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Propagation and stability of intense laser pulses in partially stripped plasmas
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The propagation and stability of intense laser pulses in a partially stripped plasma, i.e., in the presence of
free and bound electrons, is analyzed. The presence of bound electrons is shown to significantly alter the
propagation and stability of intense laser pulses. The bound electrons are represented by a linear and nonlinear
susceptibility, while the free electrons, which can support plasma waves, are treated nonlinearly. In the pres-
ence of both free and bound electrons, an atomic modulation instability develops that can have a growth rate
substantially higher than either the conventional relativistic modulational instability or the forward Raman
instability. Bound electrons can also greatly enhance the filamentation instability. The backward Raman insta-
bility, however, is unaffected by bound electropS1063-651X97)04611-4

PACS numbd(ps): 52.40.Nk

[. INTRODUCTION of the laser vector potentialy, is the nonlinear refractive
index associated with the bound electrohsis the time
The propagation of intense laser pulses in plasmas is reBveraged laser intensity, and it is assumed th&t|
evant to a wide range of applications, such as x-ray lasel. For a linearly polarized laser beanai=7.32
[1-5], laser fusion[6-8], laser-plasma acceleratdi®-18, X 10 °\3[ um]I[W/cn?], where\o=2mc/w, is the laser
harmonic generation in plasmas and gaf&3-23, and wavelength. Note thad, is equal to the peak electron oscil-
laser-plasma channelinf24-29. In many intense laser- lation momentum in the laser pulse, normalizedro.
plasma experiments the ions are not fully stripped and hence Self-focusing of the laser beam requires that the radial
the propagation medium consists of both free and boungradient of the refractive index be negative, i.eA »/ar
electrons. We find that bound electrons can lead to an atomis 0. It can be shown that the condition for self-focusing is
modulation instability AMI ) [30] that can dominate the con- (7To/\g)2A 7, »=1, whererAy, , is proportional to the
ventional relativistic modulational instabilitfRMI) [31-33 laser power. This implies that the refractive indices associ-
and forward Raman scatterind"RS instability [34—38§. ated with the relativistic plasma », and bound electrons
The AMI requires both free and bound electrons, i.e., the fred 7a can individually cause focusing of the laser pulse if
e|ectrons provide anoma'ous group Ve|0city dispersiorpertain Cr|t|Ca| pOWer IeVelS are exceeded. The Critical pOW'
whereas the bound electrons provide self-phase modulatiof's for relativistic focusing in a plasnia1,39-41 and non-
Bound electrons can also result in an atomic filamentatiofinear focusing in a gagt2—44 are, respectively,
instability (AFI) [30], which can dominate the conventional _ 2 2
relativist)i/c filamentation instabilityRFI) [31-33. These ef- Pp=2c(a/re)"(@o/wp) (13
fects cou_ld pl_ay an impqrtant role in laser interaction experi-;nq
ments with highZ material.
Qenerally speaking,.the refrgctive ipdex associat(_ad with Pa=N2/(277072), (1b)

an intense laser pulse in a partially stripped plasma=sl
+An,  with  Anp=n—1+An +An,+Anu+An  wherer,=g?/mc=2.82x10 ' cm is the classical electron
+An,, whereny=1 is the linear index associated with the radius. In practical units, the relativistic focusing power in
bound (atomig electrons,A 7, = —2¢%/(woro)? is the con-  Eq. (18 can be written asP,[GW]=17.4(wo/w,)? The
tribution from the finite spot size of the laser pulgey,=  ratio of the critical powers can be much greater than unity
—w;IZwS is the linear contribution from the fre@lasma  and scales with laser frequency to the fourth power. In prac-
electrons,A n,,= A p(ny/np), is the nonlinear contribu- tical units,
tion from the excited plasma wava,»,, = —Anpa§/4 is the
relativistic contribution from plasma electrons, addy, P

_ 1.22x 10990 9 [ c?/W]

P
= 7,1 is the nonlinear contribution from the bound atomic P, Nglumln[ecm™3]
electrons. In the abovey, is the laser frequency,q is the
laser spot sizezppz(477q2np/m)1’2 is the plasma frequency, where 7, is proportional to the atomic gas density. For
n, is the ambient plasma densityn, is the perturbed example, takingp,=10"1° cnm?/W for typical neutral gases
plasma densitya, the normalizedunitless peak amplitude at standard temperature and press(8&P, n,=n,=2.7
x 10 cm™3 and A y=0.5um, we find thatR=710. For
these parameters, the critical powers for relativistic plasma
*Present address: Icarus Research, Inc., P.O. Box 30780, Band nonlinear gas focusing ar®,=2.8TW and P,
thesda, MD 20824-0780. =P,/710=3.9 GW, respectively. In a partially stripped

)
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plasma, ifR>1, the bound electrons have a much greatedurations. There are two limits on the laser intensitythe

effect on the focusing of the laser pulse than the free eleantensity must be lower than the threshold for ionization of

trons. the next charge state and) the intensity must be suffi-
This paper is organized as follows. Section Il discussesiently small so that the perturbation expansioPaEmains

the wave equation for a laser pulse propagating in a partiallyalid. In addition, the laser pulse length must be sufficiently

stripped plasma. The polarization field of the bound electronshort so as to avoid further electron collisional ionization.

and the plasma current are retained to third order in the las&ppendix B discusses and estimates photo and collisional

field. The nonlinear dispersion relation for the pump laserionization rates as a function of laser intensity and ionization

field is discussed in Sec. lll. The nonlinear dispersion rela€nergies. Intensities and pulse durations needed to avoid ion-

tion for the Stokes and anti-Stokes sidebands is derived iization, beyond certain levels, are estimated in Appendix B.

Sec. IV. Growth rates are derived féa) modulation, (b) For the expansion of the polarization field in powers of

Raman, andc) filamentation instabilities and are plotted as the field to be valid we require,l < n,— 1, which in terms

functions of wave number for several values Rf The of a% is

physical mechanism of the AMI is also discussed and the

roles of both the bound and free electrons is clearly delin- 2 19 ayn 2

eated. A discussion and conclusion is given in Sec. V. This 3G5<7.32¢10" (o~ N[ wml/ e, (4)

paper also includes two Appendixes discussidgthe non- \yhere bothy,— 1 andz, are proportional to the atomic gas

linear susceptibility and group velocity dispersion parameteaensityna_ As an example, for Nat STP with\g=1 um
and (B) ionization rates due to both photo and collisional mo—1=3%10"% and 7,=10 9 cn?/W, the normalized

processes. laser amplitude is limited ta,<0.05, which corresponds to

an intensity| <3.5x 10'°* W/cn?. The quantityRaj is an

important parameter in determining the stability properties of
The wave equation for a laser pulse propagating in a parhe 1aser pulse, which in practical units is given by

tially stripped plasma is

II. NONLINEAR WAVE EQUATION

7 7, cMPIW]I [ Wicn?]

