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Simulations of Raman laser amplification in ionizing plasmas
Daniel S. Clarka) and Nathaniel J. Fischb)

Plasma Physics Laboratory, Princeton University, P.O. Box 451, Princeton, New Jersey 08543

~Received 1 June 2003; accepted 23 September 2003!

By using the amplifying laser pulse in a plasma-based backward Raman laser amplifier to generate
the plasma by photoionization of a gas simultaneous with the amplification process, possible
instabilities of the pumping laser pulse can be avoided. Particle-in-cell simulations are used to study
this amplification mechanism, and earlier results using more elementary models of the Raman
interaction are verified@D. S. Clark and N. J. Fisch, Phys. Plasmas9, 2772 ~2002!#. The effects
~unique to amplification in ionizing plasmas and not included in previous simulations! of
blueshifting of the pump and seed laser pulses as well as the generation of a wake are observed not
significantly to impact the amplification process. As expected theoretically, the peak output intensity
is found to be limited toI;1017 W/cm2 by forward Raman scattering of the amplifying seed. The
integrity of the ionization front of the seed pulse against the development of a possible transverse
modulation instability is also demonstrated. ©2003 American Institute of Physics.
@DOI: 10.1063/1.1625939#
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I. INTRODUCTION

A variation on the scheme of backward Raman la
pulse compression and amplification in plasma1 has recently
been proposed in the form of ionizing Raman amplificatio2

In the conventional Raman amplification scheme, a lo
pumping laser pulse is collided in a preformed plasma s
with a short seed pulse downshifted in frequency from
pump by the plasma frequency. The seed pulse serve
stimulate the Raman backscatter of the pump with the re
that, in the nonlinear regime, the seed pulse is strongly
plified and also compressed temporally. Theoretically, un
cused intensities of 1017 W/cm2 in ;50 fs pulses are acces
sible by this technique. After focusing, intensities as high
1025 W/cm2 become conceivable—an improvement
104– 105 over current chirped pulse amplification techniqu
In the ionizing Raman amplification scheme, in place o
preformed~i.e., ionized! plasma, a neutral precursor gas
used. Pump intensities below the photoionization thresh
for that gas are then employed with a relatively more inte
seed pulse which acts to photoionize the gas as the se
being amplified. Behind the ionization front formed at t
leading edge of the seed pulse, Raman backscattering o
pump into the amplifying seed pulse occurs as in the p
formed plasma case. Since the low intensity pump pro
gates only through the precursor gas, this scheme has
advantage of avoiding any possible premature Raman b
scatter of the pump from thermal plasma fluctuations prio
its intended interaction with the seed, an effect which co
degrade or entirely disrupt the amplification process.3 The
added benefit of suppressing the formation of nonlinear p
cursors to the amplifying seed, which could also interru
amplification, has also been shown in the presence
ionization.4 Experimentally, the preparation of the amplify

a!Electronic mail: dclark@pppl.gov
b!Electronic mail: fisch@pppl.gov
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ing medium~in this case merely a gas of a specified unifo
density! may be far simpler than preparing a plasma of t
appropriate density, temperature, and uniformity needed
amplification in the conventional scheme. Like the conve
tional amplification scheme, however, ionizing amplificati
also offers the potential of a more robust amplifier by se
rating the optical system into two components: one com
nent consisting of one or several pump beams deliver
large powers over a wide aperture with low requirements
optical precision, and a second system to deliver a hig
precision but lower power and smaller aperture seed puls
extract and focus the pump energy.5

However, carrying out the ionization of the plasma
multaneous with amplification introduces its own set of co
straints on the amplifier parameters.4 Primarily, the pump
must be kept below the photoionization threshold of the
(I;1012– 1013 W/cm2 for hydrogen withl50.532mm) and
the initial seed must be sufficiently intense rapidly to pho
ionize the gas (I;531014 W/cm2 for the same case!. Con-
straints must also be satisfied on the gas density: namely
gas must be sufficiently tenuous that the damping incur
by the seed from ionization does not exceed its amplificat
rate from Raman backscattering, while it must be sufficien
dense that the backscatter driven Langmuir wave does
break in the fully ionized plasma. An approximate windo
of 0.001<nn /nc<0.02 is then available for ionizing ampli
fication withl50.532mm andI pump;1013 W/cm2 in hydro-
gen. Here,nn denotes the number density of neutrals, andnc

is the critical density at the pump laser frequency. Conditio
on the initial seed pulse amplitude and temporal width m
also be met in order to access the nonlinear regime of p
amplification and compression. Only hydrogen and heli
working gases prove to be useful for this effect. A detail
discussion of the variety of physical processes which
constrain ionizing amplification can be found in Ref. 6.

Reference 4 analyzed these constraints and demonst
ionizing Raman amplification numerically using a reduce
7 © 2003 American Institute of Physics
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3-wave description of the laser and electrostatic fields. T
paper extends this work by using the particle-in-cell~PIC!
code Zohar7 to verify these results with the greater detail a
fidelity possible in a PIC code. Good agreement is fou
between the PIC and 3-wave results, and the earlier pre
tions are validated. Specifically, amplification tounfocused
output intensities of;1017 W/cm2 is shown. The interesting
effects of blueshifting of the seed and pump by the ionizat
front and Langmuir wake generation are observed but fo
not significant to impact the amplification process. The i
portant saturation of the amplification by forward Ram
scattering~FRS! of the seed, the same mechanism as
pected in a preformed plasma, is also observed.

