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Model for transmission of ultrastrong laser pulses through thin foil targets
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A model for the penetration of ultrahigh-intensity ultrashort-pulse lasers through a highly overdense foil
target is proposed. The model involves only electron motion. It is shown that the ponderomotive force of the
light waves can push the electrons towards the back surface of the foil, such that the effective thickness of the
latter is reduced to the order of the skin depth, thus allowing wave penetration. The results agree well with that
from a particle-in-cell simulation.S1063-651X99)13803-7

PACS numbdp): 52.35.Ra, 52.35.Mw, 52.35.Qz

I. INTRODUCTION intense short-pulse laser through a thin-foil target. The model
is based on the idea that the ultra-intense light pressure of an
The interaction between ultrahigh-intense ultrashort-pulsgiltrashort light pulse compresses the electrons in the thin
lasers and overdense plasmas with densities many orders @frget into a much thinner layer before significant ion motion
magnitude higher than that of critical is a topic of recentsets in, such that the effective target width as seen by the
interest since it leads to many novel applications. The lattelaser becomes of the order of or less than the skin depth. For
include fast ignition in inertial confinement fusigh,2], ab-  analytical simplicity, the normal incidence of a circularly
sorption and propagation of femtosecond laser pulses in soligolarized laser pulse onto a highly overdense thin plasma
density plasmag3—9], coherent soft x-ray sources from the layer is considered. It is found that the transmittivity can
high harmonics generated by interactigi0], etc. In most increase rapidly with the laser strength parameter when the
experiments using fs laser pulses at focused intensities of tHatter is above 3. For circularly polarized light the transmit-
order 13% W/cn? the appearance of preformed plasmas istivity is found to be about 42% for an ion density 50 times
inevitable, because the intensity of the laser-pulse pedestatitical, laser strength parameter 3, and foil thickness 0.1
produced by the amplified spontaneous emission in the laséimes the wavelength. This result agrees well with that from
train or residual dispersion of the recompression in thea particle-in-cell (PIC) simulation. Although because of
chirped pulse amplification can be higher than the threshol@hysical as well as mathematical complexity we have not
intensity for plasma formatiorf11-13 since the pulse presented an analytical theory for linearly polarized light,
pedestal-to-peak contrast ratio of existing solid-state lasegimulation shows that near 100% transmission occurs for the
technology is only of the order £Q14]. It is therefore im- same parameters as that of the circularly polarization case.
portant to avoid the pulse pedestal by appropriately reshap-

ing the pulse, such that a clean interaction of the laser pulse Il. FORMULATION
with a solid density plasma can be realized. '
Recently, it has been showW1,15 that near total trans- For very high power and short-pulse laser interaction with

mission of a 30 fs, ¥10'® W/cn? laser pulse through a thin foils, the electron quiver motion dominates over that of
thin (0.1 um) plastic foil target is possible. It was also thermal, so that electron-ion collisions and electron heating
found that at 5<10'® W/cn? the transmittivity in the same effects can be neglecte[®2]. For the same reason, the
system was reduced to the background level of 1%. Thelasma ions do not react significantly during the time of the
strong intensity dependence of the foil transparency was atnteraction, so that one can neglect the hydrodynamic motion
tributed to an unknown mechanism, since it seems that abhf the plasma and assume a steplike profile for the immobile
the known one$16—21] such as anomalous skin effect, hole ions: n;=const for O<z<z4, andn;=0 elsewhere. In real-
boring, and classical self-induced transparency, can be rulgty, for present-day lasers the original ion profile could not be
out[15]. The high transmittivity in such thin plastic foils has maintained for the entire interaction process and the ions can
the obvious important potential application of reshaping lasealso be compressed. However, since according to our pro-
pulses[15]. posal the laser-light penetration is mainly due to the reduc-

To explore the physical mechanism of the anomalouslytion of the thickness of the electron layer, the change of the
high transmittivity seen in the recent experiments we preseribn profile does not directly affect the results. These assump-
here a simple self-consistent model for the transmission of ations are verifieda posterioriby numerical simulations.

