PHYSICAL REVIEW E VOLUME 57, NUMBER 4 APRIL 1998

Propagation of an ultrashort, intense laser pulse in a relativistic plasma
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A Maxwell-relativistic fluid model is developed for the propagation of an ultrashort, intense laser pulse
through an underdense plasma. The separability of plasma and optical freqienciesl », respectively for
smallw,/w is not assumed; thus the validity of multiple-scales théM$T) can be tested. The theory is valid
whenw,/w is of order unity or for cases in whick,/w<1 but strongly relativistic motion causes higher-
order plasma harmonics to be generated which overlap the region of the first-order laser harmonic, such that
MST would not be expected to be valid, although its principal validity criteriop/w<1 holds.
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PACS numbds): 52.25—b

I. INTRODUCTION resolution of the motion due to practical limitations in the

There is widespread interest in the propagation of sub ipumber of particles which can be handled.
P propag P 1tis the purpose of this paper to present a relativistic fluid

cosecond, intense laser pulses through underdense plasmr%%del in which neither the approximate separation of optical

in inertial confinement fusiofl], in wake-field acceleration and plasma time scales of MST nor the QSA dynamical ap-

[2], and in relativistic self-focusing and channel formation proximation is made. The fluid model results are then bench-
I[gti_osr]léIglgr[eél]C:Lg%ﬁ);zﬁ?%zil(;l(r:rlwli)ddeelga—rg%e-m-ce” SIMU-marked against PIC results as a test of our numerical meth-

. S ._..ods
On a time scale which is short compared to characteristic
collision times, plasma electrons are accelerated by the laser

to relativistic speeds, such that the electromagnetic fields and Il. THEORY AND NUMERICAL METHODS
plasr_na are (_:o_upled nonlinearly through the Lorentz factor of The equations of the model are Maxwell's equations for
special relativity, the vector and scalar potentials in the Lorentz gauge, the
. 1 continuity equation, and the fluid momentum equations:
p
y=|1+ —rz) : (1) 1 2 ©2np
m’c S P 13
c? ot? eyc '

wherep is the particle(or fluid) momentum. When one con-

siders how the momentum is coupled to the fields in the , 1 3 mwf)(n—ni)
equation of motion, then it is clear that the usual assumption Ve 2aZlY T T T e (1b)
that the fields can be represented by a single Fourier compo-
nent at a “carrier” frequency cannot, in general, be made. an =
; d L - [ pn
Nevertheless if the plasma is sufficiently underdense, such — == (—) (10
that the plasma to optical frequency ratig,/» is small, at my
wherew,= Jame?n,/m, andn, is the electron density, then . i
one can approximately eliminate the optical frequency tode- (¢  P- . G0A o e s
rive field and fluid slowly-varying-envelop&VE) equations ot + my P= c ot Ved+ mcy (PXVXA).

which vary on the scale of the plasma frequency. This ap- (1d
proximation depends on a multiple-scales the@®MsT) pre-
sented formally and implemented by Feital. [7] and by In Egs.(1), n is the dimensionless normalized electron den-
others previously8—10] in problems of practical interest.  sity andn; the dimensionless normalized ion density, which
Approximations other than SVE are also made, for ex-is taken to be constant during the passage of a laser with a
ample, the quasistatic approximatiofiQSA) [8-10, pulse length in the femtosecond regime.
whereby electrons are assumed to experience a static field on We differentiate Eqs(1a) and (1b) in time but not in
the scale of the laser pulse length. In other words, electronspace, where the spatial problem is defined as a two-
can travel the length of the pulse before the pulse is alteredimensional slab with propagation alorzg The use of fast
significantly by diffraction, which is satisfied for pulse Fourier transform(FFT) methods to treat spatial derivatives
lengths much smaller than a Rayleigh range. The use of thedgs been described previouslyl]; here we merely outline
approximations means that, unfortunately, current fluid modthe techniques used for the equations of the Maxwell-fluid
els do not have the generality of the PIC model to facilitatemodel. All terms containing differential operators are moved
mutual code comparison and benchmarking. Although PIQo the right side, which is assumed known from the previous
codes are generally valid over a wide range of regimes, it isime step. Then we Fourier transform the equations in space
desirable to have a more generally valid fluid code princi-and advance the resulting algebraic equations one time step
pally because PIC models tend to suffer from poor statisticalising the three-point central-difference algorithm for the
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second-order time derivative. Then we find the inverse Fou- AR AN RARRRRRAAN RARAR RN EEERARRRRE AR
rier transform. This constitutes one cycle in the temporal 2 E
advance. We treat Eqld) similarly, a procedure which has 1.5x10'8 |
already been implemented by othéi?] for the fluid mo-

