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A new Wolter x-ray imager has been developed for the Z machine to study the emission of warm
(>15 keV) x-ray sources. A Wolter optic has been adapted from observational astronomy and medical
imaging, which uses curved x-ray mirrors to form a 2D image of a source with 5 x 5 x 5 mm? field-
of-view and measured 60-300-um resolution on-axis. The mirrors consist of a multilayer that create a
narrow bandpass around the Mo Ke lines at 17.5 keV. We provide an overview of the instrument design
and measured imaging performance. In addition, we present the first data from the instrument of a Mo
wire array z-pinch on the Z machine, demonstrating improvements in spatial resolution and a 350-
4100x increase in the signal over previous pinhole imaging techniques. Published by AIP Publishing.

https://doi.org/10.1063/1.5038347

. INTRODUCTION

Pulsed power z-pinch devices! can drive the implosion of
materials to energy densities in excess of 1 MJ/cm?, producing
hot plasmas of several millimeters in size that become strong
emitters of x-rays with energies ranging from 1 to 100 keV.
Cylindrical wire array z-pinches” are commonly used to gener-
ate such conditions, whereby several mega-amperes of current
induces a J x B force that drives the wires radially inward.
For low- through mid-Z materials, the wire array plasmas
emit strongly in the He-like transitions due to thermal exci-
tation of highly ionized atoms. However, as the atomic num-
ber increases, the He-like emission at higher x-ray energies
decreases substantially due to decreasing thermal excitation
rates and line emission eventually becomes dominated by cold
K-shell transitions.”™

Imaging of K-shell emission is critical for deciphering
structure and understanding primary x-ray generation mecha-
nisms to later optimize the radiation output from wire array
z-pinches. Several techniques have been developed in the
past to image x-ray sources on high-energy-density facilities,
such as pinhole cameras, spherical crystal imaging, penumbral
imaging, and Kirkpatrick-Baez microscopy.’>~® However, they
present several challenges for imaging >15-keV K-shell emis-
sion from several mm-scale wire array z-pinch sources due to
trade-offs between spatial resolution and signal/noise, small
field-of-views (FOVs), and low throughput at high photon
energies.

Note: Paper published as part of the Proceedings of the 22nd Topical Confer-
ence on High-Temperature Plasma Diagnostics, San Diego, California, April
2018.
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To complement past techniques, we have developed a
Wolter optic’ to image >15 keV x-ray sources on the Z
machine at Sandia National Laboratories (SNL). The optic
design was adapted from X-ray astronomy and the medical
field'®!" and uses grazing-incidence multilayer mirrors in a
cylindrical geometry to form a 2D quasi-monoenergetic image
of a source on an x-ray detector greater than 3 m from the
load. The optic’s focusing geometry enables spatial resolution
between 60 and 300 um over a 5 X 5 x 5 mm? FOV using
a collection solid angle ~1000x larger than that of a pinhole
imager with equivalent throw, resolution, and magnification.
Here we present the overall design of the Wolter imager, as
well as the first data collected by it on the Z machine, imag-
ing Mo wire array z-pinches. The results demonstrate marked
improvements in signal collection and resolution over previous
techniques.

Il. INSTRUMENT DESCRIPTION

Figure 1 shows a diagram of the optical geometry of the
Wolter imager. The optic is a Wolter type-I microscope’ con-
sisting of both hyperboloid and ellipsoid mirrors that intersect
such that a focus of each surface of revolution overlaps at
the on-axis source position. X-rays from the source undergo
a double-bounce reflection (once on each surface) at the optic
and are focused to an image plane. The optic behaves essen-
tially like a thin positive lens, obeying the thin-lens equation,
1/f = 1/S + 1/D, where S is the source—optic distance, D
is the optic—detector distance, and f is the effective focal
length of the optic, which was designed to be 527 mm. Unlike
a lens, however, x-rays that pass through the optic’s center
are not collected, enabling a reduction in background from

Published by AIP Publishing.
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FIG. 1. Optical description of the Wolter type-I microscope.

high-energy x-rays with a direct line of sight to the detector.
To fit on a Z machine 0° port,'? the maximum throw (S + D)
was limited to 305 cm; for initial design and fielding, S and D
were chosen to be 68 cm and 237 cm, respectively, giving a
magnification of M = —=D/S = -3.5.

