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INTRODUCTION 

In the last four years a great deal of the efforts développée at 
CEL-V on the laser program concerned the improvement of the existing 
tools, and the construction of a new high power facility named Phebus. 

In the field of diagnostics, effort has been concentrated on X-ray 
metrology, and several actions have been undertaken to develop soft X-ray 
optics, high space-time resolution cameras and electronic digital read
out systems. 

The advantages of short laser wavelengths have been emphasized for a 
long time, but it is lately that high efficiency conversion of infrared 
light was made possible at important energy level with a good reliabi
lity. Experiments have been performed at CEL-V at 0.35 ft m wavelength 
mainly devoted to hydrodynamics and energy transport studies. On another 
hand, X-ray emission have been widely investigated for a better under
standing of both plasma energetics and atomic physics. 

LASER DEVELOPMENT 

Octal facility 

The eigth beam laser facility Octal has been equipped with phosphate 
Nd glass, whose non-linear index is lower than that of silicate glass, 
allowing to operate with improved beam quality and higher reliability. 
The total I.R. energy ( A • 1.053 am) delivered in a l.ns pulse Is 2.kJ 
with a routine performance at level 1.2 kJ. The schematic arrangement Is 
presented fig. 1. Afocal systems equipped with diaphragms to reduce the 
modulations provide an optical relay from an apodizer situated at the 
front end, up to the last rod amplifiers (twelve centimeters in 
diameter). 
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Fig. 1. Diagram of Octal laaar facility 



When entering the Interaction chamber, the beaaa are disposed in 
two clusters of four beams, each corresponding to a 22.5* half-angle 
cone. Frequency tripling is performed between the last turning mirrors 
and the focusing lenses, by means of eight converters ; each is composed 
of type II KDP crystals mounted with Koolase index-matching liquid, 
between two silica windows. The crystals have been cut with an accuracy 
of lOO^lrad in such a way that best conversion is obtained for normal 
incidence. Alignment is performed via a simple autocollimatlon process. 
Unwanted remaining 1.06 and 0.53 urn lights are cancelled out with an 
U.V. filter, and I.R. turning mirrors are protected against back reflec
ted U.V. light by means of a I.R. filter (extinction ratio > 1 0 3 ) . 

With 690 mm focal length f/5 aperture lenses, the dimension of the 
best focus is * 80 um. The flux contrasts between remaining 1.06 and 
0.53 its radiations are'respectively 1.1 10~5 and 3.7 10~°. The conversion 
efficiency of the tripling system reaches 55 Z for the routine output 
I.R. energy but due to the various Interfaces and filters, the on-target 
available U.V. energy for l.ns FVHM pulse duration (0.1 - 0.9 rise time : 
200 ps) is routinely 370 J, and 700 J at peak working. The beam to beam 
energy variations are within 20 Z ; but the average energy cluster 
balance is realized at ± 5 Z. 

Phebus facility 

Phebus is a two beams Nd-glass laser which has been constructed In 
close cooperation with the Lawrence Llvermore National Laboratory using 
the new and excellent technology they have developped. It will work at 
wavelengths 1.06, 0.53 or 0.35 /urn, with the nominal powers respectively 
20, 13 and 10 TW. Two other diagnostic chains with smaller powers (1 TW 
and 0.1 TW) will be used for purposes of target probing by X-ray 
shadowgraphy and U.V. interferometry. The target chamber, 2.3 m in 
diameter, offers a high number of windows, insuring a great flexibility 
for diagnostics positlonning. The first shots on target are scheduled for 
the early beginning of 1986. 

DIAGNOSTICS 

Two Important diagnostics have been developped to record the soft 
X-ray. emission of laser created plasmas : In the range hV > 1 keV, sim
ple imaging devices such as pinholes or slits cannot be used because of 
diffraction effects, and have to be replaced by grazing incidence mir
rors. Fig. 2 shows the diagram of a device combining a cylindrical mirror 
with an X-ray streak camera, connected to the interaction chamber1. A 
gold mirror forms a one-dimensional image of the plasma with a magnifi
cation by 20 on the slit of the camera. With a grazing incidence of 2*, 
the reflectivity is important up to hK » 2 keV. When associated with a 
bilamellar camera, space and time resolutions of respectively 6 #m and 5 
ps have been obtained. For 2D images, a Wolter microscope can be used ; 
Such a device has been coupled to an inverter tube equipped with an optic 
fiber plate 2 . 

