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EXECUTIVE SUMMARY

The U.S. Naval Research Laboratory has developed a method to change the laser spectral width from
a very narrow frequency bandwidth ~3 GHZ at full width half maximum to a range of at least 17 THZ in
frequency bandwidth utilizing a stimulated rotational Raman scattering process (SRRS). The greater than
3 orders of magnitude (5000 times) in spectral range was achieved utilizing propagation in air and taking
advantage of the SRRS response of nitrogen and oxygen. The SRRS process can be enhanced in focal
geometry utilizing elliptical (circular) polarization relative to linear polarization. Seeding higher frequency
Raman (anti-Stokes) transitions of air diatomic molecules can generate measurable light at equivalent lower
frequency Raman (Stokes) transitions. The ability to increase bandwidth for solid state lasers utilizing an
inexpensive medium such as air offers potential to be utilized in laser fusion ignition scale facilities to
mitigate laser plasma instabilities. Mitigation of laser plasma instabilities (LPI) in a controlled manner
offers the opportunity to control the spatial laser power with interaction of multiple laser beams as well as
allow higher coupling (more energy) to various targets that otherwise would be limited without significant
laser modification.

This report presents research conducted by the Laser Plasma Branch in the Plasma Physics Division
including Dr. Matthew F. Wolford (Code 6733), Mr. Jude Kessler (Code 6733), Mr. Ernesto Barraza-
Valdez (Code 6733) and Dr. Stephen P. Obenschain (Laser Fusion X and formerly Code 6730, now retired).

Fig. E1 — Mr. Jude Kessler operating the 10 J Green Nd:Glass Laser
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GREEN STIMULATED ROTATIONAL RAMAN SCATTERING FOR UTILIZATION
IN LASER INERTIAL CONFINEMENT FUSION REACTOR

1. INTRODUCTION

NRL has made progress in generating broad bandwidths utilizing SRRS in air with a modest Nd:Glass
green laser. Stimulated Rotational Raman Scattering is a process of generating broad bandwidth light
utilizing diatomic molecules such as oxygen and nitrogen, the components of air. The applicable concept
for inertial confinement fusion is to use modern ignition scale laser systems (i.e. NIF) of today and add
bandwidth by propagating through inexpensive media, air, with very few additional optics. NRL is
investigating the feasibility of this approach with a 10 J green laser which has a controllable 1-6 ns
pulseshape. NRL has initially examined a method by focusing the laser light in air, which is similar concept
of D. Eimerl work at LLNL [1], to generate the initial seed. One approach is to use a portion of the ICF
laser facility beam line through a focal geometry to generate the broadband light seed and co-propagate
with the remaining laser energy of the large scale ICF laser facility beam lines. Our initial thought is to
utilize green wavelengths to allow utilization of much higher energies (intensities) to mitigate laser plasma
instabilities and reach the desired target. The generated light composed of the anti-Stokes shorter
wavelengths and high frequencies, the pump (initial laser wavelength) and Stokes lines which are generated
at longer wavelengths or smaller frequencies. The Stokes wavelength generation can occur with multiple
orders depending on conditions of the laser pulses utilized and the SRRS media characteristics. The
generated light is at discrete frequencies corresponding to the allowed rotational Raman transitions for the
homonuclear diatomic molecules (N2 & O,) at integers of the Rotational Constant (B) and accounting for
the minor effect of the Centrifugal Distortion Constant (D).

The use of a second laser is an alternative method of generating the SRRS seed for the broadband light to
target. Using a second laser pulse allows control of the broadened laser light as well as substantial
bandwidth generation over shorter path lengths than unseeded. NRL is utilizing a narrow band dye laser to
make SRRS measurements for seeded case in both focal geometries and collinear geometries. In addition
to the importance of laser seed intensity and geometry other outstanding aspects of SRRS generation. One
aspect is the laser beam modulation as the laser beam propagates to verify the laser beam does not add
modulation which could pose risk to downstream optics. Another aspect is the temporal envelope of the
SRRS generated light to see how close it follows the pulse shape of the pump pulse and/or seed pulse which
generated it. The temporal envelope could be examined with a monochrometer backed by a streak camera
for temporal resolution. In addition, examination of circular polarized light seed and pump with one being
clockwise and the other being counter clockwise. The opposite Right and Left handed circular light
propagation shows promise should have the highest gain and reduce the path length and/or intensity
requirements to allow a broader range of viable SRRS conditions to be utilized on the ICF —class facilities.
NRL has recently developed theoretical tools analytical analysis as well as being able to model polarized
broadband light produced by stimulated rotational Raman scattering [2,3].

1.1 SRRS Basics

Stimulated rotational Raman scattering (SRRS) is the stimulated version of the well-known nonlinear
optical process of inelastic photon scattering, whereby an incident photon interacts with a material and a

Manuscript approved February 23, 2024.



2 Wolford

resultant photon of lower or higher energy is formed. The photon shifts lower or higher energy due to the
vibrational-rotational levels available from the interacting material(s). If the photon densities are high as in
a Q-switched laser beam, so that there are many photons per optical mode, the process becomes stimulated.
The stimulated process can also be understood as a purely classical process where light propagates though
a medium whose polarizability oscillates at a natural frequency of the medium. The oscillating polarizability
is proportional to the magnitude of a mechanical oscillation in the medium. An oscillating polarizability
generates the lower (and sometimes the upper) optical sideband of the incident light at a rate that depends
on the magnitude of the mechanical oscillation. At the same time the mechanical oscillations are amplified
by the conversion of light to the sideband frequency. The lower sideband frequency is less than the pump
frequency by the frequency of the mechanical oscillations of the molecule, or equivalently the frequencies
of vibrational-rotational molecular transitions. The frequency shift between the incident beam and the
lower or upper sideband is known as the Raman shift.

SRRS requires an energetic powerful laser (a pump) and a source of light at the lower sideband frequency
(the Stokes beam). The Stokes wave is amplified by the SRRS process throughout the pump laser pulse
duration and overlap between the two waves (pump and Stokes). The Stokes wave can grow to be about
the same magnitude as the pump beam. If no physical source is provided, the source will be quantum noise
at the Stokes frequency or the thermal population of the vibration-rotational levels of the nitrogen molecule.

