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Two-dimensional model of thermal smoothing of laser imprint in a double-pulse plasma
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The laser prepulse effect on the thermal smoothing of nonuniformities of target illumination is studied by
means of a two-dimensional Lagrangian hydrodynamics simulation, based on the parameters of a real experi-
ment. A substantial smoothing effect is demonstrated for the case of an optimum delay between the prepulse
and the main heating laser pulse. The enhancement of the thermal smoothing effect by the laser prepulse is
caused by the formation of a long hot layer between the region of laser absorption and the ablation surface. A
comparison with experimental results is presented.

PACS number~s!: 52.58.Ns, 52.40.Nk, 52.65.2y
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I. INTRODUCTION

A very smooth ablation pressure profile~typically up to a
few percent! is required in inertial fusion studies to suppre
the onset and a subsequent growth of a Rayleigh-Taylor
stability, which might disrupt the target compression. T
ablation pressure inhomogeneity arises in direct drive exp
ments of laser inertial fusion due to an inhomogeneous i
mination of the target by the heating laser beams. As i
generally very difficult to meet the required homogeneity
the ablation pressure by an improvement of the illuminat
profile, other smoothing mechanisms have been propo
which are based on a modification of the laser-target in
action.

A powerful intrinsic smoothing mechanism is hidden
the plasma itself, due to the presence of a heat conduc
zone between the region of laser absorption and the abla
surface@1–5#. The laser beam energy, which is deposited
the underdense plasma and in the vicinity of the critical s
face, is then transported to the target by heat conduction.
thermal transport takes place not only in the longitudi
direction, but also in the transverse direction. Any inhom
geneity in the distribution of the absorbed energy has, thu
tendency to be washed out when the heat is conducted a
the conduction zone. The distance between the absorp
region and the ablation surface is controlled by stretching
space between the target and the absorption region. This
be done either by covering the target with a coating of a l
density plastic foam@5–8# or by using a laser or x-ray
prepulse, which produces an underdense plasma layer
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to the arrival of the main laser pulse. A prepulse techniq
has also been successfully applied in x-ray laser work. Th
the purpose of the prepulse is somewhat different; it is u
to preform a long smooth plasma profile with a minimu
refraction of the amplified x-ray laser beam@9,10#. Conse-
quently, the prepulse or a sequence of prepulses@11# in this
case is much weaker than the main pulse, preceding the m
pulse typically by 10 ns.

The smoothing by a laser prepulse has been demonstr
by using an iodine laser driver with potassium dideuteriu
phosphate~DKDP! conversion crystals transforming the la
ser beam to second and third harmonics@12#. A beam of the
second harmonics~red! emission serves as a prepulse fo
lowed by the main pulse, formed by the third harmon
beam ~blue!. In order to simulate the inhomogeneity, th
main pulse~blue beam! was split into two foci, which were
placed inside a larger red prepulse spot, following a sche
originally proposed by Garanin@12#; see Fig. 1.

The main pulse with an energy of 7 J was split equally
into two focal spots, with 80% of the energy confined insi
the 20-mm radius. The distance between the spot centers
80 mm. The circular focus of the prepulse~red beam! con-
tained 80% of its energy~12 J! inside a radius of 100mm.
Both laser pulses were incident normally onto a 7-mm Al
foil. The temporal shape of both the laser pulses was clos
a Gaussian form with a pulse duration of 0.5-ns full width
half maximum. Three delays~0, 0.5, and 1 ns! of the main
pulse, with respect to the prepulse, were used.

In the following, results of two-dimensional~2D! hydro-
dynamics simulations of ablation pressure smoothing b
laser prepulse are presented and compared with the ex
mental results@12#. A cylindrical version of Lagrangian code
ATLANT @13# is employed for the simulation with the param
eters of the model derived from an experiment@12# of
ic
842 ©2000 The American Physical Society
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PRE 61 843TWO-DIMENSIONAL MODEL OF THERMAL SMOOTHING . . .
double-pulse illumination of Al target foil by an iodine lase
Since the geometry of the code is restricted to a cylindr
symmetry, this study is limited to a model of the smoothi
of the ablation pressure induced by a single blue laser
on the background of a much broader red prepulse. A red
tion in the hydrodynamics instability growth in the spheric
geometry induced by a laser prepulse with a longer wa
length than the wavelength of the main pulse was repo
previously@14#. To our knowledge, no systematic 2D hydr
dynamic modeling of a symmetrizing influence of a prepu
of a different color was reported previously.