mentum.

In this way, spatial differencing is entirely avoided. This
procedure has the effect that spatial derivatives, which in§
real-space, finite-difference methods are distributed locally § 1.0x10'
over a selected number of grid zones, and can be the sourc
of numerical instabilities, are smoothed globally over all
space, thereby leading to robustly stable results. We use the
standard FFT routine of Cooley and Tukgh3], which is a
very fast algorithm on a vector machine. This procedure, as
applied to Maxwell's equations, was thoroughly bench-
marked in other applicatior[d.1].

A similar procedure, applied to Eqlc), however, does
not yield numerically stable results. The following proce- ok UGN ;
dures, however, do yield numerically stable results. Our al- -200 -100 0 100 200
gorithm to advance the normalized electron density over an Longitudinal Dimension (units of k")
interval dt is FIG. 1. Three snapshots of laser intensity vs longitudinal dis-

R R R tance. The laser enters the region of the plasma®a0k !, and is
n,= e (AU2my)p-Vo—dtV.p/myg—(dt2my)p-Vyy (2)  self-focused as it passes through the region.

TT

AREEERERE

Intensit

5.0x10"7

where the subscripta and r designate the advanced, re- models, the linear polarization of the laser lies in the plane of
tarded function with respect to the intervdt. This algo- the plasma for the fluid code, and lies perpendicular to the
rithm is a form of the well-known split-operator FFT method plane of the plasma for the PIC code, a difference which
[14], in which noncommuting exponential factors of the unfortunately seemed to require more code labor to rectify
propagator are arranged over a single three-step interval, éisan was available. However, from the comparison of the
shown in Eq.(2). The outside factors, which contain differ- results it appears that the polarization difference shows up
ential operators, are evaluated in transform space, and thgimarily in the spectra of the wake electromagneidv)
middle factor is evaluated in real space. This procedure ifield, which for the PIC model is absent a peak at the laser
obviously limited to first-order accuracy idt becauseiin  frequency, as expected on theoretical grounds.

contrast to the conventional split-operator method of Ref. We present results for a laser pulse with a peak intensity
[14]) p/y depends on space, and thus higher-order nonconmoef 1.12< 10" W cm™2 (Fig. 1) incident on a cold plasma
muting terms in the expansion of the exponential are dropped/hose boundaries are sharply defined-at00 and 10k *

as truncation errors. However, this procedure is observed tlongitudinally and at the grid boundaries transversely. The
be conditionally numerically stable, as determined by thdaser is polarized in the transverse direction, and causes the
Courant conditiorcAt/As<1 (wheres is a spatial coordi- transverse component of the fluid momentum to quiver as
nate, as expected for an explicit advance in a convectiorshown in Fig. 2. The EM fields are calculated from the po-
equation.

