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DIAGNOSTICS OF INERTIAL CONFINEMENT FUSION EXPERIMENTS*

Harlow G. Ahlstrom

University of California
Lawrence Livermore Laboratory
Livermore, CA. 94550

ABSTRACT

The requirements of plasma temper-ture and particle energies are
effectively the same for inertial confinement fusion, ICF, ard magnetic
containment fusion, MCF. The nt product must also be similar, however,
in ICF we increase the density to achieve efficient fuel burn up.
Reactor gain pellets are expected to require densities of up to 104 x
liquid density of DT. This corresponds to n ~ 1026 cm-3." The
dimensions of the compressed core are of the order of microns. Thus, the
diagnostics problems in ICF is to measure plasmas at~ 108 K, n 1026
cm-3, on scale lengths of microns with time scales of picoseconds. In
this paper we discuss the extensive diagnostics which we have developed
to measure the performance of our laser irradiated targets.
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I. INTRODUCTION

Science is advanced both by experiment and theory and the most rapid
advances occur when the two are closely coupled together. In Maxwell's
famous treatist on electricity and magnetisml he points out that the
experiments and observations made by Michael Faraday were so complete and
well organized that his task was simply to generate the mathematical
formalism which sumarized his observations. In our Program at Livermore

" we have a closely coupled system of theory, calculations and
experiments. A typical sequence of events is first a statement of the
physics objectives, next preliminary code calculations to determine the
most appropriate experimental conditions, a determination of the required
diagnostics to measure observables in the experiments, target
fabrications, execution of the experiments with the laser system,
reduction of the experimental data, analysis of the data and comparison
with code calculations of the actual experiments performed and finally an
analysis of the physics results. A key feature in the sequence is the
utilization of a large number of unique diagnostics which are required to
make progress in the science of laser fusion.

-

It is now well established in the inertial confinement fusion
_community that densities of 1000 to 10,000 x that of liquid density of DT
will be required using driver energies of interest to generate efficient
" burn up of the fusion fuel and net energy production.2,3,4,5 Input
energies of the order of a megajoule will be required and gains of the
‘order of 100 will be necessary for commercial application for inertial
confinement fusion. The reactor peliets will be compressed to diameters
‘of the order of 10 microns and will have reaction times of the order of



10 picoseconds. This extreme new region of parameter space in physics
places new requirements on the experimentalist to properly diagnose
inertial confinement fusion experiments. Listed below in Table I are the
range of varameters which must be measured to properly understand
experiments in ICF.

In this paper we will discuss our present capabilities in terms of
the parameters which can presently be measured. We will also present the
general diagnostic configurations of our present system, a six terawatt
laser, Argus, and the diagnostic configuration for the system which we
are now completing, the 25 terawatt, 20 beam laser, Shiva. Because of
the unique state-of-the-art nature of the laser drivers which we use in
our experiments we will present a short description of same of the unique
diagnostics of the laser systems. The diagnostics of the output of the
laser driver are the first crucial step in understanding the results of a
given experiment. Since these devices are state-of-the-art and '
developmental, a few simple measurements are not sufficient to
characterize their output and therefore determine the inftial conditions
for the targets experiments. The second most important diagnostic
measurement is to determine the coupling of the laser energy to the
pellet which is being irradiated. Part of the laser energy is refracted
and scattered by the plasma which it creates, thus, the simple concept of
energy balance is vital to the understanding of the experments. In
addition, much can be inferred about the laser interaction by measuring
the distribution and polarization of the scattered light and also by
measuring the distribution of the energy coupled into the target in the
form of plasma and photon emission.

‘ The plasma temperatures of interest in inertial confinement fusion
range from approximately 100 eV up to the order of 50 keV. Thus, the
photon emission will be primarily in the soft x-ray regime. Because



collective processes in the plasma generate very high energy electrons,
in addition to the thermal distribution we have a suprathermal x-ray
emission from the plasma and thus x-ray emission into even the MeV region
of the spactrum is of interest. We have developed a large number of
instruments to measure the spectral, spacial and temporal distribution of
these x-rays. . The reaction products themselves provide very significant
data on the perfopnance of the implosion experiments and of the fusion
reactions. He wf]i discuss measurements of the fusion yield, and
techniques for utilizing the reaction products to determine quantities
such as the temperature of the fuel, compression of the fuel and the
final density radius product, r, of the pusher. In Table Il below we
1ist our present capabilities in terms of temporal and spacial resolution
and our capability in measuring the distribution of x-rays. We also list

" our ability to measure density distribution by the use of holographic

interfercmetry. We continue to maintain an aggressive program in the
development of new, diagnostics to extend our coverage with the goal being
camplete caverage of the ranges listed in Table I.

11. FACILITIES

The Laser Fusion Program at LLL has concentrated primarily on the
neadymium glass laser for the proof of principle and development of laser
fusion to the point of scientific feasibility. The first neodymium glass
laser was the Long Path Laser. It operated in the multipass
configuration, utilizing 16 circular disks in an amplifier head. The
disk anplifier was multipassed either 5 or 9 times producing an

_elliptical output beam. The maximum power cability of this system was



50 gigawatts. The second system developed at Livermore was the Cyclops
laser system which was the first system to =~mploy modern concepts in the
design of the disk amplifiers and to take into account nonlinear optics
which dominate the propagation characteristics of high power systems,
Cyclops was built as a prototype system to develop the amplifier hardware
for future target irradiation facilities. When amplifiers had been
developed with an output aperture of 8.5 am the Janus two beam target
irradiation facility was constructed. This system had a maximum output
power capability of 0.4 terawatts. Janus was used to produce the first
successful implosion and fusion burn experiments at Livermore.Bs7 It
also generated the milestone for inertial confinement fusion of the
demonstration of "thermonuclear”" burn in a laser compressed pellet.g
Jdanus and Cyclops provided the necessary confirmation of laser
propagation theories and provided the developmental experience in the
fabrication of high power amplifiers. The Argus system shown in Figure 1
is the first large glass laser system which has implemented sequencial
spacial filtering to the remove the deleterious and disastrous effects of
the small scale-self focusing instability.9 The success of this system
is demonstrated in that it first operated as a single beam system in June
1976 and as a two beam system in July 1976 at the design goal of 2
terawatts from the laser. Further improvements in the theory and
understanding of high power beam propagation have allowed us to improve
the output of the Argus system to 6 terawatts in a 30 picosecond

puise.10 In a 1 nanosecond gaussian pulse the system is capable of
delivering 3 kilojoules. The final amplifiers on the Argus system have
an aperture of 20 cm.



The Argus target chamber is shown in Figure 2. The two beams from
the system enter the target chamber from opposing directions and are
focused onto the target using aspheric f/1 ienses. The quality of the
lenses is better than A/7. The lenses are positioned remotely under
vacuum to within an accuracy of better than 1 wm. The Argus target
chamber is a very stable optical system which matches the stability of
the Argus laser. The overall stability for durations of the order of an
hour is better than 10 micro radians. The target chamber is perforated
with a large number of ports for the mounting of diagnostics to view the
laser driven implosion. Microscopes are used to accurately position each
target at the point in space where the two focused beams arrive
simultaneously. A large number of diagnostics are also mounted inside
the target chamber. Examples of these kinds of diagnostics are shown in
Figure 3 which is an interior view of the Cyclops target chamber.
Examples of diagnostics which are shown are silicon pin diodes which are
used to view the scattered light distribution from the target, x-ray
pinhole cameras, plasma calorimeters and x-ray calorimeters. These
diagnostics are typically arrayed to view the scattered light or the
plasma energy distribution in the plane of polarization and perpendicular
. to the plane of polarization of the incident light. They are also
arrayed at a constant polar angle with sequencial spacing in azimuth to
view th_ complete azimuthal distribution at a given polar angle. As can
be seen from these past two figures, there are indeed a large number of
diagnostics ‘instruments which are used in the target experiments. Shown
in Table III is a listing of the typical diagnostic measurements, the
diagnostic instruments and the recording medium for a typical Argus
experiment . "



In some experimental programs it is relatively easy to repeat a
given experiment many times with a rapid repetition rate while
maintaining the same input parameters. In laser fusion we have found
that it is more appropriate to do a smailer number of experiments with a
large number of diagnostics measurements made on each experiments. The
present state-of-the-art in target fabrication makes the cost and
availability of targets a strong factor in this decision. In addition,
making the laser capable of high repetition rate is much more expensive
than allowing for experimental frequencies of the order of 1 to 3 hours.
In fact, with the large amount of information which we generate with each
experiment more than 3 to 4 experiments per day cannot be properly
analyzed. Because of our extensive diagnostics we are implementing the
use of small computers wherever possible to reduce the amount of effort
required in the reduction of the diagnostic data from the experiments.

The system which we are now constructing is the 20 beam Shiva
laser system. It will aiso utilize 20 cm output amplifiers. The beams
are arrayed into bundles of 10 and enter the target chamber from opposing
directions. The beams are focused by f/6 aspheric lenses and each beam
has a opposing beam direction. An artistic view of a model of the Shiva
system is shown in Figure 4. This system is expected to operate with the
14 cm output amplifiers and a output power of 12 to 15 terawatts in
December 1977. The 20 cm aperture amplifiers will be added in the Spring
of 1978 and full system operation at full system power of 25 to 30
terawatts is expecied in the Surmer of 1978. A drawing of the Shiva
target chamber is shown in Figure 5. Because of the expected use of
cryogenic targets in the Shiva system and the concommitant higher vacuum



requirements for the target chamber; we have chosen to mount the focusing
lenses and the diagnostics external to the target chamber. The Argus
target chamber typically operates in the 10-4 to 10-3 Torr pressure
range whereas the Shiva target chamber will have a capability in the
10-6 to 10-7 Torr vacuum regime. The spherical portion of the target
chamber contains 190 diagnostic ports. The ports are arranged in
constant increments of polar and azimuthal angles to allow systematic
measurement of target properties which are directional in nature.
Because of the large fusion yields which are expected with the use of
this .system, the neutron diagnostic station is located 100 meters fram
the target chamber. The first target experiments are planned for
December 1977. At this time we will have arrayed a large number of
diagnostics on the target chamber. Figure 6 shows a map of the target
chamber and the colors of the diagnostic ports indicate the diagnostic
instruments which will be in operation.

[II. LASER DIAGNOSTICS

In the Argus laser system the control and diagnostics of the laser
are alil manual and hardwired except for the laser calorimeters which are
read using a HP 98-30 computer. The Shiva system is far too complex to
operate in the same manner. We have, therefore, adopted a philosophy of
microprocessors for local control and data acquisition and minicomputers
for centralized control and data acquisition.ll Through a competitive
bid we established a standardized computer system for Shiva. The



microprocessors and the minicomputers are manufactured by Digital
Equipment Corporation. The Shiva computer system is shown in Figure 7
The microprocessors provide local control of the camplete laser system
independent of the four PDP 11/34's and the one PDP 11/70. The POP 11
34's provide remote and centralized control and data acquisition in the
four separate functional areas. The first of these is the power control
and the timing of the full firing sequence. The power control system
utilizes a 50 volt wire data bus in the control of the power supplies and
the firing circuits. This system controls the charging of the capacitor
banks and the firing of the laser system. It is isolated from the
control room with a 50 kilovolt optical isolator. The second function is
the alignment of the complete laser system onto the target. LSI 11
microprocessors are utilized for local control of the oscillator
alignment, the chain input pointing, CHIP, the spacial filter pinhole
controls, the turning mirror controls, the lens positioning adjustment
and the target positioning adjustment. A third block in the laser
control and data acquisition is in the beam quality area. In this system
we gather data on the output from the oscillator, the energy of the beam
as it progresses through tihe laser chain, the final output of the laser
and the energy which is back reflected and forward transmitted through
the f/6 focusing lenses. The final block is the target diagnestic area
which utilizes a fiber optics CAMAC serial highway and CAMAC moduies for
the data acquisition.