II. NUMERICAL MODEL

The interaction of two laser pulses with a planar Al so
foil is simulated in a cylindrical geometry. While a Gaussi
radial profile is assumed for the main laser pulse~a single
blue spot!, both uniform and Gaussian radial profiles a
used for the laser prepulse~a red beam!. The results for a
uniform prepulse radial distribution are mainly presen
here in order to simplify the comparison of the results
different main pulse delays by avoiding nonuniformities
duced by the prepulse. The growth of inhomogeneities
target acceleration is also presented for Gaussian radial
file of the prepulse, and the optimum delay is used to de
onstrate the impact of the prepulse inhomogeneity.

The two-dimensional numerical codeATLANT @13# in-
cludes a Lagrangian description of one fluid two temperat
hydrodynamics model,

dr

dt
52r•“v ~1!

r
dv

dt
52“~Pe1Pi ! ~2!

dEe

dt
52Pe“v1“~le“Te!2Qei2Rrad1“S ~3!

FIG. 1. Target illumination scheme in the experiment when
second~prepulse! and third harmonics~main pulse! of an iodine
laser are focused on an Al foil.
l
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dEi

dt
52Pi“v1“~l i“Ti !1Qei , ~4!

wherer andv are the plasma density and velocity,Ee andEi
represent the electron and the ion internal energy densityPe
andPi stand for the electron and the ion pressure, andTe and
Ti are the electron and the ion temperature, respectiv
Both the classical and the flux limited electron heat cond
tivity le is included in the electron energy conservatio
while the ion heat conductivityl i is assumed to be classica
The electron-ion relaxationQei is treated in the Spitzer ap
proximation, andRrad represents the energy loss by th
bremsstrahlung emission;S is the energy flux density of lase
radiation~Poynting vector!. For simplicity we assume a con
stant mean ion chargeZ512 for the aluminum, and an idea
gas equation of state.

Laser absorption is assumed to be collisional with
absorption ratekabs, and the absorbed power density is go
erned by the following equation:

S S

uSu
,“ DS5kabs•S, ~5!

The propagation of the laser beams inside a plasm
solved by means of a ray-tracing algorithm, described in
tail in Ref. @15#. As the spatial resolution of the hydrocode
not sufficient for an exact calculation of laser absorption,
assumed a full absorption of the laser radiation entering
cell of the hydrocode, where the ray is reflected. In order
account for the estimated experimental absorption efficie
@16#, the incident prepulse intensity is multiplied by the c
efficient h250.5, while the intensity of the main blue puls
is multiplied byh350.7.

The bremsstrahlung x-ray emission in the direction pa
lel to the target surface is calculated in order to provide
comparison with the time-integrated pinhole camera pictu
recorded in the experiment@12#. The cutoff energy 0.6 keV
of the x-ray filter, placed in front of the pinhole camera,
taken into account. An optically thin plasma for the co
tinuum emission is assumed, as typically the Rosseland m
free path is;0.7 cm for Al plasma with a density 2.7 g/cm3

and temperature 0.6 keV. Thus the mean free path exc
the transverse dimension of plasma by at least two order
magnitude. The time integrated emissivity in the normal
rection from any plane, including the axis of symmetry~in
the spectral region limited by the cutoff of x-ray filter!, is
given by the integral

I ~z,r !52.431014E Z3r2~z,r ,t !ATe~z,r ,t !

3expS 2
0.6

Te~z,r ,t ! Ddt J/cm3, ~6!

where an Al target is assumed, andz is the axial coordinate
along the propagation of laser beams.

III. RESULTS

Our numerical simulations were inspired by the expe
mental results of Ref.@12#. Pinhole camera pictures, re
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844 PRE 61A. B. ISKAKOV et al.
corded in a side-on view in experiments with respective
lays of Dt50, 0.5, and 1 ns between the maxima of t
prepulse and of the main pulse, are presented in Fig. 2.
picture @Fig. 2~a!# taken without the delayDt50 ns clearly
demonstrates an inhomogeneity in the x-ray emission on
rear side of the foil. The distance of the bumps on the side
view exactly matches the distance of the centers of the
blue foci. When a prepulse advancing by 0.5 ns is us
smooth shapes of the x-ray emission are obtained@Fig. 2~b!#,

