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Abstract. A forward stimulated Raman scattering (FSRS) diagnostic was developed

for the 60 beam Omega laser facility to investigate the propagation of an intense

(∼8x1014 W/cm2), frequency doubled Nd:glass laser beam (≤360 J, 527 nm, 1 ns)

through a mm-scale laser-produced plasma. Forward scattered light was measured

with spectral, and temporal resolution using a streaked spectrometer and an absolutely

calibrated photo-multiplier. We present a detailed description of the instrument, the

calibration methods, as well as the first forward Raman scattering measurements

from hot (∼ 2 keV), dense (5.5x1020 cm−3) laser-produced plasmas. These results

are of interest to laser-driven inertial fusion at the National Ignition Facility where

larger plasma scales could potentially lead to higher FSRS gains. In addition,

simultaneous measurements of stimulated forward and backward scattered light present

an unambiguous method for determining plasma density and temperature.
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1. Introduction

Understanding laser-light scattering in large scale-length laser produced plasmas is

important for indirect drive inertial confinement fusion [1]. Stimulated forward Raman

scattering (FSRS) produces energetic electrons in excess of 1 MeV, which can preheat the

fuel capsule and potentially degrade laser-fusion target gain. Forward Raman scattering

is the parametric decay of a laser light wave into a scattered electromagnetic wave and an

electron plasma wave (EPW). Since the process obeys the wavenumber- and frequency-

matching conditions k0 = ks + kepw and ω0 = ωs + ωepw, and all k-vectors point in the

same direction, the Langmuir wave-vector kepw is small. Its phase velocity ωepw/kepw is

large (comparable to the speed of light for ignition conditions) and there are essentially

no electrons to damp the wave.

The gain of Backward Stimulated Raman scattering (SRS), which is the primary

scattering mechanism in laser-fusion hohlraums [2], is very sensitive to the electron

temperature and density because its growth rate is limited by Landau damping. In

contrast, the gain of FSRS is practically independent of the plasma temperature

but depends more critically on density gradients, as the weak wave damping means

the resonance width is very narrow. Previous FSRS measurements in laser-produced

plasmas were performed at the NOVA laser using thin foil targets to minimize density

gradients [3]. In those earlier experiments the total level of FSRS was several orders

of magnitude below the level of backward SRS and was mostly observed at densities

much higher than current target designs for laser-fusion. Here we present results

from a new diagnostic developed for the 60 beam Omega laser facility [4] and forward

Raman scattering measurements from laser-heated gasbag targets which have larger,

more homogeneous plasmas than the thin foil targets. The results reported here use

fusion-relevant laser intensities and plasma densities along with modern beam smoothing

techniques [5]. Significantly higher FSRS levels are found in these plasmas, which

indicates that forward scattering may also be important in laser-fusion experiments

on the National Ignition Facility (NIF).

2. Forward Raman scattering diagnostics

The forward Raman scattering diagnostic described here is an upgrade to a transmitted

laser beam diagnostic for a frequency doubled (2ω, 527 nm) interaction beam [6],

presented earlier [7]. A 3 inch diameter spherical fused silica bare-surface mirror is

positioned inside the target chamber, 23 cm behind the laser-target using a robotic arm

(Fig. 1a). The mirror reflects 4% of the transmitted light over twice the initial f/6.7

cone of the interaction beam through a port window to the detector assembly outside

the vacuum chamber. The uncoated concave front side of the mirror (R=37 cm) reflects

the divergent beam behind the target as a convergent beam towards the chamber port,

producing a focus inside the vacuum chamber and a divergent f/13 beam with a diameter

of 3.8 cm at the port window. The back-side of the mirror has a high-intensity laser
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anti-reflex (AR) coating for 527 nm light to reduce ghosts.

Figure 1. (a) Transmitted and forward Raman scattered light is collected with a high-

damage threshold mirror behind the target and relay imaged to a detector assembly

outside the vacuum chamber. (b) Upshifted FSRS light and transmitted light at the

laser wavelength are separated using a dichroic mirror and measured with absolutely

calibrated photo-multiplier tubes and fiber-coupled streaked spectrometers.

