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ABSTRACT

Layered plane targets have been irradisted with 0.35 um laser wvave-
length at the pover level 0.1 TW using the Nd-glass laser system Octsl
equipped with KDP tripling systems. Four besms were superimposed on o
150 um in disseter focal spot. Propsgation of the thermal front (T »106x)
vas analysed by seans of time-resolved recording of the sub-keV X-ray
target esission. A comparison to computer simulations shows that the
results can be described by s flux limiter £ = 0.03 £ 0.015.

INTRODUCTION

Many laser-matter interaction experiments have been devoted to the
study of energy transport from the laser deposition region to the dense
region of the target . 7Yirst because the plasms of interest sensitively
depends on this transport. For exssple in the case of direct drive implo-
sions it determines the hydrodymamic efficiency 2 ; it also has sn effect
on the way the laser is sbsorbed and on the conversion of this absorbed
energy into X~rays 3. On the other hand the so-called transport experi-
mants are necessary becsuse thers is not any theoritical model describing
the whole phenomenon for the tise being. Moreover the energy can bde
transported by thermal electrons, suprathermal electrons snd X-rays. In
the folloving we are going to focus on the first term only, unless other~
vise stated.

Indeed Cray and Kilkenny 4 pointed out that Spitzer-Harm theory is
no longer valid for the collisionnslity A_ /LT larger then 2 x 10” Q,
is the mean frees paths for 90° scattering, f‘l’ 1is the scale length of thc
tempersture gradient). Now in the cases that we are ;oing to desl with,
this ratio can resch 10~1,
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In the hydrocodes wsed to interpret the experiment the hest flur g,
1s function of Spitzer-Nars flux snéd of the frec-streaming flux :

S = X, T 3/2 Tr

Qpg = 0.64 o X, vy ?ﬂ
let be either

q = sin (qg,Fapg) 1)

or

- Qeny F o
q"é:Tqu ﬁ[ a*)

Where F is an adjustadble psrameter ; f = 0.64 F is called "flux liziter'
in the litterature.

The obtained values of f vary from experiment to experiment very

such, particularly with the laser wavelength Ap» the target geometry, the
flux, ...

Recently codes based on Fokker-Planck equation solution brougth
some nev results 6 :

- it is not necessary to invoke anomalous phenomens (magnetic field,
ifon acoustic turbulence ...) to explain f = 0.1 in the case of
= 0,35 um ;
~ for /LT in the range 10=2 - 10~1 the transport is delocalized and

cannot be described by (1) or (1'). This effect contributes to modify
the temperature profile.

In this paper we want to describe sn experiment using two improve-
ments into the multilayer target technique 89,

= the time resolution : it hss been used at RAL in order to observe the
characteristic lines of Al and 8i. This method is only sensitive to
tesperatures larger than 300 ¢V. It has been used st LLE in order to
observe the continuous X rays for hr larger than 1 keV ;

= the observation of X rays in the range 200 - 1000 eV : it enables us
to seasure temperature sbout 100 e¢V. This method has been used by Mead
et a1 12, X rays being recorded by X-ray diodes (XRD).

The observation of subkeV X rays with tise resolution has been
proposed H gil.. Stradling 13. But this experiment did not give sny "bumn

. through”

Ve made an experiment similar to the previous one. The results that
ve obdtained are compared to nuserical lagragian simulation using the
relation (1') to calculste the hest flux.
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EXPERIMENTAL COMDITIONS
Laser and irradistion

For these experiments we used four beams fros the Octal N4 glase
laser systes. The IR 1light is converted into 0.35 xm by type 11 KDP
crystals. The f/5 lens axes are on a 22°5 half angle cone (Pig. 12). The
focal spots were superisposed to reduce irvradistion non-uniforsities ;
Fig. 2a shows & nesr field converted beas profile. The resulting 1llumi-
nstion deduced from pinhole camers messurements (Fig. 2b) with a 10 u»
resolution can be fitted by :

