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A single channel sub-nanosecond time-resolved Thomson scattering system used for pulsed
power-driven high energy density plasma measurements has been upgraded to give electron
temperatures at two different times, and from two different angles simultaneously. This
system was used to study plasma jets created from a 15 µm thick radial Al foil load on a
1 MA pulsed power machine. Two laser pulses were generated by splitting the initial 2.3 ns
duration, 10 J, 526.5 nm laser beam into two pulses, each with 2.5 J, and delaying one relative
to the other by between 3 and 14 ns. Time resolution within each pulse was obtained using
a streak camera to record the scattered spectra from the two beams at both angles. Analysis
of the scattering profile showed that the electron temperature of the Al jet increased from
20 eV up to as much as 45 eV within about 2 ns by inverse bremsstrahlung for both laser
pulses. The Thomson scattering results from jets formed with opposite current polarities
showed different laser heating of the electrons, as well as possibly different ion temperatures.
The two-angle scattering determined that the electron density of the plasma jet was at least
2× 1018 cm−3.

I. INTRODUCTION

Thomson scattering is a powerful plasma diagnostic
that can be used to measure multiple plasma proper-
ties simultaneously. In the collective scattering regime,
α ≡ 1/kλDe

>∼ 1, plasma properties that can be measured
include electron temperature, ion temperature, electron
density and flow velocity of the plasma. Here λDe is the
electron Debye length and the wavenumber k is defined
by k = ks − kl, where ks and kl are the scattering and
laser wave vectors, respectively. These types of measure-
ments have often been performed with time resolution
in order to study the evolving plasma properties of laser
produced plasmas.1–3 However, for pulsed power plas-
mas, likely due to the slower time evolution and larger
spatial scales, Thomson scattering is traditionally not
carried out with time resolution.4,5 These plasmas can
also change rapidly over a few nanoseconds, such as dur-
ing pinch time of a Z-pinch.6 Previously we reported the
first sub-ns time-resolved Thomson scattering diagnos-
tic system fielded in a pulsed power-driven high energy
density (HED) plasma using a single laser pulse from a
single scattering angle.7,8 Since total time scales of in-
terest in such experiments can be >10 ns, we have now
split the laser beam into two pulses and time delayed one
relative to the other. Time resolution is achieved within
these two pulses by using a streak camera to record the
Thomson scattering spectra. Furthermore, spectra from
two scattering angles are now multiplexed onto a single
streak camera using optical fibers.9 The collection of scat-
tered light from two different angles was undertaken to
have the possibility of measuring the electron density in
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addition to the electron temperature.10 Scattering from
two different plasma volumes could also be recorded with
this technique. Thus, we now have the capability to fol-
low plasma conditions with sub-ns time resolution at two
times and simultaneously at two angles or two spatial
locations in plasma, the first such capability in pulsed
power-driven HED plasma.

As a test bed for these Thomson scattering diagnostic
system improvements, plasma jets produced from radial
foils5,7,11 were chosen as the load, as they produce re-
producible target plasmas that last for ∼ 100 ns and are
located on the experimental chamber axis. Prior Thom-
son scattering measurements on these jets determined the
flow velocity5 and time-resolved heating of the jet by the
laser through inverse bremsstrahlung.7 The series of ex-
periments discussed in this paper involved measuring the
effect of the direction of current flow in the radial foil on
the plasma jet. Both experiments and theory, in jets with
and without an external magnetic field, have shown that
current polarity affects the formation of the jets, a re-
sult of the Hall term in the generalized Ohm’s law.5,12–15

The experiments reported here showed differences in the
measured electron temperature, and in the widths of the
ion-acoustic peaks, which could indicate differences in the
ion temperature.

II. EXPERIMENTAL ARRANGEMENT

Experiments were performed on the COBRA pulsed
power generator16 at Cornell University operating in the
short pulse mode (100 ns rise time, 1.2 MA peak current).
Data were gathered about 190 ns into the current pulse
(Fig. 1). The load was a 15 µm thick aluminum (Al)
radial foil, with a 5 mm diameter brass center pin.7,15 The
center pin was used as either the anode (Fig. 2b) or the
cathode (i.e., “reverse polarity” and “standard polarity”
respectively).

