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In this paper, we have examined the possibility of using resonant backward Raman amplification

(BRA) as an efficient mechanism in amplifying the low intensity ultra-short ( fs) pulses using

plasma as intermediate amplifying medium; such pulses are anticipated to get produced in the form

of the secondary sources at ALPS (Attosecond Light Pulse Source) center of ELI (Extreme Light

Infrastructure). In preliminary assessment of the scheme, the analytical expressions for the pump/

seed laser pulses and plasma characteristic features are obtained which concisely describe the parame-

ter regime of resonant BRA applicability in achieving significant amplification. The consistency of

the scheme in the context of ELI-ALPS sources has been validated through particle in cell (PIC)

simulations. The peak intensity of the amplified seed pulse predicted via simulation results is found in

reasonable agreement with the analytical estimates. Utilizing these analytical expressions as a basis in

perspective of ELI-ALPS parameter access, a specific example displaying the key plasma and laser

parameters for amplifying weak seed pulse has been configured; the limitations and conceivable

remedies in resonant BRA implementation have also been highlighted. Published by AIP Publishing.
[http://dx.doi.org/10.1063/1.4960216]

I. INTRODUCTION

The procurement of high-intensity ultra-short radiations

through amplification and compression of the short laser

pulses1–3 is one of the principal focus among the physics

frontiers on account of its wide range of implications towards

science and engineering aspects;4 this includes plasma based

particle acceleration,5 inertial confinement fusion,6 and prac-

tical realization of fundamental atomic state/quantum phys-

ics.7 Apart from the well versed CPA (chirped pulse

amplification) technique1–3 available for the generation of

short-intense pulses, backward Raman amplifiers (BRAmp)

have theoretically been presented8–13 and further have experi-

mentally14–23 been verified as a significant contrivance to

achieve the un-focused laser intensities up to relativistic

regime. The plasma in this course is specified as appropriate

amplifying medium which can tolerate and mediate much

larger fluence than any usual material grating. The scheme of

backward Raman amplification (BRA) is based on the con-

cept of stimulated Raman scattering where the small signal

with stokes frequency along with pump gets amplified keep-

ing all the features of input signal intact. From the application

perspective, BRA scheme exploits the notion of resonant

energy transfer from large energy pump pulse to short Raman

down-shifted seed pulse in counter streaming geometry via

electrostatic Langmuir plasma waves.8 In this process, the

seed pulse captures much higher energy from the pump effec-

tively in shorter duration and may also lead to the compres-

sion of the seed pulse.10 The efficiency of the resonant BRA

is restricted by nonlinear effects associated with plasma

perturbations invoked at relativistic laser intensities; the

nonlinear processes may include amplified pulse filamenta-

tion,8 relativistic detuning,24,25 parasitic forward Raman scat-

tering,8 pulse depletion/plasma heating through inverse

bremsstrahlung,10 Langmuir wave Landau damping26–28 or

breaking,9 and others.29–32 Most of these venomous processes

can be handled by reasonable and cautious choices of laser

and plasma parameters.33 In recent years, numerous theoreti-

cal/analytical/simulation and consequent experimental8–28

studies have been discerned in order to overcome with these

nonlinear effects and optimize the efficiency of amplified

seed pulse. One of the noticeable outcomes is the experimen-

tal verification of the suppression of deleterious Raman insta-

bility of the pump to noise ratio via appropriate detuning of

the three wave resonance by implementing the pump fre-

quency chirp or plasma density gradient.9,21 From the litera-

ture, it is fairly evident that the resonant BRAmp can be

utilized an efficient tool to achieve the robust laser intensities,

and in this present study, we apply this aspect in examining

its significance in amplifying the low energy ultra-short (sub-

femto second) pulses. Such weak ultra-short pulses are antici-

pated to be produced in second phase campaign at Extreme

Light Infrastructure-Attosecond Light Pulse Source (ELI-

ALPS) as secondary sources.34–37

II. ANALYTICAL EXPRESSIONS FOR RESONANT BRA

BRA mechanism eventually refers to the light and

plasma wave coupling where the seed pulse with a down-

shifted frequency is nourished by significant energy transfer

from a high energetic pump pulse through an excited plasma

wave, by the virtue of the three wave interaction process.

