column of a plasma. The average spatial resolution was measured and determined to be 18 ym for the highest resolution
configuration. With this resolution, the radial size of the stagnation column can be accurately determined and radial structures, such as
bifurcations in the column, are clearly resolved. The success of the spherical-crystal imager has motivated the implementation of a new,
two-crystal configuration for identifying sources of spectral line emission using a differential imaging technique.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0143942

I. INTRODUCTION

Inertial confinement fusion (ICF) involves small, laboratory-
scale implosions that briefly compress hydrogen fuel into a hot,
dense thermonuclear plasma. During peak compression, the fusing
plasma emits a burst of neutrons, x rays, and gamma rays over a
nanosecond or less and originates from complex volumes with scale
sizes of 10-100 ym. The overall size and the internal structure of
the emitting plasma are measured by imaging this radiation. This
enables an assessment of the compression uniformity and a detailed
comparison to simulations with the ultimate goal of maximizing the
neutron output from thermonuclear reactions. In most cases, the
overall size of the emitting plasma is roughly 100 ym in the implo-
sion direction, which necessitates an image resolution of 10 ym or
better. While imaging spatial distributions of neutron or gamma ray
products from fusion reactions is ideal and currently possible,' no
time-resolved detection techniques are feasible at present. On the
other hand, soft x rays (hv ~10 keV) emitted by electrons in the
plasma are energetic enough to emerge from the plasma and are
easily captured with time-gated detectors (e.g., microchannel-plate-
based framing cameras’). The origin of these x rays is not limited

to the neutron producing regions, but if interpreted carefully, their
spatial distributions can provide critical insights into implosion per-
formance. Thus, x-ray imaging is an important diagnostic for nearly
all ICF concepts.

Currently, a magneto-inertial fusion concept known as Magne-
tized Liner Inertial Fusion, or MagLIF, is being pursued on Sandia’s
large pulsed-power device known as the Z-machine.” A typical
MagLIF target consists of a cylindrical, beryllium tube (referred to
as a “liner”) that has an active length of 10 mm with an inner dia-
meter of 4.65 mm and a wall thickness of 0.465 mm. The tube is filled
with deuterium gas (D,), pre-magnetized,’ pre-heated,("’i and then
imploded radially inward by directly coupling the electrical current
from the Z-machine to the outside surface of the liner. The implo-
sion converges onto the axis of the liner causing rapid heating of
the fuel, which leads to a short burst of x rays lasting 1-2 ns dur-
ing an event known as “stagnation.” Previous MagLIF experiments
have produced DD neutron yields of up to 1.1 x 10" and peak ion
temperatures of 3 keV.?

The stagnation event forms a narrow column of an x-ray emit-
ting plasma that is 6-8 mm tall with an average width of around
100 ym.”"” The column is challenging to image because it requires

Rev. Sci. Instrum. 94, 083509 (2023); doi: 10.1063/5.0143942
Published under an exclusive license by AIP Publishing

94, 083509-1

L1:%0:€1 €202 Joquialdas Go


https://pubs.aip.org/aip/rsi
https://doi.org/10.1063/5.0143942
https://pubs.aip.org/action/showCitFormats?type=show&doi=10.1063/5.0143942
https://crossmark.crossref.org/dialog/?doi=10.1063/5.0143942&domain=pdf&date_stamp=2023-August-29
https://doi.org/10.1063/5.0143942
https://orcid.org/0000-0003-0152-9734
https://orcid.org/0000-0001-7407-8968
https://orcid.org/0000-0002-1967-7113
https://orcid.org/0000-0002-6460-9873
https://orcid.org/0000-0002-3009-8673
https://orcid.org/0000-0003-4607-6310
https://orcid.org/0000-0002-3742-2421
https://orcid.org/0009-0007-4250-8768
https://orcid.org/0000-0001-5812-7782
https://orcid.org/0000-0001-8471-3662
mailto:ehardi@sandia.gov
https://doi.org/10.1063/5.0143942

Review of

Scientific Instruments

Spherical [Sagittal

Rowland ",

MagLIF ircl
beryllium cirele
liner

Rowland circle
aperture (RCA)

Image plane

FIG. 1. A spherical-crystal imaging geometry operating at near-normal reflection.
In this sketch, the point source is emitting at all photon energies, allowing the entire
crystal to participate in the reflection. The Rowland circle aperture then limits which
rays reach the image plane. The blue colored rays are stopped by the aperture,
while the red rays pass through. The yellow area on the crystal face is responsible
for reflecting the red rays.

high sensitivity and high spatial resolution over a large, 1 cm vertical
field-of-view. A high sensitivity is required due to a relatively weak
emission per unit height of the column. This is unlike the more com-
pact capsule implosions in which the entire source is concentrated
inside a spherical region with a diameter of ~100 ym or less.'"'* To
meet these requirements, we implemented a reflective-optic imaging
diagnostic that relies on a single, spherically bent crystal to image
x rays (see Fig. 1) with a magnification of 6x.

We also discovered that we could exploit the narrow band-
pass provided by the crystal reflection to differentiate spectral-line
emission from the broadband continuum emission. This provided
a way to track the location of thin, elemental coatings applied to
the liner. As a result, we can now visualize the mixing that occurs
between the imploding liner and the hot D fuel at stagnation, sim-
ilar to that first proposed in Ref. 13. This technique represents an
important advancement for MagLIF and should benefit other ICF
concepts.

Il. BACKGROUND

In early MagLIF-like experiments, monochromatic backlight-
ing was routinely used to diagnose the in-flight stability of the
imploding liner.""'” In the backlighting configuration, the target is
placed between a small, point-like x-ray source and a spherically
bent crystal. The x rays emitted by the point source are differentially
absorbed as they pass through the target, and the transmitted x rays
form a radiograph, which is then captured by the crystal optic and
imaged over a narrow energy range.'"'* The present work builds on
the success of backlighter technique by using similar alignment and
fielding strategies but with the goal of directly imaging the x rays pro-
duced by the target, commonly referred to as “self-emission.” This
method of imaging with spherical crystals was first demonstrated
in the 1970s'° and more recently in a variety of experiments.'**’**
Despite successful demonstrations and advantages argued by
Koch et al.,” self-emission imaging with spherical crystals was not
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widely implemented due to resolution limitations and the relatively
high-fielding complexity compared to pinhole cameras. In general,
the ultimate resolution is limited by optical aberrations, namely,
astigmatism, which make it challenging to achieve resolutions below
10 ym. Achieving higher resolutions requires more complex, aspher-
ical shapes (e.g., toroidal**) or other imaging methods, such as
Kirkpatrick-Baez microscopy,””® penumbral imaging,”’ or Fres-
nel zone-plate imaging.”® All these methods are attractive options
for applications that require high-resolution (<10 ym) and a small
field-of-view (FoV < 1 mm).

Despite the resolution limitations, spherical crystals have sev-
eral advantages over other imaging techniques that make them
well-suited for imaging the high-aspect-ratio MagLIF stagnation
column. Primarily, they can maintain a nearly constant collection
efficiency over a large, 1 cm, FoV. MagLIF also benefits from the nar-
row spectral window provided by the crystal reflection. This allows
for the creation of images whose spectral content is dominated by
line emission or continuum within a narrow spectral range. This is
a valuable attribute and is described in Sec. V D. Finally, there are
several practical considerations regarding the routine fielding of a
spherical crystal imager in the harsh Z-machine environment. First,
the reflection geometry eliminates the direct line-of-sight from the
target to the detector. This allows us to simultaneously shield the
detector from shot debris and reduce the hard x-ray background (hv
~ 1 MeV) on the detector. Second, it is nearly impossible to pro-
tect the crystal from shot debris at the soft x-ray energies considered
here. As a result, the crystal is destroyed during every experiment,
making aspherical shapes prohibitively expensive.

lll. DESIGN

This section describes the theoretical operation of a spherical-
crystal imager. The intent is to provide a detailed description along
with several key equations to allow the reader to design an imager
suitable for their application. Much of the operation is similar to the
backlighting configuration. However, a self-emission imager must
use an aperture to control the spectral content of the image.

