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Simulations of Raman laser amplification in ionizing plasmas
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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 verifiedD. S. Clark and N. J. Fisch, Phys. Plasn®&772(2002]. The effects
(unique to amplification in ionizing plasmas and not included in previous simulatiohs
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 td ~ 10 W/cn? 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. ZD03 American Institute of Physics.
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I. INTRODUCTION ing medium(in this case merely a gas of a specified uniform
density may be far simpler than preparing a plasma of the
A variation on the scheme of backward Raman lase&ppropriate density, temperature, and uniformity needed for
pulse compression and amplification in plasrhas recently amplification in the conventional scheme. Like the conven-
been proposed in the form of ionizing Raman amplificafion. tional amplification scheme, however, ionizing amplification
In the conventional Raman amplification scheme, a longlso offers the potential of a more robust amplifier by sepa-
pumping laser pulse is collided in a preformed plasma slabating the optical system into two components: one compo-
with a short seed pulse downshifted in frequency from thenent consisting of one or several pump beams delivering
pump by the plasma frequency. The seed pulse serves farge powers over a wide aperture with low requirements on
stimulate the Raman backscatter of the pump with the resubiptical precision, and a second system to deliver a higher

that, in the nonlinear regime, the seed pulse is strongly amprecision but lower power and smaller aperture seed pulse to
plified and also compressed temporally. Theoretically, unfoextract and focus the pump eneryy.

cused intensities of 0 W/cn? in ~50 fs pulses are acces- However, carrying out the ionization of the plasma si-
sible by this technique. After focusing, intensities as high asnultaneous with amplification introduces its own set of con-
10°° W/cn?  become  conceivable—an improvement of straints on the amplifier parametér®rimarily, the pump
10*- 10 over current chirped pulse amplification techniques.must be kept below the photoionization threshold of the gas
In the ionizing Raman amplification scheme, in place of a(] ~10%-10"* W/cn? for hydrogen withx = 0.532,m) and
preformed(i.e., ionized plasma, a neutral precursor gas is the initial seed must be sufficiently intense rapidly to photo-
used. Pump intensities below the photoionization thresholgbnize the gas I(~5x 10 W/cn? for the same cageCon-

for that gas are then employed with a relatively more intensetraints must also be satisfied on the gas density: namely, the
seed pulse which acts to photoionize the gas as the seeddas must be sufficiently tenuous that the damping incurred
being amplified. Behind the ionization front formed at the by the seed from ionization does not exceed its amplification
leading edge of the seed pulse, Raman backscattering of thgte from Raman backscattering, while it must be sufficiently
pump into the amplifying seed pulse occurs as in the predense that the backscatter driven Langmuir wave does not
formed plasma case. Since the low intensity pump propabreak in the fully ionized plasma. An approximate window
gates only through the precursor gas, this scheme has th# 0.001<n,/n.<0.02 is then available for ionizing ampli-
advantage of avoiding any possible premature Raman backication withx =0.532,m andl pump™ 10" W/cn? in hydro-
scatter of the pump from thermal plasma fluctuations prior tqen. Heren, denotes the number density of neutrals, apd

its intended interaction with the seed, an effect which coulds the critical density at the pump laser frequency. Conditions
degrade or entirely disrupt the amplification procé§$e  on the initial seed pulse amplitude and temporal width must
added benefit of suppressing the formation of nonlinear prealso be met in order to access the nonlinear regime of pulse
cursors to the amplifying seed, which could also interruptamplification and compression. Only hydrogen and helium
amplification, has also been shown in the presence ofvorking gases prove to be useful for this effect. A detailed
ionization” Experimentally, the preparation of the amplify- discussion of the variety of physical processes which can
constrain ionizing amplification can be found in Ref. 6.

3Electronic mail: dclark@pppl.gov Reference 4 analyzed these constraints and demonstrated
YElectronic mail: fisch@pppl.gov ionizing Raman amplification numerically using a reduced,
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3-wave description of the laser and electrostatic fields. Thigion process was modeled simply by assigning to each cell a
paper extends this work by using the particle-in-¢@lIC) small number of neutral gas or “ghost” particles correspond-
code Zohat to verify these results with the greater detail anding to bound electrons and ions. Using the electric field mag-
fidelity possible in a PIC code. Good agreement is foundhitude at the center of each cell, the photoionization rate was
between the PIC and 3-wave results, and the earlier predicalculated for that cell using the instantaneous tunneling
tions are validated. Specifically, amplification timfocused formula®*°
output intensities of- 10" W/cn? is shown. The interesting 52 32