Beyond these one-dimensional effects, an important
fect to be considered for ionizing amplification is the tran
verse stability of the ionization front of the seed pulse
ionization-modulation instabilities of the type identified
Ref. 8. Given the very high gains possible for this instabili
the exponentiation of even very small imperfections in
seed pulse front could lead to breakup of the seed p
transversely and cause it to lose focusability before mean
ful amplification has occurred. If the growth length of th
instability proves shorter than that for FRS or modulatio
instabilities, a new~purely two dimensional! mechanism
could then limit ionizing amplification to lower output inten
sities than are achievable by the conventional amplifica
scheme. However, since this instability can only develop
the thin ionization layer at the seed pulse front and since
layer can be expected to narrow as the seed pulse amp
and steepens, such an instability may saturate at a be
level for the parameters of interest to amplification. Tw
dimensional simulations run with the F3D code confirm t
low-level saturation and ultimate transverse stability.

This paper is organized as follows. Sections II–V
present the results of one-dimensional simulations of ion
ing amplification run with the PIC code Zohar—in particula
a comparison with previous 3-wave results for ionizing a
plification, seed pulse blueshifting, wake generation, satu
tion of amplification, and blueshifting of the pump in th
oncoming ionization front. The possibility of using a varie
of initial seed pulse shapes is also discussed. Section
extends the one-dimensional PIC results of the preced
sections by considering the two-dimensional stability of
seed pulse ionization front. Simulations with the F3D co
are presented which demonstrate that the narrowing of
ionization layer with amplification of the seed can act
stabilize the pulse front to weak transverse modulations
intensity. Section IX summarizes and concludes. The App
dix contains an estimate of the ionization layer width at
front of the seed pulse and confirms its favorable sca
with peak pulse amplitude.

II. COMPARISON OF PARTICLE-IN-CELL AND 3-WAVE
RESULTS

For simulations of Raman amplification in ionizing pla
mas, the Zohar PIC code required modification to include
ionization package and to run in a ‘‘moving window’’ mod
~i.e., following the amplifying seed pulse!. The photoioniza-
Downloaded 23 Nov 2003 to 198.35.11.136. Redistribution subject to A
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tion process was modeled simply by assigning to each ce
small number of neutral gas or ‘‘ghost’’ particles correspon
ing to bound electrons and ions. Using the electric field m
nitude at the center of each cell, the photoionization rate w
calculated for that cell using the instantaneous tunne
formula9,10

w~ uau!.4V0S UI

UH
D 5/2aH

uau
expF2

2

3 S UI

UH
D 3/2aH

uau G , ~1!

wherea8ueuE/mecv is the normalized amplitude of the to
tal laser electric field,UI the ionization potential,UH the
ionization potential of hydrogen, andaH the normalized am-
plitude of the hydrogenic electric field. Below,a1 , a2 , and
a3 are used to refer to the normalized amplitudes of
pump, seed, and Langmuir wave envelopes, respectiv
The number of atoms ionized~or electrons created! in each
cell for one computational time-step is then a binomia
distributed random number between zero and the total n
ber of neutrals in the cell where the probability of any giv
atom ionizing is simply the product of the tunneling rate a
the simulation time-step.11 Once the number of electrons ion
ized is calculated, an equivalent fixed positive backgrou
charge is also introduced, the number of neutral atom
reduced correspondingly, and the liberated electrons are
to move under the influence of the local electromagne
fields. Attention must also be paid to the fact that electro
could be born at any time within the computational time-s
Dt. To include this effect, electrons were assumed to be b
at uniformly distributed random times withDt and then
given velocities corresponding to having been accelerate
the local electromagnetic fields for the appropriate fraction
a time step. Without accounting for this effect, an unphysi
striation of velocity space would result.

Critical in the study of ionizing Raman amplification~on
account of the relatively long;3–6 cm length scales in
volved! is the damping of the electric fields introduced b
the ionization process. To account for this damping, for ev
ionization event the magnitude of the electric field vector
each cell was reduced so that the local electric field energ
decreased by the energy required to free the electron, i.e

DS uEW u2

8p
DDx52UIDNe2(

i 51

DNe

«̃ i ,

whereUI is the ionization potential,DNe is the number of
electrons born in a cell of sizeDx and «̃ i represents the
kinetic energy of the electron associated with its birth
some random time withinDt. The magnetic field is not af-
fected by this process. Subsequent to this direct ioniza
damping, the current resulting from the electrons accele
ing in the electromagnetic field on time scales longer thanDt

results in the appropriateEW •JW damping of the laser pulses.
Note that in fluid codes, ionization damping has pre

ously been implemented by introducing an ‘‘ionization cu
rent’’ JW ion8w(uEW u)nnUIEW /uEW u with w(uEW u) the ionization rate
andnn the number density of neutrals.12,13A formulation of
such a current appropriate for a PIC code, however, co
not be found. This is a result of the fact thatJW ion represents
the rate of energy dissipation~or power! due to ionization
IP license or copyright, see http://ojps.aip.org/pop/popcr.jsp
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and hence must reflect the time scale of the ionization ph

ics Dt ion;A2meUI /ueEW u implicit in uJW ionu}] tnn}1/Dt ion .
Since a PIC code represents the physics only on a m
coarser time scaleDt@Dt ion , attempting in a consistent an
energy conserving manner to represent this current within

PIC framework results inuJW ionu}DNe /Dt and an extreme
and artificial reduction of the damping effect. Within the

fluid framework, the current may be formulated asuJW ionu
}w(uEW u)nn , i.e., without the difficulties of the ionization o
discrete electrons over finite time intervals, and this probl
is not encountered.