The resonant condition, in order to achieve significanta)Electronic addresses: nishfeb@gmail.com and alexanderandreev72@yahoo.com
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amplification, using the conservation of momentum and

energy, can be written as

k0  k1 ¼ k2 and x0 ¼ x1 þ x2; (1)

where kj and xjð¼ 2pc=kjÞ refer the wave vector (in

medium) and the frequency associated with interacting

waves, c is the speed of light, while kj indicates the wave-

length; the subscripts j, i.e., 0, 1, and 2, correspond to the

pump, seed, and plasma parameters, respectively. The first

identity is the vector sum of the wave numbers for counter

streaming pulses (k0 and k1 are in the opposite directions)

and plasma wave (k2) during amplification, while the second

identity refers the frequency match between the pump, seed,

and plasma wave.

Resonant BRA is a consequence of three wave decay

process where the pump loses its energy to the counter prop-

agating seed and the plasma wave. The resonant Langmuir

(L-) plasma wave is characterized by the dispersion relation

x2
2 ¼ x2

p þ t2thk
2
2, where tth refers to thermal speed of elec-

trons and xp is the plasma frequency corresponding to

plasma slab with electron density ne. Considering that the

plasma is not too hot (i.e., k2tth  xp), this relation simply

reduces to x2  xp ¼ ð4pnee2=meÞ1=2, where e and me cor-

respond to the electronic charge and mass, respectively; for

analytical practice, this simplified relation is safely applica-

ble as far as the electron temperature Te  0:01mec
2

 5 keV. The propagation of pump and seed laser pulses in

the plasma is specified by dispersion relation x2
0;1 ¼ x2

p

þc2k20;1; in this configuration, the critical plasma density cor-

responds to downshifted seed pulse and can be written as

ncr ¼ ðmex2
1=4pe

2Þ. It is well understood from the earlier

investigations that the backward Raman amplification

process holds efficiently in the under critical plasma regime.

We use a recent work by Malkin and Fisch38 to obtain the

expressions in order to scale and estimate the features of out-

put signal and necessary physical properties of the BRAmp;

their analysis for the amplification of short (ps) pulses

takes account of simple analytical estimates based on slowly

varying envelope approximation (svea). Prior to proceed fur-

ther in the analysis, it is customary to refine the validity of

svea in the context of ultra-short (fs) pulses. Svea in time

domain states that the variation in amplitude can be consid-

ered to be small enough over a time period of oscillation;

empirically, svea can be expressed as @2
t A  x@tA ) slðasÞ

 ð1=2ÞkðnmÞ, where sl refers the time scale of intensity

variation. From analysis perspective, sl can be taken as

so=10, where so refers fwhm of the pulse. Hence, the

inequality should read as soðasÞ  5kðnmÞ and straightaway

predicts that svea is well applicable for the shorter wave-

lengths but longer pulses. For a particular example, say, for

k  1 nm, svea is valid only if so  5 as or reasonably perti-

nent for an 20 as pulse; this statement affirms that the

applicability of analytical expressions may also be extended

to ultra-short (fs-as) regime with a cautious choice of pulse

features.

In the three wave interaction process, the excited

Langmuir (L) plasma wave procures the fraction ðx2=x0Þ of

the energy from the laser pump. If any damping loss from

the L-wave is ignored during the energy acquisition from the

pump and its transfer to the seed pulse, the sustenance of

L-wave is limited ideally by the wave breaking phenomenon,

which occurs when the electron gains quiver velocity larger

than the phase velocity of the L-wave. Hence, the peak inten-

sity of the pump corresponding to the L-wave breaking

threshold can be given by Ibr ¼ ðne=ncrÞ3=2ð4x1x0=c
2k22ÞIM,

where IM  ðncrmec
3=16Þ. It should also be mentioned that

the L-wave breaking is avoidable below the threshold pump

power (I0 < Ibr) and thus we confine our analysis in this par-

ticular regime where the hydrodynamic/fluid description is

pertinent. The pump laser in extreme ultraviolet (XUV) spec-

tral regime may correspond to typical solid state plasma den-

sity, and in order to achieve efficient BRA, the absorption of

the pump pulse energy via inverse bremsstrahlung (electron-

ion collisions) during amplification should be minimized;

this criteria may pose a minimal condition on the plausible

length of the amplifying plasma channel and algebraically

can be expressed as l < c=ib  ðx2
0=x

2
2Þðc=eÞ, where e is

the effective collision frequency of electrons in the plasma.

