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In order to increase neutron yield in fusion experiments on the Magnetized Linear Inertial Fusion
(MagLIF) platform, it is important to maximize the energy coupled to the fuel during the laser-
preheat stage. However, laser-energy coupling is limited by laser—plasma instabilities (LPI). In this
regard, the Pecos facility at Sandia National Laboratories uses the Z-beamlet laser to test and study
the effects of LPI on MagLIF-relevant targets. In particular, stimulated Raman scattering (SRS)
is measured in Pecos by using two photo-diodes and a near-beam imager. The measurements from
the photo-diodes are processed using a synthetic spectrum based on a Gaussian model. With this
relatively simple model, the mean wavelength and intensity of backscattered light can be deduced.
Our measurements show similar trends as those given by time-resolved spectrometer data. Hence,
this model provides a simple way to approximate time-resolved spectra for scattered light by SRS.

I. INTRODUCTION

In fusion experiments on the Magnetized Liner Inertial
Fusion (MagLIF) platform, a cylinder of deuterium gas
with a pre-imposed 10 T axial magnetic field is heated
using a 2.5 kJ, 1 TW laser, and magnetically imploded by
a 19 MA, 100 ns rise time current on the Z facility [1, 2].
In order to achieve higher neutron yields in MagLIF, it
is important to maximize the energy delivered from the
Z-beamlet laser to the fuel. However, laser—plasma in-
teractions (LPI) are known to cause a detrimental effect
on laser-energy deposition [3]. A signature of LPI and de-
creased energy deposition is the amount of light backscat-
tered due to stimulated Raman scattering (SRS). Since
part of the incident laser energy is scattered, this reduces
the efficiency of energy deposition to the MagLIF fuel
[3]. Having a quantitive measure of SRS can give better
insight into the plasma conditions and the laser-energy
deposition.

In the Pecos facility at Sandia National Laboratories,
offline experiments are done in order to study the effects
of LPI on MagLIF-relevant targets [3]. Although the
Pecos facility has implemented two photodiodes to mea-
sure stimulated Raman backscatter, the data had not
yet been fully analyzed. In this work, the time-resolved
measurements from the two photo-diodes were processed
using a synthetic spectrum based on a Gaussian model.
From this relatively simple model, we were able to de-
duce the mean wavelength and intensity of the scattered
light. Our measurements show similar trends to data ob-
tained using the time-resolved SRS spectrometer. From
this method, trends seen in synthetic SRS spectra char-
acteristics can give better insight on LPI.

There is still much to be learned from the Pecos diode
data that could give further insight into LPI. In fu-
ture analysis, the NBI data could be incorporated into
the Gaussian model in order to refine our model. This
method can also be used for studying SBS light emission,
as well as X-ray emissions in experiments conducted in

Pecos.

The present paper is organized in the following man-
ner. In Sec. I, the basic theory of SRS will be introduced.
In Sec. III, an introduction to the Pecos experimental
setup is given. Sec. IV provides details on the methods
used to perform the data analysis. In Sec. V, the results
of the analysis are discussed. A conclusion for this work
is given in Sec. VI.

II. BASIC THEORY

In the following, I shall provide a basic overview of
the SRS instability. SRS is produced by the nonlinear
coupling of two electromagnetic waves with an electron
Langmuir wave in a plasma. The frequency and wavevec-
tor matching conditions of SRS are determined by the
following:

w(ko) = wrm(ks) + wr,(k), (1)

ko = ks + k. 2)

Here kg, ks and k are the wavevectors of the incident
light, the scattered light, and the Langmuir wave, re-
spectively. The dispersion relation for the EM wave is

win (k) = *k® + Wi, 3)

where k = |k| and
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is the electron plasma frequency. The electron mass and
charge are represented by m. and e, respectively. The
background density is denoted by n. Similarly, the dis-
persion relation for Langmuir waves is

w? (k) = 3v2k? + w? (5)
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where vt is the thermal velocity. Using the approach in
Ref. [4], when Egs. 1 and 2 are satisfied, then the growth
rate of the scattered light due to the SRS growth is given
by
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where v is the growth rate and v is the oscillatory ve-
locity vos = qAo/me.
Using Eq. (1) and Eq. (4)

ne=nc<1—i—2>2 (7)

is derived. Where n,. is the critical laser density, A is the
wavelength of the incident laser, and A; is the wavelength
of the scattered laser light.

III. PECOS EXPERIMENT PLATFORM

A. General overview of Pecos

The Pecos facility is used to study the laser pre-heating
stage for MagLIF targets. The advantage of performing
offline experiments on Pecos is that the facility allows
for better access for diagnostics to study LPI and other
laser—target interactions. As shown in Fig. 1, the Pecos
chamber utilizes the 526.6 nm Z-beamlet (shown as ZBL)
laser to deliver laser energy to the target. A secondary
laser (the Chaco laser) is used as a back light for diag-
nostics, including shadowgraphs.

(not to scale)

FIG. 1: General schematic of the Pecos facility.

