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ABSTRACT

A free space collective Thomson scattering system has been developed to study pulsed power produced plasmas. While most Thomson
scattering diagnostics on pulsed power machines use a bundle of fibers to couple scattered light from the plasma to the spectrometer, this
system used free space coupling of the light, which enabled a spatially continuous image of the plasma. Initial experiments with this diagnostic
were performed on an inverse wire array generated by a 200 kA, 1100 ns rise time pulse power generator. The capabilities of this diagnostic
were demonstrated by using the low frequency ion acoustic wave feature of the Thomson scattering spectra to measure the plasma flow
velocity. The diagnostic was demonstrated to measure velocities between 20 and 40 km/s with an error of 4.7 km/s when fitting with a 600 μm
spatial resolution or 8.9 km/s when fitting with a 150 μm spatial resolution. In some experiments, the diagnostic observed a bow shock in the
plasma flow as the scattering intensity increased and flow velocity decreased.
Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0048615

I. INTRODUCTION
The study of plasma physics requires accurate and useful diagnostic techniques. One powerful workhorse recently for high
energy density (HED) plasmas is collective Thomson scattering,
as it can make local measurements of several plasma parameters
simultaneously. This regime of Thomson scattering is when the
probing wavelength is long enough to see the fluctuations within
the plasma, which is defined as when the scattering parameter α
= 1/λDe k ≳ 1, where λDe is the electron Debye length and k is defined
by k = ks − kl , where ks and kl are the scattering and laser wavevectors, respectively. Collective Thomson scattering has been used to
study plasmas produced at both laser facilities1–3 and pulsed power
facilities.4–7 While free space coupling systems have been developed for Thomson scattering at laser-based plasma facilities,8,9 most
pulsed power-based Thomson scattering systems tend to be fiber
coupled between the collection from the load and the spectrometer. While this often makes the setup easier and more flexible, its
spatial resolution is fundamentally limited to the collection size of
a fiber. Though 100 or 200 μm fibers are often used, to reach the
desired field of view in these experiments, they were magnified by
two to three times resulting in spatial resolutions ranging from 200
to 700 μm. In addition, the fibers can cause challenges in analyzing data if two distinct regions are caught within the same fiber.10
We therefore developed a free space Thomson scattering system to
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provide a finer spatial resolution and aid in the studying of shock
structures.
This diagnostic was developed for studying the plasma conditions of the radial flow away from a wire in an inverse wire array,
which has been useful in understanding traditional wire array experiments.11 In addition, because of the diagnostically open radial flow,
the inverse wire array forms a good platform for shock studies.12–15
This paper focuses on using the low frequency ion acoustic wave
(IAW) feature of the Thomson scattering spectra to measure the
radial outflow velocity of plasma from a wire in this experimental
configuration.
II. EXPERIMENTAL ARRANGEMENT
The development of this free space Thomson scattering system
was performed on the Bertha pulser at University of California San
Diego, which provides 200 kA of current with a 1100 ns rise time
(Fig. 1). This pulser is a single 3.1 μF capacitor that was charged to
50 kV, discharged using a four-channel trigatron style switch directly
into the vacuum load region. The load was a two-wire inverse wire
array, as shown in Fig. 2. This setup, with the cathode post in the
center connected to the anode through two load wires, allows for an
easy diagnosis of the plasma flow conditions, and this plasma flow
is useful for shock studies.12,13 After the plasma forms around the
wire, the ablated plasma is driven radially away from the wire, as the
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FIG. 1. (a) The Bertha pulser, a 200 kA with a 1110 ns rise time machine. (b)
Current (blue) for a typical inverse wire array shot and the diagnostic timings (red
and green).

global B field from the current in the central post crossed with the
local current density J leads to an outward force. This plasma flow
is represented by the gray cones in Fig. 2 and is about 1 mm wide in
the diagnostic region.
A free space Thomson scattering system was developed to study
this plasma flow. Bertha is a perfect candidate for its design as it is

