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ABSTRACT

The goal of this exploratory express LDRD is to demonstrate a reproducible laser activated
doping diagnostic for eventual use on the Z machine by producing consistent spectral line
emission with radiances above 10° Wsr~!nm ™' m~—2 from a variety of dopant materials. Here we
show that while such radiances are achieved, the line emission is from regions with high electron
densities, and close to the laser ablation surface. Therefore, it would be more ideal to improve
current optical spectroscopy capabilities on Z to view radiances around 10* Wsr™' nm~! m—2.
We also discuss the viability of a modular beam path that can be remotely aligned and used on the
Z machine. This technique can be used to make spatially resolved measurements of electric and
magnetic field strengths and electron densities within the Z power flow and load regions. The
measurements can also be used to inform theory and simulation efforts needed to design the next

generation of pulsed power capabilities.

This was funded as an exploratory LDRD project, number: 214278
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1. INTRODUCTION

Currently, passive dopant optical spectroscopy on the Z-machine is used to measure plasma
formation within the magnetically insulated transmission lines (MITLs). Passive dopants use the
Z pulse to ablate the dopant material and line intensities from these dopants have often been too
weak during relevant time scales to make meaningful measurements on plasma parameters.

Here, we discuss active doping techniques that use a laser to ablate material and produce a low
density plasma at a specific time. Changes in the line shapes from these materials can be used to
infer electron densities, temperatures, electric and magnetic fields during the pulse. Improved line
intensity at a controlled time would lead to high resolution measurements necessary to estimate
plasma parameters and field strengths in a variety of locations both near the load and within

power flow regions, which can help inform simulation efforts for the next generation of pulsed
power capabilities.

In this report, we measure line emission from several dopant materials and spectral lines. We
estimate electron densities from various dopant materials at several times after the laser pulse and
at several distances from the laser ablation surface. We also estimate electron temperatures using
Li I line ratios. In order to field such a diagnostic on Z, beam alignment cannot be time
consuming and the laser must be fully enclosed, so we also discuss techniques that can be used to
achieve final alignments quickly using remotely controlled mirrors and shutters.

2. EXPERIMENTAL SETUP

2.1, Laser Setup

A Tempest 10 Hz, 1064 nm, Nd: YAG laser is used to ablate material off of a 304 stainless steel
disk. The laser has a 5 ns pulse width, operated at 2 Hz during alignments, but switched to single

pulse mode for spectral measurements of the ablation plasma. The layout is shown in Figure 2-1
and a picture of the setup is given in 2-2

Photodiode

Remote
Turning Mirrors

Remote Shutter Vacuum Chamber

Variable
attenuator

Focusing Lens

Position Sensor Position Sensor 1
and Energy Meter And Energy Meter To spectrometer and CCD

Figure 2-1. Schematic showing the laser beam path and optical elements.



Figure 2-2. Picture of the beam path, spectrometer, and ICCD camera.

The approximately 5 mm beam exits the laser and passes through an external variable attenuator
which consists of a 1/2 waveplate and plate polarizer. A portion of the discarded beam is
measured with a photodiode, which provides timing information. Two turning mirrors align the
beam remotely. Two pellicle beam splitters pick off a few percent of the beam energy at 90
degrees which is relayed to an energy meter and quad diode sensor, as shown in Figure 2-1. The
quad diode comprises the position sensing detector, allowing for remote alignment of the beam to
the optical axis of the optical train and experiment. The beam is aligned to the center of the quad
diode (positioned at 90 degrees to the optical axis). A remote shutter, just before the final
focusing lens, is used to align the beam without ablating the target material. Once alignments are
completed, the laser is switched to single shot mode, and the shutter is opened. The beam passes
into a vacuum chamber where a lens focuses the beam onto the target.

Because a fully enclosed laser beam and fast alignments are important for fielding an active
dopant diagnostic on the Z-machine, this alignment system is designed to be modular and
enclosed (although it was run as an open beam for the purposes of this EE LDRD). The variable
attenuator and two turning mirrors can be placed in an optical enclosure. The beam splitters and
position sensors can be entirely enclosed with standard 1" beam tubes, and bolted onto the laser
and vacuum chamber. Alignments are done remotely using two piezo motor mirror mounts.
Rough alignments can be accomplished in a light lab. The parts can then be decoupled, moved,
and reattached, without much change in the beam position. As long as the beam shift due to small
changes in the mirror positions or the laser pointing, is less than 5 mm on the second pellicle
beam splitter (which corresponds to about 0.5 degrees for this test setup), alignments can be
finalized within a few minutes. A third position sensor may also be added between the two in
cases where a particularly long beam path allows for much less beam shift.

Typically, the laser is used without post spatial filtering as this is the simplest system geometry.
However, in order to improve beam quality and increase the deposited energy density, a 200 um
spatial filter (at atmosphere) was also fielded on a subset of the data. This is discussed in more
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detail in the following sections.

Ideally, a short focal length lens would have been used to focus the beam onto the target to
minimize the spot size and maximize the fluence. However, these measurements were taken with
a longer focal length, 55 mm, lens in order to increase the lens-to-target distance to prevent
coating the lens with dopant and target materials, particularly under vacuum. In this
configuration, the diffraction limited spot size at the target was much larger since a beam
expander was not used to increase the beam diameter at the final lens. For single shot
measurements such as those that are proposed for Z, an improved lens design could be employed
which would benefit from a shorter focal length for the final focusing lens, which could relax the
energy requirements for the laser while producing higher density plasmas.

