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Abstract 

We present the first detailed investigations of the ablative acceleration 
14 2 of planar targets while simultaneously using high irradiance (10 W/cm ), 

large focal diameters (1 mm) and long laser pulse duration (3 nsec). Included 
are measurements of target preheat, ablation pressures and uniformity achieved 
under these conditons. Targets were accelerated to high velocities with 
velocity profile uniformity approaching that required for high gain pellet 
implosions. 
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A high gain pellet implosion requires that the pellet shell be uniformly 
and efficiently accelerated to velocities above 150 km/sec with controlled 

1 2 levels of preheat. ' Experiments at WRL have modelled the early stages of 
a pellet implosion through studies of ablatively accelerated planar targets by 
direct illumination with a 500 J, 3 nsecs Nd-glass laser. " These 
experiments have studed the feasibility of simultaneously achieving the 
uniform and efficient ablative acceleration of matter required for pellet 
fusion while maintaining low levels of preheat. Here we present results from 
similar experiments using the LLNL Shiva laser at much higher laser energies 
and higher irradiances. Ths allowed us to probe parameter regimes closer to 
the fusion reactor scenario and explore both the hydrodynamic properties of 
the accelerated foils and whether deleterious plasma instabilities appear 
which could reduce absorption and increase preheat. 

Actual high gain (fusion reactor) pellets will likely require intensities 
14 2 of at least 10 W/cm (at 1 urn) in order to: (1) achieve minimum 

pressures (about 10-20 Mbar) required to drive moderate aspect ratio 
pellets; and (2) to obtain sufficiently large absorption-ablation layer 

8 9 separations to get adequate lateral smoothing of laser nonuniformities 
over dimensions comparable to the radius of high gain pellets (several 
mm). In this paper we discuss the observed physics associated with planar 

14 2 target acceleration and preheat at intensities near 10 W/cm . The 
present experimental conditions are distinguished from other studies at the 
same irradiance in that the focal spot diameter was large (1 mm) and the laser 

pulse was relatively long 3-3.5 nsec. These conditions allow the formation of 
long scalelength blowoff plasmas which would also be present with the large 
pellets envisioned for high energy gain. 



For this experiment ten beams of the Shiva-laser (3-3.5 nsec FWHM, 

3-4 k j , 1.06 vim) were focused to a i mm diameter spot (90% energy content) 

and overlapped onto carbon f o i l targets. The carbon f o i l s were typical ly 

10 u m thick and signif icant ly wider (2.5 mm width) than the focal spot in 

order to isolate the cooler rear side of the target fo i l s from the laser 

irradiated (front) side. Arrays of diagnostics monitored the laser target 

interaction including the absorption f ract ion, scattered l ight d ist r ibut ion, 

the yield and spectrum of both the 3/2u> and stimulated Raman scattered 

l igh t , suprathermal x-ray production, and optical emission from the rear 

surface of the target. The dynamics of the accelerated target f o i l was 
11 12 determined using streaked x-ray shadowgraphy, ' while the double-foil 

technioue was used to measure the velocity prof i le uniformity. 

Figure 1(a) shows a streaked x-ray shadowgraph of a target ablatively 
14 2, 

accelerated by a 3.2 nsec FWHM, 3 kJ laser pulse ( I p e a k ^ 1.1x10 w/cm ) to 

about 10 cm/sec. The backlighting x-rays, produced by a Pd target 

illuminated by 8 beams of the Shiva laser, are energetic enough (2.8-3.2 keV) 

to penetrate to the denser regions of the accelerated targets (p >_ ° - 1 P S 0 ] J H ) 

The :mage of the target was focused onto an x-ray streak camera with the s l i t 

parallel to the accelerated target's direction. Spatial and temporal 

resolution were 6-7 um and 20 psec respectively. Relatively thick 

targets were chosen for these studies so that the fraction of mass ablated was 

small, making target accelerations nearly proportional to the ablation 

pressures. Figure 1(b) shows the experimentally determined evolution of the 

target velocity as compared to values calculated using experimentally 

measured6 scaling laws for mass ablation rates and pressures (Palfel* 
» • 
ma ijfef where I^BS i s t n e absorbed irradiance with P/m=3.6xl07 cm/sec at 