In Figure 8 we see examples of electrical diagnostics which are
recorded in the power control system. The voltage of each section of the
capacitor bank is set and recorded using this system. In addition, the
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current wave form in each flashlamp circuit is recorded and is available
for analysis on each experiments. A typical laser chain diagnostic
schematic for Shiva is shown in Figure 9. This system records the energy
output of the oscillator and of the rod preamplifier system before it is
injected into the multiple splitter array. 1In addition, we record the
laser pulse shape at this point. A 10 picosecond resolution streak
camera is used with an electrical data recording system which is a series
of 1,024 miniature photodiodes.l2 This device is manufactured by

Reticon Corporation. Energy measurements are made at six points along
each one of the twenty laser chains of amplifiers. At four stations in
each chain a small amount of laser energy is scattered from the output
polarizer in the polarizer Faraday rotator or Pockels' cell packages.
This energy is focused with a Fresnel lens onto an integrating photo
diode. Integrating photodiodes also monitor the laser energy at the CHIP
bean splitters and at the ocutput of the 8 - y spatial filters. Thus the
development of the laser energy in the laser amplifier chain ca be
monitored and provides information about the quality of the laser
amplifiers ih a particular chain.

At the output of the laser we take 2% of the output energy through
the final turning mirror and direct it to a diagnostic package which is
called the incident beam diagnostics or IBD. A schematic of this
essential diagnostic package is shown in Figure 10. Diffraction 1imited
optics are used in this package to provide foci which are egquivalent to
the target lens focus and an IR TV camera monitors the guality of the
incident cw alignment laser beam. It is also used to observe the
position of the beam in the vacuum spacial filters with respect to the
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pinholes and provide observation for proper aligmment. We also utilize
two laser calorimeters, one observes all the laser energy the other is
focused through a pinhole to eliminate any filamentation and observe only
the laser energy which is incident on the laser target. Also included is
a fast photo diode for temporal measurements and a multiple array camera
which provides a series of images of varying distances fram the Dest
focus.

A beam is also provided which can be directed to an output streak
camera on selected beams. There will he at least two output streak
cameras to monitor the temporal di.iribution of the Taser intensity on
the target. The Livermore developed streak cauera which is utilized for
these measurements is shown in Figure 11. Two of these cameras are in
current use with the Janus laser system, four of them are in use on Argus
and at least five will be utilized simultaneously in the Shiva system.
The use of these cameras is essential to determine the tempora! and
spacial distribution of the laser energy and of the subnanosecond output
structure. Typical target experiments hava pulses fram 30 picoseconds to
several nanoseconds. It is not sufficient to measure the laser temporal
behavior at the input because of saturation effects and small scale self
focusing effects in the propagation of the laser beam through the
anplifier chain. Shown in Figure 12 is an axample of typical data which
is obtained when using the Argus incident beam diagnostic package. /his
system is identical in concept to the Shiva IBD except that it produces a
near field image of the output beam as well. By using an etalon in front
of the streak camera, images displaced a known spacing in time are
produccd and thus provide a self calibration of the streak speed. The
film calibration is obtained by exposing the fiim with a step wedge.
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The multiple array canera produces equivalent plane profile energy
distributions and these images are self calibrating since the vertical
columns of images have known intensity ratios. The multiple array camera
images and the streak camera images are computer processedl3 to produce
output information shown in Figure 13. One of the images from the
multiple array camera is set to correspond to the equivalent target plane
in the target chamber. This data is reduced to energy density and then
typically is presented as an equivalent axisymmetric distributicn. The
data is presented in this way for'compékison with LASNEX calculations
since LASNEX is an axisymméiric two dimensional code. The streak record
is also computer processed to produce the spatially averaged power
distribution. As shown in Figure 13 the FWHM of this particular pulse
was 39 picoseconds. The structure near the peak intensity of the pulse
is due to the small scale self focusing produced in the propagation of
the Taser pulse through the amplifier chain.

The return beam diagnostics or RBD are coupled to the automatic
focusing system which is called the PFC module, Shown in Figure 14, The
PFC module automatically focuses all 20 beams onto a sphérica1 surrogate
target and provides a known reference point of each of the foci with
respect to the surrogate target. The lenses are then driven to. their
desired position with respect to the target to produce the desired target
illumination. This system views the target through the final turning
mirror. Thus, the beam returning from the target or forwarded
transmitted fram one of the other beams is collected and diagnosed with

the RBD package. Contained in the RBD are a 2.5 cm laser calorimeter to
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measure the energy coming back through the focusing lens and a multiple
image camera which displays the distribution of the laser energy
reflected by the target. A diagnostic beam is also directed to a streak
camera for selected modules.

An example of one of our laser calorimeters is shown in Figure 15,
These calorimeters are calibrated insitu in conjunction with a full beam
calorimeter. These calorimeters utilize BG 18 glass as a volume absorber
and also feature a second balanced sensing element as a reference. They
also contain electric heaters to provide a known amount of heat input to
the system for insitu calibration checks on a regular basis.

IV, ABSORPTION AND SCATTERING OF LASER AND PLASMA ENERGY

The first most critical measurement of the performance of a laser
fusion target is the amount of the incident laser energy which is
absorbed by the target and converted into plasma energy to drive the
implosion. It is relatively straightforward to measure the energy from
the laser using incident beam calorimeters and it is also relatively
straightforward to use the same type of calorimetry to measure the

1.06 m light which is reflected back through the focusing lens. The
difficult problem is to accurately measure the remainder of the scattered
and refracted laser energy. One can sample a nunber of points in space
with various elements to determine the scattered and refracted light,
however, since the distribution may have lobes or nonuniformities, it is
difficult to utilize a sufficiently large number of discrete diagnostic
points to arrive at the total scattered light number . To solve this
problem we have developed what we call the box calorimeter which is
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sensitivé only to the 1.06 um light. The calorimeter campletely
encloses the laser fusion target except for holes allowing the entrance
of the focusing laser beams and a small hole to allow the target to be
positioned igside the box. A version of this instrument used with /1
lenses is shown in Figure 16. Figure 17 shows the details of the
construction of this calerimeter. An absorbing element, BG 18 glass, is
backed with a copper plate to smooth the temperature distribution and
then the temperature rise is measured with thermo electric modules. To
prevent the plasma and the x-ray energy from being absorbed by the BG 18
glass we shield the absorber with pyrex glass which is transparent to the
1.06 ﬁm Tight. A very small fraction of the scattered or refracted laser
light can escape by the edge of the BG 18 glass and miss the f/1 focusing
lens; however, this represents only a few percent of the total solid
angle surrounding the target. When an accurate measurement of the total
absorbed energy is required the box calorimeter is used.

For routine operation where we have previously established the
absorption characteristics of the target, we utilize a number of discrete
sanpling points in the target chamber to determine the light scattered
outside the cones of the focusing lens. The instruments which we use for
these measurements are an active silicon pin diode with a 1.06 um
bandpass filter. The diode package shown in Figure 18 also includes an
x=ray absorbing glass to reduce the signal collected by the silicon pin
diode due to the high energy x-rays emitted from the target. This is a
convenient &evice to measure the scattered light distribution since the
: odtput is integrated and a single word of information is then collected
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by our data acquisition computer for each discrete spatial sampling
point. However, in some cases the x-ray background is sufficiently large
that the corrections are unexceptable, For these cases we have utilized
miniature 1.06 um calorimeters. These are very similar to our laser
calorimeters. An exampie of one of these calorimeters and the instrument
housing is shown in Figure 19. The signal in these devices, due to high
energy x-rays, is negligble and therefore represzents an accurate
measurement of the scattered light in a background of high energy

x-rays. The disadvantage is that one must measure the time distribution
of the voltage from the calorimeter and then extract the energy from the
wave form thus requiring a more complex data acquisition module.

The majority of the absorbed laser energy is é&nverted into ions
and into thermal x-rays. We have developed another version of our
calorimeters to measure the plasma energy distribution. The use of these
devices is shown in Figure 20. Here we utilize two balanced recording
regions, one which sees the plasma energy and the scattered laser energy,
the other which sees only the scattered laser energy. The difference
between the signals fram these two sensing elaments is then the plasma
energy for that region of solid angle from the target. These devices
have been used to measure the angular distribution of the plasma energy
and With this information we are also able to extrapolate the fraction of
the laser energy which is converted into plasma energy. In some cases it
is also of interest to measure separately the distribution of the x-ray
energy from the laser target. For this purpose we have utilized x-ray
calorimeters developed by Lockheed Missile and Space Corporation. One of
these calorimeter assemblies is shown in Figure 21. The absorber is a
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-.gpectral response of the recording mediun to provide reasonably well

16

‘tantalun disk which has been overcoated with 1000 A of gold to reduce its

. sensitivity of scattered light. A magnet at the front of the tungsten

barcel shield sweeps electrons and ions away from the sensitive element.
In éddition, in many cases, a carbon filter is used in front of the
tantalum 901d absorbing surface to cut out the effect of uv and very soft
‘x-rays. The use of these devices then allows us to determine the
fraction of the laser energy absorbed by the target and also to make
measurements of the distribution of scattered light, the plasma energy
disffibution and the x-ray energy distribution in space.

V. PLASMA PHOTON EMISSION

Because the temperatures of interest for laser fusion range from 100
eV to of the order of 50 keV the primary photon emission from the plasma
will be in the soft to hard x-ray regime. We have thus developed a wide
range of instruments to provide us with spectral information on the
-x-ray, spacial distribution and temporal distribution. The ideal
situation, of course, would be to obtain all three of these distributions
simultaneously. In most cases it is only possible to obtain one of these
distributions with a given iﬁstrunent. The first example is the
broadband spectral distribution from the target. Here, because of the
short duration of our laser pulses, in most cases, we have not been able
to time resolve the broadband spectrum. The technique used to obtain the
broadband spectrum is to utilize K-edge filters in cojunction with the

. def ined energy channels which thereby define the broadband spectrum.
This technique is illustrated in Figure 22 where we show the use of
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silicon pin diodes and fluor photo multipﬁiers as the detection
instruments. The K-edge filter together with a decreasing spectral
response of the detector and a falling spectrum with increasing energy
allow one to define reasonable response functions for the channels in the

‘'spectrograph. These data are recorded as time integrated numbers and

collected by our computer data acquisition system, since the temporal
response of the detectors is of the order of nanoseconds and most of our
experiments have been done with subnanosecond pulses. Higher resolution
speciral data can be obtained by utilizing crystals to disperse the
spectrun. An instrument which is being used in the Argus experiments is
shown in Figure 23. Here we utilize three.separate crystals to obtain a
broadrange of coverage of energy with-the crystal spectrographs. A large
variety of crystals have been used for x-ray spectroscopy. In Figure 24
we summarize the x-ray parameters of those with which we are familiar. In
general the recording medium has been film, however, we have also
implamented a windowless reticon array as the recording device. The
response of the reticon array to x-rays is approximately the same as that
of Kodak type M film.16

An example of a time integrated x-ray spectrum from a glass
microshell exploding pusher target is shown in Figure 25. Data from four
separate instruments has been recorded.here and shows that we can resolve
the x-ray spectrum from 200 eV oul to‘100 keV. The crystal spectragraphs
resolve the oxygen lines in the subkilovolt and the silicon and calcium
lines in the above 1 keV regime. The time integrated line emission from
the silicon in a glass microshel]l is shown in Figure 26. When data 1ike
this can be both temporally and spacially resolved, it will provide
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significant information on the temperature and density distribution in
the laser fusion pellets. Figure 27 shows another composite x-ray
spectrum taken with four separate instruments. Tne use of the different
instruments is necessary to obtain the desired spectral resolution and
coverage. In Figure 28 we shown an example of where we have spacially
isolated a spectral line in the fusion fuel and thus can use it to
determine density of the campressed fuel. In thic case neon as well as
deuterium tritium gas was difused into the glass microshell target. The
neon reaches its maximum emission rate at the time of peak compression.
‘The Stark broadening of the line is then a measure of the deﬁsity of the
fuel -at the time of peak campression and heating. A series of these
experiménts have been done and provided data on the line width of the
hydrogen 1ike Net9 1s-2p transition. The densities achieved were not

as high as cdesired because of the performance of the laser and therefore
the Stark broadening was not as significant as was desired. However, we
have shown that one can implement a spectragraph with sufficient
resolution to resolve the Stark broadening and we have also demonstrated
that the high Z lines from an additive in the fuel can be resolved to
determine fuel density.