The x-ray mirrors themselves are made of a NiCo substrate
coated with multilayers consisting of several inter-spaced lay-
ers of Si and W. These layers have been deposited onto a
precision-machined mandrel that determines the optic’s shape
and are then released along with the mirror during electroform
replication.!® Such multilayers have been used previously on
the Z machine with pinhole imaging.'* They behave like a
Bragg reflector, creating a bandpass filter by greatly enhancing
the reflection of x-rays that meet the Bragg condition relative
to x-rays that do not. The multilayer can be tailored to select
for a specific region of the x-ray spectrum being studied by
tuning the profile of the d-spacing. For initial fielding, the
optic’s multilayer was optimized to view cold Ka x-rays from
Mo wire array sources; the peak centroid of the double-bounce
reflectivity on-axis occurs at 17.3 keV with a full-width half-
maximum (FWHM) of 1.04 keV, shown by the blue curve in
Fig. 2. Off-axis, the peak decreases in magnitude and shifts to
lower energies as the average incident angle increases, seen by
the orange curve. It is estimated that the Wolter optic provides
a factor of ~4 increase in the Ka signal off-axis compared
to a broadband pinhole camera with the same throw, magni-
fication, and resolution, by taking ratios of the instruments’
collection solid angles and reflectivities (=1 for pinhole). Fur-
thermore, the Wolter’s multilayer reflects x-rays within the
17-18-keV energy band relative to photons outside this band

Mo Ka,

—— T
FWHM = 1.04 keV ...,

<«—— On-axis

FWHM = 1.15 keV..,

2.5 mm

Reflectivity
=)

off-axis

10 15 20 25
Photon Energy, keV

FIG. 2. Measured double-bounce reflectivity of the optic both on-axis (blue)
and 2.5 mm off-axis (orange) at the plane of best focus.
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TABLE I. Measured performance of the optic fielded on the Z machine.
Resolutions are in terms of FWHM.

Property On-axis 2.5 mm off-axis
Peak reflectivity 0.068 0.0042
In-band:Out-of-band rejection ratio 38:1 15:1
Resolution® 75 um 30 um x 300 um
Collection solid angleP 1.1x 107 Sr 0.87 x 107™* Sr

2 Off-axis resolution defined as radial FWHM X azimuthal FWHM.
YFrom designed optical geometry.

with an average ratio (In-band:Out-of-band) of 38:1 on-axis
and 15:1 off-axis. The optic and multilayer were designed at
the Lawrence Livermore National Laboratory (LLNL), with
the aid of Monte Carlo ray-tracing simulations.'> The mandrel
and optic were fabricated at the NASA-Marshall Space Flight
Center and the Harvard-Smithsonian Center for Astrophysics,
respectively.

lll. OPTIC PERFORMANCE

The optic that was fielded on the Z machine was calibrated
extensively at both LLNL and SNL to understand its imaging
performance in terms of spatial throughput (i.e., relative image
intensity from a source of uniform intensity over the FOV) and
resolution using a Micro-Focus x-ray source with spot size less
than 20 um in x and y.'®!” Table I provides a summary of the
measured imaging performance. Characteristic of the optic is
the variation of both its throughput and point-spread function
(PSF) in all three spatial dimensions at the source. Figure 3(a)
shows the measured relative throughput integrated over the Mo
Ka line from 16.3 to 18.7-keV across the source plane at the
source depth (z-position) where the absolute on-axis through-
put is a maximum.'® The throughput is highly peaked on-axis,
dropping by ~94% over the first 2.5 mm off-axis. It is less sen-
sitive to the source depth, varying by ~50% over +4 mm, with
a maximum occurring 5 mm farther from the optic than the
best-focus source position. The drop-off in x, y and z occurs
primarily due to the decreasing fraction of x-rays within the
collection solid angle that meet the multilayer’s Bragg con-
dition. In addition, any tilt in the optic effectively translates
the source off-axis, similarly resulting in a decrease in the
throughput as seen in Fig. 3(b). To achieve uniform sensitivity
over the FOV, raw images obtained by the Wolter imager can

10°
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FIG. 3. (a) Measured throughput map over the FOV with S = 680.3 mm with
ideal alignment between the optic’s axis and detector axis. Present are 6 radial
features spaced ~30° apart, which arise from a 3-axis mounting structure
holding the optic within its housing. (b) Measured throughput on-axis for
S =677.78 mm, as a function of tilt angle.
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On-axis,
best-focus