B. SRS diodes

Two diodes are utilized to measure the laser light scat-
tered due to SRS. The diodes are placed next to one an-
other on the backside of the Pecos chamber facing the
scatter plate (see Fig. 2). Both diodes utilize filters to
sample a narrow wavelength band of approximately 600

to 700 nm (see Fig. 3). A thick Schott filter is also used
to drastically reduce the SRS transmission.
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FIG. 2: Schematic of the location of the two SRS diodes.
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FIG. 3: Filter transmittance for each diode as a function of
wavelength.

IV. DATA ANALYSIS

In order to interpret the voltage signals v;(¢) measured
by the SRS diodes, we model the measured signal of the
i-th diode using the expression

Vit) = c / K (\) S (A1) dA (8)

where S(), t) is the time-dependent spectrum of the emit-
ted SRS light and K is the quantum transmittance of the
i-th diode. For our modeling purposes, the SRS spectrum
is described using a simplified Gaussian model

S(\t)=A(t) ef(/\fu(t))Q/U(t)Q’ (9)

where A(t) is the amplitude of the spectrum, pu(t) is the
mean wavelength, and o (t) denotes the width of the spec-
trum. Also, the quantum transmittance is given by

Ki(A) =T (N QE:i (A, (10)



where T'(\) is the total transmittance of the Schott filter
and the long-pass filter located in front of the diodes and
Q); is the quantum efficiency of the i-th diode. As shown
in Eq. (8), the voltage measured by diodes is dependent
on the parameters of the Gaussian model for the SRS
spectrum.

At each time step, voltage data from each diode was
used to solve for A and p while keeping o constant. From
previous spectrometer data, it was found that an approx-
imate mean value o = 10nm for all time was appropriate.
Of course, o is expect to change in time. However, not
enough information was currently present to also solve
for 0. The mean wavelength A and amplitude pu were
solved by minimizing the following:

x@r=y | 28R 0e )

In order to validate the model, I constructed a synthetic
voltage signal created with a curve with known parame-
ters. Then, the algorithm described was used to recreate
the amplitude and wavelength of the synthetic signal.
This test was successful.

A. Voltage Signal Processing

In order to smooth the signal from the SRS diodes, a
Gaussian was fit to the raw voltage responses. Although
this is not a physical representation of a diode response,
fitting a Gaussian to the data allowed for better model re-
sponse and resolution. The fitted Gaussian curves can be
seen in the two red curves in Fig. 4. Both the smoothed
data and the raw data were processed using the algo-
rithm described above. A more in-depth analysis of the
results will be discussed in Sec. V.
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FIG. 4: An image of both diode voltage traces and the cor-
responding confidence window. The red curves depict the
Gaussian fit data. The blue curves depict the raw data.

A confidence window was added to the diode trace to
create a trust region for the model to operate within. The
window is based on a minimum threshold dictated by the
peak diode voltage of the weaker signal and noise level.
Data to the sides of the wings are taken to be within the
noise threshold of the voltage signal. This window can
be seen in the dashed, black lines in Fig. 4.

B. Model Parameters
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FIG. 5: Mean wavelength p(¢) as a function of time.

In the following, we shall apply the model data—
processing model to the SRS diode measurements for
Pecos shot B18050803. In Fig. 5 an, almost linear down-
ward trend can be seen in y inside the confidence window.
The lower error bar is relatively low at the start of the
confidence window and increases in time. This figure was
created using the Gaussian voltage signal. The error bars
were created with an upper bound of o = bnm and lower
bound of ¢ = 10nm centered at o = 10nm.
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FIG. 6: Intensity A(¢) as function of time.

The opposite trend can be seen in the intensity of the
spectra in Fig. 6, using the Gaussian voltage signal. The
intensity begins relatively low and grows exponentially
to the peak value within the confidence window. Also,
take note that the upper error bars increase in time.

C. Model Convergence
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FIG. 7: Varying the initial guess for p does not lead to dif-
ferent results within the confidence window.

One could argue that there could be a possibility that
the minimization of x? in Eq. (11) does not lead to a
unique solution. To show this is not the case, I varied
the initial guess for p. As seen in Fig. 7, the solution
within the trust window does not vary. Hence, it appears
1 converges to an exact solution in the trust window.

D. Model Trends
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FIG. 8: Obtained mean wavelength (x(t)) using the raw diode
data and the fit diode data.

In Fig. 8, one can see p generated using the raw diode
data and the Gaussian fit to the diode data. Both the raw
and fit data follow similar trends within the error win-
dow (see Fig. 5). Outside the error window the smoothed
data follows a continuous trend. However, the raw data
appears to be disrupted by the acquisition noise. These
trends were observed across several Pecos shots using dif-
ferent laser energy, laser entrance hole (LEH) thickness,
pulse length, and gas type and density.
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FIG. 9: Obtained amplitude (A(t)) using the raw diode data
and the fit diode data.

As seen in Fig. 9, similar trends are observed in shape
between the raw and fit intensity. However, one should
not that the fitted data gives higher peak intensities.



These trends were also observed across all analyzed Pecos
shots.

