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We compare previous analytic predictions, Vlasov-Maxwell simulations, and particle-in-cell results

with a new set of comprehensive one and two dimensional particle-in-cell simulations in an effort

to clarify apparent discrepancies between the predictions of different models for the efficiency of

Raman amplification in the wavebreaking regime. We find reasonable agreement between our

particle-in-cell simulations and previous results from Vlasov-Maxwell simulations and analytic

work, suggesting a monotonic decrease in conversion efficiency for increased pump intensities past

the wavebreaking threshold. VC 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4926514]

Backward Raman amplification (BRA) of short laser

pulses in plasmas1 provides a possible method to avoid the in-

tensity limit of the final compression grating in chirped pulse

amplification (CPA) systems.2,3 BRA utilizes the resonant

three-wave interaction between a Langmuir wave (at frequency

xe), a long pump laser (at frequency xa), and a downshifted

short seed laser (at frequency xb ¼ xa � xe) to transfer

energy from the pump to the seed, producing a short intense

pulse. In principle, intensities of 1017 W/cm2 can be reached

for optical-regime beams,4 with up to 4� 1016 W/cm2 (Ref. 5)

demonstrated experimentally.6–17

In addition to the frequency matching (energy conserva-

tion) condition, BRA requires that the wavevectors of the

two lasers and the plasma wave satisfy momentum conserva-

tion: ka ¼ kb þ ke. The efficiency of BRA may be limited

by relativistic nonlinearities,1,4,18–22 spontaneous Raman

scattering,1,4,23–26 Landau damping of the Langmuir

wave,17,19,27–32 wavebreaking,1,4 inverse bremsstrah-

lung,19,29,33,34 and plasma inhomogeneities.35 Of particular

interest for the development of Raman amplification systems

are parameter regimes which provide increased conversion

efficiencies while avoiding instabilities, especially regimes

which are robust to small variations in parameters.36–39

In this note, we consider amplification beyond the wave-

breaking threshold, a limitation on the efficiency of Raman

amplification set by the breakup of the Langmuir wave when

the electron longitudinal quiver velocity exceeds the plasma-

wave phase velocity. Initial study of Raman amplification

predicted that conversion efficiency would increase until the

wavebreaking threshold, after which further increases in

pump intensity would result in rapidly decreasing effi-

ciency.1 More recent particle-in-cell (PIC) simulations have

suggested that a narrow parameter window exists in the

strong wavebreaking regime where amplification efficiency

reaches 35%.40 This is much higher than the efficiencies

expected at those parameters from approximate analytic

results1 (�5%) and later simulations with a Vlasov-Maxwell

code41 (�10%). A high-efficiency region in the strong

wavebreaking regime might allow faster seed growth and

decreased sensitivity to parasitic Raman forward scatter-

ing,41 making operation beyond the wavebreaking threshold

advantageous. A strong motivation therefore exists to accu-

rately characterize the behavior of Raman amplification in

this regime. In view of the discrepancies between predictions

of different models in this potentially useful regime, we use

a PIC code different from that in Ref. 40 to generate a com-

prehensive set of simulations in the wavebreaking regime for

comparison and verification of previous results.

The degree of wavebreaking can be described by

�vea=�vbr, where �vea ¼ Eae=mexac is the normalized longitudi-

nal electron quiver velocity and �vbr ¼ ð2xa=xeÞ�3=2
is the

quiver velocity at the wavebreaking threshold. The wave-

breaking regime is reached for �vea=�vbr > 1. For a plasma

with density 4:5� 1018 cm�3 (ne ¼ 0:0026nc, where nc is

the critical density) and a pump laser with wavelength

800 nm, the corresponding wavebreaking threshold intensity

is 3:5� 1013 W/cm2 and �vbr is 0.004. Under these condi-

tions, the seed wavelength required for phase matching is

843 nm and kekDe ¼ 0:17, where kDe is the Debye length and

ke is the wavenumber of the Langmuir wave.

Some care needs to be taken with calculations of effi-

ciency, due to its importance as a metric and the different

methods which have been used in the literature. The final

energy of the seed laser may be compared to the total energy

in the pump laser, as in Ref. 40

gW ¼
Wseed;f

Wpump;0
; (1)

where W is the total electromagnetic energy in the seed or

pump initially (0) or after the plasma interaction (f). This for-

mula is adequate when the initial energy in the seed is small

compared to the final energy in the seed, but must be

modified when the initial seed is much more intense than the

initial pump to account for the initial seed energy
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gW ¼
Wseed;f �Wseed;0

Wpump;0
: (2)

A second method to calculate efficiency, as used in Ref. 41,

compares the initial pump intensity to the pump intensity at

some specific location behind the seed front

gI ¼
Ipump;f

Ipump;0
: (3)

The above two methods of calculating efficiency will

give slightly different results. First, gI counts all energy that

leaves the pump as converted, whereas gW considers only

energy that arrives in the seed. Since some energy is lost to

the plasma, gI will be higher than gW. Second, as previously

calculated,40,41 gW is an average over the entire interaction,

but gI only compares the initial and final pump intensities at

a single time. If the pump depletion is the same throughout

the entire interaction, this will not make a difference, but

under many conditions, the pump is increasingly depleted as

the seed progresses. A calculation of gI at the end of the sim-

ulation will therefore tend to produce a higher value than

one for gW. Depending on how the calculations are actually

implemented, these two methods may also account for spon-

taneous Raman backscattering differently. In general, gI

will be slightly higher than gW; though for the conditions

presented here, we will show that the difference is small and

does not significantly affect the results.