RaZ=8.93x 1 —
" N umin,[em 7]

(V2—c 25 It*)E=4mc 4(9?Plat?+dd,lat),  (3) ’ ®)

wherekE is the laser electric field? is the polarization field where 7,1 <7,—1 for the expansion to be valid.

associated with the bound electrons, ahdis the plasma The plasma current density, correct to third ordea,ris
current density. The polarization field consists of a linear ang9 36,39

nonlinear partP= (xV+ x®(E-E))E, wherexM(x®) is

the linear (third ordey susceptibility associated with the Jp=0n,c(1+dn,/n,—a-al2)a, (6)
bound electrons. The time averaged refractive index of the ) ) o
bound electrons isy= 7o+ 7!, where po=(1+4myW)¥2  where the term proportional ta-a is due to relativistic
is the linear indexz, =823/ 7730 is the nonlinear refrac- Cchanges in the electron mass. The perturbed plasma density

tive index, and = (c/4w) 74(E-E) is the time averaged laser [9:36,38 is given by
intensity. In the present model, the origin of the third order 2,2, 2 5 2
susceptibilityy® (or nonlinear indexy,) is the anharmonic (710 wy) dnp Inp=(C7/2)V(a-2). @)
potential well in which the bound electrons oscillate. The
response time for the developmentydf) (or 7,) due to the
anharmonic electron oscillations is fast, on the order otI
10 s,

It is convenient to write the wave equation in E8) in
erms of the normalized vector potential and to use the
Coulomb gaugey -a=0. The radiation field is assumed to
val 3) i i consist of plane waves polarized in tledirection of the
alues of x* for partially stripped atoms are not com- ¢, a=(ap+a++a_)éx wherea, denotes the pump wave,

monly known but can be readily calculated. For the PUrPOSE,  4re the anti-Stokes and Stokes sidebands land
of estimating these values, we will assume the charge state §|ap|. The pump wave is represented bySp

small FOmPafed to the at_omic number, and the_rejd?éfor = (ag/2)exgi(ksz— wgt) ]+-c.c., while the sidebands are given
a partially stripped atom is expected to be within an order ok,
magnitude of the neutral atom value. Near atomic reso-

nances, however, significant changesxif) and x*) can a,=(a,/2)exp([ (ko+K)z+k,y—(wo+ w)t]} +c.c.,
occur. It is important to note that the validity of the present
analysis is not contingent op® being accurately known. a_=(a_2)exp[(ko—k)z—k, y— (wo— w*)t]}+c.C.,

Our results are expressed in terms of the quaRjtyhich is
the effective value for a partially stripped atom and propor-wherek, and w, are the wave number and frequency of the
tional to y(®), and examples are given for a wide rangdRof  pump, k, k, , and » are the real axial wave number, real
Estimates fory(®) associated with neutral and charged atomgransverse wave number, and complex frequency of the side-
at frequencies far below resonance are given in Appendix Abands, and denotes the complex conjugate. The amplitude
The assumption that the average charge state is smaif the pump and of the sidebands are real and giveady
compared to the atomic number places limitations on thenda. , respectively, an& 2= 9%/ 9y*+ 9°/ 9z>. Substituting
laser intensity and duration. Nonetheless, our model is exEd. (6) together with the polarization field in terms afinto
pected to hold for a wide range of laser intensities and puls&q. (3) yields the following wave equation fa [30]:
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2 2 d[(oa aa| sa
2_ 2027 2l 2% Tl o -4 C [0S 09) 9
Ve—mac 2 kp |a=kj n, a= [(a a)a—Rw, el i e } (8

wherek,=w,/c andR is the effective value in a partially where Ra§< 1. Note that a lower branch of the dispersion
stripped plasma. In deriving Eq8), ™) and x(® are as-  relation atwy= w,/2 exists. The model, however, is not valid
sumed to be constants and independent of laser frequenoyhen wo=wy/2 since from Eq.(7), the perturbed density
This assumption is valid since group velocity dispersion isﬁnplnp can be large. For a circularly polarized pump wave
dominated by the free electrons and not the bound electrong, a= ag is a constant and the dispersion relation is

as discussed in Appendix A. The third order nonlinear source

current, which is proportional to the right-hand side of Eg.

(8), significantly alters the propagation and stability of the n(z)w(z)/cz—k(z)—kf,[l—(1+ R)a/2]=0. (11)
intense laser beam. Sidebands can be generated, resulting in

vga_ri_ous types of modulation, filamentation, and Raman instaa circularly polarized pump wave does not induce a plasma
bilities. wave and therefore the resonant term in the expression for

ag is not present. For a circularly polarized pump the cut-off
[Il. NONLINEAR PUMP DISPERSION frequency is given by
AND PROPAGATION

The nonlinear dispersion relation for a linearly polarized we=(wp/ 7o)[1—(1+ R)a§/4]. (12)
pump wave is

2 215 2 a2 o ) 5 In the present mpdel propagation slightly b.elow the plgsma
nowol €= —kg— Ky + kgl @oag+ (3/8)Ra5]1=0,  (9)  frequency is achieved as a result of the partial cancellation of
o ,,, » thelinear plasma current by the nonlinear polarization cur-
whereR is given by Eq.(2) and ag=3/8-(1/8)(cko)/(w5  rent due to the bound electrons. Propagation far below the
— w}/4) is due to relativistic and nonlinear plasma wave ef-plasma frequency, however, can result from a cancellation of
fects. The term proportional to (3/Bg] in Eq. (9) repre-  the linear plasma current by a nonlinear plasma current in-
sents the nonlinear effects of the bound electrons and can kiiced from the beating of two electromagnetic fields. This is
substantially greater than the plasma tergai=a3/4. The referred to as electromagnetically induced transparency in
resonant term in the expression feg, i.e., the term propor- plasmag45].
tional to 1/(wj— w5/4), is due to the nonlinear plasma wave
at frequency and wave number ¢g,2ky). The cutoff fre- IV. SIDEBAND DISPERSION AND STABILITY
guency is given by

) To analyze the instabilities, Eq&) and(8) are solved to
wc=(wp/79)[1—-(3/16)(1+R)ag], (100 ordera3a. , giving

D, a, =0%c?(k?*+k?)/ID—1—(3/2R[2(wo+ w)>— w3l wd}a, + QI c?(k?*+k?)/D— 1— (3/2R(wi— w?) w3la* ,
(139

D_a* =03{c?(k?®+k?)/ID—1—(3/2R[2(wo— w)?— w3l wd}a* + Q[ c?(k?+k?)/D—1— (3/2)R(wi— w?)/w3]a, ,
(13b)

whereD .= .773“’2_, c2(k2+kf)tZ(néwow—czkok), 0§=wjaj/4, andD = w?— wj. Combining Eqs(133 and (13b we
obtain the dispersion relatidi30]

