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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 numbd(s): 52.58.Ns, 52.40.Nk, 52.65y

[. INTRODUCTION to the arrival of the main laser pulse. A prepulse technique
has also been successfully applied in x-ray laser work. There
A very smooth ablation pressure profilgpically up to a the purpose of the prepulse is somewhat different; it is used
few percenkis required in inertial fusion studies to suppressto preform a long smooth plasma profile with a minimum
the onset and a subsequent growth of a Rayleigh-Taylor inrefraction of the amplified x-ray laser bed®,10]. Conse-
stability, which might disrupt the target compression. Thequently, the prepulse or a sequence of prepuléékin this
ablation pressure inhomogeneity arises in direct drive experiease is much weaker than the main pulse, preceding the main
ments of laser inertial fusion due to an inhomogeneous illupulse typically by 10 ns.
mination of the target by the heating laser beams. As it is The smoothing by a laser prepulse has been demonstrated
generally very difficult to meet the required homogeneity inby using an iodine laser driver with potassium dideuterium
the ablation pressure by an improvement of the illuminationphosphatgDKDP) conversion crystals transforming the la-
profile, other smoothing mechanisms have been proposegkr beam to second and third harmoritg]. A beam of the
which are based on a modification of the laser-target intersecond harmonicéred) emission serves as a prepulse fol-
action. lowed by the main pulse, formed by the third harmonics
A powerful intrinsic smoothing mechanism is hidden in beam (blue). In order to simulate the inhomogeneity, the
the plasma itself, due to the presence of a heat conductiomain pulse(blue beamwas split into two foci, which were
zone between the region of laser absorption and the ablatigplaced inside a larger red prepulse spot, following a scheme
surface[1-5]. The laser beam energy, which is deposited inoriginally proposed by Garanifl2]; see Fig. 1.
the underdense plasma and in the vicinity of the critical sur- The main pulse with an energyf @ J was split equally
face, is then transported to the target by heat conduction. Thato two focal spots, with 80% of the energy confined inside
thermal transport takes place not only in the longitudinalthe 20.«m radius. The distance between the spot centers was
direction, but also in the transverse direction. Any inhomo-80 um. The circular focus of the prepulgeed beam con-
geneity in the distribution of the absorbed energy has, thus, tained 80% of its energyl2 J inside a radius of 10@.m.
tendency to be washed out when the heat is conducted acroBsth laser pulses were incident normally onto quim+ Al
the conduction zone. The distance between the absorptidil. The temporal shape of both the laser pulses was close to
region and the ablation surface is controlled by stretching tha Gaussian form with a pulse duration of 0.5-ns full width at
space between the target and the absorption region. This c&alf maximum. Three delay®, 0.5, and 1 nsof the main
be done either by covering the target with a coating of a lowpulse, with respect to the prepulse, were used.
density plastic foam{5—8] or by using a laser or x-ray In the following, results of two-dimension&2D) hydro-
prepulse, which produces an underdense plasma layer pridiynamics simulations of ablation pressure smoothing by a
laser prepulse are presented and compared with the experi-
mental result$12]. A cylindrical version of Lagrangian code
* Author to whom correspondence should be addressed. Electroni&TLANT [13] is employed for the simulation with the param-
address: limpouch@lilit.fjfi.cvut.cz eters of the model derived from an experimdd®| of
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Prepulse dE;
E=12] gt~ PiVVAEVVT)+ Qe @)
A =0.658 pm

wherep andv are the plasma density and velociB, andE;
represent the electron and the ion internal energy derizity,
andP; stand for the electron and the ion pressure, Bndnd
T, are the electron and the ion temperature, respectively.
Both the classical and the flux limited electron heat conduc-
tivity A\ is included in the electron energy conservation,
while the ion heat conductivity; is assumed to be classical.
The electron-ion relaxatio,; is treated in the Spitzer ap-
proximation, andR,.4 represents the energy loss by the
bremsstrahlung emissio8;is the energy flux density of laser
radiation(Poynting vector. For simplicity we assume a con-
Main pulse — 2spots | stant mean ion chargé= 12 for the aluminum, and an ideal
cach B=35J gas equation of state.
A= 0438 pm Laser absorption is assumed to be collisional with the