FIG. 4. Measured PSFs with 1-mm spacing at the plane of best focus
(S = 677.78 mm or z = 0 mm) in the bottom-right quadrant of the FOV,
produced by translating the Micro-Focus source in x and y in the FOV. Each
PSF is normalized by its maximum value.
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FIG. 5. Measured PSFs on-axis at (a) z = —2.5 mm, (b) z =0 mm (best-focus),
and (c) z = +2.5 mm. Each PSF is normalized by its maximum value.

be flat-fielded, dividing by the throughput map. However, any
misalignment of the optic’s axis relative to the detector axis
can introduce uncertainty in the flat-fielded image.

Figure 4 shows measured PSFs spaced 1-mm apart in the
plane of best-focus, produced with the optic by imaging the
Micro-Focus source onto a CCD with 13-um pixels.'® Due
to the nominal cylindrical symmetry of the optic, the PSF’s
shape is approximately invariant around the optic’s axis. On-
axis, the PSF forms a tight focus with an average FWHM
of 60 um, whose variation around the azimuth is due to
slight deformation of the optic. Off-axis, the optic has several
expected aberrations'>!® that degrade resolution with increas-
ing radius, resulting in a FWHM in the azimuthal direction
of 200-300 pm. The multilayer significantly limits the radial
width of the PSF, with a FWHM ranging from 22 to 34 um
off-axis after correcting for the finite source size. In the source
depth direction, the PSF varies most strongly near the axis.
Figures 5(a)-5(c) show PSFs on-axis from sources at defocus
distances z =—2.5, 0, and +2.5 mm, respectively (positive indi-
cates farther from the optic). The PSF changes from a diffuse
spot, to tight focus, to a ring-structure whose shape is distorted
from an ideal annulus due to some of the optic’s deformation.
As a consequence of the large variations in the PSF shape over
the FOV, any attempt to remove blur from the raw images in
post-processing is ultimately limited by alignment, similar to
flat-fielding. Overall, we require that the optic be aligned to

Rev. Sci. Instrum. 89, 10G115 (2018)

within 500 um in x, y, and z with respect to the desired center
of the FOV, and to within 0.05 degrees of the source—detector
axis.

IV. WOLTER IMAGER ON Z

The mechanical design and implementation of the Wolter
imager on the Z machine was driven by a combination of the
harsh Z environment, the optic’s stringent alignment require-
ments, and the instrument’s long source—detector distance.
Figure 6 is a schematic of the Wolter imager as-fielded on
the Z machine. The optic itself is secured within a metal
housing that is mounted inside an additional outer tungsten
housing, where it is hermetically sealed from the beryllium-
contaminated environment of the Z machine. Attached to the
outer housing between the optic and source are 4 tungsten
baffles with 25.4 mm total thickness, as well as 4.5 mm
of polycarbonate blast-shielding. Each tungsten baffle has
an annular aperture of increasing diameter from source-to-
optic that allows x-rays within the optic’s collection solid
angle to pass through, while significantly attenuating x-rays
that have a direct line-of-sight to the detector. After a series
of debris tests on the Z machine, the optic was reassessed
in the laboratory, showing no measurable degradation in
performance.

The outer housing is mounted on a motorized stage with
three translational and two rotational axes. A fixture that
attaches to the alignment stage and experimental hardware sets
the source-optic distance with an uncertainty of 218 um, lim-
ited primarily by the machining tolerances of the attachment
surfaces. Combined with a telescope and camera, the motor-
ized stage enables remote alignment of the optic under vacuum
from outside the Z chamber. A reflective surface or “retrore-
flector” whose axis is collinear with the optic’s axis to within
0.015° is mounted at the rear of the optic, facing the detector
for auto-collimation angular alignment. The optic is aligned
in x and y using a reference scribe located on the retroreflec-
tor’s surface. Ultimately, the alignment has a total uncertainty
of 70 um in (x, y) translation and 0.016° in rotation, which
meet the alignment requirements of the optic, as discussed
in Sec. IIL.