Again on account of the very long interaction lengths
ionizing amplification, a moving window was necessary: P
calculations involving the full;10 cm ionization length with
its ;106 cells and;107 particles—even in one dimension—
are totally unreasonable given current computing spe
Shortening the problem to calculating the behavior of
plasma only in the immediate vicinity of the amplifying se
is hence required. Such a window was implemented for
har by simply shifting all particles and grid quantities by o
grid space every second time step to give a window mov
at the speed of light whenDx52cDt. Speeds slightly less
thanc, appropriate for following the seed pulse, are selec
by simply not shifting in one out of typically every 200–40
time steps. For runs of several hundred thousand time s
care had to be taken in adjusting the window velocity to ke
pace with the ionization front which propagates at a sp
different from the typical seed pulse group velocity due
group velocity dispersion in the ionizing plasma and the
fect of ionization damping. At the trailing edge of the sim
lation window, field quantities and particles may simply
‘‘discarded’’ provided charge conservation is maintained.
the advancing edge of the window, a uniform loading
neutral gas ‘‘ghost’’ particles is introduced to represe
freshly encountered gas. For the electromagnetic fields,
procedure of extrapolatingBz and Ex at second order and
with this calculatingEy using the boundary conditions o
Sinz7 was found to be stable and accurate. For the cas
ionizing Raman amplification in one dimension, all oth
field quantities are zero or ignorable at the advancing bou
ary.

Note that using a moving window simulation for th
case of ionizing amplification does not amount to any s
plification of the plasma physics of Raman amplification
contrast to the case of a preformed plasma. While in p
formed plasmas, the propagation of the pump across
plasma prior to reaching the seed and its stability to ther
Raman backscatter is a critical plasma physics issue des
ing of modeling,3 for ionizing amplification no plasma phys
ics occurs ahead of the ionization front, and hence nothin
omitted by not including this in the PIC modeling.

Figure 1 shows a comparison of snapshots of the l
propagating electric field envelope from a simulation r
with Zohar using a moving window and a simulation ru
using the simplified 3-wave approximation described in R
4. The working gas for this case is hydrogen withnn

50.001nc , the pump~not shown! enters the simulation box
from the left with an amplitude ofa150.0015, an initial
Downloaded 23 Nov 2003 to 198.35.11.136. Redistribution subject to A
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Gaussian seed of amplitudea250.02 and half-width 160/k1

is used, andl50.532mm. Both pulses are linearly polar
ized.

The 3-wave simulation~shown in green! displays the
typical broadening of the seed during the linear phase
amplification followed by thep-pulse shape at later time
characteristic of the nonlinear phase. The steep ioniza
front at the leading edge of the seed is evident through
The Zohar result~shown in red! echos these trends of initia
broadening followed by nonlinear narrowing always acco
panied by a steep leading edge. Both simulations reach
intensities ofI;1.231017 W/cm2 and pulse widths roughly
comparable to the input pulse width. Doubling the number
particles used in the PIC simulation did not significantly al
the results, and convergence of the 3-wave result was v
fied by repeatedly decreasing the grid spacing. Gen
agreement is seen between the PIC and 3-wave results
gesting that conclusions drawn from the simpler 3-wave f
mulation are indeed valid. The strongest distinguishing f
ture between these simulations is the appearance of a s
of slowly growing modulations superimposed on the a
proximatep-pulse shape of the PIC results.

Further corroborating the 3-wave model developed
Ref. 4 are the transverse electron energy distributions m
sured from the simulation shown in Fig. 2 forv1t55000 and
125 000. By comparing with the theoretical distributio
given by Burnett and Corkum14 and used in Ref. 4 for cal-
culating the ionization damping rate, again good agreem
is found. Initially, the measured electron energy distributi
shows best agreement with theoretical expectations assu
the majority of electrons are born at a laser field strength
a2.0.002. As should be expected for the early stages
amplification when the seed pulse slope is gentle, the typ
birth amplitude corresponds closely to the hydrogen ioni
tion threshold pictured in Fig. 1 of Ref. 4. At later time
when the seed pulse has steepened due to ionization d
ing, the characteristic field at which the majority of electro

FIG. 1. ~Color! Snapshots comparing seed pulse envelopes from Zohar~red!
and envelope~green! simulations for ionizing amplification in hydrogen
with nn50.001nc , a150.0015, a2(t50)50.02, andl50.532mm. The
pump ~not shown! enters from the left. Polarizations are linear.
IP license or copyright, see http://ojps.aip.org/pop/popcr.jsp
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is born should be given by the estimates of Ref. 4. As can
seen forv1t5125 000, using this estimated characteris
amplitude ofa* .0.015, the measured electron energy sp
trum again agrees closely with the theoretical spectrum.

Repeating the simulation shown in Fig. 1 but increas
the density up tonn50.003nc yielded similar amplification
results. A density ofnn50.005nc appeared to be the thresh
old above which such an initial seed would be extinguish
due to ionization damping before amplifying. Likewis
simulations with l51.064mm and densities up tonn

50.003nc showed successful amplification. Notably shor
wavelength ionization-induced modulations appeared on
seed pulses for this longer pump wavelength than those
ible in Fig. 1, as was also the case for the higher den
simulations.

III. BLUESHIFTING OF THE SEED PULSE

An insight into the origin of the seed pulse modulatio
in Fig. 1 is gained by inspecting thekx spectra shown in Fig

FIG. 2. ~Color! Comparison of theoretical transverse electron energy dis
bution ~red! with the distribution measured after the passing of the s
pulse from the simulation shown in Fig. 1~blue! for v1t55000 and
125 000.