We have utilized four different techniques to image the x-rays
fram .our laser fusion experiments thus determining the spacial
distribution of the x-ray emission. The most best known of these is the
pinhole imaging. It is the simplest of the four approaches and requires
the least amount of interpretafion and calibration. The second technique
which we will discuss in this section is the use of grazing incidence
reflection of the soft x-rgys from polished surfaces to form an image.
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The first realization of this approach is our simple four channel x-ray
microscope which is shown conceptually in Figure 29. In this case we use
two crossed cylindrical mirrors, each of which forms a line image fram
the emission of the x-reys. The x-rays which reflect from the first
mirror and also reflect ¥ram the second mirror then produce a real image
of the Taser fusion x-ray cwission. Typically we use this type of
microscope in a four channsl configuration.l? The concept is that by
using different material for the reflectors in each one of the channels
and different K-edge filters we are able to obtain four reasonably well
defined x-ray spectral channels. Therefore each instrument provides four
x-ray images with different energy épectral bands. Figure 30 shows the
reflection efficiency of four of the mirror materials we have used in our
experiments for angles which are also typical of microscopes utilized in
Argus experiments. The important feature is that there is a sharp high
energy cut off as a function of photon energy which in conjunction with a
K-edge filter produces the desired spectral channels as shown in Figure
31. The response functions shown here have been obtained using an x-ray
calibration facility and thus represent the real response and not the
calculated response of the channels of the simple microscope.

One of the disadvantages of the x-ray microscope as compared to
the pinhole camera is that greater care must be exercised in the pointing
and focusing of the system. However, one of the major advantages is that
good resolution of the order of three microns can be obtained with large
object distances of the order of 30 cm whereas for pinhole cameras
typically the pinhole will be 1 to 2 cm from the target and produce a
resolution greater than 5um. For high energy laser fusion experiments

.
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these small object distances results in the destruction of the pinhole
and filter material on each shot. For very high laser powers one may
#1so have the problem of ionization and closing of the pinhole during the
target expériments. OQur typical mounting, focusing and alignment fixture
for our x-ray microscopes is shown in Figure 32. Figure 33 shows typical
data from two channels of the simple microscope for two separate
experiments. The Janus experﬁment at 0.4 TW shows considerable structure
in the heating and implosion of tae glass microshell, The Argus
experiment at 2 TW shows that the?higher target specific energy produced
a more uniform heatjng of the glaﬁs shell and a more spherical implosion.

" The simple four channel x-ray microscopes utilizing cylindrical
reflectors has provided very useful data in time integrated images. Its

“two drawbacks are a very small aperture of the order of 10-7 steradians

and it is limited in resolution to ~ 3 - 5um. A microscope concept was

‘proposed by Wolter18 in 1952 which overcomes both of these

disadvantages. Shown in Figure 34 is a Wolter Type I microscope

. schematic. The microscope still utilizes grazing incidence reflection

from x-ray reflecting surfaces; however, the surfaces are now &
hyperboloid and an ellipsoid. The laser fusion target is located at F2
of the hyperbeloid and the image is Jocated at F2 of the ellipsoid. F1

-of the hyperboloid and ellipsoid are common points and are the virtual

image of the target. We have designed microscopes of this type with an
obJect distance of 30 an and magn1‘1cat1ons of 9, 22 and 50. Ray trace
calcu]at10n519 have shown that we cap obtain a resolution of better )

than 1 pm over a field of view at the target of 0.5 mm. The atta1wment

< of this resolutidh is governed by the manufacturing tolerances of the

-
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reflecting surfaces. To attain this resolution requires thatothe surface
figure along the optical direction have an accuracy of %250 A. This is
the most stringent tolerance, however, the other tolerances such as
centering and roundness are also stringent. We have fabricated a number
of these Wolter type microscopesl9,20 utilizing the single point

diamond turning technigue. Shown in Figure 35 is the ‘deal contour for
one of the hyperboloid reflectors. Notice that the horizonta1<§ca1e is
in milimeters, whereas the vertical scale is in units of 1000 A. The
middle curve shows one of the contours produced in the diamond turning
process. By measuring this contour we were then able to correct the tape
for the numerically controlled machine, remachine the surface and produce
the bottom contour which is the corrected contour. This contour has the
required accuracy of 250 A. To achieve the theoretical reflection
efficiency curves in the 3 - 4 keV spectral regimeZl we require a

surface smoothness on the order of 50 R. Thus, we are not able to
utilize the diamond turned mirrors directly, we must hand polish the
surface and attempt to retain the diamond turned figure while producing
the require smoothness. In Figure 36 on the left we show an example of a
mirror in which significant figure contour error was introduced in the
polishing process and the resultant 8 um resolution of an x-ray
micrograph showning a stainless steel wire grid. A subsequent attempt at
polishing one of the microscope mirror pairs is shown on the right and
there is an obvious improvement over the microscope on the left.

However, again, additional errors were introduced in the polishing
process and the resolution achieved in the x-ray micrograph is 4 um.
Figure 37 shows. one of the diamond turned microscope mirror pairs after
Ehe polishing process. We have also overcoated tne Ni surface with 1000
A of Au.



Another technique which we have utilized to measure the spatial
distribution of the x-rays is the Fresnel zone plate coded imaging.22
In Figure 38 we show a schematic of the principle of this concept. A
freestanding Fresnel zone plate is fabricated using gold in thicknesses
from 1.5 to 5um. A source point then casts a shadowgraph cf the zone
plate onto a recording film. 1In this application we are utilizing the
zone plate in the coded imaging mode rather than in the defraction mode
and therefore the x-rays must be short enough in wavelength that
defraction is not important in the narrowest zone. The recorded
shadowgraph is then developed and irradiated using a coherent light
source. The coherent light source then produces a Fresnel defraction
pattern which produces the reconstructed image of the source points. As
can be seen in Figure 38 this technique has not only planar resolution
but also tomographic resolution. In Figure 39 we compare the
characteristics of x-ray microscopy with zone plate camera imaging. The
planar resolution limit for the microscope is ~ 1 um whereas the zone
plate is limited to ~ 5um by defraction. The coliection solid angle of
the microscope is v 5 x 104 steradians whereas the zone plate has 1
steradian collection efficiency. However, it should be remembered that
the zone plate will be close to the target ~ 1 to 2 cm object distance,
and therefore for high intensity radiations the zone plate will most
Tikely be destroyed on every target shot. The microscope has no
tomographic resolution. It appears that we will be able to achieve
tomographic resolutions of ~ 10 um with the zone plate coded imaging.
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The microscope is limited to the soft x-ray regime less than 6
keV. The zone plate camera is particularly useful for the high energy
x-rays above 7 keV and thus is useful for imaging the suprathermal
x-rays.23 In fact we have utilized a zone plate to make this
measurement. The thickness of th& zone plate was ~ 5 um of gold. It had
100 zones with the narrowest zone being 3.4um. Shown on the right in
Figure 40 is the spectral response of the 2one plate imaging system and
on the left is a reconstructed x-ray image from a Hyperion glass shell
target. The initial diameter was 90 um and we see that the~faint outer
jmage is equal to the initial dianeter of the target. The central more
strongly emitting region is undoubtedly due to the compressed core-where
the thermonuclear reactions are taking place. The bright spot near the
top of the coronad region is the emission from the stalk which supported
the g’ass shell. The reason that it extends down into the corona is that
we are observing the target from an angle of 45°below the horizontal and
thus we are viewing the stalk through the target. The images of the
thermal x-rays from the imploded shell and fuel have always becn
confusing to interpret with respect to determining the final
compression. This is due to the strong contribution of the emission from
the high Z pusher. The imagining of the suprathermal x-rays may provide
a means of viewing the implosion core without this confusing radiation
from the pusher. However, the data presented in this figure is still
preliminary and subject to a further analysis.

Another concept for determining the size of the emission region is
to place a high Z additive inside the pusher along with the fuel. One
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can then look at emission specifically from the high Z additive and image
it. An implementation of this concept is shown in Figure 41. Here we
have arranged the crystal close to the target and the film plane close to
the crystal. For a small emission region it can be seen that the width
of the emission lines in the film plane are representative of the size of
the emission regime in the target. We have built such a spectrograph to
look at the Ar lines or the Ca lines. Ar would have to bo difussed in
through the glass microshell, Ca already exists as a trace e'ement in our
glass microshells. We have calibrated this spectragraﬁh using a 8um
pinhole and a soft x-ray machine and demonstrated the required
resolution.

The temporal behavior of the heating of the ablation front and the
pusher fuel implosion dynamics are sufficient reasons to devote
significant'effort to providing temporal resclution of the x-rays. We
have converted our optical streak tube technology to a streak camera
which is sensitive to x-rays in the 1 - 30 keV spectral regime. As shown
in Figure 42, we have replaced the optical photocathode with a x-ray
photocathode. This consists of a 125 um by 1 an slit which is covered
with a Be window. On the back side the Be window is coated with a 1000 A
of gold. We have measured the spectral distribution of the photo
electrons emitted from a gold cathode and from this information and the
streak tube characteristics we have inferred a temporal resolution of 15
ps. The temporal resolution is demonstrated in Figure 43 where we have
irradiated a glass microshell target 87 um in diameter at 0.4 TW with a
70 pico§econd pulse.2% K-edge filter strips were placed along the slit
of the streak camera thus providing a numher of energy recording
channels.
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On the left, three temporal records are shown for x-ray spectral bands
rentered at 2.6, 4 and 5.3 keV. The rapid rise of the beginning of the
pulse appears to be limited by the temporal resolution of the streak
camera which we have previously quoted as 15 picoseconds. This data can
also be used to infer a temporal behavior of the "temperature" emitted of
the glass microshell. Replotting the ithree curves as x-ray spectra at
four times during the experiment we gét the figure on the right. As one
would expect trom a thermal distrihution the curves are exponentials and
indicate that "temperatures" between 500 - 600 eV are produced. The time
integrated spectrum from this same target produced a thermal slope of 630
eV, The two peak temporal distribution of the higher energy x-rays is
typical of an exploding pusher target x-ray emission when the pulse is
reasonably matched to the implosion velocity and diameter of the target.
Additional x-ray vs time signatures are shown in Figure 44. The upper
two curves are for experiments which are nearly identical showing the
repeatability of the temporal distribution of the x-rays. These both
show the two maxima behavior of the temporal distribution of the x-rays
from a glass microshell target. The third targ:t, number 517, had a much
lower energy and power pulse incident on the target resulting in a factor
of 7 - 9 derrease in the neutron yield and the second maxima in the
x-rays is significantly reduced due to the lower implosion velacity.