12 2 
P=10 dynes/cm ). The best f i t to the observed velocity, which is shown 
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in the figure, was attained at a peak pressure of 6 Mbar with about 20% of the 
mass ablated. Due to the small ablated mass, this pressure result is 
relatively insensitive to any errors in estimates of the mass ablation rate. 
We believe the maximum error in the above pressure is ;+_15%. Light diodes 
found that 60+10% of the incident light was absorbed, indicating the peak 
absorbed irradiance was about 6x10 W/cm (constant absorptivity and 
nominal spot size are assumed). Extrapolations of planar target experiments 
at lower absorbed irradiances and 1-dimensional hydrodynamic code results 
would predict a somewhat higher peak pressure of about 9 Mbar at this absorbed 
irradiartce. The low observed pressure is at least partially due to lateral 
energy flow in the blow-off plasma which cools the irradiated portion of the 
foil targets and heats the periphery. This lateral energy flow also smooths 
laser nonuniformities and is discussed in detail below. Another contributing 
effect may be an increase in the focal spot size at the critical layer due to 

plasma expansion in the converging (effective f/1) laser beam cluster. 
13 Two-dimensional calculations using the LASNEX hydrodynamic code, which 

accounts for such effects, predicted peak pressures of 5 Mbar for the absorbed 
energies encountered, in good agreement with the pressure observed. 

The velocity profiles across the accelerated targets were determined using 
the double-foil technique. This method involves placing a second foil (impact 
foil) parallel to and (200 pm) behind the first, Nonuniformities in the 
impact time of the accelerated foil are monitored by observations of the light 
emitted from the impact foil's rear surface. Figure 2(b) shows a streak 
record of light emitted from the rear of the impact foil upon collision by a 
carbon foil ablatively accelerated at 1 0 1 4 W/cm 2 to about 10 7 cm/sec. 
X-ray sbadowgraphy (Fig. 2(a)) shows that the collision occurred near the end 
of the laser pulse. Given the measured target velocity and the foil spacing, 
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orie can calculate the velocity nonuniformities of the target from the 

differences in impact times of different sections of the accelerated target. 

The nonuniformities can be resolved into an 8& t i l t across the central 1 mm of 

the target plus modulations with 7% peak-to-valley amplitude (V m , Y /v_j -1) . 
[RaA n i l n 

When sampled over short scalelengths {50-200 pm) in the central 800 um 

region irradiated by the laser, the observed peak-to-valley velocity 

nQnuniformity is only 5%. The resolution l imi t for velocity nonunifomrities 

due to limited temporal resolution of the streak camera is about 3%. This 

resolution l imi t is manifested in granularity of the streak photographs and 

this the actual target uniformity over short scalelengths may be better than 

5%. 

Factors which can cause velocity nonuniformities include target mass 

nonuniformities, laser irradiation nonuniformities and hydrodynamic 

instabi l i tes. Carbon f o i l s typical of those used in the experiment have mass 

thickness nonuniformities of less than 2% across the focal diameter and thus 

target mass nonuniformities are not thought to be a significant factor. The 

laser beams employed were defocused and overlapped to minimize the Irradiation 

nonuniformities. E?iCh beam has intensity nonuniformities with typical 

peak-to-valley amplitude of about 2 to 1 (scale length from%0.1 to 0.5 of 

the beam diameter) in the near f i e l d . Ignoring phase nonuniformity 

contributions, this would produce similar amplitude modulations at the 1 mm 

focus. Averaging due to beam overlap should decrease the irradiation 

nonuniformity of the target by about the square root of the number of beams 

UO" ). However, no actual measurement exist at the target plane. We 

estimate the il lumination nonuniformities on target have typical peak to 

valley amplitude of about 30£. The observed short scalelength velocity 

nonuniformities are at least a factor of 4 to 6 smaller than the estimated 

fhtensfty nonunfformfty fndfcatfng sfgniffcant lateral smoothing. 
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14 One-dimensional hydrodynamic calculations predict that the 

absorption-to-ablation separation in steady state should be near 1 mm at 
14 2 

10 W/cm . The blow-off plasma divergence and limited laser pulse length 

prevents one from attaining th is large a separation in our experiment. Two-

dimensional LASNEX calculations for the conditions of the experiment prdict 

separations of 200-300 urn. The observed lateral smooting appears to be 

consistent with this calculated separation. The lateral heat conduction, 

which helps smooth out beam variations, should also be manifested by a larger 

region of the target f o i l being accelerated than the laser focal spot. The 

double-foil co l l is ion data in fact show that an area 2.2 times that of the 

laser focal spot is accelerated to 60?» of the peak target velocity. This 

result was also in agreement with LASNEX calculations. 

