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ABSTRACT 

The requirements of plasma temper -.tare and particle energies are 
effectively the same for inertial confinement fusion, ICF, and 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 &re expected to require densities of up to 10 4 x 
liquid density of DT. This corresponds to n ^ 10?6 cm _3. The 
dimensions of the compressed core are of the order of microns, "hus, the 
diagnostics problems in ICF is to measure plasmas at ̂  108 K, n 1 0 2 6 

cnr3, 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. 

*Work performed under the auspices of the U.S. ERDA Contract W-7405-ENG-48 
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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 magnetism! 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 summarized 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 
. corimunity 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 pellets will be compressed to diameters 
of the order of 10 microns and will have reaction times of the order of 
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10 picoseconds. This extreme new region of parameter space in physics 
places new requirements on the experimentalist to properly diagnose 
iner t ia ! confinement fusion experiments. Listed below in Table I are the 
range of Darameters which must be measured to properly understand 
experiments in ICF. 

In th is paper we w i l l discuss our present capabil i t ies in terms of 
the parameters which can presently be measured. We w i l l 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 w i l l present a short description of some of the unique 
diagnostics of the laser systems. The diagnostics of the output of the 
laser driver are the f i r s t 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 suff ic ient to 
characterize their output and therefore determine the i n f t i a l 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 i t creates, thus, the simple concept of 
energy balance is v i ta l to the understanding of the experments. In 
addit ion, much can be inferred about the laser interaction by measuring 
the distr ibut ion and polarization of the scattered l ight and also by 
measuring the distr ibut ion of the energy coupled into the target in the 
form of plasma and photon emission. 

The plasma temperatures of interest in iner t ia l confinement fusion 
range from approximately 100 eV up to the order of 50 keV. Thus, the 
photon emission w i l l be primarily in the soft x-ray regime. Because 
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collective processes in the plasma generate very high energy electrons, 
in addition to the thermal distr ibut ion we have a suprathermal x-ray 
emission from the plasma and thus x-ray emission into even the MeV region 
of the spectrum is of interest. We have developed a large number of 
instruments to measure the spectral, spacial and temporal distr ibut ion of 
these x-rays. The reaction products themselves provide very signif icant 
data on the performance of the implosion experiments and of the fusion 
reactions. We w i l l discuss measurements of the fusion y ie ld , and 
techniques for u t i l i z i ng the reaction products to determine quantities 
such as the temperature of the f u e l , compression of the fuel and the 
f ina l density radius product, r, of the pusher. In Table I I below we 
l i s t our present capabil i t ies in terms of temporal and spacial resolution 
and our capabil i ty in measuring the distr ibut ion of x-rays. We also l i s t 
our ab i l i t y to measure density d is t r ibut ion by the use of holographic 
interferometry. We continue to maintain an aggressive program in the 
development of new, diagnostics to extend our coverage with the goal being 
complete coverage of the ranges l i s ted in Table I . 

II. FACILITIES 

The Laser Fusion Program at LLL has concentrated primarily on the 
nebdymium glass laser for the proof of principle and development of laser 
fusion to the point of sc ient i f i c f eas ib i l i t y . The f i r s t neodymium glass 
laser was the Long Path Laser. I t operated in the multipass 
configuration, u t i l i z i ng 16 circular disks in an amplifier head. The 
disk amplifier was multipassecl either 5 or 9 times producing an 
e l l i p t i c a l output beam. The maximum power cab i l i t y of this system was 



« t 

5 

50 gigawatts. The second system developed at Livennore was the Cyclops 
laser system which was the f i r s t system to employ 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 bu i l t as a prototype system to develop the amplifier hardware 
for future target i r radiat ion f a c i l i t i e s . When amplifiers had been 
developed with an output aperture of 8.5 cm the Janus two beam target 
i r radiat ion f a c i l i t y was constructed. This system had a maximum output 
power capabil i ty of 0.4 terawatts. Janus was used to produce the f i r s t 
successful implosion and fusion burn experiments at l_ivermore.6»7 n 
also generated the milestone for iner t ia l confinement fusion of the 
demonstration of "thermonuclear" burn in a laser compressed pel let .8 
Janus and Cyclops provided the necessary confirmation of laser 
propagation theories and provided the developmental experience in the 
fabrication of high power amplif iers. The Argus system shown in Figure 1 
is the f i r s t large glass laser system which has implemented sequoncial 
spacial f i l t e r i n g to the remove the deleterious and disastrous effects of 
the small scale sel f focusing i n s t a b i l i t y . 9 The success of this system 
is demonstrated in that i t f i r s t 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 
pulse.10 In a 1 nanosecond gaussian pulse the system is capable of 
delivering 3 k i lo joules. The f ina l amplifiers on the Argus system have 
an aperture of 20 cm. 
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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 lenses. 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 urn. The Argus target 
chamber is a very stable optical system which matches the s tab i l i t y of 
the Argus laser. The overall s tab i l i t y 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 inter ior view of the Cyclops target chamber. 
Examples of diagnostics which are shown are si l icon pin diodes which are 
used to view the scattered l ight d ist r ibut ion from the target, x-ray 
pinhole cameras, plasma calorimeters and x-ray calorimeters. These 
diagnostics are typ ical ly arrayed to view the scattered l ight or the 
plasma energy distr ibut ion in the plane of polarization and perpendicular 
to the plane of polarization of the incident l i gh t . They are also 
arrayed at a constant polar angle with sequencial spacing in azimuth to 
view t h . complete azimuthal d istr ibut ion at a given polar angle. As can 
be seen from these past two f igures, there are indeed a large nwiber of 
diagnostics instruments which are used in the target experiments. Shown 
in Table I I I is a l i s t i ng of the typical diagnostic measurements, the 
diagnostic instruments and the recording medium for a typical Argus 
experiment. 
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In some experimental programs i t is re lat ive ly easy to repeat a 
given experiment many times with a rapid repeti t ion rate while 
maintaining the same input parameters. In laser fusion we have found 
that i t is more appropriate to do a smaller 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 
ava i lab i l i t y of targets a strong factor in this decision. In addit ion, 
making the laser capable of high repeti t ion rate is much more expensive 
than allowing for experimental frequencies of the order of 1 to 3 hours. 
In fac t , 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 ef for t 
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. I t w i l l also u t i l i ze 20 cm output amplif iers. The beams 
are arrayed into bundles of 10 and enter the target chamber froni opposing 
directions. The beams are focused by f /6 aspheric lenses and each beam 
has a opposing beam direct ion. An a r t i s t i c 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 w i l l be added in the Spring 
of 1978 and f u l l system operation at f u l l systen power of 25 to 30 
terawatts is expected in the Summer 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 
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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 typ ica l ly operates in the 1 0 - 4 to 10 - 5 Torr pressure 
range whereas the Shiva target chamber w i l l have a capabil i ty 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 from 
the target chamber. The f i r s t target experiments are planned for 
December 1977. At th is time we w i l l 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 w i l l be in operation. 

I I I . LASER DIAGNOSTICS 

In the Argus laser system the control and diagnostics of the laser 
are a l l 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 acquis i t ion. ! ! Through a competitive 
bid we established a standardized computer system for Shiva. The 
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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 complete laser system 
independent of the four POP 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 f i r s t of these is the power control 
and the timing of the f u l l f i r i n g sequence. The power control system 
ut i l izes a 50 vo l t wire data bus in the control of the power supplies and 
the f i r i n g c i rcu i ts . This system controls the charging of the capacitor 
banks and the f i r i n g of the laser system. I t is isolated from the 
control room with a 50 k i lovol t optical isolator. The second function is 
the .alignment of the complete laser system onto the target. LSI 11 
microprocessors are u t i l i zed for local control of the osci l lator 
alignment, the chain input pointing, CHIP, the spacial f i l t e r pinhole 
controls, the turning mirror controls, the lens positioning adjustment 
arid the target positioning adjustment. A th i rd block in the laser 
control and data acquisition is in the beam quality area. In th is system 
we gather data on the output from the osc i l la tor , the energy of the beam 
as i t progresses through tlie laser chain, the f ina l output of the laser 
and the energy which is back reflected and forward transmitted through 
the f /6 focusing lenses. The f ina l block is the target diagnostic area 
which ut i l izes a f iber optics CAMAC serial highway and CAMAC modules for 
the data acquisit ion. 

In Figure 8 we see examples of electr ical diagnostics which are 
recorded in the power control system. The voltage of each section of the 
capacitor bank is set and recorded using th is system. In addition, the 
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current wave form in each flashlamp c i rcu i t 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 osci l lator and of the rod preamplifier system before i t is 
injected into the mult iple sp l i t te r array. In addition, we record the 
laser pulse shape at this point. A 10 picosecond resolution streak 
camera is used with an electr ical data recording system which is a series 
of 1,024 miniature photodiodes.*2 This device is manufactured by 
Reticon Corporation. Energy measurements are made at six points along 
each one of the twenty laser chains of amplif iers. 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' cel l packages. 
This energy is focused with a Fresnel lens onto an integrating photo 
diode. Integrating photodiodes also monitor the laser energy at the CHIP 
beam spl i t ters and at the output of the 6 - Y spatial f i l t e r s . Thus the 
development of the laser energy in the laser amplifier chain ca. be 
monitored and provides information about the qual i ty of the laser 
amplifiers in a particular chain. 

At the output of the laser we take 2% of the output energy through 
the f ina l turning mirror and direct i t 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. Diffract ion l imited 
optics are used in th is package to provide foci which are equivalent to 
the target lens focus and an IR TV camera monitors the quality of the 
incident cw alignment laser beam. I t is also used to observe the 
position of the beam in the vacuum spacial f i l t e r s with respect to the 
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pinholes and provide observation for proper alignment. We also u t i l i ze 
two laser calorimeters, one observes al l the laser energy the other is 
focused through a pinhole to eliminate any f ilamentation 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 from the best 
focus. 