2.2, Spectrometer and ICCD Camera

A fiber array images the ablation plume. Initially, a 100 um fiber array was fielded, with each
fiber separated by 100 um. The array imaged a series of 0.55 mm diameter circular regions. To
improve spectral signals for high resolution measurements, this array was replaced by a 7 fiber
200 pum array, which images a 1.1 mm diameter region without any spacing between the fibers.
Profiles of the arrays are shown in Figure 2-3. The array is positioned normal to the target surface,
so expansion of the plasma plume and plasma parameters as a function of distance from the target
surface can be determined.

200 um Fiber Array

) @ _

100 um Fiber Array 1500 T T 200 um Fiber Array
- ! " o) P = Data
S 600 [ f u\ [ | [ \ [\ 2 |
H i A l i ‘ © 1000 ] ,,
2 400 | ( | I \ ) z \ [ ‘} ]("'w'\\ Ir“‘wwf"\l {"
g ( ] | § 500 k [ | l
£2001 ’ , ’ } \ | I= \ U |{J J \
J '~v~w—«l/ L L) 0 L e L
2 3 4 5 6 0 1 2 3 4 5 6 7
Position (mm) Position (mm)
(a) Unfiltered (b) Filtered

Figure 2-3. a) 100 um fiber array. Each fiber is focused to a 0.55 mm
diameter. Although only five are visible on the beam profiler 10 fibers
were used to image the plasma plume. b) 200 um fiber array, focused
to 1.1 mm diameters.

The array is lens coupled to a Im McPherson spectrometer, the majority of measurements were
taken on a 600 g/mm grating (0.17 nm resolution). Lower resolution measurements were also
taken for temperature estimates from spectral line ratios.

The Princeton Instruments PiMax4 camera has a 1024x256 CCD array and an IR HRf coating.
The quantum efficiency of this coating peaks at around 650 nm at 30%. At 400 nm the efficiency
is about 7%. Using an HBf coated ICCD would increase the efficiency to 35-50% in the visible
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wavelengths and improve these measurements. Streak spectroscopy on Z has shown rapidly
evolving plasmas on the electrode surfaces over 5-10 nanoseconds. The ICCD was therefore
gated for 3-5 ns, with a gain of 80. If the field strengths and plasma parameters evolve less rapidly
further from the electrode surfaces, the ICCD could be gated for longer times to view lower
density plasmas.

2.3. Calibrations

Typically SVS is fielded with a 50-150 g\mm grating, a 200ns sweep window, 100 pum fibers and
a 100um spectrometer slit width. The minimum spectral radiance that can be measured on SVS at
these settings is estimated to be about 10° Wsr~! nm~! m~2 at 450-700 nm. The purpose of this
LDRD is to determine peak spectral radiances of various lines that can be produced via laser
ablation and determine if the line emission can be successfully measured on Z using the existing
SVS systems. In order to compare the existing SVS systems and gated camera measurements, an
absolute calibration must be performed.

On Z the SVS systems are calibrated by sweeping a tungsten light source over 8s. The correction
from 8 seconds to several hundred nanoseconds is not linear across time and wavelength. To
compensate for this, a laser driven light source (LDLS) is swept at fast (several hundred
nanoseconds) and slow (8s) sweep rates. A calibrated ND filter is used to on the longer sweep
rates to prevent saturation and damage to the camera. This corrects the 8s sweep of the tungsten
blackbody source to shot rate settings.

A similar method is used to calibrate the ICCD camera for these measurements. The fiber array
images the tungsten lamp on a 10 ms exposure. Since shot data is taken a 3-5 ns gate, the LDLS
with a calibrated ND filter is again used to correct for the difference in exposure times.
Wavelength and instrument resolution are estimated from an HgNe lamp. Position is estimated
using the array profiles in Figure 2-3 and the tungsten lamp.

3. EXPERIMENTAL RESULTS

3.1. Low Resolution Measurements

Initially, a low resolution grating (150 g/mm, corresponding to a spectral resolution of about 0.7
nm at a 100 um spectrometer slit width) was used to estimate ablation plume electron
temperatures from Li I line ratios. Spectral resolution is determined from fitting Ne lines from an
HgNe pen lamp.

Spectra were taken using a 2.5 g droplet of a 1 g/LL LiCl liquid solution on a 304 stainless steel
target and the LiCl dopant was replaced after every shot. Vacuum pressure was between 3 x 10~%
-5 x 10™* Torr. Although Z shot vacuum pressures are around mid-1 x 10~ torr, there did not
appear to be a noticeable difference between 1 x 10~* and 1 x 10~ Torr scales in the collected
spectra, and so mid 1 X 10~* Torr was chosen for these experiments. Since vacuum is broken to
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Time (ns) | Energy (mlJ)
100 110
150 111
200 110
250 110
300 110
380 110

Table 3-1. Summary of the low resolution measurements, listing the
time after the laser pulse and the corresponding energy for each shot.
The laser is extremely stable at these energies, allowing for cross com-
parisons of different shots.

replace the dopant between every ablation measurement, this allowed for much faster data
collection.

Energy is measured using the first pellicle beam splitter and position/energy sensor along the laser
beam path. To calibrate this measurement with the total energy reaching the target, the laser is
fired at lower energy (less than 30 mJ to prevent damage to the energy meter) and measured near
the target. A linear correction is applied at higher power to translate the energy measurement at
the first pellicle to the laser energy that reaches the target. The low resolution measurements are
charted in Table 3-1.

