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ABSTRACT

wImv13510

The progress of the LLL 1aser Fusion Program in our work to
achieve high gain thermonuclear micro-explosions is discussed. Many
experiments have been successfully performed and diagnased using the large
complex, Y0-heam, 30 TW Shiva laser system. A 400 kJ design of tre 20-beam
Nova laser has been completed. The construction of the first phase of this
facility has bequn, The first phase of this Nd doped fluorophosphate laser
will consist of ten beams producing 100 kJ in 1 ns pulses. One beam of the
Argus laser has heen converted fo operation at 537 nm with 10 cm aperture.

[t will soon operate at 355 nm, also at 10 cm apertura, Frequency conversion
crystals are being procured foir full aperture, 728 cm, aperation at either
532 nm ar 255 nm for both Arous beams,

We alsp discuss new diagnostic instruments which provide us with new
and improved resalution, information on laser absorption and scattering,
thermal enerqy flow, uprathermal electrons and their effects, and final fuel
conditions, We have made measurements on the absorption and Brillouin
scattering for target irradiations at hoth 1,064 um and 532 nm. These
measurements confirm the expected increased ahsorption and reduced scattoring
at ihe shorter wavelength, Additional data has heen obtained on the angular
distribution of suprathermal x-rays which further confirms our observation of
its non-isotropy, however, we do not yat have an explanation of the phenomena.

Implosion experiments have been performed which have produced final
fuel densities over the range of 10x to 190x liguid DT density. The 100x
achievement is the highest yet achieved in laser fusion OT fuel targets.

*Work performed under the auspices of the U. S, Department of Energy by the
Lawrence Livermore Laboratory under Contract No, W-7405-Eng-48,
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TNTRODUCTION

The laser program at the Lawrence Livermore Laboratory has made
significant progress towards the goal of achieving high gain fusion
micro-explosions for the ultimate use of producing energy. Due to the small
amount of laser energy that was availahle with our early facilities, Janus and
Cyclops, and also due to the developments required in target fabrication to
produce necessary target structures, our early experimental program

12,3 These

concentrated on a target type which we call an exploding pusher.]
targets were characterized by a thin glass micro-shell filled with deuterium
tritium gas. The sizes necessary far our early experiments were in a range of
50-100 um diameter with a wall thickness of about 0.50-1 ym. With the lasers
available, we were ahle to produce intensities on target of the order of

5 to 1016 N/cmz. Under these conditions the suprathermal electrons,

10!
which are produced hy the resonance absorption process, had ranges large
compared to the target structure. Thus, the energy was deposited essentially
instantanecusly throughout the shell of the giass target. This produced
explnsive decompression of the pusher, hoth inward and outward. The inward
motion of the glass plasma compressed and heated the fusion fuel to densities
of approximately that of liquid deuterium tritium and temperatures ranging
from 0.50 to 10 keV. This type of target is very useful in studying the laser
plasma interaction process, the absorption and propagation of the laser energy
in the target, for studying the production of thermonuclear reactions in laser

irradiated targets and in developing the two-dimensional computer codes which

we use to model the laser fusion targets.
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This tvpe of target cannot produce the high gains that are necessary for
energy production from inertial confinement fusion, High gains will be
achieved hy compressing the fuel nearly isentropically staying as close as

% We still have to get the fuel to

possihle to the Fermi degenerate state.
temperatures on the order of 5 keV for it to ignite and efficiently burn the
fuel, but we must produce compression of the fuel in a more controlled manner
than previously. Thz explosive decompression of the pusher in the exploding
pusher approach produces strong shock heating of the fuel which puts it at a
high entropy level. The approach we are now using, or at least appreaching,
is what we call ablative acceleration of the pusher, In this approach, we
apply the laser energy to the outer surface of the target in such a manner
that it heats the material to the plasma temperatures and produces a smooth
inward push on the target pusher material,

To achieve the desired high gain conditions, we need to have low Z
ahlators for efficient acceleration of the pusher material. High density and
high Z pushers are required both from the point of view of stability of the
compression of the fuel and from the point of view of protection of the inner
portion of the pusher and the fuel from the preheat effects of suprathermal
e1ectrons.5’6

For our early exploding pusher targets, we were ahle to purchase the glass
micro-shells from commercial sources, However, for our high density and high
gain targets, we have an active program to develop the techniques required to
produce multi-layer structures of various materia]s.7

The history of the program in implosion targets and the projections for

the future are shown in Figure 1. Here we plot the DT ion temperature in keV



and the quality of inertial confinement in nt~ cm'3s. The history of the

exploding pushers is shown by the lower path which begins with Janus T at
0.2 TW 1n 1974, 1In 1976 on Janus, we made our first attempts at achieving
higher densities with targets operating in a more ablative pusher mode. In
1978, the majority of the Arqus experiments were devoted to the attempts to
achieve higher densities, The Shiva campaign, with 8 kJ available in 1979,
achieved a final fuel density of 100x DT liquid density. In 1980, with
improvements in target fabrication and the full energy ability of the Shiva
system, we hons to approzch 1000x DT liquid density. The Nova lacer will be
required to achieve ignition and scientific breakeven. Reactor targets with
gains greater than 100 are projected to require between 1 and 5 MJ of input
laser energy.

In this paper, we will discuss our developments in facilities, diagnostics
and interaction physics and our implosion experiments. In 1979, it became
apparent that shorter wavelength lasers would be important in the future, and
that interaction physics problems would be significantly alleviated by using

wavelengths shorter than 1 um, We had planned to do experiments at 532 nm on

Janus, but the priority never became high enough for us to implement that plan,

The developments of the krypton fluoride Taser and the xenon chloride

laser as possible fusion driver candidates made it imperative to get data on

the scaling of the laser plasma interaction at shorter wave]engths.s’g‘]0

Therefore, we used an available frequency doubling crystal with the south arm
of Argus to provide us with a capability of performing interaction experiments

11

at 532 nm.”" We also purchased additional crystals so that we could

frequency triple the output of Argus for experiments at 355 nm., Experiments
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with the frequency doubled Nd glass lasers at Garching,12 Ecole

14

Po]ytechnique,13 Rutherford Lahoratories = and at Liverrnore,15 all

indicate that the absorption of the laser 1ight {s improved and, as expected,

the production of suprathermal electrons scales as 122,613

thus,
reducing the problems with the suprathermal electrons. Brillouin scattering
still occurs, however, its effects are also alleviated at the shorter
wavelengths,

Our program to design and build the Nova laser fusion facih‘ty17 is
continuing, however, there has been one major modification in the plans in the
past year, Based on the recommendation of the Foster Committee which reviewed
the Tnertial Fusion program, the Nova program is now defined in two phases,
That is, the first phase of the Nova laser will he constructed as a ten-beam
faci1ity,18 and the second phase will replace the Shiva laser with an
additional ten Nova beam lines to bring the facility to the total of twenty
beams and approximately 300 kJ output. The facility is baing designed in such
a way to allow the options to frequency convert Nova to 527 nm or to the blue

19 The decision concerning the frequency conversion of thc Nova

at 351 nm,
beams will be based on additional information that we gather ir the next yeer
on the scaling of the interaction physics and the feasibility of implementing
segmented crystal arrays while still achieving at least 50% conversion of the
Taser 1 um laser radiation to the shorter wavelengths, The present
indications are that the improvement in the interaction physics and energy
flow in the laser fusion targets for the shorter wavelength is worth the

reduction in output energy of a factor of 2. The present Phase I Nova design

will produce a minimum of 90 &J at 1 ns and 110 kJ at 3 ns,



Our Diagnostics Development program has produced a number of important new
instruments for use with longer pulse Tengths appropriate to the ablatively
driven targets. Because of the corresponding increase in the extent of the
underdense plasma Raman scattering has hecome an important consideration.20
Therefore, on Shiva we ave implementing a Raman Spectrometer21 which will
allow us to diagnose the extent of the Raman scattering and also use the data
as another indication of plasma temperature.