FIG. 2. (a) Top down schematic of the experiment and of the k-vectors relevant to
Thomson scattering. (b) Side on picture of the experiment. Cyan circle indicates
the interaction region that causes the formation of bow shock.
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significantly smaller than most other pulsed power machines. This
enables a shorter distance to couple the Thomson scattering light
from the plasma into the spectrometer, making setting up a free
space Thomson scattering system easier than on larger pulsed power
facilities.
The free space design used is shown schematically in Fig. 3.
The key factors controlling the design were the f-number of the
spectrometer, desire to have a large field of view, and the 2 m distance between the load and the slit of the spectrometer. The camera
(Andor iStar) has a vertical span of 6.9 mm, which was determined
to provide a large enough field of view so that no magnification was
needed, and therefore, the f/10 of the spectrometer was the f-number
for the entire system. The camera has a resolution of 2048 × 512 with
a pixel size of 13.5 μm. For our scattering angle of 135○ , this results
in a minimum spatial resolution of 19 μm and 9.8 mm field of view
along the laser beam.
There are two major challenges with a free space Thomson scattering system; aligning the slit to be parallel to the direction of laser
propagation, and reducing off axis losses with the collection up to
3.5 mm off the optical axis. The first challenge is addressed by adding
a Dove prism after the collection from the plasma. Rotating a Dove
prism along its longitudinal axis rotates the image passing through
it, enabling aligning the spectrometer slit to the laser propagation
direction.
Off axis losses are a challenge due to a combination of a long
travel distance and a large field of view, as off axis points will have a
slight angle to the collimated beam and would mostly miss the final
focusing optic. By tracing the rays on the extreme edges of the cone
from a point in the plasma 3.5 mm off the optical axis to the first lens
and through the optical system, the possible losses from these effects
are estimated. Using 1 in. optics with focal length of 250 mm and
2 m from the load to the spectrometer slit results in only 17% of the
possible light being collected by a 1 in. focusing lens in a two optics
system. This is improved by increasing the focusing lens diameter to
2 in. and increasing the light entering the spectrometer to 80%. However, because of this large offset at the focusing lens, only 27% of the
light could be collected by the first focusing optic inside the spectrometer. Therefore, a two-lens optical relay was placed between the
collection lens and the final focusing lens. This relay was designed to
theoretically allow 100% of the light cone collected by the first lens
to reach the first focusing lens of the spectrometer.
The laser used in these experiments was a pulsed Nd-YAG laser,
which used a single pulse for each experiment. It was used with its
frequency doubled to 532 nm wavelength and had an output energy
of 1 J and pulse width of 6.5 ns.

FIG. 3. The schematic setup of the free space Thomson scattering system.
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The spectrometer system used was a 750 mm Czerny–Turner
spectrometer with a 2400 ℓ/mm grating. The slit width was set to
170 μm, large enough to get most of the scattered light into the
spectrometer, resulting in a spectral full width at half-maximum
(FWHM) of 0.45 Å. If desired, this spectral resolution could be
reduced to 0.3 Å by decreasing the slit width, however, that would
decrease the optical throughput of the system. The intensified
charge-coupled device (ICCD) camera gate width was 50 ns to
ensure that the 6.5 ns laser pulse was captured even if there was jitter
between the laser and the camera trigger.
The other diagnostic used in these experiments was a laser
interferometer. The interferometer used a frequency doubled
Nd-YAG laser with a pulse energy of 150 mJ and a pulse width of
130 ps. The interferometer laser was timed 100 ns after the Thomson scattering pulse and provided an image of the plasma formation
during the Thomson scattering measurement.
III. RESULTS
The results presented from this IAW collective Thomson scattering diagnostic will focus on the measurement of the radial outflow
velocity of the plasma from a load wire. While it is possible to measure other plasma parameters with IAW Thomson scattering,16 such
as electron temperature, an accurate measurement of those parameters requires a clear spectral resolution of the two IAW peaks. In
most cases, we could not clearly resolve both peaks, making accurate
measurement of the temperature challenging. Flow velocity measurements, however, do not require resolving the individual peaks,
as they are measured as a shift of the entire Thomson scattering profile, and therefore could still be measured. The velocity along the k
direction, v k , is measured by a Doppler shift, Δλ, in the IAW profile
from the laser wavelength,16,17
vk =

λl

cΔλ
√
,
2( 1 − cos(θ)

