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In this work we demonstrate a design for obtaining laser backlighting (e.g., interferometry) and time-
resolved extreme ultraviolet self-emission images along the same line-of-sight. This is achieved by
modifying a single optical component in the laser collection optics with apertures and pinhole ar-
rangements suitable for single or multiple frame imaging onto a gated detector, such as a microchan-
nel plate. Test results for exploding wire experiments show that machining of the optic does not
affect the overall quality of the recovered laser images, and that, even with a multiple frame system,
the area sacrificed to achieve collinear imaging is relatively small. The diagnostics can therefore al-
low direct correlation of laser and self-emission images and their derived quantities, such as electron
density in the case of interferometry. Simple methods of image correlation are also demonstrated.
© 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4746996]

. INTRODUCTION

In a range of plasma experiments one wishes to examine
several details of the system as a function of time to better
understand how various details are interconnected, and hence
more fully understand the dominant physics processes at
work. Determination of the plasma density and temperature
are at the core of such studies. For plasmas of moderate
densities (10'°-10" cm~3) laser-based interferometry is a
common tool to determine electron densities given the relative
ease of setup and data analysis to recover two-dimensional
(areal) electron density maps, or by use of Abel-inversion
techniques, three-dimensional interpretations. If determi-
nation of plasma temperature is required simultaneously, a
self-emission or spectroscopic diagnostic is typically set up
in tandem with interferometry to observe in a suitable energy
range. It is often desirable to recover density and temperature
information along the same line-of-sight to enable an exact
correlation of the two, which then allows a good comparison
to theoretical or computational work. In practice this can
be problematic, given the different collection requirements
for the two diagnostics, and these are commonly set up
on different vacuum ports at different viewing angles to
the experiment. This makes a direct comparison of these
two types of data difficult without making some perhaps
significant assumptions about the plasma geometry.

For imaging interferometry, a parallel optical-laser beam
is used as the object arm of a Mach-Zehnder or other in-
terferometer design, whilst emission may be collected as a
pinhole or slit image. For relatively cool plasmas emitting in
the optical range, the collection of all light along one line of
sight followed by isolation of the laser image by notch filter
may be possible. However, for wavelengths shorter than the
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visible such methods become complex and expensive in the
extreme ultraviolet (XUV) and x-ray range (hv > 5eV). In
this work, we demonstrate a new collinear interferometry and
gated emission imaging diagnostic which can be accurately
correlated to address such issues.

The concept is very simple, and shown schematically in
Figure 1, and experimentally in Figure 2. A reflection optic
is mounted in front of the emission image detector to trans-
port a parallel laser beam out to further collection optics. In
this optic, a small hole is drilled to allow radiation to pass
through unaffected to a pinhole mounted at the rear surface.
This projects an image onto the emission detector in the nor-
mal way, whilst the reflection optic absorbs or reflects all
other radiation. Both the laser image and the self-emission im-
age are then recovered along the same line-of-sight, and, by
suitable gating, at the same time during an experiment. The
hole in the reflecting optic need only be a small portion of the
total surface area, and does not affect the ability to compare
the images away from this region. Since this is essentially a
single optic mounted along one line of sight, if it is mounted
in a separate vacuum sealable chamber, it can be easily trans-
ported as a unit from experiment to experiment, requiring only
relatively simple realignment of existing setups to be used.
This also frees up other vacuum ports for additional diagnos-
tics, or multiple lines of sight for multiple collinear setups,
which is often a significant advantage for small experiments.