Time resolved broad band spectroscopy in the range 200 eV - 1300 eV 
is performed as shown on fig. 3a by coupling an X-ray streak camera with 
a set of filters. Taking account of the sensitivity of the gold photoca
thode, fig. 3(b) gives the respective response of the different channels 
in the case of a typical incident spectrum. Higher spectral resolution 
(A/A% £10 to 100) will be obtained with synthetic multilayered mirrors. 



STREAKED SOFT XHUY MMGMG DEVICE 

line of sight pirn and 
vacuum system, 

sftaignment device X-ray image i 

gatevarves. 

soft X-ray 
streak camora 
P650Xv*h 
MarneNar optics 
. 16lpmnf 
. 3 -5ps 

,-1 O 
o I I 

( P s / m m ) 

Fig. 2. Streaked soft X-ray Imaging device. The experimental result has 
been obtained with a 200 ft m thick planar gold target 
irradiated on both sides. 
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Fig. 3, Principle of doc resolved broad band spectroscopy 



Until now, X-ray filas have been often used to record plasma images 
fro* its X-ray emission. Its long and tedious exploitation nay forbid any 
shot to shot readjusteaents during laser operations, and automatic read
out devices appear to be useful* We have thus developped two opto- elec
tronic chains ^. The first one is built around a small image converter 
tube with a soft X-ray photocathode and P20 phosphor screen deposited on 
a fiber optic plate ; the electronic image appearing on the screen is 
read by a C.C.D. working in the visible spectral range. The second one, 
designed to work below 100 eV is realised with a very thin phosphor 
screen deposited on the fiber optic input of a visible microchannel image 
intensifier : the output image is then read by a C.C.D. in the same 
manner than previously. 

IHTE1ACTI0H AMD IMPLOSION EXPERIMENTS 

Direct implosion experiments have been performed with Octal at ^ " 
0.35 am. In spite of the two dimensional Irradiation due to the beam 
arrangement, high yield has been obtained by taking profit of absorption 
and X-ray emission properties of high Z materials. 

Targets were glass microballoons, 400 ± 10 yum in diameter, 1.+.2 pu 
in thickness, filled with DT (5 bars) and coated with parylene or gold, 
the thickness of the coating being adjusted to insure a nearly constant 
areal mass. Two types of irradiations have been used ; either "tight 
focus" for which the four beams of each cluster are superimposed at best 
focus on each pole of the microballoon, providing with a local irradiance 
* 5,10" W.cm~2 • or "tangential focus" which gives a more uniform 
Irradiation of the entire target at a maximun value x 10 l* W.cnf 2 ; yet 
the energy deposition on the equatorial zone cannot be significant as 
angles of incidence are here very important (fig. 4). In any case, the 
absorption efficiency ranged at level 95 ± 5 Z. 
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Fig. 4. Polar and tangential target Irradiation». 



Implosion history was recorded by aeans of an X-ray streak caaera 
associated with a slit for spatial resolution. A typical result obtained 
with a aicroballoon coated with CR (2 lia) and a copper signature layer 
(0,045 (k a) is presented fig. 5. Space and tiae resolutions are respecti
vely 20 ^ a and SO pa. Variations of X-ray emission as the thermal front 
successively enters the Cu, CH and SIO2 layers are clearly evidenced. In 
the sub-keV range, transitions are also well Identified an can be seen on 
fig. 6 showing the tiac evolution of X-ray radiation at 0.4 ± 0.1 keV and 
1.3 ± 0.4 keV. The lover emission of CH layer is obviously a Z effect, 
and the peak emission of copper around hV • 1.3 keV is due to numerous 
transition lines. The chronoaetry of events (included the implosion tiae 
at 1100 ps) Is the same in the different X ray ranges. Such results 
appear very useful to fit nuaerical siaulatlons ; the saae aethod has 
been aore extensively applied to plane targets to infer data on energy 
transfer. 
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Fig. 5. Implosion of a aicroballoon coated with 2 jia CH and 0.045 urn 
Cu ; X ray streaked recording in the ran»a1 hV > 2 keV. 



Fig. 6. Implosion of a alcroballoon coated with 2 urn CH and 0.045 MI 
Cu ; tlae resolved X ray emissions around 0.4 and 1.3 keV. 