A Au disk target was irradiatedZS with the one bean of the Argus
las»r with an intensity of ~ 1015 W/an2. The time history of the
Xx-ray emission was recorded using the x-ray streak camera and nine K-edge
filters. Their thicknesses are indicated in figure 45 where we shown
film record. Thus we obtained nine spectral channels of data from this
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x~-ray streak record. The data from Figure 45 is then converted into
relative x-ray intensity for five of e channels as a function of time.
This data is shown in Figure 46. We can again turn this data into x-ray
spectra for various times to show the variation of the "thermal" and

. suprathermal temperatures. These curves are shown on the right of Figure
46 and each of the curves clearly demonstrates the thermal and
suprathermal of the x-ray spectrum. The thermal temperature, Oc» is the
implied exponential slope fram the broadband response of the filters and
streak camera. The electron, tenperatqre, Te , of the Au plasma is
300-400 eV and a considerable fraction of the "thermal" x-ray emission
recorded is line emission. A second more camplete example of this data
is shown in Figure 47. In Figure 48 we then are able to then plot the
thermal temperature and suprathermal temperature as a function of time.
The thermal temperature appears to peak slightly ahead of the
suprathermal and the suprathermal temperature appears to decrease
slightly slower than the thermal temperature. However, *he ratio of the
two temperatures appears to be approximately constant between 4 and 5.

As we have indicated, the x-ray streak camera in its present
configuration is limited to measuring x-rays above 1 keV. This is
because of the Be window on the front of the streak tube. Work is
continuing to develop photocathodes which transmit at lower energies and
also to develop windowless versions of the x-ray streak camera. In the
meantime wé have implemented another technique to measure the temporal
behavior of the x-ray spectrun from 100 eV up to 1 keV. We have
develaoped fast windowless x-ray diodes which have a temporal rise time of
60 to 70 picoseconds.26 If we can couple these x-ray diodes together.
with appropriate specfrun‘discrimfnatfon and the use of recently
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developed fast oscilloscopes, then we expect to be able to provide
temporal resolution of the order of 100 to 300 picoseconds. For high
density implosions the shape of the laser pulse generally begins with a
low intensity portion and then builds up to the end to high
intensity.2>3,4.5 The 1ow intensities on target naturally produce

lower temperatures and thus the subkilovolt region of the x-ray spectrum
is of more concern. It is also generally true that this portion of the
pulse has a longer characteristic time, generally on the order of 0.5
nanosecond or longer and thus the above technique of using the windowless
x-ray diodes and fast oscilloscopes is appropriate to measuring the
temporal behavior of the subkilovolt portion of the x-ray spectrum. We
have basically used the same concept for spectral discrimination that we
utilize in the x-ray microscopes. A fTilter provides the low energy
cutoff and grazing incidence reflection from a polished flat mirror
surface provides the high energy cutoff. The implementation of a three
channel version of this time resolved spectragraph which we can Dante is
shown in Figure 49. Three channels have been provided by the utilization
of two nickel) mirrors, one silicon mirror and filters of varying
thickness of nickel. In Figure S0 we shown the spectral response
functions of these three channels. For some spectra of interest three
channels are not sufficient to provide proper definition and therefore we
are continuing to develop this concept and add additional channels to the
Dante detection system.

We have the option with the x-ray streak camera of utilizing the
spatial recording dimension of the streak camera to provide spatial
distribution of x-rays rather than spectral distribution as we have
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previously discussed. We have implemented fhis option by coupling the
x-ray streak camera to a dichroic pinhole camera.2?’ The goal was to
image the x-rays fram an imploding glass microshell target and follow the
temporal distribution of x-rays from the implosion. The particular
problem presented by this requirement is the very precise alignment of
the diocroic pinhola with the slit of the streak camera such that the
s1it of the streak camera is views the equatorial plane of the glass
microshell. Typical target sizes were 60 to 70 um and therefore the
aiming of the pinhole camera had to be accurate within < 6 um to properly
image the equatorial region of the imploding glass microshell. The
diocroic pinhole was formed by drilling a 6 um hole in tungsten glass to
provide the x-ray pinhole. The tungsten glass was then backed with a
concentric piece of gold with 125 um diameter pinhole in it. The
aligmment system shown in Figure 51, then utilized a helium neon laser to
view through the optical pinhole of 125 ym. This eliminated the
diffraction problem of properly, optically aligning the the pinhole
‘camera with both the target sphere and the slit of the x-ray streak
camera. Targets were irradiated using the Janus laser system at ~ 0.2 TW
per bean and using the spherical illumination28 systen to provide

nearly spherically implosions. In Figure 52 we show the color isodensity
contours of the pinhole streak camera records for a twe sided irradiation
and a single sided irradiation of nominal 70 ym diameter microshells.

The trajectories shown dotted on the figure are the peak x-ray emission
at a given time. From LASNEX calculations it appears that these
trajectories locate the position of the pusher gas interface during the
implosion. The single sided irradiation shows that if one collapses a
hemisphere that ‘part of the matter will jet through and part of it will
return back towards the side from which it was irradiated. In Figure 53
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we show comparisons of two time resolved pinhole pictures with the x-ray
microscope pictures which are time integrated. In the experiment on the
right the target and the pulse width were not well matched and the x-rays
continued to increase in intensity throughout the implosion and
stagnation of the pusher. This characteristic is shown both in the time
resolved picture and in the x-ray microscope picture. The implosion
shown on the left is for a target which is actually larger than the
optimum for the pulse length. In this case, the target was irradiated
with the two foci coincident with the center of the target sphere. It
appears, however, that the beam coming from the right had slightly more
energy and produced an off center implosion. The off center nature of
the implosion is clear in both the time integrated and the time resolved
anission pictures in which there is a central minimum of x-ray emission
in the core region at 56 um from the initial pesition of the right side
of the sphere.

Significant information relevant to the dynamics of the implosion
and to the dynamics of the laser are obtained with our fast time
resolution streak cameras. However, it would also be very useful to be
able to obtain a full frame or two dimensional image of these types of
emissions. We have, therefore, developed a ultra fast framing camera
which we will utilize both with optical and x-ray photocathodes.29 The
operation of this streak camera is shown in Figure 54. A time varying
image is formed on the photocathode which produces an image of electrons
which are then accelerated and swept in time. This continuous image of
the event is then swept across slits in the disector plane. The disector
plane then converts this two dimensional image into spatial information

»

-
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in one direction and spatial information in time for the other
direction. These images which now have one of their spatial dimensions
in time are reconstructed with restorer deflectors which reconvert time
back to a vertical dimension, thus framed restored images are recorded on
a phosphor screen and reconverted to photons for recording with
photographic film. * A prototype of this framing camera has been
constructed and utilizing electrons through a shadowmask we have
demonstrated the ability to produce images with a frame exposure time of
200 picoseconds. This system will ultimately have a capability of a
frame time of less *han 100 picoseconds. We have presently ordered a
prototype version of this framing tube with an x-ray photocathode,

VI. PLASMA DENSITY DISTRIBUTION - NEAR FIELD AND FAR FIELD

Interferometry has been a time honored method for determining the
distribution of fluid and plasma densities for cases inwhich the
distributions were two dimensional. With the advent of tasers, in many
cases, it became more convenient to develop holographic interferometry
because of its reduced requirements on the quality of some of the optics
in the system. Also since all of the phase information is recorded the
focusing of the interferometer is not so crucial and can be examined in
detail in the reconstruction process. The two central problems in
uti]iiing holographic interferometry for density distributions in Taser
fu$1on peliet§ is to 6rovide a short enough wave length puise so that the
high densities near the critical density of the laser radiation can be
“probed and also fb provide pulses which & e short enough in time to
freeze the motion of the plasma during the exposure of the hologram.
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We‘have implemented a holographic interferametry setup on the
Janus target irradiation facility.30 We split off 50% of the
oscillator pulse and send it through a YAG ampiifier in the double pass
configuration and through a spatial filter. After apodizing the bean we
frequency double it with a KDP crystal keeping the frequency conversion
efficiency at 10%. By operating in the low conversion regime we obtain
pulse shortening. The pulse then is propagaied into a ADP crystal where
again we have frequency doubled with a conversion efficiency of 10%. The
output pulse is then at a wave length of 2660 A and has been reduced
50% in pulse width Fran that of the oscillator. This system is shown in
Figure 55. A moveable prism set is included to allow for path length
adjustment for synchronization with the target irradiation pulse. The
pulse from the oscillator for these experiments was typically a 30
picosecond Gaussian pulse and at the target chamber it produced between
0.5 to 5 joules for target irradiation. The pul.e for the holographic
interferometry was typically 15 picoseconds in duration and about 3
microjoules of energy. The probe bean and the reference bean are then
directed into the target chamber through a lens and a 10x micrescope
objective was used to provide high resolution observation of the fri:ges
at the target. The lens used to irradiate the targets was either an f/1
or f/10 lens depending upon the experiment. A schematic of the Janus
halographic interferometry set up is shown in Figure 56. Glass
microshells 40 ym in diameter provided the shortest lateral plasma path
Tength so that we could probe deepest into the density distribution.
Flat disks were also irradiated to determine plasma density distributions
associated with a series of flat disks irradiated at various angles in p
and s polarization for a resonance absorption study.31 Holograms of
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the typical 40 m diameter glass microshell target are shown in Figure
57. The advantage of this technique in being able to adjust the focus of
the reconstruction system is clearly shown here. Typically the stalk
supporting the_g1a$s stalk was located along a radial line fran:the
center of the sphiere and thus if we wish to probe through the plasma we
should bring the glass stalk into sharp focus. A properly focused
Ho]ogram is shown-in the center image and an jmproperly focused hologram

4s shown in the image on the right. Many more fringes are observed in

this latter image and would lead to significant errors in the
interpretation of the density distribution.

A typical holographic interferogram is shown in Figure 58 where
the target was irradiated at ~ 1014 W/cm2 with an /10 lens. The
interferometer fringes have been Abel inverted to produce the electron
density distribution as a function of radial position along the axis of
the laser beam on the right. The curve starts at a density above

“eritical density and proceeds smoothly down to approximately critical

density. Then there is a steepening of the following portion of the
density distribdtion to a point which corresponds to the radiation

_pressure balancing of the thermal density and then the dencity
distribution smooths out again. This is the first direct demonstration

of the profile steepening due to radiation pressure from the incident
laser pulse.

= We continue to develop new techniques to measure the distribution
of plasma in the pellet and its corona. This is the most fruitful area
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to continue developments because measurements made in the pallet and
corona reveal directly information associated with the interaction and
implosion processes. As is already evident, this is a very topical area
for the development of diagnostics. In some cases, interesting
information can be obtained by observing phenomena far from the pellet
itself. One example is the determination of the polarization state of
light reflected and scattered by the laser plasma interaction. By
locating an ellipsometer appropriately with respect to the angle of the
incident beam and the expected specular reflection from a laser
irradiated target one can deduce parameters such as the scale length in
the region of the critical density. This, of course, is related to the
question of the radiation pressure leading to the steepening of the
density distribution. A canplete measure of the polarization state of
the refracted and scattered light can also lead to information about
other plasma processes such as resonance absorption, rippling of the
critical density surface and Brillouin scattering.