FIG. 1. Target illumination scheme in the experiment when theabsorpnon raté,,s, and the absorbed power density is gov-

second(prepulsé and third harmonicgmain pulse of an iodine erned by the following equation:
laser are focused on an Al foil. (

i ,V) S=Kaps S, 5)
double-pulse illumination of Al target foil by an iodine laser. S
Since the geometry of the code is restricted to a cylindrical
symmetry, this study is limited to a model of the smoothing
of the ablation pressure induced by a single blue laser sp
on the background of a much broader red prepulse. A redu L s :
tion in the hydrodynamics instability growth in the spherical hot sufficient for an exact calculation of Ias_er_absorpuc_m, we
geometry induced by a laser prepulse with a longer Wavegssumed a full absorption of the laser radiation entering the

engh han he wavelengh of he mai puse s repartef 1€ VAIOCO0e WTre ey ¢ eected n ot o
previously[14]. To our knowledge, no systematic 2D hydro- P P y

. . L 16], the incident prepulse intensity is multiplied by the co-
g?gaé?;éggfig?gr ?A];:Ssr)gg(r)r:te;;[gzrlﬂg\;igf:;le;ce ofa preFmlse[efﬁcient 7,=0.5, while the intensity of the main blue pulse
' is multiplied by »3=0.7.

The bremsstrahlung x-ray emission in the direction paral-
Il. NUMERICAL MODEL lel to the target surface is calculated in order to provide a
comparison with the time-integrated pinhole camera pictures,
recorded in the experimefnt2]. The cutoff energy 0.6 keV
of the x-ray filter, placed in front of the pinhole camera, is
taken into account. An optically thin plasma for the con-
tinuum emission is assumed, as typically the Rosseland mean
dl‘ree path is~0.7 cm for Al plasma with a density 2.7 g/ém
and temperature 0.6 keV. Thus the mean free path exceeds
different main pulse delays by avoiding nonuniformities in-the transverse dir_nens_ion of plasma_ by at I_east two orders_of
duced by the prepulse. The growth of inhomogeneities id’nagnltude. The time mte_grate_d emissivity in the ”O”‘?a' di-
target acceleration is also presented for Gaussian radial pr ection from any pla.ne_, including the axis of Sym”.‘et’.'y
file of the prepulse, and the optimum delay is used to demt® spectral region limited by the cutoff of x-ray filleis
onstrate the impact of the prepulse inhomogeneity. given by the integral

The two-dimensional numerical coderLANT [13] in-

The propagation of the laser beams inside a plasma is
olved by means of a ray-tracing algorithm, described in de-
ail in Ref.[15]. As the spatial resolution of the hydrocode is

The interaction of two laser pulses with a planar Al solid
foil is simulated in a cylindrical geometry. While a Gaussian
radial profile is assumed for the main laser pulaesingle
blue spo}, both uniform and Gaussian radial profiles are
used for the laser prepulda red beam The results for a
uniform prepulse radial distribution are mainly presente
here in order to simplify the comparison of the results for

cludes a Lagrangian description of one fluid two temperature I(z,r)=2.4% 1014f Z30%(z,r H)\To(z,1 1)
hydrodynamics model,
0.6
d xex;{ - —) dt Jlen?, (6)
d_f:_p.v\, 1) To(z,r,t)
where an Al target is assumed, anés the axial coordinate
dv along the propagation of laser beams.
par=—V(PetP) v
Ill. RESULTS
dE i i i inspi i-
e_ P.VV+V(\VTe) — Qu—Rag+ VS  (3) Our numerical simulations were inspired by the experi

dt mental results of Ref[12]. Pinhole camera pictures, re-
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and the nonuniformity in the heating laser pulse cannot be
detected by the pinhole cameras. The smoothing effect of the
red beam depends essentially on thiedelay between the
prepulse and the main pulse. What=0 (no delay, the
situation is practically the same as with no laser prepulse. On
the other hand, when the delay is too large, the smoothing
effect is reduced and the nonuniformities in the x-ray emis-
sion may again be detected by the pinhole cameraAfor
=1 ns[Fig. 2(c)]. The same dependence of the smoothing
effect on the main pulsét delay can also be seen in the
pinhole camera pictures taken from the rear-side view, pre-
sented in Ref[12]. Two maxima, corresponding to the main
pulse focal spots, are observed for the delays 0 and 1 ns
only.