[D.—Q3{c?(k*+k?)/D—1—(3/2R[2(wo+ ®)?>— wi]l w3} ]-[D - — Q3{c?(k?*+k?)/D— 1— (3/2)R[2(wo— w)?— w3]/ w3}]

=Qg[c?(k®+k?)/D—1— (312 R(w5— 0?) w3]?. (14)

In the limit R—0, Eq. (14) reduces to previous resulf83]. If the sideband frequency is near the carrier frequehey,
<wg, the dispersion relation reduces to

[w2—c2(k?*+ k)2 - 40f(w— Bock) 2+ 203 (312 R+ 1— c?(K2+ K?)/(w?— wd) [[w?— c?(k*+k?)]=0, (15)
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whereBy,=cky/wg and we have sefy=1. The contribution FRS instability is dominated by the AMI. The ratio of the
from the bound electrons, i.e., the term proportionaRio  maximum growth rate for the AMI to the conventional FRS
can be significant and can dramatically modify the conveninstability is (3v2/8)Ra,. The Raman backscatter instabil-
tional RMI, RFI, and FRS instability. Note that, because ofity, on the other hand, is virtually unaffected by the presence
the assumed polarizations of the pump and sideband wavesf bound electrons, i.e., the Stokes frequencyisw,, the

the two plasmon decay ¢2,) instability is not described by wave number ik=2k,— wowplczko, and the growth rate is
the dispersion relation, Eq14). I'=(wow,)2ay/2, assumingw,/wo<1.

A. Modulational instability C. Filamentation instability

The presence of bound electrons in a partially stripped As is the case with the modulation and forward Raman
plasma can result in an AMI that can completely dominateinstability, the filamentation instability can be strongly af-
both the conventional RMI and the FRS instability fer  fected by bound electrons. Takikg=0 in Eqg. (15) and ne-
>1. Since the AMI and RMI are not driven by the induced glecting the resonant plasma wave term, the dispersion rela-
plasma wave, they can be analyzed by neglecting the restion becomes
nant plasma wave term, i.e., the term proportionatt(k?

+k?)/(w?— w}) in the dispersion relation of Eq15). Set- 1

Czkz 1/2
w?=20d 1+ {— [whag(1+3R/2)/2— czkf]] }

ting w=Bock+ dw andk, =0 in Eq. (15), we find that for 4wy
the AMI and RMI (20)
So=—(w,/wp)(cki2){(ck/w)?—(3/8)a3 wherec?k® <w3. The AFI growth rate is
+[—(1+3R2)aj/2+ (ck wp)?]¥3,  (16) I'=(ck, /200)[ w2a3(1+3R/2)/2—c?k2]Y2,  (21)

where Bock>|dw|. The AMI growth rate is and extends fromk, =0 to K, =K, mac=(wpa0/v20)(1

+3R/2)Y2 and peaks at, =k, nax/v2. The maximum growth

— 2
I'=(1/2)(wp/ wo)%ck (1+3R/2)aj/2— (ckl wg)*]Y2, rate for the AFI is

17

and extends fronk=0 t0 k= K= (aqwo/v2C)(1+3R/2)*2
and peaks at=Kk,,/v2. In the conventional RMI the range
of unstable wave numbers is restrictedktd w,/c while in
the AMI the range irk can exceedv,/c and can approach

wO./C' _Slnce the' range of wave ”“.”.‘bers over Wh'Ch the AIv”rate of the conventional filamentation instability for a neutral
exists is broad, it will be less sensitive to laser incoherence

06 . .
. e . .~ “gas is recoverefd2]. The ratio of the peak AFI growth rate
?ﬁj%@;%ﬁmoﬂgxg'i&rﬁ? tmae A?/Il\l/”isorivzlisb Instab'“ty'to the peak RFI growth rate isR82+ 1, which can be much
9 9 y greater than unity.
= (w2a3/8w0)(1+3R/2). (18) The_ effec_:t of the AFl is to transversely break up the _Iaser
P pulse into filaments, each having a transverse dimension

The maximum growth rate for the conventional RMR (= 2/X. and a power per filament roughly equal to the critical
—0) [31,33 is F=(1/8)(w§/wo)a§ and occurs atk power. The power per filament |§’=I7rrf=“|(47r/k&/)2

= (a/2) 0o/ C<Kyax. The ratio of the maximum growth rate = Fp/(1+3R/2)=P,, where k, =(wpa,/2c)(1+3R/2)

for the AMI to the conventional RMI is & 3R/2, which can corresponds to the maximum 9“0“{”‘ rate. This model as-
be much greater than unity. In the limit,—0, Eq. (17) sumes that the transverse dlme_nsm_)n of _the laser pulse is
implies thatk ., and, for finitek, the AMI growth rate greater tham, . For the filamentation instabilityk=0), the

. . . - - 2 -
scales a§~n;’zﬂo, hence, the AMI is stable in the absences'deb.and frequency. is purely imaginary, '.‘6"<0' The in-
of a plasma. stability, therefore, is purely growing in time and does not

propagate transversely out of the laser pulse.

I'=(w5aj/8wo)(1+3R/2), (22)

which is identical to the maximum AMI growth rate in Eq.
(18). ForR=0, the growth rate of the conventional RFI for a
plasma is recoverefB1,33, whereas forR>1, the growth

B. Raman instability D. Examples

The growth rate for the FRS instability peaks fkt
=wp/c and is distinct from the AMI instability forRal
<(413)w} wh. For Rg<(4/3)w)/w§ andk, =0, the FRS
growth rate ak=w,/c is given by the conventional expres-

Numerical solutions of the full dispersion relation, Eq.
(14), are shown in Figs. 1-8, where the normalized growth
rate I'/w, is plotted versus the normalized wave number
ck/w, or ck, /w, for various values of the effectivig, ay,

sion[33-37 and wg/w,. Figure 1 shows the modulation and Raman
A o growth rate for k;, =0, wo/w,=10, a,=0.01 (I=1.4
r= 20 *p (199 X 10" Wien? for \o=1 um), and (@) R=0 (solid curve,
2v2 Wo (b) R=200 (dotted curve, and(c) R=400 (dashed curve

The solid curve R=0) shows only the conventional FRS
As Ra increases and approaches (413/)(0(2) the AMI instability at ck/w,=1 having a growth ratd’/w,=0.7
merges with the FRS instability. FcRa§>(4/3)w;‘;/w§ the X103, whereas the conventional RMI is not discernible on
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FIG. 1. Normalized modulation and Raman instability growth ~ FIG. 3. Normalized modulation and Raman instability growth
rate I'/ w, vs normalized longitudinal wave numberk/w,, for rate I'/w, vs normalized longitudinal wave numbek/w, for
wolw,=10, a;=0.01, and(@ R=0 (solid), (b) R=200 (dotted, wolw,=10,2,=0.005, anda R=0 (solid), (b) R=200 (dotted,
and(c) R=400 (dashegl wherek, =0. and(c) R=400 (dasheg, wherek, =0.