A. Magnification and image distance

The spherical crystal generates a spectral-like reflection that
forms an image in a manner that is similar to a common optical
mirror. However, at x-ray wavelengths, the reflection is generated
by the diffraction of x rays within the volume of the crystal lat-
tice and is highly peaked when the reflection angle satisfies Bragg’s
equation,

nA = 2d sin 0. (1)

Here, n is the reflection order, A is the x-ray wavelength, d is the
spacing of the crystal’s atomic planes, and 85 is the reflection angle,
or Bragg angle, which is measured with respect to the surface of the
mirror. All crystals were fabricated such that the orientation of the
atomic planes, which are identified by the Miller indices (hkl), is
aligned parallel to the surface of the crystal, making it a symmet-
ric reflection. The crystal optic was fabricated by forcibly contacting
a thin crystal wafer (50 to 100 ym thick) to a concave glass backing
that has the desired radius of curvature.
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The focusing behavior of the spherical crystal is similar to an
optical mirror and is approximated by the thin lens equation,

S @)

where s, is the object-to-crystal distance, s; is the crystal-to-image
distance, and f is the focal length of the mirror. The focal length has
two values, which are

R
Juag = 2 sinfp (3)
and
R sin6
fmer = 2 u > (4)

where finer and fiq are the focal lengths in the meridional and sagittal
planes, respectively, and R is the radius of curvature. The separation
of the focal lengths is a result of the off-axis imaging geometry nec-
essary for Bragg reflection. This generates two characteristic image
planes, each with a unique best-focus position. As shown in Fig. 2,
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the meridional plane contains both the incident and reflected rays. It
also contains the Rowland circle (RC), an imaginary circle that has
a diameter equal to the radius of the crystal.”” The RC has impor-
tant properties that describe the dispersion and focusing of x rays in
the meridional plane. Namely, all x rays emitted from a point source
on the RC will strike the crystal with nearly the same incident angle
and will thus be reflected with nearly identical efficiencies. Since the
incident angle varies along the RC, so does the energy that satisfies
the Bragg condition at each point on the RC. As a result, each point
along the RC corresponds to a unique photon energy available for
imaging, but only if that photon energy is emitted by the source, and
a straight line connects three points: (1) a point on the RC, (2) a point
on the source, and (3) a point on the crystal, as shown in Figs. 2(a)
and 2(b).

The sagittal plane is orthogonal to the meridional plane, and
to first order, no change in incident angle occurs in this plane if
Lsag/so << 1. Relative to the MagLIF target, the sagittal plane is par-
allel to the cylindrical axis of the liner and thus vertically orientated.
The meridional plane is orthogonal to the cylindrical axis of the liner
and, therefore, horizontally orientated. The resolution provided by
the meridional focusing is used to resolve the radial size of the
stagnation column.

(b) Two Polychromatic

Point Sources
Reflective areas
Ym  allowed by RCA

Sagittal

X Meridional

- ——-

L

mer
a,mer

ap, max. Rowland
ap, min u circle

Image Plane

FIG. 2. Schematics of a spherical-crystal imager that illustrate the differences between monochromatic and polychromatic sources and the use of a Rowland circle aperture.
In both cases, the active height of the crystal (L, sag) is equal to the physical height. Object plane coordinates are given as (x, y, z), and mirror coordinates are (Xm, ym, Zm). ()
A single, monochromatic point source. The width of the mirror’s reflective area, defined as La mer, is determined by the imaging geometry and the width of the crystal rocking
curve. In this case, the RCA does not limit the rays reaching the image plane. (b) Two-point sources separated in the meridional plane that emit over all photon energies. A
Rowland circle aperture limits the minimum and maximum photon energies (Ezp, min and Eap, max) that reach the image plane and thus controls La, mer. The meridional focusing
nature of the source is shown here only for illustrative purposes. In practice, the detector is located between the meridional and sagittal focus positions. Note that the reflective
areas on the crystal face (yellow-colored regions) are typically curved, as shown in Fig. 3.

Rev. Sci. Instrum. 94, 083509 (2023); doi: 10.1063/5.0143942
Published under an exclusive license by AIP Publishing

94, 083509-3

L1:%0:€1 €202 Joquialdas Go


https://pubs.aip.org/aip/rsi

Review of

Scientific Instruments

The magnifications in the two planes are

Si

Msag = (5)
[
and
si—Rsinfp
Muyer = ————, 6
mer So — R sin 0 ©)

where a negative M, value indicates that the image is inverted in
the meridional plane. The image is always inverted in the sagittal
plane, and we, therefore, omit the minus sign in Eq. (5). The magni-
fications are not equal, but for the MagLIF configurations discussed
here, the difference is less than 5% in all cases.

B. Spatial resolution

In most cases, the theoretical spatial resolution of a spheri-
cal crystal imager is limited by astigmatism. The resolution may be
further degraded by form errors in the surface shape or microstruc-
ture damage from polishing. Both of these effects may limit the
ultimate resolution for even complex aspherical shapes designed
to reduce astigmatism.”” An estimate of the astigmatism-limited
resolution was derived in Ref. 23 and is given here as

M+1
M

where M is an average spatial magnification and L is the size of
the active crystal aperture, which may be approximated as (Lasag +
La,mer)/2 in cases where Lasag # La,mer. This equation assumes that the
detector is positioned so that the sagittal and meridional resolutions
are the same. While not intended for detailed resolution calculations,
this equation confirms that a small active crystal size and a large
Bragg angle are required to achieve a high resolution. In practice,
we rely on ray-tracing to estimate the overall point spread function
(PSF) in the detector plane. The calculated PSF is then rescaled in
the sagittal and meridional directions by factors 1/Mmer and 1/Mag,
respectively, to give the PSF in the object plane. The resolution of the
imager is then defined as the full width at half-maximum (FWHM)
of the object-plane PSF. Typically, the best resolutions are on the
order of 10 ym.

To achieve spatial resolutions that are equal in both the merid-
ional and sagittal planes, a symmetrical PSF must be produced at the
image plane. This is accomplished by setting s; = 5;"", where

0 =L(1-sin6g)

, ™)

sym 50(1 + ﬁ)R sin Op

S 25,(sin’6p + B) — (1 + B)R sinOp’ ®)

Here, B = Lamer/Lasag, Where La,mer and Ly, are the dimensions
of the mirror area that is used for imaging in the meridional and
sagittal directions, respectively (see Fig. 2). For the case of § = 1,
si¥™ is approximately s,R/(2s, — R). This locates the image plane
approximately halfway between the meridional and sagittal focuses
at a position known as the circle of least confusion, which was the
assumed position for Eq. (8). As shown in Fig. 2, the imaging config-
urations developed for MagLIF use crystals with rectangular shapes
and have p < 1, yielding a larger s, value that places the detector
closer to the sagittal focus than to the meridional focus. In practice,
computational ray-tracing should be carried out to further optimize
the detector position since Eq. (8) is only an approximation.

ARTICLE pubs.aip.org/aip/rsi

C. Image bandwidth and field-of-view

The reflected rays from a spherical-crystal have a well-defined
energy range, AE, and central energy, E,, that define a so-called
spectral window through which the detector views the target. The
ratio of these quantities is referred to as the image bandwidth and is
approximated (assuming La mer << So) by the following equation:

AE _ La,mer

so — R sin6p

cot O 9)

E, R

S0

(see Ref. 31). Here, again, E, is the central x-ray energy, which is
reflected by the center of the crystal, and AE = Emax — Emin, Where
Emax and Epj, are the maximum and minimum energies, which are
determined by the active width of the crystal (i.e., Lamer). The maxi-
mum value for AE occurs when the entire crystal width participates
in the reflection (i.e., Lamer = Lmer). However, this is not always a
desirable configuration.

The values of AE and E, will deviate from Eq. (9) due to changes
in incident angle when the source is moved in the meridional or
sagittal directions away from the central-ray location. The incident
angle changes are most severe for source movements in the merid-
ional plane (i.e., along the y axis, as defined in Fig. 2). This is not
a desirable effect and may not be tolerable if the spectral window
must remain centered on a spectral line. To solve this problem, a
limiting aperture is placed at the RC position along the reflected ray
path, as shown in Figs. 1 and 2, recognizing again that the position of
the reflected ray at the RC corresponds to a specific photon energy.
We call this aperture the Rowland circle aperture (RCA). The opera-
tion of the RCA was first described in Ref. 32. The RCA only accepts
rays within an energy range that is defined by the aperture’s location
and width. It effectively fixes the spectral window so that AE and E,
remain constant for all source locations without limiting the hori-
zontal or vertical FoV. This fact makes an RCA essential for nearly
all applications of a spherical-crystal imager.

The relationship between the width of the RCA, wgca, and
L mer is given by

(10)

R sin 0 B 1|)

WRCA = La,mer Sin 93( .
[

Solving for Lamer and inserting into Eq. (8), we find that the
bandwidth allowed by the aperture is

AE, _ WRCA
E, Rsinp tan 6’

(11

where AEsp = Eup, max — Eap, min- Eap, max and Egp, min are the maxi-
mum and minimum energies allowed to pass through the aperture.
As an example, the standard high-resolution imaging configuration
on the Z-machine has R = 250 mm, 03 = 86°, and wrca = 2.3 mm,
which gives AE,p = 4.0 eV for the n = 2 reflection and 6.0 eV for the
n = 3 reflection. This means that the position of the RCA can be dis-
placed by 0.6 mm and E, will only change by ~1 eV for then = 2
reflection.