FIG. 3. ~Color! Snapshots of thekx spectrum from the Zohar simulation
shown in Fig. 1. The right-propagating power spectrum is shown in blue,
left-propagating spectrum in green, and the spectrum of the longitud
electric field is shown in red.
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3. The power spectrum of right-propagating energy~i.e., in
the direction of the pump! is shown in blue, the spectrum o
left-propagating energy~in the direction of the seed! is
shown in green, and the spectrum of the longitudinal elec
field ~i.e., the Langmuir wave! is shown in red. Even for the
relatively early timev1t52.43105, a substantial blueshifted
wing is evident in the left-propagating spectrum which co
tinues to broaden and grow in amplitude untilv1t;7
3105. This upshift in kx is the well-known blueshift ex-
pected for an ionizing laser pulse resulting from the contin
ous copropagation of the laser field with the density inhom
geneity of the ionization front.12,15 Though not resolved due
to the low temporal sampling rate used, a blueshift in f
quency can also be expected due to the ionization front. A
evident is the driven Langmuir wave atk.2.0v1 /c and a
broadening of the peak in the left-propagating spectr
which is consonant with the spatial narrowing of the amp
fying seed pulse. The growing signal in the longitudinal ele
tric field at very smallk’s will be discussed below.

The result of separating the blueshifted and remain
‘‘red’’ component of the left-propagating spectrum is show
in Fig. 4. With the blueshifted component filtered from th
signal, the agreement between 3-wave and PIC simulation
seen to be quite close. The agreement confirms both the
gin of the seed modulations in the ionization-induced blu
shift and again the validity of the 3-wave model in descr
ing ionizing amplification. Note, however, that a ‘‘notching
appears in the peak of the PIC result forv1t;93105.

IV. SATURATION OF AMPLIFICATION

Running the simulation further, as shown in Fig. 5 wit
out filtering, shows this notch growing into a strong mod
lation of the seed. Thep-pulse is no longer maintained, th
pump is no longer depleted, and saturation of the amplify
effect is evident. The strong spike in the left-propagati
spectrum~Fig. 3! downshifted by approximatelyvpe /c from
the main peak forv1t>9.63105 suggest this to be forward

i-
d

e
al

FIG. 4. ~Color! Snapshots of the filtered seed pulse envelope from the Zo
simulation shown in Fig. 1. The blue-shifted component of the le
propagating field is shown in blue, and the unshifted ‘‘red’’ compone
is shown in red. For comparison, the result of the 3-wave simulation
repeated in green.
IP license or copyright, see http://ojps.aip.org/pop/popcr.jsp
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Raman scattering~FRS! of the amplifying seed. That the
time of appearance of this signal is approximately the lin
growth time for directly forward~i.e., one dimensional! Ra-
man scattering of the seed,v1 /gFRS;(v1 /vpe)

2/a1;6.7
3105, corroborates this. Simultaneously, the broader si
bands neark8.k2(16a2).k2(160.1) are the characteristi
signature of the modulational instability of the seed with t
growth time v1 /gmod;(v1 /vpe)/a1

4/3;5.13105.16 A cou-
pling between the ionization-induced blueshift and the la
forward Raman scattering and modulational instabilities
also possible. Note that the observation of saturation of i
izing amplification by FRS and modulation~the same satu
ration mechanisms expected for Raman amplification in p
formed plasmas1,17! confirms that output intensitie
comparable to those expected for the conventional Ra
amplification scheme can be achieved by the ioniz
scheme.

V. LANGMUIR WAKE FORMATION

In Fig. 6 are shown snapshots of the complete long
dinal electric field. Initially, up tov1t54.43105, the reso-
nant Langmuir wave takes on the envelope shape expe
for 3-wave coupling andp-pulse-type behavior behind th
ionization front. Afterv1t56.53105, however, a Langmuir
wake begins to form and byvt51.23106 has strongly sup-
pressed the component of the Langmuir wave field reson
for Raman backscattering.

Given the very low background plasma densities suita
for ionizing Raman amplification, values for the fast plasm
wave wavelength,lpe;2pc/vpe , comparable to the see
pulse width can be encountered. Conditions conducive
Langmuir wake formation by the short seed pulse can t

FIG. 5. ~Color! Snapshots of the late time evolution of the Zohar simulat
shown in Fig. 1. The seed envelope is shown in green, and the pump
Langmuir wave envelopes~both multiplied by 103 for clarity! are shown in
blue and red, respectively.
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be expected,18 as is the case in this simulation. In the dens
plasmas typical for Raman amplification in preform
plasmas,17 however, wake formation is not typical. The pre
ence of a sharp discontinuity at the ionization front can a
be expected to contribute to the development of a wake in
ionizing amplifier.19,20

Fortunately from the perspective of amplification, su
pression of the resonant plasma wave by the larger s
wake field occurs only at times comparable to or after
development of FRS or modulational instabilities and the
amplification of the seed is not then degraded. Wake form
tion is evident in the longitudinalkx spectrum~Fig. 3! as a
growing signal atkx.vpe /c.0.032v1 /c. Note, however,
that the spectral location of this Langmuir wave is effective
indistinguishable from the Langmuir wave that would
driven by FRS of the seed pulse, also atkx.vpe /c. In effect
these instabilities are equivalent.