SRRS in nitrogen gas is well-known in ICF studies. Nitrogen gas is present as a coolant in laser amplifiers.
If nitrogen gas is also present at sufficient partial pressure in the beam-transport tubes from the laser output
aperture to the target chamber vacuum windows, SRRS originating from quantum noise can occur. Energy
is transferred from the (coherent and collimated) laser pulse to amplified quantum noise, which generally
occupies a large solid angle and so it is not focusable on the target. This version of SRRS is therefore a
parasitic process that degrades ICF experiments.

1.2 Potential Impact of Broad Bandwidth Generation for Laser Fusion

Inertial Fusion Energy (IFE) has the potential to provide energy using hydrogen isotopes as fuel and
generating cost effective electricity. Inertial Confinement Fusion (ICF) is the process of generating a single
fusion event in which higher yield is generated than the energy deposited in the fuel. In laser driven ICF,
laser energy is deposited and ablates the fuel target’s outer layer which creates pressure that compress and
heat the fuel until conditions for the Lawson Criteria [4] are reached. Laser driven ICF historically can be
categorized into two concepts: direct drive and indirect drive [5]. Direct drive ICF consists of multiple high-
power laser beams symmetrically shining directly on a target. Indirect drive utilizes a process with lasers
hit cylindrical container (hohlraum) encasing the target. The laser light impinges on to the hohlraum inner
surface and converts into x-rays which interact with the target. Direct drive has the capability of transferring
and coupling more laser energy to the target (4x-6x depending on wavelength [6]) and thus being more
efficient. As opposed to indirect drive which has lower efficiency due to conversion from laser light to x-
rays.

Direct drive lasers due to their short wavelength create an ablation plasma close to the ‘quarter critical
surface.” The high intensity light passes through a lower density region (corona) before reaching the
ablation plasma. The lower density region at high laser intensities can be exposed to scattered light and
electron plasma waves which can initiate some laser-plasma instabilities (LPI). Extensive detailed
examination of laser plasma instabilities can be found elsewhere [7-8]. LPI are processes which grow due
to the feedback nature of the processes strengthening the interaction waves at higher laser intensities and
over longer times at high laser intensities. LPI is detrimental for maximizing the ablation pressure on a
target due to the energy being moved away from the target as well as initiating high energy electrons toward
the target to ‘pre-heat’ and expand the target before the compression shock gets to ignition. Major laser-
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plasma instabilities include two-plasmon-decay (TPD), stimulated Raman scattering (SRS), and cross-beam
energy transfer (CBET) [9]. In the case of TPD, laser energy is converted into two electron plasma waves
with high phase velocity which keeps them stable and doesn’t allow for heating of ions. Therefore in TPD
significant high energy electrons can form in the inertial confinement target and disrupt performance. SRS
is process in which the laser excites and grows an electron plasma wave and another electromagnetic wave
of lower frequency (larger wavelength). This happens near or below the quarter critical density of the
plasma. In SRS high energy electrons are generated as well as light scattered away from the target. CBET
is the process in which a laser beams excite density perturbations called stimulated Brillouin scattering
(SBS) in the plasma and the laser beam is refracted away from the target [10].

There are many concepts to mitigate LPI and improve laser-to-fuel coupling efficiency, such as lowering
the laser wavelength (increasing the photon energy), reducing the laser spatial coherence with induced
spatial incoherence, reducing the laser temporal coherence, increasing the laser bandwidth so that the
intensity diminishes at specific individual frequencies which drive LPIs and temporally vary the interaction
to remove a dominant plasma response [11-15].

Studies have shown that laser driver bandwidth affects the growth of LPIs with larger bandwidth causing
the intensity threshold of LPIs to increase [16-18]. In this memorandum, we focus on increasing the
bandwidth of a laser by using stimulated rotational Raman scattering (SRRS) of air as a way to mitigate
LPIs. SRRS is a fourwave mixing process occurring with air molecules (more specifically homonuclear
diatomic molecules O, and N2) which then converts some of the laser beam energy to a lower frequency
(stokes) or to higher frequency (anti-stokes) [19-20]. SRRS is different than SRS as the former is an
interaction between laser and symmetric molecules (such as air) interacting with rotational quanta and the
latter is an interaction between laser and ionized matter (plasma). SRRS has been studied in many diatomic
gases such as Hy, D2, N2, and O,.

SRRS has been viewed unfavorably because experiments showed it degrades the beam quality when in the
saturated regime [21-22]. In 1985, Henesian et al. conducted one of the earliest SRRS experiments using
the 1.053 um Nova laser beam [21]. Lin et al. conducted both experiments and computational analysis [22].
Both experiments showed that a laser beam can evolve into stokes beams with high divergence and low
beam quality due to being in saturated regime. This would give reason to mitigate SRRS in high energy
solid state laser facilities. However, modern experiments in the transient regime have shown that SRRS can
be used to increase the laser bandwidth to approximately 10 THz to mitigate LPIs [23]. Recent experiments
and analysis on the KrF excimer laser (Nike) at NRL have shown that SRRS can be used to increase the
bandwidth to approximately 5 THz at 248 nm [3, 24-25]. In these studies, the KrF laser was propagated
approximately 100 m with approximately 1 GW/cm? with ISI and showed a widening of the bandwidth,
decrease the coherence time, and little degradation of the overall beam at the focal plane in the transient
regime. The National Ignition Facility (indirect drive) and the OMEGA laser at the University of Rochester
Lab for Laser Energetics (LLE) use Nd:Glass lasers and have a bandwidth of approximately 0.3 and 1 THz
(respectively) due to constraints on the tripled frequency conversion and optical damage. SRRS can provide
a pathway to increase bandwidth up to or beyond 10 THz on these lasers along with excimer lasers. SRRS
processes are under present investigation due to their complex phenomena with differences due to laser
parameters on beam size and other characteristics [26]. Additionally, SRRS has been used in conjunction
with vibrational stimulated Raman scattering and Kerr nonlinearity to produce a good quality laser with
supercontinuum spectrum in a nitrogen filled hollow-core fiber [27].

