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ABSTBACT 

Layered plane targets have been irradiated with 0.35 pa laser wave
length at the power level 0.1 TW using the Rd-glaes laser system Octal 
equipped with KDP tripling systeas. Four beaaa were superlaposed on a 
150 aa in diaacter focal spot. Propagation of the theraal front (T>10*K) 
was analysed by Beans of tine-resolved recording of the sub-keV X-ray 
target ealaaion. A comparison to coaputer simulations shows that the 
results can be described by a flux Halter f - 0.03 ± 0.015. 

imODOCTIOH 

Many laser-aatter Interaction experlaente have been devoted to the 
study of energy transport froa the laser deposition region to the dense 
region of the target *. First because the plasaa of interest sensitively 
depends on this transport. For exaaple in the case of direct drive iaplo-
slons it deteralnes the hydrodynsalc efficiency 2 ; it also has an effect 
on the way the laser is absorbed and on the conversion of this absorbed 
energy into X-rays 3. On the other hand the so-called transport experl
aents are necessary because there is not any theoritical aodel describing 
the whole phenomenon for the tint being. Moreover the energy can be 
transported by theraal electrons» supratheraal electrons and X-rays. In 
the following we are going to focus on the first tara only, unless other
wise stated. 

Indeed Cray and Kilkenny * pointed out that Spltzer-Hara theory is 
no longer valid for the collltionoallty XfitLl larger than 2 x 10~' (A 0 

is the aean free paths for 90* scattering, IT Is the scale length of the 
teaperature gradient). Row in the cases that we are going to deal with, 
this ratio can reach 10" 1. 



In the hydrocodes need to interpret the experiment the heat flux q, 
la function of Spitser-Rara flux and of thr free-etreaming flux : 

* S H - - « O T 5 / 2 ? T 

let be either 

or 

q • Bin (qgHtFqps) O) 

Where F la an adjustable parameter ; f - 0.64 F la callad "flux Halter" 
In the littérature. 

The obtained values of f vary fro» experiment to experiment very 
auch, particularly with the laaer wavelength A^, the target geometry, the 
flux, ... 

Recently codea baaed on Fokker-Planck equation aolutlon brougth 
aoae new résulta ° : 

- It is not necesaary to invoke anoaalous phenomena (magnetic field, 
ion acoustic turbulence ...) to explain f • 0.1 in the case of 
\ - 0,35 ¥m ; 

- for 0/LT In the range 10""* - 10"
1 the transport la delocallzed and 

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

In this paper we want to describe an experiment using two improve
ments into the multilayer target technique * ' : 

- the time resolution : it has bean used at KAL In order to observe the 
characteristic lines of hi and 81. This method Is only sensitive to 
temperatures larger than 300 eV. It .has been used at LLE in order to 
observe the continuous X raya for hr larger than 1 keV ; 

- the observation of X rays in the range 200 - 1000 eV : it enables us 
to measure temperature about 100 eV. Thla method has bean used by Head 
et al I 2, X raya being recorded by X-ray diodes (XRD). 

The observation of aubkeV X rays with time resolution has been 
proposed by C.L. Stradllng 1 3. But this experiment did not give any "burn 

. through" " l 3. 

We made an experiment similar to the previous one. The results that 
we obtained are compared to numerical lagragian simulation using the 
relation (!') to calculate the heat flux. 



umiHBrrâi commet* 
Laaer and irradiation 

For tbeae experlaente we uaed four beae» fron the Octal Nd glae» 
laaer eyatea. The 11 light la converted into 0.35 *a by type 11 KDP 
cryatala. The f/5 lena axes are on a 22*5 half angle cone (Pig. la). The 
focal spots were auperiapoeed to reduce irradiation non-unlforaltlee ; 
Plg. 2a ahowa a near field converted bean profile. The resulting Ulual-
natlon deduced free) pinhole centra aeaeureaente (Pig. 2b) with a 10 an 
resolution can be fitted by : 