E(r) * B, exp (<1n 2(r/ 4y ;)%) (2)

For the experisents 2r, 2 = 150 pu. The incident laser energy vas
about 100 J. The pulse shape had a full width at half seximus of
aspproxisately 1 ns, wvith s fast rise time : 200 ps between 0.1 P x50
0.9 P__.- In these conditions, the irrsdiance was sbout (“2)10“!,@2.
TFF1 lro.yo filters and the chromsstic shift of the lenses reduced the 1.06
and 0.53 um on terget fluxes to 10~3 and & 1076 of the 0.35 wm flux.
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The tergets were gold or alusinum disk 1000 w» in dismeter and 20um
thick costed vith polystyrene. The coating thickness renged from 0 pa to
10 wm, its density was (1.4 % 0.1) g/cad an¢ 1ts thickness was messured
to within 2 0.05 mm.

For most shots the target was normal to the beams cluster axis
(Fig.l).

Disgnostics description and location

Fig. 1b give. the main disgnostics position. The absorbed energy
vas weasured by an orrey of gless absorbing csloriseters or by plasms
calorimeters. Tvo pinhole cameras viewing the terget at 0° and 90° provi-
ded plasms images in the keV range with a 10 um spetial resolution.

Tvo K-edge filtered X-ray diode detector systems, (XRD) at 22°5 and
55° to the cluster axis, gave the continuum emission spectra from 200 eV
to 30 keV and an estimation of the total radisted X-rsy energy.

. A TIAP crystal spectrograph recorded the aluminua spectrus in the
5=8 A range.

X-ray streak cameras gave space or spectral-tise resolved informe-
tions. Two space resolved cameras viewed the target at 90° from cluster
axis. The first one covered the kiloelectronvolt range (about 1.5 keV to
10 keV) ; the spatial resolution was cbtained with a simple slit. The
second system observed the subkiloelectronvolt emission (hv=200 -~ 2000
eV) and it vas equipped with a P 650 camers 14 ; the spatisl resolution
vas reslized with & toroidal grazing incidence (2°) gold mirror, which
transaits only low energy radiation (h < 2 keVv).

The main disgnostic of these series of experiments was the time
resolution of the sub~keV X-ray emission. It associated a P 550 cameral®
vith & 300 1 gold photocathode deposited on s 1 mum thick polystyrene
substrate and san array of K and L edge filters (Fig. 3s) ; Pig. 3b gives
the photocathode sensivity. The grazing incidence glass mirror cuts
raliastions above 500 eV, only the CH chennel vas used with mirror. For
the other channels the energy sbove the K or L edge was eliminated by an
iterative calculation. Fig. 3c gives the different channels response to s
characteristic spsctrum (the high energy responses are omitted).

No time fiducial ves avalaible with this device. The intrinsic time
resolution of the casera was about 20 ps.

EXPERIMENTAL RESULTS AND NUMERICAL SIMULATIONS

Numericsl qimhttono sodals

Vith the lagrangisn code FCIl we have performed one disensional
plane and sphericsl simulstions. For the spherical csses the curvature
radius vas 2.5 times the focal spot dismeter. To account for the beams
incidence, the laser wavelength was (0.35 cos”! (22.5)) wm. The lsser
energy was absorbed by inverse bremsstrahlung, only s smsll fraction
being dumped st critical density. Ve hava neglected the effects of supra-

thersal electrops ,cn‘ntcd by resonsnce sbsorption or by 2 wp snd Rsman
instabilities 12 10 16,
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1n the code, the thrreal electrons flux, is celeculsted with rels-
tion (1) ; the X-ray encrgy transport is trested by s multigroup diffu-
sion mrthod, vith verjsble Eddington factor. The A) and CH emission lines
sre not included. :

Calculstions with Au osubstate used s non-locsl-thersodynamic
equilidrive (mon LTE) trestment besed on the wixed wmode]l made by
H.luquet“

The results obdteined with the one dimensional code were compared to
2D calculstions with- the FCI2 lagrengisn code. In these simulstions the
magnetic field ves not included and the flux lisiter was mdepeudcnt of
the direction.