In understanding the energy flow in the laser targets, one of the most
imporiant features is the Tow evergy x-ray emission from the thermal plasma.
As a result, on “hiva we have implemented two new time resolved Tow energy
x-ray spectrometers: one of them utilizing our x-ray streak camera
technology22 which has a time resolution of 15 psec and the other utilizing

3

windowless x-ray diodes” and fast pscilloscopes providing a time resolution

of about 150 psec.
Arother diagnostic which will be extremely important during the coming
year is that of using an auxiliary x-ray source produced by one or more of the

Shiva laser beams as a radiographic source for examining the dynamics and

? . . . .
symmetry‘5 of the pusher in our laser fusion targets. Shiva will soon have

synchrnnous nscillators, one which can be used to provide the target

irradiation pulse and the other which can he used with one or more of Shiva's

arms to produce the x-ray backlighter sgurce with an fndependent pulse length.
A Wolter microscope has been fahricated with a spatial resolution better

26,27

than 2 im, Tt will be used to image the x-rays from the hacklighting

source as they pass through the laser fusion target. Film or a CCD array will
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he used to record the image in the flash radiographic mode, ar.d one of our
x-ray streak cameras will be used to record the time history of the x-rays
passing through the pusher when we are sxamining the pusher time history,

We have also implemented two methods of examining the effects of the
suprathermal electrons, The first is an improvement of the optical
p_vmmeter28 which was utilized in Argus experiments last year, In addition,
we have provided ¢rystal spectrometers to look at fluorescent x-rays from the
deposition of suprathermal electrons in pusher materials,

Finally, we have made some additional progress in our radiochemistry
nuclear activation program.m’?g’ao'31 The detector system that we use to
examine the activation of the target materials is basically the same as the
one which we implemented last year.32 However, we have now identified

additional materia1524’33

which will give us important information both on
the pusher areal density and the fuel areal density. The develgpments here
are primarily in our target fabrication program in which we have been able to
coat glass micro-shells with copper which will be used to obtain more
information about the pusher material at burn time. We have also identified
bromine as an extremely useful material with which to seed the fuel and thus
determine fuel pR at burn fime,

In our Interaction Physics program, we have obtained important information
on the absorption of the laser 1light, and on the Brillouin and Raman

i we have continued to measure the

24,35

scattering, both at 1 um and at 532 nm,3
angular distribution of the suprathermal x-rays and have obtained
additional information on this phenomencn. Measurements on the thermal x-ray

emission from disk targets36 has provided additional information about the

energy flow in the laser targets.



Finally, we discuss the diagnostic information and calculations un our 10

liquid density experiments.24’37’38 The diagnostics of these particular

experiments are very extensive, the density huving been determined hy three

3 of these

independent techniques. The measurements and calculations
experiments give us further confidence in the results which we obtained on our

1060x Tiquid density experiments.
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SECTION IT - FACILITIES

%0 which has been used extensively in the last year is

The Shiva system
our first departure from a two-beam illumination system. The twenty beams of
Shiva provide interesting options for illumination geometries, hut of course
the number increases the complexity of setting ug the Shiva beam positions
with respect to the target. On the right hand side of Figure 2 we show the
twenty Shiva beams arrayed onto a spherical target. In a natural illuminition
pattern, the inner and outer pentagonal arrays of the Shiva beams are arranged
so that the polarization vectors effectively generate a radial polarization of
the cluster of ten beams. Of course, by individually pointing each one of the
beams any irradiation pattern can be achieved within the constraints of the
Tens' positions.

In the upper left of the figure is shown a polar grid which represents the
hemisphere presented to each of the two opposing clusters of the Shiva beams.
In the setup of an experiment, the experimental physicist can utilize the
Shiva computer system to generate this grid and designate the locations and
sizes of each of the beams on the target.A]

The Tower left portion of Figure 2 shows a Shiva computer system generated
display of the intensity distribution for a 20-beam 10x target irradiation.
The computer system allows the physicist to specify the location of the
individual beams with respect to the target as illustrated ir the upper ieft,
and produce the plot of intensity distribution on the target as shown in the

Tower ]eft.42



The Arqus Taser system hac been reconfigured to allow us to do experiuments
at twice the fundamental output frequency, {Z(uL) 532 rn, and in 1980 it
will he configured to do experiments at three times output frequsncy, (?:nL)

1 The conversion of Argus in 1979-1980 will be at 10 c¢m output

355 nm,
aperture. The primery reason for this limitation of the aperture was the
previous procurement of optics for the conversion of Jans which has an
aperture of 8.5 cm. In 981, we plan to conver: the full 28 cm output
aperture of Argus to either 2 B or 3 w . The decision on which

wavelength will be made hased on experiments performed in 198C. The primary
goal of the nxperiments at 2 w and 1 ware to confirm and understand the
coupling physics at wavelengths shorter than 1 ,m whick will affect the Nova
laser fusion facility and the advanced laser driver program.

The south arm of Arqus is down telescoped frum 28 cm to the 10 cm aperture
of the doubling crystal. * type TT KDP doubling crystal is used as shown in
Figure 3. The converted heam passes through a beam dump which rejects the
unconverted w beam, The ? . heam 15 directed intn ke target chamber
and is focused rato the target with an /2.2 Tens. Another f/2.2 lens i3
utilized for transmitted beam diagnostics. The incident heam, as in all wur
experiments, is diagnosed with a near field camera, an equivalent target plane
camera, a calorimeter and a streak camera, The emergy not absorbed by the
target and rot passed into the transmitted beam diagnostics or reflected baik
into the backreflected beam diarmostics is collected by one of our standard
box calorim:ters. In this way we are able to account for all of the laser

enercy which is not absorbed by the target and thus produce an accurate

determination of that emergy which is absorbed by the target. The light
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coming back through the focusing lens is partially transmitted through the
final turning mirror and is diagnosed by the backreflected beam diagnostics
system which consists of a calarimeter, an optical svectrometer, an optical
streak camera and two-dimensional time in.egrated imaging.

The 2 W conversion of Arqus began operation in December and has been
producing data for the Interactions Experiments program since that time. The
3 W conversion will take place in June of 1980, In addition, we will
examine the operational feasibility of multi-element crystal arrays for large
aperture conversion of the laser frequency.43 A 10 cm aperture four-element
array is being fabricated and will be tested early in 1980. This unit will
help determine the feasibility of multi-element arrays for operation at the
28 cm apertu-e of Arqus which is plarned to be implemented in 1981, and the
feasibility of multi-eTement arrays for Nova at 74 cm aperture. 15 cm
aperture single ciystals are presently available which could be used for the
28 cm aperture fmplementation of Argus, and it is expected that larger
aperture crystals can be grown so that, possibly, four-element arrays could be
utilized with Nova.

The staging of the Nova laser has been specified in 1979. The Foster
Cornmittee,44 which was charged with reviewing the status and future of the
Inertial Confinement Fusion program in the United States, recommended to the
Department of Energy that Nova proceed in two phases. The first phase is to
consist of half of the total system at a total cost of $136 million. Nova
Phase I will occupy the new Nova building which is presently under
construction and is connected to the Shiva building. It has been determined

that fluorophosphate glass is the best candidate for the Nova output
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amplifiers.ls The reduced non~linear index of refraction aliows higher peak
power performance than could be obtained with silicate glass, and the high
saturation flyence produces the most energy for pulse lengths greater than

T ns. A decision which has sti11 not been made is whether or not to use
fluorophosphate or simple phosphate glass in the smaller diameter amplifiers
far the Nova system,

Figure 4 shows the staging of the Nova system. Ten beams of the Nova
system will be implementad in Nova Phase 1. The system will utilize Shiva
hardware up through the 14,5 cm disk amplifiers. However, of course the glass
will La changed from silicate o either phosphate or fluorophosphate glass,
The 20,8 cm, 31.5 cm and 45 cm disk amplifiers will be of the new high
efficiency, so called "box amplifier® design.’® The 20.8 cm and the 31.5 cn
aperture disk amplifiers will utilize longitudinal flash lamp configurations
whereas the 36 cm aperture disk amplifier will utilize a transverse flash lamp
configuration. Figure 4 shows four of the 31.5 cm aperture amplifiers and
three 26 cm amplifiers, Two additional amplifiers of both apertures aro shown
dashed in the figure, These amplifiers can be added in the future to increase
the laser output if more money is available and higher damage threshold
coatings are developed so that the higher fluence levels can be used, The
Nova system utilizes disk amplifiers, Faraday rotation isolation stages and
spatial filter image relay systems.4ﬁ The hard aperture at the beginning of
each one of the amplifier chains is imaged through the Taser system to the
input of each succeeding spatial filter lens and from the final autput spatial

filter to the target focusing lens. The use of this image relaying concept
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has proved essential in the operation of hoth Argus and Shiva and is a
fundameatal concept which must be utilized in any high power laser systam for
either fusion experiments or for a power reactor.

Figure 5 shows the energy and power capability of the present Nova design
based on two assumptions with respect to damage thresholds of bulk and
anti-reflection coated surfaces. The lewer limit presented, the so called "A"
fluence 1imit, is based on current median damage thresholds which are achieved
in our present systems. At 1 ns this corresponds to damage thresholds of
5 J/cm2 on anti-reflection coatings and 16 J/cmz for bulk damage., The "B"
fluence limit corresponds to the damage thresholds for best of today's
available surfaces, At 1 ns on anti-reflection surfaces this correspor s to 8
J/cm2 and for bulk damage 19 J/cmz. Thus, at 1 ns based on these existing
levels and projections the Nova system would produce between 86 and 100 kJ.

