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I. Introduction - • -- •" 
Shiva is a 20 beam Nd:Glass Laser and Target Irradiation 

Facility at the Lawrence Livermore Laboratory. The laser system, a 
photograph of which is shown in Figure 1, and integrated target 
facility evolved during the last year from a large, untested, 
experimenta n laser system to a target irradiation facility which has 
provided significant laser driven inertial confinement fusion data. 

Shiva, as shown by Figure ?, is the latest in a series of 
progressively larger Nd:glass irradiation facilities constructed at 
Livermore to study the target design physics of laser driven 
inertial confinement fusion. The current series of facilities began 
with the Janus Facility in 1974,--' progressed through the Argus 

(2) Facility in 1 9 7 6 / ' has now reached Shiva and will continue with 
(2) Nova ' in 1983 which will provide the capability to reach 

scientific breakeven. Our work with Shiva has concentrated on 
experiments with ablatively driven targets since this is the path 
which leads to the high fue 1 ,r necessary to reach thermonuclear 
ignition. 

Research' performed Gri'deFTFie auspices of the U.S. Department of 
Energy by the Lawrence Livermore Laboratory under cont rac t number 
W-7405-ENG-48. 
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The concept of inertia" confinement fusion based on this type 
of target is shown on Figure 3.' ' Laser beams heat the surface 
of the fusion target forming a surrounding plasma envelope. The 
thermonuclear fuel is compressed by the blow-off or ablation of the 
surface material. When the fuel reaches 1,000 to 10,000 timc-s 
liquid density and 100,000,000°C, ignition of the fuel occurs. 
Under these conditions the fuel burns rapidly by thermonuclear 
reactions yielding many times the driver input energy. Our first 
goal with Shiva has been to produce significant compression of the 
DT fuel in ablative targets. As you will see later in this talk we 
have achieved this goal. 

This year the shot rate with Shiva increased from one shot per 
week in April 1978 to a high of ten shots per week by March 1979. 
Figure 4 shows the monthly shot rate since January of 1978. During 
the time shown we irradiated 106 fusion targets. Of this total 18 
shots were fired with short 90-100 ps pulses in exploding pusher 
implosion experiments and approximately 80 shots were fired with 
longer 0.5 to 1.0 ns pulses in ablatively driven implosion 
experiments. The balance of the experiments were foil irradiation 
experiments for plasma studies and diagnostics checkout. In 
addition, we performed numerous laser beam energy balance tests, 
beam propagation tests, and amplified spontaneous emission 
measurements. Presently we can perform two well instrumented, full 
system, target irradiation experiments per day. With system 
improvements which we will soon make, the laser system will be 
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capable of 3 to 4 shots per day and will not be the principal 
constraint to the shot rate. We find that in carrying out high 
quality, well diagnosed experiments, other portions of the progam 
such as target design and fabrication, diagnostics installation and 
checkout, and data analysis frequently limit the shot rate. It was 
these constraints which prevented us from firing more than 3^ 
shots/month during February and March. 

11. System Description 
Figure 5 shows the basic elements of the Shiv^ laser design. 

The op t i ca l pulse o r ig ina tes in an ac t i ve l y mode-locked Nd:YAG 

f 5) oscillator1 ' whose pulse duration is rf-^dily tunable from 90 ps 
to 1.5 ns. The pulse is amplified, expanded, and divided into 20 
equal beams in the preamplifier and beamsplitter a>"ray. Following 
the beamsplitter each beam passes through an optical delay whose 
length is adjusted with the ,vld of the pulse synchronization system 
to provide simultaneous arrival of the twenty beams at the target to 
within _+ 5 ps. Bert Johnson will described this system in more 
detail tomorrow. 

Optical alignment of the laser system and of the beams to the 
target is aided by computer controlled automatic alignment 

(ft) systems.1 ' Erlan Bliss will describe these systems in more 
detail in an invited paper tomorrow. These systems greatly reduce 
the time consuming and tedious tasks of maintaining system alignment 
and of aligning the beams to small targets. With the integration of 
an automatic spatial filter pinhole alignment system, now in 
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preparation, the shot preparation time will be significantly reduced 
and an increased shot rate will be possible. 