B(r) • E 0 exp (-In 2(r/ A r l / 2 ) * ) (2) 
For the experiaenta 2r|< 2 " 1 5 0 #*•* The Incident laaer energy waa 

about 100 J. The pulse shape had a full width at half aaxiaua of 
approxiaately 1 ne, with a faat riee tiae : 200 pa between 0.1 P-^and 
0.9 Ppgg. In theae conditions, the irradlance waa about (•>2)10 l4w7ca2. 
TFPl Hoya filters and the chroaatlc ahift of the lenaes reduced the 1.06 
and 0.53 an on target fluxes to 10~* and 4 10~» of the 0.35 aa flux. 
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Pig» 1. Experimental apparatus 
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Fig. 2a. Rear field converted beaa profile 
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Tore-et» 

Thr target• were gold or alualnwa disk 1000 pa In dtcarter and 20pn 
thick coated with polyttyrene. The coating thickneta ranged from 0 «a to 
10 an, itt denaity vat (1.4 4 0.1) g/cn5 ami itt thickneaa wat neatured 
to within ± 0.05 ft». 

For aoct ahott the target wat noraal to the bean* clutter txit 
(Fig.l). 

Diainottict dctcriotlon and location 

Pig. lb give, the sain diagnootica pot it ion. The ahtorbed energy 
wat aeatured by an array of glaaa abtorblng caloriaetere or by plataa 
ctlorisetert. Two pinhole caaerat viewing the target at 0* and tO* provi
ded plaeat latget in the keV range vith a 10 pa tpatial reaolutlon. 

Two K-edge filtered X-ray diode detector eytteat, (XKD) at 22*5 and 
55* to the clutter exit, gave the contlnuus enlttlon apectra froa 200 eV 
to 30 keV and an cotisation of the total radiated X-ray energy. 

s A T1AP cryttal tpectrograph recorded the alualnua apectrua in the 
5-8 A range. 

X-ray ttreak caaerat gave apace or apectral-tlBe retolved inforaa-
tlont. Two tpace retolved caaerat viewed the target at 90* froa clutter 
axlt. The flrtt one covered the kiloelectronvolt range (about 1.5 keV to 
10 keV) ; the epatial retolution vat obtained vith a aiaple tlit. The 
tecond tyttea obterved the tubklloelectronvolt ealttlon (1IPSE200 - 2000 
eV) and it vat equipped vith a P 650 caaera ** ; the apatlal retolution 
vat realized vith a toroidal grating Incidence (2*) gold alrror, which 
tranaaitt only low energy radiation (h < 2 keV). 

The aaln diagnoetic of thete aarlat of experiaentt waa the tiae 
reaolutlon of the aub-keV X-ray aalttion. It attoclated a P 550 caaera 1 5 

with a 300 A gold photocathode depotited on a 1 pa thick polyttyrene 
aubttrate and an array of K and L edge filtara (Fig. 3a) ; Pig. 3b glvat 
tha photocathode teutivlty. The gracing Incidence glaat alrror cutt 
radiatlona above 500 c v, only the CB channel vat uted with alrror. For 
the other channelt the energy above the K or L edge vat ellalnated by an 
iterative calculation. Fig. 3c glvat the different channelt retponte to a 
chtracterittie tpectrua (the high energy retponeet are oalttad). 

No tiae fiducial vat avalalble with thlt device. The lntrlntlc tlae 
retolution of the caaera vat about 20 pa. 

EXPERIMENTAL RESULT» AMD MUMERICAL SXMUUTIOKS 

huacrlcal tlaulationt aodalt 

Vith the lagranglan code FCI1 we have parforaad one dlaenalonal 
plane and tpherlctl tlaulationt. For the tpherleal caaet the curvature 
radlut vat 2.5 tiae» the focal tpot diaaettr. To account for the beast 
incidence, the later wavelength vat (0.35 cot*1 (22.5)) fin. The later 
energy vat abtorbed by inverae breatttrahlung, only a aaall fraction 
being duaped at critical dentlty. We have negleeted the offacta of euprt-
theraal electront generated by retonance abtorptlon or by 2 vp and team 
lnttabilltlet " » •». 
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In the code, the them*] electrons fins, is calculated with rela
tion (1) ; the X-rey energy transport is treated by a multigroup diffu
sion art hod, with «triable Eddlngton factor. The Al and CH emission lines 
sre not included. 

Calculations with Au subsiste used a non-local-theraodynaalc 
equilibrium (non LTE) treatment based on the mined model made by 
H.Busquet19. 

The results obtained with the one dimensional code were compared to 
2D calculations with the FC12 lagranglan code. In theae simulations the 
magnetic field wee not Included and the flux limiter waa independent of 
the direction. 