The new PIC simulations presented in this paper were

run with the code EPOCH in a fixed frame without a moving

window. One dimensional simulations were conducted with

25 cells per wavelength and 16 particles per cell, where

k¼ 800 nm is the pump laser wavelength. The two dimen-

sional simulations used resolutions of Dx=k ¼ 0:1 (longitudi-

nal) and Dy=k ¼ 0:1 (transverse), with one particle per cell.

Unless otherwise noted, the electron temperature was 10 eV,

and ions were always left immobile. The one-dimensional

simulations were conducted in a plasma of length 4 mm, and

the two-dimensional simulations were conducted in a

1.3 mm plasma.

Figure 1(a) compares analytic predictions from Ref. 1

and Vlasov-Maxwell simulations from Ref. 41 with one and

two dimensional PIC simulations conducted with the code

EPOCH. The analytic model predicts that the efficiency

drops with ð�vea=�vbrÞ2, a trend which is closely followed by

the Vlasov-Maxwell results for moderate wavebreaking, and

approximately followed by the PIC results, though both the

Vlasov-Maxwell and PIC simulations suggest higher inten-

sities than the analytic results for these seed intensities in the

strong wavebreaking regime. As a comparison to previous

results,40,41 we have provided both gW and gI for the one

dimensional PIC simulations, though, as shown in Figure 1,

the difference between the two efficiency measures is not

large in the wavebreaking regime. This agreement results

from relatively steady pump depletion in this regime. The

two dimensional result at �vea=�vbr ¼ 7:5 is meant to replicate

the conditions at which 35% efficiency was found in Ref. 40

as closely as possible. Note that due to transverse variation

in pump and probe intensities, the corresponding value of

�vea=�vbr may change depending on whether the centerline in-

tensity (as is done here) or FWHM intensity (Ref. 41) is

used. Here, we have chosen to use the centerline value for

ease of comparison to one-dimensional results and because

of the importance of peak intensity in discussing amplifica-

tion. The initial centerline pump intensity (2� 1015 W/cm2),

seed intensity (2� 1016 W/cm2), and plasma density (4:5
� 1018 cm�3) are the same, though the spatial full-width-

half-maximum (FWHM) of the beam is smaller (140 lm vs

700 lm in Ref. 40). The error bars for the two dimensional

results represent differences in efficiency found depending

on how much of the width of the beam is included in the

calculation.

In Figure 1(b), calculations of gI using one-dimensional

simulations are compared to previous simulations presented

in Fig. 3 of Ref. 40 at varied xa=xe. The initial pump and

seed intensities are 1014 and 1015 W/cm2, respectively. The

two different sets of PIC simulations agree with the previous

analytic and Vlasov-Maxwell results, suggesting that the pre-

vious models have well-captured the fundamental dynamics

of this regime, at least in one dimension. These results are

FIG. 1. Efficiency of Raman amplification in the wavebreaking regime. (a)

Comparison of analytic predication with Vlasov-Maxwell simulations (from

Ref. 41) and 1D and 2D PIC simulations. The one-dimensional simulations

use an initial seed intensity of 1016 W/cm2. The two-dimensional simulations

have an initial centerline seed intensity of 2� 1016 W/cm2. (b) Comparison

of one-dimensional simulations in Ref. 40 (Figure 3(a)) and the current

work, where the initial seed intensity is 1015 W/cm2, the pump intensity is

1014 W/cm2, and xa=xe is varied. The points correspond to xa=xe ¼ 10,

20, and 40. The value of gI from Ref. 40 is estimated from the steady state

value of the depleted pump intensity, extracted from a plot of the pump in-

tensity as a function of distance. (c) Increase in intensity of seed pulse for

one and two dimensional simulations with Ipump;0 ¼ 2� 1015 W/cm2,
�vea=�vbr ¼ 7:5, and Iseed;0 ¼ 2� 1016 W/cm2. The values presented for the

two dimensional simulation are calculated at the centerline.
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somewhat different from those found when the pump inten-

sity is varied instead of the plasma density, due in part to the

different rates at which maximum depletion is reached for

different densities and in part to the lower pump and

seed intensities providing a better match to the analytic

assumptions.