this plot. The conventionaR=0) RMI for these parameters FRS instability atck/w,=1 having a growth raté¢’/w,=4
has a peak growth rate df/w,=1.25x 1076 at ckw, X 10~ 4, whereas the conventional RMI is not discernible on
=0.05. ForR=400 (dashed curvethe peak AMI growth this plot. The conventional RMI for these parameters has a
rate isI'/w,=0.75x 10~ 3 (3R/2=600 times larger than the Ppeak growth rate of /w,=3.2x10 " atck/w,=0.025. For
R=0 peak valug at ck/w,=1.3. The AMI is broadband, R=400 (dashed curvethe AMI extends fromck/w,=0 to
extending fromck/w,=0 to 1.7. The peak Raman growth 0.9 and the peak AMI growth rate /w,=2X 104 at
rate for R=200 is I'/w,=0.8x10"% and for R=400 is CK/w,=0.6. The peak Raman growth rate f&=200 is

I'/wp=1.0x10"3, both atck/w,=1. I'w,=4.2x10"* and for R=400 is I'/w,=4.5x10 %,
Figure 2 shows the modulation and Raman growth ratéoth atck/w,=1.
for k, =0, wo/w,=20,a,=0.01, anda) R=0 (solid curve, Figure 4 shows the modulation and Raman growth rate

(b) R=200 (dotted curvg, and(c) R=400 (dashed curve  for k, =0, wy/w,=20, a;=0.005, and(a) R=0 (solid
The solid curve R=0) shows only the conventional FRS curve, (b) R=200 (dotted curvg and(c) R=400 (dashed
instability at ck/w,=1 having a growth ratd’/w,=0.3 curve). The solid curve R=0) shows only the conventional
x 1073, whereas the conventional RMI is not discernible onFRS instability atck/w,=1 having a growth ratd’/w,
this plot. The peak conventional RMI growth rateli$w, — =1.9X 10~ 4, whereas the conventional RMI is not discern-
=0.6X10°6 atck/w,=0.1. The peak Raman growth rate for ible on this plot. The conventional RMI for these parameters
R=200 is ['/w,=3x10"* and for R=400 is[/w,=3.2 has a peak growth rate of/w,=1.5x10" at ckw,
X 1074, both atck/wp,=1. For R=400 the AMI extends =0.05. ForR=400 (dashed curvethe AMI extends from
from ck/w,=0 to 3.4 and has a peak growth rdféw, CkK/@,=0 to 1.7 and the peak AMI growth rate I/w,
=3.8x10 % =1x10"*4 atck/w,=1.2. The peak Raman growth rates for
Figure 3 shows the modulation and Raman growth ratdk=200 and forR=400 are approximately the same and
for k, =0, wo/w,=10, a,=0.005, and(a) R=0 (solid equal tol'/ wp,=2X 104, with both peaks atk/wp=1.
curve), (b) R=200 (dotted curvg, and(c) R=400 (dashed Figure 5 shows the filamentation growth rate for 0,
curve). The solid curve R=0) shows only the conventional ®o/w,=10,8,=0.01, anda) R=200(dotted curvg¢and(b)

0.50 ' T T 2.5 T . :
0.40F  Reaw 2.0f ]
3 o30f v N 3 $ 15F .
— : s \ P [
o L7 _ ! « i R =400
% 0.20F K _R=200 L L 1.0 )
— A \ ] — Pt ~ .
0.10f \ . 05} /’_:_:.A-'~~-~----~"N__R=200 R ]
// R=0 .‘ //// - _ : \‘
0.00 & N 0.0 b= L ReOp
0 1 2 3 4 0.0 0.5 1.0 1.5 2.0
ck/w, ck/w,

FIG. 2. Normalized modulation and Raman instability growth  FIG. 4. Normalized modulation and Raman instability growth
rate I'/w, vs normalized longitudinal wave numbek/w, for rate I'/w, vs normalized longitudinal wave numbek/w, for
wolw,=20, a,=0.01, and(@ R=0 (solid), (b) R=200 (dotted, wolwp=20,a,=0.005, anda R=0 (solid), (b) R=200 (dotted,
and(c) R=400 (dashegl wherek, =0. and(c) R=400 (dasheg, wherek, =0.
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FIG. 5. Normalized filamentation instability growth ralfédw,
vs normalized transverse wave numimd( /w, for wg/w,=10

a,=0.01, anda) R=200(dotted, and(b) R=400 (dashed, where
k=0.

FIG. 7. Normalized filamentation instability growth ralféw,
vs normalized transverse wave numims(, /o, for wq/w,=10

a,=0.005, anda) R=200(dotted and(b) R=400(dashedy, where
k=0.

R=400(dashed curve The conventional RFI is not discern- MOt dlscern|blg on this plot, has a peak growth rate of
ible on this plot. The conventional RFI for these parameterg/wp 1.5x10 7 atck, /w,=0.0025. ForR=400 (dashed
with R=0 has a peak growth rate &f/w,=1.3x10"® curve the peak AFI growth rate id'/w,=9.5x10 °
ck, /w,=0.005. ForR=400 (dashed cunjethe peak AFI ck, /wp=0.06. _
growth rate ISF/wp—8X10_ atck, /w,=0.13. Figures 9-12 show surface plots of the normalized

Figure 6 shows the filamentation growth rate for0,  growth ratel'/w, as a function ofck/w, and ck, /w, for
wo/w,=20,8,=0.01, anda) R=200(dotted curvgand(b)  various values oR, a5, andw,/w,. These surface plots are
R=400 (dashed curve The conventional RFI, which is not useful since they display simultaneously the growth rates
discernible on this plot, has a peak growth ratd’6é,=6  corresponding to the modulational, Raman, and filamentation
X107 at ck, /w,=0.005. ForR=400 (dashed cur\Aethe instabilities. In Fig. 9,wq/w,=10, a,=0.01, and(a R
peak AFI growth rate isI'/w,=3.9X 104 at ck, loy =200 and(b) R=400, as is the case in the one-dimensional
=0.13. plots of Figs. 1 and 5. The surface plot corresponding to the

Figure 7 shows the filamentation growth rate for0, conventionalR=0 limit, which is not shown, is dominated
wo/ w,=10, a;=0.005, and(@ R=200 (dotted curvg and by the very narrow peak of the Raman instability in the
(b) R=400 (dashed curve The conventional RFI, which is vicinity of ck/w,=1. Similarly, Figs. 10, 11, and 12 are
not discernible on this plot, has a peak growth rate ofsurface plots forwg/w,=10, ag=0.005, wy/w,= 20, ag
F/wp—3><10* at ck, /w,=0.0025. ForR=400 (dashed =0.01, andwq/w,=20, ap=
curve the peak AFI growth rate id/w,=1.9x10"*
ck, /w,=0.06.