380 ns After Laser Pulse, LiCl Liquid Solution

100 ns After Laser Pulse, LiCl Liquid Solution

S

(3]

600 620 640 660 680 700 600 610 620 630 640 650 660 670 680
Wavelength (nm) Wavelength (nm)
(a) 100ns (b) 380ns

Figure 3-1. a) 100 ns after the laser pulse. b) 380 ns after the plume,
the plasma has expanded, electron densities have dropped, and clear
narrow spectral lines from Li | (610.4 and 670.8 nm) and H-a are visible.

The ablation plume is measured at intervals after the initial laser pulse. And a region that extends
from the surface to about 8 mm from the surface is imaged. Two example images are shown in
Figure 3-1. Each chord corresponds to a fiber separated by about 1.1 mm from the center of
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adjacent fibers.
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i sg
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1.235
0

1.255 F |

Time (ns)

Figure 3-2. The Li | ratio equilibriates rapidly, within a few ns at this
temperature and density.

Electron temperatures are estimated using PrismSPECT calculations and Li I line ratios. LTE is
not assumed due to the rapidly expanding ablation plasma. Time dependent calculations, shown
in Figure 3-2 suggest that the Li I line ratio reaches equilibrium within a few nanoseconds at 2
eV and 1 x 10'% cm—3 electron densities. As a result, an nLTE, steady-state simulation is used.

45|

35t |

Li | Line Ratio
N
o

PrismSPECT Li | Line Ratio, nLTE, steady-state, optically thin

25 3 35 4
Temperature (eV)

45

5

5.5

6

Figure 3-3. The Li | line ratio does not vary appreciably above 2 eV.

Due to the small energy difference the Li I ratio (670.8nm/610.4nm) is only useful under electron
temperatures of about 2 eV (corresponding to a ratio of about 0.81). Above this, the line ratio
does not vary appreciably with temperature, as shown in Figure 3-3. Line ratios between two
different ions of the same species would be more useful to estimate the higher temperatures.

Figure 3-4 shows estimated line ratios and temperatures between about 0.8 and 2 eV from the Li I
lines. Electron temperature tends to increase with time. A number of neutral spectral lines should
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Figure 3-4. a) Measured Li | line ratios. b) Estimated electron temperatures under 2 eV.

have sufficient peak spectral radiance at these temperatures for streak spectroscopy measurements
on the Z-machine, as well as a few ion lines, such as Mg II (448.1 nm) which at an electron

density of 2 x 10'® cm™3, has a peak spectral radiance of 5 x 10° Wsr— ! nm™~

1

m~2, estimated

from PrismSPECT. Figure 3-5 shows peak radiances of the Li I lines as a function of temperature

at an electron density of 1 x 10'® cm—3.

3

Spectral Radiance of Li | at 10"®/cc electron density

107

e
o
o

Spectral Radiance Wim?2/srinm
=] =)
e Ed

i L

Peak 670 nm
Peak 610 nm

25 3 3.5
Temeprature (eV)

Figure 3-5. Li | spectral radiance estimated in PrismSPECT. SVS re-

quires above greatest 10° Wsr— ! nm™

1

in the visible wavelengths.

m~? to measure signal strengths

Optically thin emission is assumed here. However, this is still uncertain based on the high
resolution measurements shown in Appendix A. The sodium lines, in particular clearly show the
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doublet ratio is less than two for several measurements, suggesting opacity does affect these data.
Another way to estimate opacity is to place a mirror behind the ablation plasma and measure the
line intensity, if the line intensity is less than two then the optical depth should be determined. By
ignoring opacity effects, the estimated temperatures would be too high in the case of this Li I line
ratio.

Li1(670.8 nm) at B=20T

0.7

o o o
£ [4,] [«>]

Resolution (nm)

o
w

I No Visible Splitting
I Paraliel to B
[ Normal to B

=)
N

02 04 06 08 1 12 14 16 18 2

Electron Density (cm's) x10'8

Figure 3-6. Estimated resolution requirements to resolve Zeeman split-
ting at a magnetic field of 20 T. Resolution requirements are lowered
when viewing parallel to the B-field.

The 0.7 nm spectral resolution is inadequate for estimating electron density for the majority of
measurements. Additionally, while this resolution may be sufficient for some E and B-field
estimates on Z, higher resolution would provide access to lower fields and improve the accuracy
of the measurement. For example, Figure 3-6 shows the resolution requirements for resolving line
splitting due purely to a magnetic field of 20 T. While a resolution of 0.7 nm would be sufficient
to resolve Zeeman splitting when viewing parallel to the B-field for densities below 1 x 10'®

cm 3, to resolve line splitting, in this case, viewing perpendicular to the B-field, the instrument
resolution must be improved.

3.2 High Resolution Measurements

In order to improve the spectral resolution, the collection efficiency of the instruments must also
be improved. Improving the resolution by a factor of 4 by increasing the grating density from 150
g/mm to 600 g/mm decreases the efficiency by about a factor of 4 as well. To compensate for this,
the 100 um fibers were replaced with 200 um diameter fibers.