VI. BLUESHIFTING OF THE PUMP

In addition to the blueshift experience by the seed pu
in its copropagation with the ionization front, a blueshift
the pump pulse also occurs as it propagates through theon-
comingionization front in an ionizing amplifier. The degre
of shift from this process may be calculated by following
procedure analogous to that of Ref. 21 which considered
transmission and reflection of an electromagnetic wave fr
a sharp, moving discontinuity in the electron density of
plasma, as at an ionization or recombination front. In
frame traveling with the front, the discontinuity is stationa
and hence the frequencies of the incident, transmitted,
reflected waves must be equal,v i5v t5v r[v. Taking the
incident wave to impinge on the discontinuity from the le
from vacuum, the corresponding wave numbers are

ki52kr5
v

c
, kt5

v

c
A12

vpe
2

v2 .

Lorentz transforming to the frame in which the discontinu
travels with velocitycb to the left ~the ‘‘lab’’ or primed
frame!,22 the incident and transmitted frequencies becom

nd

FIG. 6. Snapshots of the complete~i.e., not enveloped! longitudinal electric
field from the Zohar simulation shown in Fig. 1.
IP license or copyright, see http://ojps.aip.org/pop/popcr.jsp
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v i85g~v2cbki !5vg~12b!,

v t85g~v2cbkt!5vgS 12bA12
vpe

2

v2 D ,

and the wave numbers are

ki85g~ki2bv/c!5g
v

c
~12b!,

kt85g~kt2bv/c!5g
v

c
SA12

vpe
2

v2 2b D ,

where g is the relativistic factor. It should be noted th
vpe

2 5v22c2k2 is a Lorentz scalar and hencevpe8 5vpe .
Denoting the incident frequency in the stationary frame
v0[v i8 , the frequency in the moving frame is given by

v5v0 /g~12b!

and

vpe
2

v2 5
vpe

2

v0
2 g2~12b!2[

ne

nc

12b

11b
.

The frequency and wave number shifts are then

v t85
v i8

12b S 12bA12
ne

nc

12b

11b D→v0S 11
ne

4nc
D ,

b→1

and

kt85
ki8

12b SA12
ne

nc

12b

11b
2b D→ v0

c S 12
ne

4nc
D ,

b→1.

That is, upon exiting the ionization layer, a frequency blu
shift of Dv5v0(nmax/4nc) is achieved. The downshift ink
~as opposed to upshift inv! should be expected given tha
the pump is propagating into a region of higherne , and
hence higher phase velocity, resulting in a stretching of
pulse.

In the case of ionizing Raman amplification, for a pum
of ~vacuum! frequencyv0 launched into a gas which, whe
ionized, supportsvpe5v0Ane /nc, passage through the on
coming ionization front of the seed yields an effective pum
frequency of v15v0(11ne/4nc). The Raman resonanc
condition ~neglecting thermal corrections and takingb51)
then requires a seed of frequency

v25v12vpe5v0S 11
ne

4nc
2Ane

nc
D .

Examples of the magnitude of upshift in the seed freque
required for various gas densities are given in Table I.
nn;0.01nc , simulations run with Zohar showed noticeab
stronger Raman coupling when the effect of this blues
was taken into account as compared to selecting the r
nance by considering only the peak plasma density. For
more typicalnn;0.001nc , however, this effect is negligible

The frequency upshift of the pump as it encounters
ionization front in an ionizing Raman amplifier might appe
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to suggest itself as a means of properly selecting the Ra
resonance between the pump and the seed merely by ad
ing the plasma density. That is, lasers of the same freque
could be used for both the pump and seed pulses with
pump being ‘‘tuned’’ to the appropriate Raman frequen
automatically by it ionization upshift. Regrettably, satisfyin
this condition amounts to

v05v0S 11
ne

4nc
2Ane

nc
D

or the nonsensical requirementne /nc516.

VII. ALTERNATE INITIAL SEED PULSES

Initial seed pulse shapes other than the Gaussian sh
in Fig. 1 may prove more optimal for ionizing amplification
In Fig. 7 is shown the amplification of a trapezoidal initi
seed of peak amplitudea250.007, i.e., just above the thresh
old for rapid photoionization with linear polarization. Again
the working gas is hydrogen withnn50.001nc , a1

50.0015, andl50.532mm. Despite its relatively low am-
plitude, the large integrated energy of this longer seed
ables it to withstand the photoionization damping for a s
ficient length of time until the nonlinear phase of Ram
amplification has replenished the leading edge of the s

TABLE I. Example resonant seed frequencies including pump blueshift

ne /nc v2 /v0(shifted) v2 /v0(unshifted)

0.001 0.9686 0.9684
0.002 0.9558 0.9553
0.003 0.9460 0.9452
0.004 0.9378 0.9368
0.005 0.9305 0.9293
0.010 0.9025 0.9000

FIG. 7. ~Color! Snapshots from a Zohar simulation for ionizing amplific
tion in hydrogen withnn50.001nc , a150.0015,a2(t50)50.007, andl
50.532mm. In this case the seed pulse is initially trapezoidal in sha
instead of Gaussian. The seed envelope is shown in green, and the pum
Langmuir wave envelopes~again, both multiplied by 103 for clarity! are
shown in blue and red, respectively. Polarizations are linear.
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and a robust, amplifyingp-pulse has formed. A net amplifi
cation by a factor of ;400 in intensity to I;1.2
31017 W/cm2 is then achieved. As shown in Ref. 4, the in
tial seed pulse shape required to obtain the amplifying
contracting p-pulse shape is much less stringently co
strained in the case of ionizing amplification than it is f
amplification in a preformed plasma. While for Gaussi
seeds a minimum pulse half-width of approximately 160k1

and initial amplitudea2(t50)50.01 were found necessar
in the simulations for amplification to occur, a great varie
of elongated, lower amplitude pulses could be workable
amplification. A more detailed discussion of the initial se
pulse amplitudes necessary for ionizing amplification can
found in Ref. 6.