An aspheric lens (f/7.9) outside the chamber relay-images the collection mirror

plane onto Lambertian diffuser plates (SpectralonTM) with a high damage threshold
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(>4 J/cm2) and flat spectral response. Up-shifted light due to stimulated forward

Raman scattering (around 800 nm depending on plasma density and temperature) is

separated from transmitted light at the probe beam wavelength (527 nm) with a dichroic

mirror behind the lens (Fig. 1b). Both the diffuser plate for 2ω light and FSRS light

are viewed with absolutely calibrated, filtered photo-multiplier tubes and fiber-coupled

spectrometers.

SFRS light from the diffuser is collected by a 16 m long 400 µm graded-index fiber

with flat spectral response in the range of interest (Mitsubishi SGLH400E, 5 dB/km

attenuation between 0.5 and 1 µm) and sent to a SPEX 1/4 m spectrometer and streak

camera with S1 cathode. A separate optical fiber from a backward scattering diagnostics

[6] was coupled to the same spectrometer to obtain a simultaneous measurement of both

forward and backward scattered light. The two fiber lengths were adjusted to introduce

a 2.5 ns relative delay between the FSRS and the SRS signals. The spectral and temporal

resolution of the system using a low dispersion 150 lines/mm grating was 1 nm and 50

ps, respectively.

Large area photo-multiplier tubes coupled to a 4.5 GHz oscilloscope were used

to obtain absolutely calibrated measurements of the transmitted light and the forward

scattered light (Hamamatsu R-1328U-51 with S1 cathode for FSRS and R1328U-03 with

S20 cathode for 2ω). A line filter with 5 nm bandwidth (fwhm) was used for the 2ω

detector and a combination of short-pass (SPF950 to block out unconverted laser light

at 1053 nm) and long-pass filters (RG715, RG830 or RG1000 to block out transmitted

light at 527 nm) were used for the forward scattered light detector.

We chose this alignment insensitive design with diffuser plates but reduced light

collection efficiency since no alignment beam at the upshifted wavelength (around 800

nm) was available. Both the detectors for unshifted and upshifted light were aligned

using a continuous wave laser beam at 527 nm and by replacing the dichroic splitter

with an uncoated glass-blank of the same optical thickness.

3. Calibration procedure

Absolute measurements of FSRS light levels and transmitted 2ω levels were performed

with two large aperture photo-multiplier tubes which were calibrated off-line with a

pulsed low-energy laser beam (Continuum MiniLiteTM). The calibration beam (up to

10 mJ in 5 ns at 532 nm) was fired at the diffuser plate and the reflected signal was

measured with the photo-tube, while the absolute beam energy was monitored with a

pyroelectric detector (Molectron J8LP). The incidence and viewing angle, as well as

the beam diameter on the plate, and distance of the photo-tube were chosen such as to

reproduce the actual experimental setup. We integrate the photo-tube signal over the

entire 5 ns pulse to determine an equivalent energy in V· ns. The detector response at

these conditions was measured to be (6.1± 0.2)x10−5 J/(V· ns) at 532 nm. The signal

dependence on angles and distances was also investigated and the measurement was

repeated several times using different setups to determine a combined error bar of 3%.
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Since both the detectors for unshifted light (527 nm) and upshifted FSRS light (∼
800 nm) were absolutely calibrated using the same pulsed laser at 532 nm, we used the

spectral response curves for the photo-tubes provided by the manufacturer to translate

this calibration to the 800 nm range [8]. To obtain an accurate calibration of the forward

scattering detector in the optical system the spectral response of all optical components

(window, dichroic splitter, mirrors, filters etc.) was measured separately between 500

nm and 1000 nm using a solid-state plasma light source with known spectral output and

a grating spectrometer (Fig. 2).
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Figure 2. Measured spectral response of key optical components that contribute to

the absolute sensitivity of the photo-multiplier tube. The measured FSRS spectrum

considering the spectral response of the spectrometer is plotted in arbitrary units for

comparison (solid filled red line, see section 4 for details). The S1-cathode of the photo-

tube shows the largest variation in sensitivity with wavelength, while the aluminum

coated mirrors, the vacuum window, and the long- and short-pass filters are mostly

flat over a broad spectral range. The graph shows absolute transmission or reflectivity

for the optical components while the cathode sensitivity was normalized to 532 nm.