ks {— z<& g

A 730, Tl

effects of blueshifting of the seed and pump by the ionization w(|a|):490<&
front and Langmuir wake generation are observed but found Un
not significant to impact the amplification process. The im-wherea=|e|E/m.cw is the normalized amplitude of the to-
portant saturation of the amplification by forward Ramanta| laser electric fieldJ, the ionization potentiallJ,, the
scattering(FRS of the seed, the same mechanism as exXijonization potential of hydrogen, ara, the normalized am-
pected in a preformed plasma, is also observed. plitude of the hydrogenic electric field. Below;, a,, and
Beyond these one-dimensional effects, an important efa; are used to refer to the normalized amplitudes of the
fect to be considered for ionizing amplification is the trans-pump, seed, and Langmuir wave envelopes, respectively.
verse stability of the ionization front of the seed pulse toThe number of atoms ionize@r electrons creatédn each
ionization-modulation instabilities of the type identified in cell for one computational time-step is then a binomially
Ref. 8. Given the very high gains possible for this instability, distributed random number between zero and the total num-
the exponentiation of even very small imperfections in theper of neutrals in the cell where the probability of any given
seed pulse front could lead to breakup of the seed pulsgtom ionizing is simply the product of the tunneling rate and
transversely and cause it to lose focusability before meaninghe simulation time-step- Once the number of electrons ion-
ful amplification has occurred. If the growth length of this jzed is calculated, an equivalent fixed positive background
instability proves shorter than that for FRS or modulationalcharge is also introduced, the number of neutral atoms is
instabilities, a new(purely two dimensional mechanism reduced correspondingly, and the liberated electrons are free
could then limit ionizing amplification to lower output inten- to move under the influence of the local electromagnetic
sities than are achievable by the conventional amplificationfields. Attention must also be paid to the fact that electrons
scheme. However, since this instability can only develop ircould be born at any time within the computational time-step
the thin ionization layer at the seed pulse front and since thiat. To include this effect, electrons were assumed to be born
layer can be expected to narrow as the seed pulse amplifieg uniformly distributed random times witht and then
and steepens, such an instability may saturate at a benigjiven velocities corresponding to having been accelerated in
level for the parameters of interest to amplification. Two-the local electromagnetic fields for the appropriate fraction of
dimensional simulations run with the F3D code confirm thisa time step. Without accounting for this effect, an unphysical
low-level saturation and ultimate transverse stability. striation of velocity space would result.

This paper is organized as follows. Sections [I-VIl  Critical in the study of ionizing Raman amplificatiéon
present the results of one-dimensional simulations of ionizaccount of the relatively long-3—6 cm length scales in-
ing amplification run with the PIC code Zohar—in particular, volved) is the damping of the electric fields introduced by
a comparison with previous 3-wave results for ionizing am-the ionization process. To account for this damping, for every
plification, seed pulse blueshifting, wake generation, saturgonization event the magnitude of the electric field vector in
tion of amplification, and blueshifting of the pump in the each cell was reduced so that the local electric field energy is

oncoming ionization front. The possibility of using a variety decreased by the energy required to free the electron, i.e.,
of initial seed pulse shapes is also discussed. Section VIl R
. . . 2 ANg

extends the one-dimensional PIC results of the preceding A |E| Ax=—UAN,— S %

sections by considering the two-dimensional stability of the 8 1= & &is

seed pulse ionization front. Simulations with the F3D code hereU. is the ionizati SIAN. is th ber of

are presented which demonstrate that the narrowing of th@’I eret 'Et N _|on|zat|<|)|n ?ot_ellualA 515 the number E

ionization layer with amplification of the seed can act toe_ect_rons om |rf1 icel of Sizax an sidreprﬁsgntsk;_the

stabilize the pulse front to weak transverse modulations iﬁ“net'c en(;—zrgy 0 t € ﬁ_;ctr%_nh assomate_ fWI|t q _|ts Int ¢ at

intensity. Section IX summarizes and concludes. The Appen?omed rgn (r)]'.n time wit IS tb € magnet;]c_ '3, IS UOt_a B

dix contains an estimate of the ionization layer width at the ecte ' Dy this process. u_sequent to this direct lonization
amping, the current resulting from the electrons accelerat-

front of the seed pulse and confirms its favorable scalinqj : oo X
with peak pulse amplitude. ng in the electromagnetic field on time scales longer than

results in the appropriaiﬁ-j damping of the laser pulses.
Note that in fluid codes, ionization damping has previ-
Il. COMPARISON OF PARTICLE-IN-CELL AND 3-WAVE ously been implemented by introducing an “ionization cur-
RESULTS rent” Jion=w(|E|)n,U,E/|E| with w(|E|) the ionization rate
For simulations of Raman amplification in ionizing plas- andn, the number density of neutral$!*A formulation of
mas, the Zohar PIC code required modification to include asuch a current appropriate for a PIC code, however, could
ionization package and to run in a “moving window” mode not be found. This is a result of the fact thfsgn represents
(i.e., following the amplifying seed pulseThe photoioniza- the rate of energy dissipatiofor powe) due to ionization
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and hence must reflect the time scale of the ionization phys- ' T T : ' i
ics At~ v2moU,/|eE| implicit in | I/ 0, LAty Al e
Since a PIC code represents the physics only on a muchs"

coarser time scalAt> At;,,, attempting in a consistent and ~ *™
energy conserving manner to represent this current within the |
PIC framework results idji0n|ocANe/At and an extreme w, £ 360000 1 540000

and artificial reduction of the damping effect. Within the " i

fluid framework, the current may be formulated kﬁ%n| ol :

«w(|E|)n,, i.e., without the difficulties of the ionization of

discrete electrons over finite time intervals, and this problem s I o

is not encountered. ai} & e ;
Again on account of the very long interaction lengths in = .

ionizing amplification, a moving window was necessary: PIC ™ / '

calculations involving the fulk~10 cm ionization length with f 2 - o

its ~ 10° cells and~ 10 particles—even in one dimension— ¥ GO 2 T e

are totally unreasonable given current computing speeds.