VIII. TRANSVERSE IONIZATION FRONT STABILITY

The preceding sections have verified the initial pred
tions of ionizing Raman amplification from 3-wave simul
tions with the greater detail and rigor of PIC simulations. A
of these results, however, have considered only one sp
dimension and neglected the transverse dynamics of the
pulse. Beyond these one-dimensional results, of partic
concern is the integrity of the seed pulse to an instabi
identified in Ref. 8 in which the nonlinear field strength d
pendence in the tunneling formula results in a transve
modulation of the front of an ionizing laser pulse. If th
growth length of this instability proves to be shorter than t
for FRS or modulational instabilities of the seed, then a n
~purely two dimensional! mechanism could limit the maxi
mum output intensity for ionizing amplification.

The physical mechanism of this instability can be se
as follows. Any initial transverse perturbation of the las
intensity results in an accompanying perturbation of the e
tron density following photoionization. The regions of high
electron density can be expected to refract the laser fi
away from these perturbed regions and lead to lower fi
intensities and lower ionization rates with a subsequent
bilization of the instability. However, the perturbations im
printed in the electron density, also serve to scatter the l
field. For the appropriate transverse wave vector, this s
tered field can act to reinforce the initial field perturbatio
enhancing the ionization rate and hence amplifying the s
tered laser field. An exponential instability thus results.

Neglecting the space and time dependence of the b
ground pulse amplitudea(x,t) and densityne(x,t) so as to
derive a dispersion relation, Ref. 8 shows that the local g
for this instability is approximately given by

G5
vpe

c
Ak

k2
S j2

k'
2

2k2
2 xD x2

w~ uau!
c S j2

k'
2

2k2
2 xD . ~2!

Here

j8ct2x>
k'

2

2k2
2 x and k8

uau
2c S 12

ne~x!

nmax
D ]w~ uau!

]uau

represents the coupling between the laser field and the
turbed electron density. Noting that, for a fixed point in t
pulse frame (j5const) the modulation first grows but eve
tually decays as the pulse propagates andx increases, the
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instability is seen to be convective in the pulse frame. Hen
at least linearly and within the approximations above, a fin
amount of exponentiation can be expected for any ini
modulations at any point within the pulse. Further, since
instability can only develop within a layer of widthD where
the plasma is being ionized, the global maximum expon
tiation of an initial seed modulation for the entire pulse
simply given by the maximum ofG(j,x) over the domain
0<j<D. By the method of Lagrange multipliers, this max
mum is found to be

max
j,x

G~j,x!5
w~ uau!

c
@aAb~12b!2~12b!#D ~3!

with

a5
vpe

2~ uau!
k2

k'

A2
k

k2
,

b5
1

2~11a22!
F11A12

1

11a22G21

.

Roughly, noting that the gain is maximized fork';vpe /c
and thatk;w(uau)/c with k2;v/c, then

a;A 2v

w~ uau!
and b;H ~11a21!/2, a@1,

~11a2!21, a!1,

so that

max
j,x

G;H ~D/c!Avw~ uau!2, a@1,

~v/c!D, a!1.

Hence, the maximum degree of exponentiation anywher
the pulse is directly controlled by the width of the ionizatio
layer D.

Intuitively, it may be expected that the ionization lay
width, which determines the pulses stability, should decre
as the pulse amplifies and steepens and the ionization ra
the pulse front consequently increases. An estimate ofD is
given in the Appendix@Eq. ~A5!# and confirms this inverse
scaling of the layer width with the pulse peak amplitudea0 ,
i.e., as the pulse amplifies anda0 increases with time, the
ionization layer can be expected to narrow (D→0). Hence,
from Eq. ~3!, progressive stabilization of the ionization fron
can be expected with amplification as the gain is redu
with decreasingD. Such a stabilization due to the narrowne
of the ionization layer is also suggested by the work of R
23. Namely, the instabilities which are observed in the tw
dimensional simulations of Ref. 23 appear only in the io
ization layer of the second ionization state of helium, a la
which @by the scalings of Eq.~A5! and that the second ion
ization potential of helium is approximately twice that of th
first ionization state# is much thicker than the first ionizatio
layer. The narrower first ionization layer appears stable
any modulations.

For the case of ionizing amplification, however, the cri
cal issue is whether, for the relevant gas densities and p
amplitudes, the ionization layer is sufficiently narrow in
tially or this narrowing happens sufficiently fast adequat
to suppress the ionization instability. Further, since the la
IP license or copyright, see http://ojps.aip.org/pop/popcr.jsp
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FIG. 8. ~Color! Snapshots of the seed pulse amplitudea2 from a two-dimensional simulation of ionizing amplification in hydrogen run with F3D fora1

50.0015,a2(t50)50.007,ne50.01nc , andl51.064mm.
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pulse amplitude is growing~and hence the ionization laye
width is evolving! on a time scale comparable to the ins
bility growth time, neglecting the time dependence of t
ionization layer width in assessing the ionization front stab
ity is at best a suspect approximation. While estimates s
as that leading to Eq.~A5! suggests stabilization by narrow
ing is possible, the realistic stability of an ionizing Ram
amplifier can only be verified using two-dimensional sim
lations.