In linear regime of resonant BRA process where the pump

pulse depletion is negligible, the largest possible linear

growth rate of the seed pulse corresponding to the Stokes

wave can be written as38 c0  ðx1=x0Þ½ðx0x2=32Þ
ðI0=IMÞ1=2s1. It can evidently be noticed from the expres-

sion of growth rate that in case ne  ncr , below wave break-

ing threshold c0 is much smaller than the plasma frequency,

i.e., c0  x2  xp. As the pump pulse (relatively longer)

encounters with the shorter and weaker backward propagat-

ing seed pulse, in the linear regime the seed pulse fed by

intermediate L-plasma wave and its amplitude grows expo-

nentially.38 It infers that the amplitude maximum of the

amplified seed pulse propagates with speed c/2, while front
moves with light speed c and hence in the linear regime

the seed pulse displays broadening. In the pump depletion

regime, the growth is no longer exponential but much slower

and thus the number of exponentiations occurred in seed

pulse during the amplification time remains roughly the

same, viz., K0  2c0
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðt zM=cÞt

p
, where zM refers the posi-

tion of seed pulse intensity maximum in amplification. In

order to achieve significant amplification of the seed pulse,

the value of K0 should be chosen such that it could

completely superimposed with L-wave plasma noise expo-

nentiations (Kp) during amplification,38 i.e., K0 < Kp, where

Kp  ð1=2Þlnð2k20I0x2=Tec20Þ and Te is plasma temperature.

The maximum amplitude achieved by the seed pulse (i.e.,

leading spike) in this case can be approximated as I1  8I0
ðc20t2=K2

0Þ with the duration Dt1  ðK0=c20tÞ. The value of K0

also yields a notion of initial seed features (intensity/width)

as it ultimately leads to the pulse amplification. A relation

between the initial seed intensity (I1o), initial pulse width

(Dt1o) and K0 can be read as38 I1oDt21o  IMð256pK0Þ
ðx0=x1Þ2 expð2K0Þ=ðx0x2Þ; this expression infers that for

two known parameters out of three (i.e., I1o;Dt1o;K0), a

plausible value of third one can be obtained. Further, if the

seed is amplified up to relativistic intensities, the growth of

the seed pulse eventually in the depletion region is restricted

by relativistic nonlinearity created by the leading spike of
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the seed pulse.38 This causes a finite phase change (do) dur-
ing the wave interaction and the large variation in phase may

lead a change in the energy transfer rate/direction during the

wave interaction (pump to seed or vice versa). Thus, the

amplification time (or plasma length) should be kept short

enough to avoid such a large phase change in relativistic

regime, viz., below the maximum amplification time tM
and can be written as t < tM  ð1=x2Þ½3doð16K0IM=I0Þ2
ðx0=x1Þ1=3. The maximum achievable duration of the lead-

ing spike of the seed can thus be given by

Dt1  ðK0=c
2
0tÞ > Dt1m

 ðx0=x1Þ2ð4=x0Þ½ð2K0IM=3doI0Þðx1=x0Þ1=3: (2)

Corresponding fluence can be written as w1  ðI1Dt1Þ < w1m

 ð64IM=x2Þ½ð3doI0=2K0IMÞðx0=x1Þ1=3.
This refers to the largest achievable intensity as

I1 < I1m  ðw1m=Dt1mÞ
 ðx1=x0Þ2ð16IMx0=x2Þ½ð3doI0=2K0IMÞðx0=x1Þ2=3:

(3)

The largest output pulse fluences and intensities are achieved

in the plasma of lowest possible density still in the hydrody-

namic limit, namely, wave-breaking density, i.e., x2  x1

ðc2k22I0=4x1x0IMÞ1=3. Maximizing the above expressions

over the plasma density at wave breaking density, the maxi-

mum achievable intensity can be put as follows:

Imax  16ðI2MI0Þ1=3ð3dox1=ck2K0Þ2=3: (4)

The above expressions are applicable to the under critical

plasma regime with moderate plasma density. It should also

be noted here that in the strongly under critical regime of the

plasma (ne  ncr), ck2  2x0 and the expressions for maxi-

mum fluence and the intensity reduces to the expressions as

obtained in Ref. 38.

Another concern with resonant BRA is the premature

Raman backscattering where the plasma noise grows slower

in comparison to the pump perturbations; this might prema-

turely deplete the pump energy much earlier to seed encoun-

ter and inhibit significant coupling between the pump and

the seed pulse. In order to avoid premature backscattering

and ensure the maximum amplification of the seed pulse,

detuning of the Raman resonance is an effective tool which

suppresses the unwanted-nonresonant exponentiations of the

linear Raman growth;9 the detuning process is usually

accomplished via a frequency chirping of the pump pulse or

by creating a finite density gradient of the amplifying plasma

medium. Thermal agitation of the plasma due to intense

lasers may also give rise to Landau damping of the L-waves
and certainly may inhibit the significant energy transfer to

the seed pulse. To prevent the amplification from this delete-

rious effect, the thermal electron velocity (corresponding to

plasma temperature) should be kept much smaller than that

of L-wave phase velocity, viz., Te  ðmec
2=4Þðx2

2=x
2
0Þ

 TM. The above expressions (Eqs. (2)–(4)) and the physics

constraints can be utilized to configure an appropriate set of

laser/plasma parameters for the experimental campaign in

order to achieve significant amplification/compression of the

seed pulse; a particular example, taking specific pump/seed

pulse and consistent plasma parameters relevant to ELI-

ALPS infrastructure, has been discussed in Sec. III.