Il. DESIGN AND CONSTRUCTION

The principle design issues are the machining of the re-
flective optic to allow pinhole imaging, and effects of this on
the quality of the reflected beam. Initial drilling tests used 1”7
diameter mirrors which were ~3-5 mm thick. Drilling with
diamond-tipped bits was successful, but the need to machine
at 45 degrees and to achieve a uniform channel over several
millimetres was problematic. A simple perpendicular drilling

© 2012 American Institute of Physics
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FIG. 1. Conceptual design of the collinear diagnostic.

process was adopted for these early tests (Sec. III), and the op-
tic was switched to economic visible light beamsplitters (50%
reflection - Thorlabs EBS2) which are only 1 mm thick. This
proved successful and easy to achieve a clean hole with a sim-
ple drill bit. The use of a beamsplitter necessitates a beam
block for the transmitted portion of the laser and other emis-
sion, but this is simply accomplished using a cardboard or
metal backing to the beamsplitter which can be separately
constructed. It should be noted that drilling at 45 degrees is
preferable since the hole may be smaller (i.e., affect a smaller
area of the reflecting surface — Sec. IV). The most effective
solution is with hollow end mill bits which provide a clean
drill at the front surface if machined sufficiently slowly. The
beamsplitter is mounted onto a brass backing plate to limit
fracture on breakout at the reverse surface, but generally this
will not affect use of the optic provided the front reflecting
surface is maintained.

Rev. Sci. Instrum. 83, 083507 (2012)

The limits of the emission imaging are those of a pinhole
camera, and Egs. (1)and(2) can be used to determine the
spatial (geometric) resolution (Eq. (1)) of an image which
passes energies above a lower diffraction limit (Eq. (2))

Lgeazd(1+§>: (D)
A
Laip = 1.227”, )

where d is the pinhole diameter, p is the object-pinhole
distance, and g is the pinhole camera distance. Generally
Lgeo is calculated from the experimental setup, and then
Lgifr is set to Lgeo to calculate the upper wavelength limit A
(lower energy limit) of radiation focused through the pinhole.
Initial tests used a pinhole mounted directly onto the rear of
the beamsplitter and at 45 degrees to the experiment. From
Egs. (1)and (2), this will affect the spatial and spectral
information along both axes, since these rely on the pinhole
dimension, which is an ellipse when viewed from the exper-
iment due to the pinhole tilt. To avoid this, pinholes in later
designs are mounted perpendicular to the experiments (i.e.,
as for typical pinhole imaging) to allow a simple analysis of
the images (see Sec. IV). For these initial tests, however this
was not completed.

There were initial concerns about the stresses placed on
the optic during a lengthy drilling process, and how this might
affect the reflected beam. To assess this, a drilled beamsplitter
was used to set up an interferometer using the arrangement
in Fig. 1. Figure 3 shows an image of a wire array driven by
the 250 kA, 150 ns GenASIS machine' at UC San Diego. The
diagnostic laser is a frequency doubled Nd: YAG with a pulse
duration of 5 ns, and the image is taken at peak current.

The location of the pinhole in both the pre-experiment
and experiment images can be clearly seen in the interference
pattern. It is not possible to infer reliable electron densities in
this region, but the image masking routines available in the
IDEA software? used for this analysis allow areas away from
this to be analysed without including this region. IDEA uses
a two-dimensional spatial fast Fourier transform to isolate
the carrier frequency and compare the experimental image
with an image taken before the experiment where no plasma
is present (for a full discussion of the routines available in
the IDEA software, refer to Hipp et al.*). The phase shift
A¢ induced by the plasma is proportional to the change in
refractive index along the integrated line of sight and depends
on the laser frequency w, the critical density in the plasma

FIG. 2. Mounting arrangement on the GenASIS pulser' at UC San Diego: Photographs of (left) side and (center) top view of mounting of collinear diagnostic
in vacuum chamber and (right) photograph of beamsplitter drilled with 1.6 mm hole used for proof-of-principle experiments.
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FIG. 3. 4 x 10 um Cu wire array on the 250 kA GenASIS machine! at UC
San Diego demonstrating that the effect of the pinhole drilled into the optic
is clearly observable (circled in each image), but limited to a small region of
the optic.

n. = w’mso/e?,* and the plasma density

Ap= 2 f nedl. 3)