In order for the RCA to maintain a fixed spectral window over
the entire FoV, the meridional size of the crystal must be larger than
the active portion of the crystal (i.e., Lmer > Lamer), which is the case
shown in Fig. 2. This condition is necessary because as the emission
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point moves in the meridional plane, it must use a different portion
of the crystal to maintain a Bragg reflection or equivalently a range
of incident angles, which is accepted by the RCA. This is shown in
Fig. 2(b) where the left point source uses a portion of the crystal
that is located further to the left compared to the portion used by
the right point source. Figure 3 illustrates this effect for an array of
source locations that define the limits of the required FoV for a com-
mon MagLIF configuration. Figures 3(d)-3(f) show the movement
of the reflective area for source positions at —1, 0, and +1 mm along
the y axis, respectively. As the source continues to translate to even
greater distances, the reflective area slides off the edge of the crystal
causing an effective reduction in AE and a corresponding roll-off in
the image intensity. This effect is referred to as chromatic vignetting.

The meridional FoV was defined based on the source position
where the active area reaches the edge of the crystal. The meridional
FoV is, therefore, determined by the relative sizes of La mer and Limer
and is found by tracing the edges of the Rowland circle aperture to
the edges of the crystal in the meridional plane. The meridional FoV
is then approximated by

so — R sin 0y ( Lier
R sin 03

FOVmer = - La,mer)- (12)

sin Og

Comparably, a loss of spatial resolution could also limit the FoV,
yet for the imagers presented here, the spatial resolution does not
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rapidly degrade near the edges of the FoV making image intensity
the more sensible parameter for defining the FoV.

Defining the FoV in the sagittal direction is more complicated.
As the source moves up and down in the sagittal plane, the active
portion of the crystal moves diagonally across the crystal surface,
as seen in the top and bottom rows of Fig. 3. Similar to the merid-
ional plane, the active area eventually slides off the crystal causing
vignetting of the image. If the RCA is simply a slit oriented in the
sagittal direction (as shown in Fig. 1), this will result in the center
energy of the spectral window shifting as the emission point moves
up or down in the sagittal plane. Alternatively, the center energy can
be made to remain fixed as a function of sagittal source position by
shaping the RCA to be an annulus, whose width is given by Eq. (10)
for a chosen bandwidth. This type of curved RCA is desirable for
imaging the MagLIF stagnation column, which has a large extent in
the sagittal direction.

In the previous discussion, we assumed the source spectrum
had a uniform intensity across all photon energies. We now consider
imaging a spectral line that has an average brightness that is much
greater that of the underlying continuum and may occupy only a
fraction of the spectral window allowed by the RCA. Most spectral
imaging configurations on Z are set up with AE,, > AE; so that pos-
sible shifts in the line center due to plasma motion (i.e., Doppler
effects) do not move the spectral line outside the spectral window.

Reflective Area allowed by the RCA as a Function
of Source Position for the HRCXI configuration

(0.0, 5.0) (©)

(@) (-1.0,5.0) (b)

(1.0, 5.0)

(d) (-1.0,0.0)

Source (y, z) =

(e) (0.0, 0.0) [mm]

®  (1.0,0.0)

Crystal edge /

(g) 7 (_-1.0, -5.0) (h)

(0.0, -5.0) @)

(1.0, -5.0)

15 mm

FIG. 3. (a)—(i) SHADOWS3 ray-tracing results that show the reflective areas allowed by the RCA on the crystal face for nine different source locations in the (y, z)-object plane
for a specific configuration known as the HRCXI. The effects of the crystal rocking curve are included but are negligible and do not impact the overall shape. Source (x, y, z)
and mirror (Xm, Ym, Zm) coordinates are defined in Fig. 2. The intersection of the dashed lines indicates the center of the crystal. The changes in the reflective portion shown

here led to variations in the throughput, resolution, and field-of-view.
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In this case, AE is effectively equal to the width of the spectral line
and the meridional FOV increases due to the delay of chromatic
vignetting relative to the continuum. A value for Lg,mer can be esti-
mated by setting AE = AE, and Ey = E; in Eq. (9), where AE; and E;
are the FWHM and center energy of the spectral line, respectively.

In cases where AE,, < AE; is required, the RCA is used to
further reduce the spectral window and improve spatial resolution
at the expense of image brightness. This is also the proposed con-
figuration for the x-ray Doppler velocimetry application in which
fluid motion is visualized by image intensity changes due to velocity
induced line shifts.*

Finally, it is important to note that in our discussion so far, we
have neglected the effects of the crystal rocking curve. The finite
width of the rocking curve allows reflections to occur about small
deviations from 0. Therefore, even with an infinitely narrow RCA,
the crystal will produce a bandwidth equal to

AEmck ~ Aemck
Ep tan Op ’

(13)

where A8, is the FWHM of the rocking curve. Typical values for
A, for Quartz, Ge, or Si crystals are on the order of 10~* radians
for energies in the 6-10 keV range. For 0 = 83°, this gives AE,oc/Eo
~107°, which yields AE,ock = 0.1 €V at 10 keV. The imaging systems
designed for the MagLIF target typically use AE,, = 4-12 eV, and
in these cases, the rocking curve has a negligible effect on the image
bandwidth. If AE, becomes comparable to AE,p, the image band-
width will increase and can be estimated as the quadrature sum of
AE ok and AEgp.*

D. Throughput and image fluence

The collection efficiency of the spherical crystal imager is
defined by a reflectivity-weighted solid-angle, over which x rays are
reflected from the crystal surface. This active solid angle is referred
to as the throughput and is related to the reflective area shown
in Fig. 3. The noted high-sensitivity of spherical-crystal imagers
(e.g., compared to pinhole cameras) is attributed to large through-
put values that can easily reach 107> steradians. To estimate the
throughput, the solid angle () subtended by the crystal face is mul-
tiplied by an efficiency factor (1). The equation for the solid angle is
approximated as

Lu,sagLa,mer sin (HB)
— 5

Q= 14
o (14)
and the efficiency (derived in Ref. 34) is approximated as
Rint
V. (15)
( % ) tan (6g)

where Riy is the crystal integrated reflectivity, and we assumed that
the bandwidth is limited by the RCA. If a spectral line is present and
has a width less than AE,p, then AE,, should be replaced with AE;.
The product nQ is the throughput or sometimes referred to as the
active solid angle, Q... Because the bandwidth and L, mer are related
by Eq. (9), the throughput is reduced to the following equation:
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R sin 63
RsinBp — s,

La,sug

act WQ = Rint- (16)

So

Interestingly, the result is the same as a monochromatic source,’’
independent of bandwidth. This means that if the same number of
photons contained in a monochromatic source is distributed over
the energy range, Lamer increases and the total number of reflected
photons remains the same.

In contrast, the throughput is directly proportional to La g
since the entire sagittal length participates in the reflection for a
single photon energy, as represented in Fig. 1. In addition, the
throughput increases as the source moves closer to the Rowland cir-
cle due to an increase in L, mer without an increase in AE. Near the
Rowland circle, the size of Ly mer may exceed Lier, and in this case,
Eq. (16) is no longer valid. One further limitation is that Eq. (16)
applies only to the central ray. From ray tracing, we find that the
throughput varies depending on the source location due to the
change in the active crystal area as a function of source position, as
shown in Fig. 3. In Sec. V, we show that the variation is typically less
than 20% over a 1 cm height for MagLIF configurations.

To perform an absolute calibration of the source emission, we
give an expression for the image fluence, Ip, which is defined as the
energy per unit area on the detector, and is calculated as

ID[ergj] ( oy )fIU(E)dE 17)

cm Msanger

where T represents the transmission of the detector filters and I, (E)
is the source brightness with units equal to ergs/(steradian * eV *

m?). The integral is evaluated over the bandpass defined by the
RCA (AEqp) or the spectral linewidth (AEs). For a flat continuum
spectrum, [ I,(E)dE = I,AE,p. If the crystal yields multiple reflec-
tions from different orders, Ip must be calculated for each reflection,
and then, the sum of the individual reflections yields the total image
fluence.