III. PARAMETRIC CONFIGURATION FOR RESONANT
BRA REALIZATION AT ELI-ALPS FACILITY

We utilize the physical expressions obtained in Sec. II

to establish a parameter regime where the efficient amplifica-

tion of the low intensity ultra-short pulses anticipated at

ELI-ALPS through secondary sources could be achieved. It

is clear from the above discussion that the primary laser

parameters at ELI-ALPS facility are not consistent to use it

as pump in BRA processing for secondary sources (seed

pulse); an alternative pump source could be the free electron

lasers (FEL) which can efficiently be produced by using PW
lasers. The lasers which will be installed as primary sources

at ELI-ALPS facility,34–37 can be used for efficient electron

bunch acceleration (I0  1021W/cm2, i.e., a0  21,

k  800 nm) and refers to the energy gain by a single elec-

tron 10MeV. The electron bunch with this energy equiva-

lence can be used as electron source for the preliminary

injection to the undulators in FEL; this is in well resem-

blance with the typical energy gained by electron bunch in

RF gun operation stage (5MeV) used in standard

FEL.39–41 In particular, the output pulse of FEL of the Fermi

light source41 is specified by the spectral range 20–100 nm,

peak power 10GW, and the pulse length 30–100 fs over

the spot size 140–290 lm which corresponds to the inten-

sity 1013W/cm2. Such FEL infrastructure can be developed

using the present setup available at ELI-ALPS and can be

used as a pump laser source for BRAmp. In order to meet the

user’s requirement, the focal spot of the output photon beam

needs to be optimized. The total reflective optics in

Kirkpatrick–Baez (K–B) geometry, which combines a pair of

grazing-incident mirrors in an orthogonal arrangement,42–44

seems to be the most promising technology in achieving high

efficiency with a broad spectral acceptance. A system likewise

can be adopted to optimize the focal spot and intensify the

pulse; thus, one can speculate that with the proper technologi-

cal adjustment, the anticipated FEL pump pulse can further be

compressed spatially to a lm size spot and thus the intensi-

ties of the order of 1018W/cm2 can be achieved. A feasible

schematic of BRAmp setup, consistent with ELI-ALPS

parameter access, has been illustrated in Fig. 1.

The thickness of the plasma layer required as amplifying

medium in the present context, which should be of the order

of half of the pump pulse duration (10s lm), raises another

concern in pursuing this scheme, viz., the generation of such

thin plasma layers of the order of solid density. Such thin

plasma layers are presumed to be generated via illuminating

the target surface through the long duration intense laser

pulses;20,45 for example, 100 lm width plasma of nearly

solid density (1022cm3, 100 eV) has experimentally45

been obtained. With the similar assessment, in a recent work,

Sadler et al.46 have argued the use of high density

(5 1022 cm3, 200 eV) thin CH plasma slab (40 lm).
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Thus, with this notion, similar arrangement can be proposed

to generate such plasma layers using ELI-ALPS laser; of

course, the technological implementation is a challenging

task as the plasma becomes inhomogeneous at the surface

for such short scale lengths. As the high intensity pump pulse

enters in this plasma slab, the plasma temperature may get

raise and may be crucial to BRA process as it leads to pulse

filamentation. The plasma temperature can be estimated by

using the balance of the energy gained by plasma electrons

due to laser heating and conductive loss through the slab; in

the steady state, this can be expressed as J:E  r:ðverTeÞ,
where J is the plasma current density, E is the laser pulse

electric field, and ve ¼ ð5k2bneTe=meeÞ and eð¼ 3:7ne lnK=
T3=2
e Þ refer thermal conductivity and effective electron colli-

sion frequency, respectively. Assuming uniform temperature,

the energy balance of electrons in the plasma can be written

as J:E  neea
2
0ðmec

2Þ  ðveTe=l2Þ; thus, Te  ½lð3:7ne lnKÞ
ða0mec=kbÞ2=5. This expression predicts that the plasma tem-

perature in general increases with the increase in plasma den-

sity (ne), slab width (l), and laser pulse intensity. In reference

to this temperature, the characteristic length47 of the thermal

filamentation of the laser pulses can be written as lf il=k0
 8ðx2

0=x
2
2Þðt2t =a20c2Þ and should be much larger than the

amplifying medium in order to avoid the thermal filamenta-

tion of constituent laser pulses.