We have implemented an ellipsometer on some experiments which
measures six quantities which are then sufficient to determine the four
Stokes parameters which define the polarization state of the light
entering the ellipsometer. Figure 59 shows the optical assembly and the
photodiode detectors which are used to measure the six beams produced by
the three prism elements in the ellipsometer. An example of the
utilization of this data is shown in Figure 60 where we show the measured
degree of phase retardation of the refracted and scattered light bean as
a function of the angle of incidence, the scale height and the density
jump at the radiation pressure modified density profile. Measuraments
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have been made on a variety of targets, both planar and spherical30
which are consistent with density scale heights of less than 2 um and in
some cases as small as a 0._10 um,

For high intensity target irradiations, suprathermal electrons are
produced by the collective processes of the absorption of the laser
energy. As a result one may expect that electrons will escape from the
quasi'heutral distribution of the plasma corona and can be detected by an
electron spectrameter at large distances iran the target. Figure 61
shows our magnetic electron spectrometer which deflects the electrons

_through 90 degrees onto silicon PIN diode detectors. This system has
been used with a large number of target experiments and has provided data
on the number of electrons and their energy distribution. However, it
must be'cautioned.that the distribution of the electrons which are
detected by the spectrometer are complicated by the target mass and the
connection to the target chamber and the target chamber surroundings.

. Asymptotic plasma energy distribution in the form of the plasma
ions has been a subject of considerable discussion in the literature.
Because of their simple nature and ease of fabrication most of the
measurements have been made utilizing Faraday cup detectors. As a
general nonquantitative survey instrument these Faraday cups serve a

- general usef&l purpose. However, if one wishes to know the distribution

. of high energy ions from the laser target at a large distance other
'techniqu/es must be employed. The basic problem with the Faraday cup

~ method of detection is the emission of secondary electrons fram the

detecting surface and the concommitant charge buildup in the region of
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the detector. There have been a number of more quantitative plasma ion
detectors fabricated. 7Two examples are the Thompson parabala which
utilizes parallel electric and magnetic fields to separate charye state
and energy. Another is the double focusing magnetic spectrcmeter
utilizing cellulose nitrate as the detecting medium. A third example is
shown in Figure 62 in which we utilize a magnet to deflect constant
values of mE/q2 onto different detector planes. As shown in Figure 63
we also determine the mass to charge ratio by the time of arrival of
various peaks in each one of the detectors. In some earlier experiments
a number of investigators mistakenly determined that a very large
fraction, up to 80% of the absorbed laser energy was appearing in what
they turned a “fast ion" component. Subsequently we among others have
shown that the interpretation of these measurements was in error. A
significant portion of that signal known as "fast ions® was in fact
hydrogen jons. Since their chérge to mass ratio is one the faction of
energy contained in these high velocity ions was not as significant as
previously believed. More importantly, with respect to the observation
of the asymptotic plasma energy distribution the comment should be made
that the observation of a physical phenomena where the distance of the
point of observation is very large compared to the target diameter,

L/D + =, and the time of observation is much greater than the implosion
time, t/Timp + =, then it is very difficult to interpret the results with
respect to the phenomena occuring in the interaction regime and in the
implosion of the target itself. Thus, although these asymptotic plasma
instruments are of interest and contribute some information to the
overall plasma processes we should continue to focus the major portion of
our attention on the plasma distribution in scale Tengths and time scales
associated with the interaction and implosion of the laser fusion

pellet.
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VII. REACTION PRODUCTS

Because the goal in laser fusion is to produce net power and
convert the reaction products to electric power, clearly one of the most
important measurements is the total thermonuclear energy produced for
either the DD reaction or the DT reaction. This measurement is
relatively straightforward because the neutrons produced have high
energies, 2.45 and 14.1 MeV and therefore will penetrate even large
anounts of steel or lead. Therefore, the detectors may be placed at
_lafge distances fram the target without concern for a clear penetration
into the target chamber. The most versatile detector of neutron yield is
the time of flight detector which utilizes & NE 111 fluor and a fast
photaonultipliier. The neutrons interact with the fluor to produce photons
which are measured with the fast photomultiplier. The systems which we
use also contain a pulsed light source for routine calibration checks.
The responée of this system to a delta function impulse is shown along
with the detector in Figure 64 and we see that it produces a 4 nanosecond
FWHM vbltage pulse which we typically record on a fast oscilloscope. The
sensitivity’of this system is also shown in the figure. In typical laser
fusion experiments there is an x-ray and gamma flash which occurs at the
time of the laser imp]osion} These x-rays and gamma rays typically also
penetrate the fluor detector and produce a signal which can be confused
with the neutrons. Hoﬁever, because of the difference in the cransit
timgsvwe are able to separate the x-ray and the neutron signals. These
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detectors are most versatile because they can be placed in almost any
position with respect to the laser irradited target. For very low yield
experiments we have been able to detect as few as 200 reactions generated
in a laser imploded target.

It is difficult to calibrate the time of flight neutroﬁ detectors
in terms of absolute yield.33 To circumvent this problem we have
employed an activation counter in which a copper disk is utilized.34
The copper disk is placed in close proximity to the laser irradiated
pellet. The 14 MeV neutrons from the DT reaction then produce n,2n
reactions in the copper changing the stable 63Cu isotope into S2cu .

The activated disk is then placed in a coincidence counter with two Nal
crystals on either side of the disk. The 62¢y decays to 62Ni and a
positron with a half 1ife of 9.8 minutes. The positron is then
annihilated with an electron to produce two gamma rays in opposite
directions of 0.511 MeV. The reaction threshold for the n,2n reaction in
the 63Cu is 10.9 Mev thereby oroviding good discrimination against Tow
energy scattered neutrons. The cross section for the reaction is 0.5
barns and the positron decay of the B2Cu represents 97% of the decay
processes. We are utilizing this counter system with present Argus
experiments where the disks size is 76 mm diameter by 9.5 mm thick the
source to target distance was 41 an. The present detectability is

108 neutrons. The system is shown in cartoon in Figure 65. The copper
disk activation system was calibrated using a high energy deuterium beam
irradiating a tritiated target. The calibration accuracy of this system
is~ 10#. With high yield Argus experiments above 108 neutrons we have
utilized the copper activation as the standard to recalibrate the time of
flight detectors.
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"The reaction products are not only a measure of the total reaction
energy, they also provide significant information as to the reaction
prdcesses and the density and temperatures at which these processes
occur. For example, the energy distribution of the reaction products is
an indicator of the energy distribution of the reactants, thus it can be
used to determine whether the reactions are of a beam-beam, beam target
or a true "thermonuclear" condition. Early laser fusion targets have
operated in what has been termed the exploding pusher mode where the
pusher explosively decompresses inward and outward’to provide compression
aﬁd heating of the fuel. The final -+ produced in the fuel and the '
pusher are generally quite small of the order of 10-3 to 10-4
gm/cmz. Since the range of the alpha particles for typical
thermonuc1earrtenpératures is ~ 0.1 gn/cm2 it is clear that the alpha
particles leave the reaction region and pass through the pusher with only
small modification to their energy distribution and their average
energy. Thus, if we measure the energy distribution of the alpha
_particles we can make a determination of the nature of the reactions.
Further the energy of the reacting particles or their temperature in a
Boltzmann distribution is determined by the FWHM broadening of the energy
of these reaction products. In Figure 66 we show a alpha time of flight
spectrometer which was used in expériments on Janus in May 1975 to
demons trate the thermonuclear nature of the reactions and to measure the
1 - 2 keV temperature of the DT ions in the compressed core.8 This
system uses a ccllimating tube assembly which contains baffles to reduce
scattered particles reaching the detector, a defining collimator and a
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deflection magnetic to deflect the alpha particles onto a bare NE 111
fluor coupled to fast photanultiplier. Because the alpha particles fron
the DT reaction have 1/4 the energy and 1/4 velocity of the 14 MeV
neutrons produced in the same reaction it is possible to place tne alpha
time of flight detector a factor of 16 times closer to the target chamber
than a neutron time of flight detector with the same energy resolution.
Note that the energy resolution of a Tof detector is given by AE = 2Ev
at/L. A factor of 16 in distance and an increase in the affective size

of the detector which can be used with the alpha particles leads to a
detectability for the alpha time of flight system of 5 x 105 reactions.

For neutrons we built a time of flight detector for Argus35
which is shown in Figure 67. This system has been placed at a distance
of 45 meters from the target chamber and can produce useable time of
flight signals for energy distributions at yield ievels of 3 x 108,
This spectrometer as configured for Argus utilizes collimators a short
distance from the target chamber and two water shield tanks, one located
just outside the building and the other located just in front of the
detector station to reduce the sensitivity of the time of flight
detectors to scattered neutrons. Data from these two systams for an
Argus experiment is shown in Figure 68. The upper trace is the neutron
time of flight signal which shows the energy of the neutrons as being the
expected 14 MeV, the broadening was 423 keV, and since AEFNHM =177 '
\JT; ~ keV we calculate an ion temperture of 5.7 keV. The lower trace
shows the alpha particle signal and in this case we measure a larger
spread of the energy of the alpha particles. We also observe a down
shifting of the average energy of the alpha particles. This is to
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be expected since the alpha pa;tic1es must pass through the fuel and the
pusher to arrive at the detector thus we expedt an average decrease in
the energy of the alpha particles of 200 - 300 keV. The inferred
temperature has not been corrected for broadening due to passage through
the fuel and the pusher and thus the 6.7 keV ion temperature which we
jnfer is consistent with the 5.7 keV ion temperature measured by the
neutron time of flight systen. The reduction of the time of flight data
to energy distribution is shown in Figure 69. Because of the small
number of neutrons interacting with the detector even at these high
yields of 7 x 108 the error bars on the broadening of the distribution
can still be significant. The energy broadening error is linear in t
but then since the ion temperature squares the errors of the energy
measuranant, errors of 15-20% are typical in determining the ion
temperature from the neutron time of flight.

. Another technique which can be used to measure the temperature of
the reacting products is to utilize the ratfo of the nunber of reaction
products frun two different reactions. This ratio is only a function of
the initial concentrations and the ratio of the Maxwell average
crossections of the two reactions. For the DD react1on in the D3He
reaction the ratio of the cross sections varies by three orders of
magnitude over the tenperature range from 1 - 10 keY. Thus, by measuring
the ratio of the nunber of 14.7 MeV protons produced in the D3He
reaction’ to the number of 3'MeV protons produced in the DD reaction we
have a_very sensitive thermometer for the fuel reaction temperature. On
Argus experrments w1th exploding pusher targets this method has produced

. results which are in agreement with neutron and = TOF experiments .36
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The size and the distribution of the compressed core can be
measured by imaging the reaction products. This measurement has been
made for an inertially confined DT reaction which produced of the order
of 1012 neutrons.37 In this case, a pinhole camera was used to image
the 14 MeV neutrons and the recording medium were plates activated by the
14 MeV¥ neutrons. This technique will become useful in high yield
experiments. However,.at present the yields are in the 108 to 109
range. Again recognizing that the targets produce iow values of r in
the fuel and the pusher we can image the alpha particles instead of the
neutrons. One significant advantage is that the alpha particles are
easily stopped with 10 m thickness of gold and thus small pinhole or
other imaging devices can be generated and placed at very small object
distances with respect to the pellet implosion. We have implemented both
pinhole38 and zone plate coded imaging39 cameras to image the alpha
particles from our exploding pusher targets. The reccrding technique is
illustrated in Figure 70 in which we shown the emissions and their
energies from the laser irradiated pellet. The high energy ions from the
pusher are stopped in the filter which also serves to attenuate the
x-rays which can cause significant bulk damage in the cellulose nitrate
recording film. The alpha particles leave damage sites in the cellulose
nitrate which are converted into pinhole tracks by etching the cellulose
nitrate disk in a sodiumn hydroxide solution. Other high energy particles
are either stopped in the filter or produce distinctly different tracks
than those produced by the alpha particles. The x-rays which penetrate
the filter produce bulk damage in the cellulose nitrate and do not
produce pinhole tracks. Figure 71 shows an example of alpha particle
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pinhole tracks in cellulose nitrate produced with a zone plate camera.
The implementation of the alpha pinhole imaging system on Argus is shown
in Figure‘72. The pinhole camera is shown on the right together with the
tantalum filter and the cellulose nitrate detector. Data froma 3 TW
irradiated glass microshell of ~ 90 um diameter is shown on the left.