At 3 ns the range would be from 107-131 kd for Phase I of Nova.

Because of the high payoff in terms of system capability for higher damage
Timit surfaces, our Solid State Laser program is conducting =n intensive
program to understand the phenomena which lead to damage of uptical surfaces
and to improve the damage resistance of the surfaces. 1In a number of cases,
we have already seen an improvement of the anti-reflection coating damage
thresheld at 1 ns to greater than 12 J/cmz. If these improvaments can be
jmplemented on a production basis, there is a possibilitv that the output of
the Nova system could be increasea by as much as 50% over the "B" fluence
level, These improvements, of course, would also require the addition of the
anplifiers shown in Figure 4, The full Nova system, or Phase Il of Nova, then

has the potential of being able tv produce as much as 400 kJ in a 3 ns pulse.
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The Nova Phase 1 irradiation configuration is still being defined,
However, it has been decided that there will be two clusters of five beams
from each side. The enclosed cone angle of the pentagonal arrays is still to
he determined. The present Nova building configuration allows this angle to
be varied from 80-110°.

Figure 6 shows an artist's conception of the Nova Phase I target ciamber
with the pentagaral heam clusters arranged in the 110° included angle
configuration. Tae focusing lenses are f/3. In the 110° included angle
configuratinn, the focusing on a spherical target is equivalent to a
twelve-beam dodecahedral irradiation system,

In Figure 7, we show the intensity pattern which would be produced on a

spherical target in this configuration,
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SECTION TT1 - DIAGNOSTICS

In the present organization of the Fusion Experiments program, the major
responsibility for fielding and planning the experiments is witk the
Experiments group. The Laser Fusion Biagno:ztics group has the primary
responsibitity for x-ray and particle diagnostics. The Experiments group
still maintains the expertise and fielding of optical diagnostics, Also, we
have the Diagnostics Development group which is responsible for the Tong term
development of new diagnostics instruments and technologies for our fusion
experiments. In this section, T discuss contributions from all three of the
ahove mentioned groups.

In the Jast vear we have become much more interested in the question of
Raman scattering from our laser fusion targets,20 both from the point of
view of providing additional diagnostic information on the plasma temperature,
but also with respect to the energy balance in terms of the energy coupled to
the laser target.

The obyious signature of Raman scattering is the 2 AL light
backscattered from the laser target. This presents a part'zularly interesting
challenge since this light is at 2 um. Detectors certainly exist for this
wavelength range, but they are beyond the range that we normally operate in
with our 1 pm Tlasers.

In Figure 8 we show the optical configuration which will be used with
Shiva to collect ? ym scattered Tight from the Taser target, an infrasil
vacuum window with appropriate filters and 1 um blocking filter will be

mounted on the target chamber. An aluminum mirror will direct a portion of
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this 1ight to an ellipsoidal focusing mirror which will focus the light onto a
1 mm diameter u'tra high purity quartz single optical cahle. This cable will
conduct the Raman scattered light to the Raman spectrometer shown in

Figure 9, The light from the cable wil) be incident on a parahelic mirror
which directs the 1ight to 300 Tines/mm grating which is blazed for ? um, The
spectrally dispersed light from the grating is then focuseu with a parabolic
mivror onte the 35-element array indium arsenide detectors which are cooled to

O, This system will then atlow us to maka spectral measurements of the

77
Raman scattered 1ight from the target.21 The spectrum will provide

additional information abnut the plasma temperature and the interaction
processes.

In urderstanding the energy flow in our fusion targets, ome of the most
important emissions which can be diagnosed is the thermal x-ray emission from
the target. Typical temperatures at the ablat on surface where most of the
x-ray energy is emitted are in the range of several hundred eV to 1 keV.

Thus, it is extremely important to be able to measure the sub keV x-ray
emission fron. the iaser irradiated targets. OQur first approach to making
these measirements vis to use crystal spectrographs. Previously, we have
reported on lead sterate and lead mirastate crystal spectrometers and the data
which we have obtainad from them. However, this data was time integrated, and
as we have shown so many times, time resolved information is much more usefuyl
and Tess ambiguous for understanding processes occurring in the targets. Last
year, we reported on our ten-channel Dante spectrometer which utilizes
windowless x-ray diodes and filters. The diodes are f.:t respense detectors

which when coupled o fast oscilloscopes and provide temporal resolition of
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the order of 100-500 psec. The difficulty with this system is that for
spectra whi  neak at several hundred volts, the spectral definition below
that peak is very poor. To alleviate this problem, on Shiva we have
inpiemented a five-channel mirror Dante arrangement23 as shown in
Figure 10. The addition of a critical angle reflection mirror eliminates the
unwanted response of the detectar system above the L or K-edge of the filter.

A typical mirror Dante channel is shown in Figure 1). The glass shield
protects the calibrated prefilter, the x-rays after passing through the
collimator, the debris shield and the filter reflect at a grazing incidence
angle from a carbon or beryllium mirror. The reflected x-rays then contain
only energy below the ¢ritical angle reflection of the mirror, these x-rays
are then incident on the windowless x-ray diode. Two versions of the detector
have been used: one which has a temporal response of several hundred psec,
and another which has a temporal response of 50 psec. 1In combination with the
Thompson CSF-TSN 660 oscilloscope, the 50 psec detector47 produces a channel
with a temporal response of approximately 100 psec. The spectral responses of
the five-channel mirror Dante sysiem cn Shiva are shown in Fiqure 12, As
indicated in this figure, the utilization of this system will allow us to
define the spectral distribution of the x-ray emission from the target in the
range of 100 eV to 800 eV.

We have also implemented our streak camera with a very thin carbon windcw
and either Ru or Csl for the cathodes. This system is operated in a
differentially pumped mode so tha* the thin carbon window is never exposed to
atmospheric pressure, The use of this cathode substrate allows us to extend
the operation of our streak cameras down to 200 eV, Last year we operated one

of these systems in a three-channel configuration on Argus. However, the
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problem that existed at time was that we had not been able to provide an
ahsolute intensity calibration te the system. The system which is now mounted
on Shiva22 has been absolutely calibrated using the Monojoule Laser Facility
to produce the x-ray source and utinj our Dante detectors to absolutely
measurs the x-rays from the target while simultaneously making the mrasurement
with the soft x-ray streak camera.48 This has allowed us to provide an
absolute calibration of the soft x-ray streak camera spectrometer which is
shown schematically in Figure 13. The system as mounted on Shiva utiiizes a
pinhole for spatial discrimination, critical angle reflection mirrors for high
energy spectral discrimination, and a filter pack to provide seven channels of
Tow energy x-ray spectral information. A direct thru-channel will provide
crrelation of the thermal x-ray:c with respect to the suprathermal x-rays,

The channel response functions are shown in Figure 14. As is indicated, we
get channel responses from approximately Z00 eV to 900 eV, This system has
also been implemented utilizing a CCO array to record the time dependent
information in a digital format.49 As with our other x-ray streak cameras,
the temporal resolution of this system is 15 psec.

The combination of the Dante instruments with a soft x-ray streak camera
provides us critical instrumentation with which to make vital measurements on
the energy flow in our laser fusion targets.

Most of the measurements that we make on cur laser fusion targets are made
with either self-emission from the target or scattering from the target, A
notable exception to this has been the use of an auxiliary probe beam at
4 W to measure Faraday rotation of the prove in tha target plasma or to

produce holographic interferograms of the plasma density distribution.50
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An extension of this concept i to use an auxiliary x-ray source to probe
the target structure, For szveral years we have been developing methods to
effectively utilize the concept of x-ray bacnghting.24 The first
requirement is that an auxiliary x-ray source have sufficient intensity and
short enough wavelength to effectively probe the target structure., Basically,
the concept can be used in two ways: one in which a pulse long compared to
the target dynamics is utilized and a time resolved recording technique is
used to provide temporal information; the second is to provide a means of
producing a flash x-ray source which is short compared to the time motion of
the target and thus record a flash radiograph of the target structure. To
utilize this process we must provide the auxiliary x-ray source, x-ray optics
with sufficient collection capability and resolution to be of use and the
means of recording the information.

Our X-ray Diagnostics program has been working on each of these problems
along with our Solid State Laser program which has addressed the issue of
providing a separate time controlled pulse with which to generate the
auxiliary x-ray source. We now have available synchronous oscil]ator551 50
that we can generate either a long pulse separate from the irradiation pulse
to provide a x-ray backlighting source throughout the target implosion history
or to provide an extremely short, say less than 15 psec, synchronous
coordinated pulse52 to provide a flash x-radiography capability. We have
already utilized Fresnel zone plates in the coded imaging mode to record high
resolution, ~1 ym, x-ray images and we are continuing to develop Fresnei zone

53

plate structures as x-ray imaging elements. In addition, we are

developing artificial ¢rystal structyres as efficient x-ray reflecting
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e1ements.54 On the Shiva system we are installing a 22x magnification
Wolter x-ray microscope which has a demonstrated resglution of less than

2 um.27 The implementation of this system is shown in Figure 15, Its first
intended use will be in resolving pusher dynamics where the recording
instrument is one of our soft x-ray streak cameras. 1In this impiementation,
the backlighting source will be a Tong duration source with the tima
resolution being provided by our 15 psec x-ray streak camera. The x-ray
streak camera has a resolutign of 100 wm in the film plane, thus, with the
magnification of 22 provided by the microscope we obtain a system resolution
of 4 m.