FIG. 2. Time integrated pinhole camera pictures of the plas
~side-on view! for delays of 0~a!, 0.5 ns~b!, and 1 ns~c! between
the prepulse and the main pulse. The laser is incident from the r
and the distance between the spot centers on the foil rear side~a!
is 80 mm, equal to the distance between the centers of the m
pulse focal spots.
-

he

e
n
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and the nonuniformity in the heating laser pulse cannot
detected by the pinhole cameras. The smoothing effect of
red beam depends essentially on theDt delay between the
prepulse and the main pulse. WhenDt50 ~no delay!, the
situation is practically the same as with no laser prepulse.
the other hand, when the delay is too large, the smooth
effect is reduced and the nonuniformities in the x-ray em
sion may again be detected by the pinhole camera forDt
51 ns @Fig. 2~c!#. The same dependence of the smooth
effect on the main pulseDt delay can also be seen in th
pinhole camera pictures taken from the rear-side view, p
sented in Ref.@12#. Two maxima, corresponding to the ma
pulse focal spots, are observed for the delaysDt50 and 1 ns
only.

Based on the parameters of the experiment@12#, the peak
intensity in the center of the incident main pulse is chosen
I b55.931014 W/cm2, while the peak intensity of the
prepulse isI r54.431013 W/cm2. Both the laser prepulse
and the main pulse are assumed Gaussian, 0.5 ns~full width
at half maximum! long. The Gaussian radial profileS0

;exp(2r2/r0
2) of the incident main pulse is assumed to ha

r 0515.76 mm; that means 80% of laser energy is contain
inside a radius of 20mm. We also conducted simulation
with a Gaussian radial distribution of the prepulse withr 0
560 mm, and found only minor differences in the plasm
dynamics in the central part (r ,60 mm) of the target from
the simulations with a uniform prepulse distribution and
simulation box with a radiusR560 mm. This confirms that
the focal spot of the prepulse in the experiment@12# is large
enough for the finite radius of the laser prepulse not to in
ence the thermal smoothing. Here we present mainly the
sults for the uniform radial distribution of the prepulse inte
sity, as they can be employed to demonstrate more rea
the physics of the thermal smoothing of the ablation pr
sure. In addition, we give one example demonstrating t
thermal smoothing is also effective with a nonunifor
prepulse laser beam profile.

The positionzm of the target density maximum along th
axial coordinatez is found for each value of (r ,t). The sur-
faceszm(r ) of the maximum compression are plotted in Fi
3 for the specified times (t50 is the temporal maximum o
the main pulse!. These surfaces represent a well defined
sition of the shock wave, and offer an easy possibility
follow its propagation. Practically no smoothing effect of th
laser prepulse is observed@Fig. 3~a!#, when the main pulse is
incident simultaneously with the prepulse (Dt50). When a
suitable delay of the main pulse is chosen, the smooth
effect becomes apparent@Fig. 3~b!, plotted forDt50.5 ns#.
For a delayed main pulse, the shock wave induced by
main pulse needs some time to overtake the shock w
induced by the prepulse; thus no inhomogeneity is obser
at the leading edge of the main pulse. However, for the de
Dt50.5 ns, this occurs long before the main pulse maxim
is reached. But even for this main pulse delay, some in
mogeneity in the shock wave propagation is later observ
However, its growth rate is cut down and the amplitude
reduced by an order of magnitude.

The influence of the main pulse delay on the shock-wa
nonuniformity is even more clearly demonstrated in Fig.
Here the evolution of the differencezm(r 5R)2zm(r 50)
between the shock wave position at the edge of the sim
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tion box and in the center of the focus~‘‘shock-wave non-
uniformity’’ ! is presented for three values of the main pu
delayDt50, 0.5, and 1 ns. The smoothing effect is shown
be still significant for the maximum delay 1 ns, but it is le
so for the medium 0.5-ns delay. The nonuniformity of t
interaction starts to influence the shape of the maxim
compression surfacezm(r ) only later, due to the late over
taking of the prepulse induced shock wave, but the nonu
formity after the main pulse maximum is larger than in t
case of the medium delay. Thus, the existence of an optim
delay for smoothing by a laser prepulse is shown, and
value Dt50.5 ns seems to be a reasonable estimate of
optimum delay in the conditions of the experiment@12#.