L I LI L L IR T BUR LR L B IR

Ill. RESULTS AND DISCUSSION

The laser wavelength is m. The plasma density is
10?° cm™3, such that the ratio of the plasma to optical fre- 0.50
quency, w,/w, is 0.296. In the calculations we use the
scaled variables: time in units af 1, space in units ok %,
fields in units ofmc?/e, and momentum in units ahc. The
longitudinal and transverse widths of the Gaussian pulse are o E
10 and 17.6k 1, respectively, where the full width at half % 0.00}
maximum is 2+/In 2 for a Gaussian widths. This corre- g
sponds to a pulse length of about 8.75 fs and a pulse width of
about 4.64um. For a maximum time of 2201, a trans-
verse length of 12& 1, and longitudinal length of 5002, :
we used 8001, 256, and 1024 mesh points, respectively. 050

The PIC calculations were performed using the code
WAVE [15], which has been thoroughly benchmarked over

AARRERRRERERNRARRN)

v

the last two decaddd6]. We used 19 particles(sufficient to T T SR w—T— T

resolve the fifth-order laser harmopend 512 and 256 mesh Longitudinal Dimension (units of k')

points for longitudinal and transverse lengths, respectively, FIG. 2. Snapshots of fluid quiver momentum vs longitudinal
equal to 204.& 1. The temporal interval is 0a2 *. distance corresponding to the second and third snapshots from the

Aside from inherent differences between the fluid and PI1Qeft of Fig. 1. The periodicity is on the optical frequency scale.
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FIG. 3. Wake EM field vs longitudinal distance for the right- g 5. aser EM field vs longitudinal distance for the right-

hand pulse of Fig. 1. The periodicity is on the plasma frequencyang pulse of Fig. 1 for purposes of comparison of magnitude and
scale, with optical-scale modulation clearly visible near the form Ofshape with the wake field of Fig. 3.

the pulse.

plasma. This may reflect the use of damping terms in the
tentials[Egs. 1a and 1b)] from the relation fluid momentum equations to suppress motion outside of the
plasma boundaries.
R The authors of Ref[7] neglected the wake vector poten-
EZ_E%_V»(I) 3 tial [Eq. 1(@], which is polarized along the direction of
c ot ' propagation of the pulse, on the grounds that their calcula-
tion is in a weakly relativistic regiméheir rms laser inten-
sity is 1.1x 10 W cm ™2, for which the electron quiver mo-

In the wake of the laser, a longitudinal EM field is gen- mentum is about 0.28c). On the other hand, our
erated (Figs. 3 and % which extends for many plasma calculations at a rms intensity of 560" W cm™2 (Fig. 1,
wavelengths—a plasma wavelength i @/ w, in our scaled  right-hand pulsg for which the quiver momentum is about
variables. The fluid and PIC models in Figs. 3 and 4, respedg amc (Fig. 2, right-hand momentumshow that the electro-
tively, show reasonable mutual agreement considering thefhagnetic wake fieldFig. 3 for an electron density, of
theoretical differences. The poorest agreement is observety) cm—3 has a peak field strength which is about 10% of
near the laser pulse and at the left-hand boundary of thgyr |aser peak field strength(Fig. 5, or about

2.4x10° V/cm. The scaling law given by Eq2) in Ref.[9],

0.06 ————————— —— T
0.05 - ﬂ i E,/Ex=1.2x10"Yn[cm 3\ [ um]ay/\(1+a2/2),
L 4
0.04 - ﬂ | (4)
003 . wherea, is the scaled quiver momentufRig. 2), states that
- the ratio of wake to laser peak field strengths should be about
0.02 - . i S
i 9% for our parameter set; thus our observed ratio is in rea-
0.01 |- . sonable agreement. Although their ratio of wake to laser
eE, i ] peak field strengths is only about 6% of our ratio, because
mee 1 their quiver velocity and electron density(about
—0.01F 7 2x10® cm™3) are smaller; nevertheless their wake peak
—0.02 - field strength, according to E¢4), should be about 0.5% of
0031 ] their laser peak field strength or about 280" V/cm. Al-
t though much much smaller than ours, this field is still clearly
—0.04 - 7 of non-negligible physical importance.
—005 i The wake field oscillates near the plasma frequeagy
- 1 however, due to the nonlinear nature of the forces driving the
006l .. PR IS S SRS . X ;
~100 0 100 plasma, we observe harmonic generation to ordey @ the
Longitudinal Dimension (units of k™) power spectrum of the wake fieléFig. 6). The spectrum is