As discussed earlier, we will use quasi-FEL source to

perform this particular assessment; for example, the pump

may be specified with intensity I0  1017 W=cm2 (k0
 40 nm). A plausible preliminary laser parameter for the

ultra-short seed pulse (k1  60 nm), viz., the pulse length

and energy, has been taken from Refs. 34–37. In consistency

with svea, we take s1  1 fs seed pulse into account to com-

mence further parametric configuration. The specific pump

and seed pulse parameters used for illustration are listed in

top two panels of Table I. The plasma density, consistent

with the resonant BRA condition (Eq. (1)), is found to

acquire a moderate value (ne  ncr=4) because such a plasma

has been revealed to be advantageous for the seed amplifica-

tion/compression.13 The pump intensity taken herein is well

below the L-wave breaking threshold intensity (I0
 Ibr=122). For this case, the seed pulse may acquire the sig-

nificant linear growth rate c0  1:5 1014 s1. The maxi-

mum amplification of the output seed pulse amplitude is

determined by the numbers of seed pulse exponentiations K0

in the amplifying plasma. For the initial seed pulse features

(pulse width/intensity) consistent with parameter access ELI-

ALPS facility, one gets K0  8. For the pump laser and

plasma parameters in the present case, one gets Te  1:5 keV
and corresponds to the L-wave noise exponentiations

Kp  11; this value of Kp is slightly higher than K0 and con-

sistent with the obligation of significant overlapping of seed

and L-wave to achieve prominent amplification. Further, in

sake of the convenience, a plausible value relativistic nonlin-

ear phase shift do ¼ 1, compliant to tolerable nonlinear

phase detuning of the resonance,38 is taken for further para-

metric evaluation. In reference to Eq. (4), the maximum

intensity achieved by the seed pulse after amplification in the

resonant case is I1m  1019 W=cm2. Subsequently, the short-

est achievable duration of the leading spike in the output

seed pulse can be expressed by Eq. (2) as dts  Dt1m
 2:2 fs. It is instructive to note here that the typical pulse

width of the secondary sources at ELI-ALPS facility is antic-

ipated to be of the order of (10 as–1 fs); thus, the pulse

compression is little difficult in the parameter space consid-

ered herein, specifically if the pulse is in attosecond regime;

of course, the significant amplification in the amplitude is

noticed to acquire through resonant BRA. Nonetheless, one

can anticipate operating in scenario where the pump intensity

approaches to L-wave breaking threshold (Ibr  1:22
1019 W=cm2), the pulse may be compressed to 400 as.

The seed pulse evaluation leads to maximum possible ampli-

fication time tM  160 fs, preventing the amplification from

any loss due to relativistic phase detuning; this certainly

limits the maximum duration of pump pulse (s0  2tM) and
hence the plasma width (l  ctM  48lm). The criteria for

the length of the plasma should also be scaled through a

TABLE I. Plausible parametric configuration for resonant BRA realization

at ELI-ALPS facility.

Plausible pump laser parameters

Wave length k0 40 nm

Pulse frequency x0 4.71 1016 s1

Pulse length s0 10 fs

Peak intensity (I0) 1017W/cm2 (spot size 10lm2)

Plausible seed laser parameters

Wave length k1 60 nm

Pulse frequency x1 3.14 1016 s1

Pulse length s1 1 fs

Pulse energy e1 10 nJ

Peak powerW1 10 MW

Peak intensity I1 1014W/cm2 (spot size 10lm2)

Output results

Wave breaking Int. Ibr 1.22 1019W/cm2

Plasma density ne 7.82 1022cm3

L-w frequency x2 1.57 1016 s1

Pulse duration (dts) 2.2 fs

Output fluence w1m 1.6 104J/cm2

Output intensity I1m 7.1 1018W/cm2

Amplification factor (I1m=I1) 7.1 104

Maximum amplification time (tM) 160 fs

Maximum plasma thickness (lp  ctM) 48lm

FIG. 1. A schematic of the feasible BRAmp setup, relevant to ALPS

infrastructure.
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condition, viz., smallness of the laser energy absorption

(inverse-bremsstrahlung10) and can be expressed as

l < c=ib  700 lm; the sterner one between the two limits

should be preferred for plasma scaling. Further as noticed in

this case Te  TM, Landau damping of the L-waves during

amplification can safely be ignored, in the present context.