Rangefinder

|

Telescope

<
Detector
cassette

Gimbal Gate

valve

Brass
shielding optid

Alignment
y stage
XAAZ

FIG. 6. Schematic of the Wolter imager as fielded on the Z machine.
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The detector in its housing resides on a 0° port flange
external to the target chamber and can be aligned to the target
with the telescope via a two-axis gimbal prior to optic align-
ment. In initial fielding, data were recorded on two stacked
Fuji BAS TR-type image plates for a high dynamic range
and were scanned using a DITABIS Super Micron scan-
ner. The detector housing was designed to accommodate an
hCMOS'? camera for time-resolved imaging of x-ray sources
in future experiments with up to 4 frames of 2-ns duration
recorded at a single line-of-sight. In addition, a 20-um Zr fil-
ter was placed in front of the detector stack to increase the
In-band:Out-of-band signal ratio. The optic-detector distance
is adjusted after measuring the positions of reference surfaces
using a laser rangefinder. A gate valve isolates the detector
housing from the target chamber for detector access without
needing to vent the entire target chamber. Prior to installa-
tion and fielding on the Z machine, the complete diagnostic
including the alignment stage was tested in the laboratory
using the Micro-Focus x-ray source, allowing a full system
demonstration.'®

V. MO WIRE ARRAY EXPERIMENTS

The Wolter imager was demonstrated on the Z machine
by imaging nested Mo wire array x-ray sources.* The wire
arrays had a height of 1 cm, initial outer and inner array
diameters of 2 and 1.2 cm, respectively, and a wire diame-
ter of ~27 ym. The Time-Integrated Pinhole Camera (TIPC)
imager> was also fielded on each shot at a location nearly 180°
opposite the Wolter imager to provide a comparison to previous
imaging capabilities. TIPC produces a time-integrated image
of the source in the 17-20 keV energy band by subtracting two
pinhole images with Mo and Y filters, respectively. The filters
provide a net 2.5% transmission at 17.5 keV in the subtracted
image. The individual TIPC images are produced using conical
pinholes with 250-um minor diameter and have a magnifica-
tion of 0.374, resulting in a spatial resolution of ~900 um at
the source.” The pinholes are machined from a 1-cm-thick W
substrate located 66 cm from the source, which helps shield
the detector from the ~1 MeV x-ray background.

Figure 7(a) is the background-subtracted raw image
recorded by the Wolter imager on shot z3222 on the image
plate closer to the source, with 4.3-um source pixels. Dividing
the rear by the front image yields an average ratio of 0.27
+ 0.02 near the image center, in excellent agreement with
the expected transmission of 17.5-keV x-rays through a sin-
gle layer of image plate. This is consistent with the detected
source emission in this region being predominantly from the
Mo Ka lines. A bright spot is observed near the image cen-
ter, consistent with the high throughput on-axis. The image
is flat-fielded, dividing by Fig. 3(a), to provide uniform sen-
sitivity over the FOV. The resulting flat-fielded Wolter image
is shown in Fig. 7(c), with a comparison to the correspond-
ing 17-20 keV TIPC image in Fig. 7(d), which has 40-um
pixels at the source. Both images display two emission hot
spots, oriented along the vertical axis. The flat-fielded Wolter
and TIPC images are binned such that a single pixel’s area
is equal to that of the respective instrument’s resolution ele-
ment,”” shown in Figs. 7(e) and 7(f). Features of size <200-um
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FIG.7. (a) Raw image obtained on the Z machine by the Wolter imager
on shot 3222 of a straight Mo wire array. (c) The corresponding flat-fielded
image. (d) The 17-20 keV TIPC pinhole image from the TIPC diagnostic,
flipped left-right for similar orientation. (b) and (e) are the raw and flat-fielded
Wolter images, binned to the Wolter resolution, and (f) is the TIPC image
binned to its resolution. All images are in source coordinates.

exist in the Wolter image, which are not observable in the
TIPC image, demonstrating the improved resolution gained by
Wolter.

To compare the signal collected by the Wolter optic to that
of TIPC, the raw Wolter image was binned to the Wolter reso-
lution, shown in Fig. 7(b). The brightest pixel in the lower
hot spot ~2 mm off-axis has a value of ~107 Gray-Scale
Units (GSU) in this image, more than an order of magnitude
greater than the brightest pixel within the same hot spot in
the lower-resolution TIPC image [Fig. 7(f)]. When binned to
the same resolution, the Wolter image demonstrates a fac-
tor of 350 + 50% more signal/resolution element than the
TIPC image at a distance of 2.5 mm off-axis and 4100 + 25%
more signal/resolution element on-axis. Approximating that
in both images all the recorded x-rays are at the same energy
(17.5 keV), we can estimate the improvement in signal/noise
from TIPC to Wolter, ignoring the additional noise in TIPC
images from image subtraction. From photon statistics, the
improvement is a factor of V350 = 19 off-axis and V4100 = 64
on-axis. Similar signal ratios were obtained from a second wire
array shot not shown here.