FIG. 4. Wake EM field as given by the PIC model vs longitu- defined as the squared modulus of the temporal Fourier

dinal distance as a comparison with the fluid-model wake fieldtransform of the field at a single longitudinal poitiere at
given in Fig. 3. z=30k™ 1), integrated over the transverse direction. The
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FIG. 6. Wake-field power spectrum, in units of the optical fre-  FIG. 7. Laser-field power spectrum, in units of the optical fre-
quency(i.e., the fundamental optical frequency is one ur@early ~ quency(i.e., the fundamental optical frequency is one urnifthe
visible are the first three redshifted plasma harmonics. The bluefirst, second, and third harmonics are well resolved, while the fourth
shifted harmonic at the optical frequency arises because the polaand fifth harmonics are much less well resolved.

ization of the laser in the plane of the plasma induces motion in the

electron density at the optical frequency. Less pronounced are th¥ake vector potential, as in Ref7], even in the weakly

structures near zero, and two which are caused by the Lorentz-ford€lativistic regime considered there. Although the accuracy
contribution to the motion. of the results which these authors do present is likely not

seriously impaired by this neglect, nevertheless their wake
spectral peaks are redshifted slightly from the expected mufield has a peak field strength of about4.80" V/cm [as we
tiples of w,/w=0.296 due to partial expulsion of plasma estimated from Eq4)], and clearly is important in giving an
electrons from the laser's patti‘ponderomotive expul- overall qualitatively accurate physical picture of intense laser
sion”). Generation of harmonics in the pulse at the laseiPropagation through a relativistic plasma.

frequency[17] is also observedFig. 7). Furthermore the conditioﬁnex(ﬁ—é)zo, which holds
if the electron density is spatially homogeneous anadnda
IV. CONCLUSIONS are the momentum field and wake vector potential, respec-

_ _ _ tively, which vary on the plasma time scale, is used by the
These comparative studies have taught us important leswuthors of Ref[7] to claim that the wake vector potential
sons with respect to the validity and usefulness of previously,5nishes. Obviously this condition states only thaK #
published relativistic fluid codes. First, the third harmonic in
the plasma harmonic seriéBig. 6) is very near the optical . ;
) itself vanishes.
frequencyw (for our w,/w~0.3); thus one may be led to . . . . s
- . Finally a parallel version of the FFT algorithm is cur
guestion the usefulness of the multiple-scales scheme tg . .
S . : -~ .~ Tently available, and has been implemenf&8] by one of
eliminate the optical frequency except in weakly relativistic o .
. : . the authors of Refl11] in ion-atom charge exchange. This
regimes, as in Ref7], because clearly the approximate sepa-

ration of frequencies in MST, although reasonably well Sup_avallablllty would be expected to enhance the attractiveness

ported by its principal validity criterionw,/w<1, would of FFT methods[11] for use in Maxwell-fluid and other

nevertheless not be expected to hold when higher-orderrnUIt'd'mens'onal models.

members of the plasma harmonic series overlap strongly
with the first-order optical harmonic, which could reasonably
be expected to occur at higher laser intensities and a more One of the authoréB.R.) wishes to thank Britton Chang,
strongly relativistic motion. Thus the plasma harmonic specMachael Feit, John Garrison, and Merle Riley for helpful
trum gives a more stringent test of the validity of MST thandiscussions. This work was performed under the auspices of
the inequality alone. the U.S. Department of Energy by the Lawrence Livermore
Second, it is not sensible to neglect the electromagneti®lational Laboratory under Contract No. W-7405-ENG-48.

=V x4, and does not imply that the wake vector potential
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