The characteristic filamentation length with respect to this

plasma temperature estimate results in lf il  300 lm and

hence the thermal filamentation does not seem to inhibit the

amplification process in the present framework. The maxi-

mum plausible plasma length (l  48 lm) indicates that the

pump pulse retains large number of exponentiation (Km

 c0tM  24) during amplification (tM) than that of seed

(K0  8) and L-wave plasma noise (Kp  11); this certainly

might lead the system to premature pump depletion. To pre-

vent the pump pulse from parasitic backscattering due to

plasma noise, the scheme of frequency chirp linear detuning

of the Raman resonance can be utilized by putting the condi-

tion on the frequency detuning factor as K1
0 > ðdxdt=c20tÞ

> K1
p . For this particular case, one can choose the linear

instability associated with pump to make 10 exponentiations

and this might lead to a time evolving dxdt ¼ ðc20t=10Þ; the
maximum possible frequency detuning corresponds to ampli-

fication time tM as dxdt  2c0  3 1014 s1. This estimate

detuning factor is nearly 1% of the pump frequency and can

be manifested via chirping the pump laser or alternatively by

implementing plasma density variation by 6%. Following

Malkin and Fisch,38 it is also of interest to note that in the

absence of the detuning, the amplification in terms of output

intensity suppresses by a factor of ðK2
p=K

2
mÞ  0:25 only.

The preliminary pump/seed laser pulse parameters used for

exemplifying the conceptual basis and outcome estimates,

exploring the possibility of seed pulse amplification/com-

pression, evaluated in this section have been summarized

and listed in Table I.