2. EXPERIMENTAL
Due to the fact NRL has not published nor described in detail the experiments conducted to find critical

parameters for SRRS at green wavelengths, a thorough description of what was done will be here. In
addition, we will discuss experiments and diagnostics which were not fully investigated/utilized. An
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account of experimental challenges will also be mentioned. The sections will be the Laser representing the
two utilized for the green SRRS experiments, including the high energy pump laser (Continuum Project #
17/14979) and 355 nm Nd:YAG pumped dye laser system. The other key experimental components are
the Optical Layout for the experimental deployment used in the research and the Diagnostics to examine
the measurement capability and utilization.

2.1 Laser

Figure 1. Exterior view of the 10 Joule, 527 nanometer, 3 nanosecond high energy pump laser (Continuum Project # 17/14979)
within the NRL facility.

The high energy pump laser (Continuum Project # 17/14979), shown in Figures 1 & 2 is described in detail
elsewhere [28]. Briefly, the laser is initiated with a narrow linewidth fiber laser based on a truly single mode
(NKT Photonics, Koheras Adjustik) with an operational power of 85 mW at 1053.390 nm. The narrow
linewidth fiber laser is then sent to a programmable optical pulse shaper (Kentech Instruments modulator
10 ns) to create the desired temporal characteristics in the injector laser beam. The initial seed pulse is
selected by polarization control for injection into an initial ring cavity. The ring cavity has a 5 mm amplifier
Nd:Glass rod with several pass amplification controlled by Pockel’s cell which has two states. One state
allows continued transmission of the pulse around the ring and the second state kicks the pulse out of the
ring with a polarizer. This particular Pockel’s cell has been the most problematic for the laser due to the
long time on with high voltage creates heat and stress. NRL bought a new component under advisement
from Continuum because other similar designs were challenged with this design. The length of time in the
cavity was adjusted for stable gain measured with a fast photodiode examination through the leakage of a
ring cavity mirror (NRL designed and operated). The stable ejected pulse is amplified by another 5 mm
amplifier before expansion to a 19 mm Nd:Glass rod amplifier. Note the second harmonic generation output
is ~1 J if operating the pair of 5 mm Nd:Glass rods and the 19 mm Nd:Glass rod only. In order to get to the
desired 10 J performance are larger 45 mm rod is required. Prior to the beam getting to the 45 mm laser
amplifier Nd:Glass rod protection from gain going back up the laser system is required. In this case, the
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output of the 19 mm Nd:Glass rod amplifier passes through a Faraday Rotator for protection prior to the
laser beam expansion to 45 mm diameter. The final amplifier is a 45 mm amplifier Nd:Glass rod and a
second harmonic generator with dichroic mirrors follow to produce a clean green output. The specifications
and delivered performance are shown in Table 1.

Figure 2. Interior view of Figure 1. the Continuum Project # 17/14979 Laser (10 J Green Nd:Glass Laser). Pictured in the foreground
is a second harmonic generation mount (box with Laser Beam Do Not Remove sticker) followed by dichroic high reflectors after
output of the 45 mm amplifier. Up from the dichroic mirror pair is the Faraday Rotator after the 19 mm amplifier (black box with
hole to right). Farther up in the picture is part of the ring cavity and the two 5 mm amplifier modules. The 5 mm amplifier module
closest to view is the one utilized in the ring amplifier. Between the two 5 mm amplifier modules a fiber, which housed the fiber
injected laser beam can be seen.

Table 1. Specifications and Delivered Performance of Continuum Project # 17/14979 Laser

Specifications Performance
Wavelength 527nm 527nm
Repetition rate Shot/20min Shot/20min
Energy 10J >10J
Pulsewidth 3ns 1-6ns
Shot to Shot 5% RMS 2.6% RMS
stability
Beam Diameter < 50mm ~40 mm
Spatial profile Flat top Flat top
Divergence 0.5 mrad <0.5 mrad
Long Term Drift <5% (RMS) Over 8 hour 2.7% rms over 8 hours
Timing jitter <100ps RMS 30ps RMS
Pointing Stability <100 micro rads 88 micro rads
Temporal Profile Flat top Flat top
Rise/Fall Time 400/600ps 400/600ps
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Initially, the Continuum Project # 17/14979 Laser had two possible applications, one the aforementioned
SRRS project as well as Thomson scattering for the Nike facility. The rational for the specific requirements
for the purchased laser were as follows. The SRRS experiments require a minimum of 10 J at 527 nm with
linear polarization with a pulse width of 3 ns. Adjustability of the laser pulse width to vary the intensity and
to evaluate surrogate pulse laser shapes for laser inertial confinement fusion was also desired. The 10 J
pulse energy is required to be within a 4 nanoseconds long, this includes the rise time and fall time of the
laser temporal profile (500 ps rise time + 3 ns pulse width + 500 ps fall time = 4 ns) and over a beam
diameter of less than 5 cm to provide the required intensity for SRRS in air. We prefer a shorter rise and
fall time and the ability to maintain constant laser energy with a shorter pulse width. The temporal profile
should be square in nature to provide a constant intensity during the main part of the laser pulse to allow
both SRRS gain evaluation and for the Thomson scattering application. The pulse length needs to be
adjustable for higher intensity required as a diagnostic tool on the Nike laser system due to the need to be
converted to shorter wavelength utilizing additional harmonic generation. The temporal jitter needs to be
less than 100 ps in order for the proposed laser to be accurately timed to the Nike laser system. A controlled
linear polarization is needed to evaluate the polarization dependence of the SRRS process. A single
longitudal mode is required with a laser beam divergence of less than 0.5 mrad (preferable to be <0.12
mrad) with a flat-top profile to be representative to an inertial confinement fusion (ICF) laser. The pointing
stability is required to be less than 50 microrads in order to accurate place the focal distribution in
experiments. The shot to shot stability, or ability for the laser to produce the same pulse energy is less than
5%, so one laser experimental shot and can be easily comparable to another without significant number of
shots. The required duty cycle is a shot every 20 minutes for thermal equilibration and the capability of
acquiring a reasonable number of data shots daily as well as not extending the time between shots on the
Nike laser facility when used for Thomson scattering applications. The delivered performance by
Continuum exceeded the parameter requirements put forth by NRL as requirements for the green SRRS
experiments and Thomson scattering for the Nike facility.