For the measurements in this section a 600 g/mm grating is used, resulting in a spectral resolution
of about 0.17 nm. Additionally, the ICCD gate width is reduced from 5 ns to 3 ns. Previous
measurements on Z have shown rapidly changing plasma conditions (within a few nanoseconds)
on the electrode surfaces. Even shorter gate widths would be ideal, but 3 ns is at the limit of the
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PiMax4 camera, and reducing the gate width would likely mean reducing the spectral resolution
to compensate for the lower efficiency. Finally, a solid coating was used instead of the liquid
dopant solution in Section 3.1 to more accurately reflect the measurement on Z.

Measurements are absolutely calibrated for spectral radiance, using the technique described in
2.3. Energy per shot ranges from about 105-115 mJ. All fitted data, the average stark widths, and
the peak spectral radiance are shown in Appendix A. For the case of multiplet lines, only the peak
intensity is shown. For some lines, particularly within 100-200 ns after the laser pulse and within
2 mm of the target surface, an additional high density component is used to fit the outer "wings"
of the line. Only the average densities are tabulated.

The lines are fit with a Voigt profile. The instrument resolution of 0.165 nm comprises the
Gaussian portion. At this resolution, a 0.03 nm Lorentzian FWHM contribution to the Voigt
profile increases the total line width by about 10%. Therefore, Lorentzian components below 0.03
nm FWHM are not used to estimate density, as the spectral line width is too close to the
instrument resolution.

3.2.1. Lil

Li I was measured from a LiF coated 304 stainless steel disk. The coating was 0.5 microns thick.
The 1s2p-1s2s Li I transition is of interest for B-field measurements. The small fine structure
energy separation would place it in the Paschen-Back regime for expected B-fields on Z. The Li I
1s3s-1s2p transition is sensitive to electric fields, and has been used to measure E-fields in ion
diodes [1]. Here, measurements of Li I (1s2p-1s2s) are shown. Li I lines have also been
measured on Z both in absorption and emission.

Li1100 ns Li 1450 ns

Position (mm)
Position (mm)

664 666 668 670 672 674 676 664 666 668 670 672 674 676
Wavelength (ns) Wavelength (ns)

Figure 3-7. Calibrated data at 100 ns and 450 ns after the laser pulse

The laser energy was about 105 mJ for these Li I measurements. Spectral radiance is above 10°
Wsr~!'nm~! m~2 only at 100-150 ns after the laser pulse and within 3 mm from the target. The
lines are very broad at these times and locations. Furthermore, increasing the laser fluence will
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increase the electron densities. In this case, the efficiency of SVS should be improved to view the
lower density regions.

Li I is the lightest atom tested here, and consequently the Li plasma expands faster than the Mg,
Na, or Cu doped plasma. Within 200 ns the plasma has expanded to at least 6.6 mm. Stark widths

in this region are less than 0.03 nm, which correspond to electron densities less than 4 x 10!
-3
cm .

3.2.2. Na |

The Na I (2p3p-2p3s) doublet is a strong line that has been measured on Z both as an applied and
accidental dopant in absorption. This particular transition has been used to infer B-fields on Z in
[5]. For these measurements Na I was measured from an NaCl, 0.5 micron coating on 304
stainless steel. Laser energies were about 115 mJ. Electron densities remained fairly low, peaking
at around 6 x 10'7 cm—3. Expansion velocities are expected to be less for a sodium plasma than
the lithium plasma, and so spectral radiance measurements do not extend to 6.6 mm until about
350 ns. As with the Li I measurements, Na I is measured at sufficient spectral radiance for SVS at
early times and close to the target surface.

Nal100ns Nal 450 ns

Position (mm)
Position (mm)

586 588 590 592 594 596 586 588 590 592 594 596
Wavelength (nm) Wavelength (ns)

Figure 3-10. Calibrated data at 100 ns and 450 ns after the laser pulse
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3.2.3. Mg I

Mg I (3s4s-3s3p) may not be ideal for measurements of B or E-fields since the closely spaced
triplet may complicate measurements of the line shifts/splits. However, the line has been
measured on Z in absorption at saturation or close to saturation levels. Additionally, it may be
useful for estimates of electron temperature since the Mg II line at 448.1 nm is roughly the same
intensity as the Mg I triplet at 518.3 by 1 eV, and the Mg II/Mg I ratio continues to increase with
temperature. The plots shown here are from a MgF2, 0.5 um coating on a 304 stainless surface.

Mg | 100ns Mg 1450 ns

Position (mm)
Position (mm)

512 514 516 518 520 522 512 514 516 518 520 522
Wavelength (nm) Wavelength (ns)

Figure 3-13. Calibrated data at 100 ns and 450 ns after the laser pulse

The Mg I line widths are, for the most part, comparable to the instrument resolution for electron
density estimates. Peak densities occur within 100 ns after the laser pulse. Mg II would likely be
a better candidate for these measurements. From PrismSpect simulations the Mg 1I/Mg I line ratio

is greater than 1 over about 1 eV and by 1.2 eV the Mg II line is three orders of magnitude
brighter than Mg I.
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3.2.4. Cul

The advantage of a metal dopant is primarily that a solid plug can be used and alignments can be
verified by viewing the ablation plasma directly, rather than relying on the position sensing quad
diodes. Although we have confirmed alignment can be easily achieved by using the quad diodes,
and aligning the imaging fibers to the center of the beam line, the alignment of the imaging fibers
to the plume is extremely sensitive. For a coated surface on Z, the alignment can not be directly
verified without partially ablating away the dopant material. And so if the imaging fiber array
were to be bumped, we would not know until after the shot.