Shortening the problem to calculating the behavior of the'C- 1 (Colon Snapshots comparing seed pulse envelopes from Zotuir
and envelopggreen simulations for ionizing amplification in hydrogen

plasma only in the immediate vicinity of the amplifying seed i, 1, —0.00m,, a,=0.0015, a,(t=0)=0.02, and\=0.532um. The
is hence required. Such a window was implemented for Zopump (not shown enters from the left. Polarizations are linear.

har by simply shifting all particles and grid quantities by one
grid space every second time step to give a window moving
at the speed of light wheAx=2cAt. Speeds slightly less Gaussian seed of amplitudg=0.02 and half-width 16@

thanc, appropriate for following the seed pulse, are selectegg used, anch=0.532um. Both pulses are linearly polar-
by simply not shifting in one out of typically every 200—-400 ,¢q.

time steps. For runs of several hundred thousand time steps, The 3-wave simulatior{shown in green displays the
care had to be taken in adjusting the window velocity to keeg pical broadening of the seed during the linear phase of
pace with the ionization front which propagates at a speedmpiification followed by them-pulse shape at later times
different from the typical seed pulse group velocity due tocharacteristic of the nonlinear phase. The steep ionization
group velocity dispersion in the ionizing plasma and the effront at the leading edge of the seed is evident throughout.
fect of ionization damping. At the trailing edge of the simu- The zohar resultshown in redl echos these trends of initial
lation window, field quantities and particles may simply be proadening followed by nonlinear narrowing always accom-
“discarded” provided charge conservation is maintained. Atpanjed by a steep leading edge. Both simulations reach final
the advancing edge of the window, a uniform loading ofjntensities ofl ~1.2x 1017 W/cn? and pulse widths roughly
neutral gas “ghost” particles is introduced to representcomparable to the input pulse width. Doubling the number of
freshly encountered gas. For the electromagnetic fields, thgarticles used in the PIC simulation did not significantly alter
procedure of extrapolating, and E, at second order and the results, and convergence of the 3-wave result was veri-
with_this calculatingE, using the boundary conditions of fied by repeatedly decreasing the grid spacing. General
SinZ’ was found to be stable and accurate. For the case efgreement is seen between the PIC and 3-wave results sug-
ionizing Raman amplification in one dimension, all other gesting that conclusions drawn from the simpler 3-wave for-
field quantities are zero or ignorable at the advancing boundmulation are indeed valid. The strongest distinguishing fea-
ary. ture between these simulations is the appearance of a series
Note that using a moving window simulation for the of slowly growing modulations superimposed on the ap-
case of ionizing amplification does not amount to any sim-proximate-pulse shape of the PIC results.
plification of the plasma physics of Raman amplification in  Further corroborating the 3-wave model developed in
contrast to the case of a preformed plasma. While in preRef. 4 are the transverse electron energy distributions mea-
formed plasmas, the propagation of the pump across theured from the simulation shown in Fig. 2 fext=5000 and
plasma prior to reaching the seed and its stability to thermal25000. By comparing with the theoretical distribution
Raman backscatter is a critical plasma physics issue desergiven by Burnett and Corkutfiand used in Ref. 4 for cal-
ing of modeling? for ionizing amplification no plasma phys- culating the ionization damping rate, again good agreement
ics occurs ahead of the ionization front, and hence nothing i found. Initially, the measured electron energy distribution
omitted by not including this in the PIC modeling. shows best agreement with theoretical expectations assuming
Figure 1 shows a comparison of snapshots of the leftthe majority of electrons are born at a laser field strength of
propagating electric field envelope from a simulation runa,=0.002. As should be expected for the early stages of
with Zohar using a moving window and a simulation run amplification when the seed pulse slope is gentle, the typical
using the simplified 3-wave approximation described in Refbirth amplitude corresponds closely to the hydrogen ioniza-
4. The working gas for this case is hydrogen wity  tion threshold pictured in Fig. 1 of Ref. 4. At later times,
=0.00In., the pump(not shown enters the simulation box when the seed pulse has steepened due to ionization damp-
from the left with an amplitude of;=0.0015, an initial ing, the characteristic field at which the majority of electrons

0=
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FIG. 2. (Color) Comparison of theoretical transverse electron energy distri- " o
bution (red) with the distribution measured after the passing of the seed auns- ¥
pulse from the simulation shown in Fig. (lue) for w,;t=5000 and f = ¥’
125 000. al.'.l -'E;J‘:l 1000 IJ_ — .!i:lll 000
Kiotex) Kigt+m

. . . FIG. 4. (Color) Snapshots of the filtered seed pulse envelope from the Zohar
is born should be given by the estimates of Ref. 4. As can bgmulation shown in Fig. 1. The blue-shifted component of the left-

seen forw;t=125000, using this estimated characteristiCpropagating field is shown in blue, and the unshifted “red” component
amplitude ofa, =0.015, the measured electron energy specis shown in red. For comparison, the result of the 3-wave simulation is
trum again agrees closely with the theoretical spectrum. ~ "éPeated in green.
Repeating the simulation shown in Fig. 1 but increasing
the density up tan,=0.003, yielded similar amplification 3. The power spectrum of right-propagating eneg., in
results. A density oh,,=0.005, appeared to be the thresh- the direction of the pumpis shown in blue, the spectrum of
old above which such an initial seed would be extinguishedeft-propagating energyin the direction of the seedis
due to ionization damping before amplifying. Likewise, shown in green, and the spectrum of the longitudinal electric
simulations with A\=1.064um and densities up tan, field (i.e., the Langmuir waveis shown in red. Even for the
=0.003, showed successful amplification. Notably shorterrelatively early timew,t=2.4x 10°, a substantial blueshifted
wavelength ionization-induced modulations appeared on thwing is evident in the left-propagating spectrum which con-
seed pulses for this longer pump wavelength than those viginues to broaden and grow in amplitude unilt~7
ible in Fig. 1, as was also the case for the higher density<10°. This upshift ink, is the well-known blueshift ex-
simulations. pected for an ionizing laser pulse resulting from the continu-
ous copropagation of the laser field with the density inhomo-
geneity of the ionization fron'*> Though not resolved due
to the low temporal sampling rate used, a blueshift in fre-
An insight into the origin of the seed pulse modulationsquency can also be expected due to the ionization front. Also
in Fig. 1 is gained by inspecting thg spectra shown in Fig. evident is the driven Langmuir wave kt=2.0w,/c and a