X-ray pinhole pictures obtained In the range hV > 1 keV for diffe
rent coatings or irradiation conditions are presented in fig. 7-9 ; the 
spatial resolution is of the order of 20 urn. They are compared to 
lagranglan 2D computations performed with the CEL-V FCI 2 code ; supra-
thermal electrons have been neglected because of the short laser wave
length, but radiative tranafer has been taken into account using a multi-
group description *. Numerical results show the features of the glass-DT 
Interface near the maximum compression time, reconstructed from simula
tions of quarter of target. Precise comparison should need the simulation 
of space resolved X-ray plasma images, but valuable qualitative informa
tions can be deduced as it is. 

Fig. 7 corresponds to a CH coated target (JRgg - 2^nm) imploded In 
tangential Irradiation. The neutron yield was 5 10*7 The corona emission 
is faint. The core extension is small in the direction of polar axis, but 
much larger along the perpendicular direction. These features are in 
agreement with the simulation, showing that at tine of maximum DT tempe
rature ( &t - 1100 ps) the glass DT Interface has scarcely moved at the 
equator ; the X-cmlssion has to appear only in the region where wells arc 
nearly in contact. 
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Ref. 7. Plastic coated mlcroballoon inploded in defocused irradiation 
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Pig* 8. Gold coated mlcroballora inploded in defocused irradiation 
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Fig. 8 has been obtained with a gold coated target ( A * ™ » 0.19am) 
imploded in tangential irradiation (neutron yield » 3 . L 0 5 ) 7 The two 
dimensional behaviour has been considerably reduced, as the core eaission 
at aaxisaia OT température ( a t « 1300 ps) appears such sore localised 
along the equatorial plane, with dimensions in a good agreement with the 
eimulation. This is the consequence of two combined effects : on one hand 
a slightly increased absorption efficiency by the high Z coating even for 
large angles of Incidence ; on the other hand a noticeable soft X-ray 
preheat from the gold, whose Important X-ray emission principally in 
short wavelength experiments has been already evidenced 5 . Moreover it 
has been shown 6 that lateral energy smoothing could be improved in high 
Z - low Z layered targets, without noticeable reduction of hydrodynamlc 
efficiency. 

Fig. 9 corresponds to a similar gold coated microballoon Imploded 
in polar irradiation (neutron yield - 10* ) . The X-ray preheat of the 
un-irradiated zones is not very different from the previous case, as in 
the range 10** - S 1 0 ^ W cm" 2 the X-ray conversion efficiency presents a 
slight variation versus laser lrradiance ; but the mean ablation pressure 
in the polar regions has been Increased by a factor at 3.5 ? so that they 
collide at an early time ( A L *X 700 ps) while equatorial zone have expan
ded only over * 40 urn. The brightest zones of the core still have a 
small extension, but a lower X-ray emission appears to occur over a 
diaaeter of 310 u m. 
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Fig. 9. Gold costed microballoon imploded in polar irradiation 



Neutron yield, recorded with a lead activation device, ranged bet
ween 10 5 to 1.5 10°, and appeared to be correlated with the mean implo
sion velocity, whatever is the shell coating. In any case the end of 
Implosion looks like the collision of planar disks whose surface roughly 
corresponds to a portion of sphere within e 15* half angle cone, so that 
we can tentatively give account of the neutron eaisslon by aeans of a 
simple ID plane model. Neutrons are assumed to be created by the shock 
before ita return on the pusher. The ion temperature is calculated from 
the velocity u of glass-DT Interface ; the mean implosion velocity v 
being of the order of u/1.75, we get : 

N.rf J»2 R Q4 vp-7/3 e x p (_!.! io6/ V p2/3) 

where fQ is the initial fuel density, R Q the target radius, and«Ul.4 10* 3 

in our conditions (parameters are expressed in C6S units). It can be seen 
fig. 10 that agreement between model and experimental rtsults is quite 
good. 
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Fig. 11. TIM resolved X-ray emissions of a CH coated plane target, 
recorded for different photon energies. For the sekc of 
clarity results of different channels have been arbitrary 
translated along the X-ray intensity axis. 