Additionally, like Mg I, the Cu II lines appear at relatively cold temperatures, by about 1.4 eV the
Cu I line at 520.7 nm is comparable to the Cu II lines between 490-500 nm, and so may be useful
for electron temperature estimates.

The 3d4d-3d4p Cu I multiplet also has a larger Stark width (0.055 nm from [6]) than the other
dopants that were tested. And so the lower limit for electron densities that could be measured at
the 0.17 nm spectral resolution was about 1 x 10'® cm—3.

Cul 100ns Cul 450 ns

Position (mm)
Position (mm)

512 514 516 518 520 522 512 514 516 518 520 522
Wavelength (nm) Wavelength (ns)

Figure 3-16. Calibrated data at 100 ns and 450 ns after the laser pulse
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3.3. Spatial Filtering and Fiber Optic Delivery

Due to the short timescale of the project, only a small effort was invested in the optical beam train
design and evaluation of laser parameters for generating adequate plasmas. The spectroscopic
data described here show electron densities 1 x 10'-4 x 106 cm—3 or less at the lower bound. A
more optimized beam train would produce a higher densities or similar densities at lower laser
fluences. The following is a detailed discussion regarding the performance of the systems as used
for this LDRD and suggested improvements for a second generation device.

3.3.1. Laser Quality

The laser system used in this LDRD, the Tempest 10 Hz, is a 5-10 ns 200 mJ class laser which
has an inherently distorted beam due to the high-gain short length cavity. As such, the M? value
of the beam is somewhere between 2 and 4 depending on factors such as flash lamp intensity,
Q-switch timing, and cleanliness of external optics. With such a high M? value, the diffraction
limited spot size is 2-4x larger resulting in a reduction in the peak fluence at the beam waist by a
factor of 4 to 16. The diffraction limited spot size is given by 4M?fA /(nD), where f is the focal
length, A is the laser wavelength, and D is the diameter of the laser beam.

Typically, a poor quality beam such as this would be remedied by spatially filtering the beam. In
the case of a high-energy pulsed lasers, this spatial filtering is typically done in vacuum to prevent
laser induced plasma generation in unconditioned air which occurs at a peak irradiance of

2 x 104 x 10" Wem™2. for a 5-10 ns pulse. Since there was no readily available vacuum
spatial filter, the authors opted to use a 200 um spatial filter at low enough laser energies (<10 mlJ)
to prevent breakdown in air. However, this still resulted in a poor quality beam as discussed in
detail below. In a second generation device, it would be best to acquire a laser with a higher
quality beam such as the Lumibird Viron which has an M? of 1.4 which would alleviate the need
for any additional spatial filtering.

3.3.2. Fiber Delivery

One method for delivering high-energy pseudo single-mode pulses was established in previous
work by S. Simpson et al. In this previous work, 15 mJ with ttFWHM)= 5 ns at 1064 nm could be
propagated at distances of 1 m or further while maintaining an output M? of 1.4. The estimated
peak irradiance at the final focus of their system was greater than 1 x 1021 x 101> Wem™2.

Albeit this appears an elegant solution, there are several issues with using such a system for future
experiments on the Z-Machine. The advantage of using a fiber delivered technique is its
insensitivity to motion induced misalignment since the beam is in a waveguide. However, the use
of an alignment system, such as the one demonstrated on this LDRD, allows for remote
realignment of the system within a few short minutes. The use of a novel fiber delivery system
also requires a much more complex optical train for safely launching into the fiber. The system
requires vacuum based spatial filtering, mode matching, and heightened cleanliness to prevent
fiber damage when coupling and decoupling the pulse. Lastly, the cost of the proprietary fiber is
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$1k per foot which would result in $20k per shot (due to fiber damage) on Z just for the fiber
alone.

For the reasons mentioned above, a much simpler system using a single high quality laser with no
spatial filtering and employing an automated alignment system would allow for delivering <30 mJ
into a 10-15 um spot at final focus with a minimal optical train and avoiding the complexity of
fiber coupling.

3.3.3. Spatially Filtered Measurements

The beam is focused down to about a 0.7 mm diameter spot size, unfiltered, and a 0.4 mm
diameter after spatial filtering at 10% of peak intensity. The filtered measurement was taken using
a 200um spatial filter in air, which limited the beam input energy. As shown in Figure 3-19 spatial
filtering tightens the beam focus as well as improves the beam quality. Laser fluence was not be
estimated for the purposes of this EE LDRD from the burn paper, as the beam is neither flat nor
gaussian in the unfiltered case, and hot spots were present. As a result, all plots of laser energy in
this report are measurements specific to the particular laser, and cannot be cross compared to
other lasers with higher beam quality. A more gaussian input beam with a different laser or
vacuum spatial filtering with a smaller pinhole would likely improve estimates of the fluence and
reduce hot spots.
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Figure 3-19. Unfiltered and filtered beam profiles. Spatial filtering re-
moves the central hole in the unfiltered beam.

The output of a fiber coupled laser system would have a high quality beam with an M? of 1.4, and
so irradiances at the focus would likely be higher than in the unfocused case, even at lower input
laser energy. And so to test whether much lower laser energy coupled through a fiber can produce
sufficiently intense spectral lines from the doped target, we spatially filtered the initial beam with
a a 200 um spatial filter in air. While a Gaussian beam was not achieved using the spatial filter,
the beam quality was improved. In order to launch this beam into a fiber, however, we would need

26



to filter the beam under vacuum with a smaller diameter spatial filter, increasing complexity and
alignment times.