!mumul results interpretstion

Absorption efficiency. Absorption efficiency seasurements cen”pro-
vide s first indirect inforsstion on thersal tramsport. In our experimen-
tal conditions (laser wavelength and irrsédistion), inverse bremsstrahlung
is believed to de the dominant sbsorption sechanisa. But this process

depends on the plasma electron tempersture : Kabs ~ Te~3/2 20 gpg the
corons tesperature is a function of the flux limiter 2.

On the figure 4 ve compsre the nuserical results to the experiment.

For one dimensionsal simulations the best agreement is obdtained for £ bet-
veen 0.03 and 0.06. This result is similar to those obtained at LLE 21 22,

Abaorption Etfficiency
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¥e have to motice thet for alusinum the celculated ebsorption is
overestimated. This coen be expleined by the LTE lonluuon snde) we have
used.

2D cslculations predict s somevhst higher sbsorption rate for the
sanc flux limiter value, but no systemstic comparison wes made.

Tiwe resolved subkiloelectronvolt X-vay emission. On figure 5 we
give typlcai Tesults obtained with ) costed target and the two
kinds of substrate. We can observe that in esch cases the burnthrough

signal is vell defined. That mesns we have s rather unifors irredistion
and that non local transport is non significant.
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H;. 5. Measured X-ray emission time histories (hv< 1.5 keV) for o
3 ue CB costing thickness, for sake of clarity results of
different elumh have been arditrary translsted slong

the X=rsy intensity axis
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Ve can aleo motice that the mcesured burnthrough time does not
depend on sudetrate meteris). The difference between A) and Au appesrs in
the maximua signal smplitude and especially in the signal decresse : A)
enjssion decresses wmore slovly than the leser pulse and then Av
enjssion.

The last interesting festure is that the burnthrough time 1s sppro-
nimstely the seme for all channels, except for the 1200 eV channel. This
result cen be explain by a rather steep thermal front and u pointed out
previously by negligidle non locel effects.

The lower energy channels ere used to defime the burnthrough time
ty.
3

Because the cemers was not absolutely calibrated, we have compared
the aignal shepes but not their levels. The use of 1D simulations sup~

poses that lateral transport is negligible ; we shall come back on this
point later.

The figures 6, 7 and 8 give exsmples of numerical restitutions,
with 1, 3 or 5 um CH costing on asluminum targets ; the bast over=-all

agreement wvas obtained for f : 0.03 & 0.015.

Relative X-Ray Intemlty
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7ig. 6. Calculated end messured X-ray emission time histories ;

’
1 ym CH coating thickness on aluminus ; the different
curves have been normalized to tha same maximun value
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Fig. 8. Calculated and measured X-ray emission time histories ;
S pm CB coating thickness on sluminum (the curves have
arbitrary translsted along X-ray intensity axis)

The burnthrough signasl corresponds approximately to the crossing of
106 X isothers. On figure 9, we have plotted the messured burnthrough
times snd compared them to the propagstion of 106 X isothers cslculsted
vith different flux limiter wvalues ; for £ = 0.03 the totsl ablated
polystyrene thickness 1is 5.8 pm.

In 8 two dimensional sisulation performed with f = 0,03 the thermal
front propagstion for radius smaller than about 70 um is almost the same
as in 1D calculstions, with equivalent flux limiter. The calculated late-
ral diffusion is veak. .