In Figs. 10 and 11, I show the time evolution of
the spectra parameters for multiple shots. The follow-
ing plots compare spectra parameter trends for multiple
shots. In Fig. 10, wavelength is converted to density us-

ing Eq. (7).
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FIG. 10: Comparison of density (ne/n.) for four different
analyzed shots.
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FIG. 11: This is a comparison of changes in intensity (A) for
four different analyzed shots.

V. DISCUSSION
A. Micro-physics of LPI

Using the signal from the diode traces, this anaylsis
produced synthetic Gaussian spectra for SRS. Trends in
both p and A can hint toward plasma conditions. In

Fig. 5, one can see that the wavelength decreased in an
almost linear fashion. From Eqn. Eq. (7), it can be in-
ferred that the plasma electron density also decreased
within the time window. Because the data is not spa-
tially resolved, we do not know the origin of the SRS
signal. However, a decrease in plasma density is consis-
tent with the theoretical physics of LPI. We expect to
see a decrease in plasma density due to thermal expan-
sion. However, it is also possible that the SRS signal is
the consequence of laser filamentation. In which case, we
would also expect a decrease in plasma density.

In previously analyzed spectrograph data, we see sim-
ilar trends in mean wavelength and intensity. The mean
wavelength decreases in the spectrograph data, similar
to the model parameter p (see Fig. 8). It is also seen
that the intensity of the SRS spectra ramps to a peak
value, where the SRS signal is saturated, and then be-
gins to decrease again in time. This behavior is seen in
the intensity of the spectra in the model parameter A.

In Figs. 10 and 11, the trend in mean wavelength (u)
and intensity (A) is compared in multiple shots. The
shots where chosen to vary in laser energy. Also, all
shots use a 1.1 mm distributed—phase plate (DPP) except
B18050803, which uses a .75 mm DPP. One can see that
the density decreases from 7.6 percent critical density to
6 percent critical density on a time scale of roughly 2 ns
across all shots. The model predicts a similar decrease in
plasma density for shots with varying laser energy. This
trend is also apparent in some spectrograph data. How-
ever, a direct comparison for spectrograph data and SRS
diode data of the same shot does not yet exist. The in-
tensities A of the analyzed shots in Fig. 11 share a similar
shape; the intensity increases until saturation and then
decreases to zero. Shot B18050803 and shot B18050704
share similar laser energies. However, the sixty six per-
cent increase in intensity can be explained by the differ-
ence in DPP diameter. The lower diameter phase plate
may cause more filamentation within the plasma giving
rise to a higher SRS signal.

Comparing the model results to time-resolved spectro-
graph data can give further verification of trends seen in
mean wavelength and SRS intensity. The comparison can
also prove the physicality of what is seen in the synthetic
spectra.

B. Analysis of shot trends in Pecos

A shot-to-shot analysis of SRS photo-diode was con-
ducted comparing laser energy and initial gas—fill pres-
sure of deuterium. As shown in Figs. 12 and 13, an in-
crease in laser energy corresponds to an increase in peak
voltage of the SRS diode trace. We see more SRS signal
with higher laser energy. Similarly, we see a direct cor-
relation between the integrated voltage of the smoothed
SRS voltage trace and laser energy. The trend line for in-
tegrated voltage follows the same shape as the trend line
for laser energy, but has a shallower rise. This may be



explained by an increase in peak voltage but a relatively
constant width of the diode voltage trace.
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FIG. 12: The comparison of shot-to-shot trends of laser en-
ergy and peak voltage.
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FIG. 13: The comparison of shot-to-shot trends of laser en-
ergy and integrated voltage.
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FIG. 14: This is a plot comparing the shot-to-shot trends in
the initial fill pressure and the integrated diode trace.

In Fig. 14, a possible trend in integrated voltage may
be seen. However, since all data points are centered
around three fill pressures, we do not have enough in-
formation to confirm this trend. Also, this data is not

separated by LEH window thickness, pulse length or co-
injection. But it is important to note that the shots that
do not incorporate a DPP have a higher SRS signal seen
in the peak voltage and integrated voltage for laser en-
ergy and initial fill pressure.

VI. CONCLUSIONS

Two photo-diodes were used to ascertain synthetic SRS
spectra by utilizing the two different transmission curves
produced by long pass filters. The synthetic SRS spec-
trum was approximated using a simple Gaussian. The
parameters for the Gaussian were solved for by minimiz-
ing the square difference in voltage created by the syn-
thetic SRS spectra and the SRS diode voltage. From
the model, it was observed that the mean wavelength
1 decreased in time within a confidence window. This
decrease in mean wavelength follows the theory behind
plasma conditions, where the density is expected to de-
crease in time due to thermal expansion. It was also
observed that intensity A increased until the SRS sat-
uration point and then decreased back to zero. These
trends were also observed in spectrograph data.

There is still much to be desired from this model in
terms of verification and better characterization of the
synthetic spectra. However, this model gives a baseline
for parameters in the SRS spectra that can tell us use-
ful information about laser—plasma coupling and plasma
conditions. Future applications of this work may include
more data points from the NBI and other Pecos diagnos-
tics to better characterize the synthetic spectra. It may
also be interesting to see this analysis method applied to
SBS and X-Ray diode data.
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