Experimental results interpretation 

Absorption efficiency. Absorption efficiency measurements can'pro-
vlde a first indirect information on thermal transport. In our experimen
tal conditions (laser wavelength and irradiation). Inverse bremsstrahlung 
is believed to be the dominant absorption mechanism, lut this process 
depends on the plasma electron temperature t Kabs * Te" 3' 2 2 0 and the 
corona temperature is a function of the flux limiter 2 . 

On the figure 4 we compare the numerical results to the experiment. 
For one dimensional simulations the best agreement is obtained for f bet
ween 0.03 and 0.06. This result is similar to those obtained at LLE 2 1 2 2 . 
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Fig. «. Measured and calculated absorption efficiency 
(Aluminum substrata) 
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lie have to notice that for alumina* the cal cala ted ahaorptlon in 
overeat 1 sated. Thla can he explained hy the LTE Ionisation aodel we have 
used. 

2D calculations predict a somewhat higher ahaorption rate for the 
sane flux Halter value» hat no systematic comparison was Bade. 

Time resolved oubklloclectronvolt X-ray emlaoion. On figure 5 we 
give typlcsl raaulta obtained with 3 mm CM coated targat and the two 
kinds of substrate. We can observe that in each cases the burnthrough 
aignal la wall defined. That aesns we have a rathar uni fora irradiation 
and that non local tranaport la non significant. 

t(M) 

H 

fig. 3. Measured X-ray Mission tins histories (hv<1.5 ksV) for s 
3 pn CM coating thickness, for sake of clarity results of 
different channels have bean arbitrary translated along 
the X-ray intensity axis 



We can alao notice that the aeaaured barathrough tie* doea not 
depend on substrate aeterlel. The difference between A) and Au appear* In 
the anxlaua algnal amplitude and especially in the algnal decrease : Al 
eafealea decrease* «ore «lowly than the le»er pulee and than Au 
ealasioo. 

The laat intereeting feature la that the burnthreugh tiae la appro
ximately the eaa* for all channel*, except for the 1200 eV channel. Thla 
result can he explain by a rather ateep theraal front and aa pointed out 
previously by negligible non local affecta. 

The lower energy channel* are uaed to define the burnthrough tin* 
H' 

Because the caaara was not absolutely calibrated, we have coopered 
the algnal ahapes but not their levels. The use of ID aiaulatlons sup
poses that lateral transport is negligible ; we shall cone back on thla 
point later. 

The figures 6, 7 and 8 give exaaplas of nuaerical restitutions, 
with 1, 3 or 5 «a CH coating on aluminum targets ; the bast over-all 
agreeaent waa obtained for f : 0.03 ± 0.015. 

Relative X-Ray Intensity 

Fig. 6. Calculated and «assured X-ray emission tin* histories ; 
1 fim CH coating thiekosss on alualnua ; the different 
curves have been normalised to the seme maximum value 
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Fig* 7. Calculatrd and «aasurad X-ray ralfalon tlae historiée ; 

3 pa CR eeatint thlckneee on alwlntm. 
- a) ht< » 290 tV b) bv * 400 aV 
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Fig. S. Calculated and measured X-ray emission tint histories ; 
5 fm CB coating thlckntsa on aluminum (tht curves have 
arbitrary tranalatad along X-ray intensity axis) 

The burnthrough algnal corresponds approximately to the creasing of 
10° K isothem. On figure 9, we have plotted the neasured burnthrough 
tines and compared then to the propagation of 10* K isothern calculated 
with different flux llniter values ; for f • 0*03 the total ablated 
polystyrene thickness is 5.8 pa. 

In a two dlaenslonsl simulation performed with f » 0.O3 the thermal 
front propagation for radius smaller than about 70 pu is almost the same 
as in ID calculations, with equivalent flux limiter. The calculated late
ral diffusion la weak. 

The X-ray Images on figure 2 are consistent with a little lateral 
transport : the amission diameter is Independent of plastic coating 
thickness, tut this result is not completely conclusive as we Imaged only 
high temperature ragions (Te >3 10° K ) . 