FIG. 3. Computed evolution of the maximum compression s
face ~shock-wave front! for the time delaysDt50 ns ~a! and Dt
50.5 ns~b! between the prepulse and the main pulse. Each cu
represents a shock-wave front position at timet specified in nano-
seconds by the curve label (t50 coincides with the temporal maxi
mum of the main pulse!. The laser is incident along the axial coo
dinate from the upper side of the figures normally on the Al fo
The foil is initially placed between 7 and 0mm on the axial coor-
dinate parallel with the radial axis.

FIG. 4. Evolution of the longitudinal inhomogeneity size~bulg-
ing! for the prepulse with a uniform radial profile and three diffe
ent time delays between the prepulse and the main pulse. The d
dotted curve~labeled ‘‘Gp’’! displays the inhomogeneity growth fo
the prepulse with a Gaussian radial profile and a delay of 0.5
The zero on thex axis is the time of the main pulse maximum.
e
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We have conducted simulations with a nonunifor
prepulse in order to estimate the impact of large scale in
mogeneities in the laser prepulse on the uniformity of
target acceleration. As a Gaussian intensity distribution
the prepulse is assumed with a radius of 60mm, the laser
intensity at the edge (r 560 mm) of the simulation box is
56% of the intensity of that at the center. The avera
prepulse intensity is set equal to the case of a unifo
prepulse. Unlike the experiment, the positions of t
prepulse and the main pulse maxima coincide here, a
thus, the detrimental effect of a nonuniform prepulse is p
sumably overestimated in the simulations. The evolution
the nonuniformity in the target acceleration for a Gauss
prepulse and the optimum delayDt50.5 ns are displayed in
Fig. 4 ~dot-dashed curve, labeled ‘‘Gp’’!. The nonuniformity
of the target acceleration is relatively large after the prepu
but its subsequent growth is moderate. Its growth during
main laser pulse is even slower than in the case of a unif
prepulse. A comparison with the case of a uniform prepu
and Dt50 ns shows that thermal smoothing due to a la
prepulse with a longer laser wavelength is still remarka
efficient, even for nonuniform prepulses. This result sugge
that long scale inhomogeneities in the prepulse do not
pose a serious risk for the uniform target acceleration.

Short scale nonuniformities of the target acceleration m
grow faster due to the Rayleigh-Taylor instability. The
growth rate may be estimated@17# by the formula g
50.9 Ak g23 k Va . The estimates of foil acceleration (g
.431015 cm/s2) and ablation velocity (Va.105 cm/s! are
taken from our simulations. Then the wavelength 7mm (k
59000) of the fastest growing mode and its growth rateg
52.73109 s21 are derived from the above formula. Ther
fore, the fastest growing nonuniformities are increased o
3.9 times during the interval 0.5 ns between the prepulse
the main pulse. As the variations in the foil thickness a
below 0.1mm and the level of short scale inhomogeneiti
inside the prepulse beam is below 50%, the level of
prepulse imposed short scale inhomogeneities of the ta
acceleration is probably rather small.

An increase in the distance between the critical and a
tion surface is usually believed@12,14# to explain the
smoothing effect of the laser prepulse. However, it follo
from the modeling that the main difference induced by t
laser prepulse is a substantial modification of the main pu
absorption. Since a sufficiently long and dense plasma
formed by the prepulse, the main pulse radiation is absor
not only in the vicinity of the critical surface, but a substa
tial part of the laser energy is also absorbed in the und
dense plasma. This fact is demonstrated in Fig. 5, where
profile of absorbed laser power along the central laser
(r 50) is plotted at the main pulse maximum (t50) for the
three values of the main pulse delay. For an optimum de
a long underdense plasma is present, inside which a sig
cant laser absorption occurs. Thus a relatively dense, lo
and hot layer of underdense plasma is formed where a la
electron thermal conductivity induces a substantial therm
smoothing. In this situation, thermal smoothing might occ
together with a reduced reflectivity of the main pulse
collisional absorption, and this could be verified experime
tally or observed in the simulations where a detailed mo
of laser reflection is introduced. In reality, the favorable si
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ation of enhanced collisional absorption might, however,
offset by light scattering from the long scale plasma form
by the prepulse due to nonlinear processes such as Ra
scattering. It should also be noted that the thermal flux lim
tation does not influence our results when the flux limitef
*0.05 is used.