The distribution of the pinholes recorded in the cellulose at the time of
the reaction occupied a space inside the initial target spherea ~ 1/3 the
initial diameter. This data indicates that compression of the fuel was
greater than 30. It must be remarked, however, that the diameter of the
pinhole used for these experiments was 25 um thus the resolution of the
camera is ~ 30 wu-for the magnification used. Higher yield shots for the
projected 6 TW capability of the Argus system .and the 30 TW capability of
the Shiva system will allow the utilization of much smaller pinholes and
concomnitant increase in the resolution of the imaging system.

The implementation of the zone plate camera for alpha imaging is
shown in Figure 73. The 2.5 mm diameter zone plate is shown on the
right. The thickness of the zone plate was 5 um with the total numbers
of the zones being 100 and the r of the narrowest outer zone was
5.3 um. The planar resolution of this zone plate imaging system was 10
m. The reduced zone plate image from the same experiment shown in Figure
72 is shown on the left. The isoemission contours are shown along with
vertical and horizontal distributions through the image. A slight

~.ellipticity of the distribution is evident, however, since the extent of
image in the vertical direction is 28 um and 26 wm in the horizontal
~direction we should be careful not to infer too much from this spatial

.
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distribution where the resolution is only 10 m. Again, with higher
yields and further improvements in the fabrication capability of high
accuracy high resolution zone plate we expect higher resolution images to
be produced in the future.

Another use that can be made of the reaction products is to
utilize the high energy neutron to produce activation of the pusher
material.40 The activation of the pusher material will be proportional
to the density radius product and thus be a measure of the density
distribution at burn time. An example of the use of this concept is
shown Figure 74. The DT reaction produces the 3.5 MeV alpha particle and
the 14 MeV neutron. The 14 MeV neutron in present experiments passes
through the 28Si in a glass microshell pusher. The 28Si is converted
to 28m1 by an n,p reaction. Now if one can collect the target debris
one can then measure the decay of 281 back to 28si by beta decay
with the coincident emission of a gamma ray. This nuclear process has a
half life of 2.24 minutes. The energy of the gamma ray is 1.78 MeV and
the beta ray has an energy of 2.86 MeV. Thus, the time scale of the half
1ife is convenient for the removal of captured target debris and the
rapid counting of the debris to determine the activated fraction. The
*igh energy of the gamma ray and the beta ray make coincidence counting
of the captured debris relatively simple. Figure 75 shows the
relationship for the r of the pusher as a function of the neutron yield
and the number of activations in the target. The experimental procedure
is shown schematicaliy in Figure 76. A cylindrical plastic collector is
utilized so that the laser beams can enter through the open faces of the
cylinder to irradiate the target and then a large fraction of the target
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mass. is collected by the cylindrical collector. The present measurements
indicate that the counting efficiency will allow as few as 75 - 100

281 atams to be observed. For f/1 focusing lenses on Argus the

fraction of theé mass which is no% collected is expected to be 12%. We
have devised a teéhniqde for verifying the target fraction collected.

VII. SUMMARY AND CONCLUSIONS

The Laser Fusion Program at the Livermore Laboratory began a
significant experimental program in 1971 and at that time it was
concluded that large numbers of new diagnostics instruments and
techniquesxwou1d have to be developed to adequately diagnose the laser
imnlosion experiments. Since that time we have developed a large number
of new instruments and adapted a large number of well known techniques to
our peculiar requirements in laser fusion. We have made significant
advances in the development of imaging and the temporal resolution of our
~ diagnostics. We will continue to commit significant resources to

féontinuing developments in the diagnostics capability. The rationaie is
simply that we recognize that the rapid rate of progress in our program
is due to our theoretical capabilities, our calculational capabilities,
the ability to develop well characterized target irradiation facilities,
our abil%ty to fabricate the necessary high precision targets and our
ability to make quantitative high resolution diagnostic measurements of
the target experiments. An example of how these diagnostics are used and
compare with the target design calculations is shown in Table IV. These
data represent the efforts of over 100 man years of effort in the
development, characterization, implementation and operation of our
diEgnostics on térget experiments.
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DIAGNOSTICS REQUIREMENTS

Data obtained on a single shot basis compatible

10'® cm™3 < n < 10%¢ cm3
1eV < T < 50 keV

1 eV < E < 14 MeV
Tum < Ax < 1 cm

1 psec < At < 100 nsec

with computer aided data acquisition

40-01-1176-2348

Table T

8/77
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~ CURRENT STATUS OF LASER FUSION DIAGNOSTICS |&

6 psec (infra-red)

At
15 psec (x-ray)
Ax 1 um (infra-red, visible, ultra vnolet time integrated)

3 um (x-ray; time integrated)

6 um (x-ray: 15 psec time resolution)
50 um (120 psec, full frame)
10 um (o particles, ions)

100 eV < hy < 100 keV (time integrated)

1 keV < hv < 20 keV (15 psec time resolution)

1076 em—3 < n, < 1021 cm~—3 (~15 psec exposures)
Afhv) = 1eV at 1 keV

AE = 100 keV for 14 meV neutrons, 3.5 meV alphas

nonoR N

40-90-0377-1733 8/77

Table I1I
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Figure 3




‘LASER FUSION EXPERIMENT DIAGNOSTICS

Measurement

-Neutron count

. X-ray spectrum

X-ray spatial
distribution

X-ray temporal
. character

X-ray calorimetry

« spectrum

« image
lon energy spectrum

lon spatial
distribution

Electron energy
spectrum

Second harmonic
conversion efficiency

20-90-0177-0411

e, e, e i e St it st e,  p————r -

Instrument

1 Cu activation counter

1 time of flight detector (2 fluor-PM)
2 fluor-PM systems (6 detectors)
Active-gypsum flat crystal

RAP bent crystal

CAR carbon reflactor

Lead myristic bent crystal

7 channel K-adge filters

4 channel K-edge filters

1 axisymmetric x-ray microscope

2 x-ray microscopes {4 channels each)
1 zone plate imaging system

4 LEXD

Filterad x-ray streak camera

4 SiSB detectors

3 Ta foil x-ray calorimeters

1 Quadrupole triplet spectrometer
2 Magnetic-TOF spectrometers

1 Pin hole camera

1 Zone plate imaging system

2 Magnetic spectrometers

1-4 channel CN detector

8 Faraday cups

11 differential calorimeters

1pin hole camera

Ma‘gnetic spectrometer

2 PIN diodes

i

Table Illa

Record

Coincidence countering system
6 traces + 8 CAMAC channels
12 traces

Digitized image from reticon array
Film

Film

Film

7 CAMAC channels .

3 traces + 1 CAMAC channe!
Film

2 Film (8 images)

Film

4 traces

Film (10 images)

4 CAMAC channels

3 chart records

3 traces

6 traces

Film

Film

4 traces

4 Films

12 traces
11 chart records
Film

9 CAMAC channels

2 CAMAC channels

8777

9



LASER FUSION EXPERIMENT DIAGNOSTICS

Measurement

Laser tempaoral and
spatial distribution
both incident and
scattered

Optical energy
balance

Laser system
performance

Instrument

2 Target plane multiple image cameras

2 Target plane streak cameras

Forward and hackscatter streak camera

2 forward and backscatter multiple
image cameras

North and South incident calorimeters

North and South forward and backscatter
calorimeters

40 PIN diodes

10-1.06 um calorimeters

or box calorimeter

J——

Oscillator streak camera
Switched out pulse energy diode
Pulse train monitor

Spark gap timing monitor
Prepulse monitor

7 interstage calorimeters

6 nearfield beam photos
Flashlamp current monitors
Faraday rotator field monitors

Total for one shot: 85 oscilloscope traces
82 data channels from computerized acquisition system

20-~90~0177-0410

105 photographic images
24 chart records’

Record

2 Films {50 images)
2 Fiims {6 images)
1 Film {3 images)
2 Films {10 images)

Computer (2 channels)
Computer (2 channels)

40 CAMAC channels
10 chart records
6 chart records

1 trace

1 trace

1 trace

1 trace

1 trace

Computer (7 channels)
6 Films

20 traces

10 traces

1 digitized image {1024 data at computer output)

1 coincidence counter output

Table 11ib

LS
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-Lasar beam

(Plasma) calorimeter
X-ray microscope

Energy balance package

X-ray spectrometer

®  D-H proton detector:

Figure 6

. ‘Keriy strosk camera

Target viewers

u-spectrocpet'er ' 3/77
Neutyon detector



SHIVA COMPUTER SYSTEM
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{1200 circuits .in: system

Data archivat
Charge setting

System firing

toternal 145 . F-20 8V
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Time
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_ SHIVA INCIDENT BEAM DIAGNOSTICS PACKAGE

' ~Focusable
energy calorimeter

" Removable mirror—

Pinhole/crosshair—

~

Streak camera

Total energy
~ calorimeter

Fast photodiode-
. Target ~

Y6 Beam
~ focusing -lens

.

Galelean . telescope = !
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o Figure 10



 OPTICAL STREAK CAMERA

Figure 11



ARGUS LASER SYSTEM, NORTH ARM, TYPICAL BEAM PERFORMANCE {4
DATAATISTW

~100pm —»|  e——

a. Equivaleﬁt plane streak

170u 110u 55u
280 — -l v l— I

b. Equivalent plane profile -
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c. Near field profile :;Iigt,:e:; g'fn ;;,: ¢ 10/76

picture on plate.