It should also be noted that several approximations w
made in deriving the gain rate Eq.~2!. Most notably it was
assumed that the pulse shape varies in space and time
slowly compared tokj andk' , i.e., ]a/]j!kj , k' . As the
ionization layer narrows and the pulse front steepens w
amplification, this approximation is then gradually inva
dated and Eq.~2! may no longer apply. Additionally, the
stabilization of the pulse by narrowing of the ionization lay
with amplification must compete with the destabilizing effe
of the stretching and smoothing of the pulse due to disp
sion in the inhomogeneous plasma at the ionization front@an
effect completely neglected in Eqs.~A1! and ~A2!#. This
effect will be small for the low density plasmas under co
sideration but may have a significant cumulative influen
over a long interaction length. Again, only realistic, tw
dimensional simulations can resolve these competing effe

Regardless, if this ionization front instability proves
Downloaded 23 Nov 2003 to 198.35.11.136. Redistribution subject to A
-

-
ch

-

re

nly

h

r
t
r-

-
e

ts.

be a more stringent limitation on amplification than t
modulational or FRS instabilities discussed above, sim
initializing the seed with a higher intensity~perhaps from a
previous Raman amplifier! and amplifying it over a shorte
length could still result in the same output power as if
smaller initial seed were amplified over a longer length in
absence of the instability. Note that Eq.~A5! additionally
suggests that utilizing shorter wavelength lasers or low
density gases could reduce the ionization layer width a
enhance the stability of the ionization front.

On account of the unacceptably long computing tim
for two-dimensional PIC simulations, Zohar proved unsu
able for numerically investigating the development of th
transverse ionization instability during amplification. In i
place, the faster F3D code,24 which employs an envelope
description of the laser and Langmuir wave fields, was us
Figure 8 shows the results of such an F3D simulation run
assess the stability of the ionization front during amplific
tion in two dimensions. Plane wave pump and seed pu
were used with hydrogen as the precursor gas. A gas of d
sity nn50.01nc and wavelength ofl51.064mm with an
initial seed ofa2(t50)50.007 were chosen so that an in
tially relatively thick ionization layer would develop an
maximize the possibility of instability. To trigger the insta
bility, low amplitude ~;1%! random perturbations wer
IP license or copyright, see http://ojps.aip.org/pop/popcr.jsp
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added to the initial seed pulse; without this seeding, no tra
verse modulations developed.

At t55 ps, the seed perturbations~initially invisible on
this scale! are seen to have grown substantially where
plasma is partially ionized~i.e., at the pulse front! with the
dominant mode corresponding tok';k2/10. This result
agrees with the predictions of Ref. 8 that the linear grow
rate is maximized fork';vpe /c;k2/10 for these param
eters. At later times (t510 ps and 15 ps!, the modulations
evolve to shorter wavelengths and more spiked structure
seen in the simulations of Ref. 23. More importantly, ho
ever, as the peak of the seed pulse~occurring nearx1ct
.50l) amplifies, the modulations ahead of the pulse fro
gradually decay while no new modulations are seen to
velop in the ever steeper ionization front~the region of tran-
sition from the foot amplitude of the seed to the near pe
amplitude behind the front atx1ct.30l). Such a suppres
sion of the modulations comports with the narrowing of t
ionization layer reducing the linear instability gain while io
ization damping simultaneously erodes any existing mod
tions. Note that all four snapshots are shown with the sa
color scale for normalized laser amplitude. Byt520 ps,
when the seed pulse peak has been amplified by a factor
the ionization layer has steepened to the point that the in
bility is essentially completely suppressed. At later times
amplification proceeds essentially as in the one-dimensio
case.

Despite having chosen parameters favorable to the
velopment of instability, no catastrophic breakup of the pu
is evident in this simulation. Further, from similar simul
tions, the development and saturation of the instability w
observed to be independent of the amplitude of the ini
seed perturbations provided they are small~less than 10%! in
comparison with the background seed amplitude. Initial s
amplitude modulations of;100% were found to lead to
separate spikes of the seed still being amplified but with
the preservation of a uniform~focusable! pulse front. For
more favorable parameters@lower densities and/or highe
frequencies according to Eq.~A5!#, the ionization layer was
sufficiently narrow that essentially no growth of the seed
perturbations was observed. In all cases, convergence o
simulations was confirmed by increasing the number of l
gitudinal and transverse grid points.

Given the complex, nonlinear nature of the physics
the ionization front and the very steep gradients involved
precise identification of the effect or effects responsible
saturation of the ionization instability is difficult. A stron
correlation of instability growth with ionization layer width
via the scalings of Eq.~A5!, is nonetheless evident. Regar
less of the saturation mechanism, the stability of the ioni
tion front does not appear to endanger ionizing amplificati

IX. CONCLUSIONS

In summary, PIC simulations of ionizing Raman amp
fication have been presented showing good agreement
previous results based on simplified 3-wave calculations.
peak unfocused output intensity for ionizing amplificati
was verified to be limited toI;1017 W/cm2 ~as in the con-
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ventional preformed plasma case! by forward Raman scatter
ing of the amplifying seed. The effects of blueshifting of th
seed in the ionization layer and ionization-induced format
of a Langmuir wave were also observed but found not s
nificantly to affect the seed amplification. Additionally, th
blueshifting of the pump laser pulse in propagating throu
the ionization front of the oncoming seed pulse was shown
have only a small effect for the gas densities of interes
amplification. Finally, it was argued that the transverse io
ization front instability described in Ref. 8 should be su
pressed in an ionizing Raman amplifier and not disrupt a
plification of the seed. This stabilization with amplificatio
was confirmed by two-dimensional simulations using t
F3D code in which small perturbations of the seed pu
front were initially observed to grow but then be suppress
with amplification.
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APPENDIX: IONIZATION LAYER WIDTH

An estimate of the ionization layer widthD may be
found as follows. For a laser pulse propagating in a mo
electronic gas of ionization potentialUI , the laser pulse en
velope obeys the equation

nc

mec
2

2
~] t2c]x!uau252~UI1^«&!] tne , ~A1!

when dispersion and the background amplification of the
ser pulse have been neglected. Simultaneously, the elec
and neutral densities evolve according to

] tne5nnw~ uau! and ] tnn52nnw~ uau!. ~A2!