The intensity ratio of Li I (670.8 nm) between the unfiltered and filtered beam focused on a LiF
coated stainless disk are plotted in Figure 3-20. The unfiltered beam had a laser energy of about
105 uJ, while the filtered beam had an energy of 9.8 uJ at the target.

Ratio of Peak Li | Intensity of the Unfiltered/Filtered Beam
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Figure 3-20. The unfiltered beam produces a Li plasma with a peak ra-
diance from the 1s2p-1s2s line that varies from about twice as high as
the filtered plasma to 6 times as high.

While the unfiltered beam at 105 uJ still produced more intense Li I lines, the filtered case with
10x less energy did produce measurable line emission. 10 uJ through a fiber, would have an even
tighter spot size at the target, resulting in higher fluence. But while we may be able produce
sufficient line intensity by delivering the laser energy through a fiber, the alignment process would
be much more time consuming than delivering the energy through a closed beam path. The beam
would have to be aligned through a spatial filter in vacuum and any minor bumps could prevent
the beam energy from reaching the target. Additionally, the closed beam line is much more
flexible in the densities we can produce on the target. Using a laser with a higher quality output
beam would also improve the delivered energy density without sensitive alignments through
vacuum spatial filters.

3.4. Uncertainties

Detailed error analysis has not been completed for this EE LDRD. Known uncertainties include
small variations in the ratio of counts/intensity due to the ICCD and variations in the position of
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the array relative to the beam axis and target surface. Measurements parallel to the ablation
surface should also be taken to understand the effect that misalignment of the imaging fiber array
to the laser beam axis has on the density and therefore the signal strength. Qualitatively, moving
the fiber array by about 1 mm off the beam axis resulted in almost no signal. Errors in the
absolute calibration should also be accounted. Absolute intensity uncertainties on Z, with a
similar calibration process are currently estimated to be about +/-15%, but a more thorough error
estimate is in progress.

The density is estimated assuming a temperature of about 2 eV from the low resolution
measurements (which did rely on an optically thin assumption). However, the temperature does
vary as a function of time and distance from the ablation surface, and the Stark widths vary with
temperature. In the case of Li I for instance, widths tabulated in [2], suggest that between 0.8 eV
and 3.4 eV the variation in the width causes about a 10% change in the estimated electron
density.

4. CONCLUSIONS

The eventual goal of these measurements is to field an active dopant diagnostic on the Z-machine,
which would yield insight into field strengths within power flow regions and near the various
loads. Here we have demonstrated we can achieve spectral radiances above 1 x 10°

W sr~!nm~!m~2, which should be sufficient for SVS on Z to measure with typically fielded
settings (150 g/mm, 100um diameter fiber, 200 ns sweep speed, 0.5 inch collecting lens). But this
radiance is at the upper limit of what we have produced with the laser ablated plasma. Increasing
the laser fluence would increase the line intensity, but also the electron density. A higher density
plasma has a greater potential to affect power flow and increase shielding of external fields, and
so we suggest improving the current capabilities of visible spectroscopy on Z to reach these lower
density regimes.

By improving the efficiency of SVS by an order of magnitude so that we can measure 1 x 10*
Wsr~!nm~! m~2, we would reach much lower densities (1 x 10'% cm™3). Not only would this
limit shielding of the field strengths, but it would also provide measurements up to a few
millimeters from the surface, in regions where the line shapes are likely not dominated by Stark
broadening. Improving the efficiency substantially would also enable higher resolution
measurements, leading to more accurate estimates of the E and B-fields, as well as electron
densities not due to the initial laser ablation pulse.

Switching the streak camera for a gated ICCD camera would trade time resolution for spatial
resolution, but the gated camera would be much more efficient. Using 200 um fibers rather than
100 um fibers would also increase the collected light by a factor of 4 (if we also increase the
spectrometer slit or demagnify the light at the input of the spectrometer). The fiber runs to SVS
are also very long, and approximately 60-70 percent of the light is lost in the transmission. These
runs could potentially be shortened, if necessary, by placing a smaller spectrometer and ICCD
camera in one of the Z boats.

We also tested the remote alignment methods that would need to be implemented on Z. Using two
quad diodes we were able to accurately center and align the beam. The system is designed to be
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modular and enclosed. All open beam alignments can take place in a laser controlled area. The
system can then be taken apart and reassembled in the Z boat. Final alignments should not take
more than a few minutes, and can be done with the laser and beam fully enclosed.

Most of these measurements were taken on coated 304 SS disks. However, it may be better to use
a solid material for alignment checks. By using a solid material, a pre-shot spectrum could be
taken, in the absence of any perturbations due to the current pulse, and alignments could also be
checked. This could not be done with a coated surface, because the laser pulse ablates away much
of the dopant material.

In conclusion, the active dopant technique looks promising. Strong emission lines at low densities
can be measured. Perturbations to these lines should effect the line shape much more clearly then
the Stark dominated spectra we have measured when viewing the power flow surface directly.