IIl. BLUESHIFTING OF THE SEED PULSE

broadening of the peak in the left-propagating spectrum
which is consonant with the spatial narrowing of the ampli-

¥ i o fying seed pulse. The growing signal in the longitudinal elec-
i it tric field at very smalk’s V\_/iII be discusse_d below. N
s 2 o The result of separating the blueshifted and remaining
= N i i “red” component of the left-propagating spectrum is shown
. j, s in Fig. 4. With the blueshifted component filtered from the
— Pl signal, the agreement between 3-wave and PIC simulations is
P seen to be quite close. The agreement confirms both the ori-
gin of the seed modulations in the ionization-induced blue-
e | shift and again the validity of the 3-wave model in describ-
s Iy I ing ionizing amplification. Note, however, that a “notching”
| t=sm0000 FRS i e appears in the peak of the PIC result foft~9x 10°.
B e | "‘f‘/""""' IV. SATURATION OF AMPLIFICATION
s 1§ [ = nllj': Running the simulation further, as shown in Fig. 5 with-
gl _ARL AL e j‘.-Q._ out filtering, shows this notch growing into a strong modu-
: cklim " M ek M lation of the seed. Ther-pulse is no longer maintained, the

FIG. 3. (Color Snapshots of thé&, spectrum from the Zohar simulation
shown in Fig. 1. The right-propagating power spectrum is shown in blue, the

pump is no longer depleted, and saturation of the amplifying
effect is evident. The strong spike in the left-propagating

left-propagating spectrum in green, and the spectrum of the IongitudinaﬁpeCtrurr(Fig- 3) downshifted by approximately./c from
electric field is shown in red.

the main peak fomw;t=9.6x 10° suggest this to be forward
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4 P prsg TV be expected® as is the case in this simulation. In the denser

plasmas typical for Raman amplification in preformed
Fr']G- 5. ﬁC(IJ:'Pf) fn?ﬁzhsézgfet:\?;fgeeﬂi’;‘esﬁg\(,’v';mi(r’]” (r’;g;]e iggatrhzimuﬁtio;‘nplasmasl] however, wake formation is not typical. The pres-
ia?l\grrrluljri]r ng\./e énvelopdboth multlioplied by 1 forgclarit)}) are shov‘\ir:J inp gnce of a sharp dlSCpﬂtIhUlty at the ionization front can _also
blue and red, respectively. be expected to contribute to the development of a wake in an

ionizing amplifier'®2°
Fortunately from the perspective of amplification, sup-

Raman scatteringFRS of the amplifying seed. That the pression of the resonant plasma wave by the larger scale
time of appearance of this signal is approximately the lineawake field occurs only at times comparable to or after the
growth time for directly forwardi.e., one dimensionaRa-  development of FRS or modulational instabilities and the net
man scattering of the SeedallyFRg~(wllwpe)zla1~6.7 amplification of the seed is not then degraded. Wake forma-
X 10°, corroborates this. Simultaneously, the broader sidetion is evident in the longitudina, spectrum(Fig. 3 as a
bands neak’=k,(1+a,)=k,(1*0.1) are the characteristic growing signal atk,=wpe/c=0.0320, /c. Note, however,
signature of the modulational instability of the seed with thethat the spectral location of this Langmuir wave is effectively
growth time wl/ymodv(wllwpe)/a§/3~5.1>< 10°.1® A cou-  indistinguishable from the Langmuir wave that would be
pling between the ionization-induced blueshift and the latedriven by FRS of the seed pulse, alskat wye/c. In effect
forward Raman scattering and modulational instabilities ighese instabilities are equivalent.
also possible. Note that the observation of saturation of ion-
izing amplification by FRS and modulatidthe same satu- VI. BLUESHIFTING OF THE PUMP

ration mechanisms expected for Raman amplification in pre- In addition to the blueshift experience by the seed pulse