Again, w(uau) is the tunneling photoionization rate, Eq
~1!,25 and ^«& denotes the oscillation energy acquired by t
electrons born in the laser field. The effect of laser pu
dispersion due to the varying plasma density is neglec
here.

Defining the more convenient variabley8b8/a with
b88(2/3)(UI /UH)3/2aH and approximatinĝ «&;UI , Eqs.
~A1! and ~A2! may be combined into a single equation

05yjz1S 12
4

yD yjyz1
1

e8
ye2yyz ~A3!

with

j8vS x

c
1t D , z82

v

c
x, e88

vb8

w0
!1.
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Herew084V0(UI /UH)5/2aH , and subscripts denote parti
differentiation. Equation~A3! is to be solved on the~mov-
ing! domainj.0 andz.0 with the initial conditiona(x,t
50)5ainit(j) and boundary condition that the laser pul
continually encounters fresh gas atj50, i.e., nn(j50,z)
5nmax.

An approximate solution of Eq.~A3! may be found us-
ing a boundary layer technique which exploits the smalln
of e8.26 From the initial conditiona(x,t50)5ainit(j), the
lowest order solution ine8 is simply

aout~j,z!5ainit~j!,

i.e., the initial pulse shape, unperturbed by ionization. Ho
ever, to satisfy the boundary condition atj50 requires

15
nn

nmax
U

j→0

52
~a2!z

R~a!
U

j→0

⇒az;2
R~a!

2a U
j→0

,

whereR(a)8(nmax/nc)(2UI /mec
2)w(uau)/v. Since the lowest

order solution cannot accommodate this boundary condit
a boundary layer must form atj50.

Within the boundary layer, the derivatives inj dominate,
so that the boundary layer behavior is given by the appro
mate equation

05yjz1S 12
4

yD yjyz .

Integrating this equation yields

yin5F21F f ~j!1
e

2e8~b8!2 z1FS b8

ainit~j! D G ,
where

F~x!8Ex et

t4 dt and e8
nmax

nc

2UI

mec
2 .

The functionf (j) must be determined by matching togeth
the inner and outer solutions. The matchingyin5yout is ac-
complished automatically along the linez52(2e8/e)

FIG. 9. Comparison of the analytic calculation~dotted! of the ionization
boundary layer shape for an initially Gaussian pulse with the results
numerically integrating Eqs.~A1! and ~A2! ~solid! for selected times.
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3(b8)2f(j), but yin,j5yout,j can simultaneously be satisfie
along that line only for the degenerate casef (j)50. Since
these solutions cannot then be matched together in the u
manner, a nested boundary layer must form between th
representing the steepest part of the ionization front of
laser pulse.

Without treating the details of this nested bounda
layer, a simpler and more accurate approximate solution m
be found by appealing to energy conservation. Neglect
the nested boundary layer,yin may be matched directly to
yout by choosingf (j) so that 05 f (j)1(e/2e8)z/(b8)2 is
the trajectory of the matching layer. Conservation of ene
up to this boundary then requires

ez.E
0

jmatch
dj ainit

2 ~j!.

That is, the energy invested in ionizing the gasnmaxUIx}ez
must approximately balance the energy contained in
pulse up to the pointjmatch at which the boundary laye
matches to the unperturbed initial pulse shape. With thisan-
satz, the equation for the matching layer trajectory takes
form

f ~j!52
ez

2e8~b8!2 52
1

2e8~b8!2 E
0

j

dj ainit
2 ~j!.

For the typical case of a Gaussian initial seedainit

5a0 exp@2(j2j0)
2/2s2# anda0@b8, then

f ~j!52
w0

2v~b8!3 sa0
2
Ap

2 FerfS j2j0

s D1erfS j0

s D G .
~A4!

It should be emphasized that this approximation is valid o
for laser pulses much more intense than the photoioniza
threshold, i.e., it is not valid during the early stages of a
plification when the pulse is only just above threshold, b
improves in accuracy as the pulse amplifies. A compariso
this solution and a numerical solution of Eqs.~A1! and~A2!
for a sequence of times is shown in Fig. 9 forl
50.532mm anda050.02. The agreement between the an
lytical and numerical results is reasonable.

Using the small argument approximation of the err
function, erf(x).2x/Ap,27 from Eq. ~A4! the width of the
ionization layer is found to scale~again, fora0@b8) as

v

c
D;2

v

w0

~b8!3

a0
2 }

UI
2

va0
2

or, notingnc}v2,

v

c
D}

UI
2

a0
2 Ane

nc
~A5!

for fixed frequency. This general scaling of increasing lay
width with increasing density and ionization potential a
with decreasing frequency has been observed in both 3-w
and PIC simulations. It was also generally observed thaD
for linear polarizations was greater than for the correspo
ing case with circular polarization.

f
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