A beam is also provided which can be directed to an output streak 
camera on selected beams. There w i l l be at least two output streak 
cameras to monitor the temporal distr ibut ion of the laser intensity on 
the target. The Livermore developed streak camera which is u t i l ized for 
these measurements is shown in Figure 11. Tf/o of these cameras are in 
current use with the Janus laser system, four of them are in use on Argus 
and at least f ive w i l l be u t i l i zed simultaneously in the Shiva syitem. 
The use of these cameras is essential to determine the temporal and 
spacial distr ibut ion of the laser energy and of the subnanosecond output 
structure. Typical target experiments have pulses from 30 picoseconds to 
several nanoseconds. I t is not suff ic ient 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 
amplifier chain. Shown in Figure 12 is an example 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 i t produces a 
near f i e l d image of the output beam as wel l . By using an etalon in front 
of the streak camera, images displaced a known spacing in time are 
produced and thus provide a se l f cal ibration of the streak speed. The 
f i lm calibration is obtained by exposing the f i lm with a step wedge. 
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The multiple array camera produces equivalent plane prof i le energy 
distributions and these images are self calibrating since the vertical 
columns of images have known intensity ra t ios. 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 
typ ica l ly is presented as an equivalent axisytmietric d is t r ibut ion. The 
data is presented in th is way for comparison with LASNEX calculations 
since LASNEX is an axisymmetn'c two dimensional code. The streak record 
i s also computer processed to produce the spat ia l ly averaged power 
d is t r ibut ion. 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 laser pulse through the amplifier chain. 

The return beam diagnostics or RBO are coupled to the automatic 
focusing system which is called the PFC module, Shown in Figure 14. The 
PFC module automatically focuses a l l 20 beams onto a spherical surrogate 
target snd 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 
i l luminat ion. This system views the target through the f ina l turning 
mirror. Thus, the beam returning from the target or forwarded 
transmitted from one of the other beams is collected and diagnosed with 
the RBO 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 mult iple 
image camera which displays the distr ibut ion 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 insi tu in conjunction with a f u l l beam 
calorimeter. These calorimeters u t i l i ze BG 18 glass as a volume absorber 
and also feature a second balanced sensing element as a reference. They 
also contain electr ic heaters to provide a known amount' of heat input to 
the system for ins i tu calibration checks on a regular basis. 

IV. ABSORPTION AND SCATTERING OF LASER AND PLASMA ENERGY 

The f i r s t most c r i t i ca l 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. I t is re la t ive ly straightforward to measure the energy from 
the laser using incident beam calorimeters and i t is also re lat ive ly 
straightforward to use the same type of calorimetry to measure the 

1.06 m l ight which is reflected back through the focusing lens. The 
d i f f i c u l t problem is to accurately measure the remainder of the scattered 
and refracted laser energy. One can sample a nimber of points in space 
with various elements to determine the scattered and refracted l i gh t , 
however, since the distr ibut ion may have lobes or nonuniformities, i t is 
d i f f i c u l t to u t i l i ze a suf f ic ient ly large number of discrete diagnostic 
points to arrive at the tota l scattered l ight number . To solve this 
problem we have developed what we cal l the box calorimeter which is 
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sensitive only to the 1.06 um l i gh t . The calorimeter completely 
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 inside the box. A version of this instrument used with f / 1 
lenses is shown in Figure 16. Figure 17 shows the details of the 
construction of this calorimeter. An absorbing element, BG 18 glass, is 
backed with a copper plate to smooth the temperature distr ibut ion and 
then the temperature r ise is measured with thermo electr ic 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 vm l i gh t . A very small f ract ion of the scattered or refracted laser 
l ight 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 tota l 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 u t i l i ze a number of discrete 
sampling points in the target chamber to determine the l ight scattered 
outside the cones of the focusing lens. The instruments which we use for 
these measurements are an active s i l icon pin diode with a 1.06 vm 
bandpass f i l t e r . The diode package shown in Figure 18 also includes an 
x-ray absorbing glass to reduce the signal collected by the s i l icon pin 
diode due to the high energy x-rays emitted from the target. This is a 
convenient device to measure the scattered l ight distr ibut ion since the 
output 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 su f f ic ien t ly large 
that the corrections are unexceptable. For these cases we have u t i l i zed 
miniature 1.06 urn calorimeters. These are very similar to our laser 
calorimeters. An example of one of these calorimeters and the instrument 
housing is shown in Figure 19. The signal ifi these devices, due to high 
energy x-rays, is negligble and therefore represents an accurate 
measurement of the scattered l ight in a background of high energy 
x-rays. The disadvantage is that one must measure the time distr ibut ion 
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 converted into ions 
and into thermal x-rays. We have developed another version of our 
calorimeters to measure the plasma energy d is t r ibut ion. The use of these 
devices is shown in Figure 20. Here we u t i l i ze 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 from these two sensing elements is then the plasma 
energy for that region of sol id angle from the target. These devices 
have been used to measure the angular distr ibut ion of the plasma energy 
and with th is information we are also able to extrapolate the fract ion of 
the laser energy which is converted into plasma energy. In some cases i t 
is also of interest to measure separately the distr ibut ion of the x-ray 
energy from the laser target. For th is purpose we have ut i l ized 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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tantalun disk which has been overcoated with 1000 A of gold to reduce i t s 
• sens i t iv i ty of scattered l igh t . A magnet at the front of the tungsten 

barrel shield sweeps electrons and ions away from the sensitive element. 
In addit ion, in many cases, a carbon f i l t e r is used in front of the 
tantalum gold 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 
fract ion of the laser energy absorbed by the target and also to make 
measurements of the distr ibut ion of scattered l i g h t , the plasma energy 
distr ibut ion and the x-ray energy distr ibut ion 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 
w i l l 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 distr ibut ion and temporal d is t r ibut ion. The ideal 
s i tuat ion, of course, would be to obtain a l l three of these distr ibutions 
simultaneously. In most cases i t is only possible to obtain one of these 
distributions with a given i-iis-trument. The f i r s t example is the 
broadband spectral d istr ibut ion 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 u t i l i ze K-edge f i l t e r s in cojunction with the 

•-spectral response of the recording medium to provide reasonably well 
• defined energy channels which thereby define the broadband spectrin. 
This technique is i l lus t ra ted in Figure 22 where we show the use of 
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si l icon pin diodes and f luor photo mult ipl iers as the detection 
instruments. The K-edge f i l t e r together with a decreasing spectral 
response of the detector and a f a l l i ng 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 
spectral data can be obtained by u t i l i z ing crystals to disperse the 
spectrum. An instrument which is being used in the Argus experiments is 
shown in Figure 23. Here we u t i l i z e 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 fami l iar . In 
general the recording medium has been f i l m , however, we have also 
implemented 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 s i l icon and calciun 
lines in the above 1 keV regime. The time integrated l ine emission from 
the s i l icon in a glass microshell is shown in Figure 26. When data l ike 
this can be both temporally and spacially resolved, i t w i l l provide 
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signif icant information on the temperature and density distr ibut ion in 
the laser fusion pel lets. 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 l ine in the fusion fuel and thus can use i t to 
determine density of the compressed fue l . In this case neon as well as 
deuterium t r i t ium gas was difused into the glass microshell target. The 
neon reaches i ts maximum emission rate at the time of peak compression. 
The Stark broadening of the l ine is then a measure of the density of the 
fuel at the time of peak compression and heating. A series of these 
experiments have been done and provided data on the l ine width of the 
hydrogen l ike Ne+9 ls-2p t rans i t ion . The densities achieved were not 
as high as desired because of the performance of the laser and therefore 
the Stark broadening was not as signif icant as was desired. However, we 
have shown that one can implement a spectragraph with suf f ic ient 
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 ut i l i zed four different techniques to image the x-rays 
from our laser fusion experiments thus determining the spacial 
d istr ibut ion of the x-ray emission. The most best known of these is the 
pinhole imaging. I t is the simplest of the four approaches and requires 
the least amount of interpretation and cal ibrat ion. The second technique 
which we w i l l discuss in this section is the use of grazing incidence 
ref lect ion of the soft x-rays from polished surfaces to form an image. 
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The f i r s t real izat ion of this approach is our simple four channel x-ray 
microscope which is shown conceptually in Figure 29. In th is case we use 
two crossed cyl indrical mirrors, each of which forms a l ine image from 
the emission of the x-reys. The x-rays which ref lect from the f i r s t 
mirror and also re f lec t from the second mirror then produce a real image 
of the laser fusion x-ray amission. Typically we use th is type of 
microscope in a four channel configuration.1? The concept is that by 
using dif ferent material for the reflectors in each one of the channels 
and different K-edge f i l t e r s we are able to obtain four reasonably well 
defined x-ray spectral channels. Therefore each instrument provides four 
x-ray images with different energy spectral bands. Figure 30 shows the 
ref lect ion eff iciency of four of the mirror materials we have used in our 
experiments for angles which are also typical of microscopes u t i l i zed 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 f i l t e r produces the desired spectral channels as shown in Figure 
31. The response functions shown here have been obtained using an x-ray 
cal ibrat ion f a c i l i t y 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 
typ ica l ly the pinhole w i l l be 1 to 2 cm from the target and produce a 
resolution greater than 5 urn. For high energy laser fusion experiments 
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these small object distances results in the destruction of the pinhole 
and f i l t e r material on each shot. For very high laser powers one may 
aiso have the problem of ionization and closing of the pinhole during the 
target experiments. Our typical mounting, focusing and alignment f i x ture 
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 experiment, at 0.4 TW shows considerable structure 
' in the heating and implosion of trie glass microshell. The Argus 

experiment at 2 TW shows that the! higher target specif ic energy produced 
a more uniform heating of the glass shell and a more spherical implosion. 