Figure 3. The Continuum Nd:YAG Surelite laser at 355 nm and Continuum Vista laser utilizing Coumarin 500 laser dye
employed within the Naval Research Laboratory.

The other critical laser for the SRRS measurements is a pumped dye laser for narrow linewidth tuning with
extreme wavelength accuracy and precision. In order to generate the dye laser an externally triggered
adjustable repletion rate Surelite Nd:Yag (Continuum) with a pair of harmonic crystals, the first to generate
532 nm and the second crystal to use the generated 532 nm with the fundamental 1064 nm to generate 355
nm. The 532 nm and 1064 nm light is separated with dichroic mirrors. The 355 output is used to pump a
Conitnuum Vista for wavelength flexibility shown in Figure 3 and Figure 4 a, b, & c. For the tuning range
desired for the green SRRS experiments, precise tuning around 527 nm, the laser dye used was Coumarin
500 (C500). The C500 dye exhibits peak energy at 510 nm with a usable wavelength range from 480 nm to
540 nm. The dye laser has a control personal computer (Figure 4 d.) which controls the linear actuator
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grating angle with sub-picometer wavelength precision. The dye laser with Coumarin 500 allowed stable
output over the range of rotational Raman lines available for nitrogen and oxygen with the pump laser
(Continuum Project # 17/14979) at 527 nm. The dye laser has been shown to be very stable over long
durations with steady and reliable output with little maintenance required.

Laser A r
control PC gl Vista Dye
Surelite Nd:YAG Laser
Laser 355nm b. ||

| : : !
5 SpatialFilter g 3
. T'td ing Beam Expander
7 ; il

To beam combiner

Figure 4. Continuum Dye laser system (1). Computer controlled variable wavelength (d). Surelite (Continuum) Nd:YAG laser with
output at the third harmonic, 355nm, supplies energy (b) with dichroic mirrors to separate green and fundamental (c) for Vista Dye
laser operated in the green with Coumarin 500 (a). Multiple 45° mirrors (2) and apertures (3) were utilized before a spatial filter
with a 450 micron aperture (6) in conjunction of 1 meter focal length lenses (5). A periscope (7) for beam height adjustment and
polarization rotation to enter a beam expander composed of a 75 mm focal length lens (8) and a meter length lens (9) eventually
followed by variable aperture (4) and 0° mirror (10) to allow precise control on the beam combiner.

2.2 Optical Layout

Over the course of experimental work on the green SRRS experiments many alternate optical configurations
were utilized. In this section we will provide a subset of configurations as examples as well as nomenclature
to elucidate the experimental work in the results section. All configurations were an attempt to maximize
the intensity length product of the pump laser with an overlap of a seed in some cases using both collinear
and focal geometries. The dye laser utilized a spatial filter [29] and beam expander for some seeded
experiments as shown in Figure 4. The pump laser and seed laser overlap with opposing circular
polarization, which is expected to have the highest SRRS gain is shown in Figure 5. Figure 5 shows overlap
of beam combining using a cube with two orthogonal polarizations which minimizes the loss mechanism
found for laser beam combining. The pump laser utilizes the ‘s-polarized’, the electric field is normal to the
plane of incidence, in reflection to maximize the high intensity pump laser. The dye laser transmits with ‘p-
polarized’, the electric field is along the plane of incidence, light through the beam combining cube which
has greater loss than ‘s-polarized reflection but allows the laser beams to combine. The dye laser seed being
slightly diminished has less experimental impact than diminishing the high intensity pump laser. To initiate
circular polarization a quarter waveplate was utilized, with the circular polarization rotation in opposing
directions originating from the original orientation. The circularly polarized light or linear polarized light
is propagated to the other end of the room to allow sufficient gain of SRRS in self-seeded or seeded
configurations. To increase the signal size of SRRS if the pump laser intensity is insufficient or to allow
the seed laser to be at higher fraction of the pump laser additional path length opportunities were created.
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Figure 6 shows a focal geometry using a pair of eight meter focal length lenses passing back and forth
across the room prior to reaching the induced SRRS diagnostic table. The first eight meter focal length lens
focuses the laser beam and the second eight meter focal length lens allows re-collimation of the laser beam.
In order to make spectral measurements of the high intensity laser beam attenuation of the laser beam was
conducted with a 4% pick-off optic followed by neutral density filters amongst other available attenuation
methods to avoid ‘ghost pick-up’ and maximize the CCD response of the Hyperfine spectrometer. In
addition, the optical layout in Figure 6 can be utilized with linear polarization by removing the last quarter
wave plate prior to propagating towards the induced SRRS diagnostic table.

Dye
Laser
Half [4:—>: polaris )
Waveplates < olarizing beam
bl ¢ cube
Pump IOOOOOOOO
Laser |
Quarter
Waveplate

Fig 5. Seeded beam is formed by combining the S polarized (e) Pump (Continuum Project # 17/14979 Laser) laser reflecting
through and the P polarized ({) variable wavelength dye laser transmitting through a polarizing beam cube. The resulting combined
and cross polarized beam transmits though a quarter wave plate resulting in a predominantly circularly and oppositely rotating
polarized beam.

Seed Laser:
Wavelength
tunable dye

Spectrometer’
(<1pm)

Polarizing beam
% wave plates

\ spitting cube
\ ‘==/ 8 meter focal Hiber-optic input Lens Attenuatipn Calorimeter
length lens 0 p—
- < : - - .