Other diagnostics. The XU> systems gave an estimation of the total 
radiated x-ray energy. The angular distribution of X-ray émission cannot 
be determined accurately with only two detectors ; conpleaentsry data 
have been obtained by tilting the target for some shots. 
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Fig. 9. Measured burnthrough times and calculated ablation front 
propagation (Te - 10* K) 

Aa shown by Mead et al * 2, the evaluation of X-ray conversion effi
ciency as a function of the coating thickness, allows a détermination of 
the flux liaiter. 

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

A last determination of the ablated aass was given by aluminum line 
spectroscopy *. Fig. 11 shows the relative intensity of the 1 a 2 - 1 e 2p 
line of A l + 1 1 versus polystyrene coating thickness» it Indicates an 
ablated coating thickness of (5.5 t 0.5) pw. This value corresponds 
approximately to the plastic depth heated above 3 10* K ; it Is very 
close to the result deduced froa numerical simulations of time resolved 
X-ray emission (5.8 am) with f m 0.03. 

DISCDSSIOM 

At (6.0 • 2.0) 1 0 u W/cm 2 Incident intensity, we have measured an 
ablated depth of (6.0 ± 0.5) am, which corresponds to a mass ablation 
rate I • (8.4 ± 1) 10' g/cm^.s. The 22*5 beams Incidence can be taken 
Into account in ID simulations by an effective laser wavelength of 0.35 x 
cos" 1 22*5 • 0.38 am ; if we assume that in scales as A"*/3. 2 U , the 
ablation rate at normal incidence would have been (8.4 ± 1) 10 5 x 
cos~*''(22.5) • (9.3 ± 1.1) 10 s g/cm^.a. This value is In good agreement 
with other layered plane target experiments ' 1 0 " , see Fig. 12. Similar 
results have also been obtained at ILE, with uniformly, Illuminated 
sphericsl targets (24 beams Omega laser facility) «*• This agreement 
between spherical and plane target experiments is rather satisfactory 
because ws have assumed that lateral diffusion was negligible in our 
expérimenta ; it might also indicate that the effects on axial transport 
of the magnetic fields ereated at the edge of the focal spot are weak. 
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Fig. 10. Mtaaurtd and calculattd total X-ray aaiaaion tffidtncy, 
for Au and Al aubatratt, aa a function of plnatlc coating 
thickntaa. 
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Fig. ll.'Xtlatlvt lnttntlty of Al Ht a lint aa a function of plastic 
eoatlng thlckntst. 
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Fig. 12. Suanary of neaaured naea ablation rata par unit area 
In eoae plana targets experiment» 

Regarding tha dtductd flux liaitar valve tht eoaparlaon la not ao 
elaar. Our eetlaatlon f « 0.03 ± 0.015 la not very différent fron tha 
raault of YaakoM at al. ' f • 0.04 ± 0.01 ; Mead at al 1 2 have obtainad 
f - 0.01, but they need tha relation (1) to calculate tha heat flux. So 
plana target axperlaenta give elBllarreeulte, but tha apharlcal trane-
port experiment», of Baraouin at al 2 3 ara conalatent vlth fa 0.1. Thla 
dlffaranea cannot be eatlefactorily explained. 

Our reaulta ehov no evidence of non local transporte affecta and 
ara in agréaient vlth the ataap beat front calculated by the «lux llnlter 
technique ; this point ha» bean justified by Boleteln et al ' • 

The advantage of the experimental nethod «e have employed are quite 
obvloue. The tine reaolvtlon ellove, in principle, a eingle shot detcrni-
nation of f and the «oft X-ray range (200 eV - 1 keV) glvaa infomatione 
on rather lev tenpereture tonee (Te * 10* K ) . 



It can be uard with other coating ajatrrlala, or groaetrira ; on 
Pig.13 vr prrarnt rxaaplaa of différant application». 

Fig. 13. Emaplaa of transport axparlaanta with tlas rsaolvad 
subklloalactronvolt X-ray «altalon 



COIICLVSlOlt 

Ve have studied the time historiée of X-ray emission, in the range 
200 eV-1.3 keV, of plane layered tergets. Irradiated at «*• 0.35 am and 
6 101* Mitt? Intensity. This method allows an est last ion of hest front 
velocity and profile ; it was compared to soae other ablation rate meseu-
resent method. For CH coating we have obtained m » (8.511)10*g/cm2s, if 
we neglect lsteral transport, ID siaulstions with f • 0.0)10.015 gave 
account of the nain f satures of our experiments. 
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