Based on the parameters of the experimégi, the peak
intensity in the center of the incident main pulse is chosen as
l,=5.9x10" W/cn?, while the peak intensity of the
prepulse isl,=4.4x10'* W/cn?. Both the laser prepulse
and the main pulse are assumed Gaussian, O(futhsvidth
at half maximum long. The Gaussian radial profil&,
~exp(—r2/r§) of the incident main pulse is assumed to have
ro=15.76 um; that means 80% of laser energy is contained
inside a radius of 2Qum. We also conducted simulations
with a Gaussian radial distribution of the prepulse with
=60 um, and found only minor differences in the plasma
dynamics in the central part £60 wum) of the target from
the simulations with a uniform prepulse distribution and a
simulation box with a radiuR=60 um. This confirms that
the focal spot of the prepulse in the experimgt] is large
enough for the finite radius of the laser prepulse not to influ-
ence the thermal smoothing. Here we present mainly the re-
sults for the uniform radial distribution of the prepulse inten-
sity, as they can be employed to demonstrate more readily
the physics of the thermal smoothing of the ablation pres-
sure. In addition, we give one example demonstrating that
thermal smoothing is also effective with a nonuniform
prepulse laser beam profile.

The positionz,, of the target density maximum along the
axial coordinatez is found for each value ofr(t). The sur-
facesz,(r) of the maximum compression are plotted in Fig.
3 for the specified timest &0 is the temporal maximum of
the main pulsg These surfaces represent a well defined po-
sition of the shock wave, and offer an easy possibility to
follow its propagation. Practically no smoothing effect of the
laser prepulse is observgiig. 3(a)], when the main pulse is

FIG. 2. Time integrated pinhole camera pictures of the plasmancident simultaneously with the prepulsat=0). When a
(side-on view for delays of 0(a), 0.5 ns(b), and 1 ns(c) between  suitable delay of the main pulse is chosen, the smoothing
the prepulse and the main pulse. The laser is incident from the righiffect becomes appareffig. 3(b), plotted forAt=0.5 ng.
and the distance between the spot centers on the foil rear side in For g delayed main pulse, the shock wave induced by the
is 80 um, equal to the distance between the centers of the maipnain pulse needs some time to overtake the shock wave
pulse focal spots. induced by the prepulse; thus no inhomogeneity is observed

at the leading edge of the main pulse. However, for the delay
corded in a side-on view in experiments with respective deAt=0.5 ns, this occurs long before the main pulse maximum
lays of At=0, 0.5, and 1 ns between the maxima of theis reached. But even for this main pulse delay, some inho-
prepulse and of the main pulse, are presented in Fig. 2. Th@ogeneity in the shock wave propagation is later observed.
picture[Fig. 2@] taken without the delat=0 ns clearly = However, its growth rate is cut down and the amplitude is
demonstrates an inhomogeneity in the x-ray emission on theeduced by an order of magnitude.
rear side of the foil. The distance of the bumps on the side-on The influence of the main pulse delay on the shock-wave
view exactly matches the distance of the centers of the twaonuniformity is even more clearly demonstrated in Fig. 4.
blue foci. When a prepulse advancing by 0.5 ns is usedtere the evolution of the difference,(r=R)—z,(r=0)
smooth shapes of the x-ray emission are obtajirégl 2(b)], between the shock wave position at the edge of the simula-
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We have conducted simulations with a nonuniform
prepulse in order to estimate the impact of large scale inho-
mogeneities in the laser prepulse on the uniformity of the
target acceleration. As a Gaussian intensity distribution in
the prepulse is assumed with a radius of &, the laser
intensity at the edger&60 wm) of the simulation box is
56% of the intensity of that at the center. The average
prepulse intensity is set equal to the case of a uniform
prepulse. Unlike the experiment, the positions of the

m)

axial coordinate (u

= e prepulse and the main pulse maxima coincide here, and,
5 op Ll Zg-_g _____________ thus, the detrimental effect of a nonuniform prepulse is pre-
B 10k mm i mmm . 0_'1. _____________________ sumably overestimated in the simulations. The evolution of
5 - the nonuniformity in the target acceleration for a Gaussian
g 20 ax T prepulse and the optimum delayt=0.5 ns are displayed in
s [CT 7T T 02 oo Fig. 4 (dot-dashed curve, labeled “Gp."The nonuniformity
& —30:;';':'_:&'-3____’___ of the target acceleration is relatively large after the prepulse,
_40 - 04, . ) but its subsequent growth is moderate. Its growth during the
0 10 20 30 40 50 60 main laser pulse is even slower than in the case of a uniform

radial coordinate (um . . .
' inate (um) prepulse. A comparison with the case of a uniform prepulse