Future work, prior to fielding this on Z, will include testing the diagnostic on Mykonos primarily
to investigate the effect of introducing a 1e16-1el7/cc plasma within a power flow region. The
same diagnostics will be used, along with B-dots to estimate the effect on current such a plasma
will have and one of the Z SVS systems, which will enable us to test our efficiency improvements
to SVS. Finally, the perturbations due to the Mykonos power pulse to the laser ablation line
shapes will be analyzed.
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APPENDIX A. SPECTRAL FITS AND DATA
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Figure A-1. Li | fits, 100 ns after laser pulse
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Table A-1. Average Lorentzian line widths for Li | (670.8 nm), only
widths greater than 0.03 nm are shown here. Gaussian widths are taken
to be the instrument resolution of about 0.17 nm

100 ns 150ns 200ns 250ns 300 ns 350 ns 400 ns 450 ns
0 mm 1.11E+00 | 1.16E+00 | 9.07E-01 | 1.39E-01 | 1.93E-01 | 6.61E-02 | 1.79E-01
1.1 mm | 4.55E-01 | 1.13E+00 | 8.98E-01 | 8.74E-02 5.76E-02
22mm | 3.05E-01 | 4.32E-01 | 3.25E-01 | 3.15E-02 | 3.18E-02
3.3mm | 5.35E-01 | 3.11E-02 | 6.60E-02
4.4 mm
5.5 mm 3.04E-02
6.6 mm

Table A-2. Estimated densities from line widths. Assumed Stark Width of 0.006 nm from [2]

100 ns 150ns 200ns 250ns 300 ns 350 ns 400 ns 450 ns
0.00 | 1.83E+18 | 1.91E+18 | 1.50E+18 | 2.31E+17 | 3.20E+17 | 1.09E+17 | 2.97E+17
1.10 | 7.53E+17 | 1.87E+18 | 1.49E+18 | 1.45E+17 9.54E+16
2.20 | 5.05E+17 | 7.15E+17 | 5.38E+17 | 5.21E+16 | 5.26E+16
3.30 | 8.86E+17 | 5.16E+16 | 1.09E+17
4.40
5.50 5.03E+16
6.60

Table A-3. Peak spectral radiance of Li | (670.8 ns)

100 ns 150ns 200ns 250ns 300 ns 350 ns 400 ns 450 ns
0.00 | 4.20E+05 | 1.68E+05 | 7.34E+04 | 3.57E+04 | 1.72E+04 | 1.76E+04 | 1.67E+04 | 2.24E+04
1.10 | 3.65E+05 | 1.41E+05 | 7.71E+04 | 4.01E+04 | 3.09E+04 | 3.16E+04 | 2.18E+04 | 2.61E+04
2.20 | 1.90E+05 | 1.28E+05 | 5.41E+04 | 7.32E+04 | 3.46E+04 | 2.88E+04 | 2.92E+04 | 1.90E+04
3.30 | 431E+04 | 1.01E+05 | 5.28E+04 | 1.12E+05 | 5.57E+04 | 3.10E+04 | 1.79E+04 | 2.23E+04
4.40 477E+04 | 6.75E+04 | 1.08E+05 | 7.35E+04 | 2.64E+04 | 1.59E+04 | 2.15E+04
5.50 1.99E+04 | 5.63E+04 | 7.30E+04 | 6.21E+04 | 2.59E+04 | 8.95E+03 | 2.52E+04
6.60 3.52E+04 | 3.31E+04 | 4.29E+04 | 2.24E+04 | 8.09E+03 | 2.71E+04
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A.2. Nal (2p3p-2p3s)
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Figure A-9. Na | fits, 100 ns after laser pulse
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Table A-4. Average Lorentzian line widths for Na | (2p3p-2p3s), only
widths greater than 0.03 nm are shown here. Gaussian widths are taken
to be the instrument resolution of about 0.17 nm

100 ns | 150ns | 200ns | 250ns | 350 ns | 400 ns | 450 ns
0 mm 0.030 | 0.044 | 0.149 | 0.152 | 0.389 | 0.130 | 0.364
1.1 mm 0.051 | 0.042 | 0.051 | 0.106 | 0.048 | 0.133
2.2 mm 0.061 | 0.041 | 0.036 | 0.044 0.069
3.3 mm 0.083
4.4 mm 0.036
5.5 mm
6.6 mm

Table A-5. Estimated densities from line widths. Assumed Stark Width
of 0.0064 nm from [3]

100 ns 150ns 200ns 250ns 350 ns 400 ns 450 ns
0 mm 4.93E+16 | 7.31E+16 | 2.47E+17 | 2.51E+17 | 6.44E+17 | 2.14E+17 | 6.02E+17
1.1 mm 8.50E+16 | 7.02E+16 | 8.50E+16 | 1.76E+17 | 7.99E+16 | 2.21E+17
2.2 mm 1.01E+17 | 6.87E+16 | 5.99E+16 | 7.22E+16 1.15E+17
3.3 mm 1.38E+17
4.4 mm 5.99E+16
5.5 mm
6.6 mm

Table A-6. Peak spectral radiance of Na | (2p3p-2p3s)