Three sets of half-waveplate attenuators provide the necessary 
gain control for the system. Two waveplates in the preamplifier 
adjust the intensity 3t the bleachable dye cell to compensate for 
changes in the pulse duration from the oscillator and set the drive 
for the amplifier chains to produce the desired output. The third 
set of waveplates, at the input to each beam, balance the laser 
chain output energies. With this control we aro able to maintain 
maximum energy spread among the 20 beams of + 10% even though the 
gross gain of individual arms may differ by up to a factor of 2. 

Figure 6 shows the elements in a Shiva laser chain. A 9.5 mm 
diameter aperture at the input to each beam defines the spatial 
beam. In each amplifier chair this 9.5 mm diameter, 1-10 mJ, input 
beam is expanded to fill the 200 mm output aperture and amplified to 

energies up to more than 500 J. The amplifier chain design follows 
(2) the Argus design, ' using glass rod amplifiers in the small 

diameter stages up to 50 mm diameter, and increasing aperture disk 
amplifiers of 95, 145, and 200 mri diameter as the high power 
amplifiers. Currently six vacuum spatial filters' ' in each chain 
control small scale beam instabilities an^ act as beam expanders and 
relay elements^ ' to maintain all of the amplifiers in the near 
field of the input aperture. 

In the target bay, Figure 7, two turning mirrors, computer 
controlled by the chain output pointing system, center each of the 
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beams on its focusing lens and point it at the target. Ten beams 
are directed to the top of the target chamber an^ ten beams to the 
bottom. These twj clusters of beams are focused on the target by 
twenty f/6 focusing lenses. 

The target chamber, Figure 8, i c a 1.6 meter diameter stainless 
steel vacuum vessel equipped with two 1500 1 ite^/second 
turbomolecular pump capable of pumping the system to less than 
10 torr. The chamber contains twenty entry ports for the beams 
and 200 ports for target diagnostic and alignment equipment. 

Energy preceding the laser pulse which might damage or destroy 
fragile fusion targets is of concern in large systems such as 
Shiva. In target damage experiments, short pulses containing less 
than 1 mJ focused onto targets have fractured the target 

(a) shells.* ' Thus the pulse contrast at the output of Shiva should 
be maintained at less than 10" . 

We control oscillator prepulses from Shiva with a double 
Pockels cell switchout and a bleachabie dye cell in the preamplifier 
system. Routine monitoring of the ratio of prepulse to selected 
pulse energies at the output of the dye cell assists in maintaining 

_n 

oscillator prepulse contrast at approximately 10 . Another 
source of prepulse energy is amplified spontaneous emission and 
flashlamp light from the system amplifiers. Figure 9 shows the ASE 
from a single Shiva arm measured behind a 400 :;m diameter pinhole in 
the center of the target chamber. The combination of the 
preamplifier dye cell and two Pockels cells in each arm limits this 

. • I '! 
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ASE signal. The measured ASE pulse shown in Figure 9 consists of a 
broad 300 us FWHM pedestal of ASE and flashlamp light from the disk 
amplifiers with a sharp spike on top occurring during the Pockels 
cell open time. The figure shows the measured energies resulting 
from shots with laser settings appropriate to 30 TW output with 100 
ps pulses. To obtain total energies on target one must multiply by 
20. 

To insure that a target design will not be damaged by ASE or 
prepulses we conduct ASE tests on typical targets. These consist of 
firing the full laser with the oscillator switchout disabled and the 
beams aligned to the target in the target chamber. The target is 
removed after the shot and carefully examined for damage. We have 
never damaged a target in such a test with Shiva. 

111.Laser Performance 
Target irradiations with 90 ps pulses during the last year 

provided up to 20 TW on target with little penalty to the laser and 
beam focusing system. 