Figure 3(a) shows the overall system response R(λ) for the three long-pulse filter

combinations used in the experiment (i.e. RG715, RG830 and RG830 + RG1000). We

note that R(λ) with the RG715 filter peaks above the laser-line calibration at 532 nm,

since the sensitivity of the S1 cathode increases towards 750 nm. Measuring the photo-

detector signal with different filters for similar laser-plasma conditions and FSRS levels

can thus give a rough estimate of the spectral distribution of the forward scattered light

and can be used to validate the streaked spectrometer data. The actual photo-tube

calibration-factor for a given filter Rfilter was calculated from the known spectrum S(λ)

and the overall system response R(λ) using

Rfilter = 6.1x10−5J/(V ns) ·
∑

λ

S(λ)/
∑

λ

R(λ)S(λ),

where 6.1x10−5 J/(Vns) is the detector sensitivity for a discrete spectrum at 532 nm as
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determined in the pulsed laser calibration. The actual sensitivity of the photo-detector

is therefore R750= 7.1x10−5 J/(V ns) with the RG715 filter, R830=2.4x10−4 J/(V ns)

with the RG830 filter, and R850+1000=1.8x10−2 J/(V ns) with both the RG830 and the

RG1000 installed (Fig. 3(b)).
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Figure 3. (a) Combined system response of the photo-detector including all optical

components for various long pass filters (RG715, RG830, and a combination of RG830

& RG1000) as compared to the actual FSRS spectrum. (b) Convoluted spectrum as

seen by the photo-detector for various long-pass filters in arbitrary units. Since the

actual shape of the spectrum is known the overall sensitivity of the detector including

all optical components can be determined from the calibration at 527 nm to be R715

= 7.1x10−5 J/(V ns) with the RG715 filter, R830= 2.4x10−4 J/(V ns) with the RG830

filter, and R850+1000=1.8x10−2 J/(V ns) using a combination of RG830 and RG1000.

4. Forward Raman scattering measurements in large-scale length plasmas

In experiments on gasbag targets [9, 5] at the Omega laser facility [4], we have measured

considerable levels of FSRS from a high-intensity (8x1014 W/cm2) green (527 nm)

interaction beam propagating through a mm-scale underdense plasma even in the

presence of significant backward SRS.

The mm-size plasma was created by irradiating a 2.4 mm by 2.75 mm gasbag target

[5] with 39 defocused laser beams at 351 nm, delivering a total energy of 10.5 kJ in a

1 ns square pulse. The hydrocarbon gas fill at about 0.87 atm results in a plasma

density around 5.5x1020 cm−3, which corresponds to the current NIF hohlraum design

for frequency doubled light [10, 11]. A 1% argon dopand concentration was added as

spectroscopic tracer. Some of the shots employed a CH-xenon mix with Xe-dopand

concentrations between 3 and 18% (by partial pressure). The plasma temperature

was measured with Thomson scattering to be around 1.8 keV as reported elsewhere

[12]. These measurements confirmed the plasma parameters obtained in the radiation-

hydrodynamic simulations [13] that were used to model the backward SRS from these
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targets.[14] and form the basis for theoretical estimates of the SRSF gain obtained in

this paper.