The simple four channel x-ray microscopes u t i l i z i ng cyl indrical 
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 i t is l imited in resolution to -v. 3 - 5 urn. A microscope concept was 
proposed by Wolter^ in 1952 which overcomes both of these 
disadvantages. Shown in Figure 34 is a Wolter Type I microscope 
schematic. The microscope s t i l l u t i l izes grazing incidence ref lect ion 
from x-ray'ref lect ing surfaces; however, the surfaces are now a 
hyperboloid and an e l l ipso id. The laser fusion target is located at F2 
of the hyperboloid and the image is located at F2 of the e l l ipso id . Fl 
of the hyperboloid and el l ipsoid are common points and are the v i r tual 
image of the target. We have designed microscopes of th is type with an 
object distance of 30 cm and magnifications of 9, 22 and 50. Ray trace 
calculations 19 have shown that we cap obtain a resolution of better 
than 1 fim over a f i e l d of view at the target of 0.5 mm. The attainment 

•'• of th is resolution is governed by the manufacturing tolerances of the 
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ref lect ing surfaces. To attain this resolution requires that the surface 
f igure along the optical direction have an accuracy of ^250 A. This i s 
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 u t i l i z i ng the single point 
diamond turning technique. Shown in Figure 35 is the 'deal contour for 
one of the hyperboloid ref lectors. Notice that the horizontal scale is 
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in milimeters, whereas the vert ical scale is in units of 1000 A. The 
middle curve shows one of the contours produced in the diamond turning 
process. By measuring th is 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 
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required accuracy of 250 A. To achieve the theoretical ref lect ion 
eff iciency curves in the 3 - 4 keV spectral regime^ we require a 
surface smoothness on the order of 50 A. Thus, we are not able to 
u t i l i ze the diamond turned mirrors d i rect ly , we must hand polish the 
surface and attempt to retain the diamond turned f igure while producing 
the require smoothness. In Figure 36 on the le f t we show an example of a 
mirror in which signif icant f igure contour error was introduced in the 
polishing process and the resultant 8 urn resolution of an x-ray 
micrograph showning a stainless steel wire gr id . A subsequent attempt at 
polishing one of the microscope mirror pairs is shown oh the right and 
there is an obvious improvement over the microscope on the l e f t . 
However, again, additional errors were introduced in the polishing 
process and the resolution achieved in the x-ray micrograph is 4 urn. 
Figure 37 shows one of the diamond turned microscope mirror pairs after 
the polishing process. We have also overcoated the Ni surface with 1000 
A of Au. 
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Another technique which we have ut i l i zed to measure the spatial 
distr ibut ion 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 
frcm 1.5 to 5 ym. A source point then casts a shadowgraph cf the zone 
plate onto a recording f i l m . In this application we are u t i l i z i ng 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 l ight 
source. The coherent l ight source then produces a Fresnel defraction 
pattern which produces the reconstructed image of the source points. As 
can be seen in Figure 38 th is 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 l im i t for the microscope is ^ 1 vm whereas the zone 
plate is l imited to -v. Sum by defraction. The collection sol id angle of 
the microscope is ^ 5 x 10 - 4 steradians whereas the zone plate has ^ 1 
steradian collection eff iciency. However, i t should be remembered that 
the zone plate w i l l be close to the target ^ 1 to 2 cm object distance, 
and therefore for high intensity radiations the zone plate w i l l most 
l i ke ly be destroyed on every target shot. The microscope has no 
tomographic resolution. I t appears that we w i l l be able to achieve 
tomographic resolutions of ->> 10 tun with the zone plate coded imaging. 
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The microscope is l imited to the soft x-ray regime less than 6 
keV. The zone plate camera is part icular ly useful for the high energy 
x-rays above 7 keV and thus is useful for imaging the suprathermal 
x-rays.23 j n fact we have ut i l ized a zone plate to make this 
measurement. The thickness of tWe" zone plate was -v 5 ym of gold. I t had 
100 zones with the narrowest zone being 3.4 ym. Shown on the r ight in 
Figure 40 is the spectral response of the zone plate imaging system and 
on the le f t is a reconstructed x-ray image from a Hyperion glass shell 
target. The i n i t i a l diameter was 90 ym and we see that the'-faint outer 
image is equal to the i n i t i a l diameter 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 corona region is the emission from the stalk which supported 
the g'ass shel l . The reason that i t 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 betn 
confusing to interpret with respect to determining the f i na l 
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 f igure is s t i l l 
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 f ue l . One 
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can then look at emission speci f ical ly from the high Z additive and image 
i t . An implementation of this concept is shown in Figure 41. Here we 
have arranged the crystal close to the target, and the f i lm plane close to 
the crystal . For a small emission region i t can be seen that the width 
of the emission lines in the f i lm plane are representative of the size of 
the emission regime in the target. We have bu i l t such a spectrograph to 
look at the Ar lines or the Ca l ines. Ar would have to bo difussed in 
through the glass microshell, Ca already exists as a trace element in our 
glass microshelJs. We have calibrated th is spectragraph using a 8 nm 
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 suff ic ient reasons to devote 
signif icant ef for t to providing temporal resolution 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 pm by 1 cm s l i t 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 d istr ibut ion of the photo 
electrons emitted from a gold cathode and from th is 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 picosecond pulse.24 K-edge f i l t e r str ips were placed along the s l i t 
of the streak camera thus providing a num*>er of energy recording 
channels. 
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On the l e f t , three temporal records are shown for x-ray spectral bands 
centered at 2.6, 4 and 5.3 keV. The rapid r ise 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 three curves as x-ray spectra at 

i 
four times during the experiment we get the f igure on the r ight . As one 
would expect from a thermal distr ibut ion 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 d istr ibut ion 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 
repeatabil i ty of the temporal distr ibut ion of the x-rays. These both 
show the two maxima behavior of the temporal distr ibut ion of the x-rays 
from a glass microshell target. The th i rd target, number 517, had a much 
lower energy and power pulse incident on the target result ing in a factor 
of 7 - 9 decrease in the neutron y ie ld and the second maxima in the 
x-rays is s igni f icant ly reduced due to the lower implosion velocity. 

A Au disk target was i r r ad ia ted^ with the one beam of the Argus 
las-^r with an intensity of ^ lO 1^ w/cm?. The time history of the 
x-ray emission was recorded using the x-ray streak camera and nine K-edge 
f i l t e r s . Their thicknesses are indicated in f igure 45 where we shown 
f i lm record. Thus we obtained nine spectral channels of data from this 
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x-r&y streak record. The data from Figure 45 is then converted into 
relat ive x-ray intensity for f ive 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 
supratherroal tenperatures. 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, o c , is the 
implied exponential slope from the broadband response of the f i l t e r s and 
streak camera. The electron, temperature, T , of the Au plasma is 
300-400 eV and a considerable fract ion of the "thermal" x-ray emission 
recorded is l ine emission. A second more complete 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 s l i gh t l y ahead of the 
suprathermal and the suprathermal temperature appears to decrease 
s l i gh t l y slower than the thermal temperature. However, *he rat io of the 
two temperatures appears to be approximately constant between 4 and 5. 

As we have indicated, the x-ray streak camera in i ts present 
configuration is l imited 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 we have implemented another technique to measure the temporal 
behavior of the x-ray spectrum from TOO eV up to 1 keV. We have 
developed fast windowless x-ray diodes which have a temporal rise time of 
60 to 70 picoseconds.26 i f w e can couple these x-ray diodes together 
with appropriate spectrum discrimination 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 j n e j ^ intensit ies on target naturally produce 
lower temperatures and thus the subkilovolt region of the x-ray spectrum 
is of more concern. I t 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 windowiess 
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 
u t i l i ze in the x-ray microscopes. A f i l t e r provides the low energy 
cutoff and grazing incidence ref lect ion from a polished f l a t 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 u t i l i za t ion 
of two nickel mirrors, one s i l icon mirror and f i l t e r s of varying 
thickness of nickel. In Figure 50 we shown the spectral response 
functions of these three channels. For some spectra of interest three 
channels are not suf f ic ient to provide proper def ini t ion and therefore we 
are continuing to develop th is concept and add additional channels to the 
Dante detection system. 

We have the option with the x-ray streak camera of u t i l i z ing the 
spatial recording dimension of the streak camera to provide spatial 
d istr ibut ion of x-rays rather than spectral distr ibut ion as we have 
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previously discussed. We have implemented this option by coupling the 
x-ray streak camera to a dichroic pinhole camera.27 The goal was to 
image the x-rays from an imploding glass nn'croshell target and follow the 
temporal d istr ibut ion of x-rays from the implosion. The particular 
problem presented by th is requirement is the very precise alignment of 
the diocroic pinhole with the s l i t of the streak camera such that the 
s l i t 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 vm to properly 
image the equatorial region of the imploding glass microshell. The 
diocroic pinhole was formed by d r i l l i n g 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 i t . The 
alignment system shown in Figure 51, then u t i l i zed a helium neon laser to 
view through the optical pinhole of 125 pm. This eliminated the 
di f f ract ion problem of properly, opt ica l ly aligning the the pinhole 
camera with both the target sphere and the s l i t of the x-ray streak 
camera. Targets were irradiated using the Janus laser system at * 0.2 TW 
per beam and using the spherical i l l umina t ion^ system to provide 
nearly spherically implosions. In Figure 52 we show the color isodensity 
contours of the pinhole streak camera records for a two sided irradiat ion 
and a single sided i r radiat ion of nominal 70 vm diameter microshells. 
The trajector ies shown dotted on the figure are the peak x-ray emission 
at a given time. Frcm LASNEX calculations i t appears that these 
trajector ies locate the position of the pusher gas interface during the 
implosion. The single sided i rradiat ion shows that i f one collapses a 
hemisphere that part of the matter w i l l j e t through and part of i t w i l l 
return back towards the side frcm which i t 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 l e f t 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. I t 
appears, however, that the beam coming from the right had s l igh t ly 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 
emission pictures in which there is a central minimum of x-ray emission 
in the core region at 56 vm from the i n i t i a l position of the r ight 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, i t would also be very useful to be 
able to obtain a f u l l frame or two dimensional image of these types of 
emissions. We have, therefore, developed a ul t ra fast framing camera 
which we w i l l u t i l i ze 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 s l i t s in the disector plane. The disector 
plane then converts th is two dimensional image into spatial information 
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in one direction and spatial information in time for the other 
direct ion. These images which now have one of their spatial dimensions 
in time are reconstructed with restorer deflectors which reconvert time 
back to a vert ical dimension, thus framed restored images are recorded on 
a phosphor screen and reconverted to photons for recording with 
photographic f i l m . ' A prototype of this framing camera has been 
constructed and u t i l i z i ng electrons through a shadownask we have 
demonstrated the ab i l i t y to produce images with a frame exposure time of 
200 picoseconds. This system wi l l ultimately have a capabil i ty of a 
frame time of less '"han 100 picoseconds. We have presently ordered a 
prototype version of th is 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 
distr ibut ion of f l u i d and plasma densities for cases in<which the 
distributions were two dimensional. With the advent of lasers, in many 
cases, i t became more convenient to develop holographic interferometry 
because of i ts reduced requirements on the qual i ty of some of the optics 
in the system. Also since a l l 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 
u t i l i z i ng holographic interferometry for density distr ibutions in laser 
fusion pellets is to provide a short enough wave length pulse so that the 
high densities near the c r i t i ca l density of the laser radiation can be 
probed and also to provide pulses which t e short enough in time to 
freeze the motion of the plasma during the exposure of the hologram. 