The appropriateness of one-dimensional simulations in

analyzing the first-order behavior of Raman amplification

may be assessed by directly comparing the centerline of a

two dimensional simulation to a one dimensional simulation

under similar conditions. In Figure 1(c), the centerline seed

intensity of the two dimensional PIC simulation correspond-

ing to the point at �vea=�vbr ¼ 7:5 in Figure 1(a) is compared

to a one dimensional PIC simulation at the centerline condi-

tions. The agreement between the one-dimensional and two-

dimensional simulations, which should be worse for narrow

beams and low resolution, suggests that those factors do not

substantially affect the efficiency of Raman amplification in

the wavebreaking regime.

To check against possible sensitivity of the observed

efficiency to small variations in seed or pump intensities, we

used one-dimensional PIC simulations to calculate gI for dif-

ferent initial pump (through �vea=�vbr) and seed intensities

(Figure 2). Although the efficiency increases with seed

intensity, it does not appear that any reasonable increase in

seed intensity can produce 35% efficiency in the strong-

wavebreaking regime. It is not particularly useful to consider

further increases in seed intensity (above 1017 W/cm2) due to

the longitudinal and transverse modulation instabilities that

develop for relativistic seed laser intensities, making BRA

unsuitable for further amplification. At low seed intensities,

the efficiency appears to approach the analytic result, as

would be expected based on the neglect of the seed intensity

in the analytic model.1 The improved efficiency at increased

seed intensity appears similar to the behavior of BRA in the

quasi-transient regime, where the Langmuir wave is Landau

damped,29,33,34 possibly allowing the analytic tools devel-

oped to describe the quasi-transient regime to be applied to

the wavebreaking regime. As higher seed intensities are

employed, we may also approach the regime of super-radiant

amplification by Compton backscattering.42 This regime

occurs when xB > xe, where xB ¼ xa

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2�vea�veb

p
is the elec-

tron bounce frequency associated with the ponderomotive

force in the beat wave of the two lasers for linear polariza-

tion.43 For xa=xe ¼ 20 and initial pump and seed intensities

of 1015 W/cm2, we already have xB ¼ 0:6xe.

Since all of the analysis considered here assumes immo-

bile ions, the plasma is entirely described by electron density

and temperature. The effect of plasma density is well cap-

tured by its inclusion in �vea=�vbr, as shown by Figure 1(b),

where the simple analytic model predicts efficiency variation

for different plasma densities. Figure 3 illustrates the effect

of variation in electron temperature on the Raman amplifica-

tion growth rate of a seed with initial intensity of

1016 W/cm2, in a 1015 W/cm2 pump and 4:5� 1018 cm�3

density plasma, which corresponds to �vea=�vbr ¼ 5:5.

Initially, lower temperatures produce higher growth rates,

but over longer propagation distances, growth at higher tem-

peratures is greater, perhaps, because less of the pump is

depleted by spontaneous Raman scattering. Overall, the

effect of electron temperature is small, causing no more than

a 25% difference in final seed intensity. We note that across

our simulations energy is conserved, with the Manley-Rowe

relations satisfied even for strong wavebreaking, and there is

no significant spontaneous heating of the plasma.

We have extended theoretical analysis of BRA effi-

ciency in the wavebreaking regime using new one- and

two-dimensional PIC simulations. The above results elimi-

nate several possible causes for previous disagreements in

predicted BRA efficiency in the wavebreaking regime, but

have not yet established a definitive explanation for them.

The verification of previous Vlasov-Maxwell41 and analytic1

predictions by the current set of PIC results paints a consist-

ent picture of BRA beyond the wavebreaking threshold in

one dimension, with efficiency decreasing monotonically.

FIG. 2. Efficiency (gI) of Raman amplification for varied seed and pump in-

tensity. The plasma is 4 mm long and has a density of 4:5� 1018 cm�3.
�vea=�vbr is varied by changing pump intensity between 2� 1012 and 5� 1015

W/cm2.

FIG. 3. Effect of initial electron temperature on Raman amplification for

propagation through a 4 mm plasma with an initial pump intensity of

1015 W/cm2. The plasma density is 4:5� 1018 cm�3, and the initial seed in-

tensity is 1016 W/cm2. Inset: the energy of spontaneously Raman backscat-

tered light (ESRS) as a percentage of the incident pump energy for different

plasma electron temperatures.
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Our one-dimensional efficiencies respond predictably to

changing initial seed intensities and are not particularly

sensitive to initial temperature, ruling out the possibility that

small variations in those parameters may cause large

increases in efficiency. Our two-dimensional PIC results

accurately recover our one-dimensional PIC findings, includ-

ing the simulation matched to the physical conditions where

35% efficiency was previously found,40 though we used a

narrower beam waist (by a factor of five) for both the pump

and seed. The discrepancy between previous results is there-

fore not likely to be a simple result of moving from one

dimension to two dimensions. The long Rayleigh range of

the beams in the two-dimensional simulations precludes

simple beam focusing as a cause of different intensity

growth, but does not rule out, for example, self-focusing

effects due to the plasma, which may have been captured

differently by the different beam widths and PIC

implementations.
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