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Intense Laser Pulse Propagation and Stability in Partially Stripped Plasmas
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In a partially stripped plasma the presence of bound electrons can significantly alter the propagation
and stability of intense laser pulses. In the presence of both free and bound electrons, an atomic mod-
ulation instability develops that can have a growth rate substantially higher than either the conventional
relativistic modulational instability or the forward Raman instability. In addition, the filamentation
instability can be significantly enhanced by bound electrons while the backward Raman instability is
unaffected. [S0031-9007(97)03730-7]

PACS numbers: 52.40.Nk

The propagation of intense laser pulses in plasmas igser spot size and&Anr,a is proportional to the laser
relevant to a wide range of applications, such as x-raypower. This implies that the refractive indices associ-
lasers [1], laser fusion [2], laser-plasma accelerators [3,4hted with the relativistic plasmAn, and bound electrons
harmonic generation in plasmas and gases [5,6], and lasek+, can individually cause focusing of the laser pulse
plasma channeling [7—9]. In many experiments the ionsf certain critical power levels are exceeded [3,8—10,15—
are not fully stripped and hence the propagation mediunl7]. For linearly polarized light with a Gaussian trans-
consists of both free and bound electrons. We find thaterse profile, the critical powers for relativistic focusing
bound electrons can lead to an atomic modulation instain a plasma [3,16] and nonlinear focusing in a gas [9,17]
bility (AMI), which can dominate the conventional rel- are, respectivelyP, = 2¢(q/r.)*(wo/w,)?, and P, =
ativistic modulational instability (RMI) [10-12] and the A2/(27n¢n.), wherer, = ¢?/mc* = 2.82 X 10713 cm
forward Raman scattering (FRS) [12—14] instability. Thejs the classical electron radius. The ratio of the critical
AMI requires both free and bound electrons, i.e., the fregpowers can be much greater than unity and scales with
electrons provide anomalous group velocity dispersionaser frequency to the fourth power,

(GVD), whereas the bound electrons provide self-phase
modulation. In addition, bound electrons can result in an R = ﬁ = 122 X 1040’70772[°m2/w], (1)
atomic filamentation instability (AFI), which can dominate Py Ag[um] nplem 3]

the conventional relativistic filamentation instability (RFI) where 5, is proportional to the atomic gas density,.
[10-12]. For example, takingy, = 10~'° cm?/W for typical gases

The refractive index associated with an intense laseat STP,n, = n, = 2.7 X 10! cm™3 and Ay = 0.5 um,
pulse in a partially stripped plasmais= 1 + An, with  we find thatk = 720 (P, = 2.8 TW andP, = 3.9 GW).
An=m9—1+An, + Ay, + An, + A, and In a partially stripped plasma, iR > 1, the bound
|An| < 1, whereno = 1 is the linear index associated electrons have a much greater effect on the focusing of
with the bound (atomic) electrondn, = —wf,/zw% is  the laser pulse than the free electrons.
the linear contribution from the free (plasma) electrons, The wave equation for a laser pulse propagating in
An,w = An,(8m,/n,) is the nonlinear contribution a partially stripped plasma i§V? — ¢729%/9r*)E =
from the excited plasma waveArn, = —An,,a?)/4 4mc 29)r/at, where Jr = oP/dt + J, is the total
is the relativistic contribution from plasma electrons,current density,E is the laser electric fieldP is the
and Ay, = n,/ is the nonlinear contribution from the polarization field associated with the bound electrons,
bound atomic electrons. In the abovey = 27c/Agis  and]J, is the plasma current density. The polarization
the laser frequency), is the laser wavelengthy, =  field can be expressed bp = [yV + x®(E - E)]E,
(47q*n,/m)"/? is the plasma frequency, is the ambient where ! () is the linear (third order) suscepti-
plasma density$n, is the perturbed plasma density,  bility associated with the bound electrons. The time
is the normalized (unitless) peak amplitude of the laseaveraged refractive index of the bound electrons is
vector potential,n, is the nonlinear refractive index n = no + 121, whereny = (1 + 47 xV)'/2 is the lin-
associated with the bound electrons, dnis the time ear index,n, = 872x® /%3¢ is the nonlinear refractive
averaged laser intensity. For a linearly polarized lasemdex, andl = (c/47)no(E - E). For the expansion
beamai = 7.32 X 107 9A3[ wm] I[W /cm?]. of the polarization field in powers of the field to be