Pump Laser: N §) >N o pickeott

Green 10) Nd:glass 8 meter focal
Tube- clean meter foca
. length lens
air or gas
filled

% wave plate

Figure 6. Diagram of SRRS experimental setup used for focal geometry in both seeded and self-seeded cases utilizing linear,
orthogonal, and circular polarization for seeded and self-seeded SRRS. Propagated beam passes though focus in controlled clean
air tube. Diagnostic measurment geometry for induced SRRS are shown on optical table on right of figure.
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2.3 Diagnostics

The green SRRS experimental laboratory has several diagnostics for measurement including spectral
frequency, intensity, energy, spatial imagining and temporal-spectral response. The spectral diagnostics
include two spectrometers, a high resolution spectrometer, Hyperfine Spectrometer, from Light Machinery
and slightly lower resolution over a larger wavelength span spectrometer, StellarNet, from StellarNet Inc.
The Hyperfine Spectrometer has less than 1 picometer resolution, 5 points per picometer steps, over a 10
nm wavelength band adjustable from 500 nm to 600 nm. For a calibration a broadband white light source
is required. We used a Dolan Jenner Industries Fiber-Lite High Intensity Illuminator Series 180 for the
broadband white light source, which worked very well. In addition, for calibration a narrow bandwidth laser
is required we used a 532.0 nm continuous wave Coherent DPSS 532 Laser. The custom software for the
Hyperfine Spectrometer read the raw image and converted to laser wavelength and intensity. For a larger
range evaluation of the SRRS generated lines a StellarNet HR-NIR4-7 spectrometer was used utilized. The
specifics for the StellarNet spectrometer include 2400 g/mm grating, and 7 nm slit which allowed a range
of 100 nm with 2051 points with a resolution less than 0.05 nm. Timing overlap and pulse shape was
measured with silicon photodiodes (Thorlabs DET 10A). Calorimeters were used to measure the laser
energy. Spatial imaging measurements of the laser beam for evaluation of the shot to shot reproducibility
of the beam spot were made with a gated camera (LA Vision camera [30]). A time resolved streak camera
was also available for this project (Hofstra Group).

3. MEASUREMENTS

Many measurements have been conducted for green SRRS evaluation. In this section we will concentrate
on the most significant findings to generate substantial bandwidth and characteristics of the generated
bandwidth dependent on experimental parameters. Substantial more data was taken at the 0.5-1.0 Joule
energy without operating the final 45 mm Nd:Glass rod of the pump laser. The full energy 10 Joule output
using the 45 mm Nd:Glass rod had a shot rate of every 20 minutes and lower certainty on the shot to shot
reproducibility. Due to operating at lower energy, thus lower intensity, the focal geometry configuration
showed substantial more SRRS signal and was utilized more often.

3.1 Broad Bandwidth Generation

The ability to generate substantial bandwidth, measured with two different spectrometers, with the NRL
laser and configuration is shown in Figure 7. The bandwidth has a range of 17 THz using components of
anti-Stokes rotational lines, the pump laser and significant stokes rotational line generation. The anti-Stokes
rotational line radiation is the wavelength range shorter than the pump wavelength of 526.4 nanometers.
The significant Stokes rotational line radiation is the intensity extending at longer wavelengths than the
pump laser wavelength. The laser configuration for the data was utilizing all the amplifiers of the
Continuum #14979 laser, including the 45 mm Nd:Glass rod amplifier to obtain close to 10 Joules. No seed
or dye laser was utilized to generate the very large bandwidth. A quarter wave plate was utilized to generate
circularly polarized light. An eight meter focal length lens was used to focus the laser beam, which has a
spot size large enough to avoid ionization breakdown. The pulse length was 3 nanoseconds. The light was
collimated and captured into a fiber coupler for the spectrometers. The two spectrometers used to measure
the generated SRRS light co-propagating with the pump laser beam was a Hyprefine spectrometer and
StellarNet spectrometer. As shown in Figure 7 the StellarNet spectrometer captures the entire bandwidth of
light within the observation range of the spectrometer. The shaded part of Figure 7 shows a region where
the data was beyond the ten nanometer window utilized for the Hyperfine spectrometer range. The
StellarNet spectral resolution utilized does not allow the individual rotational lines to be determined.
Whereas the Hyperfine spectrometer can determine individual rotational Raman transition lines. The areas
of increased line density and line intensity measured by the Hyperfine spectrometer correlates well with the
StellarNet spectrometer observable response by binning the line density and line intensity as appropriate.
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In the range outside of the Hyperfine spectrometer measured by the StellarNet spectrometer there is a
significant amount of intensity extending over several nanometers.
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Figure 7. SRRS generated bandwidth of self-seeded circularly polarized though focus using the maximum energy of the pump laser
with the 45 mm Nd:Glass rod. Stellarnet spectrometer (dotted line) shows a range of 17 THZ generated bandwidth that extends
past the 10 nm measurement range of the Hyperfine spectrometer (solid line). The wavelength region outside of the Hyperfine data
region at 534 nm is shaded in grey. The pump laser was at wavelength near 526.4 nm from the measurements using the
spectrometers. The rotational Raman lines at shorter wavelength than the pump are anti-Stokes, whereas the longer wavelengths
relative to the pump wavelength are the Stokes rotational Raman lines.

A more detailed and expanded view of the Hyperfine measured spectrum is shown in Figure 8. Using a
rotational constant (B) for nitrogen of 1.979 cm™ is instructive in line identification in Figure 8. The
rotational constant used for nitrogen is less than the expected value of 1.98950 cm™ [31], but accuracy of
the Hyperfine spectrometer linearity over the region of the nitrogen rotational Raman lines has not been
confirmed, which could account for the discrepancy. The single rotational Raman transition are denoted
with an X position relative to the pump using the rotational constant (B) as 1.979 cm™. The labeling of the
transition such as j=8 represents the J 8-> 10 transition. The shift in frequency for Stokes rotational lines is
2B(2j+3) in wavenumbers (cm™). Note the shift in frequency for anti-Stokes which was omitted from the
Figure 8 for clarity is 2B(2j-1). The X positions have a noticeable signature in the observed spectrum of all
even transitions as expected from j=4 up to j=24. The j=8 and j=10 transitions are among the strongest
measured transitions as expected. In addition we can also see the second Stokes lines marked with O in
Figure 8. These transitions occur at frequencies 2*(2B(2j+3)) where for example j=6, j=6 is twice the shift
of a single j=6 transition. Also the frequencies for the odd j’s of second Stokes in the formula of the previous
sentence are also observed due to the combination of a single transition and another single transition of a
different transition combining as in the j=6, j=8 combination or equivalent j=8, j=6 combination. Also the
frequency of a single second Stokes as in j=10, j=10 is equivalent in frequency shift as j=8, j=12 or j=6,
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j=14 and so on. Therefore the labeling the labeling in Figure 8 is representative of a possible line due to
multiple rotational Raman Stokes lines from nitrogen. In Figure 7 the StellarNet spectrometer showed light
outside of the available rang using the Hyperfine spectrometer most likely indicating third Stokes lines and
possibly fourth Stokes lines or higher were generated using the focal geometry method. We did observe the
8B intercombination line as previously observed by Averbakh [32] and Dixit [33].
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Figure 8. Expanded view and labeling of key transitions form the Hyperfine spectrum shown in Figure 7. Estimate of the rotational
constant (B) for nitrogen in these measurements is 1.979 cm™. The X symbol are the observed lines from a single nitrogen rotational
Raman transition labeling (j=8) as the J=8->10 transition. The O symbol represents line generated by 2 or more combination of
lines, note the frequency of (j=10, j=10) is the same as (j=8, j=12) or (j=12, j=8) and so on. We did not specify all the possibilities
for each multi-photon line.