I:?)rrrnns:rabrl)vlaa??friZe Z?(BZLT: d ff)r;attheogcgaglte:ntligfglsngn irr]1 its copropagation with the ionization front, a blueshift of
amplification scheme can be achieved by the ionizin he pump pulse also occurs as it propagates throughbnhe

scheme gcomingionizati(_)n front in an ionizing amplifier. The degree
' of shift from this process may be calculated by following a
procedure analogous to that of Ref. 21 which considered the
V. LANGMUIR WAKE FORMATION transmission and reflection of an electromagnetic wave from
In Fig. 6 are shown snapshots of the complete longitu? sharp, moving d_isc_onti_nuity in the elgctr_on density of a
dinal electric field. Initially, up tow,t=4.4x10°, the reso- Plasma, as at an ionization or recombination front. In the
nant Langmuir wave takes on the envelope shape expectéff‘me traveling with the front, the dl_scgntmuny is stationary
for 3-wave coupling andr-pulse-type behavior behind the and hence the frequencies of the incident, trans_mltted, and
ionization front. Afterew,t=6.5x 10°, however, a Langmuir "eflected waves must be equal,= w=w,=w. Taking the
wake begins to form and byt=1.2x 10° has strongly sup- incident wave to impinge on t.he discontinuity from the left
pressed the component of the Langmuir wave field resonarffom vacuum, the corresponding wave numbers are
for Raman backscattering. © ® 2
Given the very low background plasma densities suitable k= —k,=—, k=—\/1- —%.
for ionizing Raman amplification, values for the fast plasma ¢ ¢ @
wave wavelength\ ,c~2mc/w,., comparable to the seed Lorentz transforming to the frame in which the discontinuity
pulse width can be encountered. Conditions conducive ttravels with velocitycB to the left (the “lab” or primed
Langmuir wake formation by the short seed pulse can theframe,?? the incident and transmitted frequencies become
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of =y(w—cpk)=wy(1-p),

2
wpe

w{=7(w—CBkt)=w7< 1-B\1-—7

and the wave numbers are

(O]

K = y(ki~ Bolc)=y 2 (1-B),

, 15) wge
kt:’)’(kt_ﬂw/c):?’g 1_?_,3 )

where vy is the relativistic factor. It should be noted that
w’.=w?—c?k? is a Lorentz scalar and henee).= wpe.
Denoting the incident frequency in the stationary frame a
wo=w| , the frequency in the moving frame is given by

w=wol/y(1-p)
and
2 2
wpe_ wpe 2,1 2=n_e 1_ﬂ
0’ w(z) (=) N 1+8°

The frequency and wave number shifts are then

!

B—1
and
B—1.

That is, upon exiting the ionization layer, a frequency blue
shift of Aw= wy(Nma/4n.) is achieved. The downshift ik
(as opposed to upshift im) should be expected given that
the pump is propagating into a region of higher, and

hence higher phase velocity, resulting in a stretching of the

pulse.

In the case of ionizing Raman amplification, for a pump
of (vacuum frequencyw, launched into a gas which, when
ionized, supportg,.= wo\ne/N;, passage through the on-
coming ionization front of the seed yields an effective pump
frequency of w;=wg(1+ng/4n;). The Raman resonance
condition (neglecting thermal corrections and takifg- 1)
then requires a seed of frequency

Ne )

1+ ——
an,

Ne

W= W1~ Wpe= Wo n
C

Examples of the magnitude of upshift in the seed frequency nas|
required for various gas densities are given in Table I. For

n,~0.0In., simulations run with Zohar showed noticeably

stronger Raman coupling when the effect of this blueshift

D. S. Clark and N. J. Fisch

TABLE I. Example resonant seed frequencies including pump blueshift.

ne/ng w, | wy(shifted) w, | wg(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

to suggest itself as a means of properly selecting the Raman
resonance between the pump and the seed merely by adjust-
ing the plasma density. That is, lasers of the same frequency

&Lould be used for both the pump and seed pulses with the

pump being “tuned” to the appropriate Raman frequency
automatically by it ionization upshift. Regrettably, satisfying
this condition amounts to

ne

1+ ——
4n.

or the nonsensical requirememt/n.=16.

o= Wo

VII. ALTERNATE INITIAL SEED PULSES

Initial seed pulse shapes other than the Gaussian shown
in Fig. 1 may prove more optimal for ionizing amplification.
In Fig. 7 is shown the amplification of a trapezoidal initial
seed of peak amplitudes,=0.007, i.e., just above the thresh-
old for rapid photoionization with linear polarization. Again,
the working gas is hydrogen witn,=0.00In., a;
=0.0015, and\ =0.532um. Despite its relatively low am-
plitude, the large integrated energy of this longer seed en-
ables it to withstand the photoionization damping for a suf-
ficient length of time until the nonlinear phase of Raman
amplification has replenished the leading edge of the seed
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was taken into account as compared to selecting the res6+G. 7. (Color) Snapshots from a Zohar simulation for ionizing amplifica-
nance by considering only the peak plasma density. For théon in hydrogen withn,=0.001n., a;=0.0015,a,(t=0)=0.007, andx

more typicaln,~0.001n., however, this effect is negligible.

=0.532um. In this case the seed pulse is initially trapezoidal in shape
instead of Gaussian. The seed envelope is shown in green, and the pump and

_ _Th? frequer_lcy UPSh_ift_ of the pump as _it en(_:ounters thQ angmuir wave envelopeagain, both multiplied by 18 for clarity) are
ionization front in an ionizing Raman amplifier might appearshown in blue and red, respectively. Polarizations are linear.
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and a robust, amplifyingr-pulse has formed. A net amplifi- instability is seen to be convective in the pulse frame. Hence,
cation by a factor of ~400 in intensity to 1~1.2 atleastlinearly and within the approximations above, a finite
x 10" W/cn? is then achieved. As shown in Ref. 4, the ini- amount of exponentiation can be expected for any initial
tial seed pulse shape required to obtain the amplifying andhodulations at any point within the pulse. Further, since the
contracting m-pulse shape is much less stringently con-instability can only develop within a layer of width where
strained in the case of ionizing amplification than it is for the plasma is being ionized, the global maximum exponen-
amplification in a preformed plasma. While for Gaussiantiation of an initial seed modulation for the entire pulse is
seeds a minimum pulse half-width of approximately ¥§0/ simply given by the maximum o6& (&,x) over the domain
and initial amplitudea,(t=0)=0.01 were found necessary 0<¢=<A. By the method of Lagrange multipliers, this maxi-
in the simulations for amplification to occur, a great varietymum is found to be

of elongated, lower amplitude pulses could be workable for

amplification. A more detailed discussion of the initial seed  maxG(¢x)= M[a B(1-B)—(1-B)]A 3
pulse amplitudes necessary for ionizing amplification can be  ¢x c

found in Ref. 6. with

VIIl. TRANSVERSE IONIZATION FRONT STABILITY k, [«
k,’