E. Depth-of-Field

The depth-of-field (DoF) is a parameter that describes the
change in the PSF size when the source-to-crystal distance is varied
for a fixed detector position. This is important for understanding the
required alignment tolerances and the loss of resolution that occurs
when the source is extended in the source-to-crystal direction. We
assume that the width of the defocused PSF is the convolution of
three widths: (1) the image size derived from the thin lens equa-
tion for small deviations from s,, (2) the detector resolution element
size (wget) scaled to the object plane using Mmer, and (3) the PSF
width at best focus (Wps, pest) scaled to the object plane using Mmer.
The best focus PSF is assumed to be symmetrical and is found using
ray tracing or estimated from Eq. (7). Under these assumptions, the
PSF width in the object plane, wpsr, resulting from a variation of
object-to-crystal distance, As,, is given as

2\?2 2 2
La mer f mer Wdet WPSF, best
WPSF = |A o| + + | —
SiMper So — fmer Miper Miper

(18)

Equation (18) is for the meridional plane. To estimate the PSF width
in the sagittal plane, one can simply replace Lamer, Mmer, and fmer
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Point Spread Function Maps from SHADOW3 Ray-Tracing
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FIG. 4. PSF intensity contours from SHADOWS3 ray-tracing are shown for three different spherical-crystal imaging configurations: (a) Ar-Imager, (b) CXI, and (c) HRCXI. For
all configurations, the contour values were taken as 50% maximum intensity of each PSF. The “+” symbol marks the intensity-weighted center-of-mass point for the PSF
image, which is then mapped to the object plane using Mmer and Msag. The contour sizes were increased by 7.5x relative to the axis scale to clearly illustrate the shape of
the contour. The image plate resolution (55 ym) was included. The numbers next to each PSF contour are the FWHM values, computed by projecting and summing the PSF
intensity values onto the horizontal or vertical axes. The values are presented as “horizontal, vertical” resolutions with units of ym.
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FIG. 5. SHADOWS3 ray-tracing results for the Ar-Imager configuration using a point source with E, = 3123.2 eV and Gaussian line shape (1.2 eV FWHM). Image plate
resolution is not included. (a)—(c) Horizontal and vertical resolutions and throughput for different source positions in the (y, z)-plane plotted as a function of the z-coordinate
(i.e., vertical position) for three horizontal positions: y = —1, 0, and 1 mm. The throughput was normalized to the z = 0 mm position. The gray shaded regions define the
required vertical FoV from z = —5 to 5 mm. (d) Resolution variations for different source positions in the source-to-crystal direction (i.e., x axis or depth position). Source
movements toward the crystal are positive values. The Ar-Imager operates with an asymmetric PSF with the source at x = 0 as shown in the plot. Coordinate axes are defined
in Fig. 2.
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with La sag, Miag, and fiag, respectively. To parameterize the DoF with
a single value, we define the DoF as the change in the object-to-
crystal distance that results in a factor of /2 change in the PSF
width. This results in an approximately 2x change in the PSF inten-
sity. The DoF is small (<1 mm) for all configurations discussed in
Sec. V and is due to the large collection angle of the active crystal
area.

IV. COMPUTATIONAL RAY-TRACING

Computational ray-tracing is an important tool for examining
the imaging performance of the crystal imager for object positions
that are far from the central ray where analytical estimates are less
accurate. In particular, we relied upon ray-tracing to quantify the
position-dependent resolution and throughput across the desired
FoV for MagLIF, which extends +/—5 mm in the vertical plane (z-
direction) and +/-1 mm in the horizontal plane (y-direction). This
was done with two approaches; both used the SHADOW?3 ray-racing
software,” for several imaging configurations that will be discussed
in more detail in Sec. V.

First, a synthetic grid image was generated by illuminating a
grid with a large-area source placed directly behind the grid. This
configuration is advantageous because it is easily realized in the
laboratory. Second, a point source was used to systematically step
through a large number of object positions and the resulting array of
PSF images were cataloged. This approach is more difficult to repro-
duce in the laboratory due to the required small source size and
was not attempted here. Fortunately, the ray-tracing results indi-
cated that the resolution measured from the grid images matched
that resolution provided more directly by the PSF images. The 50%
intensity contours of several individual PSFs from the three different
configurations are shown in Fig. 4. In addition, the resolution and
throughput information from the individual PSFs can be displayed
in a more complete way, as shown in Fig. 5. Figure 5 shows the res-
olutions and throughputs plotted as a function of the z-coordinate
for three different horizontal positions (y = -1, 0, and 1 mm) for an
imaging configuration known as the “Ar-Imager,” which is discussed
later. Although these plots convey the greatest amount of quantita-
tive information, they do not help one visualize how the image is
impacted by variations in the PSF size and shape. For this reason,
it is worthwhile to show the synthetic grid images. Figure 6 shows
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the grid images from the same imaging configurations shown in
Fig. 4. The grid images from the Continuum X-ray Imager (CXI) and
Ar-Imager configurations clearly show unequal resolutions in the
vertical and horizontal directions that result from the corresponding
asymmetrical PSFs shown in Fig. 4.

In all cases, the crystal rocking curve was generated by the
“BRAGG” preprocessor within the SHADOW3 suite of routines.
This preprocessor models the crystal in a flat geometry with a finite
thickness and does not account for bending effects, which typically
lead to an asymmetric broadening of the rocking curve. In gen-
eral, ray-tracing indicated that additional broadening of the rocking
curve, as calculated by the X-ray Oriented Programs v2.4 (XOP)
Bent-Crystal Multi-Lamellar (ML) model,”® does not increase the
size of the reflective area of the crystal and, therefore, does not
significantly impact the resolution. The continuum spectrum was
modeled as a top-hat function with an intensity equal to one between
Emin, ap and Emax, ap. By doing this, the RCA can be removed from
the ray tracing, allowing us to conserve rays, and yet, the effects of
the aperture remain accurately modeled. Spectral line sources were
modeled by a Gaussian with a FWHM equal to AE;.

V. APPLICATION

In this section we discuss several crystal imagers designed for
MagLIF experiments. In most cases, they were configured for Ar
spectral emission or broadband continuum emission. A more recent
crystal configuration is described in which both Co spectral and con-
tinuum emissions are imaged simultaneously using two side-by-side
crystals. Detailed ray-tracing calculations using the SHADOW3 soft-
ware are also shown, and some experimental measurements of the
spatial resolution are demonstrated for the primary MagLIF config-
uration. In Fig. 7, an example of a common assembly that supports
all the crystal imaging configurations is shown. The crystal and RCA
are mounted to a ring, which is then attached to the larger target
assembly such that the target is in the center of the ring. Figure 8
shows the ring installed in the Z-machine. For all configurations,
the detector was a Fuji TR Image Plate. Initial experiments used a
Fuji-BAS5000 to scan the image plate with an estimated resolution
of 63 ym.”” The signal intensity unit is photo-stimulated light (PSL).
Subsequent experiments, which occurred after August 2015, used a

Synthetic Grid Images from SHADOW3 Ray-Tracing

o (a) Ar-Imager

Vertical Position in
Object Plane (z) [mm]

-1.0 0 1.0 -1.0

()  HRCXI

1.0 -1.0 0 1.0

Horizontal Position in Object Plane (y) [mm]

FIG. 6. Simulated grid images from SHADOW3 ray-tracing. All grids have a bar width of 40 um and a period of 300 ym. The grid is illuminated using a large area source
placed directly behind the grid. Grid bars transmit no rays. (a) Ar-Imager configuration using E, = 3123.2 eV and Gaussian line shape (1.2 eV FWHM). (b) CXI configuration
using E, = 6246.4 eV and a constant intensity (full width = 15.2 eV). (c) HRCXI configuration using E, = 6213.7 eV and a constant intensity (full width = 4 eV).
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Spherical crystal ,‘
with Kapton filter | -
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1 inch thick tungsten walls

Rowland circle
perture

FIG. 7. (a) Picture of the crystal imager assembly, known as HRCXI, before use
on the Z-machine. The inset shows a close-up picture of the spherically bent
Ge (220) crystal. (b) A rendering of the HRCXI assembly shown with the image
plate detector housing. Housing is moved independently of the ring and manually
aligned inside the Z vacuum chamber using a visible reflection from the crystal.
The purple-colored object represents the x-ray data path.

DITABIS Super Micron image plate scanner.”® The resolution of the
DITABIS scanner was modeled as a symmetrical Gaussian with a
55 um FWHM.

A. Argon imaging

To investigate the laser pre-heat phase of the MagLIF experi-
ments, dedicated, “laser-only” experiments were conducted in which
the laser and applied B-field were present, but the Be liner was
not imploded. In these experiments, Ar K-shell emission was gen-
erated by an added Ar-dopant with an atomic concentration of
0.1%, and higher in some cases. The K-shell spectral lines enabled
a measurement of the electron temperature®””” "' and provided a
bright source of emission for crystal imaging. A spherical crystal
imager configuration (known as the “Ar-Imager”) was designed to
have a 7.6 eV bandpass centered around the Ar He, (°P;) inter-
combination line (hv = 3123.2 eV). It used a Ge (220) crystal plane
(2d-spacing = 4.0004 A) and had a Bragg angle of 82.91°, very sim-
ilar to the existing backlighter configuration, ** which allowed for
a rapid deployment on the Z-machine. Additional properties of the
Ar-Imager are listed in Table L.

Figure 9 shows the Ar-Imager data from three laser-only exper-
iments. In these images, the laser entered the gas near the top of the
target after burning through a thin, polyimide window. Figure 9(c)
shows an un-doped experiment (H26) with a pure D, gas fill. The
average signal from the un-doped experiment was only 3% of the

(a) HRCXI configuration installed in the Z-machine

Detector
e Housing
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signal generated in the doped experiment (H25). This proved that
the observed signal was dominated by the Ar-dopant and not the
continuum emitted by the deuterium.