As mentioned previously, the source is as important as the recording
element and the imaging element. In Figure 16 we show the results of a series
of experiments to determine the feasibility of various materials as x-ray
emitters to produce the backlighting source.55 Titanium, nickel and zinc
targets were irradiated at intensities from 3 x 10]5 W/cm2 to 3 x
10]6 W/cm2. What has been shown is that we can ohtain a significant
fractinn of the laser energy in intense helium-1ike x-rays from these
targets. As shown in the figure, we are ahle to convert almost Q,1% of the
laser energy into the helium-Tike x-ray lines which will be very useful as
backlighting scurces for our laser fusion targets,

Another area of significant interest is the question of the number and
distribution of supralhermal electrons produced in our laser fusion targets.
There is not only the question of the number and the distribution, but also

hcw they affect the preheating of the materials in our targets. In Figure 17

nENE DL
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2 yhich is similar to

we show implementation of the Shiva optical pyrometer
that used on Argus in 1979, The basic concept is that as materials are
preheated by suprathermal electrons, they emit optical radiation which can be
recorded, Typically, we expect to have to restrict the preheat temperatures
to the order of 1 eV for the pusher and fuel materials in our high density,
high gain targets. At these temperatures, the targets are emitting optical
radiation which can be detected and recorded by our optical streak cameras.

Figure 17 shows the Shiva optica) pyrometer for the detection and
recording of preheat signals in pusher materials, The preheat emission from
the target is collected and directed to the pyrometer where the beam emitted
by the target is split into two channels, filtered to produce two different
bands of wavelength beams and f.cused onto the s1it at one of our $-20
photocathode streak cameras. An optical fiducial is produced by taking a
portion of the laser beam and converting it to 2 W and also putting this
signal on the slit of the streak camera.

In 1979 a similar system on Arqus was used to record preheat signals on

% We will spon

various disk materials irradiated by the Argus laser system.
be using the Shiva system to obtain the same type of information which will
provide significant understanding on the effects of these suprathermal
electrons in producing preheat in our targets,

Another approach to understanding the effects of the suprathermal
electrons is to utilize Ky line x-ray emission from rold materials in
structured targets. Figure 18 shows conceptually the use of composite targets

to study the number and energy distribution of high energy electrons. We will

be using this technique with crystal spectrometers to examine the ef<ects of



- 2?1 -

suprathermal electrons on laser irradiated targets. In the future, we also
plan to implement crystal spectrometers with our x-ray streak camera as the
recording instrument. This will then provide time resolution on the preﬂgat
signal as well. The optical pyrometer and the Ka x-ray spectromster sysfem
will provide significant new information about the effects of supratherma)
electrons.

Tn 1979 we utilized neutron activation of the silicon {n our glass pushers
as a diagnostic of the area) density of our implosion targets. Through simple
mode1524’57 or LASNEX calcu?ations,qq we were then able to relate the
areal density measurements of the pusher to the fuel density, We have since
identified a number of interesting candidate materials for further diagnosis
of areal density of pushers, and aven more importantly the areal density of
the fue],33

Tahle 1 shows the parameters of interest for three materials for our
targets. Silicon and copper are materials which can be utilized in the
pusher. Bromine is an extremely attractive material which could be added tc
the fuel to measure the zrea) density of the fuel. Silicon occu=s naturally
in our glass micro-shells. As indicated in the table, a nAR x yield product
of 2 x 104 is sufficient to make a pusher areal density measurement using
the silicon, The interpretation of fuel density from the pusher areal density
measurement is model deperdent. It would be very useful to be able to make
the ofR measurement of the pusher over several AR regions. Copper with its
high cross section for activation by 14 meV neutrens is a very interesting

candidate to augment the $i measurement. As shown in the tabie, a oAR x yield
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product for the copper requires a value of 1.5 x 104, thus, it is in the
same range as measurements we have already made with our glass pushers, OQur
Target Fabrication group has recently demonstrated the capability of coating
glass micro-shells with copper58 with a uniformity and smoothness that is
appropriate to our 10-100x targets. This capability will make possible
simultaneoys pAR{Si) and pAR(Cu) measurements.

However, our primary requirement is to make a direct areal density
measurement of the fuel so that questions of modeling 21ther from simple
considerations or LASNEX are not involved in the interpretation. We have
identified that bromine is a highly desirable candidate as a seed material in

3 It has an activated component from

the fuel for this kind of measurement,
the 14 meV neutrons which has an attractive half 1ife, a very high cross
section for activation and appears to be one of the most attractive
posssibilities for a neutron activation measurement of fu=l areal density.
The value of dRPT, where PT is the partial pressure, required to make the
measurement is 3 X 104. Recently, our Target Fabrication group has
demonstrated that they can produce glass micro-shells apprapriate to our 10x
target achievements with a pressure of 0.4 atm of bromine in the glass

" This then translates to a yield requirement of 7 x 107

micro-shell,
neutrons which is less than the yields achieved in our 10x targets. The glass
micro-shells which have been produced with this 0.4 atm of bromine are now
being filled with deuterium tritium. Thus, experiments on the direct fuel oR
measurements will he possible in the near future.

To measure the areal density of the fuel in 100x targets will require a

yield of approximately 107. This is beyond the yield presently achieved,

but maybe within reach of experiments later in 1980,
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Both 62Cu and 788r are positron emitters. The same detector system
which was used for the activated aluminum counting from the silicon pushers
will be utilized for the copper and the bromine detection. Figure 19 shows
the positron detection 5cherne.33 The copper or the bromine emits a positron
which wiil be collected and detected by the beta fluor. The positron then
anihilates and produces two 511 keV gamma rays which will be detected in the
Nal gamma detector. The overall detection efficiency for our well counter
wiil be 54% of copper and 51% of the bromine,

We have continued to develop many new instruments and capabilities, Those
discussed here are considered to be very important, but they do not represent

a comprehensive discussion of our diagnostics development efforts over the

last vear.
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SECTION IV - LASER PLASMA INTERACTION EXPERIMENTS

Over the last year there has been a re-intensification of interest in both
Tower intensity targel irradiations at 107 to 10 N/cm2 and longer
pulses than had been used in early target irradiations associated with
exploding pusher targets. Also laser plasma interaction data with the shorter
wavelengths which are produced by rare gas halide T2<ers has become essential
to future program planning.

Data for neodymium glass lasers at severa! namoseconds obtained at
Livermore,lq the Nava) Research Laboratory,so and at the Ecole
Po]ytechnique,13 have shown that absorptions of 60-80% can be obtained on
Tow Z targets. Some of this data is shown in Figure 20, On high 7 elements
at pulses of the order of a nanosecond, Livermore has demonstrated that
absorptions of 50% of the incident taser energy are possible. Recent Argus
experiments at 600 psec with frequencv doubled neodymium laser light have
demonstrated absorptions of approximately 80%. Experiments at Ecole
Polytechnique with frequencv quadrupled neodymium laser irradiation, also at
intensities of 10]4 N/cmz, have demonstrated absorptions of as high as
90%., However, this data has been obtained at pulse lengths of 60 psec.
Althoi'gh much data still remains to be obtained to complete our understanding
of absorption phenomena as a function of laser intensity and pulse length and
laser wavelength, the trend is certainly clear that for intensities of the
order of or below 10]4 H/cmz, puise Tengths of the order of several
nanoseconds and wavelengths < 0.5 ym promise to deliver target absorption in

a range of 70-90%.
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These optimistic absorption numbers certainly reduce the laser enerqy
required to produce the necessary high gain fusion micro-explosions required
for reactor applications. To examine the effects of Brillouin and Raman
scattering and transport of energy, we have faund it very useful to perform
target irradiation at several angles of incidence. The Arqus 2 w_program
involves target irradiation at 600 psec for both low and high Z materials; we
have used CH and Au, irradiated in P polarization at 00, 300, 45° and
60° angle of incidence with respect to the target normal, The absorption
results are shown in Fiqure 21. As previously noted, the irradiations at

u N/cmz and normal incidence have produced an ahsorption of 80%.

? x 10
This result is basically unaffected by rotation of the target hy 30°.
Targets irradiated at 1 um under similar conditions produced absorptions of
about 50%.