31 

We have implemented a holographic i nterf erometry setup on the 
Janus target i r radiat ion fac i l i t y .30 We sp l i t off 50% of the 
osci l la tor pulse and send i t through a YAG amplifier in the double pass 
configuration and through a spatial f i l t e r . After apodizing the beam we 
frequency double i t with a KOP crystal keeping the frequency conversion 
eff iciency at 10%. By operating in the low conversion regime we obtain 
pulse shortening. The pulse then is propagated into a ADP crystal where 
again we have frequency doubled with a conversion eff iciency of 10%. The 
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output pulse is then at a wave length of 2660 A and has been reduced 
50% in pulse width from that of the osci l la tor . This system is shown in 
Figure 55. A moveable prism set is included to allow for path length 
adjustment for synchronization with the target i rradiat ion pulse. The 
pulse from the osci l lator for these experiments was typical ly a 30 
picosecond Gaussian pulse and at the target chamber i t produced between 
0.5 to 5 joules for target i r rad ia t ion. The pul^e for the holographic 
interferometry was typ ica l ly 15 picoseconds in duration and about 3 
microjoules of energy. The probe beam and the reference beam are then 
directed into the target chamber through a lens and a lOx microscope 
objective was used to provide high resolution observation of the fringes 
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 
holographic interferometry set up is shown in Figure 56. Glass 
microshells 40 ym in diameter provided the shortest lateral plasma path 
length so that we could probe deepest into the density d is t r ibut ion. 
Flat disks were also irradiated to determine plasma density distr ibutions 
associated with a series of f l a t 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 glass stalk was located along a radial l ine from the 
center of the sphere and thus i f we wish to probe through the plasma we 
should bring the glass stalk into sharp focus. A properly focused 
hologram is shown in the center image and an improperly focused hologram 
is shown in the image on the r igh t . Many more fringes are observed in 
th is l a t te r image and would lead to signif icant errors in the 
interpretation of the density d is t r ibut ion. 

A typical holographic interferogram is shown in Figure 58 where 
the target was irradiated at ^ 10* 4 W/cm2 with an f /10 lens. The 
interferometer fringes have been Abel inverted to produce the electron 
density distr ibut ion as a function of radial position along the axis of 
the laser beam on the r igh t . The curve starts at a density above 
c r i t i ca l density and proceeds smoothly down to approximately c r i t i ca l 
density. Then there is a steepening of the following portion of the 
density distr ibut ion to a point which corresponds to the radiation 
pressure balancing of the thermal density and then the density 
distr ibut ion smooths out again. This is the f i r s t direct demonstration 
of the prof i le steepening due to radiation pressure from the incident 
laser pulse. 

We continue to develop new techniques to measure the distr ibut ion 
of plasma in the pellet and i t s corona. This is the most f r u i t f u l area 
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to continue developments because measurements made in the pallet and 
corona reveal direct ly information associated with the interaction and 
implosion processes. As is already evident, this is a very topical ?.rea 
for the development of diagnostics. In some cases, interesting 
information can be obtained by observing phenomena far from the pellet 
i t s e l f . One example is the determination of the polarization state of 
l ight reflected and scattered by the laser plasma interact ion. By 
locating an ellipsometer appropriately with respect to the angle of the 
incident beam and the expected specular ref lect ion from a laser 
irradiated target one can deduce parameters such as the scale length in 
the region of the c r i t i ca l density. This, of course, is related to the 
question of the radiation pressure leading to the steepening of the 
density d is t r ibut ion. A complete measure of the polarization state of 
the refracted and scattered l ight can also lead to information about 
other plasma processes such as resonance absorption, r ippl ing of the 
c r i t i ca l density surface and Br i l louin scattering. 

We have implemented an ellipsometer on some experiments which 
measures six quantities which are then suff ic ient to determine the four 
Stokes parameters which define the polarization state of the l ight 
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 
u t i l i za t ion of this data is shown in Figure 60 where we show the measured 
degree of phase retardation of the refracted and scattered l ight beam as 
a function of the angle of incidence, the scale height and the density 
jump at the radiation pressure modified density p ro f i le . Measurements 
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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 vm and in 
some cases as small as a 0.10 ym. 

For high intensity target i r radiat ions, suprathermal electrons are 
produced by the collective processes of the absorption of the laser 
energy. As a result one may expect that electrons w i l l escape from the 
quasi neutral d istr ibut ion of the plasma corona and can be detected by an 
electron spectrometer at large distances from the target. Figure 61 
shows our magnetic electron spectrometer which deflects the electrons 
through 90 degrees onto s i l icon 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 d is t r ibut ion. However, i t 
must be cautioned, that the distr ibut ion 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 distr ibut ion in the form of the plasma 
ions has been a subject of considerable discussion in the l i te ra ture . 
Because of their simple nature and ease of fabrication most of the 
measurements have been made u t i l i z i ng Faraday cup detectors. As a 
general nonquantitative survey instrument these Faraday cups serve a 
general useful purpose. However, i f one wishes to know the distr ibut ion 
of high energy ions from the laser target at a large distance other 
techniques must be employed. The basic problem with the Faraday cup 
method of detection is the emission of secondary electrons from 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. Two examples are the Thompson parabala which 
ut i l izes parallel e lectr ic and magnetic f ie lds to separate charge state 
and energy. Another is the double focusing magnetic spectrometer 
u t i l i z i ng cellulose ni trate as the detecting medium. A th i rd example is 
shown in Figure 62 in which we u t i l i ze 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 rat io by the time of arrival of 
various peaks in each one of the detectors. In some earl ier experiments 
a number of investigators mistakenly determined that a very large 
f rac t ion , 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 
signif icant portion of that signal known as "fast ions" was in fact 
hydrogen ions. Since their charge to mass rat io is one the faction of 
energy contained in these high velocity ions was not as signif icant as 
previously believed. More importantly, with respect to the observation 
of the asymptotic plasma energy distr ibut ion 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 / t - -* », then i t is very d i f f i c u l t to interpret the results with 
respect to the phenomena occuring in the interaction regime and in the 
implosion of the target i t s e l f . 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 distr ibut ion in scale lengths and time scales 
associated with the interaction and implosion of the laser fusion 
pel let . 
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VI I . REACTION PRODUCTS 

Because the goal in laser fusion is to produce net power and 
convert the reaction products to electr ic power, clearly one of the most 
important measurements is the tota l thermonuclear energy produced for 
either the DD reaction or the DT reaction. This measurement is 
re la t ive ly straightforward because the neutrons produced have high 
energies, 2.45 and 14.1 MeV and therefore w i l l penetrate even large 
amounts of steel or lead. Therefore, the detectors may be placed at 
large distances from the target without concern for a clear penetration 
into the target chamber. The most versati le detector of neutron yield is 
the time of f l i gh t detector which ut i l izes a NE 111 f luor and a fast 
photomultiplier. The neutrons interact with the f luor to produce photons 
which are measured with the fast photomultiplier. The systems which we 
use also contain a pulsed l ight source for routine calibration checks. 
The response of th is system to a delta function impulse is shown along 
with the detector in Figure 64 and we see that i t produces a 4 nanosecond 
FWHM voltage pulse which we typ ica l ly record on a fast oscilloscope. The 
sensi t iv i ty of this system is also shown in the f igure. In typical laser 
fusion experiments there is an x-ray and gaiima flash which occurs at the 
time of the laser implosion. These x-rays and gamma rays typ ical ly also 
penetrate the f luor detector and produce a signal which can be confused 
with the neutrons. However, because of the difference in the transit 
times we 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 i r radi ted target. For very low y ie ld 
experiments we have been able to detect as few as 200 reactions generated 
in a laser imploded target. 

I t is d i f f i c u l t to calibrate the time of f l i gh t neutron detectors 
in terms of absolute yield.33 fo circumvent th is problem we have 
employed an activation counter in which a copper disk is ut i l ized.34 
The copper disk is placed in close proximity to the laser irradiated 
pel let . The 14 MeV neutrons from the DT reaction then produce n,2n 
reactions in the copper changing the stable 63cu isotope into ^Cu , 
The activated disk is then placed in a coincidence counter with two Nal 
crystals on either side of the disk. The 62cu decays to 6 2 N i and a 
positron with a half l i f e 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 fi3cu i s To.g M6V thereby oroviding good discrimination against low 
energy scattered neutrons. The cross section for the reaction is 0.5 
barns and the positron decay of the &Zu represents 97% of the decay 
processes. We are u t i l i z i ng th is 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 on. The present detect ability is 
10^ neutrons. The system is shown in cartoon in Figure 65. The copper 
disk activation system was calibrated using a high energy deuterium beam 
ir radiat ing a t r i t i a t e d target. The calibration accuracy of th is system 
i s ^ 10%. With high yield Argus experiments above 10^ neutrons we have 
u t i l i zed the copper activation as the standard to recalibrate the time of 
f l i gh t detectors. 
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The reaction products are not only a measure of the tota l reaction 
energy, they also provide signif icant information as to the reaction 
processes and the density and temperatures at which these processes 
occur. For example, the energy dist r ibut ion of the reaction products is 
an indicator of the energy dist r ibut ion of the reactants, thus i t can be 
used to determine whether the reactions are of a bean-bean, 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 
and heating of the f u e l . The finaJ " * produced in the fuel and the 
pusher are generally quite small of the order of 10"3 to 10~4 
gm/cm2. Since the range of the alpha particles for typical 
thermonuclear temperatures is ^ 0 . 1 gn/cm2 i t is clear that the alpha 
particles leave the reaction region and pass through the pusher with only 
small modification to their energy distr ibution and their average 
energy. Thus, i f we measure the energy distr ibut ion 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 distr ibut ion is determined by the FWHM broadening of the energy 
of these reaction products. In Figure 66 we show a alpha time of f l i gh t 
spectrometer which was used in experiments on Janus in May 1975 to 
demonstrate 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 cell inflating 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 
f luor coupled to fast photon u l t i pi ier . Because the alpha particles from* 
the DT reaction have 1/4 the energy and 1/4 velocity of the 14 MeV 
neutrons produced in the same reaction i t is possible to place the alpha 
time of f l i gh t detector a factor of 16 times closer to the target chamber 
than a neutron time of f l i gh t 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 
detectabi l i ty for the alpha time of f l i gh t system of 5 x 105 reactions. 