(1)

where θ is the scattering angle. For our scattering angle of 135○ ,
a shift of 1 Å corresponds to a velocity of 30.5 km/s along k. v k
can be converted to v r using the geometry of the k-vectors relative to the plasma (Fig. 2) and the assumed radial direction of the
plasma velocity. This results in v r = v k /cos(π/8), or a velocity of
33 km/s for each angstrom of shift from the laser wavelength.
Results of the typical experiment are shown in Fig. 4(a). The
raw Thomson scattering signal shows a strong line at the laser wavelength. This line is stray laser light from the Thomson scattering laser
hitting the dense plasma around the wire. While this complicates
the fitting of the spectrum, it can be corrected by adding a Gaussian profile representing the laser in the synthetic spectrum. To the
left of the stray laser line, we see the shifted IAW Thomson scattering spectrum, suggesting an outward radial velocity. We see that
the Thomson scattering profile shifts farther away from the laser
wavelength as radius increases, showing that the plasma has higher
velocity at larger radii. In addition, the Thomson scattering intensity
decreases as radius increases, suggesting that the electron density is
decreasing with distance from the wire.
Figure 4(b) shows lineouts and fits to the data in Fig. 4(a), where
each lineout is a result of summing 32 rows to increase the signal-tonoise ratio (SNR), resulting in a 600 μm spatial resolution. Best fits
were performed by minimizing the error between the raw data and
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FIG. 4. (a) Raw spectrometer data showing stray light and blue shifted Thomson
scattered light. Regions between the white lines are binned for the lineouts in (b).
Intensity scale is the number of counts above the no signal background. (b) Fits
for the data are shown in part (a) with the best fit to the data (red) and the raw data
bin of 32 rows (blue).

a synthetic profile that had flow velocity, electron and ion temperatures, laser wavelength, and relative intensity between the laser and
Thomson scattering feature as best fit parameters. While the electron and ion temperatures were used as fitting parameters, as the
two peaks could not be discerned, it was challenging to get accurate
measurements of these parameters. The closeness of the peaks and
the fact that we cannot discern them over the instrumental width
suggests that we are working with relatively cold plasmas with a
maximum electron temperature of about 10 eV. The fits assumed
the electron density was 5 × 1017 cm−3 . Though errors in the density
do not affect the measured flow velocity, this seems to be a reasonable estimate considering that the plasma is dense enough to be in
the region of collective scattering, α = 1.4 for these two assumptions, but not dense enough to create significant fringe shifts in
the interferometry, where one fringe shift equals an areal density of
4.2 × 1017 cm−2 . Having the laser wavelength in the image somewhat
complicates fitting, and it does provide an accurate reference of the
laser wavelength during the shot. Error bars were estimated assuming that the laser wavelength was accurate within one pixel and the
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shift of the Thomson scattering profile was correct within 2 pixels,
resulting in an error of 4.7 km/s.
These velocity measurements were used to study the outflow
from two different load wire materials, Fe and Mo, which had diameters of 250 and 200 μm, respectively. Figure 5 shows the results
from each shot for the different materials. These results were generated by collecting a bin of 32 rows in the spatial direction to increase
the SNR. Between 0.5 and 1 cm away from the wire, there is a relatively constant increase in the radial flow velocity of the plasma flow
from 20 to 40 km/s. Accurate measurement of the flow velocity at
radii smaller than 0.5 cm was challenging due to the fact that the
Thomson scattering spectrum was unresolvable from the stray laser
light, but it appeared that the velocity is still increasing with increasing radius in that region. We see good agreement in the primary flow
velocity between all six shots (three for each material).
These results can also be compared to the previous experimental and simulation work on the wire arrays.18–20 The earlier work was
for a larger current, shorter rise time machine (1.4 MA, 250 ns), and
studied wire arrays made of Al or W wires. While our velocity is
much lower than found in these earlier experiments (30 vs 100 km/s
at 0.7 cm from the wire), we still see that the velocity is increasing for
plasma farther away from the wire. This lower velocity could be due
to the lower current of the experiment. The insensitivity of the measured flow velocity to the wire material agrees with earlier work that
says ablation velocity is approximately consistent over a wide range
of array parameters.18
While the 32 row bin gives a good general picture of the plasma,
the advantage of this free space system is to achieve a higher spatial
resolution than with fibers, and therefore, taking lineouts of smaller
sizes would be desired. Examples of spectra with 32, 16, and 8 rows
summed are shown in Fig. 6(a). These three binning sizes result in
spatial resolutions of 600, 300, and 150 μm. Compared to the previous fiber-coupled pulsed power experiments, with a 230 μm spatial
resolution, the 8 row bins provide better resolution and a larger field
of view (9.8 mm compared to 3.7 mm).10 To quantify the effect of
increased noise on the error bars for the velocity measurements,
a Monte Carlo error technique was used.2,21 Within these Monte
Carlo fits, we allowed the linear dispersion of the spectrometer to
vary by 1.5%, density by 50%, and ionization state by 10%. These fits
result in an average error between 0.6 and 1 cm of 0.79, 1.04, and

