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lonization Induced Scattering of Short Intense Laser Pulses
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Intense laser pulses propagating in gases undergoing ionization are subject to a scattering instability
due to the dependence of the ionization rate on the laser electric field. The instability is convective,
and growth is limited for a pulse of finite extent by propagation out of the unstable region. In the
nonlinear regime, where the scattered wave amplitude becomes large, the scattering instability saturates
at a level that gives rise to full modulation of both the plasma density and laser pulse amplitude.
[S0031-9007(99)09053-5]
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Recent progress in the development of ultraintense, short g n n
pulse lasers has stimulated interest in the study of the inter- ot a = v(ED{1 - Z : (2)
action of intense electric fields with gases and plasmas. At
power densities greater thaf'>*~10'* W/cm?, which are  Heren is the plasma electron density, is the uniform
easily achieved and exceeded with today’s lasers, puls@9nstant background gas density(|E[) is the field
propagating in gas rapidly ionize atoms creating plasmagependent ionization rate, for example, due to tunneling
which strongly modify the index of refraction. With the ionization [13], andk, = 4me’n,/mc* is the plasma
terawatt lasers now being used in a wide range of plasm#&ave number in the case where the gas is totally ionized.
experiments this intensity threshold can be achieved well Analysis of these equations proceeds by examining the
before the beam reaches its focus. This ionization procediiear stability of a plane wave pulse to perturbations with
leads to a number of interesting nonlinear phenomena, iffansverse modulations. Specifically, we write the laser
cluding frequency upshifting of the laser radiation by theelectric field in terms of a normalized amplitude=
moving ionization front [1—7], refractive defocusing of the ¢E/(mc?ko). We then express this amplitude and electron
laser pulse due to the radial inhomogeneity of the plasméensity as the sum of a plane wave “equilibriumtz, & =
electron density [8,9], and harmonic generation due to the? — z), no(z, £€) with the characteristic wave number
nonlinear dependence of the ionization rate on the field amko, and perturbationsia-(z, £) and én(z,¢) with the
plitude [8]. characteristic wave numbér_ in the transverse direction

An additional effect that has received only a smallx, a = e,aexp(—iko¢) + c.c., where
amount of attention is the possible scattering of the radia-, . # .
tion by the collective amplﬁ‘ication of modulgtions of the & = lao + dar explik, x) + da” exp(—ik.x)].  (3a)
electron density transverse to the initial direction of propa-n = ny + Snexplik, x) + dn™ exp(—ik x). (3b)
gation of the laser pulse [10-12]. Such a transversely o )
modulated density appears in the presence of transverdiote that our equilibrium actually depends on time and
modulations of the laser amplitude due to the dependenc#Pace in a nontrivial way due to the ionization of the gas
of the ionization rate on field amplitude. The modulations@s the finite duration laser pulse propagates throughit. The
of electron density scatter the laser wave, which can reinshape of the pulse is determined by its dependence on the
force the modulations in field amplitude and lead to in-laser frame coordinaig = ¢z — z. Inthe limitofa tenu-
stability. The purpose of this Letter is to examine thisOUS plasma, the pulse evolves slowly as it propagates in
phenomenon for the conditions expected for short pulsé- We insert expressions (3a) and (3b) into (1) and (2),
lasers. We will investigate the instabilities in both thelinearized with respect to the perturbations, and average
linear and the nonlinear regimes, and determine the effe@ver one period of the laser field. (This last step requires
of finite pulse extent and duration on their development. that the lonization rate be much less than the Iasgr fre-
propaga‘“on in a background gas Of at0m|c hydrogenest fOY the Scattenng InStablll'[y) We then obtain COUpled
(Results from more refined models will be presenteceduations describing the equilibrium and the perturbation,
as well.) The situation is then described by the wave P n
equation for the laser electric fieH along with the rate 2 P (—iko + —)ao(g,z) = —kf, n—o ao(€,2), (4a)

8

equation for the production of plasma electrons, ¢
(i o + VXV x)E - LE 1) ¢ molé.2) D(laol)(l - L@’Z))
c? 912 P n, & ng g '
and (4b)
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Here,o(lagl) = [kodé v(lagexp(—ikoé) + c.cl)/2m is
the cycle averaged ionization rate for the pump pulse, and

k, — laol o7 (1— @>, (6)