Self-focusing of the laser pulse requires that the ravalid we requirel < (o — 1)/72, i.e., aj < 7.32 X
dial gradient of the refractive index be negative, i.e.,10"°A3[um] (5o — 1)/n2[cm?/W].
dAn/dr < 0. It can be shown that the condition for Values of y® for partially stripped atoms are not
self-focusing is(7ro/A9)*> An,. = 1, wherery is the  commonly known but can be readily calculated. For the
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purpose of estimating these values, we will assume the It is convenient to write the wave equation in terms
charge state is small compared to the atomic number andf the normalized vector potentiad, and to use the
therefore, y® for a partially stripped atom is expected Coulomb gauge,V - a = 0. The radiation field is
to be within an order of magnitude of the neutral atomassumed to consist of plane waves polarized in xthe
value. Near resonances, however, large changq§3?n direction of the forma = (a, + a+ + a-)é, wherea,
and ! can occur. The nonlinear susceptibiligy? for ~ denotes the pumpg. are the anti-Stokes and Stokes
an ionized atom can be estimated if the charge state is smalidebands, anfu+| < |a,|. The pump wave is repre-
compared to the atomic number and the optical frequencgented bya, = (a¢/2) exdi(koz — wot)] + c.c., while

is far below any atomic resonance. The ratio of thethe sidebands are given by, = (a./2)expli[(ko +
nonlinear susceptibilities of the ionized atom to the neutrak)z + k,y — (wg + w)t]} + c.c., anda_ = (a-/2) X
atomisyY/x® ~ (U1 /U )}, whereU; is the ionization  eXBil(ko — k)z — k1y = (wo — @*)]} + c.c., where
potential for the neutral atom antl; is the ionization ko and wo are the wave number and frequency of the
potential for the ionized atom. As an example, for XePump, k, k., and & are the real axial wave number,
gas, Uy = 12.1 eV, U{ =212 eV (for singly ionized real transverse wave number, and complex fr_equency
state), anOb(Ef)/XG) = 0.18. It is important to note that of the sidebands, and denotes the complex conjugate.

the validity of the present analysis is not contingent on! '€ amplitude of the pump and sidebands are real

¥® being accurately known. Our results are expressed if"d 9iven byao and a-, respectively. The plasma
terms of the effective value @&, which is proportional to  current density, correct to third order ia, is [3,14]
+® for a partially stripped atom, and examples are givenJr = 471p¢(l + np/np —a-a/2)a, where the term
for a wide range oR. The assumption that the aVerageproportlonal toa - a is due to relativistic changes in
charge state is small compared to the atomic numbet'® glectron m?SS.2 The zperturbed plaszma dzensny [3.14]
implies that the intensity is lower than the threshold for's 9Ven by (23 /a2r + 2‘”/:)52”17/”17 = (c*/2)V¥(a - a),
ionization of the next charge state and the laser puls&hereV: = d°/ay* + 9°/az*. Substituting],, together
length is sufficiently short so as to avoid further electronWith the polarization field in terms o&, into the wave
collisional ionization. | equation yields

92 én k2 d[/oa o0da)oda
V2 — 2’2——k2> — 2 P __P{ . — R 4_[(_._>_}} 2
< e G TR ET R AT @ aa=Reo o \5 o) ar Il @

wherek, = w,/c andRis effective value in a partially stripped plasma.