The 1 ns long frequency-doubled (527 nm) interaction beam had a variable energy

between 20 and 360 J and was spatially smoothed with a distributed phase plate and

by polarization smoothing [15], producing a 0.2 mm focal spot and an average intensity

up to 8x1014 W/cm2. In some of the shots the beam was also temporally smoothed by

spectral dispersion (SSD) by modulating the phase of the seed laser pulse at 1.1 nm

bandwidth (at 1ω) [16].

Figure 4 shows streaked spectra of both forward and backward SRS recorded with

the same spectrometer using two optical fibers with a 2.5 ns delay. Early in the 1 ns

pulse the forward scattered light peaks at 820 nm, while backward scattered light peaks

at 860 nm. This wavelength difference of about 40 nm is consistent with the local plasma

parameters in the gasbag (Te=1.8 keV, ne/nc=5.6%, where nc is the critical density at

351 nm) assuming that forward and backward scattered light originate from the same

spatial location.

The backward SRS gain at early times shows peaks greater than 20 at two scattered

light wavelengths: one at 860 nm from the scattering near the center of the bag and

another at 870nm on the density plateau just inside the blast wave. The phase velocity of

the EPW that back scatters the laser light, vph ∼ 4.2Vte, is small enough that the EPW

is strongly damped (the spatial gain rate is less than the EPW damping rate) but weak

enough that the gain is localized over a length of 0.7 mm or less than 4 speckle lengths.

Thus, with the gain per speckle greater than one, strong backscatter is expected and

measured. The SRSF light at 820 nm has the correct wavelength to be scattered at the

center of the gasbag from a long wavelength EPW such that kλDe . 0.05 and ωepw ≃ ωpe

The phase velocity of the EPW for FSRS, vpf ∼ 15Vte, is so large that Landau damping

is negligible. Only the weak collisional damping, νl = νei/2 remains where νei is the

electron-ion collision frequency. The SRSF gain is obtained from steady-state equations,
(

vgr
∂

∂z
+ νr

)

ar = γ0al, (1)

(

vgl
∂

∂z
+ νl + iκ(z)

)

al = γ0ar, (2)

where γ0 = ωpekl|V0|/
(

4
√

ωlωr

)

is the growth rate for SRSF and κ(z) = k0 − kr − kl

is the phase mismatch between the laser light, the SRSF light, and the EPW. Here,

k0,r =
√

ω2
0,r − ω2

pe/c and kl =
√

ω2
l − ω2

pe/(
√

3Vte). The group velocities of the SRS light

and the EPW satisfy vgrvgl > 0 so only convective growth is possible. In the absence

of spatial gradients, κ = 0 and the scattered light and the EPW grow exponentially as,

ar,l ≃ exp (κ0L) where the spatial growth rate, κ0 = γ0/
√

vgrvgl, and L is the length of

the uniform density. In fact the amount of SRSF is limited by spatial gradients in the

gasbag. The biggest growth occurs at the center of the bag at a local minimum of the

density where the local density gradient, dNe/dz = 0 but d2Ne/dz2 > 0. The theory

for the linear gain coefficient has been obtained [17] in the weak, νl/vgl < |d ln al/dz|
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and strong EPW damping limits, νl/vgl > |d ln al/dz|. Following reference [17], we take

κ(z) = 1
2
κ

′′

z2 at the presumed matching point at z = 0, solve Eq. (2) in the weak

damping limit with the WKB approximation,

Ψ
′′

+ Q(z)Ψ = 0 (3)

Q(z) =

(

(κ
′′

)2z4

4
− κ2

0

)

(4)

where Ψ = ar exp
(

− i
2

∫

dzκ(z)
)

such that Ψ ≃ exp
(

∫ √

Q(z)dz
)

, and find the energy

gain is

Gκ
′′ = 2 log Ψ = 7

γ
3/2
0

(
√

κ′′(vgrvgl)3/4)
. (5)

In the limit of strong damping, we can omit the dal/dz term to find

d

dz
ar =





κ2
0

νl

vgl
+ iκ

′′
z2

2



 ar (6)

and the energy gain,

Gνκ
′′ = 2π

γ2
0

(vgr

√

κ′′νlvgl)
. (7)