Figure 8 shows the filamentation growth rate for0,
wol wp=20, a,=0.005, and(@ R=200 (dotted curvg¢ and
(b) R=400 (dashed curve The conventional RFI, which is

0.005, respectively, witha)
R=200 and(b) R=400. All the surface plots display the
Raman peak neatk/w,=1, however, the peak of the Ra-
man instability is not fully resolved due to the coarse grid
used in these plots. Figures 9—-12 clearly indicated th& as
is increased the AMI and AFI growth rates increase and, for

0.50 ; T 1.0] * SR
0.40F R=40 ; 0.8} \R=400
s 0.30F 3 § 061 k ]
g : ’ | = : S R=200 '
o 0.20F , R0 ; L 04f A Vo
— S \ ] — [ , / !
010} /7 Lo : o2 .
0.00 ¥ S I oot i
0.0 0.1 0.2 0.3 0.00 0.02 0.04 0.06 0.08 0.10

ck,/w, ck, /o,

FIG. 6. Normalized filamentation instability growth ra@w, FIG. 8. Normalized filamentation instability growth ralféw,
vs normalized transverse wave numh, /w, for wq/w,=20

, vs normalized transverse wave numim( /o, for wq/w,=20
a,=0.01, and(@ R=200 (dotted and(b) R=400 (dashey, where = a,=0.005, anda) R=200(dotted and(b) R=400(dashed where
k=0. k=0.
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FIG. 10. Surface plots of normalized growth rate as a function
FIG. 9. Surface plots of normalized growth rate as a function ofof ck/w, andck, /w,, for (8) R=200 and(b) R=400, wherea,
ck/w, and ck, /w,, for (8 R=200 and(b) R=400, wherea, =0.005 andw /w,= 10.
=0.01 andwgy/w,=10.

.. . . H I _ 2 2
sufficiently largeR, dominate over the conventional RMI, Nonlinear frequency shift i8 5w/ it=c(wp/4wo)Rd(a%)/9¢

FRS, and RFI. ~c(wh/2we)Ragdsal 9¢, whereé=z—vt is the axial po-
sition in the group velocity frame. If the perturbatida is
E. Physical mechanism of modulational instability peaked around'=0, then the frequency just ahead of the

The physical mechanism for the modulational instabilityprerturbo'?(tkl;ljn EhTftO)d 'S ?ebcrﬁgzect{k:edshlfttei :?nd 1S Om-
is due to group velocity dispersiofGVD) and self-phase creasediblueshitted just benin e perturbation;€0).

modulation(SPM). Dispersion is dominated by the plasma S'"C€ 9Vg 1S proportional todw, 5vy<0 just ahead of the
electrons, which provide “anomalous” GVD, and the non- perturbation andv ;>0 just behl_nd the pertur_batlon. Hence,
linearity is dominated by the bound electrons, which provide®nergy flows towards the positive perturbationéat0 and
SPM. These are the two necessary ingredients for a modul#2 grows. The rate of increase in the perturbed amplitude is
tion instability [46]. The group velocity can be written as 9da/dt=—(ag/2)ddv4/I¢= —(ag/2)[ (wa+c?k? o)/ wi](c/
vg=vgo+ vy, Wherev go=c[1—(wi+c?k? )/ wi]P2is the  wg)ddw/d¢. Operating on this relationship with/dt and
linear group velocity, 5uy=c[ (w3+c?k? )/ wd]dwlw, is  using the above expression f@fw/ Jt we find thaty? 5a/ gt?
the perturbed nonlinear group velocity asd is the nonlin- = — (c%/4)[(w5+c?k’ )/ wj](w,/w)*Raji*sal 3£, Re-
ear frequency shift. Note that higher frequencies have higheplacing 9%/ 9t? with T'? and 9%/9£? with —k? we find that
group velocity, i.e., anomalous GVD. Here, the effects of a

finite transverse wave numbkr o= 2/r, associated with the I'=[(wj+c?kZ ) " wo](wp/ we)R*agcki2,

pump wave have been included, which can also result in

anomalous GVD. The SPM process is responsible for the

nonlinear frequency shift, which is proportional to the non-which agrees with the expression obtained in ELy), to
linear index times the gradient of the intensity, i.e.,within a factor of order unity, whenk, ,=0 and k
7,V(a%). In a frame of reference moving with the linear =(3/8)Y%a,RY2w,/c, which is the wave number corre-
group velocityvyo, consider a spatially localized perturba- sponding to the maximum growth. The AMI requires free
tion in the field amplitudea=a,+ da, wheresa>0, as in- electrons and/or a sufficiently larde ;. In the absence of
dicated in Fig. 13. The perturbed amplitude will produce afree electrons a gas usually has normal GV {/dw<0)
local frequency shift through the SPM and hence a perturbetbr k, ;=0 and the AMI is stable. The GVD due to bound
nonlinear group velocitydvy. The rate of change of the electrons can be neglected compared to that of the free elec-
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FIG. 11. Surface plots of normalized growth rate as a function
of ck/w, andck, /wy, for (8) R=200 and(b) R=400, wherea,
=0.01 andw0 /wp=20. FIG. 12. Surface plots of normalized growth rate as a function

of ck/w, andck, /w,, for (&) R=200 and(b) R=400, wherea,
trons. Group velocity dispersidd6] is measured by the pa- ~0-005 andw0/wp=20.
rameterB,=c " 19?(wy7n)/*w,. The plasma contribution to
B2 IS Bap=—(wplwg)?l (Cwo)=—10"2® s¥fem (for wy/w,  a strong instability, i.e., the AMI. In a fully stripped plasma,
=10 and\o=1um) and is typically opposite in sign and modulational-type instabilities are dominated by FRS, which
10° times greater in magnitude than the contribution fromoccurs in a narrow band aroums= w, andk=w,/c. In the
usual gases at STP, as discussed in Appendix A. presence of bound electrons, however, the growth rate of the
AMI can be greater than that of FRS and occurs at a much
higher and broader range afandk. This implies that axial
breakup of a laser will occur much more rapidly in a partially

The presence of bound electrons in a partially strippedtripped plasma and, due to the large range of unstalled
plasma can significantly alter the propagation and stability ok, the instability will be less sensitive to variations in the
laser pulses. A partially stripped plasma will result when aambient density or to laser incoherence effects. WRen
plasma is formed from a relatively high-material, e.g., the >1, the transverse breakup of the laser pulse is dominated by
photoionization of nitrogen, argon, or krypton; or by explod-the AFI. Provided the laser power greatly exce&js the
ing a metallic foil or wire. This is the case in many experi- laser pulse will form transverse filaments with a power per
ments on x-ray lasers, high-order harmonic generation, anfilament on the order oP,
in laser-channeling experiments for laser accelerators and la- The present analysis contains a number of assumptions. In
ser fusion. In such a plasma, the optical nonlinearities can bparticular, the laser pulse length must be sufficiently short
completely dominated by bound electron effects. In particuand the intensity must be sufficiently low so that further
lar, the ratio of the third-order nonlinearity for free electronsionization of the plasma is avoided. These requirements can
to that of bound electrons is given by the ratio of critical be easily met, given the availability of ultrashor: { ps)
powers for self-focusingR=P,/P,, which is typically high power lasers and the high binding energies of inner
much greater than unity. Growth rates for various instabili-shell electrons. Perhaps a more stringent constraint on the
ties have been obtained in terms of the effective valuR of laser intensity is the validity of the polarization field expan-
for a partially stripped plasma. sionP= (xV+ x®E-E)E, which assumeg,— 1> 7,l. In-

When R>1, the combination of anomalous GVD from clusion of bound electron effects could alter the interpreta-
the free electrons and SPM from the bound electrons leads ton of laser interaction experiments with highmaterial.