IV. THE SIMULATION SCHEME AND RESULTS

In this section, the seed pulse amplification has been

verified via 1D relativistic electromagnetic particle in cell

(PIC) simulation code.48 In order to simulate the resonant

BRA, in simulation scheme we take account of the interac-

tion between the counter propagating harmonics of a refer-

ence fundamental frequency (xf ), as it facilitates the

analysis with first two harmonics. To mimic laser and seed

wavelengths, we use xf ¼ 1:57 1016s1 as a fundamental

frequency in the simulation and the plasma parameters is

established via the frequency matching between plasma and

pump/seed frequencies; the pump and seed pulse frequencies

in this configuration thus can be referred as x0 ¼ 3xf and

x1 ¼ 2xf . In the resonant case (L-wave frequency

x2 ¼ x0  x1), this should be equal to the fundamental fre-

quency x2 ¼ xf ) and the resonant plasma density

nc¼ 7.82 1022cm3. To conduct the simulation run, a sin2

temporal profile of the pulse is used. As per the simulation

requirement, the pulse should be terminated when its ampli-

tude is physically insignificant in comparison to its peak

value; in this framework, the pulse is terminated at a reason-

able width, i.e., sð0;1Þp  8sð0;1Þfwhm. The simulation box has

been specified in three regions where the incident-

transmitted zone is mediated by the plasma medium. The

dimensions (in the units of kf  c=so) of these regions are

kept consistent with the pump/seed pulse parameters; the

seed pulse (from left end) is considered to hit the plasma

layer when the pump pulse front approximately reaches to

left edge of the plasma slab. The pump and seed pulses are

chosen of fwhm 10 fs and 1 fs, respectively, for numerical

simulation. The pump and seed pulses counter propagate

through a plasma, and in this process, the seed pulse gets

amplified by a large factor where the energy transfer from

the pump pulse is mediated by the plasma perturbations. For

the simulation, a0  0:1ðI0  1018 W=cm2  I18Þ and

a1  0:001ðI1  1014 W=cm2  0:1I15Þ, corresponding to

pump and seed pulses, are used as the normalized laser

fields. Both the resonant and non-resonant phases of Raman

amplification of the seed pulse have been analyzed and dis-

cussed. The effect of varying peak pump intensity on the

amplification of the seed pulse in resonant BRA regime has

been displayed in Fig. 2; the snapshot of the field profile has

been taken at the end of the simulation time and the two

pulses (seed/pump) do not influence each other further. The

peak electric field of the seed pulse is seen to amplify by a

large factor (say two orders of magnitude) due to resonant

BRA and thus the intensity of the input seed is enhanced by

four orders of magnitude. The simulation runs for the two

cases, viz., a0  0:05 and 0.2, shown in Fig. 2 indicate the

enhancement in the normalized field of the seed pulse, viz.,

26 and 656 times, respectively; in terms of real units, these

estimates refer to the output (amplified) seed pulse intensity

as 6:8 1016 W=cm2 and 4:25 1019 W=cm2, respec-

tively. In snapshots, it is noticed that the leading spike of the

seed pulse after amplification is asymmetric in nature, as the

leading half front is broader and the rear half portion is rela-

tively smaller in time; it signifies that the seed front acquires

larger fraction of energy than that of rear part and can be

noticed in Fig. 2(b). Interestingly, this is similar to the results

noticed in work by Hur et al.,49 where the resonant energy

exchange to the seed pulse is attributed to phase matching in

the three wave interaction, in principle due to resonant con-

ditions (Eq. (1)). Herein present analysis, this aspect has

properly been imbedded in defining the initial simulation

features. Further, the significant energy exchange is also evi-

dent from the departure of pump pulse from its original

Gaussian profile and reduction in its intensity/energy (left

half of the panel graphs in Fig. 2), after passing through the

plasma. Through these results, it is noticed that the seed

pulse amplification is quite sensitive to the pump intensity

and it becomes more pronounced as the pump approaches to

relativistic intensity. The output (transmitted) seed pulse

however is seen to be distorted than its initial profile, and the

leading spike of the seed pulse gets shortened with increase

in the pump intensity; the Fourier transformation on the

transmitted pulses has been performed and the amplified

seed pulse is verified to comprise original mean frequency as

a dominant component in its spectral configuration. For the

same set of data used for this calculation, we have made

amplification estimates on the basis of analytical expres-

sions, and in order to make it appropriate with simulation
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results, the maximum amplification is further amended by

manifesting the detuning factor (K2
p=K

2
m). The correspond-

ing intensity of the amplified seed pulse for both the calcula-

tions, viz., pic and analytical, has been depicted in Fig. 3. It

is clearly observed that simulation results are in order of

magnitude agreement with the calculations based on the ana-

lytical expressions; it is also seen that the analytical and

simulation results approach reasonably close for the pump

with large (viz., moderate relativistic) intensities. The conse-

quence of the initial seed pulse intensity has also been evalu-

ated by reducing its magnitude by a factor of 1/2 (i.e.,

a1  0:0005) through pic calculation; as anticipated, after

amplification, the seed pulse is noticed to acquire intensity

equal (marginally smaller) to the case of Fig. 2. The signifi-

cance of the resonant BRA operation over non-resonant

FIG. 4. The amplification factor (I1m=I1) of the amplified seed pulse as a

function of plasma density (ne); the results refer to k0 ¼ 40 nm, s0 ¼ 10 fs,

I0  I18, I1  0:1I15, k1 ¼ 60 nm and s1 ¼ 1 fs; the curves refer to PIC

results.

FIG. 2. Simulation results: Snapshot of the normalized electric field profile of the counter propagating pump and seed pulse at the end of the simulation (700

cycles); the simulation refers to pump pulse with k0 ¼ 40 nm, s0 ¼ 10 fs ðs0p ¼ 80 fsÞ, seed pulse with I1  0:1I15, k1 ¼ 60 nm, s1 ¼ 1 fs ðs1p ¼ 8 fsÞ, and the

plasma density (ne) corresponds to the resonant condition k2 ¼ 120 nm (say nc). The snapshots in the figure correspond to (a) I0ð a0Þ  0:25I18ð 0:05Þ, ( b)
0:6I18ð 0:08Þ, ( c) I18ð 0:1Þ, and ( d) 4I18ð 0:2Þ, respectively.

FIG. 3. The amplification factor (I1m=I1) of the amplified seed pulse as a

function of pump intensity (I0); the results refer to pump pulse k0 ¼ 40 nm,

s0 ¼ 10 fs, seed with I1  0:1I15, k1 ¼ 60 nm, s1 ¼ 1 fs, and the plasma den-

sity corresponds to the resonant condition k2 ¼ 120 nm (ne  ncr=4). The
black and red color marks refer to PIC and analytical results.
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cases has been displayed in Fig. 4 where the intermediate

plasma density has been varied in order to alter the BRA sys-

tem from resonant framework. The seed pulse is seen to

acquire largest amplification in case of resonant case

(ne  ncr=4) and the amplification continuously decreases as

one moves far from resonance condition, i.e., x2 < x0  x1.

The effect of input pump pulse width on the resonant ampli-

fication of the seed pulse has been displayed in Fig. 5 where

the peak amplitude of the amplified seed pulse is noticed to

enhance with pump pulse duration; the increase in pulse

duration refers to the large energy pulse. In terms of intensity

enhancement, it is raised by three times as pump duration is

doubled; physically this can be understood in terms of

enhanced coupling due to larger interaction time between

pump and seed pulse. The consequence of initial duration of

the seed pulse on its amplification for constant pump and

plasma parameters has been illustrated in Fig. 6; a typical

range 100 as  s1  10 fs is chosen for illustrating the effect.