For the electron velocity we setw=u+v, whereu and
v are the transverse and longitudinal components satisfying
*Present address: Institute of Laser Engineering, Osaka UniveV -u=0 and VXv=0, respectively. From the Maxwell

sity, 2-6 Yamada-oka, Suita, Osaka 565, Japan. equations we have
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whereA is the vector potential satisfying the Coulomb gauge ‘_//
V-A=0, ¢ is the scalar potential describing the electro- 0.1
static field of the charge separationandn; are the electron
and ion densities, and is the ion charge number. 0l 0 \
If the laser spot size is much larger than the target thick- 10 10q 10
nessxqy, we can use the planar geomefd8] and write A
=A(z,t)(X+Y), ¢=¢(z1), u=u(z,t)(x+y), and v FIG. 1. The normalized deptlig of the positively charged layer
=v(z,t)z. In view of the very low collision rate in the high- andé, of laser penetrationsthe laser strength.
intensity wave field, absorption of laser energy by the target 5 5 2
electrons will be neglected. Substituting the Lagrangian of a W=[M+ ()W (v =)= y(2Ni—v), (10
relativistic electron into the Euler-Lagrange equation we gebvhereM is proportional to the electromagnetic energy flux
d,(myu—eA/c)=0 (4) flowing across the target. It may be written Ad=Tq?,
' where gq=|a(¢=0)|=¢|E;|/mwc=0.85<10"°\1 is the
dy(myv)+mca,y—ed,d=0 (5) laser strength parametef,=1./I=|E(d)|*/|E(0)|* is the

transmittivity, A is the laser wavelength imum, and |

for the transverse and longitudinal electron motion. Thus, we=(c/8)|E;|? and |,=(c/87)|E,|?> are the intensitiegin
haveu=eA/mcy. W/cn?) of the incident and transmitted laser lights. Further-

For circular polarization the ponderomotive force, themore, (&50)2 may be identified as the plasma dielectric con-
relativistic factor, as well as the charge separation field arstant[23].
time independent23]. From Eq.(2) we havev =0 and the The amplitudes of the electric and magnetic fields of the
important relationy=(1—u-u/c?) ~Y?=(1+|a|?)*?, where laser light can be expressed as
a=eA/mc is the electron quiver velocity normalized by

Equations(3) and(5) can be rewritten as [E|*=»"~-1, (11
FFp=N-N;, 6) |BI?= "W+ (2N;—7)— M?, (12)
ey= et R0 where we have noted thdE|?=|a|? and |B|?=(d,/a)?
§Y= 0¥ +]a|?(9:0)>. The electron density and charge separation
where  é=wzlc, y=ep/m, N=nin,, N;=Zn/n,, leld are given by
andn.=mw?/4me? is the critical density. On the other hand, N= (3N v— 22+ 1+ W 13
Eq. (1) yields Y(3Niy—2y ), (13

= A2 2_1\_ 271/2

) . . whereEy=—d;y.
for the normalized vector potential. In the following we shall - The field quantities in the different regions are related
solve the governing equations in each region. By matchingh ough the usual electromagnetic field boundary conditions

the solutions at th_e boundgrie_s using z_ippropriate_particle_ ar[ti5] até= &, andé= &4. Accordingly, the continuity of the
electromagnetic field continuity conditions, the integration|zser fields até=¢, yields |Ep|%g2=4/1+ x|? with y
constants are determined in a self-consistent manner. =B, /E,, or

Iil. SOLUTIONS 10!

Equations(6)—(8) were first studied by Laj23]. Physi- —
cally, under very large laser pressure the target electrons near
the surface are rapidly pushed inward, leaving behind a posi-
tively charged layer in & ¢< &, [23,24], where the immo-
bile ions have no effect on the electromagnetic fields. The
affected electrons are compressed into a redipaé<§y.