Figure 10 shows the average beam output energy and system 
output power versus the average output energy of the beta rods in 
the amplifier arms. The solid curve is the result of system 
calculations using the component design data as input. The 
agreement is good. Energy measured at this mid-chain location is 
particularly useful for system operations since it monitors the 
output of the last rod amplifier in each chain and allows direct 
tuning of the drive energy input into the disk amplifier1;.. The rod 

r 
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amplifiers can be fired at a much higher repetition rate than the 
disk amplifiers. The damage limits shown are conservative lower 
limits at which damage starts to occur on the target room turning 
mirrors and focusing optics. 

During the last year target experiments at 0.5 to 1.0 ns pulse 
duration called for 6.0 to 10.0 kJ on target. Shiva provided this 
output routinely without stressing the laser system. More than 80 
high energy laser irradiations were fired at this pulse duration. 
Figure 11 shows the average beam output energy and total system 
power versus the average output of the beta rods. Data is shown for 
the flashlamp banks on the output amplifiers charged to 20 and to 22 
kV. As in the previous figure the solid curves are the result of 
calculations using component design data. The damage threshold 
shown arises from the flux limit at the input lens of the mid chain 
beta-ganma spatial filter. 

Focusability of the Shiva beams at 1.0 TW output is illustrated 
in Figure 12. This data was taken from an array camera in an 

incident beam diagnostics package.^ ' It shows beam photographs 
taken in planes optically equivalent to 450 ;.m before, at, and 450 n n l 

behind best focus, with the linear dimensions scaled to conform to 
the beam in the target chamber. At the bottom of the figure are 

radial average intensity plots obtained by computer reduction of 
microdensitometer scans of the photographs. One sees these beams 
are readily focusable into a 200 \.m diameter and the peak intensity 

1 C p 
exceeds 10 watts/cm . This is typical of Shiva beams. 
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Computer simulations reproduce the focal pattern of typical beams 
when they include one wave of astigmatism and A/4 to A/2 of 
spherical aberration. 

Initial short pulse experiments with up to 27 TW on target 
produced several optical damage spots cf 1-3 mm diameter on some 
target room turning mirrors and focusing lenses. Near field 
photographs of the beam taken at 1.5 TW output showed the cause of 
this damage to be 1-3 mm diameter spikes which were mot-'f than ten 
times the average beam intensity; well above the damage threshold of 
thin film coatings on the mirrors and focusing lenses. Figure 13 
shows a reproduction of one of the beam photographs and a 
densitometer scan through a portion of the photograph containing one 
of these spikes. Analysis with a system simulation propagation code 
indicated these spikes arise from self-focusing of intensity bumps 
which have spatial frequencies below the bandpass of the spatial 
filters. While these bumps are controlled in the laser chain by the 
relaying of the spatial filters they can grow to catastrophic 
proportions in the long propagation path from the last spatial 
filter output to the target chamber. We prevented this high spike 
growth during this last year's operations by limiting the output 
power to 20 TW. At this power the self focusing growth of these 
bumps is not large and no damage occurs. 

Output spatial filters which complete the relay tc the target 
chamber are an obvious way to control this problem. To implement 
this fix we recently installed 20 centimeter aperture, f/14, spatial 

f 
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fliters in the target bay between the output amplifiers and the 
first turning mirrors. Figure 14 is a near field photograph similar 
to that sho^n in the previous figure taken afte*- the installation of 
the output spatial filters. The peak hump intensity, as shown by 
this photograph, has been reduced to less than -1X the average 
intensity. It appears that routine 30 TW operation is now possible 
without causing damage to the beam turning and focusing optics. 

Figure 15 summarizes Shiva performance to date. Showi. is total 
system power versus pulse duration. The cor.servat ive power limit 
assigned to insure no optical damage to chin film coatings occurs in 
the system is shown by the solid ^ne. The shot data is shown by 
the points. m e scatter in the points resulted largely from the 
variety of pulse lengths and energies -enuested for particular 
experiments. For any given shot tne la^er output was predictable to 
+ 5%. Now that output spatial filters hive be^n installed the 
permissable output power wi T1 rise by 50%. 