FIG. 3. Computed evolution of the maximum compression sur-2Nd At=0 ns shows that thermal smoothing due to a laser
face (shock-wave frontfor the time delaysAit=0 ns(a) andAt ~ Prepulse with a longer laser wavelength is still remarkably
=0.5 ns(b) between the prepulse and the main pulse. Each curvéfficient, even for nonuniform prepulses. This result suggests
represents a shock-wave front position at titrepecified in nano- that long scale inhomogeneities in the prepulse do not im-
seconds by the curve label<0 coincides with the temporal maxi- pose a serious risk for the uniform target acceleration.
mum of the main pulse The laser is incident along the axial coor-  Short scale nonuniformities of the target acceleration may
dinate from the upper side of the figures normally on the Al foil. grow faster due to the Rayleigh-Taylor instability. Their
The foil is initially placed between 7 and #m on the axial coor- growth rate may be estimatefll7] by the formula y
dinate parallel with the radial axis. =0.9 Jkg—3kV,. The estimates of foil acceleratiom (

_ . =4x 10" cm/¢) and ablation velocity \(,=10° cm/9 are

tion box and in the center of the focisshock-wave non-  taken from our simulations. Then the wavelengtiui (k
uniformity” ) is presented for three values of the main pulse=9o00) of the fastest growing mode and its growth rate
delayAt=0, 0.5, and 1 ns. The smoothing effect is shown t0= 7x 10> s* are derived from the above formula. There-
be still significant for the maximum delay 1 ns, but itis lessfore, the fastest growing nonuniformities are increased only
so for the medium 0.5-ns delay. The nonuniformity of theg g times during the interval 0.5 ns between the prepulse and
interaction starts to influence the shape of the maximumhe main pulse. As the variations in the foil thickness are
compression surfacey(r) only later, due to the late over- pejow 0.1um and the level of short scale inhomogeneities
taking of the prepulse induced shock wave, but the nonunimside the prepulse beam is below 50%, the level of the
formity after the main pulse maximum is larger than in theprepulse imposed short scale inhomogeneities of the target
case of the medium delay. Thus, the existence of an optimugcceleration is probably rather small.

delay for smoothing by a laser prepulse is shown, and the ap increase in the distance between the critical and abla-
value At=0.5 ns seems to be a reasonable estimate of thgon surface is usually believed12,14 to explain the

optimum delay in the conditions of the experiméig]. smoothing effect of the laser prepulse. However, it follows
from the modeling that the main difference induced by the
10° : : laser prepulse is a substantial modification of the main pulse
B absorption. Since a sufficiently long and dense plasma is
_ Pt formed by the prepulse, the main pulse radiation is absorbed
€0 e — | not only in the vicinity of the critical surface, but a substan-
z P e tial part of the laser energy is also absorbed in the under-
£ e T dense plasma. This fact is demonstrated in Fig. 5, where the
§1oo - - profile of absorbed laser power along the central laser ray
s I —= - delay=ons (r=0) is plotted at the main pulse maximum=0) for the
T et three values of the main pulse delay. For an optimum delay,
- i T Opdel0Sm a long underdense plasma is present, inside which a signifi-
-05 0 0.5 cant laser absorption occurs. Thus a relatively dense, long,

time (ns) and hot layer of underdense plasma is formed where a large

FIG. 4. Evolution of the longitudinal inhomogeneity sigmilg-  €lectron thermal conductivity induces a substantial thermal
ing) for the prepulse with a uniform radial profile and three differ- SMoothing. In this situation, thermal smoothing might occur
ent time delays between the prepulse and the main pulse. The dadiegether with a reduced reflectivity of the main pulse by
dotted curvelabeled “Gp”) displays the inhomogeneity growth for collisional absorption, and this could be verified experimen-
the prepulse with a Gaussian radial profile and a delay of 0.5 ndally or observed in the simulations where a detailed model
The zero on the axis is the time of the main pulse maximum.  of laser reflection is introduced. In reality, the favorable situ-
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FIG. 5. Absorbed laser power at the symmetry axs0 in the g
moment of the main pulse maximurti=0) vs the axial coordinate g68-
for three different delaysthe initial position of the Al foil is be- 3
tween 0 and 7um). %40_
£
ation of enhanced collisional absorption might, however, be g
offset by light scattering from the long scale plasma formed %20-
by the prepulse due to nonlinear processes such as Raman B
scattering. It should also be noted that the thermal flux limi- = ©

i : . 0 T SR .
tation does not influence our results when the flux limiter -150 -100 -50 0 50 100 150
=0.05 is used axial coordinate (um)