For neutrons we bu i l t a time of f l i gh t detector for Argus^S 
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 
f l i gh t signals for energy distr ibutions at y ie ld levels of 3 x 10 8 . 
This spectrometer as configured for Argus ut i l izes 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 sensi t iv i ty of the time of f l i gh t 
detectors to scattered neutrons. Data from these two systems for an 
Ai-gus experiment is shown in Figure 68. The upper trace is the neutron 
time of f l i gh t signal which shows the energy of the neutrons as being the 
expected 14 MeV, the broadening was 423 keV, and since A E f W H M = 177 

V i •>- keV we calculate an ion temperture of 5.7 keV. The lower trace 
shows the alpha part ic le signal and in th is case we measure a larger 
spread of the energy of the alpha part ic les. We also observe a down 
shi f t ing of the average energy of the alpha part icles. This is to 
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be expected since the alpha particles must pass through the fuel and the 
pusher to arrive at the detector thus we expect 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 
infer is consistent with the 5.7 keV ion temperature measured by the 
neutron time of f l i gh t system. The reduction of the time of f l i gh t data 
to energy distr ibut ion is shown in Figure 69. Because of the small 
number of neutrons interacting with the detector even at these high 
yields of 7 x 10^ the error bars on the broadening of the distr ibut ion 
can s t i l l be s igni f icant . The energy broadening error is linear in t 
but then since the ion temperature squares the errors of the energy 
measurement, errors of 15-20& are typical in determining the ion 
temperature from the neutron time of f l i g h t . 

Another technique which can be used to measure the temperature of 
the reacting products is to u t i l i ze the rat io of the number of reaction 
products from two different reactions. This rat io is only a function of 
the i n i t i a l concentrations and the ra t io of the Maxwell average 
crossections of the two reactions. For the DD reaction in the D3He 
reaction the ra t io of the cross sections varies by three orders of 
magnitude over the temperature range from 1 - 10 keV. Thus, by measuring 
the ra t io of the number of 14.7 MeV protons produced in the D̂ He 
reaction to the number of 3 MeV protons produced, in the DD reaction we 
have a,very sensitive thermometer for the fuel reaction tanperature.. On 
Argus experiments with exploding pusher targets th is method has produced 
results which are in agreement with neutron and TOF experiments.36 



41 

The size and the distr ibut ion of the compressed core can be 
measured by imaging the reaction products. This measurement has been 
made for an i ne r t i a l l y confined DT reaction which produced of the order 
of 10^2 neutrons.37 In th is 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 w i l l become useful in high y ie ld 
experiments. However,, at present the yields are in the 10 8 to 10 9 

range. Again recognizing that the targets produce low values of r in 
the fuel and the pusher we can image the alpha particles instead of the 
neutrons. One signif icant advantage is that the alpha particles are 
easily stopped with 10 m tjiickness of gold and thus small pinhole or 
other imaging devices can be generated and placed at very small object 
distances with respect to the pel let implosion. We have implemented both 
p inhole^ and zone plate coded imaging^9 cameras to image the alpha 
particles from our exploding pusher targets. The recording technique is 
i l lust rated in Figure 70 in which we shown the emissions and their 
energies from the laser irradiated pel let . The high energy ions from the 
pusher are stopped in the f i l t e r which also serves to attenuate the 
x-rays which can cause signif icant bulk damage in the cellulose n i t ra te 
recording f i lm . The alpha particles leave damage sites in the cellulose 
ni trate which are converted into pinhole tracks by etching the cellulose 
ni trate disk in a sodium hydroxide solution. Other high energy particles 
are either stopped in the f i l t e r or produce d is t inc t ly dif ferent tracks 
than those produced by the alpha part icles. The x-rays which penetrate 
the f i l t e r produce bulk damage in the cellulose ni t rate and do not 
produce pinhole tracks. Figure 71 shows an example of alpha part ic le 
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pinhole tracks in cellulose ni trate 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 f i l t e r and the cellulose n i t ra te detector. Data from a 3 TW 
irradiated glass microshell of o, 90 nm diameter is shown on the l e f t . 
The distr ibut ion of the pinholes recorded in the cellulose at the time of 
the reaction occupied a space inside the i n i t i a l target sphere ^ 1/3 the 
i n i t i a l diameter. This data indicates that compression of the fuel was 
greater than 30. I t must be remarked, however, that the diameter of the 
pinhole used for these experiments was 25 wn thus the resolution of the 
camera is * 30 wn-for the magnification used. Higher y ie ld shots for the 
projected 6 TW capabil i ty of the Argus system and the 30 TW capabil i ty of 
the Shiva system w i l l allow the u t i l i za t ion of much smaller pinholes and 
concommitant 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 
r ight . The thickness of the zone plate was 5 ym with the total nunbers 
of the zones being 100 and the r of the narrowest outer zone was 
5.3 urn. 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 l e f t . The isoemission contours are shown along with 
vert ical and horizontal distr ibutions through the image. A sl ight 
• e l l i p t i c i t y of the distr ibut ion is evident, however, since the extent of 
image in the vert ical direction is 28 ym and 26 HH in the horizontal 
direction we should be careful not to infer too much from this spatial 
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distr ibut ion where the resolution is only 10 m. Again, with higher 
yields and further improvements in the fabrication capabil i ty 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 
u t i l i ze the high energy neutron to produce activation of the pusher 
mater ia l .*^ The activation of the pusher material w i l l be proportional 
to the density radius product and thus be a measure of the density 
distr ibut ion at burn time. An example of the use of this concept is 
shown Figure 74. The DT reaction produces the 3.5 MeV alpha part ic le and 
the 14 MeV neutron. The 14 MeV neutron in present experiments passes 
through the 28$i in a glass microshell pusher. The 28$i is converted 
to ^ A l by an n,p reaction. Now i f one can collect the target debris 
one can then measure the decay of 28A1 back to by beta decay 
with the coincident emission of a gamma ray. This nuclear process has a 
half l i f e 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 
l i f e is convenient for the removal of captured target debris and the 
rapid counting of the debris to determine the activated f rac t ion. The 
Mgh energy of the gamma ray and the beta ray make coincidence counting 
of the captured debris re lat ive ly 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 schematically in Figure 76. A cyl indrical plastic collector is 
u t i l i zed so that the laser beams can enter through the open faces of the 
cylinder to i rradiate the target and then a large fract ion of the target 
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mass is collected by the cyl indrical col lector. The present measurements 
indicate that the counting eff iciency w i l l allow as few as 75 - 100 
28A1 atoms to be observed. For f /1 focusing lenses on Argus the 
fract ion of the mass which is not collected is expected to be 1256. We 
have devised a technique for verifying the target fract ion collected. 

VI I . SUMMARY AND CONCLUSIONS 

The Laser Fusion Program at the Livermore Laboratory began a 
signif icant experimental program in 1971 and at that time i t was 
concluded that large numbers of new diagnostics instruments and 
techniques would have to be developed to adequately diagnose the laser 
implosion 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 signif icant 
advances in the development of imaging and the tanporal resolution of our 
diagnostics. We w i l l continue to commit signif icant resources to 
continuing developments in the diagnostics capabi l i ty. The rationale is 
simply that we recognize that the rapid rate of progress in our program 
is due to our theoretical capabi l i t ies, our calculational capabi l i t ies, 
the ab i l i t y to develop well characterized target i r radiat ion f a c i l i t i e s , 
our a b i l i t y to fabricate the necessary high precision targets and o.ur 
ab i l i t y 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 e f for t in the 
development, characterization, implementation and operation of our 
diagnostics on target experiments. 
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DIAGNOSTICS REQUIREMENTS 

10 1 6 cm"3 < n < 10 2 6 cm"3 

1 eV < T < 50 keV 

1 eV < E < 14 MeV 

1 jum < Ax < 1 cm 

1 psec < At < 100 nsec 

Data obtained on a single shot basis compatible 
with computer aided data acquisition 
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CURRENT STATUS OF LASER FUSION DIAGNOSTICS jig 

At = 6 psec (infra-red) 
= 15 psec (x-ray) 

Ax = 1 jum (infra-red, visible, ultra violet; time integrated) 
** 3 jum (x-ray; time integrated) 
= 6 jum (x-ray; 15 psec time resolution) 
= 50 nm (120 psec, full frame) 
= 10 jtrni {a. particles, ions) 

100 eV < \\v < 100 keV (time integrated) 
1 keV < h*> < 20 keV (15 psec time resolution) 
10 1 6 cm- 3 < n e < 10 2 1 c m - 3 (^15 psec exposures) 
A ( M = 1 eV at 1 keV 
AE <=* 100 keV for 14 meV neutrons, 3,5 meV alphas 
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LASER FUSION EXPERIMENT DIAGNOSTICS 
• BMB 

Measurement 

Neutron count 

X-ray spectrum 

X-ray spatial 
distribution 

X-ray temporal 
. character 

X-ray calorimetry 

a spectrum 

en image 

Ion energy spectrum 

Ion spatial 
distribution 

Electron energy 
spectrum 

Second harmonic 
conversion efficiency 

20-90-0177-0411 

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 reflector 
Lead myristic bent crystal 
7 channel K-edge filters 
4 channel K-edge filters 
1 axisymmetric x-ray microscope 
2 x-ray microscopes (4 channels each) 
1 zone plate imaging system 
4LEXD 
Filtered 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 
1 pin hole camera 

Magnetic spectrometer 

2 PIN diodes 

Record 

Coincidence countering system 
6 traces + 8 CAM AC channels 
12 traces 
Digitized image from reticon array 
Film 
Film 
Film 
7 CAMAC channels 
3 traces + 1 CAMAC channel 
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 
8/77 
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LASER FUSION EXPERIMENT DIAGNOSTICS 

Measurement 

Laser temporal 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 backscatter 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 £>m calorimeters 
or box calorimeter 

Oscillator streak camera 
Switched out pulse energy diode 
Pulse train monitor 
Spark gap timing monitor 
Prepulse monitor 
7 interstage calorimeters 
6 neartield beam photos 
Flashlamp current monitors 
Faraday rotator field monitors 

Record 

2 Films (50 images! 
2 Films (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 

Total for one shot: 

20-90-0177-0410 

85 oscilloscope traces 
82 data channels from computerized acquisition system 

105 photographic images 
24 chart records 

1 digitized image (1024 data at computer output) 
1 coincidence counter output 

Table I l i b 
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DIAGNOSTICS FOR INITIAL HYPERION TARGET EXPERIMENTS 
ON SHIVA 

• Later beam 
O (Plasma) calorimeter 
• X-ray microscope 
• Energy balance package 
O X-ray spectrometer • D-HP proton detector; 

Figure 6 

•X X-ray streak camera 
• Target viewers 
• a-$pectrometer 
• Neutron detector 

3/77 



SHIVA COMPUTER SYSTEM M 

| Target diagnostics 

Local bus interfaca 
units 

Half wavo plate 
rotator control 

Figure 7 



' {POWER CONDITIONING CONTROL SYSTEM -WHAT IT DOES J 

02 05 08771905 
Figure 8a 



.POWER CONDITIONING CONTROL SYSTEM - HOW IT DOES IT 

Temporary' 
storage 

*n 05 0877 1904 
Figure 8b 



BEAM DIAGNOSTICS PRIMARY SENSOR AND DATA 
ACQUISITION STATIONS .19 

J | ; \ , Laterbay) 

ivtvcaOVtv X 3 C 
• * %* <? 