The Thomson scattering probe is a Nd-YLF laser

http://dx.doi.org/10.1063/1.5034310


2

−50 0 50 100 150 200 250 300
Time (ns)

−0.2

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

Cu
rre

nt
 (M

A)

4794 Current Pulse
Current
Laser

FIG. 1. Current trace showing a typical short pulse and the
timing of the two Thomson scattering laser pulses.
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FIG. 2. (a) Diagram of the k-vectors important for our Thom-
son scattering setup. (b) Depicts the experimental setup with
the current in reverse polarity, and the laser passing through
the jet.

that is frequency doubled to produce a 10 J, 526.5 nm
laser pulse with a full width half maximum (FWHM) of
2.3 ns.5,7 This beam is divided into two temporally sep-
arated, coaligned 2.5 J pulses using the optical arrange-
ment shown and described in Fig. 3. At present, the delay
between the start of the two beams can be changed from
3 ns, effectively making a continuous 6 ns laser pulse, to
about 14 ns. The 35 mm diameter beams are focused
down to 350 µm at 5 mm above the center of the pin
using a 2.5 m focal length lens.
Scattered light was collected from the plasma with

100 µm diameter multimode fibers. These fibers were
set up at 60◦ and 150◦, and imaged the plasma through
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FIG. 3. Diagram of the optics and path used to delay part
of the laser beam. The path length difference, or the time
delay, between paths A and B is controlled by the distance
between the ‘X’ labeled optics and the ‘Y’ labeled optics.
The orange part of the beam indicates that the infrared (IR)
and the green beams are both present. The upper two optics
both allow the IR beam (in red) to pass, thereby separating
it from the frequency doubled green beam. The two beam
dumps collect the unused IR beam and the unused half of the
green beam.
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FIG. 4. The Thomson scattering profiles on the streak camera
at scattering angles of 60◦ (in red) and 150◦ (in green) are
shown for a reverse polarity shot. For all plots in this paper
time zero is the start of the first laser pulse. The increasing
peak separation shows the plasma heating up in time.

a 125 mm focal length lens with a 50 mm diameter. The
lens was 570 mm from the load, resulting in collection at
f/11.7 and a magnification of 0.28. The scattering length
along the laser captured by a fiber was therefore 380 µm.
The fibers from the two scattering angles were set up to
enter the spectrometer at the same height to image both
of them onto the streak camera,9 and had enough sep-
aration so the spectra were clearly resolvable. Sample
Thomson scattering spectra with this fiber setup and a
12 ns delay between laser pulses are shown in Fig. 4.

The spectrometer is a 750 mm Czerny-Turner instru-
ment with a 2400 ℓ/mm grating. The 100 µm fiber diam-
eter acts as the slit width, resulting in a spectral FWHM
of 0.6 Å. Data were recorded using a streak camera with
a sweep speed of either 10 ns or 20 ns, determined by
the delay time between the two laser pulses. A 125 µm
entrance slit width resulted in a possible temporal reso-
lution of 150 or 250 ps, respectively, for the two sweep
speeds. However, a temporal bin size of 25 pixels, used
to increase the signal to noise ratio (SNR), resulted in
temporal resolution of 270 ps and 520 ps, respectively.

III. THOMSON SCATTERING

The experimental ion-acoustic wave spectra are com-
pared to a collisionless theoretical spectral density func-
tion, S(k, ω), with ω being the difference between the
scattered and laser frequency.17 Of specific interest here is
the wavelength separation between the two ion-acoustic
peaks, which can be approximated by17

∆λia ≈ 4

c
λl sin (θ/2)

√
Te

mi

[
Z

1 + k2λ2
De

+
3Ti

Te

]
, (1)

where c is the speed of light, θ is the angle between ks

and kl, Z is the average ionization state, mi is the ion
mass, and Te and Ti are the electron and ion tempera-
tures, respectively. If ZTe > 3Ti then the peak separa-
tion will depend primarily on the electron temperature in
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the k2λ2
De < 1 regime. Therefore, by finding Z, a func-

tion of Te and ne, from a FLYCHK table for Al,18 we can
have a good measure of both Te and Z, which was found
to be between 6 and 9 for the range of Te obtained below.
Each Thomson scattering profile is fit twice, under differ-
ent key assumptions. The first fit assumes that Te = Ti

and that most of the width of the profile is due to ad-
ditional broadening mechanisms to be discussed shortly.
The second fit has no additional broadening but allows
Ti to vary. As Ti is found to be higher than Te when it
is allowed to vary, the first assumption creates an upper
limit for Te and the second a lower limit, as higher Ti

will cause the peaks to be further separated for the same
electron temperature. For most of the fits we also assume
that ne = 5 × 1018 cm−3. For both fitting methods we
use a Monte Carlo technique to calculate error bars.1,7

Factors other than ion temperature that broaden the
ion-acoustic peaks include collisions,19,20 velocity gra-
dients, and turbulence.1,21 To first order these can
be included by convolving S(k, ω) with a Gaussian
function.1,21 Accounting for this additional broadening
often improved the quality of the fit to the central dip in
the spectrum, compared to just varying Ti.