The nonlinear dispersion relation for a linearly polarized pump wavenjeg/c? — kg — k2 + k2[aoag +
(3/8)Rag] = 0, whereR is given by Eq. (1) andvy = 3/8 — (1/8) (cko)?/(w5 — w?/4) is due to relativistic and
nonlinear plasma wave effects. The term proportional3#8)Raj in the dispersion relation represents the nonlinear
effects of the bound electrons and can be substantially greater then the plasra@dgraa a3/4. The resonant term in
the expression foty, i.e., the term proportional tawg — w,z,/4)*1, is due to the nonlinear plasma wave at frequency
and wave numbeRwy, 2ky). In the present model propagation slightly below the plasma frequency is possible and is a
result of the partial cancellation of the linear plasma current by the nonlinear polarization current of the bound electrons.
Propagation far below the plasma frequency, however, can be achieved by canceling the linear plasma current with a
nonlinear plasma current induced by the beating of two electromagnetic fields. This is referred to as electromagnetically
induced transparency in plasmas [18].

To analyze the instabilities, we solve Eq. (2) together with the equatiofAgito ordera3a- giving

D+ = QF[EK + k1)/D = 1 = B/2DRQ(wo + 0)’ — wp)/wil}
X{D- = QL (** + k1)/D = 1 = 3/2JRQ2wy — ©)* — wg)/wi]}
= QK + K)/D — 1 = 3/2R(w; — @?)/wi T, (3)
whereD. = nyw? — c2(k* + k1) * 2(njwow — c*kok), QO = w2ap/4, andD = @> — 2. Inthe limitR — 0,
Eq. (3) reduces to previous results [12]. Because of the assumed polarizations of the pump and sideband waves, the two
plasmon decay2w ) instability is not described by the dispersion relation, Eq. (3).

The presence of bound electrons in a partially stripped plasma can result in an AMI which can completely dominate
both the conventional RMI and FRS wh@&n> 1. Fork, = 0, the AMI growth rate is

I' = (ckw?/20})[(1 + 3R/2)aj/2 — (ck/wo)*]"?, (4)
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and extends fromk =0 to k = kmax = (woag/ 1.0 ' '
V2¢)(1 + 3R/2)Y/2  and peaks at k = kmay/V2.

Since the range of wave numbers over which the AMI = 98¢ —,—- E=1400 7
exist is broad, it will be less sensitive to laser inco- § o6k N i
herence or plasma in homogeneities than the RMI or M 7 \ ]
FRS. The maximum AMI growth rate is given by £ 04r — .
r= (wf,a%/Swo)(l + 3R/2). Note that the maximum o LT ,-~a§=200
growth rate for the conventional RMIR = 0) [10,12] OZF " p_ol V]
is I' = w2ag/8wo and occurs ak = woap/2c < kmax. ook L
The ratio of the maximum growth rate for the AMI to 0.0 0.5 1.0 15 2.0
the conventional RMI isl + 3R /2, which can be much ck/w,

greater than unity. - In th_e_Iimihp — 0, Eq. (4) implies FIG. 1. Normalized modulation growth ratd;/w,, versus
that Kmax — o alr}g, for finite k, the AMI growth rate o ncjizeq longitudinal wave nurr?beafk/wp, fb/r (f)z)/wp =
scales asl’ ~ ny " — 0. Hence, the AMI is stable in 10, a, = 0.01, and R = 0 (solid curve), R = 200 (dotted
the absence of a plasma. The physical mechanism f@urve), andR = 400 (dashed curve), wheré, = 0. The
the AMI is due to anomalous GVD that is provided amplitude of the FRS peak fa&t = 0 is indicated by an arrow.
by the plasma electrons, and self-phase modulatioa. . ~ /K d fil ¢ hi
that results from the nonlinearities associated with the 'choronrL = 2/k, and a power per filament roughly
bound electrons [19]. The GVD due to bound electronsf':‘qual to the zchcal powzer.~ The power per~fllament
can be neglected compared to that of the free eled® F =177l = I(4m/k1) = P,/(1 + 3R/2) = Py,

trons. GVD is measured by the parameter [18] = Where ki = (wpao/2¢) (1 + 3R/2)!/2 corresponds to
¢ 192(wom)/9*wy. The plasma contribution tg8, is the maximum growth rate. This model assumes that