<£ v * &s V*«»- v V %•' *~ i fZI3AlA><C3I><3CIZ]|><|\ | / CZ] 

:®»*sii»«a$eaBsefi«^{affiii- % 

| Dtodesensor 

n Charge amp 

P i Beam diag front end processors 
Signal and control cables 

— Fiber optics serial link 

PDF 11/34 
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SHIVA INCIDENT BEAM DIAGNOSTICS PACKAGE 

Removable mirror-. 
/-Focusable 
/ energy calorimeter 

- . ' • 

Pinhole/crosshair-v J^^ 

^ R ^ jSl^r— s t r e a k camera 

• " ' - \ 

" calorimeter ~ \ ^ j ^ ^ ^ ^ ^ ^ ^ L ^ S DE^^^L^L^LW. 

. Fast photodiode-\ J^^^^^^^^^^^^K^ 
Target-v V ^ B ^ ^ | B Q V ^-Array camera Target-v 

V #^> ' '*\ 
. , \ :>t k. 

f/6 beam 
focusing lens 

-Relay lens 

-Attenuator wheel 

Incident laser beam-
200 mm dia 

-TV camera 

-Galelean telescope 

-Turning mirror 
08% reflecting 

Figure 10 



OPTICAL STREAK CAMERA 
Figure 11 



ARGUS LASER SYSTEM, NORTH ARM, TYPICAL BEAM PERFORMANCE \§ 
DATA AT 1.5 TW 

~ 100 nm 

300psec 

a. Equivalent plane streak 
170M—| 110// [ - 55M 

I-I i i I r 

b. Equivalent plane profile 

c. Near field profile Note 17 cm to be 
diameter of beam 
picture on plate. 

10/76 

Figure 12 



ARGUS NORTH BEAM -TARGET PLANE ENERGY DISTRIBUTION 
t N 

Time-integrated 

100 jum 

Radial average 
m 

50 psec 
Time 12/76 

Figure 13 



RETURN BEAM DIAGNOSTICS PACKAGE m 

TV camera-

Multiple image 
camara 

Calorimeter-

Lens turret & 
Detector module-

PFC module-

Removable 
mirrors -

Cantering screen-

Turning mirror 
98% reflecting-

-f/6 beam 
focusing lens 

Re-imaging l e n s - ^ ^ ^ s | | | ^ ^ Q ^ ^ ^ ^ | 
^ • • R ^ ^-Collimating 

RBD module-/ ^ ^ • J e H S ^ ^ V \-To atraak 
H ^ P . camara 

Attenuator \ 
wheel ^ ^-Remotely adjustable 

mirror 

Target-

-Incident beam 
200 mm dia 

Figure 14 



LC-13 LASER CALORIMETER 

' . ' ^ ' • . " • • / • ' '-' ' • ' * ' Computer data 
aquuitkm system 

Entry tub* 

Thtrmoalflctric 
modutat 

Figure 15 
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Thermoelectric modules 
Copper plate 

BG-18 
Pyrex ion shield 

Target 

(AL) heat sink 
(.032"thk.) shims 

•(AL) jacket 
f/1 lens 



**n*ff0m*Xgte-£IBSgSSE^kl£im^VrZz*2Z3&S* 

Figure 18 



•yf:s-

MINIATURE 1.06 um CALORIMETER 

ML* i* ^ : 

L3 

u*,f,*> 

Detector £ tf 

Assembly 

20-10-0877-1687 
Figure 19 



UNCLASSIFIED 

C L O P S 'EON' CALORiMETER 

PRECISION RESISTORS 

HEAT SINK 

THERMOELECTRIC MODULES 

TAMET «T TN TIME 

UNCLASSIFIED 

Figure 20 



^ » **- ^ * v V* T - i - * 

X £ 

i i j a & i ^ i i , ^ , ^ * ^ ^ Figure 21 



UNCLASSIFIED 

K-EDGE FILTER EXPERIMENT 
{X-RAY SKC1MIM) 

L5 

SIMM 

DETAIL Of yPIKDWW 

T«r|tt U IN TiM 
KUkOFNmOMUUMR 

UNOASStfKD 
Figure 22 



TRIPLE CRYSTAL SPECTROGRAPH 

20-90-0877-1622 

Light-tight 
aperture foil 

•2 or 3 curved 
diffracting crystals 

Figure 23 



MEAN RESOLVING POWER AND ENERGY COVERAGE OF CRYSTALS, 
FOR 10° < 0 B <45° -US 

o 

8 
a> 
>-
Ul 

12,000 

10,000 

8000 

6000 

4000 

2000 

0 R = 45°, a - Q u a r t z ( 1 ° , T ) , 0 B = V B 

ADP(IOI) 

PET (002) 

Ge(111) 

Mica (002) 

.RAP (001) 

£ Lead myristate 

10 12 0 2 4 6 8 
Energy, keV 

Note that reflecting power is usually sacrificed for high 
20 90-0877-1633 resolution, E/AE 

Figure 24 



JANUS 12/19/74 - 9 

18 -

15 

14 

10 ( -

9 

8 

7 
1 10 

Photon' energy (keV) 

Figure 25 



LASER Pi ASMA INTENSITY CHART 

"5 o 
i 
DC 
CO 

to z 
111 

1SMS3P 

1S2p-2p2 

PP-'D] 

1S-2p 

Helium like 

Hydrogen like 

1S2-1S3p 
1S2-lS5p 

1S-5p-

1.90 2.60 

Photon energy (keV) 

Figure 26 



COMPOSITE X-RAY SPECTRUM, FROM FOUR INSTRUMENTS, FOR A GLASS 
MICROSPHERE TARGET (140 Mm DIAMETER)IRRADIATED BY THE ARGUS 
LASER WITH A 535J, 187 ps GAUSSIAN PULSE ^5 

E17E 

E16 V' 

s E13 

E11 

• i ' i '• i i i i i i i i i i i i i ' 

• Sub-keV spectrograph 

5 keV spectrograph 

' I i I i I i I i I i I I i I ,„i I i 

20-90-0777-1508 

2.0 4.0 6.0 
Photon energy, keV 

Instrument Description 
Dante Filter/reflector discrimination, 

fastXRD 
Sub-keV Lead myristate xtal diffraction, 
spectrograph VUV film 
2-5 keV RAP xtal diffraction, no-screen 
spectrograph film 
Seven shooter Filter discrimination, PIN diode 

F i g u r e 27 • 

8.0 10.0 

Coverage 

0.2-1.1 keV in 3 chls 

0.32-1.0 keV, 10 eV 
resolution 
1.4-4.2 keV, 2-3 eV 
resolution 
2.5-3.0 keV in 6 chls 



COMPRESSION SPECTROGRAPH m 

0.98 0.99 1.00 1.01 
Energy (keV) 

1.02 1.03 

Detail of ls-2p line of the 
hydrogen-like neon ion 

11/76 

Figure 28 



SIMPLE 4-CHANNEL X-RAY MICROSCOPE 

4 channel 
x-ray micrograph 

4 chaniwl cylindrical 
x-ray mirror assembly 

J? Kedoe 
Jr filter pack 

•/Laser fusion target 

20-64MW77-1M7 

Figure 29 



CARBON, QUARTZ, NICKEL AND GOLD X-RAY MICROSCOPE MIRRORS 
PROVIDE X-RAY IMAGING CAPABILITY BETWEEN 0.1 AND 10 keV 15 

o c 
0) 

it 
0) c ,o 
o 
0) 

.2 .a 
3 o 
Q 

1.0 

0.5 

0 
1.0 

0.5 

r - i — I — l — | — i — | — r 
2.0° carbon mirrors-

J 1 L 
i—|—i—i—i—i—i—r~r— 

0.75° nickel mirrors 

- i — r ~ i — 1 — i — l — r 
0.75 quartz mirrors-

^ \ 

I i I i I i _ 
0.75° cold mirrors-

^ 

8 10 0 2 
Photon energy, keV 

8 10 

3/77 

Figure 30 



MULTICHANNEL X-RAY MICROSCOPE SPECTRAL ENERGY WINDOWS Lil 

I I T 
0 3 h 0.5 keV channel 

0.2 

0.1 

0 

0.3 

0.2 

0.1 

0 

A 
2.0°C 
0.6 jum C _ 

j j _ 

_ 0.8 keV channel -

A 
2.0° SiOz 

0.5 nm Ni 

J L 

~ : I r 
1.5 keV channel ~ 

A 
0.75° SiO. 
9 /xm Al _ 

- 2.0 keV channel 

0.75° Si0 2 

12.7 pirn mylar 

zx 

3.5 keV channel -

0.75° Ni 
12pimTi 

i ^ I 

• — i 1 r 
- 4.5 keV channel -

0.75° Au 
10jumCr 

1 2 3 4 
Photon energy, keV 

20-50-0877-1729 

Figure 31 



X-RAY MICROSCOPE U 

X-ri.y«'lens" 