The estimated intrinsic linewidth of the inter-combination line
was between 1 and 1.2 eV FWHM based on the T. values and spec-
tral resolution reported in Ref. 40. This is much smaller than the
7.6 eV bandpass set by the RCA. Therefore, the linewidth strongly
influences the resolution and DoF, as well as the FoV in the horizon-
tal (meridional) plane. In particular, the narrow linewidth prefer-
entially enhances the horizontal resolution. The difference between
the horizontal and vertical resolutions is clearly exhibited by the
PSFs shown in Fig. 4(a). This large asymmetry in resolution could
be corrected for by moving the detector further from the crystal (i.e.,
closer to the sagittal focus) to achieve a more symmetric PSF. How-
ever, during our experimental campaigns, we chose to keep it fixed
to enable rapid shot-to-shot comparisons.

Figures 5(a) and 5(b) show that the vertical resolution for the
y = 0 position has a minimum of 73 ym at z = 0 mm and then
degrades to 112 ym at the top and bottom of the FoV (z = +/-5 mm
positions). Similarly, the horizontal resolution varies from 9 to
31 pum. These values do not include the image plate response.
While notable, the space-dependent variations in resolution were
not observed in the images likely due to the motion blur caused by
the laser propagation and the expansion of the laser-heated gas over
the duration of the laser pulse.

Throughput and depth of focus are the two remaining para-
meters to consider in Fig. 5. The throughput variation is small and
less than 5% relative to the z = 0 position. Unfortunately, the depth
of focus is relatively small and similar to the emission size. Using the
root-two metric described earlier, the DoF is 0.7 mm in the horizon-
tal plane and 0.5 mm in the vertical plane. The difference is due to
the difference in size of the reflecting portions of the mirror (Lamer
and Lg,g). At present, it is not clear how this effect is manifested
in the images shown in Fig. 9, and it is likely obscured by motion
blur and the spatially broad nature of the source. Further ray trac-
ing of extended emission volumes is required to explore this effect.
Despite this disadvantage, the Ar-Imager has proven useful and had
two notable achievements. It captured the first quasi-monoenergetic
x-ray images of the laser-heated gas.” In addition, separately, it
enabled a multi-objective analysis that provided a three-dimensional
mapping of the electron-temperature within the volume of the laser
heated gas."’

(b) Two-crystal configuration installed in the Z-machine

FIG. 8. Single and two-crystal imagers installed in the Z-machine. (a) Single configuration known as the HRCXI installed for shot z3120. (b) Two-crystal configuration known
as the CHEWI installed for shot z3303. In both configurations, the crystals are located 146.6 mm from the target.
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TABLE . Operating parameters for the Ar-lImager, CXI, and HRCXI spherical-crystal imaging configurations. For the Ar-Imager, the Lamer, FOV, and resolution values were
calculated using a spectral linewidth equal to 1.2 eV FWHM. CXI and HRCXI values were calculated using the full bandwidth allowed by the RCA. The crystal radius-of-
curvature, R, the object-to-crystal distance, so, and the crystal size (Lmer x Lsag) are the same for all configurations and are as follows: R = 250 mm, s, = 146.615 mm, and
Lmer x Lsag = 15 x 10 mm. All configurations maintain a vertical FoV of 10 mm. The n = 1 reflection in the CXI and HRCXI is blocked by the walls of the Be liner and the detector
filter and is listed here only for reference purposes.

Argon imager Continuum X-ray High-resolution continuum

(Ar-imager) imager (CXI) X-ray imager (HRCXI)
Emission type Ar He, (3P1) Continuum Continuum
Crystal plane Ge (220) Ge (220) Ge (220)
Reflection orders, n 1 1,2,3,and 4 1,2,3,and 4
2d-spacing (A) 4.0004 4.0004 4.0004
Center energies, E, (eV) forn=1,2, 3, 3123.2 3123.2, 6246.4, 3106.9, 6213.7,
and 4 9369.5, 12492.7 9320.6, 12427.5
Bragg angle, 65 82.91° 82.91° 86.00°
Crystal-to-image distance, s; (mm) 850.0 850.0 854.0
Magnifications: Msag (vertical), Mmer 5.797, 5.932 5.797, 5.932 5.825, 5.883
(horizontal)
Spectral window widths, AE, (eV) for 7.6 7.6,15.2,22.8,30.4 2.0, 4.0, 6.0, 8.0
n=1,2,3,and 4
Rowland circle aperture (RCA) width, 4.850 4.850 2.296
wrca (mm)
Active meridional crystal length, La mer 1.11 7.06 3.28
(mm)
Meridional FoV at z = 0 (mm)* 5 3 4.4
Theoretical resolution with image plate: 15 x 85 59 x 83 15 x 16
horizontal (y) x vertical (z). (,um)b
Theoretical integrated reflectivity, 1.02 1.02, 0.23, 0.16, 0.02 1.90, 0.41, 0.30, 0.03
Rint (mrad) forn =1, 2, 3, and 4°
Theoretical rocking curve FWHM 1.05 1.05,0.21, 0.33,0.26 1.95,0.38,0.57, 0.47
(mrad) for = 1, 2, 3, and 4°
Active solid angle, Qacr, (steradians) 1.72x107* 1.72x 107%,3.80 x 107, 3.16 x 107, 6.84 x 107,
forn=1,2,3,and 4 2.73x107°,3.17 x 107° 497 x 107, 5.63 x 107°
Typical detector filtering 50 ym Be 50 ym Be + 100 ym 50 ym Be + 100 ym Kapton

Kapton HN

HN + 500 ym polyimide

Calculated with SHADOWS3 ray-tracing software. Here the meridional FOV is defined as the total distance along the horizontal direction (y) over which the full bandwidth is
maintained at z = 0 mm. At other z-locations, the meridional FOV may be reduced by vignetting. For smaller bandwidths the meridional FoV increases as demonstrated by the

Ar-Imager.

®Calculated with SHADOW?3 using a point source. For all configurations the image plate resolution was included and taken as 55 pm.

“The rocking curve was calculated using Bent Crystal ML in XOP v2.4. The following parameters were used in that calculation: temperature factor = 0.9, crystal thickness = 70 pm,

Poisson ratio = 0.28 for Ge, and Poisson ratio = 0.22 for Si.

dCalculated using Eq. (16) and the Riy, values listed in this table. Values do not include detector filtering.
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FIG. 9. Three images of laser heated deuterium gas that were captured by using
a spherical crystal imager known as the Ar-Imager. All shots used an 8.5 T axial
B-field, a D, gas density equal to 0.7 mg/cc, a Be tube with a wall thickness ~100
um, a 1.5 um thick polyimide laser-entrance-window, and an unconditioned (i.e.,
using no distributed phase plate) laser spot focused 5 mm above the entrance
to the Be tube. These images were scanned with a Fuji-BAS5000 image plate
scanner. The signal intensity unit is photo-stimulated light (PSL). (a) Shot H22
included a 46 ym diameter tungsten wire placed ~3.5 mm from the tube axis and
an Ar-dopant concentration equal to 0.46% atomic concentration. The laser setup
was as follows: pre-pulse = 416 J/0.5 ns, 2.7 ns dead time, and main pulse = 3813
J/4 ns. (b) H25 used a 0.1% atomic Ar-dopant, and the laser setup was as follows:
pre-pulse = 496 J/0.5 ns, 3.6 ns dead time, and main pulse = 2357 J/2 ns. (c)
H26 was identical to H25, except that no Ar dopant was added. The laser energy
delivered was nearly identical to H25: pre-pulse = 532 J/0.5 ns, 3.6 ns dead time,
and main pulse = 2324 J/2 ns.

B. Continuum imaging

It was discovered during the initial fielding of the Ar-Imager
that higher-order reflections at energies n x 3.1 keV (n=2, 3,...)
from the Ge (220) crystal could be used to image the continuum
emission from the hot plasma generated during the stagnation phase
of the implosion. In this imaging mode, the RCA is filled uniformly
by a smooth continuum spectrum with no spectral lines present
to further enhance the horizontal resolution. Figure 10(a) shows
one of these images obtained from MagLIF shot z2708. The image
shows a narrow column of emission with a diameter of roughly
100 ym with a vertical extent of 8 mm. This continuum imag-
ing configuration is called the “Continuum X-ray Imager,” or CXI,
and its parameters are listed in Table I. The theoretical resolution,
including the image plate resolution, at the center of the FoV is 65
(horizontal) x 82 um (vertical). The CXI was the primary imaging
diagnostic for MagLIF experiments that occurred from July 2015
to November 2017. Additional images can be found in Refs. 8-10
and 43. Despite the relatively coarse resolution, the CXI provided
the first images that revealed the radial structure in the column
emission.