The bremsstrahlung x-ray emission is calculated in order g 6. Computed integrated x-ray images. Contours of inte-
to find out the conditions when nonuniformities in the lasergrated x-ray emissivity in J/chnare plotted for the time delays

target interaction are observable in time integrated picturegt=0 ns(a), 0/5 ns(b), 1 ns(c). The laser is incident from the
taken by a pinhole camera from a side-on view. Here theight, and the initial position of the Al foil is from 0 to Zum.
geometrical factor, due to the cylindrical symmetry, is notThanks to the larger distance of the prepulse from the main pulse,
taken into account, as the cylindrical symmetry of the simu-+he overall time of the target motion is longest for a delay of 1 ns,
lation does not correspond exactly to the geometry of thand, thus, the target shift is the largest one.

side-on view of the pinhole camera in the experim@sg.

2). Thus, in the assumed approximation, the time integrateg
intensity in the x-ray image is proportional to the integrated
x-ray emissivityl, given by Eq.(6). The value of this inte-
gral, calculated in our numerical simulations, is plotted in
Fig. 6 for all the three values of the main pulse deday For
the medium delay\t= 0.5 ns[Fig. 6(b)], no nonuniformities
(inhomogeneities in transverse directionay be observed in
the x-ray image. Although thermal smoothing does not com
pletely remove all the nonuniformities in the foil acceleration
even for thisAt [see Figs. &) and 4, these nonuniformities
emerge somewhat later, when the plasma is too cold to em
in the spectral region above the cutoff of the x-ray filter. For
the maximum delayAt=1 ns, the nonuniformities in the
x-ray image(Fig. 60 are reduced substantially, compared
with no delayAt=0 [Fig. 6(a)], but they are still apparent in
our numerical results. The nonuniformities develop in this

hown that under the given conditions illumination inhomo-
geneities with transverse dimensions at least up tquB®
may be smoothed out. The existence of an optimum détay
between the prepulse and the main laser pulse has been dem-
onstrated. The smoothing effect is very significant for a suit-
ableAt delay; the growth of inhomogeneities in the ablation
pressure is delayed and reduced by an order of magnitude.
Even for such a delay of the main pulse, the inhomogeneities
in the ablation pressure are not fully suppressed. However,

o nonuniformities may be observed in the plasma by a stan-

ard time integrated x-ray diagnostics, as they emerge only
after the main laser pulse when the plasma is too cold to emit
energetic x rays.

Our simulations reveal that the laser radiation of the main
pulse is absorbed efficiently in an underdense plasma far
from the critical surface, since a relatively long density pro-

. X . Yile is formed by the prepulse for the optimum delay of the
l:_)atlons have more time to develop under' the complned 3%hain pulse. Thus the distance between the laser absorption
tion of the prepuls_e followed by a more distant main pulse'region and the ablation surface is enlarged, and a large scale
These results are in a reasonable agreement with an expe, é'ngth layer of relatively hot and dense plasma is formed
ment in which the nonunifo.rmitie.s are observed for delays o here the role of electron thermal conductivity is enhanced

0 and 1 ns, but no nonuniformity is detectgd fo.r. the deIaytO induce an important thermal smoothing. Consequently,
At=0.5 ns. However, the calculated nonuniformities for theg -, 5 |aser prepulse should enhance absorption of the main
maximum main pulse delay seem to be slightly underestifyqer nyise: however, on the other hand, it should reduce
mated, as compared with the experiment. hydroefficie,ncy. ' '

A good qualitative agreement is found between the results
of numerical simulations and the experiméb2]. Both the

Smoothing of the ablation pressure by the laser prepulsexperiment and simulations show the best smoothing when
has been studied by 2D hydrodynamics simulations. It ighe main pulse is delayed by 0.5 ns. The smoothing effect is

IV. CONCLUSIONS
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