Energy transport in laser plasmas has been extensively studied, and 
it is generally accepted that electron heat flux is inhibited at)-1.06» 
at intensities larger than 10 l* W cm" 2. At Ok- 0.35 «», in spite of a more 
colllslonnal situation, the transfer processes are not yet well under
stood, and such an inhibition seems present, depending on irradiance, 
target geoaetry, etc. Layered targets appeared to be a powerful technique 
to evidence the thermal front penetration 8 9 1 0 . We employed it in 
connection with a major improvement : the time resolved observation in 
the soft X-ray range. As an example, fig. 11 shows the evolutions with 
time of the X-ray emission for different photon energies (0.28, 0.42, 
0.64, 0.82 and 1.20 kcV) from a target composed of either a gold or an 
aluminium substrate overlapped with a plastic layer 3 yum thick. Irra
diance was » 6. ± 2.10 1* W cm"2.The discontinuity of emission when the 
thermal front crosses the CH-substrate Interface is well defined. Nume
rical restitution of these results, as well as of the X-ray conversion 
efficiency, have been performed in order to infer values of flux limiter. 
As an example, fig. 12 shows the variations of turn-on time of plastic 
and substrate emissions, versus thickness of plastic layer. Best des
cription has been obtained for f «0.03, in agreement with LLE results on 
planar targets 1 0 . 

Fig. 12. Turn-on time of plastic end substrate «mission» from a layered 
target, versus thickness of plastic coating. 



Nonuniformity smoothing is a major question addressed in the 
context of inertial confinement fusion, for which the pressure assymmetry 
has to be less than a few per cent to achieve high gains. Besides the 
efficient method of beam overlapping l l , several experimental techniques 
to reduce the irradlance defects in directly driven implosions have been 
proposed : Induced spatial inchorence ** o r random phasing 1^, low den
sity foam i* or high Z - low Z layered targets 6 . Nevertheless, it has 
been shown that in usual short wavelength experiments, thermal smoothing 
was markedly weaker than that we should need. In the past ten years, 
several works have been performed to estimate the effects of a spatially 
perturbed ablation pressure. An analytical model has been developped at 
CEL-V to study conveniently the flow perturbations due to nonuniform 
energy deposition. Relying on a steady state planar model, five coupled 
equations describe the perturbations of kinetic pressure, axial and late
ral energy flux, temperature and thermal conduction. It has been evi
denced that nonuniformities of the total pressure at ablation surfac*. are 
the consequence of convective flows Induced by the perturbations la the 
absorption region, and that smoothing cannot be evaluated without taking 
account of lateral flow. Moreover, smoothing appeared less Important than 
predicted by the so-called "cloudy day" model " . Values of the smoothing 
factor appears in good agreement with experimental results obtained 
either at CEL-V or at NRL (fig. 13). 
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Fig. 13. Nonuniforaities smoothing factor. Full 11ns is the analytical 
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Obviously, experimental studies on saoothlng factor need compari
sons with two dimensional computations describing the rear side modula-
tlons of a planar target* Possibilities of the 2D FCI 2 lagranglan code 
developped at CEl-V* can be appreciated fig. 14, showing the behaviour of 
i 3 |»i thick aluminum target over a 900 ps period of time. In the last 
picture can be seen that target becomes underdense in the side wall of 
the bump, and that an islet of overdense ' matter remains in the front 
accelerated region. 

Knowledge of line absorption l 6 appeared essential to interpret 
experimental high-resolution spectra, giving access to plasma parameters 
such as the areal density in Imploded mlcroballoons. Absorption of H-lifce 
and He-like silicon lines in a gold plasma has been measured. The target 
was essentially composed of small dots of silicon and gold deposited on a 
substrate. The silicon plasma acted as an X-ray source observed through 
the gold plasma by means of crystal spectrometers provided with silts for 
spatial resolution. Strong absorption was observed in 1.06 am 1 ns expe
riments (mean irradiance * 3.10*3 y c a-2) 17 ( f l g. i5). Numerical simula
tions of the 6.65 X line (for which absorption is only due to free-free 
and free-bound processes) have been performed with the ID hydrodynamic 
code FCI I. If assuming LTE, a discrepancy of at least three orders of 
magnitude was observed. A correct agreement has been obtained only for a 
non LTE ionization model (see fig) **. 
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These experiments and other performed with gold target have led us 
to study spectroscopy of «old, aiaing to a diagnostic of temperature and 
density. The recorded spectra in the wavelength range 4 to 7 A 1 9 exhibit 
narrow peaks, which are Identified to be lines and arrays emitted by ions 
of charge 47 to 52, superimposed on * large background thought to be due 
to dielectronic transitions. It can be reproduced by adding to each line 
a broad red wing, width and height of which vary with the plasma condi
tions (fig. 16). In same case, 90 Z of the power losses in the observed 
spectral range is due to this foreground. 

Fig. 16. Experimental (a) and synthetic (b) gold emission spectrum in 
the 4.5 - 5 A range 
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