7 At the very
least, we expect ion-ion collisions to affect our Thom-
son scattering profile as kλii, with λii being the colli-
sionial mean free path, is 0.44 when Te = Ti = 50 eV,
ne = 5 × 1018 cm−3, and Z = 8, which puts it in the
intermediate range for collisionality.20

The electron density can be measured from the ion-
acoustic features by collecting from two significantly dif-
ferent wave numbers due to the k2λ2

De dependence in the
peak separation, see Eq. (1).10 Assuming that the den-
sity and temperature are the same for both wave num-
bers, the smaller wave number is used to measure the
electron temperature, and that temperature is used to
find the electron density from the large wave number.
For plasma jets, Te = 50 eV and ne = 5 × 1018 cm−3,
scattering at 60◦ and 150◦ results in k260λ

2
De = 0.0786

and k2150λ
2
De = 0.2934, which is a 10% difference in peak

separation.

IV. RESULTS

A. Reverse Polarity

To compare the degree of laser heating with only 2.5 J
of laser energy to earlier experiments,7 which used 10 J of
laser energy, the first experiments were performed in re-
verse polarity. In the earlier experiments,7 the Al plasma
jet heated from 25 eV up to about 85 eV before cooling
back down at the end of the laser pulse. This heating is
likely due to inverse bremsstrahlung, as discussed in that
work.7 For this reverse polarity setup, the laser pulse sep-
aration was 12 ns. The streaked scattering spectra from
a typical reverse polarity shot is shown in Fig. 4, and the
electron temperatures determined from the spectral pro-
files as a function of time are shown in Fig. 5. Figure 4
shows that early in time the two peaks of each Thom-
son scattering profile separate due to the heating of the
plasma. Figure 5 shows the electron temperature starting
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FIG. 5. The range of electron temperature from the two dif-
ferent fitting techniques for both scattering angles for a typical
reverse polarity experiment. The thick region of each line is
upper bounded by the best fit for Te = Ti assumption, and
lower bounded by the best fit when allowing Ti to vary. The
thin lines express the error bar limits for the corresponding
fits. We see that the plasma heats from about 20 eV up to
between 35-45 eV.

at 20 eV and increasing to about 35-45 eV. As expected,
this is less than earlier experiments with 10 J of laser en-
ergy. Figure 5 also shows that the electron temperature
is again at the initial temperature when the second pulse
arrives. This is due to the jet plasma propagating up
through the scattering volume. Based on a measured ax-
ial velocity for magnetized plasma jets of about 60 km/s,5

the plasma moves a distance of 600 µm during the 10 ns
between pulses. Since the laser spot size is only 350 µm,
an entirely different volume of plasma is probed by the
second pulse.

B. Standard Polarity

Another series of experiments were performed to com-
pare the Thomson scattering spectra based on the current
polarity through the foil, as earlier work, discussed in the
introduction, has shown the current to have a significant
impact on the plasma jet.5,12–15 For these experiments
the time delay between the laser pulses was shortened to
4 ns, in order to probe and heat the same plasma vol-
ume with a nearly continuous laser pulse. The electron
temperature as a function of time for a typical standard
polarity shot (Fig. 6) exhibits an increase from 15 eV up
to 30 - 35 eV, compared with the temperature maximum
of 40-45 eV measured in reverse polarity shots under the
same conditions (Fig. 5).

Another significant difference between the two polar-
ities is the widths of the ion-acoustic peaks. Figure 7
shows that when assuming additional brocading and
Te = Ti, the Gaussian FWHM is substantially smaller for
the standard polarity experiments. This means that ei-
ther the additional factors affecting the ion-acoustic peak
width are more important or Ti is significantly higher
than Te in reverse polarity shots. If the profile width was
solely due to ion temperature it would imply a maximum
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FIG. 6. The electron temperature from the two different view-
ing angles for a typical standard polarity experiment. We see
that there is less measured heating in this experiment than in
reverse polarity, as the electron temperature goes up only to
about 30-35 eV.
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FIG. 7. A comparison of the additional Gaussian FWHM,
when fitting with additional broadening and Te = Ti, between
a reverse polarity shot on the left and a standard polarity
shot on the right. The standard polarity shots tend to have
a smaller width than the reverse polarity shots. The width
difference between viewing angles tends to be constant, and
is likely due to scattering from different k-vectors.