3.2 Seeded Anti-Stokes

The dye laser was tuned to the exact frequencies measured for the self-seeded rotational Raman lines of
nitrogen to examine amplification in a laser seeded SRRS configuration. Experiments were conducted
utilizing a focal geometry, eight meter focal length lens, with less than 1 Joule of laser energy due to
operation without the 45 mm Nd:Glass amplifier rod. The seed laser beam and the pump laser beam were
circularly polarized one beam clockwise polarization rotation and the other laser beam counter clockwise
polarization rotation, which will define here as counter-circular-polarization-rotation. Both Stokes and anti-
Stokes seeding by the dye laser were investigated. In Figure 9, the integrated counts is a summation of all
the response for a given line width and plotted on a log scale relative to wavelength. The pump laser
wavelength is at 526.4 nm. The Stokes seed provide significant more gain as opposed to ant-Stokes seeding.
Even though the seed was provided at anti-Stokes rotational lines no light was observed at the initial
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wavelength. The anti-Stokes light was completely converted to Stokes light at the same rotational transition
seed. In one case for the Stokes seed at j=8 a small amount of anti-Stokes light was generated. The seeded
case at j=6 was higher than j=10, which was significantly different than the self-seeded case with higher
laser energy shown in Figure 8. The linewidths of the seed laser pump laser and the rotational Raman
transitions in this configuration were measured and shown in Figure 10. The transitions follow the narrower
seed laser as expected due to the expected rotational Raman transition is narrower than the pump laser

linewidth.
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Fig. 9. Observed seeded SRRS growth with variable dye seed laser wavelength set to N, rotational Ramen Stokes lines J=10(A),
J=8(HM), and J=6(4®) and anti-Stokes lines J=10 (A), J=8 (), J=6 (<) with respect to pump laser. The integrated counts is a
summation of all the response for a given line width and plotted on a log scale relative to wavelength.
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Figure 10. The measured linewidth with the Hyperfine spectrometer for seeded SRRS with counter-circular-polarization-rotation
between the pump laser beam and the seed laser beam. The measured transition linewidth is the same as the narrower laser beam

provided due to the rotational Raman transition being extremely narrow.
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3.3 Self-Seeded Circular vs. Linear Polarization
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Figure 11. SRRS response for circularly polarized light shows substantial conversion of the pump laser beam measured with the
StellarNet spectrometer. Whereas in the case of linear polarized light the SRRS generation is limited and the laser energy remains
in the pump beam.

Expectation of greater SRRS gain utilizing circularly polarized light compared to linearly polarized light
has been documented previously [3,20]. Recently a theoretical description of stimulated rotational Raman
scattering of arbitrarily polarized broadband light has been reported [3]. Higher gain of SRRS has many
advantages for applications, such as using on an inertial confinement laser fusion facility, reducing the
intensity or path length required generate a SRRS broad bandwidth spectrum. In addition higher gain will
also shorten the required path length in maintaining SRRS development in the transient regime where the
spatial disruption of the laser beam will be significantly reduced or nearly imperceptible. To examine the
effect of polarization a straightforward experiment with circularly polarized light utilizing the entire output
of the Continuum #14979 laser, including the 45 mm Nd:Glass rod amplifier with a 8 meter focal length
lens as described in broadband generation followed with an experiment without the quarter wave-plate for
linearly polarized light using the same 8 meter focal length lens focal arrangement to generate self-seeded
SRRS. Both spectrometers, StellarNet (Figure 11) and Hyperfine (Figure 12) showed substantial SRRS
generation for the circularly polarized light case and very limited SRRS generation for the linear polarized
case. In the linear polarized case the energy remains at the pump wavelength with a very modest amount of
transition to j=10 single nitrogen rotational Raman line. We have been unable to make a determination of
why the observation of only this generated frequency in the linear polarized self-seeded case. For the case
of circularly polarized light the breadth of the SRRS generated light has higher intensity and over many
more frequencies. There is evidence of light out to 533 nm, which requires multiple SRRS transitions in
order to reach as examined in the Broad Bandwidth Generation section discussed above. The significant
difference is related to two phenomena, exceeding threshold and gain. The threshold is generating the first
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self-seeded photon at a nitrogen rotational Raman transition. The gain is after the initial frequency has been
generated the increase in the number of photons due to having a seed to stimulate the frequency to generate
more photons at the same frequency. Circularly polarized light is advantageous for creating a lower
intensity length product to initiate nitrogen rotational Raman transitions and the required intensity length
product to generate gain.
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Figure 12. The Hyperfine measured response of circularly polarized light creates many single nitrogen rotational Raman lines as
well as lines generated by combining the initial generated SRRS photons. Whereas the linear polarized example shows most of the
light remain in the pump laser frequency with some light generated in the Stokes j=10 transition.

4. MODELING CONSIDERATIONS

Substantial efforts for modeling SRRS accurately has been previously reported [2,3]. Examining the SRRS
with a narrowband green laser light in a focal geometry required some changes. The focal geometry requires
a Talanov Lens transformation [34] and significant implications on Stokes-Anti-Stokes coupling, which
will be briefly discussed in the next subsection. In addition, the laser light described in the measurements
are much coherent than beam smoothing technique of induced spatial incoherence (ISI) envisioned to use
with excimer lasers. We modified an earlier version of NRL’s SRRS code for utilization of one beam on
the University of Rochester Omega Laser facility.