V. DISCUSSION AND CONCLUSION
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(a) ‘# a (amplitude) TABLE I. Nonlinear index e;nd fEJgusing power for variou§ neu-
tral gases at STPn=2.7x 10" cm %) and for linearly polarized
No=0.5um light. The relativistic plasma focusing power is

Lagging edge Leading edge P,[GW]=17.4 (wo/ wp)?=2.9x 10° for ny=n,=2.7x 10" cm™3.
aol

Gas  10%© [esd 107, [cm/W] P,[GW] R=P,/P,

— -¢«——Energy Flow

Helium 0.11 0.43 93 31

0 » L=z-vgot Neon 0.21 0.80 50 58

Argon 3.4 13 3.1 940

Krypton 8.5 34 1.2 2500
. Xenon 27.0 110 0.36 7900

(b) ol (frequency Shlﬁ) H, 2.2 8.5 4.7 610
CcO, 4.2 17 23 1200

N, 2.9 11 3.6 790

Stokes

: > E=z-vgot the density, we can writgM=4x10"2n,[cm3]. Hence,
Anti-Stokes \__— : : 3) ®)
order of magnitude estimates fgf®) and 7, are y(®)[esu
=10 3n,[cm™3] and 7, cm¥W]=5x10 *n[cm 3],
where x®[esd is in units of (cm/statvolt$) Table | lists
the approximate measured values for the third order suscep-

(C) A Vg (group velocity) tibility for various gases at STP and for linearly polarized
0.5-um radiation[19,42. Also listed in Table | are the non-
linear focusing power in a gd3, and the ratio of the critical

—/—/\ Vgo powers for relativistic plasma focusing and nonlinear gas fo-

K/’— cusing R=P,/P,. The value of n,, defined by A,
> < Energy Flow = 1,l, in units of cn¥/W can be obtained by multiplying the
value of x® in esu by 0.039543.

» L=7-vgo! The nonlinear susceptibility(® for an ionized atom can

FIG. 13. lllustration of the physical mechanism for the modula- be S'mp'Y estimated if the Charge state Is small compared to
tion instability in the linear group velocity framéa) shows initial the aFom'C number and the optical frequenc;y is far beIOW'a.n.y
perturbation in amplitude(b) shows frequency shift induced by atomic resonance. The nonresonant nonlinear susceptibility
self-phase modulation, ar(d) shows group velocity dispersion in- IS approximately given by}Y(g)ESnaM4/ﬁSQ3, where p
dicating that energy flows towards the initial perturbation resulting=qrg is the typical dipole moment anf) is the typical
in growth. value of the atomic resonance frequerdy]. SinceQg is

roughly proportional to the ionization potentid} , the ratio
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APPENDIX A: NONLINEAR SUSCEPTIBILITY

AND GVD PARAMETER 2. Dispersion parameter for free and bound electrons

1. Nonlinear susceptibility In Secs. -1V, the frequency dependence df) was

A rough estimate fory® and 7, far from any atomic neglected in the derivation of the dispersion relation. This is
resonances can be obtained by equating the linear and nojustified since dispersion is dominated by the free electrons
linear polarization fields and setting the electric field equal tcand not the bound electrons. Dispersion is determined by the
the characteristic atomithydrogeni¢ field E,=q/r3=5.2  frequency dependence of the linear refractive index,

X 10° V/cm, whererg=7%2/g°m is the Bohr radiu§42—-44. = 5o+ 1, Wherez; is the bound electron contribution and
Note that the intensity of a linearly polarized laser pulse withn,p is the plasméfree electron contribution. An order of
a peak field equal t&, is | =(c/8m) Egz 3.6x10% W/cm?  magnitude estimate of, far below any resonance is given
(ap=0.16 for\g=1 um). The magnitude of the third order by the simple model

susceptibility is, therefore, approximately(®)=1)/E2 » ’ )
=xWrg/q?. Since 4y is unitless, of order unity for con- mo=1+ %Elﬁ- w_g 1+ w_g , (A2)
densed mattefdensity~2x 10?2 cm3), and proportional to Qg wp Og Og
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where w§=47-rnaq2/m, n, is the density of atoms{lg T
=10%s! is a typical value of the atomic resonance fre-
quency, andw’<wi<Q32 is assumed[42-44. For a
plasma,

anél— wE/ng, (A3) 50
wherew§/w§<1 is assumef@i35]. Lowest order dispersion is
characterized by the GVD paramet@,=c10%(won,)/
dws [46]. For a neutral gasBr,=c *0%(womo) #*wg
=6wiwo/cQf,  whereas for a plasma By, .
=¢ 19 (wo71p)l P wo=— wj/cw]. Note thatB,,>0 and 10 10' 10 10"
B2,<0, i.e., the GVD is “normal” for a neutral gagbelow
resonanceand “anomalous” for a plasma. The ratio of the
dispersion parameter for a neutral gas to that of a plasma is gG. 14. Tunneling ionization time W, as a function of laser

_ 4 intensity for various ionization energiesa) U,=20¢eV, (b) U,
Boal B2p=—6(Na/Np)(wo/QR)", (A4 —50ev, andc) U,=100 eV.