For the fusion application, low target preheat is essential. In these 

experiments, the target preheat was monitored by measuring the rear surface 

brightness temperature (at 1.4200 h) using a calibrated optical streak 

camera. The streak camera images show that the heating is i n i t i a l l y confined 

to the center laser illuminated region indicating that l i t t l e energy is being 

transported around the target f o i l s . The time resolved rear surface 

temperatures for single and double f o i l targets are given in Figure 3. The 

accelerated carbon target thickness was 11 um in both cases while an 8 urn 

thick carbon impact f o i l was employed for the double f o i l target. The rear 

surface of the single f o i l exhibits a sudden temperature rise soon after 

i n i t i a t ion of the laser pulse. LASNEX simulations indicate this early heating 

is due to shocks produced by the leading edge of the laser pulse. Absolute 

x-ray spectra indicate that about 3% of the absorbed laser l ight is deposited 
15 in a 10 keV suprathermal electron distr ibut ion. Deposition of these hot 

electrons in the single f o i l can account for the remainder of the observed 
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heating to a 15 eV peak temperature after the initial shocks. The hot 
electrons can also account for the observed preheat of the impact foil prior 
to collision. A detailed analysis of the interaction which may be producing 

15 these hot electrons will be presented elsewhere. The presence of copious 
3/2u emission but absence of significant Raman scattered light suggest 
that the two-plasmon decay instability may be involved. The rear surface of 
the impact foil is further heated after collision, due to high pressure 
shocks. Temperatures of up to 60 eV were observed for the case of a 17 u.m 

14 2 thick C foil irradiated at 2x10 W/cm and impacting at about 60 km/sec. 
Details of this phenomenon will also be presented elsewhere. 

In conclusion, the results of this planar target series at 10 W/cm 
are the expected extrapolation of lower irradiance studies in regard to 
ablation pressures and symmetrization provided that finite focal spot size 
effects are accounted for. The target velocity uniformity achieved in the 
experiment was a factor of 2 better than that attained in earlier single beam 

5 experiments at lower irradiances and perhaps approaches that required for 
high gain implosions. Minimum uniformities of a few percent are thought to be 

7 required. Hot electrons were found to be an important preheat phenomenon 
4 for thin targets in contrast to lower irradiances studies. However, the 

14 2 observed hot electrons at 10 W/cm are not energetic enought to 
penetrate the much thicker walled (ar > 100 um) targets envisioned for 
high-gain pellets. The results were thus encouraging for the direct 
illumination approach to inertial fusion through the intensities and plasma 
scalelengths encountered. However, it should be noted that the longer laser 

1 2 pulse lengths (> 10 nsec) required, ' and higher irradiances desired for 
reactor systems will produce longer scalelength plasmas than encountered here; 
testing the resulting coupling physics and symmetrization awaits more 
energetic laser systems. 
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Figure Captions: 

1 . U ) Streaked x- ray shadowgraphy of an accelerated C f o i l ta rget whose 

i n i t i a l areal mass was 2.1 mg/cm ; (b) the v e l o c i t y evo lu t ion of target 

determined from the x- ray shadowgraph ( s o l i d l i f e ) . The closed c i r c l e s 

are the ca lcu lated ve loc i t y using the scal ing laws described in the t e x t . 

2. (a)Streaked x-ray shadowgraph of the c o l l i s i o n of an accelerated f o i l 

ta rge t w i th an impact f o i l located 200 um behind; (b) the photograph i s 

an op t i ca l streak camera record of l i g h t emission from the rear of an 

impact f o i l struck by a laser accelerated t a r g e t . A contour p lo t of t h i s 

l i g h t emission (at 40% of peak) is given to the l e f t . Zero on the time 

scales is the peak of the laser pulse. 

3. Time evo lu t ion of the brightness temperature of the rear surface of an 

accelerated s ing le f o i l , and the impact f o i l of a double f o i l t a r g e t . The 

absolute c a l i b r a t i o n of the emiss iv i ty from which the temperatures were 

ca lcu lated i s accurate to w i t h i n a f ac to r of two f o r these measurements. 

This corresponds t o an accuracy fo r the temperature determination of a 

f a c t o r of 2 f o r T > 2 eV, wi th improved accuracy at temperatures below 

2 eV. 
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