Wpe
1+4/1 !
— T
dimension and neglected the transverse dynamics of the Ias&

r : o -

pulse. Beyond these one-dimensional results, of particular oughly, noting that the gain is maximized fr ~ wpe/c
; . . : .. and thatk~w(|a|)/c with k,~ w/c, then

concern is the integrity of the seed pulse to an instability

The preceding sections have verified the initial predic- - 2(]a]) k,
tions of ionizing Raman amplification from 3-wave simula-
tions with the greater detail and rigor of PIC simulations. All B= 1
of these results, however, have considered only one spatial 2(1+a ?)

-1

identified in Ref. 8 in which the nonlinear field strength de- \/7 (1+a H2, a>1,
pendenge in the tunneling formul_a_results in a transverse & —w(|a|) B (1+a?)7!, a<l,
modulation of the front of an ionizing laser pulse. If the

growth length of this instability proves to be shorter than thatso that

for FRS or modulational instabilities of the seed, then a new —_—

(purely two dimensionalmechanism could limit the maxi- maxG ~ (Ale)yow(|a))2, a>1,

mum output intensity for ionizing amplification. £ (wlc)A, a<l.

The physical mechanism of this instability can be seen ) o )
as follows. Any initial transverse perturbation of the laser 1€NCe, the maximum degree of exponentiation anywhere in

intensity results in an accompanying perturbation of the electhe pulse is directly controlled by the width of the ionization

tron density following photoionization. The regions of higher [2YerA. , o

electron density can be expected to refract the laser field INtuitively, it may be expected that the ionization layer
away from these perturbed regions and lead to lower fieldvidth, which deter.mlnes the pulses stability, ghogld Qecrease
intensities and lower ionization rates with a subsequent steflS the pulse amplifies and ste.epens and the IOY?IzatIOT? rate at
bilization of the instability. However, the perturbations im- (e pulse front consequently increases. An estimata &f
printed in the electron density, also serve to scatter the laséVeN in the Appendi{Eq. (AS)] and confirms this inverse
field. For the appropriate transverse wave vector, this scafC@ling of the layer width with the pulse peak amplituge

tered field can act to reinforce the initial field perturbations"-€- @S the pulse amplifies areg increases with time, the

enhancing the ionization rate and hence amplifying the scaf®nization layer can be expected to narrov0). Hence,
from Eq.(3), progressive stabilization of the ionization front

tered laser field. An exponential instability thus results.

Neglecting the space and time dependence of the bac@n be expected with amplification as the gain is reduced
ground pulse amplituda(x,t) and densityny(x,t) so as to with decreasin@\. Such a stabilization due to the narrowness

derive a dispersion relation, Ref. 8 shows that the local gaiff! the ionization layer is also suggested by the work of Ref.
for this instability is approximately given by 23. Namely, the instabilities which are observed in the two-

dimensional simulations of Ref. 23 appear only in the ion-

Wpe K kf w(lal) kf ization layer of the second ionization state of helium, a layer
G=—YV K, & 2—k§x X~ ¢ B 2_k§X - (2 which [by the scalings of Eq(A5) and that the second ion-

ization potential of helium is approximately twice that of the

Here first ionization statgis much thicker than the first ionization
k? |al ne(x)\ ow(|al) layer. The narrower first ionization layer appears stable to
=Ct—x=7Xx and k= —-|1— — ions.
3 2k§ k=50 nmax) Jlal any modulations

For the case of ionizing amplification, however, the criti-
represents the coupling between the laser field and the pecal issue is whether, for the relevant gas densities and pulse
turbed electron density. Noting that, for a fixed point in theamplitudes, the ionization layer is sufficiently narrow ini-
pulse frame §=const) the modulation first grows but even- tially or this narrowing happens sufficiently fast adequately
tually decays as the pulse propagates anidcreases, the to suppress the ionization instability. Further, since the laser
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FIG. 8. (Color) Snapshots of the seed pulse amplitegefrom a two-dimensional simulation of ionizing amplification in hydrogen run with F3Dafpr
=0.0015,a,(t=0)=0.007,n,=0.0In., and\ =1.064m.