The initial observation of the radial structure in the stagna-
tion column motivated improvements in spatial resolution. This
was achieved with the CXI by increasing the Bragg angle to 86°
and reducing Ly mer from 7 to 3 mm by implementing a narrower
RCA. Due to the broadband nature of the continuum emission, the
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choice of Bragg angle (or equivalently E,) and bandwidth is not
constrained by a particular spectral line. This allowed us to choose
a configuration that maximized the Bragg angle and hence the res-
olution [see Eq. (7)]. The higher resolution configuration is called
the “High-Resolution Continuum X-ray Imager” or HRCXI, and its
parameters are listed in Table I. The theoretical resolution, including
the image plate response, is 15 ym (horizontal) and 16 ym (vertical).
Figure 10(b) shows one of the first images taken with the HRCXI.
The experimental image lacks a spatial fiducial, so it is challenging
to quantify the resolution and locate the center of the FoV; however,
emission features are observed with spatial scales down to ~20 ym,
which were not observed in data from the CXI. Additionally, offline
tests (see Fig. 12) demonstrated an improvement in resolution over
the CXI.

Similar to the Ar-Imager, synthetic grid images of the CXI
and HRCXI configurations were produced by ray tracing and are
shown in Figs. 6(b) and 6(c). The grid images clearly demonstrate
the improved resolution of the HRCXI. The detailed plots from the
HRCXI ray-tracing are shown in Fig. 11. We chose not to present
the detail plots of the CXI configuration imager since this config-
uration is no longer in use, but we note that both the CXI and
HRCXI maintain a stable resolution and throughput values along the
z = +/-5 mm for a fixed y-location. For the HRCX]I, the throughput
increases by 15% from z = 0 to z = +/-5 mm. Looking at Figs. 11(a)
and 11(b), which neglects the image plate resolution, and consider-
ing only the y = 0 position, the horizontal resolution varied between
11 and 13 ym and vertical resolution varied between 15 and 22 ym
over the z = 0 to z = +/—5 mm positions. These throughput and res-
olution variations do not appear to have a noticeable effect on the
experimental images, yet no systematic study has been performed.
Similar to the Ar-Imager, the HRCXI has a small DoF. Neglecting
detector resolution and only considering the center ray, the HRCXI
has a DoF of 0.1 mm in the sagittal plane and 0.3 mm in the merid-
ional plane. While this is small and comparable to the width of
the stagnation column, small deviations around the symmetric PSF
position [see Fig. 11(d)] do not cause a complete defocusing of the
image; rather, they will produce an asymmetric PSF that will have
an enhanced resolution along one axis (e.g., vertical) and a degraded
resolution in the opposing axis (e.g., horizontal). The end result is
not obvious, and further work with synthetic 3D images that include
PSF spatial variations is required to understand the impact of a
small DoF.

The interpretation of the continuum images is complicated by
the existence of multiple crystal reflections, each originating from
a different reflection order [i.e, n = 1, 2, or 3 in Eq. (1)]. Each
reflection is superimposed on the others and cannot be uniquely
identified. However, we can estimate the Be attenuation and crys-
tal reflectivity, which modify the relative strengths of the reflections
as observed by the detector. The estimated density and thickness of
the compressed Be liner are ~15 g/cc and 0.5 mm."* At these condi-
tions, Be is expected to block the first-order reflection (hv = 3.1 keV,
transmission = 10_4%), but allow significant transmission of the
second-order reflection (hv = 6.2 keV, transmission = 19%), third-
order reflection (hv = 9.4 keV, transmission = 61%), fourth-order
reflection (hv = 12.4 keV, transmission = 77%), and higher orders.
Due to the low integrated reflectivity of the fourth- and higher-
order reflections and the diminishing brightness of the continuum,
we expect the reflected signal from these higher orders to be weak
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FIG. 10. (a) X-ray emission image from a MagLIF stagnation event captured with the spherical crystal imager known as the CXI. The CXI was the first x-ray imaging diagnostic
to reveal bifurcations in the column. (b) A higher resolution image of a similar MagLIF experiment captured with an improved version of the CXI known as the HRCXI. In both
images, no spatial fiducial was present to indicate the FoV origins of the imager. Therefore, the placement of z = 0 on the images is only approximate and has an uncertainty
of +£2 mm, which was estimated by comparing the relative length of the column emission and the initial liner length (10 mm). The placement of y = 0 on the images was set

to the intensity-weighted, horizontal-center of the column emission.

relative to the others. These estimates indicate that the signal is
almost entirely from the second (6.2 keV) and third order (9.4 keV)
reflections, assuming that the continuum emission is generated by
plasma temperatures in the range of 2-3 keV

The first-order reflection is responsible for the large diagonal
stripes that appeared in some early MagLIF experiments, which are
likely evidence of a helical magneto-Rayleigh-Taylor instability on
the outside of the Be liner.'” The stripes are visible in Fig. 10(a).
These stripes are wider than the column and extend out to a dia-
meter of ~1 mm. Images from a time-gated pinhole camera revealed
that the stripes are caused by soft x-ray emission generated on
the outside of the liner,” and so the emission was not filtered by
the compressed liner wall. In later experiments, the stripe signal
was reduced by adding a 50 ym thick Kapton filter to the detec-
tor cassette. The emission intensity of the central column appeared
unaffected, further confirming that the stripes were seen with softer
x rays from the first-order reflection. A 0.5 mm thick polyimide fil-
ter is standard for the HRCXI, eliminating nearly all the first-order
contribution.

C. Spatial resolution measurements

Spatial resolution measurements are important because the
presence of defects in the crystal lattice or form errors in the surface
profile of the crystal may cause the optic to deviate from the theoret-
ical resolution. These effects are not accounted for in the ray tracing.
Figure 12(a) shows the experimental configuration used to measure
the resolution of the CXI and HRCXI. We used a laser heated Au foil
to generate broadband x-ray emission, which functioned as an area
backlighter for an Au grid. The grid was placed at the object position,
and the Au foil was located 1 mm behind the grid. The Au foil con-
sisted of a 2 ym thick, pure Au-coating (purity = 99.999%) deposited
onto a 50 ym thick polyester backing with a 45 A thick Ti adhesion
layer in between. The grids were obtained from SPI Supplies (model
numbers: 2020G-XA and 2040G-XA).

The Z-Beamlet laser provided a 2 kJ (A = 527 nm) main pulse
with a 2 ns duration.”” The main pulse was typically preceded by
a 0.2 kJ pre-pulse that occurred 3.5 ns before the main pulse and
had a duration equal to 0.5 ns.*® A distributed phase plate was used
to create a uniform spot with a diameter equal to 565 ym, which
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FIG. 11. SHADOW3 ray-tracing results for the HRCXI configuration using a point source with E, = 6213.7 eV. Image plate resolution was not included. (a)-(c) Horizontal and
vertical resolutions and throughput for different source positions in the (y, z)-plane plotted as a function of the z-coordinate (i.e., vertical position) for three horizontal positions:
y = —1,0, and 1 mm. The throughput was normalized to the z = 0 mm position. The gray shaded regions define the required vertical FoV from z = -5 to 5 mm. (d) Resolution
variations for different source positions in the source-to-crystal direction (i.e., x axis or depth position). Source movements toward the crystal are positive values. The HRCXI
operates with a symmetric PSF with the source at x = 0 as shown in the plot. Coordinate axes are defined in Fig. 2.

contained 75% of the laser energy. Assuming a 70% transmission
value for the laser optical chain, this resulted in an irradiance of 2 x
10" W/cm? for the main pulse. In some experiments, the pre-pulse
was not used, and this generated a more uniform, but dimmer x-ray
spot. In either case, there was no evidence for Au L-shell line emis-
sion that, if present, would have the potential to affect the horizontal
resolution of the 9 keV reflection.

The grid images shown in Figs. 12(b) and 12(c) demonstrate
the improved resolution that resulted from an increase in 6. The
improvement in resolution was easily seen by eye. However, extract-
ing a resolution value from the CXI image shown in Fig. 12(b), and
other images with coarser grids (e.g., bar spacing = 250 ym), was not
possible because the holes and bars were severely under-resolved.
Wider bars and holes that are at least twice the width of the PSF are
needed to improve the accuracy of the measurement. For now, we
must rely on ray tracing calculations to assess the resolution of the
CXI configuration. Note that these calculations indicated that the
PSF has a non-Gaussian shape, as shown in Fig. 4(b).