Figure 12



0»‘.

o

ft“reaik}reco,rd

50 psec

Time‘

0

Figure 13

//JA156 um . |

ARGUE ' NORTH BEAM TARGET PLANE ENERGY DISTRIBUTION fﬂ.;. B
i . Radial average * RN ‘

5>< 105 .l/cm2 7

|diam A

'Radius 150 ym

£1.7 TW

Power




RETURN BEAM DIAGNOSTICS PACKAGE i M C
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_TRIPLE CRYSTAL SPECTROGRAPH - ©

Film cassette

Light-tight
vent maze

Light-tight
aperture foil

2 or 3 curved
diffracting crystals

20-90-0877-1622

Figure 23
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MEAN RESOLVING POWER AND ENERGY COVERAGE OF CRYSTALS,
FOR 10° <§, <45°
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d
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Energy, keV
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Figure 24
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. COMPOSITE X-RAY SPECTRUM, FROM FOUR INSTRUMENTS, FOR A GLASS
MICROSPHERE TARGET (140 um DIAMETER)IRRADIATED BY THE ARGUS
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Instrument Description Coverage
Dante Filter/reflector discrimination, 0.2-1.1keV in 3 chis
fast XRD -
Sub-keV Lead myristate xtal diffraction, 0.32-1.0 keV, 10 eV
spectrograph VUV film resolution
2-5 keV RAP xtat diffraction, no-screen 1.4-4.2 keV, 2-3 eV
spectrograph film resolution
20-90-0777-1508  Seven shooter Filter discrimination, PIN diode 2.5-3.0keV in 6 chls
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COMPRESSION SPECTROGRAPH
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0 20-60-0877-1847 | '
; B o " Figure 29



CARBON, QUARTZ, NICKEL AND GOLD X-RAY MICROSCOPE MIRRORS -

PROVIDE X-RAY IMAGING CAPABILITY BETWEEN 0.1 AND 10 keV L
! 1 T 1 T T | o T 'o T T T 1
1.0 S ! 2.0° carbon mirrors- ¥ o 0.75" quartz mirrors
] u
1 i
. - :
> 0.5 - :
i ;
3 . - .
b= N o N
-1} - = .
: - -
KT I I Y S O F I
SI10 T T T T T T T T3 T T 1 T [ T T 1 _-1
= - 0.75° nickel mirrors- - 0.75° cold mirrors-
o ¥ ] - ]
Q = ] 3
8 _F . : .
Q 05 | . [ _
E ] E ]
- - - .
0 - [ B B T . - [T N T {1 -
0 2 4 6 8 10 -0 2 4 6 8 10
Photon energy, keV 3/77

Figure 30

48



'y MULTICHANNEL X-RAY MICROSCOPE SPECTRAL ENERGY“WINDOWé L]

— 1 T 1 ! T | T T
03| 05keV channel 7| [~ 0.8keV channel —| [~ 1.5keV channel -
0.2 - — .o . —1 F o _1

2.06°C 2.0° Si0, | 0.75° Si0,,

0.1} 0.6umC 4 | 05umNi | L 9um Al _
0 /\I 1 1 A | 1 l I
} 1 I ] ] ] , ] ] 1

0.3 [~ 2.0keV charnel —| |- 3.5keVchannel | |- 4.5keV channel -

021~ o07s° si0, 11 0.75°Ni | | 0.75° Au |
12.7 um mylar 12 um Ti 10 um Cr

0.1 -1 ~ 1 ' -

ol A | A m

0 1 2 3 1 2 3 4 2 3 4 5

Photon energy, keV
20-50-0877-1729

Figure 31



~ X-RAY MICROSCOP
b o . ' ‘Image plane
Film
CCD camera
Streak 'can?era

- Axial f_ocﬁs adjustment-

e

"y .

x- féy"‘leps”
_-Adjustment flange

:

"~ #*—-Pointing adjustment

> Tripod support

) // Wolter

@ hyperboloid/ellipsoid
% 9x & 22x mirror

; . Kirkkpatrick- Baez
@ 4 channel,
3x mirrors

Target-chamber 16m dis

Figure 32
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MPROVES ABSORPTlON AND
6PT|cs ,

63 J-48psec -
3608061 1\5-1

ANUS - 0.4 TW "

32J—73psec s . T ) 83<L~29psec
[ . ! 36101203-5-4

. rigure 33



€ WOLTER TYPE | X-RAY MICROSCOPE SCHEMATIC

Hyperboloid
Ellipsoid

>f2E

Apériﬁl'fé d Film plane
stop X-ray filter/
/_Y//

Object -
(laser fusion target) S

Figure 34



NU_MlERICALLY CONTROLLED CORRECTIONS IMPROVE THE SURFACE
FIGURE OF DIAMOND TURNED AXISYMMETRIC X-RAY MICROSCOPES. =

0 15 mm
R I B 7"’ Theoretical sagittal contour
: \_// hyperboloid reflector
0.5 um ' _

Initial diamond
turned contour

“’Corrected’’ diamond
turned contour

Figure 35



AXISYMMETRIC X-RAY MICROSCOPE RESOLUTION IMPROVES WITH
. MORE ACCURATE FIGURING OF THE HYPERBOLOID/ELLIPSOID
REFLECTING SURFACES

Resolution micrographs

~4 um resolution

9X-30 ~8 um resolution 9X-2
15 mm
- hyperboloid

Sagittal contours

15 mm 15 mm
"""" '—_M" Tt T "—’—"H:”T// e"ipsoid —
s o
; 0.5 um

Figure 36
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ZONE PLATE CODED IMAGING {PRINCIPLES):

G

Each zone piate. shidow uniquely characterizes the position of its
- associated source point T

———
\ > . ‘ . A > c
AL . "B First order
’ : image
Shadowgraph . / . v
. Original three dimensional source distribution is reconstructed from

the shadowgraph - »'5’77 .

Figure 38



: PARAMETRIC COMPARISON: X-RAY MICROSCOPE VERSUS ZONE

PLATE CAMERA , L
Parameters X-ray microscope Zone plate camera
Pianar | _ 1um 5.3 um*
resolution limit surface smoothness limited by diffraction
limited effects during -
. shadowgraph recording
Solid angle for 5X 10~% sr 9X10™7 sr
radiation collection
Tomographic resolution ' None 10 um
Radiations X-rays All radiations
imaged A=2A A<25A)
Typical object (30-50) cm (1-2) cm
distance

*ZPCI planar resolutior limit depends on source spectrum. Specifically, 5 ~3.3\/7, S, .
A, is the maximum wavelength of interest. The P.R.L. quoted corresponds to S; = 1cm,
A, =25 A.

JZPCI spectral range depends on minimum {inewidth of coded aperture. Specifically,
A, <(Ar)2/4 8. The X value quoted corresponds to S, = 1 cm, Ar = 3 um.

5/77

Figure 39



ZONE PLATE CODED IMAGE SUPRATHERMAL |
X-RAY DATA: (PRELIMINARY RESULTS) &

Reconstructed x-ray
image

T T T T T 177
"~ Total

Relative intensity

\) ;
N

b Y
/Q I Y|

Supfathermal

f—————05 ym———————\

(3-D film density contour
representation)

Shot Parameters:

Targer ball diameter: 89 um
Power on target: 4 X 1012 watt
Neutron yield: (1.4 = 0.3) X 10°
Shot 1.D. 36120906; RX1291-1C

6 10 14 18 22 26 30keV

X-ray spectral

distribution in image .

Figurelléo




ALICS/CALICS SPECTROMETER

Tungsten .
shielding _\ / Film
F \
. \
- Beryllium
filters
é‘i 11 7~

100 micron target
~10 micron compressed
region

Scale:

\

Quartz x-ray &

2 cm

20-10-0877-1881

Figure 41
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X-RAY STREAK CAMERA L]

3 stage - 40 mm
electrostatic image intensifier

Streak tube

x-rays from
target Scope camera f1.4
— |
Fibre optic:
coupling Gold x-ray photocathode

Optical
trigger

Accelerating grid
Anode

X-ray photocathode
125 um X 1 cm slit

Beryllium

| IS

Figure 42



TIME RESOLVED ‘)(-RAY SPECTRUM

X-ray intensity

10°

101

102

103

104

6, in the range 0.5 to 0.6 keV

B-34, 87 um®
28J/70 psec
6/4(75

[ [ [

keV

200
Time (picoseconds)

400

10°

10"

(relative)

dI
d(hv)

102

103

-

3 | ] I 1 [
E B-34, 87 um® i
F -
B B
- E
= -
i ative i \ ]
_ Relative times \ \ _
= 0 100 psec AN S
- O 200 psec A \ 3
. & 280 psec (peak) \\o
| ¢ 350 psec \\¥ -
\
| { [ ( | B
0 1 2 3 4 5 6
hv(keV)
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X-RAY TEMPORAL SiIGNATURE AS A FUNCTION OF LASER POWER

10°-
B 515
- 0.36 TW, 93 ps
I 9 X 10° neutrons |
No prepulse
0 r -
2. F 520 -
'é N ) 0.35TW, 92 ps -
;g‘ 7 X 10° neutrons
- i N i 7
o o k' o prepulse ]
x  F 517 ]
_g R 0.24 TW, 110 ps .
& 1 X 10° neutrons
o No prepulse -
103 -]
104
0 490 psec

Time —

Figure 44



X-RAY STREAK RECORD OF Au-DISK

—————= Time
) ) Figure 45 |




TIME-RESOLVED X-RAY EMISSION AND X-RAY SPECTRA OF Au-DISK |§
Shot #37070712: 357 J/242 ps, 2.82 X 10'® W/cm?

Channel | Elem. | K-edge (keV)

— 108 1 . I
0 ! ¢ | 28 t (ps) | 6, (kev) [ 6, (kev)
10— 4 Ti 4.96
1 6 Co 7.7 105 1] 120 1 3~56% ]
10_1 = 4 7 Zn 9.7 ; 1 160 0.91 7
F 8 As | 255 ) m| 260 [ 1.3 | 81
' [\ - § 104 os (1v| 470 | 1 92 |
: 1072 /[ & - e \* - - - - Expected trend
- aan3 _
'E 103 L- { — ; 10 o6
, 8 > B .2 o7 Peak
2 10-4 _ @ 10° Wﬂyl
® o« 8
. 105} - - \ l

10-6 [— L | 1 | | | | U
0 200 400 600 800 0 b5 10 15 20 25 30

t (picoseconds) h, (keV)

2060-0877-1 540 Figure 46



TIME RESOLVED X-RAY SPECTRA (Au-DiSK)

20-50-0877-1885

Relative f (keV/keV)

Shgt #37072202: 352 J/209 ps, 1.16 X 105 W/cm?
10° 1

10°

10%

103

1 02

10°

10°

l 1 1_ 1
t (ps) | 6, (keV) | 6, (keV)
133 1.15 55
192 1.4 6.7
229 1.3 8.2
328 1.2 6.5
372 1.2 ~6.0*
*<~—~ Expected trend
229 ps
192 ps

h, (keV)

Figure 47



EVOLUTION OF THERMAL AND SUPRATHERMAL TEMPERATURES OF

GOLD DISK TARGET C
Shot #37072202: 352 J/209 ps, 1.16 X 10'® W/cm?
, T e , , 1.5
o b
Oé
8 NG " 1.
P \(/ \‘\\
L™ i
’.} \,\b\ \'D\\ .
s 6 -7 o a "
] 0y N, 2
L / \. 5_
Q:'c / \,\ .
41 ; o---0 —H12 ©
d
2 —1.1
0 1 | L } 1 1.0
160 200 300 400

20-50-0877-1548 t ( pS)

Figure 48



DANTE

700—-1300 eV channel
windowless XRD

300—700 eV channel
windowless XRD

® 40 ug/cm? Ni filter and 8.7°
grazing angle nickel mirror—

100—400 eV channel
‘windowless XRD

razing angle silicon mirror
20-90-0777-1519 9 gang

Figure 4°

® 150 ug/em? Ni filter and 4.4°
grazing angle nickel mirror

e 1000 ug/cm? Ni filter and 1.37°



3 CHANNEL SUBKILOVOLT DETECTOR RESPONSE FUNCTIONS

28
26 |-
24 |-
22 -
20

14
12
10

Relative response .

ON H O ®
‘ i

0

20-50-0777-1413

18- B
16

(|

T

T l T T ] T
8.7° Ni mirror
40 pg/cm? Ni filter

4.4° Ni mirror
/ 150 ug/cm? Ni filter

1.37° Si mirror

/ 1 mg/cm? Ni filter

02 04 06 08 10 12 14 16 18

X-ray photon energy, keV

Figure 50




Ltg  ALIGNMENT SCHEME FOR SPACE-TIME X-RAY EMISSION STUDIES

/Spatial filter

He—Nel laser

Target "~ Dichroic T
\ / pinhole -—— Focusing lens
<{ _-'—l-—— e —— — Streak camera
Telescopic \Rin T, “Pellicle ||
viewer g

pattern

100 um—H’

Vacuum i
chamber

Figure 51




TIME RESOLVED IMPLOSION VELOCITIES

. . . . - '¢~_" . ’ .\
"—53 pm—t 69 um—

SQOOB _.4_‘,_~SP§°’9,‘

\ N

One-‘sided implosion” - - " _ | Two-snded mplosnon
'(76070906) : ( 77070805) )

R ) - N . N >~ . ) C
v, ( . : ) \N‘ : e T

,,“‘ o, -0 SR . >

Parameters 0.5 um wall, 1 3 - R 8 mg/cc DT fill, 0:45 TW/‘IO ps;WHM
' 2' X 10B neutrons one-snded 1 X 10’ neutrons two-suded

| Figure 52




Vo

SPAGE-TIME X-RAY EMISSION CHARACTERISTICS
76073002 76021907

56 }:m -~
- 1726 um

Sbace _ Y Space

76073002 ° 76070209
' A .