Image plane 
Film 
CCD camera 
Streak camera 

Adjustment flange 

Pointing adjustment 

// Wolter 
%>. hyperboloid/ellipsoid 
W 9x & 22x mirror 

Kiriipatrick-Baez 
4 channel, 
3x mirrors 

-Target chamber 1.6 m 

-Target 
Figure 32 



INCREASED INCIDENT POWER IMPROVES ABSORPTION AND 
COMPRESSION SYMMETRY WITH f/1 OPTICS 

' L ' ^ * - • 

32 J-73 psec 
75062405-1 

1.5 keV 

63 J-48psec 
36080611,5-1 

JANUS - 0.4 TW ARGUS r-2.0 TW 
32 J-73 psec 
75062405-4 

2.5 keV 

83 J-29 psec 
36101203-5-4 

f igure 33 



US WOLTER TYPE I X-RAY MICROSCOPE SCHEMATIC 

Hyperboloid 

/

Ellipsoid 

Virtual £F2H 
image 

Object 
(laser fusion target) 

F2E 

Figure 34 



NUMERICALLY CONTROLLED CORRECTIONS IMPROVE THE SURFACE 
FIGURE OF DIAMOND TURNED AXISYMMETRIC X-RAY MICROSCOPES 

0.5 jum 

15 mm 
Theoretical sagittal contour 

hyperboloid reflector 

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 M 

9X-30 ~8 fim resolution 

Resolution micrographs 

9X-2 -4 (im resolution 

0.5 Mm 

0.5 Mm 

15 mm 
--r- s^s- hyperboloid 

0.5 Mm 

Sagittal contours 

ellipsoid 
15 mm 

0.5 Mm 

15 mm 

15 mm 

Figure 36 



Figure 37 



ZONE PLATE CODED IMAGING (PRINCIPLES): .L5 
Source Coda aperture Shadowgraph 

Each zone plate shadow uniquely characterizes the position of its 
associated source point 

V First order 
image 

Shadowgraph 
Original three dimensional source distribution is reconstructed from 
the shadowgraph 

4 /77 

Figure 38 



PARAMETRIC COMPARISON: X-RAY MICROSCOPE VERSUS ZONE 
PLATE CAMERA 

Parameters X-ray microscope Zone plate camera 

Planar 
resolution limit 

1 fxm 
surface smoothness 

limited 

5.3 jum* 
limited by diffraction 

effects during 
shadowgraph recording 

Solid angle for 
radiation collection 

5 X 1Q- 4 sr 9 X 10~ 1 sr 

Tomographic resolution None 10/um 

Radiations 
imaged 

X-rays 
X > 2 A 

All radiations 
X < 2.5 A 4-

Typical object (30-50) cm (1-2) cm 

*ZPCI planar resolution limit depends on source spectrum. Specifically, 5 — 3.3 \/X^37 , 
Xx is the maximum wavelength of interest. The P.R.L. quoted corresponds to S, =1 cm, 
Xx = 2.5 A. 

^ZPCI spectral range depends on minimum Hnewidth of coded aperture. Specifically, 
Xx < (Ar) 2/4 S,. The X value quoted corresponds to S, =1 cm, Ar — 3 jum. 

5/77 

Figure 39 



ZONE PLATE CODED IMAGE SUPRATHERMAL 
X-RAY DATA: (PRELIMINARY RESULTS) .13 

Reconstructed x-ray 
image 

Total 

Suprathermaf 

95 jitm 

(3-D film density contour 
representation) 

Shot Parameters: 
Targer ball diameter: 89 jum 
Power on target: 4 X 1 0 1 2 watt 
Neutron yield: (1.4 ± 0.3) X 10 9 

Shot I.D. 36120906; RX1291-1C 

14 18 22 
X-ray spectral 

distrfbution in image 

26 30 keV 

Figure 40 



ALICS/CALICS SPECTROMETER 

Tungsten 
shielding 

Beryllium 
filters 

I 

100 micron target 
-10 micron compressed 

region 

Scale: 
t • 

2 cm 
Quartz x-ray 

crystal 

Cover — 
plate 

20-10-0877-1881 

Figure 41 



X-RAY STREAK CAMERA 10 

X-ray photocathode 
125 Mm X 1 cm slit 

Scope camera f1.4 

Gold x-ray photocathode 

Figure 42 



TIME RESOLVED X-RAY SPECTRUM U 
0 e in the range 0.5 to 0.6 keV 

10V 

101 
0) 
> 

B-34, 87 >m D 3 
28J/70 psec 

10s 

10 I-3 

Relative times 
- o 100 psec 
- n 200 psec N \ 

A 280 psec (peak) 
|- • 350 psec X 

0 200 400 
Time (picoseconds) 

3 4 
hi>(keV) 

Figure 43 



X-RAY TEMPORAL SIGNATURE AS A FUNCTION OF LASER POWER m 
10° 

10" 

c <u 
+ • » -

> re 

! 

10 

10" 

10-

? _ 

_ / _ 
- 515 -
- 0.36 TW, 93 ps — 

r* 9 X 10 5 neutrons 
No prepulse 

: -«-92 ps •*-
520 -

- M * /~' 0.35 TWf 92 ps 
7 X 10 5 neutrons 

-

No prepulse 

ff y X V̂  I 517 -
0.24 TW, 110 ps 

\ U - / - ' 1 X 10 5 neutrons 
IS/ No prepulse -

-/J •*—133 ps—*• 

i 
i 

il
 

- -

Time 
490 psec 

Figure 44 



X-RAY STREAK RECORD OF Au-DISK L: 

20-66-0t77-t54f — Time 
Figure 45 



TIME-RESOLVED X-RAY EMISSION AND X-RAY SPECTRA OF Au-DISK H 
Shot #37070712: 357 J/242 ps, 2.82 X 10 1 5 W/cm2 

Channel Elem. K-edge (keV) 

1 Ci 2.8 

4 Ti 4.96 
6 Co 7.7 
7 Zn 9.7 

8 Ag 25.5 

200 400 600 800 
t (picoseconds) 

10e 

t(ps) 0C (keV) 0„ (keV) 

1 120 1 3 - 5 * 
II 160 0.91 7 

III 260 1.3 8.1 
IV 470 1 9.2 

# . . . - Expected trend 

Peak . 
intensity-i-

% ' 8-111 
9 

15 20 
(keV) 

20-50-0877-1540 Figure 46 



TIME-RESOLVED X-RAY SPECTRA (Au-DiSK) m 

i 

DC 

Shot #37072202: 352 J/209 ps, 1.16 X 1 0 1 5 W/cm 2 

10 6 

t(ps) dc (keV) 0 h (keV) 
133 1.15 5.5 
192 1.4 6.7 
229 1.3 8.2 
328 1.2 6.5 
372 1.2 -6.0* 

20-50-0877-1885 

* Expected trend 

229 ps 

h„ (keV) 

Figure 47 



EVOLUTION OF THERMAL AND SUPRATHERMAL TEMPERATURES OF 
GOLD DISK TARGET 

10 
Shot #37072202: 352 J/209 ps, 1.16 X 10 1 5 W/cm2 

8h 

> 6 

<s> 
4 1 -

2h 

1 1 1 1 1 
O 6c 

-

J* 
/ 

/ 
/ 

/ 
r 

V 
\ 

~ ^ " 

6 

1 1 _ _. 1 i i 

1.5 

-11/ 

-11.3 

1.2 

-11.1 

> v 

CE> 

100 
20-50-0877-1548 

200 300 
1.0 

400 
t(ps) 

Figure 48 



DANTE m 
700-1300 eV channel 

windowless XRD 

300-700 eV channel 
windowless XRD 

• 40 jug/cm2 Ni filter and 8.7 
grazing angle nickel mirror 

20-90-0777-1519 

100-400 eV channel 
windowless XRD 

• 150 /Ltg/cm2 Ni filter and 4.4° 
grazing angle nickel mirror 

• 1000 jug/cm2 Ni filter and 1.37c 

grazing angle silicon mirror 

Figure 4? 



3 CHANNEL SUBKILOVOLT DETECTOR RESPONSE FUNCTIONS 

20-50-0777-1413 

1 1 
8.7° Ni mirror 

40 jug/cm2 Ni filter 

4.4° Ni mirror 
150 Mg/cm2Ni filter 

1.37° Si mirror 
1 mg/cm2 Ni filter 

0.6 0.8 1.0 1.2 1.4 
X-ray photon energy, keV 

1.6 1.8 2.0 

Figure 50 



-•|H ALIGNMENT SCHEME FOR SPACE-TIME X-RAY EMISSION STUDIES 

Target 

Telescopic 
viewer 

Spatial filter 

Vacuum 
chamber 

100 urn 

Figure 51 



TIME RESOLVED IMPLOSION VELOCITIES 

_ _ 6 8 V m ^ -
Space 

One-sided implosion 
(76070906) 

• i 6 9 nm—*-f • 

. Space 

Two-sided implosion 
(77070805) 

Parameters: 0.5 ptm wall, 1.3 - 1.8 mg/cc DT fill, 0:45 TW/70 ps f WHty, 
2,X 10 5 neutrons one-sided, 1 X 1«* neutrons two-sided. 

404Q4S77-1631 



SPAC^E-TIME X-RAY EMISSION CHARACTERISTICS 

76073002 76021907 

J---56 ;«$»—i 

Space 

76073002 

3 'i 1 0 ; tm/ser 

126 ,.m 

76070209 

Spape 
n m ,*/ Absorbed energy 
0.07 J/ng — -.—• -—*-

per unit mass 

Figure 53 



UifR/^feJRAMtNfr M 

Framed, restored images 

Dissected electron images 

Lens 

Image 

w 
Phosphor 

Restorer screen 
deflectors 

Time 
: varying 
' input 

, m Photocathode 

Dissector deflectors 

Reconstructed 
"framed" 

images 
0.5 /isec/f rame 

1/77 



UV HOLOGRAPHIC INTERFEROMETER PROBE PULSE OPTICS us 

1 
Prism set movable to adjust 

time of arrival of probe 
pulse on target 

5320 A 
.absorption band pass filter 

2660 A \ ^ C-J-M » 1.06 nm 

~P 
1 1 Z660A \ 5320 A i.»»M'» 

t A J U > , n A lm 60cm Imf.l. 40cmf.l. ^^MsRSfH^—D---0—!- 4--\ All prism 
fused silica 

To 
interferometer 

(target chamber) 

10% 
conversion 
efficiency 

Beam reducer 
1.6:1 

Apodized 
aperture 

-2660 A 
absorption band pass filter 

I 
300 urn 
pinhole 

Spatial filter and 
beam reducer 2.5:1 

Polarizer 

/ 
YAG preamp 

double pass amplification 

\ 

Splitter 

To main beam ^ . X r - M 
amplifiers \ l 

Janus oscillator 
switchout output 

20-01-0877-1521 

Figure 55 



UV HOLOGRAPHIC INTERFEROMETER TARGET CHAMBER SETUP m 
Match 

1.06 jum laser pulse 
0.5 J - 5 J/30 psec FWHM 

Ilex 
shutter -

Fitm-

Janus 
target chamber-

Matcn / ' N > ^ 
object and reference / ,f^ 2660 A probe pulse 

path lengths / / , 1 m f.l. ~3 MJ/15 psec FWHM 

/ _/ . / ._. .n._.j \ 
/ <VFu 5 

-'' V 
Fused silica 

window 
Fused silica 

Reference 
beam—> 

All mirrors 
aluminum coated 

All lenses 
fused silica 

ft A / ' v Obie 

/ "~ / \ - - 2 0 cm f.l. 