Fiqure 22 shows data previously recorded on the spectrum of the light
backref lected through the focusing lens on Argus for irradiations at 1 um.
The data are presented for both 3 x 10]4 N/cm2 and 3 x 1015 N/cmz.
Previously, this data has been interpreted as definite evidence of Brillouin
scattering being the primary mechanism for the reflaction of the laser light
from the target. In addition, if we make the assumption that the plasma
dynamics is not significantly affected by the tilt of the target, then one can
separate the Doppler shift of the backreflected light due to the outward
motion of the underdense plasma and the Brillouin shift, At the lower
intensity of 3 x 10" w/cm2 this then leads to an interpretation of the
data which implies a plasma corona temperature of 5+ 3 keV. At the higher

intensity of 3 x 10]5 w/cmz, the increased Brillouin shift implies a

corona temperature of 20+ 10 keV.
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The Argus data for the 532 nm target irradiations on gold dicks at
20X 10]4 H/cm2 i$ shown in Figure 23.15 The backreflected spectrum is
shown for normal incidence 45° and 657 tilt targets. The spectra again
are all red shifted indicating that the mechanism for the backreflection of
the incident laser irradiation is Brillouin scattering., We also irradiated CH
disks at 3 x 10M H/cm2 with our frequency doubled output of the Argus
laser. The data for the spectrum backreflected through the focusing Tens for
these targets at normal incidence and 45° tilt are also shown in Figure 23.
Now although we still have a significant component in the spectrum shifted
to the red indicating Brillouin scattering, we also have a significant portion
of this spectrum blue shifted indicating a higher outward velocity of the
plasma in these low I target irradiations. It is probably clear that the
plasma conditions obtained at the different tilt angles are in actuality
different. However, if we make the simple assumption that the plasma
conditions are the same for various tilt angles as those obtained at normal
incidence, then we can find the Mach number and the plasma electron
temperature where the Brillouin scattering is occurring., Clearly these must
be very average numbers, but they do provide interesting insights into the
plasma physics phenomena. If we utilize the data at normal incidence and
600, we imply a plasma velocity of 2.9 x 107 cm/s with a Mach number of
0.79 and 2 plasma temperature of 5.5 keV. If we utilize the data at normal
incidence and 45°, then we imply milder conditions; that is, a plasma
velocity of 1.8 x 107 em/s with a Mach number of 0.69 and a electron plasma

temperature of 2.8 keV, The variability of these results indicates that
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Brillouin scattering is occurring over a wide rarge of densities, that there

is not an invariance of the plasma conditions as we change the incidence angle

over a wide range, and that the plasma physics phenomena are quite complicated.

Over the past year, wiii. che realization of the growing importance of
Brilluoin scattering at 'ong pulse lengths and large target sizes, we have
also come to appreciate the possibility of significant Raman scattering of the
incident laser beam, Brillouin scattering is tha reflection of the incident
laser Tight from ion plasma waves, Raman _~attering is the reflection of the
incident laser 1ight from electron plasma waves. Raman scattering does not
appear to ke as important as Brillouin scattering at low densities in the
plasma corona, however, at the quarter critical density for the incident laser
wavelength, Ncr/4, Raman and the two plasmon decay instability can become very
strong.20 If there is significant plasma in ihe region of Ner/d, it is
possible that the Raman scattering could play a significant role in the energy
balance of Taser fusion targets. Tn addition, it can play a diagnostic role
in determining the plasma temperature in the region where the Raman scattering
is effective. Raman scattering cannot occur at densities significantly
greater than Ncr/4 because the scattered Tight wave is imaginary. However,
there is a small increase in the wavelangth beyond 2 N which pravides a
temperature diagnostic for the plasma at Ncr/4. The cutoff freque:..y for the

Raman scattered Tight is given by the following equation:

0.5 - R VA
W/ max T\ =7
mc

[

Y



- 78 -

As indicated by the equation, the maximum frequency is reduced from the
half frequency point by the plasma temperature. Thus, the maximum wavelength
observed in Raman scattering is increased as a function of the plasm: electron
temperature, As mentioned in the diagnostic section of this report, we have
developed a Raman spectromete: to allow us to measure the spectrum of the
Raman scattered light on a single experiment. As a demonstration of the
importance and usefulness of measuring the Raman scattered light, we
implemented a sinele detector with band pass filters to measure a portion of
the Raman scattered light on individual experiments.

Figure 24 shows data obtained on a series of experiments where we have
varied the 7 of the material in an attempt co measure the x-ray emission loss
from various Z targets., Fiqure 24 shows the composite Raman spectrum
representative of three different 7 targets, The data indeed does show that

wavelengths greater than 2 A are produced in the scattering process. These

L
?

experiments were conducted at intensities 3 x 10]4 W/cm™ and, therefore, a

small amount of Raman scattered light is anticipated.

16 and

Figure 25 shows data for much higher intensities, 10
1017 H/cmz, which show orders of magnitude increase in the Raman scattered
light. A series of Argus experiments were also done at pulse lengths of
approximately 100 psec to examine the inhibition of energy transport into
structured disk targets, The data shown in Figure 26 was also obtained for
this series and again shows rather minimal levels of Raman scattered light.

It does, however, again demonstrate that the cutoff waveiength is greater than

2 AL' These data convince us that on upcoming Shiva experiments we will

obtain additional information on the plasma electron temperature.
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We have continued to study the production of suprathermal electrons via
our high energy x-ray diagnostics. In code calculations of the produ.*ion of
the high energy x-rays, it is assumed that the high energy electrons are
produced isotropically. If this assumption is correct, the production of high
energv x-rays from a laser fusion target would be isotropic except for the
effects of sel¢-absorption by the target material. As shown in references 24
and 35, anaular distribution of the high energy x-rays from a target has heen
demonsirated to be not isotropic. These measurements wera made with a
detectar filtered with a copper fi..er, thus, producing response ahove
R0 keV. These measurements have subsequently been confirmed and they continue
to show variations in the polar angular emission of the x-rays from laser
irradiated targets.

Figure 27 shows the polar distribution of x-rays emitted by gold disk
targets irradiagted with single beam illuminatiors of the Shiva system. The
intensities on target were typically 2 x 3015 w/cm2. The polar angle
shown in Fiqure 27 is measured with respect to vertical. The shots labeled
beam 13, 1) and 17 were taken with the single beam shots using the upper beams
of Shiva, The data designated beam 3 was taken using the beam diametrically
opposed to beam 13, thus, from the lower side of the disk. 1In all cases the
target was placed in the center of the target chamber and normal to the
centerline of the Shiva beam clusters. The dala for beams in the upper
cluster produce a higher peak emission on the upper side of the disk than on

the lower side of the disk. The opposite is true for the jrradiation with
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beam 3 where the Tower side of the disk producas a kigher peak emission than
the upper side of the disk. However, the difference between the peak emission
on the upper side and the lower side is not as large as those cases for
irradiation of the disk with one of the upper beams.

As described in References 24 and 35, the data presented in Figure 27 has
been obtained utitizing filtered x-ray diodes. The deficiency of this
approach is that it provides a small finite number of data points in the
angular distribution. To alleviate this deficiency, we have built a
cylindrical film holder which is positioned around the target, The axis of
the film cylinder is aligned with the Shiva beam clusters centerline. Thus,
the 30.5 cm long 22.9 cm diameter film cylinder does not interfere with the
target irradiation and produces the maximm spatial coverage. This will allow
us to examine more completely the uniformity of the emission as a function of
bath the polar and azimuthal angles. This detection system has not yet been
used on target experiments. However, to determine the proper exposure levels,
we have utilized a plane film pack oriented normal te the target plane,

In Figure 28, we show the illumination orientation of the ten Shiva beams
with respect to the dis: target which produced an average target intensity of
2.8 x 10M w/cmz. A color representation of the x-ray film exposure is
shown in the center of the figure again clearly demonstrating the non-uniform
polar distribution of the high erergv x-ray emission. The data obtained in
this figure was filtered with a copper filter again producing the primary

response at x-ray energies of 50 keV. The lower polar angles from the disk
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exhibit significantly decreased emission, but again denorstrating a peaking of
the emission away from the target surface. The reason for the polar
non-uniformity of the high energy x-ray emission from the disk is still not
explained and remains a subject of intensive investigation in laser plasma
interaction experiments.