In a given physical case, the smaller of these two gains applies. At the matching

surface, κ
′′ ≃ ω2

pe/(ωlvglL
2
2) where L−2

2 = N−1
e d2Ne/dz2. We can find the effective

length over which the SRSF growth occurs by comparing 2κ0 with Gκ
′′ with the result

that Leff ∼ 3.5
√

κ0/κ
′′ ∼ 3.5

√

γ0/ωpe(vgl/vgr)
1/4L2 ∼ 0.04L2 where the numerical

value was obtained for a laser intensity of 1 × 1014W/cm2 and an electron density

of Ne = 5 × 1020cm−3.

From the HYDRA simulations of this plasma [13] we find at 800 ps after the 351 nm

laser heater pulse is incident on the gasbag (about 300 ps into the 527 nm interaction

pulse) that the density scalelength, L2 = 0.14 cm, and the gains Gκ′′ = 5 and Gνκ′′ = 3

for an average laser intensity of 1×1014 W/cm2. The growth occurs over a small region,

Leff ∼ 60 µm that is not resolved by hydrodynamic simulations. A gain of 3 is not

sufficient for the level of SRSF measured in the experiments but, for an average laser

intensity of 4 × 1014 W/cm2 at the center of the gasbag, Gκ′′ ∼ Gνκ
′′ = 13 which

probably is sufficient especially if the laser beam speckles and filamentation are taken

into account. Speckle enhancement of the growth is particularly effective when the entire

gain occurs over a length less than the speckle length, ∼ 200 µm in this case. Note, that

the backward SRS gain for an incident intensity of 4 × 1014W/cm2 or 2 × 1014 W/cm2

at the center of the bag is 80 so much more backward than forward SRS is expected.

Without the loss to SRS backscatter, we estimate from transmission measurements

that 60% of the incident light will reach the middle of the gasbag to drive FSRS. With

the ratio of SRS frequency to incident light frequency of 1.6, we estimate that 60% of

the SRS light will be transmitted through the blast wave. Given that the measured

backscattered SRS is about 10% at and above 4 × 1014W/cm2, the actual loss to the
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incident light is closer to 30% when the energy taken by the EPW is accounted for.

Thus, about 1/2 of the light that reaches the middle of the bag is SRS backscattered

which leaves 30% of the incident light to drive FSRS.
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Figure 4. Streaked spectrum of forward (FSRS) and backward (SRS) Raman

scattered light at 8x1014 W/cm2 Both spectra were combined on the same streaked

spectrometer using optical fibers with different length and thus a relative delay of 2.5

ns between SRS and FSRS. The first 1.5 ns of the data were scaled up in intensity by

a factor of 50 to make the FSRS signal visible which is much smaller than the SRS

signal. At early times the FSRS signal peaks at 820 nm, while the SRS signal peaks

at 860 nm

In these experiments the maximum observed FSRS level was of the order of 0.1

% of the total incident light, with a measured SRS level of 8 %. However, beam

transmission measurements suggest that a significant fraction (∼80-90 %) of both the

up-shifted forward and backward scattered light was absorbed in the high-density blast-

wave originating from the polyimide skin of the gasbag [5, 12]. The actual level of

FSRS light inside the underdense plasma was therefore significantly higher, and close

to 0.5-1%, while the interaction beam intensity driving FSRS was significantly lower

(∼4x1014 W/cm2). Figures 5 and 6 show the variation of the forward scattered energy

with laser intensity and plasma density. We observe a nonlinear increase of FSRS

with beam intensity. The forward scattered light does not depend much on dopand-

concentration or density but decreases slightly with SSD. Plotting the ratio between

forward scattered light and unshifted transmitted light at the laser line (527 nm) reveals

a stronger dependence on density and SSD.
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Figure 5. (a) Fraction of forward scattered energy of the total interaction beam

energy versus beam intensity. We observe a nonlinear increase of FSRS with beam

intensity. The dashed line indicates a linear fit through the origin and the lowest

intensity point at 0.5x1014 W/cm2. The five data points around 4x1014 W/cm2 had

varying Xe-concentrations between 0 and 18% and varying density between 5 and 6.5

nc but similar forward scattering fractions around 0.1%. The two high intensity shots