2¢ daol Nng

describes the coupling between the field and density 0 100 200 300 400 500 600
perturbations. k§
Solutions to Egs. (4a) and (4b), describing the evolution
of a plane wave pulse, have been studied extensively. 25 T T  10°
A sample solution illustrating their character is shown b) ,
in Fig. 1, where the laser field amplitude and electron oL
density are shown for the case of a 100 fsec, full width at
half maximum,1.4 X 10'® W/cm? maximum power pulse
propagating in 100 Torr of helium. The laser wavelength is e
taken to be).8 wm. In obtaining these solutions, Eq. (4b)
has been generalized in a straightforward way to treat the Tr
multiple ionization stages of helium. Figure 1(a) shows
that the plasma which envelops the body of the laser pulse 0.5
slows down its propagation, causing it to fall back in the
laser frame coordinaté = ¢t — z. Figure 1(b) shows y A o
that the helium is ionized in two stages. Early in the 0 100 200 300 400 500 600
pulse’s propagation the ionization occurs rapidly, resulting KE
in two sharp steps in the electron density. As the pulse o
propagates the ionization occurs more gradually due to thelG. 1. Evolution of a planar one-dimensional laser pulse:
fact that the portions of the pulse in different densities(a) The magnitude of the laser intensity versus laser frame coor-
of plasma propagate with different group velocities and St %, &0 8 SCE e e iy for the
separate. In partlculz_:lr, the head of the pulse propaggte_sl er pulse. The d)f:lshed line is the scattere%l wave arr¥plitude at
the speed of light while the body of the pulse, which is in, — ¢'o mm.
plasma, has a group velocity, = c(1 — k2 /ky)!'/2. . _ _ _ o
Turning our attention now to the perturbations, wel©Nizeé & particular c_harge state, t.hat is, during the riser
note that the coupling between the radiation and densitpOrtion of the density staircase in Fig. 1(b). As a first

perturbations is nonzero when the ionization rate depend€P in analyzing this process we neglect momentarily

on field amplitude and the gas (or a particular ionization"€ time and space dependence of the equilibrium and

state) is only partially ionized. Thus, the instability, if SCIV€ EQs. (52) and (Sb) by assuming the coefficients are

present, will exist during the short times when the pumponstants. The result is a dispersion relation [10] for

field is large enough to ionize but has yet to complet |yperturbat|ons with an assumed time and space dependence
? of the form expi(k.z — k&),

(5b)

Iaol

3
182/5a,|

- 1000

% 100

0 = D(k., k¢) P ke K K K 7
= ke) = — — ik + + :
2R T T T I I 2k ke + ko)l KD+ 2k (ke — ko)] )

If one regards the temporal-like wave number as | Note that, ifkg < v/c, EQ. (8) has the same form with
fixed (and much smaller than the laser wave numberegard to the perpendicular wave number dependence as
ko) and solves for the spatial-like wave numbgr one that of a self-focusing instability. In this case, instability
obtains is possible only if the coupling wave numbeés is

| k2 negative; that is, the ionization rate decreases with field
k, = i_Jki vk (8) amplitude. This instability would correspond to self-
' 2ko v/c — ikg focusing in which the index of refraction decreases where
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the laser field is small. Typically, howeva, is positive, than-light speed of the pulse in plasma. For these reasons,
and instability occurs only for perturbations with nonzeroquantitative predictions on the growth of perturbations re-
temporal variation in the pulse (i.&k¢ # 0. Inthe limit  quire the solution of differential equations in the form of
ké = v/c = ki, andk, > k,, we obtain, for the spatial (5). A solution of these equations (again for the case of
growth rate, helium) is shown in Fig. 1(b). In these calculations the
ki k2 ke scattered waves were taken to have an initial spatial depen-
Imlk,] = = 5 P> oy (9) dence of the formda~ = dagsin(w&/L), whereL is the
2kolkz + (7/c)?] length of the pulse corresponding to a duration of 100 fsec
This has a maximum spatial growth rate which, forin this case, similar to that of the equilibrium depicted in
ki = v/c, is approximately Ifk,] = kf,/ko. For the Fig. 1. Plotted is the amount of exponentiat|da- /5 ay|
usual self-focusing instability due to a nonlinear dielectricfor the scattered waves for the case/k, = 0.8. As can