For the HRCXI configuration, a resolution measurement was
possible using the grid images shown in Figs. 14(a) and 14(b). For

these measurements, a 200 lpi Au grid (bar spacing = 125 ym)
was used to fully resolve the grid hole, which in turn enabled an
accurate reconstruction of the underlying x-ray spot intensity. The
measurement procedure begins by sampling the signal in the holes
and then spline-fitting a surface to these points in order to create
a synthetic x-ray emission spot that has the same intensity values
as the data. A grid pattern is then applied to the synthetic spot by
calculating the x-ray transmission of the grid bars. Unfortunately,
the grids had a non-uniform thickness profile that resulted from
unsharp edges and a thickness step surrounding each hole. These
features were measured using a Keyence VK-X3000 3D Surface
Profiler and further observed with a scanning electron microscope
(SEM). SEM images are shown in Figs. 13(a) and 13(b). Figure 13(c)
represents the cross-sectional model that approximates the thickness
variations and edge radius. The transmitted signal values relied on
this model and included the x-ray transmission values for n = 1, 2,
3, and fourth-order reflections (i.e., x-ray energies equal to 3.1, 6.2,
9.3, and 12.4 keV). The relative amounts of each were estimated by
applying an energy specific transmission correction to the synthetic
grid. These values were informed by the measured x-ray spectrum
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FIG. 12. (a) Experimental setup for evaluating the resolution of the spherical crystal
imagers known as the CXI and HRCXI. (b) CXI grid image with the grid center
located at (x, y, z) = (0, 0, 0). The grid is clearly not resolved. (c) HRCXI grid
image with the grid center located at (x, y, z) = (0, 0, 0). The grid is now fully
resolved due to the increase in 0g.

and weighted by the theoretical throughput values for each reflection
order and associated detector filters.

The entire synthetic image was then progressively blurred with
Gaussian PSF functions, and lineouts were extracted and compared
to the data lineouts over a range limited to +0.3 mm relative to
the grid center. The synthetic lineout that minimized the difference
between the synthetic and data lineouts was found, and the mea-
sured resolution was then taken as the FHWM of the associated PSF
that generated the synthetic image. The best fit PSF included the
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intrinsic image plate resolution since no attempt was made to decon-
volve the image plate resolution from the image or lineouts. The
measurement uncertainty is reported as the +1o0 confidence interval
determined by evaluating the goodness of fit between the experi-
mental and synthetic lineouts. We note that the average PSF width
increased by 1-2 um if the synthetic images assumed the grid had
sharp edges and a uniform thickness.

As shown in Fig. 14, the resolution of the HRCXI was mea-
sured at two locations: z = 0 and z = -5 mm, to demonstrate the
large vertical FoV. The results are listed in Table II. The slight asym-
metry in the theoretical resolution at z = 0 results from the small
difference in the magnifications applied to the image. The larger
asymmetry of theoretical resolution at z = —5 mm was expected,
and this is clearly seen in the PSF arrays shown in Fig. 4(c). On
the other hand, the asymmetry of the measured resolution at z = 0
was not expected and was likely due to a misplacement of the grid
from the nominal x = 0 location. For example, displacing the grid by
100 pm toward the crystal causes the horizontal resolution to
degrade and vertical resolution to improve, yielding values of 16 ym
(H) and 12 ym (V). These are better than the measured resolutions,
which were 20 ym (H), 16 ym (V), but with a similar difference
between the horizontal and vertical resolution values. At this point,
we can only speculate as to why some differences remain outside
the measurement uncertainty. Future measurements will more pre-
cisely control the grid position, in particular the depth position, and
measure the DoF by displacing the grid a known distance. Further
work must also be done to determine if the backlit grid technique can
accurately measure a non-symmetric PSF, as expected for a displaced
grid position.

D. Two-channel crystal imaging

The narrow bandwidth properties of the spherical crystal
imager can be exploited for identifying x-ray emission from a spe-
cific spectral line and hence specific ion-species. This was done for
the laser heated gas using the Ar-Imager, and now, we apply it to
the emission generated at stagnation. In this case, however, the con-
tinuum emission is bright enough to form an image, and therefore,
any additional brightness due to the presence of a spectral line will
be superimposed on the continuum image, making it difficult to

(b) ()
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FIG. 13. (a) SEM image of the front side of a 200 Ipi Au grid showing the 11 um wide step feature. The circular feature in the center of the image is an artifact from
manufacturing. (b) SEM image of the opposing side showing the radius feature on the grid bars. (c) Estimated cross-sectional model of a single grid bar used to calculate

synthetic transmission patterns.
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FIG. 14. Grid images from the HRCXI using a 200 Ipi Au grid (bar width = 45 um, spacing = 125 um) were used to estimate the spatial resolution. (a) Center of grid located
at (x, y,2) = (0, 0, 0). Inferred resolution = 20 + 4 um (horizontal) x 16 + 4 um (vertical). (b) Center of grid located at (x, y, z) = (0, 0, —=5mm). Inferred resolution = 18 + 2
um (horizontal) x 16 + 2 um (vertical). The x-ray spot is brighter here due to the use of a pre-pulse in the laser pulse shape.

TABLE II. Measured and theoretical resolutions for the HRCXI. All resolution values
include the blur due to the image plate and scanner. The values are given in the
format “horizontal (H), vertical (V)" with horizontal and vertical defined by the y and z
axes, respectively (see Fig. 2).

HRCXI theoretical
Resolution (ym)

HRCXI measured
Resolution (pm)

15 (H), 16 (V)
15 (H), 22 (V)

20+ 4 (H), 16 £+ 4 (V)
18 £2 (H), 16 £ 2 (V)

Grid position z = 0 mm
Grid position z = -5 mm

discriminate between the continuum and line emission. A method
was needed to subtract the continuum contribution from the line
emission image.

This motivated the development of a new configuration with
two crystals that were fielded side-by-side in the meridional plane.
We refer to this imaging diagnostic as a “two-crystal imager.”
Figure 8(b) shows a picture of the two-crystal imager installed in
the Z-machine, and a corresponding schematic is represented in
Fig. 15(a). Each crystal provided an independent imaging channel.
One crystal (known as “channel-2”) was tuned to a spectral line of
interest, and the other crystal (known as “channel-1”) was tuned
to a near-by line-free region of the continuum. The continuum
was captured near the line to minimize the difference in emergent
continuum intensity observed by each crystal. The continuum con-
tribution present in channel-2 could then be removed by subtracting
channel-1 from channel-2 without the knowledge of the liner attenu-
ation or source spectrum. A similar technique using toroidal crystals
was demonstrated on capsule implosions with Ar and Cl dopants at
the GEKKO XII laser facility.'> Our MagLIF imaging configurations
were designed for larger FoV's, which required an RCA, and, in some
experiments, included target features that enabled an in situ method
for overlaying and comparing the two images.

Table III lists the parameters of three different two-crystal
imagers that were designed for MagLIF experiments. These imagers

capture emission from one of the following spectral lines: Co
He-a 'P; (hv = 7242.1 eV), Fe He-B 'P; (hv = 7881.2 ¢V), or Fe Kay
(hv = 6404.0 eV). The emission from the Fe Ka; and Fe He-$ p,
lines originated from microscopic Fe impurities that are native to
the Be grade known as S-65. In other experiments, a thin, cobalt
coating was applied to the interior of the Be liner or to other inter-
nal surfaces.”” We chose the same crystal plane for each channel in
order to minimize the difference in crystal reflectivity and accepted
the related difference in Bragg angle (A8 = 1.3°) and the result-
ing difference in spatial resolution. In all cases, the emission from
the Fe and Co was monitored with a space-resolving spectrometer
known as XRS®.*! The spectrometer geometry was modified so that
a spectral range of 6.3-8.1 keV was achieved with a Quartz (20-23)
crystal. The high-resolving power (E/AE ~ 3000) of the spectrom-
eter enabled a linewidth measurement of the lines observed by the
imagers. In addition, the detailed spectrum was used to verify that no
unexpected lines contaminated the continuum channel. The space-
resolving capability of the spectrometer also identified regions of
the column where no Co emission was present, and these regions
then served as registration points that enabled an accurate overlay of
the two images. To date, the utility of the two-crystal imager was
best demonstrated in MagLIF experiments with Co coatings. The
remainder of this section will show example data from one such
MagLIF experiment.

On Z-shot 23078, a 1 nm thick Co-coating was applied to the
bottom half of the interior wall of the Be liner. The two-crystal
imager known as CHEWTI (Cobalt Helium-w Imager) was fielded in
order to image the Co x-ray emission. Channel-2 was centered on
the Co He-a resonance line (or “w”) at 7242 eV and had a spectral
window size equal to 12.6 eV. Channel-1 had the same window size
and was centered on the continuum at 7265 eV. The XRS® spectrom-
eter showed bright spectra from He-like Co over the lower region of
the stagnation column where the coating was initially applied. No
Co emission appeared in the upper half of the column. An example
of the Co spectrum from this shot is shown in Fig. 15(b). Overlaid on
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FIG. 15. (a) Schematic of the two-crystal imager. The angular separation of the crystals (a) is 5°. (b) An example of the measured x-ray spectra from He-like Co emission
from MagLIF shot z3078 with the channel-1 and 2 energy bands overlaid.