FIG. 5. Measurement of the radial outflow velocity for several Thomson scattering
shots with bins of 32 rows to increase the SNR.
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FIG. 6. (a) Comparison of the raw data (circles) and best fits (black) for three
different bin sizes (32, 16, and 8 rows) at the same radial location for a single Fe
shot. (b) Best fit velocities for a single shot for the three different bin sizes.

1.34 km/s for the 32, 16, and 8 bin sizes, respectively. While this
is significantly lower than our estimated error bars of 4.7 km/s, it
does show an increase in error for smaller bin numbers. The results
in Fig. 6(b) use the differences from the Monte Carlo error calculation as a scaling based on the assumed error for the 32 bin case,
resulting in reported errors of 4.7, 6.1, and 8.9 km/s. Even with
this increased error, there is a good agreement in the flow velocity for these three different bin sizes [Fig. 6(b)]. However, greater
challenges would likely result from this decrease in the SNR when
trying to analyze more detailed Thomson scattering features, such
as the electron temperature. Therefore, future experiments hope to
increase the Thomson scattering signal by using this diagnostic on a
larger current pulser that is currently under development at UCSD,
which will increase the plasma density, and therefore, the amount
of scattering. Plasmas generated from this larger pulser should also
be at higher temperatures, enabling the measurement of the electron
temperature with this diagnostic.
As the primary purpose of this diagnostic is to aid in the study
of shocks, in several of the experiments, we allowed a shock to form
in the plasma flow. This shock was created from a slight standoff
between the anode arm and the wire, as indicated with the cyan
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IV. CONCLUSION
We have presented results from a new free space Thomson
scattering diagnostic, which enables a detailed spatial picture of the
changing plasma conditions. Initial capabilities of this diagnostic
were demonstrated by measuring the outflow velocity from wires of
different materials in an inverse wire array experiment. The diagnostic demonstrated velocity measurements in the range of 20 to
40 km/s, though the measurements of higher velocities could easily
be performed. Challenges in measuring plasma temperature resulted
due to the plasma conditions of these initial experiments. Future
work hopes to use this diagnostic on plasmas with a higher density and temperature to enable the measurement of the electron
temperature.
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circle in Fig. 2(b). This standoff causes a bow shock to form the
anode arm and continue into the diagnostic region. In these experiments, we noticed that the velocity began to decrease at some radius.
The raw data from the spectrometer for one of these types of shots
(Fig. 7) show that the continuum and Thomson scattering intensities increase where the velocity changes. Comparing the Thomson
scattering velocity data and the interferogram (Fig. 8) shows that a
decrease in velocity is at the same point in the interferogram as a tail
of a shock formation from the anode arm. This interferogram was
taken 100 ns after the Thomson scatting diagnostic and the plasma
moved 3 mm in this time; however, the bow shock is formed from
the interaction with the anode arm and its position should not move
significantly in this time frame. This means that a decrease in velocity and an increase in intensity are due to the flow interacting with
this shock. Though not the principal purpose of this study, it does
show that this diagnostic should be useful in future shock studies.

FIG. 8. Interferogram in the top part of figure shows a bow shock coming up from
the anode arm (blue oval). The laser is aligned along the green line. The velocity
begins to decrease after the bow shock.
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