In the future, we plan to advance the post-processing of
images obtained by the Wolter imager to more accurately
estimate source distributions. Currently, the flat-fielding proce-
dure assumes that all the source emission is localized at a single
depth. However, the horizontal distribution of the emission
clearly suggests that the source has nonzero extent in the depth
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direction. A more rigorous approach would model the image
as the result of line-integrated emission from a full 3D source
volume, in which the emission is appropriately weighted by
the throughput at each depth. However, the problem of esti-
mating the original 3D source distribution from a single 2D
image is severely under-determined. We are currently devel-
oping a potential solution to this issue by uncovering depth
information in future experiments.?!

In addition to flat-fielding, future image processing will
attempt to de-blur the images to uncover the sub-resolution
structure in the source. This task is challenging because of the
shift-variant nature of the PSF. We plan to use techniques?
that account for the spatial variation of the PSF by decompos-
ing it into several PSF modes whose coefficients vary across
the FOV. This representation of the PSF would allow us to esti-
mate an image from a given source distribution with reasonable
efficiency, essentially performing a sum of localized convolu-
tions over a limited number of PSF modes. Image de-blurring
would occur by iteratively updating an initial source distri-
bution until its estimated image agrees with the experimental
image to within some predefined tolerance.

VI. SUMMARY

In conclusion, we have demonstrated the use of a Wolter
optic x-ray imager to diagnose Mo wire array z-pinches
on the Z machine. The diagnostic creates 2D band-limited
images of sources several millimeters in length with improved
signal/noise at higher resolution compared to previous pin-
hole camera techniques. The first optic fielded on the Z
machine used a multilayer optimized for 17.5-keV x-rays. At
present, we are developing an optic with identical geome-
try, but with a multilayer that is instead optimized to reflect
~22-keV x-rays for higher-energy sources.”* Overall, the
Wolter imager is expected to provide an understanding of
a smaller-scale structure in warm x-ray sources than was
previously achievable.

ACKNOWLEDGMENTS

This work was performed under the auspices of the U.S.
DOE by LLNL under Contract No. DE-AC52-07NA27344.
SNL is a multimission laboratory managed and operated by
NTESS, LLC., a wholly owned subsidiary of Honeywell Inter-
national, Inc., for the U.S. DOEs NNSA under Contract No.
DE-NA-0003525. This paper describes objective technical

Rev. Sci. Instrum. 89, 10G115 (2018)

results and analysis. Any subjective views or opinions that
might be expressed in the paper do not necessarily represent
the views of the U.S. DOE or the U.S. Government.

M. E. Savage, K. R. LeChien, M. R. Lopez, B. S. Stoltzfus, W. A. Stygar,
D. S. Artery, J. A. Lott, and P. A. Corcoran, in Digest of Technical Papers-
IEEE International Pulsed Power Conference (IEEE, 2011), Vol. 983.

p. J. Ampleford, B. Jones, C. A. Jennings, S. B. Hansen, M. E. Cuneo,
A. J. Harvey-Thompson, G. A. Rochau, C. A. Coverdale, A. R. Laspe,
T. M. Flanagan et al., Phys. Plasmas 21, 056708 (2014).

3C.A. Coverdale, B. Jones, D. J. Ampleford, J. Chittenden, C. Jennings,
J. W. Thornhill, J. P. Apruzese, R. W. Clark, K. G. Whitney, A. Dasgupta
et al., High Energy Density Phys. 6, 143 (2010).

4S.B. Hansen, D. J. Ampleford, M. E. Cuneo, N. Ouart, B. Jones, C. A. Jen-
nings, A. Dasgupta, C. A. Coverdale, G. A. Rochau, G. Dunham et al., Phys.
Plasmas 21, 031202 (2014).