2cn,

For a laser wavelength of 532 nm, Eq. (1) can be simplified to

/ nedl =42 x 10" f. 4)

The fringe shift in the experimental image, f, can then
be plotted as a function of space and converted to areal (i.e.,
integrated along the line of sight of the diagnostic) elec-
tron density through Eq. (2). This analysis routine relies on
the accuracy to which the fringes can be resolved and com-
pared between experiment and pre-experiment images, and
errors are typically quoted at ~1/4 fringe shift, or ne greq~1
x 10'7 em™2. The recovered densities and features are in line
with those expected for this experiment (e.g., Ref. 5) and the
machining of the beamsplitter does not appear to affect the
imaging in any significant way.

lll. PROOF-OF-PRINCIPLE EXPERIMENTS

Initial testing to demonstrate proof-of-principle of the
combined diagnostic was performed at UC San Diego. The
experiments again used the GenASIS machine as for images
in Figure 3, but used a single central wire in order to maximise
the XUV emission used to form the self-emission image on
the microchannel plate (MCP). In order to provide sufficient
flux, a pinhole diameter of 600 um was used at a magnifi-
cation of 0.9 and imaged onto one quadrant of an MCP with
a 5 ns gate time. This combination passes radiation with en-
ergies greater than ~1 eV. The laser pulse length was again
5 ns as above. By co-timing the diagnostics, an image of the
single wire explosion was obtained at 65 ns into the current
drive simultaneously on both diagnostics (Figure 4). The re-
covery of these images demonstrates the principle of the di-
agnostic for experiments. However, several improvements are

Rev. Sci. Instrum. 83, 083507 (2012)

wwo|,

FIG. 4. Images of a single wire explosion imaged simultaneously (65 ns)
and collinearly: (left) an interferogram and (right) a gated XUV self-emission
image.

desirable. The use of large pinholes and moderate magnifica-
tion means the spatial resolution of the self-emission image is
~1.3 mm, which compares rather poorly with that of the laser
image of < 50 um (e.g., Ref. 6). Similarly the use of sin-
gle wires to give large XUV flux means that areas where the
interferogram is useful are limited to very strong density gra-
dients at the plasma edge, before light is refracted out of the
collection optics. Due to the difference in spatial resolution it
is very difficult to compare the images in anything but very
simplistic terms, and even the connection to the electrodes in
the self-emission image can be problematic.

IV. MULTIPLE PINHOLE DESIGN
AND IMPLEMENTATION

A second series of experiments was carried out at Cor-
nell University that incorporated many of the modifications
suggested by the above results. A 4-strip MCP camera was
to be used and a 4-pinhole design was constructed to image
one pinhole onto each strip of the camera. The design, shown
in Figure 5, uses recessed mounts for the pinholes to enable
imaging perpendicular to the load, and hence obtain the same
spatial and energy resolution in both the axial and radial
planes. The mounts are essentially cylinders truncated at the
appropriate angle and then inserted and soldered into the
brass backing plate, which also served to prevent unwanted
light reaching the MCP camera. It should be noted that it
is possible that laser light could be reflected from the brass
backing plate, causing ghosting in the interferometry images.
This was not an issue in the present setup, and could be easily
remedied by using a non-reflective coating on the brass used
here, or machining the backing plate from a material which
can be anodized, such as aluminium.

Once completed, both the beamsplitter and the brass
backing plate containing the pinhole supports are mounted
into a single kinematic optics mount, and placed into a small
vacuum chamber. Photographs of the completed setup are
given in Figure 6. The diagnostic is aligned prior to closure of
the vacuum chamber. Vacuum throughput controls were not
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FIG. 5. Multiple pinhole setup including mounting of pinholes perpendicular
to experiments.

used. However, the setup proved to be sufficiently robust to
the mechanical shock of the experiments, and required little
re-alignment between shots.