The bremsstrahlung x-ray emission is calculated in or
to find out the conditions when nonuniformities in the las
target interaction are observable in time integrated pictu
taken by a pinhole camera from a side-on view. Here
geometrical factor, due to the cylindrical symmetry, is n
taken into account, as the cylindrical symmetry of the sim
lation does not correspond exactly to the geometry of
side-on view of the pinhole camera in the experiment~Fig.
2!. Thus, in the assumed approximation, the time integra
intensity in the x-ray image is proportional to the integrat
x-ray emissivityI, given by Eq.~6!. The value of this inte-
gral, calculated in our numerical simulations, is plotted
Fig. 6 for all the three values of the main pulse delayDt. For
the medium delayDt50.5 ns@Fig. 6~b!#, no nonuniformities
~inhomogeneities in transverse direction! may be observed in
the x-ray image. Although thermal smoothing does not co
pletely remove all the nonuniformities in the foil accelerati
even for thisDt @see Figs. 3~a! and 4#, these nonuniformities
emerge somewhat later, when the plasma is too cold to e
in the spectral region above the cutoff of the x-ray filter. F
the maximum delayDt51 ns, the nonuniformities in the
x-ray image~Fig. 6c! are reduced substantially, compar
with no delayDt50 @Fig. 6~a!#, but they are still apparent in
our numerical results. The nonuniformities develop in t
particular case further inside the plasma, because the pe
bations have more time to develop under the combined
tion of the prepulse followed by a more distant main pul
These results are in a reasonable agreement with an ex
ment in which the nonuniformities are observed for delays
0 and 1 ns, but no nonuniformity is detected for the de
Dt50.5 ns. However, the calculated nonuniformities for t
maximum main pulse delay seem to be slightly undere
mated, as compared with the experiment.

IV. CONCLUSIONS

Smoothing of the ablation pressure by the laser prep
has been studied by 2D hydrodynamics simulations. I

FIG. 5. Absorbed laser power at the symmetry axisr 50 in the
moment of the main pulse maximum (t50) vs the axial coordinate
for three different delays~the initial position of the Al foil is be-
tween 0 and 7mm).
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shown that under the given conditions illumination inhom
geneities with transverse dimensions at least up to 30mm
may be smoothed out. The existence of an optimum delayDt
between the prepulse and the main laser pulse has been
onstrated. The smoothing effect is very significant for a su
ableDt delay; the growth of inhomogeneities in the ablati
pressure is delayed and reduced by an order of magnit
Even for such a delay of the main pulse, the inhomogenei
in the ablation pressure are not fully suppressed. Howe
no nonuniformities may be observed in the plasma by a s
dard time integrated x-ray diagnostics, as they emerge o
after the main laser pulse when the plasma is too cold to e
energetic x rays.

Our simulations reveal that the laser radiation of the m
pulse is absorbed efficiently in an underdense plasma
from the critical surface, since a relatively long density pr
file is formed by the prepulse for the optimum delay of t
main pulse. Thus the distance between the laser absorp
region and the ablation surface is enlarged, and a large s
length layer of relatively hot and dense plasma is form
where the role of electron thermal conductivity is enhanc
to induce an important thermal smoothing. Consequen
such a laser prepulse should enhance absorption of the
laser pulse; however, on the other hand, it should red
hydroefficiency.

A good qualitative agreement is found between the res
of numerical simulations and the experiment@12#. Both the
experiment and simulations show the best smoothing w
the main pulse is delayed by 0.5 ns. The smoothing effec

FIG. 6. Computed integrated x-ray images. Contours of in
grated x-ray emissivity in J/cm3 are plotted for the time delays
Dt50 ns ~a!, 0/5 ns~b!, 1 ns ~c!. The laser is incident from the
right, and the initial position of the Al foil is from 0 to 7mm.
Thanks to the larger distance of the prepulse from the main pu
the overall time of the target motion is longest for a delay of 1
and, thus, the target shift is the largest one.
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PRE 61 847TWO-DIMENSIONAL MODEL OF THERMAL SMOOTHING . . .
very significant for this delay, and can lead to an import
reduction in the nonuniformity of the acceleration of sh
targets. Thus we show that thermal smoothing by a suita
laser prepulse may be a useful method, meeting the req
ments on ablation pressure uniformity necessary for ine
fusion.
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