SL.A. McPherson, D.J. Ampleford, C. A. Coverdale, J. W. Argo, A. C. Owen,
and D. M. Jaramillo, Rev. Sci. Instrum. 87, 063502 (2016).

oD. B. Sinars, M. E. Cuneo, G. R. Bennett, D. F. Wenger, L. E. Ruggles,
M. F. Vargas, J. L. Porter, R. G. Adams, D. W. Johnson, K. L. Keller et al.,
Rev. Sci. Instrum. 74, 2202 (2003).

7B. Bachmann, T. Hilsabeck, J. Field, N. Masters, C. Reed, T. Pardini, J. R.
Rygg, N. Alexander, L. R. Benedetti, T. Doppner et al., Rev. Sci. Instrum.
87, 11E201 (2016).

8L. A. Pickworth, T. McCarville, T. Decker, T. Pardini, J. Ayers, P. Bell,
D. Bradley, N. F. Brejnholt, N. Izumi, P. Mirkarimi et al., Rev. Sci. Instrum.
85, 11D611 (2014).

9H. Wolter, Ann. Phys. 445, 94 (1952).

106 g, Pivovaroff, W. B. Barber, F. E. Christensen, W. W. Craig, and T. Decker,
Proc. SPIE 5199, 147 (2003).

M. J. Pivovaroff, T. Funk, W. C. Barber, B. D. Ramsey, and B. H. Hasegawa,
Proc. SPIE 5923, 1 (2005).

2pm. c. Jones, D. J. Ampleford, M. E. Cuneo, R. Hohlfelder, C. A. Jennings,
D. W. Johnson, B. Jones, M. R. Lopez, J. Macarthur, J. A. Mills et al., Rev.
Sci. Instrum. 85, 083501 (2014).

3g, Romaine, R. Bruni, B. Choi, P. Gorenstein, C. Jensen, B. Ramsey,
R. Rosati, and S. Sampath, Proc. SPIE 8861, 88610U (2013).

lag, Jones, C. A. Coverdale, D. S. Nielsen, M. C. Jones, C. Deeney, J. D.
Serrano, L. B. Nielsen-Weber, C. J. Meyer, J. P. Apruzese, R. W. Clark
et al., Rev. Sci. Instrum. 79, 10E906 (2008).

157 Vogel et al., Rev. Sci. Instrum. 89, 10G113 (2018).

1OM. Wu et al., Rev. Sci. Instrum. 89, 10G114 (2018).

"B, Kozioziemski et al., Rev. Sci. Instrum. 89, 10G112 (2018).

18T, T. Saha, Appl. Opt. 24, 1856 (1985).

197, Claus, T. England, L. Fang, G. Robertson, M. Sanchez, D. Trotter,
A. Carpenter, M. Dayton, P. Patel, and J. Porter, Proc. SPIE 10390, 103900A
(2017).

20Since Wolter’s resolution varies over the FOV, an average resolution of
150 pm is used for constant binning across the FOV.

21B. Kozioziemski et al., U.S. Provisional Application No. 62/585, 241, Filed
13 November 2017.

2y, Denis, E. Thiébaut, F. Soulez, J. M. Becker, and R. Mourya, Int. J.
Comput. Vision 115, 253 (2015).

2p. . Ampleford, S. B. Hansen, C. A. Jennings, T. J. Webb, V. Harper-
Slaboszewicz, G. P. Loisel, T. M. Flanagan, K. S. Bell, B. Jones, L. A.
McPherson et al., Sandia Report No, SAND2015-10453, Unlimited
Release, Printed December 2015.


https://doi.org/10.1063/1.4876621
https://doi.org/10.1016/j.hedp.2010.01.006
https://doi.org/10.1063/1.4866161
https://doi.org/10.1063/1.4866161
https://doi.org/10.1063/1.4953004
https://doi.org/10.1063/1.1537853
https://doi.org/10.1063/1.4959161
https://doi.org/10.1063/1.4886433
https://doi.org/10.1002/andp.19524450108
https://doi.org/10.1117/12.511741
https://doi.org/10.1117/12.625925
https://doi.org/10.1063/1.4891316
https://doi.org/10.1063/1.4891316
https://doi.org/10.1117/12.2024897
https://doi.org/10.1063/1.2969280
https://doi.org/10.1063/1.5038811
https://doi.org/10.1063/1.5038033
https://doi.org/10.1063/1.5038742
https://doi.org/10.1364/AO.24.001856
https://doi.org/10.1117/12.2275293
https://doi.org/10.1007/s11263-015-0817-x
https://doi.org/10.1007/s11263-015-0817-x