Tunneling Ionization Time [s]

Intensity [W/cm?)

and, typically,| 8,4/ B2p| <1, sincewy/Qg<1. For example, . - Co
Bop=— 1028 Ziem for Ao=1pum and wolwy=10(n, |[§7 ;%e probability(per unit time of ionization, is given by
=10 cm3); whereasB,,=10"3! s¥cm for air at STP and ’

No=1um. W, =A,E~ 2 exp B4 /E), (B3)

APPENDIX B: IONIZATION RATES whereA;=1.6x 10"U[", B,=0.67U%, U;=U, /Uy is the
normalized ionization energy), is the ionization energy in
eV,U,=13.6 eV,E=E,/E, is the normalized electric field,
and W, is in units of s1. Figure 14 shows the tunneling
ang ionization time 1Y, as a function of laser intensity for vari-
W:ana+wcnp_vrnpa (B1)  ous values of ionization energy. For a laser intensity of
10 W/cn? and ionization energy of 50 eV, the tunneling

whereW,, is the photoionization raté)V, is the collisional ~ionization time is~100 ns. For laser pulse durations much
ionization rate, and/r is the recombination rate. Typ|ca”y, less than 100 ns, little tunne“ng ionization will occur for
for parameters of interest here, the recombination rate ifiese parameters. S
small compared to the collisional ionization rate, i.e,, (if) Multiphoton ionization(y,>1): In the low field limit,

<W,, and will be neglected. The solution of E(1) for v.>>1, the photoionization rate is given by the multiphoton
constant ionization rates is ionization rate, which is proportional td", wherel is the

laser intensity andn=integer U, /% wy+1) is the number
Np= (W, /We)na[exp(Wet) — 1]+ npo exp(Wet), of absorbed photons necessary for ionization. The multipho-
(B2)  ton ionization rate is given b50-52

The rate of change of plasma denditiensity of free elec-
trons is given by

wheren, is the initial (seed.electrorj density and it is as- Wm=(al/hw%)m[2ww0/(m—l)!], (B4)
sumed that the plasma density remains small compared to the

neutral density. However, boW, andW, are functions of ~whereo=10" 16 cn?.

time as will be discussed.

2. Collisional ionization

1. Photoionization S N
In an oscillating electric field an electron, on average,

Photoionization can take place in either the tunneling oigains energy from the field provided there are collisions with
multiphoton regime[47—-52. These regimes are character- other particles. In the classical description, this is referred to
ized by the Keldysh parametgg=(U,/U,9)Y? whereU,is  as Joule heating; in the quantum picture, this is called inverse
the ionization energy antll ,<= (1/2)m(qEy/mwg)? is the bremsstrahlung. An electron that gains sufficient energy
electron oscillation energy. The Keldysh parameter can alsfrom the field can ionize an atom on collision, leading to
be written asy,= wo7,, Wherer, is the tunneling time, i.e., additional free electrons, which can go through the same
the transit time of the electron through the atomic Coulomixycle. In the collisional ionization process, the presence of
barrier. The low field limit ¢/.>1) corresponds to the mul- seed electrons is necessary. If the irradiated volume is small,
tiphoton ionization regime, whereas the high field limjt.(  or if the gas is sufficiently tenuous, the seed electrons must
<1) corresponds to the tunneling ionization regime. be provided by other means. For example, the initial elec-

(i) Tunneling ionization(y,<1): In the high field limit, trons may come from tunneling ionization, or from cosmic
v«<1, the photoionization rate can be determined by a tunfay ionization.
neling calculation for an atom in the presence of a static The collisional ionization rate will be discussed in two
electric field of amplitudeE. The tunneling ionization rate, limits: the low intensity limitU,<U, and the high intensity
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limit Uy,a>U, . In the low intensity limitU ,«<U,, an elec- TABLE Il. Parameters for modeling the collisional ionization
tron oscillating in the laser field with enerdy, does not ~ Cross sectiomwr, Eq. (B9).

have sufficient energy to ionize an atom in a single collision:
Through multiple collisions, however, the electron energya‘to

m,

can increase beyorid, and collisional ionization can occur. Molecule Uy [eV] 10°° o [on?] ao
In the limit U,>U,, an electron has a sufficiently high en- , 15.4 1.1 45
ergy to directly ionize the atom. Furthermore, in the limit 14.6 2.1 7
Uos>U,, the electron-neutral collision frequency becomesy, 15.8 3.1 7
Coulomb-like. Before discussing the collisional ionization a, 15.6 3.7 6

rate in the low and high intensity limits, the momentum
transfer collision frequency, which is needed to obtain the

collisional ionization rates, will be discussed.. early polarized laser of wavelength=1 um, these param-
() Momentum transfer collision frequencgs the elec-  ,iq/g correspond to a peak intensityl 3.5x 1013 W/cn?

trons in the ionized gas oscillate under the influence of the,,4 peak electric field amplitude d&,=1.6x 10° V/cm.
laser field, they collide with the background electrons, ions"l'aking To= 0

p | The el lision f ; =10 ®cn?, Eq. (B7) yields an electron-neutral
and neutral atoms. The electron collision frequency for Mo ision frequency ofv,,=7x102s%, ie., an electron-
mentum transfer is

neutral collision time ofrg,= v~ 140 fs.

V= Veit Ven, (B5) If, for the same ejéample, the gas is highly ionized with
ni=nno=3%10 cm 2 and the electron oscillation energy
where vq; (vep) is the electron-ion(electron-neutral colli- is U,s—6.3 eV, the electron-ion collision frequency from Eq.

sion frequency. The electron-electron collision frequency(B6) for singly ionized gasZ=1) is v,;=8X10s? i.e.,
does not contribute te,, because the momentum of any pair an electron-ion collision time of = y;ilg 13 fs. For these
of colliding electrons and associated curréntasses and parameters the electron-ion collision frequency is much
charges are identicalre conserved. Electron-electron colli- greater than the electron-neutral collision frequeney;
sions, however, lead to thermalization of the electrons. > V.
The electron-ion collision frequency is given 3] As another example consider the case of a plasma in
_ _ 355 — which all the atoms are singly ionized, i.€= 1. For a laser
vei[sTH1=4X107° (In A¢ni[cm 3]22Uosslz[ev]'(56) intensity of | =10 W/cn? a?n)é wavelength\o=1 um, the
electron oscillation energy id,.=2 keV. For an ion density
where InAg is the Coulomb logarithm(typically, InAg ~ ©f Ni=3x 10" cm™3, the electron-ion collision frequency is
=10-20, Z is the charge state, amgis the ion densityn,z ~ Vei=1.2¥ 10 57! and 7= v¢;'=80 ps.

is the electron plasma density (if) Collisional ionization rate for Us<U,: The colli-
The electron-neutral collision frequency is given[Bg—  Sional ionization rate is
56]
Ven:<venn0'en(ve)>a (B7) Wc(t):naf oc(v)vfg(v,t)du, (B8)
v

where o, is the electron-neutral cross sectian, is the . ) .
electron velocity, and the angular brackets denote an averaf€ré Na is the density of atomsneutral, oc(v) is the
ing over the electron velocity distribution. The electron-onization cross section for electron impatt(v.t) is the
neutral cross section is generally a complicated function oflectron distribution function, witlf 5 fe(v,t)dv=1, andv,
the electron velocity. At low electron velocities the cross=(2U;/m)"? is the velocity associated with ionization
section is hard-sphere-like and independent of veloeity, [52,54-58. The collisional ionization cross section, as a
=0y, Whereoy,~10 %° cm? is the hard-sphere cross sec- function of electron energy, is typically zero frobh=0 to
tion. As the electron velocity approaches the characteristi¢) = U, , increases from, to U,, whereU,, is several times

atomic electron velocity, polarization scattering is the domi-U;, and then decreases ad/U for U>Uy,. Order of mag-
nant process and.,=o,/ve. The characteristic atomic Nitude estimates for the collisional ionization cross section

electron velocity isvg= aC, Where a;=1/137 is the fine- for a neutral gas can be obtained from the following three
structure constant and the characteristic electron energy Rarameter model:
mv§/2= 13.6 eV. At substantially higher electron velocities

the scattering becomes Coulomb-like angd,~1/v¢. The _ 2 Ui(U—-Uyp
- . Oc=0nag (B9)
electron-neutral collision frequency can therefore be esti- UU+Uyp)
mated to beve =N, v os fOr vo<vg and vep=n,oqv for
Vos~ Ug- for U>U, ando =0 forU<U,, whereo, is the maximum