As an example of the capability of this diagnostic, we
present results from experiments using inverse wire arrays’
on the XP generator.® The generator was used in a long-pulse
mode by reducing spark gap separation in the output water
switches, thereby essentially bypassing the pulse-forming line
and producing a current pulse with a maximum of 260 kA in
a rise-time of 145 ns. Wire arrays used 2 x 13 um tungsten
wires on a diameter of 10 mm. The radially outwards Lorentz
force accelerates plasma to supersonic velocities a short dis-
tance from the initial wire position, and this plasma flow im-
pacts a small obstruction placed in the flow. The flow is hy-
drodynamic (ion mean free path << system size) and a bow
shock is formed in the flow at the position of the obstruction.
Discussion of the shock regions will be presented in a future
publication; here we concentrate on the features of the flow
upstream of the objects (i.e., closer to the wire). Figure 7(a)
shows a schematic diagram of the experimental arrangement,
along with the self-emission image (Fig. 7(b)) and laser inter-
ferometer image (Fig. 7(c)) taken at the same time in a sin-
gle shot using the collinear diagnostic. Note that the plasma
flow radially outwards from the wire shows non-uniformity
in the axial direction, as has been noted in many previous
experiments.’!? The new diagnostic allows, for the first time,
a direct spatial comparison of the emission (i.e., hotter, more
strongly radiating) regions with the electron density profiles.
Examples of this are given in Figures 8 and 9. The laser inter-
ferogram is again analysed using the IDEA software to pro-
vide areal electron density maps.

Rev. Sci. Instrum. 83, 083507 (2012)
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FIG. 6. Photographs of the multiple pinhole collinear diagnostic as mounted
on the XP generator at Cornell University.

Figure 8(a) shows a section of the interferogram which
had been analysed and overlaid on the original image. Areal
electron densities are generally of order 1 x 10'® cm™2 and
the axial variation in the flow density, typically referred to as
“ablation flares,” is clearly visible. Figure 8(b) shows a scaled
section of the self-emission image which is vertically aligned
to the laser interferogram, and a similar variation in the emis-
sion can be observed between the wire and the shocks in the
flow formed at the obstructions.

The experimental set-up is sufficiently distinctive in these
images that spatial correlation is possible by aligning various
parts of the image (e.g., cathode post, cathode top edges, wire
position, obstruction positions). Combined with the known
magnifications of the images, a good correlation can be per-
formed. The errors in this process are estimated at approx-
imately +/-100 um, or ~0.5% of the 16 mm axial region
over which the two images are coincident. This is determined
from tests using data from several shots, and overlaying emis-
sion and laser images. This method is rather crude, but al-
lows alignment of regions with good confidence where spa-
tial scales of interest are of order 0.5 mm or so, such as the
ablation flares examined here.

From the images, lineouts of both the areal electron
density and self-emission can be taken and directly compared
spatially. This is shown in Figure 9. The vertical lines are
correlated with the position of the “ablations flares” (i.e.,
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FIG. 7. (a) Schematic diagram of inverse wire array experiments on the XP generator (260 kA, 145 ns) along with (b) gated self-emission image and (c) laser

interferogram taken at 158 ns using the collinear diagnostic.

high areal electron density) in the interferogram at the
position of the lineout given in the plots in Fig. 9(a). The
lines run through the spatially correlated interferogram image
(Fig. 9(b)), self-emission image (Fig. 9(c)), and self-emission
lineout (Fig. 9(c)). Note here that the laser interferogram does
not include the wire itself in the analysed portion, since the
electron density close to the wire is too high to follow fringes,
but the emission image does include the wire; the lineouts
across the images in Figure 9 are in the same spatial location
in relation to the wire and hardware. Examination of the
lineouts and images in this way shows that the regions of high
electron density are correlated with regions of low emission
in the flares. This is consistent with inferences from previous
experimental studies (e.g., Ref. 13; Figure 2), but confirmed
definitively for the first time with this collinear diagnostic.
Further examination of this correlation and discussions of
physical implications will be published elsewhere.