In this region the electron density, the charge separation
field, the value of¢,, as well as the laser fields can be 1
determined in a self-consistent manner. 1(20'05 0 0.05 01 0.15

We seta=|alexp(6) and obtain from Eqs(6)—(8) two g

constants of motion23]:

I'lb, I'ld

FIG. 2. The normalized electrofsolid curve and ion(dashed
M=(y*—1)3,6, (9)  curve density profiles folN;=50, q=3, and£4=0.1.
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FIG. 3. The transmittivityT vsthe laser strengthy for N;=50
and &4=0.1.
49°(Ip—1)=(M+T5-1)*+T5(9v)5, (19

wherel', is the value ofy at £=&,,. On the back side of the
target foil, the transmitted radiation propagates into
vacuum with|E|?=|B|?= M, and the continuity of the laser

4.0
(a)
ol T
%
;, 0.0
E 2.0 ¢ U u ]
-4.0
3.0

(b)

1.0 |

-1.0 ¢

E" (in mc/fe)

3.0
2.0
©
)
(&)
g
g 0.0
m
2.0 : :
0.0 5.0 10.0 15.0 20.0

t (in 21m/®)

FIG. 4. Simulation of the interaction of a circularly polarized
sine pulse ofgf=3 and a plasma of fixed ion profile witR;=50
andé,=0.1: the(a) incident E'), (b) reflected E"), and(c) trans-
mitted (E') profiles of the normalized laser electric field.
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FIG. 5. Same simulation as for Fig. 4. Evolution of the normal-
ized electron density during the interaction. The square profile rep-
resents the ion or initial electron density.

fields at é=¢4 leads toW=2M+1—-2N;(M+1)Y2 Fi-
nally, charge conservation requireﬁgbzfgz(N—Ni)dg,
which yields

E=[OW+2NT,—T3)(T3—-1)— M?]YAN; (16)

for the thickness of the positive layer. Thus, the effective
target thickness becomésg— &, .

Physically, the compression of the electrons arises from
the relativistic ponderomotive force. The effective skin depth
of the laser light is given by~ \y/N. It is of interest to
note that if there were no compression, we hakeN; and
the skin depth would actually increase by a fact®/N;.

But in this case the laser sees the original foil thickness of

€q-

IV. RESULTS

We first consider the case of total reflection, for which
M=0 and the laser radiation evanescences inside the target
with y—1 andy,— 0. Figure 1 shows the dependence of the
depth&, of the positively charged layer and the degthof
laser penetration on the laser strengthThe penetration
depthé, is defined to be the distance at which the radiation is
damped to ¥ of its value at the target surface. As expected,
for q<1 the laser penetration into the target is of the order of
the skin depth, which is determined only by the target den-
sity N; . It increases slowly witty. At higher laser strengths
(g>1), however, the penetration depth becomes strongly
intensity dependent. The increase in the laser penetration is
associated with the increase of the size of the positively
charged layer resulting from the strong compression of the
electrons towards the backside of the target.

One may expect that for plasma layers of effective thick-
ness smaller than the penetration depth, a part of the laser
energy will be transmitted. Figure 2 shows the electsniid
curve and ion(dashed curvedensity profiles of an interac-
tion with N;=50, q=3, and¢3=0.1. One findsT=0.42, or
about half of the incident radiation is transmitted. Figure 3
shows the dependence of the transmittivityon the laser
strengthq for a foil target with N;=50 and ¢4=0.1. For
lower laser intensitiesq<1), there is an almost strength-
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FIG. 7. Same simulation as for Fig. 6. Evolution of the electron
= density during the interaction.
0.0
spectively. We see that the high-intensity part of the laser
1.0 pulse has higher transmittivity than the less intense parts. As
a result, the transmitted pulse is reshaped. At maximum am-
plitude the transmittivity for the case considered is up to
40 : 44%, which is in good agreement with the theoretical predic-
© tion (see Fig. 3 Note that in the present examplg (s
relatively low for the circularly polarized lighthe reflected
20 ¢ 1 pulse has a sharper rising front and higher amplitude than
that of the transmitted one. The situation is reversed for
E! 0.0 | higherq values. Thus, for pulse reshaping it is necessary to
' optimize the thickness of the foil, so that initially it should be
larger than the skin depth such that the low-energy part of
20 & ] the pulse cannot tunnel through.
In Fig. 5 the evolution of the electron density during the
passage of the laser pulse is shown. The square profile rep-