4 cm f.l. f A / ^-Object 

<X> / beam 

-Irradiating lens 
f/1 or f/10 / 

/ N / 1 0 x 
i / microscope 

/ to collimate beam 

> Target plasma 

/ / 
/ / Target imaging lens 

f/1 or f/2 

2660 A 
interference /̂ 

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 

76 ium-

2660A holograms 
15 psec, 1 ^m 

Properly 
focused — 
5 fringes 

40 ,um 
focusing 
error — 

11 fringes 

77050202 



PROFILE STEEPENING ON AXIS m 
(2660 A, 15 psec, 1 Mm) 

1.06 Mm, ~ 1 0 1 4 W/cm 2, 41 ixmD 

"o 2 

i l 

9 

I 0.5 
c 

k # i- Scale length 
X / ~1.5 Mm 

; < . 1 
- \ 

El
ec

ti 
i i 

15 0 5 10 
Radial position (microns) 

40-90-0877-1518 

Figure 58 



ELLIPSOMETER DETERMINES THE POLARIZATION ELLIPSE OF THE 
SCATTERED LIGHT 

— 45° prism 

Spacer 

" Collimated light from target 
enters instrument 

Photodiode 

Polarization Analyzer Block 

Connecting 
spool 

Prism whose end faces 
are at Brewster's 
angle to the beam 

Figure 59 



DETERMINATION OF THE SCALE HEIGHT BY POLARIMETRY 
Degree of linear polarization, p 

-9.98 -0 .9 -0 .8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 0.9 0.98 

l l -

-1 . — i J 1 1 r — 1 1 1 1 1 1 -

Plasma density profile: 
Density 

Distance j A R G U S shot #36080406 

B - 15° <nL, nM) - (0.75.1.25) j 6.4J (N)/40.6J'(S) incident 
~0 - 15° (n L . n H) - (0.5,2) J 84 u OD, 0.8 n WT, 1.9 mg/cm"DT 

1.3 • 10 7 neutrons 

p = 0.77 

0-30 ' 
1.0 ( n t . n M > - ( 0 . 5 , 2 ) 

« = 22.5 
( n L . n H ) = (0.75. 125) 

" = 22.5 
! n L , n M ) = (0.5, 2) ' 

30 60 90 

Phase retardation >> = 
120 150 

in degrees 

180 

Figure 60 



ELECTRON SPECTROMETER (90° FOCUSING) 

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 U 
For each channel mE/q 2 = constant 

To target 

Fluor- PM detectors 

12 keVoJ_60 keV* 

Deflecting 
magnet 
(0.34 T) 

Collimator 
section 

10 MeV 

350 keV 2 MeV 60 MeV 

Si SB detectors Si PIN detectors 

Tuneable 1 mm 2 

front aperture 

Baffled 
get lost tube 
for radiation 

20-90-0877-1603 

Figure 62 



MAGNETIC DEFLECTION AND TIME OR FLIGHT SEPARATE IONS OF 
DIFFERENT CHARGE TO MASS RATIO |g£ 
Within the deflection region, tra­
jectories are circles with radius R, 
such that 

m 1 
BR = ^ v = - v " 2 m E 

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

x = R - V / R 2 _ L 2 LD 

VV-L 2 

or for R > L,D x = - (Q + k\ 
R \ 2 / 

For R > L,D the time of flight for a 
target to magnet entrance distance d 
is 

t = (d + L + D)/v 
• •For a narrow slit at x . . . . t~m/q 
20-90-0877-1604 

V 

m/q 

Detector 
plane 

o l 

I x 
J 

h-L-

x fixed 

m/q 

1 2 2.5 

—̂ •A L i - A L 
Time 

Figure 63 



TOF NEUTRON DETECTOR 15 
• • • P I 

MMH*S5S55 

ML* {Sensitivity 
. 10.14 V-ns/neutron 

i*P lr<|w!»77^2l{ - Figure 64 . a u i i : ^ ^ ^ . 



D-T NEUTRON YIELD BY ACTIVATION OF COPPER m 
Activation 

Neutron 
source 

Decay 

6 2 , 

Disk transport 
Cu -» 6 2 N i + j3+ ( r 1 / 2 = 9.8 min) 

/3+ + e " ^ 2 7 (0.511 MeV) 

/ ^ \ C o p p e r ^ ' " 

6 3Cu(n,2n) 6 2Cu 

Reaction threshold = 10.9 MeV 
a = 0.5 b 

j3+ decay (97%) 
Disk size = 76 mm dia X 9.5 mm 

Present Argus system Source to target distance = 41 cm 
Present detectability = 10 8 neutrons 

Nal (TC) crystals 
detect coincident 

annihilation 7 rays 

40-46-0877-1592 

Figure 65 



ALPHA PARTICLE T.O.F. SPECTROMETER 
CHAMBER FLANGE 

COLLIMATOR TUBE ASSEMBLY, 

DEFLECTION MAGNET 

MAGNET POLE PIECE 
GET LOST ASSEMBLY 

(X-RAY & LIGHT TRAP) 
X-RAY DETECTOR 

SOQ SIGNAL 
CABLE 

HIGH VOLTAGE 
CABLE 

v OSCILLOSCOPE 
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ONEUTRON TOF 
SF^IROMfTI-R 

Nautron 
datactors 

Figure 67 



NEUTRON AND a TIME-OF-FLIGHT MEASUREMENTS DETERMINE THE 
FUEL TEMPERATURE | 11 

, B I B H M H B MeV 
^ K H H K B S H H H H » . . AE = 423 keV 
• • • • • ^ • M H H H H I H Neutrons ^^^H8SS5&B^fl <5.7keV 
B B S f i f i S f l H f l ^ ^ H 346 neutrons reacting with detector 

^ ^ • H M H l i - At 46Ukev 

^^^^^^^••N^^^HS 405 a's 

Shot: 36092208 9 /76 
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DT-NEUTRON TIME SPECTRUM 19 
100 

840 850 860 870 880 890 900 
Time, ns 11/76 
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FILTER-DETECTOR RESPONSE TO ARGUS EXPLODING 
PUSHER EMISSIONS 

8f6 Bb90FU6tl' 

10 MeV 
Uxygin i 6 » 

-are absorbed 

'3.52 MeV alpha particle 

1 MeV 

100 keV 

10keV 

14 MeV neutrons 

mmmmmmmmm+i 

on particles leave tracks, 
in the plastic 

Electron energy 
deposited contributes 
to the bulk etch 
rate 

A total of .".2 X 10"7J ; 
of x.-ray energy is 
absorbed in the detector. 
and contributes to the 
bulk etch rate 

mmmmmom 
1 keV 

10/76 

X-rays < 1.0 keV are 
absorbed in the filter 

Filter consists of 
8 X10" 3 gm/cm2 tantalum 

Detector consists of 
6 pm of Kodak Pathe 
L R 1 1 5 cellulose nitrate 
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CODED IMAGE OF a EMISSION FROM COMPRESSED D-T MICROBALLOON [' 

11/76 
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RADIO CHEMISTRY L3 

• ( 2 H, 3 H) neutrons pass through glass microsphere wall 
• 14.1 MeV neutrons interact with 2 8 Si atoms in microsphere (24.8% atomic 

composition) and produce radioactive isotope, 2 8 A I by the reaction 
2 8Si(n,p) 2 8AI 

• 2 8 A I •+ p~ + 2 8 S i * -> 2 8 Si + 7 
— t 1 / 2 = 2.24 min 
- M y ) - 1 . 7 8 MeV 
- E

m « (0~) = 2.86 MeV 
max r 

20-90-0877-1524 

r Figure 74 



RADIO CHEMISTRY _ _ _ I H 

Total number of 2 8 A I atoms produced, IS!*, can supply 
information on target compression 

N * - 2 . 1 X 1 0 - * ( N y j e l d ) ( p R ) p u s h e r 

20-90-0877-1523 
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RADIO CHEMISTRY 

Experimental procedure 
— Target debris deposited on plastic liner in cylindrical tube 
— Collector removed and placed in nuclear detector and 2 8 A I decays 

are counted 

Counting technique 
— J3~, 7 coincidence technique employed using a large Nal well 

detector and plastic fluor 
— Measured counting efficiency will allow ~75—100 2 8 A I atoms to 

be observed 
20-90-0877-1525 

Figure 76 



SUMMARY OF LASER FUSION RESULTS 

Fusion Parameter Instrument 
Accuracy 

Resolution Measured Lasnex 

Neutron yield (Cu activation 
\ Scint. PMT 

15% 
20% 1-2 X 10 9 2 X 10 9 

Alpha energy Alpha TOF 1% 3.3 MeV 3.3 MeV 

Ion temperature I Alpha TOF 
1 Neutron TOF 

20% 6-10 keV 8keV 

Implosion velocity Streaked x-ray 
Pinhole camera 

) 6 nm 3 x 10 7 cm/sec 3 X 10 7 cm/sec 
15 ps 

Density X-ray microscope 4 Mm 
[ X-ray spectrometer 1 eV 

0.1 g/cm3 0.1-0.2 g/cm2 

0.5-1 g/cm3 0.5-1.5 g/cm3 

Absorbed energy Calorimeter 10% Up to 50% Up to 50% 

5/77 

Table IV 