TABLE lll. This table lists the parameters for three unique two-crystal imaging configurations. For all imagers, the crystal-to-detector distance was 146.62 cm, the crystal radius-
of-curvature was 250 mm, the vertical FoV was 10 mm when the bandwidth is limited by the RCA, and the angular separation () of the crystals was 5°. The detector filters were
50 um Be and 100 ym Kapton HN film. Riy; and rocking curve FWHM were calculated using XOP in the same manner as described in Table |.

Cobalt He-w imager (CHEWI) Iron He- imager (iron HEB) Iron Ka; imager (iron KA1)

Channel 1 Channel 2 Channel 1 Channel 2 Channel 1 Channel 2
Emission type Continuum Co Heq 1P1 Continuum Fe He-f Continuum Fe Koy
Crystal plane Ge (335) Ge (335) Ge (155) Ge (155) Quartz (23-50) Quartz (23-50)
Reflection order 1 1 1 1 1 1
Crystal 2d-spacing (A) 1.72548 1.72548 1.584 37 1.584 37 1.95224 1.95224
Center energy, E, (eV) 7265.0 7242.1 7905.0 7881.2 6425.0 6404.0
Bragg angle, 0 81.512° 82.831° 81.865° 83.182° 81.288° 82.614°
Crystal-to-image distance, s; (mm) 873.39 862.60 873.39 862.60 873.39 862.60
Magnifications: Mmer (horizontal),
Mg (vertical) 6.221, 5.957 6.059, 5.883 6.205, 5.957 6.046, 5.883 6.236, 5.960 6.065, 5.882
Spectral window width, AE,, (eV) 12.6 12.6 12 12 12 12
Rowland circle aperture widths:
Wrca,1 and wrca,2 (mm) 2.876 3.434 2.628 3.161 3.012 3.584
Crystal size (Lyer X Lsag) (mm) 10 x 10 10 x 10 10 x 10 10 x 10 10 x 10 10 x 10
Meridional FOV (mm)* 2 2 2 2 2 2
Theoretical resolution with image plate:
Horizontal (y) x vertical (z) (um)* 61 x 57 73 x 72 63 x 66 50 x 53 79 x 82 64 x 66
Integrated reflectivity, Rin: (mrad) 0.128 0.153 0.122 0.146 0.052 0.062
Rocking curve FWHM (mrad) 0.171 0.204 0.200 0.241 0.277 0.334
Active solid Angle, Qqt, (steradians) 214 x 107° 2.55 x 107° 2.04x107° 243 x107° 8.74 x 107° 1.04 x 107°

*Resolution and FoV were calculated with SHADOW?3 using a point source that emits uniformly over the entire spectral window (AE,p) set by the RCA. The resolution will improve
if the spectral linewidth is smaller than the spectral window. For the CHEWI configuration, a 4.0 eV FWHM linewidth results in a horizontal resolution of 21 ym. The meridional
FOV is defined as the total distance along the horizontal direction (y) over which the full bandwidth is maintained at z = 0 mm. At other z-locations, the meridional FOV may be
reduced by vignetting. For bandwidths smaller than AE,;, the meridional FoV increases.
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the spectrum are the locations of the channel 1 and 2 spectral win-
dows. The measured linewidth for the Co He-a resonance line was
4.0 eV FWHM, which was smaller than the 12.6 eV spectral window
set by the RCA. This resulted in an improvement of the horizontal
resolution from 61 ym (see Table III) to 21 ym.

Figures 16(a) and 16(b) show the raw images from channels 2
and 1, respectively, and a third image [Fig. 16(c)], which shows the
difference image after processing and subtracting channel-1 from
channel-2. In the Co-free region of the column, which extended
from z = 4.5-9 mm, we assumed that the emerging column emis-
sion appeared identical to both channels, and differences in signal
intensity and resolution at the image plane were solely due to the
Bragg angle difference between the channels. The smaller Bragg
angle of channel-1 produced lower resolutions and decreased crys-
tal reflectivity. The channel-to-channel intensity differences were
calculated by comparing the vertical intensity distributions of the
Co-free regions. This comparison showed that channel-2 was on
average 1.27 (+£0.09) times brighter relative to channel-1 in the Co-
free region, where the uncertainty accounts for the presence of a
varying residual signal after subtraction. The resolution difference
was determined by comparing pairs of horizontal lineouts from the
same z-coordinate. This showed that the channel-2 profiles best
fit the channel-1 profiles, on average, after a convolution with a
30 yum FWHM Gaussian. Therefore, the image intensity values from
channel-1 were multiplied by 1.27 and the image was blurred by
a 30 ym FWHM Gaussian. The intensity-weighted, center-of-mass
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points for a sequence of horizontal lineouts were then used to char-
acterize the orientation of each image. A single translation and a
single rotation were applied to the channel-1 image so that its ori-
entation matched that of channel-2. Channel-1 was then subtracted
from channel-2, yielding the image shown in Fig. 16(c).

The accuracy of the subtraction was judged by the residual
signal that remains in the Co free region after subtraction. Resid-
ual signals were expected because there was variation in the 1.27
scaling value. In addition, indeed, looking more closely at indi-
vidual lineouts, the residual Co feature appears particularly high
around z = 7.3 mm [see Fig. 16(d)] and shows an obvious pat-
tern, which suggests the presence of a systematic error. In contrast,
below this region, at z = 5.0 mm [see Fig. 16(e)], the residual sig-
nal is weaker and more uniform, suggesting that a more accurate
subtraction was achieved. We are currently investigating the cause
of these variations. There are multiple effects to explore, including
optical distortions, which are slightly different for each channel due
to the difference in Bragg angles and the effects of parallax due to the
5° separation of the crystals.

Fortunately, in this experiment, the Co signals were much
brighter (6.5x) relative to the continuum, so weak residual features
did not affect the comparison of the Co and continuum horizon-
tal intensity profiles. One important example of this is shown in
Fig. 16(f), where the Co and continuum horizontal profiles have dif-
ferent shapes. Specifically, the continuum emission decreases toward
the y = 0 mm position, while the Co emission increases. In addition,
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FIG. 16. Experimental data from Z-shot 23078 using the two-crystal imager known as CHEWI. (a) Channel 2 image from the CHEWI crystal imager that contains continuum
and line emission from the Co He-a resonance line at 7242 eV. (b) Channel 1 image that contains only continuum emission. (c) Difference image found by subtracting (b) from
(a). The image appears with lower resolution due to the processing necessary for subtraction. A deconvolution could be applied to restore the image to its original resolution.
(d)—(f) Horizontal intensity profiles from the continuum and cobalt signals at z = 7.3 mm, z = 5.0 mm, and z = 3.9 mm. The z = 0 position was arbitrarily set near the bottom

of the images. The FoV center is near z = 5 mm.
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FIG. 17. A sequence of horizontal lineouts taken from the images shown in
Figs. 16(b) (cobalt) and 16(c) (continuum). Each lineout is centered on the given
z position and averaged over Az = 10 um. The distribution of the cobalt emis-
sion changes every 50 um vertical step, while the continuum distributions remain
relatively constant, showing different spatial distributions for the two plasmas.

Fig. 17 shows a vertical sequence of horizontal profiles for the Co
and the continuum emission. Over a vertical extent of only 0.2 mm,
there are relatively large variations in the Co emission distributions
compared to the continuum emission. This is an important result
that suggests the Co plasma, which originated from a 1 nm coating
on the liner wall, and the plasma that produced the continuum emis-
sion can have two different spatial distributions within the stagnated
column. Further work is under way to determine the properties of
the plasma that generated the continuum emission and that of the
plasma surrounding Co. For the purposes of this paper, these results
demonstrate the valuable new insight provided by the two-crystal
imager. This compels us to continue fielding the diagnostic and to
promote its use in other ICF experiments.

VI. CONCLUSIONS

In this article, we described the operation of a spherical-crystal-
based x-ray imaging system that was designed for MagLIF exper-
iments on the Z-machine. We emphasized the importance of the
Rowland circle aperture and its ability to maintain a fixed spectral
window for all emissions points without limiting the FoV. Several
single-optic configurations were designed and implemented for the
MaglLIF target. The resulting experimental images show an emitting
column of a plasma that is 6-8 mm tall with a characteristic width
of 0.1 mm within which finer emission structures exist. This creates
unique challenges for an x-ray imaging system that must have a large
FoV to capture the entire height and have a high-spatial resolution
to resolve the small width of the column. The HRCXI configuration
described here was able to successfully meet both requirements and
provided an average spatial resolution of 18 ym. The HRCXI is now
in routine use on the Z-machine.

In addition to the HRCXI, we developed a two-crystal imag-
ing configuration to simultaneously image a spectral line and the
near-by continuum emission. This allowed us to generate a differ-
ence image that isolated the line emission from the continuum. The
technique was described, and an example dataset was shown that
illustrates the operation and utility of the imager. We believe that
this represents an important advancement in our ability to visualize
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liner mix, and more experiments in the future will take advantage of
this diagnostic.
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