In addition to this question of the enerqy and anquiar distribution of
high energy electrons in the Taser fusion targets, we are also significantly
concerned with the transport of thermal energy in targets where with high Z
elements, local thermodynamic equilibrium calculations of the target plasma
indicates that a significant fraction of the absorbed laser energy will be
rediated away as low energy x-rays. As shown previously for high intensities
and short pulse lengths, LTE plasma dynamics does not apply. As we decrease
the incident laser intensity and increase the puise length, non-LTE erfects
should become less important, These effects are shown in Figure 29 where we
plot the radiation loss divided by the absorbed energy and the radiation loss
divided by the incident laser energy as a function of incident laser intensity
and for two pulse Tengths, 1 ns and 2 ns. As predicted by calculations which
appropriately take intn accovnt non-LTE effects, we see an increase in the
radiation loss as we decrease the intensity and also as we incresase the laser
pulse Tength, These measurements also indicate that the plasma dynamics
become more classical as we increase the pulse Tength and decrease the
incident laser intensity on the target. These effects indicate that as the
target scale Tengths increase, it may be possible to calculate target
performance using classical plasma phenomena without invoking inhibited

transport and non-LTE effects,
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Figure 30 presents additional data which are highly suggestive of the
effects of inhibited transport on a series of experiments at average
intensities of 5 x 10]4 N/cm2 with a pulse length of 1 ns FHHM.36 We
utilized one of our Dante channels with the 4 GHz bandwidth oscilloscope to
pbserve the time dependence of the x-ray emission at 0.5 ke¥, The data shown
in Figure 30 show the emission at this x-ray energy as a function of time for
U, Au, Sn, Ti and Be targets irradiated under identical conditions. For the U
target, the x-ray emission appears to represent a Gaussian distribution in
time. For the Au target, it appears that the pulse is approximately Gaussian
except in the region of the temporal peak. For Sn and Ti, the distortion from
a Gaussian pulse is significant with the Ti data showing very clear evidence
of & temporal blocking of the radiation emission. For Be, the effect is so
strong that the FWHM of the x-ray emission is almost a factor of 2 greater
than that of the laser pulse. The effect is also shown in Figure 31 where we
compare the emission from two Au disk targets where we changed the intensity
on target by a factor of almost 7.

At 5 x 1014 N/cm2 as shown previously in Figure 30, there is a change
in the approximately Gauzsian behaviu: of tii x-ray emission near the peak of
the pulse, However, for the targct irradiated at 3 x 10]5 WIcmZ, the
distortion from a Gaussian temporal behavior of the x-ray emission occurs much
earler in time. From this data it appears that as the intensity of the beam
on target continues to increase that there is a blockage of energy flow into

the high density region of the target and thus the emission of the thermal

x-rays. This data has been interpreted as a signature of thermal inhibition,
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SECTION V- IMPLISTON EXPERIMENTS

Much has been made of the difference between exploding pusher, large
entropy change, low density implosion targets and those described as ablative
implosion targets which are designed to achieve high density and high gain.
Before discussing some of our experiments which are moving in the direction of
the Timit of ablative implosion targets, we present examples of the two
classes of implosions as calculated by a one-dimensional hydrodynamic code.

Figure 32 presents the distribution of target material as a function of
radius, the distribution of the laser energy as a function of time, the radius
time history of the target material, and also shows the temperaiure history of
the fuel material. The Taser pulse time history is appropriate to Argus
exploding pusher experiments where the FWHM of the laser driver pulse was
40 psec, The target radus was 40 um with a glass wall thickness of a
0.3 um, A< shown in the R vs t history very early in Gaussian laser pulse,
the glass shell expands outward and as the laser intensity rises the
production of suprathermal electrons, produce energy deposition throughout
the glass shell and inward motion of the glass pusher material. 20 psec
before the peak of the laser pulse, the strong shock wave produced in the DT
gas fuel has already produced a fuel temperature of 80 eV, The glass pusher
by this time is significantly decompressed, Electrons are preheating both the
fuel and the pusher near the peak of the laser pulse and the temperature has
risen to almost 0.5 keV. The shock continues to propagate to the center of

the fuel region, reflects at the origin and at the time of stagnation of the

PRSI
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glass pusher and DT fuel region, the temperature has risen to 8.0 keV. Typcal
Arqus targets had initial fuel densitiss of 2 mg/en>. The compression
illustrated in this figure is —120 leading to a final fuel density of ~1x
Tiquid density of DT,

The reader is now invited to compare Figure 32 to Figure 33, a tutorial
example of an ablative driven implosion which achieves ignition temperatures
of 7.0 keV and final fue) densities of several thousand times that of 1iquid
DT. The target structure as a function of radius is shown in the left portion
of the figure. Low Z Be is used as the high efficiency ablator material to
provide the rocket impulse to efficiently drive the fuel to high density.
Glass and lead glass are used as a graded density pusher material to provide
protection from the suprathermal electrons for both the inner lead glass
pusher and the frozen DT fuel, In addition, the graded density distribution
reduces the tendency for the growth of the Rayleigh-Taylor instability in the
acceleration process of the pusher and the fuel.

The reader should also note the difference in the spatial scale and
temporal scale associated with this ablative implosion as compared to that
previously presented in the exploding pusher driven implosion, The major
differences are that in the previous figure we showed a laser pulse FWHM of
40 psec whereas this target is driven by a laser pulse which extends over
11 ns and the inner fuel radius has increased from 4G pm to 600 um. Both the
shaping of the laser pulse illustrated in the figure and the target structure

are used to provide the pressure time history on the fuel and the low level of
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preheat of the fuel, bath of which allow the fuel to achieve the high density
condition necessary for high gain fusion micro-explosions. The temperatures
Tisted in the figure refer to those at the inner edge of the fuel during the
implosion process. It is important to note that during the early time
history, the fuel has only achieved a temperature of 8.0 eV. The temperature
during the later stages of the implosion then rises rapidly during the Tast

1 ns from 8,0 eV up to in excess of the ignition temperature to 7.0 keV. The
conditions achieved in this ablative driven Tow entropy change implosion would
certainly have led to the required conditions for efficient burn of the 0T
fuel,

We will now turn our attention to experimental and calculational results
achieved during the summer of 1979. As illustrated in Figure 34, the early
Shiva experiments utilized the exploding pusher concept where the target
initial fuel density was 2 mg/cm3 with glass pusher thicknesses of 1 um and
target diameters of ~300 ym. The Tlaser was operated at 20-30 TW with puise
Tengths of 100 psec, In these experiments, the final fuel conditions achieved
were 4-8 kaV¥ and ~0.1 g/cm3. The neutron yields were in the range of

9 0

10° to 10] .

The intermediate density or so called 10x liquid fuel density targets
investigated during the summer of 1979 were typically 140 um inside diameter
glass pushers with a wall thickness of 5 um. The ablator material was

CF, 3 (Teflon) 15-50 ym thick. These targets were irridiated with 20 TH,

38,39

26) psec pulses and achieved fon temperatures of 0.5 - 1.0 keV. As

indicated hy their designation of 10x targets, they typically achieved final

7

fuel densities of 2 g/cm3 with neutron yields in the range of 10 to
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10°.

Their pusher areal densities, pAR, were in the range of 1-2 x

10'2 g/cmz. These targets operated in a transitional region between our
¢lassical exploding pusher targets and an ablative driven nearly isentropic
compression target.

Figure 35 preserts the calculated x-ray spectrum and the experimental data
showing the suprathermal portion of the x-ray spectrum. The comparison of the
calculation and experiment shows a disagreement of a factor of 2. However, as
previously noted in Section IV on the plasma interaction experiments, we have
seen a significant variation of the angular distribution of high energy
x-rays. The LASNEX calculations do nat produce an angular variation of the
high energy x-rays and, thus, the differences between the calculations and
experiments may be associated with the observed angular diztribution. As
indicated, we believe that the 10x experiments are not truly ablative driven
implosions, but rather represent an intermediate position between exploding
pushers and ablative driven implosions.