ion temperature of 200 eV for reverse polarity shots and
only 100 eV for standard polarity. The broader peaks
caused the reverse polarity shots to have a larger differ-
ence in Te between the two fitting techniques than stan-
dard polarity, as the higher value of Ti, when Ti ̸= Te, re-
duces the electron temperature. Therefore, though there
is always a difference between the measured heating of
the two jet polarities, it is more extreme if we assume
that the widths of the profiles are due to the additional
broadening instead of ion temperature. Comparing the
time scale of the experiment to the electron-ion energy
collision time, around 10 ns, suggests the two tempera-
tures could be slightly different. Therefore, it is likely
that Te lies somewhere between the two extremes.
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FIG. 8. Comparison of the temperature ratio between the two
viewing angles based on different assumed fitting density for
the first laser pulse of a typical reverse polarity shot. The dif-
ferent colors represent different fitting times within that laser
pulse. T60 and T150 are the measured electron temperatures
at 60◦ and 150◦ respectively.

C. Density Measurements

Although it is, in principle, possible to estimate an
electron density by comparing the measured peak sepa-
ration from two different angles,10 the accuracy of this
measurement technique depends critically on having the
larger kλDe close to 1. For plasma jets we fit the scatter-
ing profiles for both angles assuming a variety of different
plasma densities and then compared the ratio of the mea-
sured temperatures between the two angles assuming a
10% error on each temperature measurement. The ratio
should be unity, as the measured electron temperature
should be the same for the two different angles. Figure 8
shows the results of this comparison for a typical reverse
polarity shot. It is clear that for our laser and plasma pa-
rameters the density does not significantly affect the mea-
sured temperature ratio if it is higher than 1×1019 cm−3.
This is because changes in density do not affect the peak
separation when k2λ2

De << 1 for both scattering angles.
While the data from several shots shows that accurate
density measurements cannot be made since, for most
densities, the error bars for T60/T150 overlap with one,
we do see that the electron density is at least above
2 × 1018 cm−3, which is in agreement with previous in-
terferometry data.22

In order to increase the viability of obtaining a density
estimate, the effect of α on peak separation was consid-
ered. For a given electron density, the region of viable
electron temperatures can be upper bounded by when α
is large enough to be in the collective scattering regime,
and lower bounded by when 1 + k2λ2

De ≈ 1. Figure 9a
shows these bounds for our current scattering setup, as
well as the parameter range where we want to make this
measurement. The upper bound is set by having α > 0.5
for both scattering angles. The lower bound is set by en-
suring that the ratio between the density-dependent term

in the peak separation,
(
1 + k2λ2

De

)−1/2
, is greater than

20%. Figure 9b shows how a possible redesign of the sys-
tem to collect from two different scattering wavelengths
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FIG. 9. (a) Plot of the possible density and temperature
ranges in which the ion-acoustic wave feature in the Thomson
scattering spectrum can be used to find the electron density
when scattering at a wavelength of 526.5 nm at the angles
of 60◦ and 150◦. Measurements should be viable between
the two blue lines, as described in the main text, and the
green dot shows the estimated parameters of the plasma jet.
(b) The same as (a) except two laser wavelengths (526.5 and
263.25 nm) are used at 150◦, showing that two wavelength
scattering could enable the ion-acoustic feature to be used to
measure the density of the plasma jet.

(526.5 and 263.25 nm) at 150◦ would enable measuring
the density from the ion-acoustic waves in the plasma jet.

V. CONCLUSION

We have demonstrated the use of a multi-pulse, multi-
angle, streaked Thomson scattering system to measure
the heating of the electrons by inverse bremsstrahlung
in Al plasma jets. The multi-pulse laser scattering sys-
tem was created by splitting the laser beam and time
delaying one pulse relative to the other, while the multi-
angle capability in a single streak camera was achieved
by a nontraditional coupling scheme between the fibers
and the spectrometer. Reverse polarity jets showed more
heating and wider peaks than similar standard polarity
jets, which implies that the jet plasma properties depend
on the direction of current flow. Electron densities of the
jet were estimated to be at least 2× 1018 cm−3.

The Thomson scattering system described here can ef-
fectively measure plasma properties as a function of time
and space in several high energy density experiments in
our lab, including gas puff z-pinches,8,23 shock structures,
and cylindrical foil lines. Further improvements of the
system, such as splitting the beam into four parts, are
currently being evaluated.
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