In this range, the amplification weakly depends on initial

width of the seed pulse and is seen to optimize around

s1 (1–2) fs to acquire a maximum value; this optimum

pulse width is in proximity of analytical prediction of maxi-

mum achievable duration (Dts  1 fs). For smaller seed

pulses (s1 < 1 fs), the decrease in the amplification can be

attributed to the smaller energy transfer from the pump dur-

ing amplification and ultimate stretching of the seed pulse

fs duration, which results in decrease in peak intensity of

the amplified seed. On the other hand, in case of large dura-

tion seed pulse (s1  2 fs), the peak intensity decreases on

account of weak overlapping between pump and seed pulse

through the plasma slab (s0=2) with increasing s1. The
increase in leading spike duration eventually reduces the

peak intensity, as reflected in Fig. 6; however, this drop in

peak intensity is marginal (a factor of 1/2) in comparison

to enhancement factor (4 orders of magnitude). It is also of

interest to point out that the graph also specifies significant

domain where svea is safely applicable (s1  0:5 fs) for the

analysis perspective. So far, the simulation results for laser/

plasma parameters consistent with the parameters access at

ELI-ALPS centre demonstrate that the weak seed pulse can

significantly be enhanced by utilizing resonant BRAmp.

V. SUMMARYAND CONCLUSION

In this study, we have configured a parameter regime

for the laser/plasma features, using the model formulas for

the practical realization of resonant BRA in the plasma for

low intensity ultra-short pulses; the significance of this

parametric configuration has been exemplified in the con-

text of ELI-Alps laser facilities as a basis. In order to design

the appropriate parameter regime, the analytical formulation

takes precautions associated with L-wave breaking, prema-

ture backscattering of pump, pump absorption through

inverse bremsstrahlung, Landau damping of L-wave, thermal

filamentation of lasers, and relativistic nonlinear/thermal

noise effect into account. It is instructive to note here that the

formulation is quite simplified as other coexisting unwanted

effects may certainly limit the seed pulse amplification in

resonant BRA processing; this may include relativistic fila-

mentation/detuning of the amplified seed pulse, parasitic

effects by plasma noise on scattering of pump/amplified seed,

plasma heating through inverse bremsstrahlung, 2d-

transverse nonlinear effects (like pulse filamentation/self-

focusing), etc. Nonetheless, the analytical formulation and

expressions illustrated herein establish a notion of the param-

eter regime where the BRA can be performed with prominent

efficacy. An estimate, taking into account the pump/seed

pulse consistent with parameter access at ELI-ALPS infra-

structure as an example, the key physical parameters relevant

to achieve efficient resonant BRA have been listed in Table I.

The proof in principle of this scheme in the context of seed

pulse amplification has been verified with the simulation. The

analytical and simulation results of the seed pulse amplifica-

tion are found to be in a reasonable agreement; this also

accomplishes the fact that the basic expressions can be

FIG. 5. The amplification factor (I1m=I1) of the amplified seed pulse as a

function of the pump duration (s0); the results refer to k0 ¼ 40 nm, I0  I18,
I1  0:1I15, k1 ¼ 60 nm, s1 ¼ 1 fs, and ne  ncr=4 (resonant case); the

curves refer to PIC results.

FIG. 6. The amplification factor (I1m=I1) of the amplified seed pulse as a

function of the seed duration (s1); the results refer to k0 ¼ 40 nm, I0  I18,
I1  0:1I15, k1 ¼ 60 nm, s0 ¼ 10 fs, and ne  ncr=4 (resonant case); the

curves refer to PIC results.
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utilized in parameter designing for an experimental cam-

paign. Our data show that for suitable choice of parameters,

the seed pulse can be intensified by a large factor (four/five

orders of magnitude), but the pulse compression is little diffi-

cult, specifically if the pulse is in attosecond regime. The

numerical analysis presented herein is strained to 1D frame-

work and does not mimic 2D transverse nonlinear effects

(e.g., laser filamentation/self-focusing) which may certainly

be of significance as the seed approaches to relativistic inten-

sities. On the basis of understanding through this study, it

may be concluded that the resonant BRAmp can be utilized

as an efficient contrivance to amplify the ultra-short weak

secondary source pulses accessible at ELI-ALPS facility and

achieve high intensity short duration pulses of practical sig-

nificance; of course the full fleshed operation of resonant

BRA scheme at ELI-ALPS needs additional technological

features to be developed.
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