Figure 36 shows the radius time history as calculated with the LASNEX
computer code for the Teflon ablator, the glass pusher and the DT fuei. Early
in the Taser pulse, several hundred psec before the peak of the laser pulse,
the calcutations show that the Teflon material is being ablated and that there
is a shock propagating through the glass pusher material. However, by the
time 100 psec before the peak of the 200 psec FWHM lasar pulse, we see that
the pusher material is beginning to decompress and that the shock has
propagated through the pusher material and is now propagating through the DT
fuel. From this time on the glass pusher material continues to decompress

until several hundred psec after the peak of the laser pulse at which point
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the fuel and the inward motion of the glass pusher stagnate and the outward
expansion of pusher and fue) material begins. The major differance besides
the final fuel conditions for these experiments and calculations of 10x
targets from the Janus, Arqus and Shiva exploding pusher targets is in the
strength of the initial shock wave driven into the fuel by the inner houndary
motion of the glass pusher material and the temperature rise praduced hy the
preheat deposition in the DT fuel,

Figure 37 shows the pressure density history of the fuel for typical
exploding pusher targets, our 10x target, targets designed to achieve 100x
Tiguid density and the 1imiting isentrope which is produced hy the Fermi
degenerate state of DT,

One of the most complex issues in the diagnostics of high density laser
fusion is the determination of the fuel density. We devote a significant
fraction of our on-1ine diagnostic and our Diagnostic Development program to
the determination of this gquantity, For Jow final fuel densities,
<0.2 g/cm'3, we have utilized spatial imaging of the «« particles produced

1 and Stark broadening of Ne lines as density

in the DT reaction
diagnostﬁcs.62 For our Y0x density targets, we have utiiized spatial
imaging of the x-rays from the fuel and the pusher, spatial imaging of a seed
material in the fuel and neutror activation (rad chem) of the pusher material
in conjunction with simple or LASNEX modeling to determine the final fue)
conditions,

Table I1 summarizes the results from a number of our 10x target
experiments. Typical incident laser energies varied from 2-4 kd. The number

of DT neutrons produced ranged from 1.5 x 107 to 7 x 108. The rad chem
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pusher oAR measurements range from 5 x 10'3 g/cm? to 6.3 x

10'3 g/cmz. The simple model interpretation of the experiments?A
presented in Table I1 would lead to an interpretation of the fuel density
of botween 4 and 6x liquid density. The LASNEX simulation of these
experiments leads to an interpretation of between 6 and 20x liguid
density. The large difference here is associated with the guestion nf
the diagnostic measurement determining the densitv at peak hurn and the
LASNEX calculation predicting that peak compression of the fuel nccurs
aftor the peak hurn, This mistiming of the peak compression and thn prak
temperature is easily achieved for these verv low fuel temperatures nof
0.5-1,0 keV. Mixing of the fuel and the pusher and thermal condictinn
Insses to the cold pusher can easily guench the very inefficient burn o
the fuel at these low temperatures.

On four of the experiments presented in Table T1, the spatial extent
of the seed argon line emission from the fuel was obtained in one spatial
diraction. This data has been interpreted both assuming a spherical
distribution of the argon and fuel and a 2:1 ellipsoidal distribution of
the argon and fuel, As shown in the table, this leads ta a variation in
the interpretation of the density of from 1 to ?23x 1iquid density. Since
the errors in the spatial extent of the fuel enter as the cube in
determining the final fuel densitv, the very large uncertainty associated
with this data interprete®iin are not surprising. However, it is
gratifying that the interpretation of the data does support the
radiochemistry and LASNEX interpretation of the experiments as having
achieved 10x Tiquid densitv. 1t should further be noted that the

interpretation of the spatial extent of the argon line emission also
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suffers from the problem of the mistiming of the peak temperature in the
fuel region with respect to the attainment of the peak density. Of
course, this mistiming is inferred from the LASKEX calculations. There
is as yet no experimental evidence which confivms or denies the mistiming
of these two critical peak conditions,

Figure 38 shows the distribution of density and temperature as a
function of radius for the LASNEX one-dimensional calculations of our 10x
targets. These calculations show this significant effect of the
mistiming in these experiments. They also show that if we believe the
LASNEX calculations that the simple model assumption for the
interpretation of the radiochemistry diagnastics of isothermal, isobaric
conditions in the fuel and the pusher are significantly incorrect.
However, as previously shown.24 large deviations from the isothermal,
isobaric approximation do ot produce significant differences in the
interpretation of the fuel density from the measured effective nAR of the
pusher.

In Figure 39, we show the LASNEX interpretation of fuel density as a
function of the radiochemistry measured effective pusher pAR in g/cm?.
The range of measured experimental values are from 4,5 to 7 x 10*2 g/cmz.
The LASNEX calculations are presented as a curve for the condition in
which the fuel mixes with the pusher at burn time and the case in which
there is no mixing of the pusher in the fuel, The Tower 1imit of the
experimental measurement and the worst condition of mix of the pusher in

the fuel at burn time leads to a minimum fuel density of 5x Tiguid density
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of DT. The most optimistic determination of fuel density would be the
upper limit of the experimental measurement interpreted with no mix of the
fuel and the pusher leading to a peak fuel density of 30x liquid density
of DT, The probable value of the fuel density achieved in these
experiments is 10x liquid density of DT.

Another technigue which can be used to infer the final density of the
fuel is to observe the time integrated continuum emission from the laser
imploded target. At low x-ray energies one will primarily view the
heating of the pusher and ablator material. As one progresses to higher
energies, one expents to see the stagnation of the high Z pusher material
against the fuel. For high enough x-ray energy one may expect to see not
only emission from the stagnation of the pusher against the fuel, but also
the reduced continuum emission due to the fuel region.

In Figure 40, we present the two-dimensional image of the 6.5 keV
x-ray emission from one of gur 10x targets. The emission from the shell
being heated by the laser thermal and suprathermal energy deposition near
its initial position are clearly demonstrated., MWe also observe an intense
central region due to the stagnation of the pusher against the fuel, A
line out of the intensity distribution across this region clearly
demonstrates the reduction of emission bv the fuel in the central region.
This central region of reduced emission is not circular in the picture,
but rather has an oblong character. To use this data to determine
compression, we have interpreted the peak of the emission distribution as
being the boundary between the fuel and the pusher at peak density. Thus,

the spatial distribution of this x-ray emission provides a measure of the
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spatial extent of the fuel at peak compression. This data also produces a
10x Viquid density for tne final fuel compression. The problem of
measuring final fuel density will continue to be one of the central topics
in fusion micro-explosion experiments, at Teast until the fusion
micro-explosion gain is sufficiently large that this is no Tonger an issue.

We have utilized a variety of techniques in an attempt to confirm our
primary approach to density measurements which is that of nuclear
activation of matorials in the target. For our 10x liquid density
experiments, we are confident that we have sufficient verification by
three separate techniques so that we have confidence in the measurements
at higher densities. We have also utilized these technigues for our
exploding pusher or 1x 1iquid density targets and in addition, we have
utilized imaging of the reaction products to confirm the other diagnostic
techniques. Thus, as is shown in Figure 41 whcre we plot the fuel density
measured in the experiments as a function of the neutron yield for a wide
class of targets, we have significant confidence that these measurements
are substantially accurate. The data plotted in thais figure are for Shiva
experiments and they illustrate that in our present target experiments we
have had to trade final fuel density off against neutron yield, or another
way of presenting the same result would be to represent neutron yield as
final fuel temperature,

As indicated in the introduction of this paper, with a small amount of
laser energy we are able to invest this energy to achieve high fuel
temperature and thus, neutron yield, or high density and thus, much lower
neutron yield and Tower fuel temperatures. Advances in target fabrication
and in the performance capahility of the Shiva Taser are expected to allow
us to demonstrate densities as high as 1,000x liquid density with Shiva

laser system,
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SECTION VI - SUMMARY

In 1979 and 1980, significant short wavelength, i.e., <0.5um, laser
target irradiation facilities have and will become available for laser plasma
interaction and implosion experiments. Data already obtained from these
facilities confirm the promise of improved laser plasma interaction conditions
and implosion target performance. The theory predicted scaling of the
suprathermal electron temperature with I AR may actually be conservative due
to the significantly increased inverse bremstrahlung absorption of the laser
energy by the targets at shorter wavelengths, thus, preventing conversion of
the incidert laser energy to suprathermal electrons at the critical density by
resonance absorption. The demonstration of scientific breakeven and
scientific feasibility in inertial fusion requires that we have a facility
with sufficient enerqy and power deli:ery capability to perform these
demonstration experiments.

The Nova Nd glass laser design at LLL shows that a facility of 100 kJ and
100 TW can easily be achieved in the next several years. The full development
of the Nova facility can provide 400 kJ in a 3 ns pulse length. Fusion
reactors will require the development of an efficient short wavelength or ion
beam driver., However, the technology of the Nd glass Taser has been developed
to the point that a MJ class Nd glass facility could easily be developed in
the 1985-87 time frame to prove the performance requirements of inertial
conf inement fusion targets.

Laser fusion target fabrication developments have also progressed to allow

both fusion target performance development, and to accommodate diagnostic
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measurament requirements. In conjunction with this, we have been able to
develop critical and definitive new diagnostic instruments which utilize these
fabrication developments. We have also been successful in extending our
capahility tu measure the spatial, temporal and spectral behavior of the
fusion targets.

One of the most important developments of the last several years has heen
the understanding of the scaling of the laser plasma conditions to the scales
required for reactor targets. This understanding of the scaling properties
has led to a significant amelioration of the deleterious laser plasma effects
ohserved over the last several years with exploding pusher targets.