Bap = _w;/cwg = —10"% seé /em (for wo/w, = the transverse dimension of the laser pulse is greater

10 and Ay = 1 um) and is typically opposite in sign and thgnb” .d I;or the fllamentatli)n .'nSt"’.‘b'I'tyk - (3)'<ﬂ(1)e

103 times greater in magnitude than the contribution fro sldeband frequency IS purely imaginary, 1.e, ’
usual gases at STP. Plasma waves do not play a role i e instability, therefore, is purely growing in time and
the AMI does not propagate transversely out of the laser pulse.

The growth rate for the FRS instability (fdr, = 0) Plasma waves are not excﬂe;d in the AFl for= 0.
peaks atk = w,/c and is distinct from the AMI insta- . Growth rates from_solutlons_of Eq. (324 are shzown
bility for Ra? < (4/3)w?/wi. ForRa: < (4/3)w?/wg 1 Fi0S-1-3 forag =001 (I =14 10" W/cm

y 0 0 0 0 - - 19 3
the FRS growth rate &Ipz w,/c is given by the cgnven- for g =1pm) wo/w, =10 (n, =107 cm"= for
. . Pre 32 > Ap = 1 um) and various values of the effectifRranging
tional expression [12-14]I" = “’pazo/z @o. AS Ray om0 to0 400. In these figures the growth rates and wave
increases and approach@g3)w}, /wg the two instability numbers are normalized @, and w,/c, respectively.
growth rates merge. FaRaj > (4/3)w,2,/w(2) the FRS Figure 1 shows the modulational growth rde, = 0)
instability is dominated by the AMI. The ratio of the for R = 0, 200, and 400. Figure 2 shows the filamen-
maximum growth rate for the AMI to the conventional tation growth rate(k = 0) for R = 0, 200, and 400.
FRS instability is(3+/2/8)Ray. The Raman backscatter Figures 3(a) and 3(b) show the growth rates as a function
instability, on the other hand, is unaffected by the presck/w, and ck,/w, for (a) R =0 and (b) R = 400,

ence of bound electrons. respectively, where;y = 0.01 and wo/w, = 10. The
The filamentation instability can also be strongly af-
fected by bound electrons. Takikg= 0, the AFI growth 1.0 1 : ;
rate is
I = (ck,w,/2w0)[(1 +3R/2)a2/2 — (ck./w,)*]"?, = 08f . R=a0 ]
(5) 8 0.6F // \\\ ]
and extends fromk, =0 t0 k;, = k| max = (wpao/ ®
V2¢)(1 + 3R/2)"? and peaks ak, = kma/v2. The & 04f Vo
maximum growth rate for the AFI is' = (w,%aé E |
8wp) (1 + 3R/2), which is identical to the maximum 02p - b
AMI growth rate. ForR = 0, the growth rate of the 00ki-R=0 D
conventional RFI for a plasma is recovered [10,12], 000 0.05 010 015 020
whereas forR > 1, the growth rate of the conventional ck/w,

filamentation instability for a neutral gas is recovered ] . .

[17]. The ratio of the peak AFI growth rate to the peak FIG. 2.. Normalized filamentation growth rat€/w,, versus
: . normalized transverse wave numbek, /w,, for wy/w, =

RFI growth rate isl + 3R /2, which can be much greater 10, ao = 0.01, and R = 0 (solid curve), R = 200 (dotted

than unity. The effect of the AFI is to transversely breakcyrve), andR = 400 (dashed curve), whede = 0. TheR = 0

up the laser pulse into filaments, each having a transverggowth rate is not discernible on this scale.
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