pulse amplitude is growingand hence the ionization layer be a more stringent limitation on amplification than the
width is evolving on a time scale comparable to the insta-modulational or FRS instabilities discussed above, simply
bility growth time, neglecting the time dependence of thejnitializing the seed with a higher intensitperhaps from a
ionization layer width in assessing the ionization front stabil-previous Raman amplifieand amplifying it over a shorter
ity is at best a suspect approximation. While estimates suclength could still result in the same output power as if a
as that leading to EqAS5) suggests stabilization by narrow- smajler initial seed were amplified over a longer length in the
ing is possible, the realistic stability of an ionizing Ramanapsence of the instability. Note that EGA5) additionally
amplifier can only be verified using two-dimensional simu-g,ggests that utilizing shorter wavelength lasers or lower

lations. o density gases could reduce the ionization layer width and
It should also be noted that several approximations Were bance the stability of the ionization front

made in deriving the gain rate E(R). Most notably it was

assumed that the pulse shape varies in space and time or}lgr two-dimensional PIC simulations, Zohar proved unsuit-

slowly compared td; andk, , I.e.,da/gé<k;, k, . As the able for numerically investigating the development of this
ionization layer narrows and the pulse front steepens with

amplification, this approximation is then gradually invali- transverse ionization instability during amplification. In its
dated and Eq(2) may no longer apply. Additionally, the place,' the faster F3D cod& which employs an enveloped
stabilization of the pulse by narrowing of the ionization layer d€Scription of the laser and Langmuir wave fields, was used.

with amplification must compete with the destabilizing effect Figure 8 shows the results of such an F3D simulation run to
of the stretching and smoothing of the pulse due to disper@SS€ss the stability of the ionization front during amplifica-
sion in the inhomogeneous plasma at the ionization ffant ~ tion in two dimensions. Plane wave pump and seed pulses
effect completely neglected in EqéAl) and (A2)]. This  were used with hydrogen as the precursor gas. A gas of den-
effect will be small for the low density plasmas under con-Sity N,=0.0In; and wavelength ok =1.064um with an
sideration but may have a significant cumulative influencenitial seed ofa,(t=0)=0.007 were chosen so that an ini-
over a long interaction length. Again, only realistic, two- tially relatively thick ionization layer would develop and
dimensional simulations can resolve these competing effectsnaximize the possibility of instability. To trigger the insta-
Regardless, if this ionization front instability proves to bility, low amplitude (~1%) random perturbations were

On account of the unacceptably long computing times
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added to the initial seed pulse; without this seeding, no transtentional preformed plasma cadsy forward Raman scatter-
verse modulations developed. ing of the amplifying seed. The effects of blueshifting of the
At t=5 ps, the seed perturbatiofisitially invisible on  seed in the ionization layer and ionization-induced formation
this scalg are seen to have grown substantially where theof a Langmuir wave were also observed but found not sig-
plasma is partially ionizedi.e., at the pulse fromtwith the nificantly to affect the seed amplification. Additionally, the
dominant mode corresponding to, ~k,/10. This result blueshifting of the pump laser pulse in propagating through
agrees with the predictions of Ref. 8 that the linear growththe ionization front of the oncoming seed pulse was shown to
rate is maximized fok, ~w,./c~Kk,/10 for these param- have only a small effect for the gas densities of interest in
eters. At later timest10 ps and 15 ps the modulations amplification. Finally, it was argued that the transverse ion-
evolve to shorter wavelengths and more spiked structures, a&ation front instability described in Ref. 8 should be sup-
seen in the simulations of Ref. 23. More importantly, how-pressed in an ionizing Raman amplifier and not disrupt am-
ever, as the peak of the seed pulsecurring nearx+ct plification of the seed. This stabilization with amplification
=50\) amplifies, the modulations ahead of the pulse frontwas confirmed by two-dimensional simulations using the
gradually decay while no new modulations are seen to deF3D code in which small perturbations of the seed pulse
velop in the ever steeper ionization fraihe region of tran-  front were initially observed to grow but then be suppressed
sition from the foot amplitude of the seed to the near peakvith amplification.
amplitude behind the front at+ct=30\). Such a suppres-
sion of the modulations comports with the narrowing of the
ionization layer reducing the linear instability gain while ion- ACKNOWLEDGMENTS
ization damping simultaneously erodes any existing modula-
tions. Note that all four snapshots are shown with the same,

color scale for normalized laser amplitude. By 20 ps, . . .
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when the seed pulse peak has been amplified by a factor of g, . . . : . .
erger in preparing simulations with F3D is also gratefully

the ionization layer has steepened to the point that the mSt%_cknowledged.

bility is essentially completely suppressed. At later times the This work was supported by the U.S. Department of En-

?;%Imcatlon proceeds essentially as in the one-dlmenslonaelrgy Contract No. DE-AC02-76-CHO-3073 and Contract
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Despite having chosen parameters favorable to the dﬁiesearch Projects Agen¢PARPA)
velopment of instability, no catastrophic breakup of the pulse '
is evident in this simulation. Further, from similar simula-
tions, the develo_pment and saturation of _the instability WaS bbENDIX: IONIZATION LAYER WIDTH

observed to be independent of the amplitude of the initia

seed perturbations provided they are srflabs than 10%in An estimate of the ionization layer widtA may be
comparison with the background seed amplitude. Initial seeébund as follows. For a laser pulse propagating in a mono-
amplitude modulations of~100% were found to lead to electronic gas of ionization potentill, , the laser pulse en-
separate spikes of the seed still being amplified but withoutelope obeys the equation

the preservation of a unifornffocusablé pulse front. For m.c2
more favorable parametefsower densities and/or higher Ne—
frequencies according to EGA5)], the ionization layer was

sufficiently narrow that essentially no growth of the seededyhen dispersion and the background amplification of the la-

perturbations was observed. In all cases, convergence of th@r pulse have been neglected. Simultaneously, the electron
simulations was confirmed by increasing the number of lonand neutral densities evolve according to

gitudinal and transverse grid points.