4,1 Talanov Lens Transformation

In order to simulate diverging or converging laser beams significant amount of memory is required unless
a transformation is conducted [35]. A Talanov Lens transformation [34] removes rapid spherical phase
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curvature and allowing simulation of laser beams as if laser beams are collimated [35]. Examination of a
generalized treatment similar to Sziklas & Siegman [36], Suydam [37] and Marburger [38] suggests that
spherical beam convergence does not suppress Stokes-Anti-Stokes coupling. However Stokes-Anti-Stokes
coupling can be suppressed going through a focal geometry as the data in the Measurement section in this
Memorandum as well as the work by Eimerl [1]. Collimated laser beam experiments [39-41] show
parametric suppression due to Stokes-Anit-Stokes coupling. The evaluation of the Eimerl work [1] as well
the present focal geometry experiments need a Talanov Lens transformation [34] or something similar in
order to evaluate with present day available computing [35].

4.2 LLE Omega Example

NRL’s stimulated rotational Raman scattering (SRRS) code was further developed to investigate
implementation of using SRRS on the University of Rochester LLE Omega facility at LLE. This
investigation has included modification of the code with wavelength changes from 248 nm to 351 nm, and
527 nm. In order to change the wavelength in NRL’s SRRS code we determined important optical constants
for the gas media of the SRRS propagation (air) for each wavelength for group velocity dispersion, steady
state nonlinear index of refraction (n,), instantaneous nonlinear index of refraction (n.) and Rayleigh Power
Attenuation shown in Table 2. We conducted studies varying initial bandwidth of both seed laser and pump
laser, angle between the seed laser and pump laser, and varying the frequency of the seed (wavelength).
The initial evaluation showed a minimum 1 Joule seed with compressing the University of Rochester LLE
Omega laser beam diameter from 28 cm to 20 cm at lower frequency shift of 2.280 THz (corresponding to
j=8 for nitrogen) from the center frequency of the University of Rochester LLE Omega laser system
provided the best results over an 18 meter path length. Modifying the University of Rochester LLE Omega
laser system with a quarter wave-plate and providing a circularly polarized light with an oppositely
circularly polarized seed laser provides the greatest conversion to the desired SRRS frequencies. In
addition, we acquired and tested Ver 5.9 GLAD software from Applied Optics Research for comparative
testing for SRRS performance to the NRL code. In conclusion calculations show significant conversion
from the pump frequency to SRRS bands at -6.84 THz, -4.56 THz, -2.28 THz, 2.28 THz, 4.56 THz and
6.84 THz (-6.84 THz and 6.84 THz were significantly lower in intensity) with the bandwidth of the
individual bands directly dependent on the laser bandwidth of the University of Rochester LLE Omega
laser facility entering the 18 meter propagation. The LPSE-CBET simulations indicate that significant
suppression of CBET on University of Rochester LLE Omega will occur with bandwidths above 2 THz,
which appears to be well within the bandwidths attainable with this approach. A sample simulation of the
spectrum of a University of Rochester LLE Omega beam with SRRS-enhanced bandwidth is provided in
Figure 13.

Table 2. Important Optical Constants for Air Used

Laser 1w 2W 3w KrF
Wavelength (hm) | 1052.6 526.3 350.95 248

WL _L (cm) 1.0526 x 10* 5.263 x 10® 3.5095 x 10° 2.48360 x 10°
GVD (ps/mm) | 1.4486 x 107 [42] | 3.4146 x 107 [42] | 6.1 x 107 [42] 1.2 x 10°[42]
Steady state n; 4.2 x 1070 [43] 3.01x10% 5.36 x10™ 9.2166525 x 10
(cm?/GW) [44] (800 nm) [44] (400 nm)

Instantaneous n; | 7.9 x 10™* 7.9x 10" 9.3x10™ 2.6 x10%°
(cm?/GW) [45] (1250 nm) [45] (800 nm) [45] (400 nm)

Rayleigh Power 2.1x10° 3x10° 4x10° 7.5x10°
Attenuation /cm

[46]
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Figure 13: Simulation of the SRRS induced bandwidth of one University of Rochester LLE Omega beam seeded by a 1 J laser
beam with an appropriately shifted wavelength. The University of Rochester LLE Omega beam was reduced in diameter (factor
of two in area) and circularly polarized (e.g. by a quarter wave plate) to increase the SRRS gain.

5. DISCUSSION
5.1 Measurements and Modeling Discrepancies

The SRRS measurements conducted here were in the focal geometry. Attempts of generating SRRS with a
seed or a self-seeded in a collimated laser beam geometry were unsuccessful. The interpretation after
examination of the intensity length product implies another factor contributes to the cause. The Stokes-
Anti-Stokes coupling suppression in the focal geometry as described in the Talanov Lens Transformation
section is instructive on a possible cause. The NRL model used in the section entitled, LLE Omega
Example, was prior to and did not contain the Stokes-Anti-Stokes coupling as in Lehmberg [3]. Parametric
suppression can be significant in a collimated geometry which limits the generation of Stokes rotational
Raman lines. Another consideration is beyond the Stokes-Anti-Stokes coupling is the generated Stokes
radiation vector (k-vector) not being exactly collinear with the pump laser beam. We were hoping the seed
would help guide the gain in directionality, but if self-seeded generated light has higher intensity off-axis
than the seed laser along the travel of the collimated laser beam the Stokes radiation would not reach the
diagnostics. The process could have off-axis cones where the light moves outside the laser beam and in the
experimental measurements would be an additional scattered light component. A dispersion material can
be added to assist the Anti-Stokes k-vector to overlap with a pump laser beam to convert 20% of the pump
light to Anti-Stokes [47]. The off-axis cones or simply not having the Anti-Stokes k-vector stay overlap
with the directionality of the pump laser beam could account for the lack of Anti-Stokes light in our
experiments as well.