Finally, we have made a significant effort to begin our exploration of the
high density, Tow entropv change targets which are required for reactor
conditions. Our intermediate or 10x targeis, both calculations and
experiments, have been discussed in Section \' of this paper. We nave also
produced experimental data and calculations on taryets which have achieved

100x 1iquid DT density,

PR
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X-RAY BACKLIGHTING LINE SOURCE DATA
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Shadowgraph
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OPTICAL PYROMETER - TOP VIEW b
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OPTICAL PYROMETER - PLAN VIEW 4

v
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Figure 178
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STUDY OF SUPRATHERMAL ¢~ PRODUCTION

USING K X-RAY EMISSION

Laser

Yied K, =Eppe K xray |

Disk (segmented!)
y
CH CH-
L g
20-50-0280-0345

Fiqure 10

Applications.

¢ Investigate £y a5 function of laser
puise length and mtensity

¢ Study spatial distribution of £y,
praduction by placement of K x ray
disks at different areas in laser
target Interaction

¢ 1,(E,} determinations by using disks
of different CH thickness to sample
different portion of e” spectrum

Yield K, ;/ E, * flux(E, dE,
Emlﬂ

CH thickness determines
Eoe



POSITRON DETECTION SCHEME
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NEUTRON ACTIVATION
MEASUREMENTS OF PUSHER AND FUEL AREAL DENSITIES LLL}

§i Cu Br
23Si(n,p) By fg_c_u(n,Zn) B0y ¢{n,2n) 735[ Reaction of intarast

¢{mb) 50130 480+ 20 862 + 50 Reaction cross-section
at 14,1 Mev

f 0.25:0.01 0.6909 05034 Fractional abundance of
réactant atoms

Alg) 041 63,546 - Average pusher atomic weight

i 035002 0541002 051:002  Radiation detection efficiency

e 0.55 £ 0,01 0.5+ 0,01 0.55£0.00  Debris collection efficiency

t1/2 (min) 22 9.7 65 Reaction product halfife

ty{min) 15 15 15 Typical delay time between
laser shot and commencement
of counting

to{min) b 19 13 Optimum counting time

B{cpm) 0203 0506 0506 Typical preshot batkground rate

oaRIY, 20010 151 = Treshold pusheraee ensity,
neutron yield product

ORIV Py - - 3000 Threshold fuel aree eniy,

neutron yield, bromina fill
fin atm) product

20-15-0280-0344 Tible 1
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WAVELENGTH DEPENDENT ABSORPTION LLQ
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2.y EXPERINENTS r
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Incident angle -

20-15-0180-0031

Finyre 21



FROM THE ANGULAR DEPENDENCE OF THE MEAN RED SHIFT, THE
DOPPLER AND BRILLOUIN SHIFTS CAN BE SEPARATED 4

X 10” Wicmz )] 1015 kaZ

10 TR 1*‘ T 10— e

| \
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209005781800
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5320 A GREEN LIGHT EXPERIMENTS SHOW THE SPECTRUM OF
THE BACKREFLECTED LIGHT SHIFTING TO THE RED FOR BOTH
PARYLENE AND GOLD DISKS AS THE TARGET IS TILTED

Gok disk targets Parylene disk targets
3% 10 Wiom? i3 10% Wien?
W T T [T
60
30.8-' / 1 r -
d 1T
£
= 06 . 7
s —
g -
Il 1 F ]
N
T
£ r i
8
2l 4 L
" / W t N
0 Wl Ll VNMI_J

200 1 4 6 8w

Wavelength shift in angstroms from the laser ine

209001800295
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RAMAN LIGHT EXPERIMENT ¥

L) o S B St |
7~ Later wavelength Exact
1,0642 ym w2 l
R Frequency
E
ét 0.1+ -
¢ B o z- 79
W
0 i =
.8. =Banum2 b
- TinZ=50
ot :
2
"]
° i
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8
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20-90-0679-1963
Figure 24
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RAMAN LIGHT MEASUREMENTS

FOR GOLD DISKS IRRADIATED AT HIGH INTENSITY u
Experiment
description Spectral intensity measurements

16 ym 18 m 20 ym 213 im
10 Wiem?
100 ym “fam spot 02joules)  >009joules)  — 0,15 joules/
600 joulesin 600 psec ~~ (SR-ym) ~ {SRum) (SR-ym)
Target tilted 30° INPLANE  INPLANE INPLANE
toward the light =56 =12 Ap=112
collector
10" wjem?
Best foous spot 038jouless  052joules’  043joulesl  —

900 joutes in 1000 psec ~ (SR-ym) ~ {SR-ym) (SRyum|
Taggtsimadiatedast ~ INPLANE  INPLANE  INPLANE
normal incidence =% M=K A=

20-90-1079-4402
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RAMAN LIGHT EXPERIMENT - SHORT PULSE TRANSPORT EXPERIMENTS |4
0.1

TTTTTTTTTOT T ]
Laser wavelength Exact o 2
‘g 10642 ym frequency
§ aml ]
e 0 wGozena- 19697
@ 8 Aluminum =13 A= 2698 (Double pulse
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i n :
i i
£t i
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-9 ]
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Wavelength in microns
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HIGH ENERGY X-RAY ANGULAR DISTRIBUTION

l
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Figure 77
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Film density
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FRACTIONAL RADIATION LOSSES FROM Au DISKS

- 31 -
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Z DEPENDENCE OF THE TIME-RESOLVED SUB-eV X-RAY EMISSION

FROM LASER-PRODUCED PLASMAS lg
Laser v
W3 e
[=5X% 10" W/em 0
1 ns FWHM
NV
XRD Zzn[o
520 8V channel

190 ps resolution v
50Sn[

- Ze -

2050-0679-1864
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TIME-RESOLVED SUB-eV X-RAY ZMISSION FOR AuDISES AT DIFFERENT
LASER INTENSITIES {XRD: 940 eV CHANNEL, 170 ps RESOLUTION) 4

125 10" Wiem?

=33 %10 Wjem?

0 Zns
—

Laser pulse fidusa
20:50-0679-1865

Figure 31



EXPLODING PUSHER IMPLOSION 13
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DT gas
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Figure .
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ABLATIVE IMPLOSION !

1200
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adius — um
oD
=
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\R
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Glass
Phgass |
Solid DTJ |

Vom '

209010794118
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IMPLODED TARGET CONDITIONS | .

Exploding pusher Intermediate density

DT (2 mgfem’|

DT {10 mglem’) 510, {5yl

SiO2 pusher .

(Tym)— Polymer
‘\ ; ablator
\ o (1550um

Initial inner diameter ~ 300um ~ Initial inner diameter ~ 140 ym

20-30 TW 20TW
100 ps 200 ps
T 48keV T~ 05Tk
“oT 01 Q/Cm3 T ~ 25 g/cm3
Ny - 109107 Ny~ 10710°
Lot A
(;ARipusher 5.0 g/cm2 (piRipusher 19 107! g/cm2

20961079 4091

Flaurs 3
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HGH ENERGY KRAY EMISSONSUGGET Ty, ~30le 05 |1

 Significant uncertainty: angular emission modulation

; 140 um 1D, X5 ym glass + 15 ym CF,

10 | | ' Tl=200 s
(1% L
% 1 Eabs=700J
g 10
g 17 Tt
; | Source = 35 keV
2 10!
¢ T Xeays =21 keV
- ;
Ly ™
Exp.
10’ "
T, = 4t 5keV
Jrhot>0'5

01 1.0 10 100
hy, keV

50-60-10794351
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RADIUS VS TIME FOR "10x" BALL TARGET SHOWS
EARLY ABLATION FOLLOWED BY PUSHFR DECOMPRESSION !

o A “swelling pusher” implosion
140 ym .D. X'5 ym glass + 19 ym CF, ,
1 1 ] 1T T|=200p5

10!

IR

CF AL
14 24K
= 700]
¥,
510 :
5
2
]
o
10
Laser pulse
F——
10.4 I N N A SN N
0 02 04 06 08 10
Timg, n§

50-60-1079-4350

Figure 3
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DT ADIABATS FOR 10- 100X TARGET DESIGNS
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/ egenerate

S

RTINS

504010794346

Density, glom’

Figure 31
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10% LIQUID DENSITY EXPERIMENTS

=

Measurement Summary
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COMPRESSION DIAGNOSTICS ARE SENSITIVE TO SPACE AND

TIME DEPENDENCE OF TEMPERATURE AND DENSITY: L
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RESULTS O SENSITIVITY STUDY SHOW o CAN BE INFERRED
FROM {p-AR)p WITH ~ 2 UNCERTAINTY
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50-60-1079-45624 2/
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XRAY IMAGE DEMONSTRATES FUEL COMPRESSION 1010
LIQUID DT DENSITY !

Images at high energy (5 10 keV) arg requned 10 st through the high
density glass to the fusl region

6.5 keV

21um

- -

Shot: (89072310} 1R3

6.5 keV x ray imaga cloarly shows the compressed fuel pusher interface

4090 0280 0298

Figue 40
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Figure 41
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FUEL DENSITY AT BURN TIME VERSUS NEUTRON YIELD
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