IV. Target Experiments 

With Shiva we have irradiateo both exploding pusher and 
ablatively driven targets with a strong emphasis on the ablative 
targets. Exploding pusher targets are typically irradiated with 
short high intensity laser pulses while the ablative targets are 

irradiated with longer, lower intensity pulses. For most efficient 
compression of the fuel in ablative targets complex pulse shapes are 

required, however, in our Shiva experiments to date we have 
used only simple gaussian pulse shapes. We irradiated exploding 
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pusher targets with 15 to 20 TW in gaussian pulses of 90 to 100 ps 
duration and the ablative targets with 6 to 10 kO in gaussian pulses 
of 0.5 to 1.0 ns duration. 

In the Hyperion Campaign, during September and October of 1978 
we irradiated 15 exploding pusher targets. Figure 16 summarizes 
this series of experiments. The target performance fit very well 
the scaling laws for exploding pushers determined from earlier Janus 
and Argus experiments. Measured ion temperatures were up to 4.5 keV 
and neutron yield was up to 3X10 . 

Figure 17 shows the neutron yield plotted versus the energy 
absorbed in the target in joules per nano-gram and the yields 
predicted for these "targets from the simple scaling laws derived 
from Janus and Argus experiments. ' One sees the data agrees 
well with the predictions. 

From November 1978 to March 1979 we conducted 80 experiments on 
ablatively driven targets with the goal to demonstrate significant 
compression of the DT fuel. 

Figure 18 shows the results of these experiments. Shown here 
is the DT fuel density at the time the fusion reactions occur versus 
the 14 MeV neutron yield. The solid circles are data from 
ablatively driven targets of two different designs and the open 
circles data from exploding pusher targets. The bars on the circles 
show the uncertainties resulting from the uncertainty in the neutron 

yield measurements and in the experimental uncertainty in the 
density measurement. The colored band represents the uncertainty in 
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inferring the DT fuel density from the measured data by the various 
calculational models. From these data we conclude that the highest 
density targets reached densities of at least 50 times liquid 
density and may have reached densities as high as 100 times liquid 
density. 

V. Conclusion 
During the last year we have irradiated more than 100 targets 

with Shiva, most of these in the seven month pp.--\jd from September 
1978 to March 1979. During this period the laser was run 
conservatively with output limited to less than 20 TW for 100 ps 
pulses and to less than 10 kJ for 1 ns pulses. During this year no 
significant damage occurred to the laser optics from beam 
propagation effects. 

In these experiments we irradiated 80 ablotively driven targets 
with 5 to 10 kJ in 0.5 to 1.0 ns pulses. Neutron yields of up to 

o 

2X10 and ion temperatures of 0.5 to 1.0 keV resulted. We 
inferred with high confidence, fuel densities of between 50 and 100X 
liquid density for the most highly compressed targets. 

In the immediate future we will be characterizing Shiva with 
newly installed f/14 output spatial filters. These filters will 
allow us to continue the experiments described here with higher 
laser output energies. In the longer term we will be investigating 
other target designs in preparation for breakeven experiments to be 
done on the now under construction Nova laser system. 
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INERTIAL FUSION CONCEPT 
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SHIVA LASER CHAIN .L5 
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TYPICAL SHIVA BEAM ROUTING ins 
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SHIVA - ASE ON TARGET FROM A SINGLE ARM 
Measured with 30 TW-100 ps Laser Settings 
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SHIVA - DESIGN AND ACTUAL PERFORMANCE 
AT 90 ps PULSE DURATION .13 
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SHIVA - DESIGN AND ACTUAL PERFORMANCE 
AT 0.8 ns PULSE DURATION 
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SHIVA - SINGLE ARM FOCAL PATTERN AT 1 TW L9 
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SHIVA-TARGET CHAMBER INPUT BEAM 
Shot #88062017 Beam 6 
Power 1.5 TW 
Before installation of output spatial filters 
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SHIVA - TARGET CHAMBER INPUT BEAM 

Shot 89051820 Beam 6 
Power 1.5 TW 
After installation of output spatial filters 
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SHIVA - EXPLODING PUSHER TARGETS 
Hyperion Campaign Sept-Oct 1978 

• 15-20 TW on target in 90 ps 
• Ion temperatures up to 4.5 keV 
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FUEL DENSITY AT BURN.TIME VERSUS NEUTRON YIELD L3 
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