Measurements with low intensity sources exhibit clear Anti-Stokes and Stokes nitrogen rotational Raman
light with only small difference intensity between Stokes and Anti-Stokes radiation. At high laser intensities
as exhibited in this work the measured light signal from nitrogen stimulated rotational Raman scattering
processes are dominated by the Stokes radiation at longer wavelengths than the initial pump wavelength.
Figure 7 shows very small amount of Anti-Stokes light compared to Stokes light. In addition, Figure 9
shows experimental results of seeding at an Anti-Stokes line with all the energy going to the Stokes line
directly and no gain in the seeded Anti-Stokes line. The experimental result is significantly different than
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Figure 13 modeling of Anti-Stokes seed in Omega laser beam line with reduced diameter where multiple
orders of Anti-Stokes and Stokes radiation was predicted to occur with near symmetry around the pump
wavelength. Clearly, the Stokes-Anti-Stokes coupling was not accurate in the earlier modeling as exhibited
in Figure 13. Even though corrections to the Stokes-Anti-Stokes coupling has occurred in the model, we
have not tried to reexamine the experimental data presented here. Thus further investigation is warranted
on this topic, especially in finding the appropriate k-vector and dispersion requirements to be co-
propagating with the pump laser beam is critical [47]. Again a difference is the collimated propagation in
the modeling and the focal geometry used in the experiments may have more differences than originally
conceived. Another discrepancy is off resonance seeding outside the available bandwidth of the seed laser
still caused a response to nearby rotational Raman levels which will be published at a later date.

5.2 Broad Bandwidth Generation Additional Considerations

The unique diagnostic capability at NRL to have high resolution for the extended stimulated rotational
Raman transition lines is unique over multiple orders of lines. Lower resolution measurements of multiple
orders has been made previously by others [48]. For line identification, polarization could be used due to
the fact the seed laser and the pump laser can have two different polarization states an example using
circular polarization in opposing directions, shown in Figure 14. The different polarization states could
allow increased confidence in line identification. The process of separating polarization states described is
not straightforward for the circular or version of elliptical polarized light, but would be straightforward with
linear polarization states. The significant broad bandwidth generated may not be all in the transient regime
as intended, where saturation effects could occur. The aspect of saturated transitions that is the most
concerning is significant changes to the spatial profile and hot spots where SRRS is generated in copious
amounts and generate hot spots [49,50]. We do not adequately investigate the effect of the spatial profile
after generation of the broad bandwidth. We were able to propagate the beam a significant distance after
the focal geometry and couple to the diagnostics. We did not notice severe laser beam non-uniformity, but
we do not measure the laser beam profile before and after SRRS generation to the scale required for
adequate evaluation to be used by an ICF/IFE implosion facility.

Circular Polarization
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Stokes (v)
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Figure 14. Schematic on opposing circular polarization generation and output. The pump and 2™ order Anti-Stokes and 2@ Order
Stokes has the same polarization whereas the 15 order Stokes and 1 order Anti-Stokes have the opposing rotation direction.

5.3 Potential Impacts on Laser Plasma Instabilities

The potential benefit impacts of broader bandwidths for laser plasma instabilities have been described
elsewhere [41-53]. Bates et al. [54] examine the effect of using N2 SRRS in LPSE simulations. The results
reported were the SRRS in nitrogen was at least as effective at suppressing cross beam energy transfer
(CBET) as 5 THz (Gaussian) laser bandwidth [54]. The broad bandwidth spectrum generated in Figure 7 is
considerably larger shift and broader spectrum than used in the LPSE simulations. We would expect only
improved performance of mitigating laser plasma instabilities with the larger bandwidth generated
spectrum. The nitrogen SRRS method to generate broad bandwidth is not limited to a specific frequency.
The effectiveness and ability for SRRS in nitrogen is dependent on the parameters shown in Table 2, which
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do change as a function of wavelength. In addition, finding the actual steady state n, and instantaneous n;
at a specific frequency can be a challenge and approximations are used which is less than ideal for accurate
modeling of the SRRS generated in a given condition. Therefore improvement on air parameters at various
wavelengths would be helpful to distinguish if a nitrogen SRRS broad bandwidth generation is plausible at
a given pump laser wavelength for laser plasma instabilities mitigation. A more positive point of view is to
find out what materials need to be added to change dispersion to improve overlap and gain to get the desired
broad bandwidth needed with sufficient SRRS gain and avoid spatiotemporal challenges. Another possible
method of broad bandwidth generation is to use nitrogen SRRS in conjunction with other promising
bandwidth generation processes [55].

6. NEXT STEPS

The suggested next steps have been mentioned throughout the document. We will present a brief list of
critical next steps for ICF/IFE applications using nitrogen (air) SRRS broad bandwidth generated light. The
evaluation of the spatiotemporal dynamics are critical. The present understanding shows there is much
subtle complexity which we have not fully examined [50]. The difference between the modeling and the
measurements need to be refined to get better agreement. Better measurements of the steady state n, and
instantaneous n, for possible laser implosion wavelengths would be a benefit. Improved understanding of
the conditions required for Stokes-Anti-Stokes coupling mitigation would be beneficial. The possibility of
fast ignition or other ultrashort pulse fusion efforts leads one to examine the effect of pulse width on
nitrogen SRRS broad bandwidth generation. Efficient Raman conversion is possible for ultrashort pulses,
which are much shorter than the transverse relaxation time of the medium. Attainment of conversion
efficiencies for Raman with ultrashort pulses need new development to be comparable with nanosecond
range laser pulses [56].

7. CONCLUSIONS

The U.S. Naval Research Laboratory has developed a method to change the laser spectral width from a very
narrow frequency bandwidth ~3 GHZ at full width half maximum to a range of at least 17 THZ in frequency
bandwidth utilizing a stimulated rotational Raman scattering process (SRRS). The greater than 3 orders of
magnitude (5000 times) in spectral range was achieved utilizing propagation in air and taking advantage of
the SRRS response of nitrogen and oxygen. The SRRS process can be enhanced in focal geometry utilizing
elliptical (circular) polarization relative to linear polarization. Seeding higher frequency Raman (anti-
Stokes) transitions of air diatomic molecules can generate measurable light at equivalent lower frequency
Raman (Stokes) transitions. The ability to increase bandwidth for solid state lasers utilizing an inexpensive
medium such as air offers potential to be utilized in laser fusion ignition scale facilities to mitigate laser
plasma instabilities. Mitigation of laser plasma instabilities (LPI) in a controlled manner with broad
bandwidth generation offers the opportunity to increase the parameter space available for successful
ICF/IFE implosions.
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