Given the complex, nonlinear nature of the physics of
the ionization front and the very steep gradients involved, again, w(|a|) is the tunneling photoionization rate, Eqg.
precise identification of the effect or effects responsible for(1),2> and(s) denotes the oscillation energy acquired by the
saturation of the ionization instability is difficult. A strong electrons born in the laser field. The effect of laser pulse
correlation of instability growth with ionization layer width, dispersion due to the varying plasma density is neglected
via the scalings of Eq(A5), is nonetheless evident. Regard- here.
less of the saturation mechanism, the stability of the ioniza-  Defining the more convenient variable=3'/a with
tion front does not appear to endanger ionizing amplificationg’ =(2/3)(U, /U)*?a,, and approximatings)~U,, Egs.

(A1) and(A2) may be combined into a single equation

The help of A. B. Langdon in preparing simulations with
ar and on the general theory and method of PIC simula-

(d—cdy)|al®=—(U;+(&))dne, (A1)

dne=nyw(lal) and dn,=—n,w(|al). (A2)

IX. CONCLUSIONS

4 1
_ _ o _ 1- —) Y&yt —yery, (A3)
In summary, PIC simulations of ionizing Raman ampli- y €
fication have been presented showing good agreement witfith
previous results based on simplified 3-wave calculations. The
peak unfocused output intensity for ionizing amplification gtw(—ﬂ
was verified to be limited td~ 10" W/cn? (as in the con-
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FIG. 9. Comparison of the analytic calculati¢dotted of the ionization

boundary layer shape for an initially Gaussian pulse with the results o

numerically integrating EqgA1) and(A2) (solid) for selected times.

Herew,=40,(U,/Uy)%?a,, and subscripts denote partial
differentiation. Equatior{A3) is to be solved on thémov-
ing) domain&>0 and{>0 with the initial conditiona(x,t

=0)=a;,;(¢) and boundary condition that the laser pulse

continually encounters fresh gas &t0, i.e., n,(§=0,)

= Npax-
An approximate solution of EA3) may be found us-

ing a boundary layer technique which exploits the smallness

of €’.25 From the initial conditiona(x,t=0)=a;,(¢), the
lowest order solution ire” is simply

Aoul €, = aini(§),

i.e., the initial pulse shape, unperturbed by ionization. How
ever, to satisfy the boundary condition &t 0 requires

_ij __@, R(a)
" Nma gﬁo_ R(@)|,_, 2a

whereR(a) = (Npmax/N) (2U, /mc®w(|a))/w. Since the lowest

ag~

£—0

D. S. Clark and N. J. Fisch

X (B')%(&), but Yin.e=Youtg Can simultaneously be satisfied
along that line only for the degenerate cd$€&)=0. Since
these solutions cannot then be matched together in the usual
manner, a nested boundary layer must form between them
representing the steepest part of the ionization front of the
laser pulse.

Without treating the details of this nested boundary
layer, a simpler and more accurate approximate solution may
be found by appealing to energy conservation. Neglecting
the nested boundary layey;, may be matched directly to
Yout Dy choosingf(&) so that O=f(&)+ (e/2€')¢/(B)? is
the trajectory of the matching layer. Conservation of energy
up to this boundary then requires

13
eg"ZJ
0

[ hat is, the energy invested in ionizing the gag,Uxxel
must approximately balance the energy contained in the
pulse up to the poin€,.ch at which the boundary layer
matches to the unperturbed initial pulse shape. Withdhis
satz the equation for the matching layer trajectory takes the
form

match

déah(é).

174 _
B

For the typical case of a Gaussian initial seag;
=agexf —(é—&)%20?] anda,>pB’, then

¢ B 1 J‘fd 2
(g)__ZE, 26/(B7)2 o gainit(f)-

f(&)=— %ﬁg,)saagg{erf( £ %) | o %) .

(A4)

It should be emphasized that this approximation is valid only
for laser pulses much more intense than the photoionization
threshold, i.e., it is not valid during the early stages of am-
plification when the pulse is only just above threshold, but
improves in accuracy as the pulse amplifies. A comparison of
this solution and a numerical solution of E¢81) and(A2)

for a sequence of times is shown in Fig. 9 far

order solution cannot accommodate this boundary condition=0.532um anda,=0.02. The agreement between the ana-

a boundary layer must form @t=0.

Within the boundary layer, the derivatives§rdominate,
so that the boundary layer behavior is given by the approx
mate equation

4
0=y§§+(1—§)y§y§.

Integrating this equation yields

1 € B’
Yin=F {”9+2e%ﬁw24+Fam«a)}
where
F(x)ifxi:dt and e= Mlimax 2U,2.
t N, mMgC

lytical and numerical results is reasonable.

Using the small argument approximation of the error
ifunction, erf)=2x/\/7,%” from Eq. (A4) the width of the
ionization layer is found to scal@gain, forap>pg’) as

w (B')° Uf
—
\A/O Eio

o)
—A~2
C

2
Q)Eio

2

or, notingn e« w

ur

2
3

Ne
Ne

w
— Z& o

c (A5)

for fixed frequency. This general scaling of increasing layer
width with increasing density and ionization potential and
with decreasing frequency has been observed in both 3-wave

The functionf (&) must be determined by matching togetherand PIC simulations. It was also generally observed that

the inner and outer solutions. The matching=y,. is ac-
complished automatically along the ling=—(2¢'/¢€)
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