The X-rsy imasges on figure 2 sre consistent with s little lsteral
transport : the emission dismeter is independent of plastic costing
thickness. But this result is not completely conclusive as we imaged only
high tempersture regions (Te »3 100 K).

gt‘%;_dm. The XRD systems gave sn estimation of the totsl
radisted X-rsy energy. The angular distridbution of X-rsy emission camnot
be detersined sccurstely with only twvo detectors ; complessntary dats
have been obtasined by tilting the target for some shots.
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Fig. 9. Measured burnthrough times and calculated sblation front
propagation (Te = 106 X)

As shown by Mead et al 12| ¢the evaluation of X-ray conversion effi-
ciency as a function of the coating thickness, allovs a determination of
the flux limiter.

We have followed the same procedure Fig. 10 and the results are
quite consistant with those obtained previously i.e. for f = 0.03.

A last deteraination of the ablated mass was given dy asluminum line
spectroscopy 9. Fig. 11 shows the relative intensity of the 1 s2 - 1 s2p
1ine of A1*ll versus polystyrene coating thickness, it indicates an
ablated coating thickness of (5.5 £ 0.5) mm. This value corresponds
spproximately to the plastic depth heated above 3 106 X ; 1t is very
close to the result deduced fros numerical simulations of time resolved
X-ray emission (5.8 ym) with f = 0.03,

D1SCUSSION

At (6.0 + 2,0) 1014 w/ca? incident intensity, we have measured an
ablated depth of (6.0 f 0.5) um, which corresponds to a mass ablation
rate & = (8.4 2 1) 10° g/cwl.s. The 22°5 beams incidence can be taken
into account in 1D simulations by an effective lsser wavelength of 0.35 x
cos=l 22°S = 0.38 um ; 1f we assume that in scales as A™4/3 26, ¢pe
ablation rate st normsl incidence would have been (8.4 % 1) 10° x
cos~4/5(22,5) = (9.3 4 1.1) 105 g/en?.s. This vslue is in good agreement
with other layered plane target expariments ? 10 12 ge¢ 7ig. 12. Similar
results have also been obdtained ot 1l1E, yith nzl?lly, 1lluainated
sphericsl targets (246 beams Omegs laser facility) 23, This agreement

-between sphericsl and plane tsrget experiments is rather satisfactory

because va have assumed that 1latersl diffusion was negligible in our
experisents ; it sight also indicate that the effects on sxisl transport
of the magnetic fields created at the edge of the focal spot are wesk.
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Regarding the deduced flux limiter value the cosparison is not so
clesr. Our estisstion f = 0.03 + 0.015 1s not very different from the
Tesult of Yaskobi et sl. 9 £ = 0.04 £ 0.01 ; Mead et al 12 have obtained
f = 0,01, dbut they used the relation (1) to cslculste the hest flux. So
plane target experiments give similar results, but the spherical trans-
port experiments, of Barmouin et al 23 sre comsistant with fx 0.1. This
difference cennot be sstisfactorily explained.

Our results shov mo evidence of non locsl transports effects and
are in agreement with the steep hest front cslculated by the *lux limiter
technique ; this point has been justified by Bolstein et al /.

The advantage of the experimental sethod ve have employed sre quite
obvious. The tise resolution allows, in principle, s single shot detersi-
nstion of f and the soft X-ray range (200 eV = 1 keV) gives informations
on rather lov tespersture sones (Te = 100 K),




It con be used with other costing mesterisls, or geomctries ; on
‘ Fig.13 ve present ensmples of different spplications.
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Vig. 13. Ixamples of transport expsriments with time ruolvcd
oubkuulcetrmivolt X-ray esission
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CONCLUSION

N¥e have studied the time histories of X-ray emission, in the range
200 eV-1.3 keV, of plane layered targets, irradisted at A= 0.35 um ond
6 1014 w/co? intensity. This method sllovs an estimstion of hest front
velocity and profile ; it vas compared to some other sblation rate measu~
resent method. For CR coating we have obtained & = (B.541)103g/ca?s, if
ve neglect loteral tramsport, 1D simulations with f = 0.0320.015 geve
account of the mein features of our experiments.
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