100 ns 150ns 200ns 250ns 350 ns 400 ns 450 ns
0 mm 7.24E+04 | 2.74E+05 | 2.49E+05 | 1.46E+05 | 5.50E+04 | 5.00E+04 | 7.29E+03
1.1 mm 6.38E+04 | 1.54E+05 | 9.59E+04 | 7.38E+04 | 4.11E+04 | 3.83E+04
2.2 mm 8.83E+03 | 3.76E+04 | 7.64E+03 | 4.62E+04 | 3.34E+04 | 3.30E+04
3.3 mm 8.57E+03 | 2.67E+04 | 4.51E+04 | 3.21E+04 | 2.89E+04
4.4 mm 7.64E+03 | 3.62E+04 | 2.66E+04 | 2.90E+04
5.5 mm 1.64E+04 | 1.23E+04 | 3.11E+04
6.6 mm 1.16E+04 | 4.87E+03 | 2.00E+04
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A.3. Mg | (3s4s-3s3p)
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Figure A-16. Mg I fits, 100 ns after laser pulse
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Figure A-18. Mg I fits, 200 ns after laser pulse
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Spectral Radiance W/mzlnm/sr)

Mg | Fits at 250ns ns after Laser Pulse
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Figure A-19. Mg I fits, 250 ns after laser pulse
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Mg | Fits at 350ns ns after Laser Pulse
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Figure A-20. Mg I fits, 350 ns after laser pulse
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Figure A-21. Mg I fits, 400 ns after laser pulse
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Mg | Fits at 450ns ns after Laser Pulse
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Figure A-22. Mg I fits, 450 ns after laser pulse
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Table A-7. Average Lorentzian line widths for Mg | (3s4s-3s3p), only
widths greater than 0.03 nm are shown here. Gaussian widths are taken
to be the instrument resolution of about 0.17 nm

100 ns

150ns

200ns

250ns

300 ns

350 ns

400 ns

450 ns

0 mm

7.69E-02

1.1 mm

8.21E-02

2.2 mm

3.3 mm

4.4 mm

5.5 mm

6.6 mm

Table A-8. Estimated densities from line widths. Assumed Stark Width

of 0.0085 nm at 1e16/cc from [4]

Table A-9. Add caption

100 ns 150ns | 200ns | 250ns | 300 ns | 350 ns | 400 ns | 450 ns
0 mm 9.05E+16
1.1 mm | 9.66E+16
2.2 mm
3.3 mm
4.4 mm
5.5 mm
6.6 mm
Table A-10. Peak spectral radiance of Mg | (3s4s-3s3p)
Table A-11. Add caption
100 ns 150ns 200ns 250ns 300 ns 350 ns 400 ns 450 ns
0 mm 3.29E+05 | 1.14E+05 | 7.33E+04 | 4.42E+04 | 3.44E+04 | 1.76E+04 | 1.29E+04 | 5.69E+03
1.1 mm | 4.56E+04 | 3.29E+04 | 5.51E+04 | 5.63E+04 | 1.46E+04 | 1.44E+04 | 1.23E+04 | 1.51E+04
2.2 mm 1.99E+04 | 3.29E+04 | 6.03E+03 | 6.21E+03 | 8.16E+03 | 1.40E+04
3.3 mm 3.17E+03 | 1.15E+04 4.74E+03 1.16E+04
4.4 mm 3.70E+03 8.11E+03
5.5 mm 4.38E+03
6.6 mm
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A.4. Cu | (3d4d-3d4p)
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Figure A-23. Cu I fits, 100 ns after laser pulse
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Figure A-24. Cu | fits, 150 ns after laser pulse
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Figure A-25. Cu | fits, 200 ns after laser pulse
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Figure A-26. Cu I fits, 250 ns after laser pulse
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Cu | Fits at 350ns ns after Laser Pulse
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Figure A-27. Cu I fits, 350 ns after laser pulse
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Figure A-28. Cu I fits, 400 ns after laser pulse
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Figure A-29. Cu I fits, 450 ns after laser pulse
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Table A-12. Average Lorentzian line widths for Cu | (3d4d-3d4p), only
widths greater than 0.03 nm are shown here. Gaussian widths are taken
to be the instrument resolution of about 0.17 nm

100 ns 150ns 200ns 250ns | 300 ns | 350 ns | 400 ns | 450 ns
0 mm 0.6692932 | 0.198492 | 0.142597
1.1 mm 0.15 | 8.43E-02
2.2 mm 0.071866
3.3 mm
4.4 mm
5.5 mm
6.6 mm

Table A-13. Estimated densities from line widths. Assumed Stark Width
of 0.054 nm from [6]

100 ns 150ns 200ns 250ns | 300 ns | 350 ns | 400 ns | 450 ns

0 mm 1.22E+17 | 3.62E+16 | 2.60E+16

1.1 mm 2.73E+16 | 1.54E+16

2.2 mm 1.31E+16

3.3 mm

4.4 mm

5.5 mm

6.6 mm

Table A-14. Peak spectral radiance of Cu | (3d4d-3d4p)
100 ns 150ns 200ns 250ns 300 ns 350 ns 400 ns 450 ns

0 mm 167469.2711 | 348888.1 | 315967.9 | 118561.6 | 55797.92 | 41798.43 | 23535.23 | 16764.24
1.1 mm 0| 63210.84 | 96750.53 | 93602.36 | 71425.17 57316.9 | 39434.84 | 30055.95
2.2 mm 0 0| 16617.59 | 27047.94 | 43327.03 | 38674.07 33877.5 | 31231.37
3.3 mm 0 0 0 | 8531.249 | 13513.28 | 17528.43 | 20973.63 | 23678.19
4.4 mm 0 0 0 4045.804 | 7354.499 | 9808.959 | 12755.99
5.5 mm 0 0 0 0 0| 4146.775 | 4757.799 | 6046.853
6.6 mm 0 0 0 0 0| 2198.906 | 2266.071 | 5729.847
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