35

Lo oo
Absorbed Space
sorbed energy . _ Jing

- - = e
per unit mass

Figure 53



_Framed, restored -images .

Dlssactod electron images
Lens .
"

" Dissector plate  enarned
0.5 user:/frame

Dimctor doﬂéctors



UV HOLOGRAPHIC INTERFEROMETER PROBE PULSE OPTICS

Prism sat movable to adjust
time of arrival of probe
pulse on target

— 5320 A
N > absorption band pass filter
] 2660 A 1.06 Mm
i % j\ 532( A 40cm f.i
=t Lervem f-4- ----O ey | S -
1 All prism i ] crystal I - - il b -‘\
PR fused silica Beam reducer ;x)o um
i; . conversion cunversaon 1.6:1 aperture pinhole
To efficiency efficiency Spatial filter and
interferometer beam reducer 2.5:1
(target chamber) 2660 A

absorptiop band pass filter

/',(. _____ - o e

90° rotator ¢4

YAG preamp
double pass amplification

v

&

45° rotator
mirror

To main beam
amplifiers

Figure 35

7

AR

Janus oscillator
switchout gutput

20-01-0877-1521



UV HOLOGRAPHIC INTERFEROMETER TARGET CHAMBER SETUP (L]

Match \
object and reference / A 2660 A probe pulse

path lengths oy Tmfl ~3 /15 psec FWHM
A4
1.06 um laser puise ___.,f_,'__._‘___ _________ - ——— e
0.5 J — 5 J/30 psec FWHM \\,..'\A I}
/ <7 Fused silica
’ \
4 L
- All mirrors
- aluminum coated
All lenses
fused silica

trradiating lens
f/1 or £/10

/ , microscope

Target imaging lens
t/1orf/2

filter 20-01-0877-1520

Figure 56



FRINGE NUMBER IS A STRONG FUNCTION OF IMAGE PLANE
~ POSITION IN A STEEP GRADIENT PLASMA — CAN LEAD TO
LARGE ERRORS IF MISINTERPRETED

i .
L76 pum— ' i Properly = - 40 um
. focused — - focusing
2660A holograms 5 fringes error —

15 psec, 1 um R 3 ' - 171 -fringes

77050202

Figure 57




PROFILE STEEPENING ON AXIS | S o (L]

(2660 A, 15 psec, 1 um)

3 T
g 27
@ b ‘Scale len'gth _
N \}\ - ~15um
(=}
= 1 0 & -]
g [ ]
g r .
S§osf Tt
g0\
m - -
' L3
N
? ' | i
. 1.06 um, ~10"* W/em?2, 41 umP | 0 5 10 15

Radial position {microns)

40-80-0877-1518

Figure 58



_ELLIPSOMETER DETERMINES THE POLARIZATION ELLIPSE OF THE

-SCATTERED LIGHT

— 80° — 45° prism

1(45°)

Collimated light from target
enters instrument

Figure 59

/% Polarization Analyzer Block
Photodiode

Connecting

@@\f
i

ﬁ are at Brewster'’s
angle to the beam




DETERMINATION OF THE SCALE HEIGHT BY.POLARIMETRY - o u ;

Degree of lmear polarization, p
N

100

AR SRt S S S

1. -‘198—09-08—06-04—02 0 0.2 04 0.6 03 09 098

Plasma density profile:
Density

Ny

2% 1w Distance ARGUS shot #36080406

1<) L

22 ! /0715 (6,.) = (075.125) | 6,40 (N)/40.6 (S) incident

2% s ~6=15° (n,.n, )= (05, z)' 84 4 OD, 0.8 u WT, 1.9 mg/cm DT
>E g © " 1.3 - 107 neutrons

§8 | =0.77

Q é 2 p .

0 = 30°
1.0 (n_.n,)=(05, 2

0.5 n =229
. n_.n. ) =1075,125)

: . w=225
0‘2 (nL, nH) = (05, 2)
0.1. - T R | A T
0 30 60 20 120 150 180
' Phase retardation # = %~ in degrees

Figure 60



- _'Boffom'polelface:, R
Z B — Typical
. electron

path

a. Magnet b. Associated detector array.

Figure 61



THE HIGH RESOLUTION WIDE BAND SPECTROMETER COVERS A
PROTON ENERGY RANGE FROM 12 keV TO 60 MeV

For each channel mE/q? = constant

Fluor-PM detectors

12 keVpl .60 keVp,

I~

Deflecting

magnet
(0.34T) \ # /& Y
l = _, - gamMeV ‘m\
To ti'_'gt_ F=F —1 0 R e e B2 =R |
——= ] 6omev ||
c ||' e S v—— nmm—"
zeé:;:;m t Si SB detectors Si PIN detectors Baffied

get lost tube

Tuneable 1 mm?2 for radiation

front aperture

20-90-0877-1603

Figure 62



~.For a narrow slit at x .

MAGNETIC DEFLECTION AND TIME OF FLIGHT SEPARATE IONS OF

DIFFERENT CHARGE TO MASS RATIO &

Withir the deflection region, tra-
jectories are circles with radius R,
such that

BR=Tv= V7

In the drift region, trajectories are
straight lines, such that

_ / LD
x=R—-y/R2-12 + ,___RZ_LZ

L L
X=={D+—
7 03

orforR>LD

For R > LD the time of flight for a

target to magnet entrance distance d
is

t=(d+L+D)/v
... t~m/q
20-90-0877-1604

Detector

plane T\

R

|

!

|

|
fe— 3¢ —o

D
‘_ x fixed
) 2
S m/q
Q
§§ — m— = am—
g 1 225 4
&g =
D
° M‘

Figure 63
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D-T NEUTRON YIELD BY ACTIVATION OF COPPER ' |

Activation Decay
®2Cu —~ 52Ni + §* (r,,, = 9.8 min)
Disk transport
Neutron L
source P - T T~
Copper ///’
disk -~
53Cu(n,2n)%2cy
8
. Nal (T¢ tal
Reaction threshold = 10.9 MeV ol 14) crystals
0=05b

rvt s avs
8* decay (97%) annihilation vy rays

Disk size = 76 mm dia X 9.5 mm
Present Argus system Source to target distance = 41 cm
Present detectability =~ 10% neutrons

40-46-0877-1592

Figure 65



ALPHA PARTICLE T.O.F. SPECTROMETER
’ C.'AMBER FLANGE

‘ _ COLLIMATOR TUBE ASSEMBLY
DEFLECTION MAGNET "

MAGNET POLE PIECE —

" GET LOST ASSEMBLY
O(-RAY & LIGHT TRAP)

X-RAY DETECTOR

DEFINING
COLLIMATOR

¥ " X-RAYS & LIGHT
/2 HA PARTICLES
~~FLUOR (NE-?1i).

PHOTOMULTIPLIER
- YUBE ASSEMBLY

HIGH VOLTAGE
~ 'CABLE

N

OSCILLOSCOPE

T vwsseteesoooo Figure 66



Figure 67

) N eutron
\ detectors
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NEUTRON AND o TIME-OF-FLIGHT MEASUREMENTS DETERMINE THE _
FUEL TEMPERATURE L

Epoa = 14.07 MeV
AE = 423keV
=T, <5.7keV

346 neutrons reacting with detector

Neutrons

E = 3.4 MeV

peak

AE = 460 keV
=T, <6.7keV

405 o’s reacting with detector

§ c:-particles

_ Shot: 36092208 | 676

Figure 68



DT-NEUTRON TIME SPECTRUM | T

100 T I ] | T
_Shot 36100812
— T T Detected neutrons 400 + 50 -
Target yield 6.7 + 0.8 X 108
80 [ : Mean time 867.5 +5.0ns
. FWHM 120+ 1.3
T6Q )
€ 60l
) Q
E .L ke
g i _
E |
2 40+ = -
20l % -
0 J% L 1 % %%66 &é@__
840 850 860 870 880 890 900

Time, ns 11/76

Figure 69
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FILTER-DETECTOR RESPONSE TO ARGUS EXPLODING

PUSHER EMISSIONS {2
Silicon jons <2
ad aheorbed . =
14_MeV neutrons
. T ) B
10 MeV [—are absorbed —
- -
— 3
’_ —
[3.52 MeV alpha particief ]

1 MeV

\,j"

100 keV |—
—
-
-
10 keV

IIH'

1 kev L

o particles leave tracks.
. in the plastic

g4 b1yt

to the bulk etch
rate

Lol

A total of 1.2 X 10°7J
of x-ray energy is
-absorbed in the detector _
and contributes to the
"bulk etch rate

E

X-rays < 1.0 keV are
absorbed in the filter
10/76 :

" Detector consists of
6 um of Kodak Pathe
LH115 cellulose nitrate

Filter consists of
8 X 10 gm/cm? tantalum

' Figure 70 | - e



c":bDE"D“'lMAGé-,OF « EMISSION FROM COMPRESSED D-T MICROBALLOON'L}-.

11/76

Figure 71
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RADIO CHEMISTRY

~L__Glass usphere

e (2H, 3H) neutrons pass through glass microsphere wall
e 14.1 MeV neutrons interact with 28Sj atoms in microsphere (24.8% atomic
compositioq) and produce radioactive isotope, 28Al by the reaction
28gj(n,p)22Al
® 287 - 3~ + 28gj* - 28g;j + 4
— 1,5 = 2.24 min

— hr(y) = 1.78 MeV
- E (8~) = 2.86 MeV

20-90-0877-1524

r Figure 74

AN R ————



RADIO CHEMISTRY | |

Total number of 28Al atoms produced, N*, can supply
information on target compression

N*=>=21X 103 (N )(pR)p

vield usher

20-90-0877-1523

Figure 75



‘RADIO CHEMISTRY

/ Laser beam \

W

LJ Z Collector
Experimental procedure

— Target debris deposited on plastic liner in cylindrical tube

— Collector removed and placed in nuclear detector and 28 Al decays
are counted

Counting technique
— B~, v coincidence technique employed using a iarge Nal well
detector and plastic fluor

— Measured counting efficiency will allow ~75—100 28 Al atoms to
be cbserved
20-90-0877-1525

Figure 76




SUMMARY OF LASER FUSION RESULTS

Fusion Parameter
Neutron yield

Alpha energy

lon temperature

Implosion velocity

Density

Absorbed energy

v Accuracy
instrument Resolution
{Cu activation 15%
Scint. PMT 20%
Alpha TOF ‘ 1%
Alpha TOF 09
{ Neutron TOF 20%
Streaked x-ray 6 um
Pinhole camera 15 ps
X-ray microscope 4 um
X-ray spectrometer 1eV

Calorimeter 10%

Table IV

Measured

1-2 X 10°
3.3 MeV

6—10 keV

3 X 107 cm/sec

0.1 g/ecm?
0.5—1 g/cm3

Up to 50%

2 x 10°
3.3 MeV
8 keV
3 X 107 em/sec

0.1-0.2 g/cm?
0.5—1.5 g/ecm?

Up to 50%

5/77