Typically, the electron-neutral collisions are the dominantcross section occurring &=U,,=aoU,, U, is the ioniza-
collisional process in weakly ionized gases; however, intion energy,U,= a¢(ag—2)U,, ande, is a parameter. Ap-
highly ionized gases,; can become important. As an ex- proximate value$57,58 for U,, o, and «y are given in
ample, consider the case where the neutral density,ijs Table Il for H,, N, N,, and Ar.
=3x10" cm 2 and the electron oscillation velocity s As a rough estimate we take the electron distribution to be
=qEy/Mwo=5%x10"3c (U,e=mv2/2=6.3eV). For a lin- a flat-top of the form
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FIG. 15. Collisional ionization time W, as a function of time _FlG' 16. Collisional ionization time_ W in the h_igh energy
in the low energy limit U,<U,), Eq. (B11), for various laser limit (Uye>U)), Eq. (B19), as a function of laser intensity for

intensities, (a) 1= 10" W/cn? (dashedi (b) 1=10%Wi/cr? (dot- various ionization energiesa) U,=20 eV (solid), (b) U,=50 eV
ted), and(c) | =5x 102 W/cn? (solid), wheren,=2.7x 10" cm 3, (dottegd, jnd (© U;=100eV (dasheff where n,=2.7
Vm=5X102 5%, 3,=5x10°s°%, g,=2x10 % cm?, U,=20  <10°cm™ Z=1, and InA=10.

eV, anday=>5. .
of the atom, however, actual values can be substantially

higher than this estimate. As a specific example, for electron
(B10) energies betweeb ,=10"2 and 2 eV the momentum colli-

sion frequency for B is v, [s =10 "n,[cm 3]
where v (t) is the maximum electron velocity, which X (U eV])*** and the energy exchange collision frequency

evolves with time. Substituting E¢B10) into Eq.(B8) gives  1S: {0 within an order of magnitude;,= v,/100. .
Equation (B14) indicates that the electron energy in-

ve creases monotonically and saturates because of electron col-
Wc(t):nafv oc(v)[v/ve(t)]dv, (B11)  isions with neutral atoms. Solving E¢B14), assumingy,,
! and v, are constant, gives

(), O=v=v,

fe(v,t)=[0

V>V,

for ve(t)>v, andW,(t) =0 for v4(t)<v,. Substituting Eq.
(B9) into (B11) gives the collisional ionization rate Ue(t)=Ug [ 1—exp(—pyt)], (B15

1/2 _ 2 2\ —1 . .
_ | 12 where Ug= (v /v)(1+ v /wg) Uy is the saturation
WC(t)_nagmao(ﬁ> [U1 /U] (Ue(t), Uy o) (maximun) electron energylJ .= mv2/2 is the electron os-
(B12)  cillation energy and .= qE/mwy is the oscillation velocity.
Figure 15 shows the collisional ionization timéM/ as a
for Ug(t)>U, andW(t)=0 for U(t)<U,, where function of time for U,=20eV for (a) |=10"Wicn?
UL(t)+ U (dashed, (b) 1=10" W/cn? (dotted, and (c) I=5
e/ =0 X 10 W/cn? (solid). The collisional ionization time is rela-
Ui+Uo tively long for short times, decreases, and eventually tends to
U, (Ue(t)) a constant value ad ,—Ug,. If we regard the abscissa as

F(Ue(t),U| ,ao):(1+U| /Uo)ln(

(B13)  the laser pulse duration, then, for5x 10 W/cn?, the
plasma densitye-folding time (1W,.) is long compared to

and U o(t) = mo §/2 is the electron energy. ;tgilizeprspulse duration provided that the laser pulse duration

The rate of change of energy of an electron undergoing™ ... - S
L : L -~ (iii) Collisional ionization rate for YU, : Next we con-
collisions in the presence of temporally peridic electric f|eIdSider the regime wherd .U, and the electron-atom colli-

is given by[54,59 sion is Coulomb-like. To estimate the collisional ionization
dU, 92E2y,, rate in this regime we set the rate of energy loss of a fast
— — v Ue, (B14)  electron undergoing collisions with atomic electrons equal to

the ionization rataV, times the effective ionization energy.

The rate of energy loss of a fast electron with velocityas

T U, T,

dt 2m(w(2)+ vrzn)

whereE is the peak electric field amplitude,, is the mo- . . : . :
mentum transfer frequency, ang is the energy exchange it undergoes collisions with background atomic electrons is
collision frequency. The first term on the right-hand side of[sg’Gq
Eq. (B14) represents the rate of energy increase of an elec-

tron undergoing collisions while being accelerated in the la-

ser field. The second term represents the energy damping due

to collisions between electrons and neutral atoms. In lightVhere
gases, such as helium, a rough estimate for the exchange ) 312
collision frequency is’,=(2m/M)v,,, whereM is the mass Vee=2V2mZN,Q° In A(MUg) (B17)

dU,/dt= — vo U, (B16)
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is the electron-electron energy exchange frequeddg,the tron energy loss goes into ionizing the atomic electrons.
atomic numbern, is the atomic density, i.eZn, is the  Solving for W, and settingU.= U, and a=3 we find that
bound electron density, and fais the Coulomb logarithm the collisional ionization rate fod ,&>U, is

(typically In A~10). In practical unitsv,, is

Vee[s_l]: 7.8 10—62na[cm—3]|n A(Ue[ev])—B/Z_ WC[Sil]EZ'GX 10’6Zna[cm’3]ln A(Ué/sz[ev]ul[e\/])il-
(B19) (B19)

The collisional ionization rate is estimated by settitd, /dt The collisional ionization time W, in the high energy
in Egq. (B16) equal to —W.aU,, which gives W, limit, Eq. (B19), is shown in Fig. 16 fofa) U;=20 eV, (b)
=(U./aU))vee, WhereaU, is the effective ionization en- U;=50 eV, and(c) U;=100, as a function of laser intensity.
ergy,U, is the ionization energy, an@l=2-5 is a numerical Figure 16 shows that W, increases with both); andl, as
factor that accounts for the fact that not all of the fast elecexpected from Eq(B19).
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