Whilst the methodology for correlating images is simple
and effective for the types of images generated by the present
studies, it is not ideal. Indeed, the need to have several points
of reference in the experimental hardware limits application
in systems where this is not possible. What is required to im-
prove versatility of the method is a spatial fiducial which can
be observed equally well in both types of image to be cor-
related. An ideal candidate is perhaps not obvious, and may
depend on the exact setup and image types. Here, we demon-
strate the use of a simple wire mesh which is placed on the
nearside (i.e., slightly closer to the diagnostic than the exper-
imental load). The mesh is easily imaged by the laser inter-
ferometry channel, and is backlit by the plasma emission, ap-
pearing in relief in the emission image (Figure 10).

The location of the grid from the laser image focal plane
and possible ablation of the edges of the grid will affect the
appearance of the grid edges, and may appear differently in

(b) Wire
2mm

Hydrodynamic
shocks in-plasma
flow

Plasma flow with axial
non-uniformities

FIG. 8. (a) Interferogram from Figure 7 overlaid with section analysed for areal electron density, and (b) section of the self-emission image in Figure 7 scaled

to and vertically aligned with the interferogram.
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FIG. 9. Spatially correlated plots and images for (a) areal electron density
lineout (blue dotted line on interferogram image), (b) analysed region of in-
terferogram image, (c) self-emission image, and (d) lineout of self-emission
taken at the same position as that for the interferogram lineout.

emission and laser images. However, correlation of several of
the mesh cross-points would provide good location points for
both the radial and axial spatial scales. In principle, one can
simply use grids of increasingly smaller period to correlate
images to better degrees. In this way, a more accurate loca-
tion of images may be achieved while sacrificing some small
portion of the image.

There are several important points that should be borne
in mind whilst using this diagnostic arrangement. Firstly, al-
though both the laser and emission images are collinear, this

Rev. Sci. Instrum. 83, 083507 (2012)

(b)

FIG. 10. Laser interferogram and self-emission images taken using the
collinear diagnostic where a metallic grid was placed close to the experiment
(a) pre-experiment, (b) experiment laser interferogram image, and (c) gated
self-emission image from a similar shot.

is only true if a single pinhole is used (as in Sec. III) and
the laser image is centred about this, as in Secs. I-III. For
multiple pinholes, as used in Sec. IV, the angle subtended
through the pinholes relative to the laser direction is small
only when the distance of the pinhole/beamsplitter from the
object is large. The smaller this distance, the larger the angular
separation of the laser and pinhole emission images. For the
present setup, the largest angle subtended by the multiple pin-
hole setup is ~1.5 degrees, and the smallest is ~0.8 degrees.
Similarly, the 45 degree angle of the pinhole/beamsplitter
means that the pinholes along this direction will be at slightly
different distances from the object. For a common detector
plane for the emission diagnostic, the magnification of the im-
ages from each pinhole will be slightly different, although the
magnification is obviously fixed within any particular frame.
Again, the larger the object- pinhole/beamsplitter distance,
the less pronounced this will be. For the geometry used in
Sec. IV, the difference between the smallest and largest mag-
nification is about 10%.

The main issue in this work is the flux for the emis-
sion image. Using a more sensitive or multiple microchan-
nel plate high gain detector would help significantly here.
Alternatively, it is possible to place the pinhole/beamsplitter
inside the main vacuum chamber within a few inches of
the experimental load. This was briefly tested at UC San
Diego, and as long as little debris is projected towards the
pinhole/beamsplitter it will generally survive.

One might also imagine several variations of this diag-
nostic arrangement. The use of different size pinholes gated
at the same time would provide some limited spectral infor-
mation through the different diffraction limits. This is a com-
monly used method and was implemented for some of the test
cases not reported here. Alternatively, one or more pinholes
may be designed to project XUV emission to a spectrograph
or streak camera, thereby extending the range of information
along a single line-of-sight.
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