constantn,I, Eq. (8) is modified with klk[%/(z‘//c - be seen, as a function &f growth is positive only in those
ikg) replaced by—kénzl. In this case, the maximum regions where the gas is undergoing ionization from one
growth rate is Infk.] = kono1/2, and occurs fork? ~  Stage to another. As the pulse propagates, these regions

k3noI. (On the other hand, the growth for the ionization 9OW in sizesand the amount of growth incr_eases, reaching
scattering instability increases monotonically with.) & level of10 after_only 0.6 cm of propagation. _
The ionization scattering instability will dominate when The growth depicted in Fig. 1(b) is for a specific choice
ke ~ #/c ~ k; and K2 > kénzl This latter condition of transverse wave number. Figure 2 shows the maximum
I) . . . .
requires only that thdinear contribution of the free @amount of growth (maximized ovef) as a function of
electrons to the dielectric constant exceedsrtbelinear ~ {ransverse wave number for several propagation distances.
contribution of the bound electrons. The wave number which gives maximum growth corre-
The use of formulas such as (8) and (9) is limited since¥PONdS t&, = k,. This is not a resonance phenomenon,
the temporal-like wave numbe; must be determined but rather, it follows from a competition between the local
self-consistently. To this end, we determine the impuls@oWth and convection of the scattered waves out of the
response [14] to a disturbance initiated &t= z = 0 unstable region. According to (8) the local growth rate
by simultaneously solvingd(k. + k¢&/z,k:) = 0 and must vanish a%, — 0. Fork, > kp the local growth
aD(k. + kg&/z,kg)/dks = 0. The amount of complex rate become_s mdependen_t]qfaqcordmg to (9). Thus the
exponentiationl’ = i(k.z — k¢£) is then found in the local growth is amonoto.nlcallymcreasmg functionkof.
limit k, > k, [in which a single pole is kept in Eq. (6)] Because of the convective nature of the growth, Eq. (10)

to be indicates that the disturbances propagate out of the
) s unstable region off more rapidly with increasing .
I = _Z( _ k_LZ> With a value of k, = k, the disturbances propagate
c 2k} backward through the pulse at about the same rate that

> the pulse is stretched due to the plasma’s reduction of the
. ki ki equilibrium group velocity.
+ (1 + — - —= ; . . L
a Z)k"\lko Z( 2k Z)’ (10) To examine the nonlinear regime of the scattering in-

5 5 stability, we solve the system (1) and (2) generalized to
where it is assumed > zk1 /(2k;) (otherwise there is no

response). From (10) it is clear that, at a fixed pdint
in the pulse, the disturbance will grow and then decay as
the pulse propagates apdncreases. That s, in the pulse 1
frame, perturbations are only convectively unstable. This
is due to the propagation of the scattered electromagnetic 10
wave which has a group velocity in thedirectionv, =
c[1 — k3% /2k3] and therefore falls behind the initial laser
pulse. If one maximizes (10) ovétrfor fixed z, one finds
Re{Tmax(2)} = zk; ki /[4ko(?/c)] which is equivalent to
(9) with kg = 7/c. 4
The above estimates are only qualitative since the time
and space dependence of the equilibrium cannot be ig-
nored. In particular, the coupling teridn which is re- 0
sponsible for the instability will be nonzero during only a
portion of the laser pulse of thickne8g = c¢/v while the

N

©o

max

In [da /8a0]

k /K

gas is ionizing. This is comparable to the wavelength of 5 5 scattered wave growth maximized oveér as a

the most unstable perturbation. Additionally, the region offunction of the scattered wave number for several propagation
ionization evolves as the pulse propagates due to the lowedistances.
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the instability severely distorts the shape of the laser pulse
and leaves, in the wake of the pulse, a nonuniform plasma
consisting of long striations with transverse dimension on
the order of the collisionless skin depth.
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