(8x1014 W/cm2 were performed with 1% argon dopand. Turning on SSD reduces the

FSRS fraction from 0.13 % to 0.08 %. The measured backward Raman scattered

energy is shown for comparison and follows the same trend but is about a factor of

80 higher than the forward scattering level. (b) Ratio between forward scattered light

and transmitted light at the laser line (527 nm) versus beam intensity. The two shots

at 4x1014 W/cm2 that have a higher FSRS energy had slightly larger plasma densities

(n/nc = 6.5%).
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Figure 6. (a) Fraction of forward scattered energy of the total incident beam energy

versus plasma density (in critical density at 351 nm) for similar target parameters and

laser energies (∼ 150 J). (b) Ratio between forward scattered and unshifted transmitted

light versus density. While the measured FSRS level slightly decreases with increasing

density the ratio between forward scattered light and unshifted light increases.
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Figure 7 shows forward scattering signals in arbitrary units recorded with different

long-pass filters but otherwise identical laser-target parameters (i.e. E2ω = 150 J,

n/nc=6%, 1% argon dopand concentration, no SSD) and thus FSRS levels. The raw

signal decreases strongly with increasing cut-off wavelength of the filter since less of the

FSRS spectrum is transmitted to the detector. Applying the appropriate calibration

factor for each filter (Fig. 3) recovers a detector independent FSRS signal, which

is identical for all shot within the error bars (red circles). This is an independent

validation that the FSRS spectrum peaks around 800 nm and that the FSRS energy

sensor measures only forward scattered light.
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Figure 7. FSRS signal (in arbitrary units) for various long-pass filters but identical

laser-target parameters (E2ω = 150 J). The black rectangles show the raw data, which

decreases strongly with cut-off wavelength of the filter. By compensating for the

spectral response of the system, i.e. multiplying the RG830 raw data with R830/R750

= 3.4, and the RG1000 data with R830+1000/R750 = 254 the same relative FSRS level

is reconstructed (red circles), which is an independent validation of the FSRS spectrum

and confirms that the photo-multiplier measures only FSRS light.

5. Conclusion

Using a spectrally and temporally resolved transmitted beam diagnostics we have

measured forward stimulated Raman scattering from a hot long-scale-length laser

produced plasma. The ratio between backward and forward scattered light is of the

order of 80 with a measured level of forward scattered light as high as 0.1% of the probe

beam energy. However, beam transmission measurements reported elsewhere [5] suggest



Stimulated forward Raman scattering in large scale-length laser-produced plasmas 12

that a significant fraction (∼ 80-90%) of the up-shifted forward- and backward scattered

light was absorbed in the high-density blast-wave originating from the gas-bag skin. The

actual level of FSRS inside the under dense plasma was therefore significantly higher,

and closer to 0.5-1%. The shift of the peak wavelengths of FSRS and SRS of around

40 nm is consistent with the local plasma parameters. The results are of interest to

laser-light coupling to ignition hohlraums at the NIF. The plasma-scales at NIF are 3-5

times larger but the FSRS growth rates are similar. While backward SRS is inhibited

in NIF hohlraums by the strong Landau damping when kλD=0.3 and possibly a loss of

resonance when kλD=0.53, forward SRS (kλD=0.1) is practically not damped. The ratio

between FSRS and SRS levels are therefore expected to be higher at NIF than in the

experiments described here. Significant levels of backward SRS are typically observed

in NIF hohlraum experiments [2] but there is currently no measurement of forward SRS

at NIF.

This work performed under the auspices of the U.S. Department of Energy by Lawrence

Livermore National Laboratory under Contract DE-AC52-07NA27344.
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