-4.0 : ‘ : : ; i ;
00 50 100 150 200 250 resents the electron densnyta_tq (or thg ion density As
t the pulse enters the plasma with increasing strength, the elec-
trons are pushed further and further towards the back of the
FIG. 6. Simulation of the interaction oflmearly polarized sine  target, reaching nearly fivefoltelectron density compres-

pulse ofq=3 and a plasma witi\;=50 and,=0.1: the(a) inci-  sjon at the peak laser amplitude. After that, the laser field
dent '), (b) reflected £), and(c) transmitted E') profiles of the  strength diminishes and the electrostatic field of charge sepa-
laser electric field. ration draws back the electrons, until the target nearly re-

stores to its original state after the pulse is over.

independent transmittivity of about 10%. For higher intensi-
ties (Q>1), the transmittivity rapidly increases witihand
the target can become very transparent. It is evident that this V1. DISCUSSION
effect has the potential application for reshaping laser pulses: | this paper, we have for the sake of simplicity that
thelleSS inten-se pedestal W|” be reflected and the peak of t%a|yt|ca| calculations are pOSSith)nsidered fixed ion pro-
main pulse will be transmitted. files and circularly polarized lasers. In the real situation, the
ion density profile cannot remain constant during the entire
interaction period. There can therefore exist high density-
gradient transition regions between the ones considered here.

To verify our assumptions and results, we have performediowever, since electron heating is weak because of negli-
numerical simulations using theric++ PIC code[26]. A gible collisions, and we have used exact boundary conditions
sine pulse ofg=3 is incident upon a plasma with ions of for the electromagnetic wave fieldthat is, the gradient lay-
fixed square density profildl;=50 and¢;=0.1. The code ers are approximated as having zero thickness without losing
was run with and without the ion dynamics. It was found thatthe overall physical characteristi€85]), our conclusion on
in general the ion are also compressed during the lasetaser transmission is not significantly affected by the
plasma interaction, but the main results on laser penetratioiimobile-ion assumption, as is also verified by numerical
reflection are not much affected. This is expected since h§imulations.
electromagnetic waves and their skin depth are not directly For linearly polarized lasers, new physical processes can
affected by the heavy ions. enter. Electron oscillations may be driven by the longitudinal

The incident, reflected, and transmitted profiles of the lacomponent of the laser electric field and/or the oscillating
ser electric field are shown in Figs(a}, 4(b), and 4c), re-  ponderomotive field at twice the laser frequef2y]. In this

V. PIC SIMULATIONS
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case, the electrons can be pulled out of the target into theed light pulses are strongly modulated and the target elec-
front vacuum region and sent back again by the oscillationstrons are compressed to near the center of the layer, indicat-
But not all electrons will return in each cycle, and the straying simultaneous front- and back-side ponderomotive
ones will form an electron cloud in front of the tard@8].  compression. We also note that the compressed electron den-
Clearly, the same process can occur at the backside of thgty is much reduced compared with the circular polarization
target foil if there is transmission of the laser light. The un-case, since many electrons are ejected into the front and back
derdense clouds can lead to additional phenomena such @gcuum regions. An analytical theory for the interaction of a

resonant acceleration of the electrdi8], backside pon- |inearized polarized laser with thin-foil targets is still under
deromotive compression of the electrons, etc., and the probtevelopment.

lem is considerably more involved. On the other hand, the
appearance of the clouds, approximatelyAOib size, leads

to a strong reduction of the compressed electron number den-
sity inside the target. Thus the transmittivity can be expected
to increase significantly over the case of circular polariza- This work was partially supported by the Sonderfors-
tion. chungsbereich 191 Niedertemperatur Plasmen. One of the

To verify the above point, we carried out a PIC simulationauthors(W.Y.) would like to thank the K. C. Wong Educa-

for linearly polarized light with the same parameters as thation Foundation, the Deutscher Akademischer Austauschdi-
for the circular polarization case. The results are presented ienst, and the National High-Technology Program of China
Figs. 6 and 7. We see that the transmittivity is near 100%(Contract Nos. 863-416-1 and 863-416%8r financial sup-
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