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INTRODUCTION 

Detailed diagnosis of laser target interaction experiments requires a 
variety of diagnostics techniques and systems capable of measurements over a 
broad range of physical parameters with high spatial and temporal resolutions 
and which also conform to some system design and operational constraints. 
These requirements, goals and constraints are summarized in Fig. 1. There is 
a broad range of physical parameters to be covered and our ultimate goal, in 
being able to accurately diagnose laser target interaction e, eriments, is to 
be able to make broad variety of measurements of physical parameters with a 
spatial resolution of 1 ym and a temporal resolution of 1 ps ar d yet be able 
to cover the range of variables as indicated in Fig. 1. As much as possible, 
we want to use multichannel diagnostic systems to avoid the necessity of hav
ing to do repetitive shots and take data samples that n:ed to then be put to
gether to form a complete data set. For example, instead of usinr an x-ray 
monochrometer which would require changing to a new wavelength on ̂ ach shot in 
order to construct a spectrum, we prefer to use an x-ray spectrome.ir which 
gives us many channels of x-ray spectral data on a single shot. As much as 
possible we try to design and implement our diagnostic systems based on this 
constraint. Another requirement relates to interfacing diagnostics to comput
er aided data aquisition and analysis systems for faster and more accurate 
acquisition, analysis, and display of data to effect more efficiency and 
interaction in the experimental program. There are a large number of types of 
measurements that are made on laser fusion experiments. In Figs. 2 and 3 sum
marize a set of diagnostics available for use on experiments performed at the 
Argus laser facility at Livermore. Although not every one of the items listed 
in these two figures are necessarily used on every shot, a large fraction of 
these diagnostics are available, used, and provide data on each shot. The 
others are used for specialized applications and are available and fielded 
infrequently or as the case demands for particular experiments. The total 
quantity of data accumulated by this collection of diagnostics is summarized 
at the bottom of Fig. 3 and the numbers there show clearly the need for profi
ciency in using the capabilities provided by interfacing diagnostics directly 
into digital data acquisition and analysis systems for very quick, rapid 
acquisition and analysis of data. 

*Work performed under the auspices of the U. S. Department of Energy by the 
Lawrence Livermore Laboratory under contract number W-7405-ENG-48. 
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Fig. 4 shows schematically the various regions of interest during target 
irradiation experiments. The optical field from the laser, that is not explic
itly shown in this figure, irradiates the target and creates the low density 
corona plasma atmosphere around the outside of the target in which the absorp
tion of the optical energy and the transport of energy around the target 
occurs. The pusher, the glass shell, is more dense, quite hot and is a copi
ous emitter of x-rays. In the exploding pusher mode of target operation, it 
heats up essentially uniformly, explodes and the part of the shell that drives 
inward then compresses the fuel in the center of the target. In the ablative 
pusher mode of operation the outside of the shell is ablated off more gently 
and drives the inner and colder part of the shell inward against the fuel and 
compressing it at the center. Finally, there is the core, the compressed fuel 
region at the center where the densities may vary over quite a large range 
depending on the details of the experiment, the target, and the nature of the 
fuel mixture in the center. That is the third region of the target that needs 
to be diagnosed. In what follows we will try to approach the problem from the 
outside in beginning with a brief discussion of the ways in which we character
ize the optical field, that is the energy from the laser that irradiates the 
target and is the driving or input function. Next some measurements that can 
be made to characterize the plasma atmosphere will be discussed, and then di
agnostics that relate to understanding the pusher implosion phase and finally 
some techniques for measuring the state of the compressed core target will be 
reivewed. 

OPTICAL DIAGNOSTICS 

Figure 5 shows the results of data obtained with a so called array 
camerad) to characterize the laser spatial intensity distribution on the 
target. It is very important when performing target experiments to know the 
spatial distribution of energy in the laser pulse that irradiates the target. 
In order to measure this spatial distribution, the multiple array camera is 
used as depicted on the bottom of the figure. A portion of the incident laser 
beam is directed to two pairs of mirrors. One of ti.ese is closely spaced and 
of known reflectivities to provide a series of pulsus of decreasing amplitude 
and in a known ratio to one another. These pulses in turn arrive at another 
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pair of mirrors inclined in an orthogonal plane and separated by a distance 
delta so that the change in path length on each subsequent reflection is suf
ficient to shift the effective plane of focus a known amount in object space. 
This system is very carefully set up and calibrated so that the images that 
appear in the film in the camera back represent a series of images of graded 
intensity that correspond to the intensity distribution in specific planes of 
the main beam where the target is placeo, In the upper right the various equi
valent planes are indicated and labeled as they correspond to the columns of 
exposures in the photograph on the left. Each column consists of the series 
of pictures at the same equivalent plane but attenuated relative to each other 
by the known factor shown. In the typical case of irradiating a 100 uin diame
ter glass microsphere with tangential focussing, the target would be placed 
roughly at equivalent plane 2 in the upper right and that corresponds then to 
the second column of pictures on the left. That is the column of pictures 
that would be chosen for analysis and the appropriately exposed one of those 
is analyzed to determine the detailed energy distribution hitting the target. 
The known intensity step between pulses provides automatic calibration of the 
camera during the scanning and the evaluation of the data.1^) In order to 
measure the temporal history of the laser light hitting the target, we use a 
device known as an ultrafast streak camera.(2) Figure 6 is a schematic of 
the type of earner?- we use. It is an opto-electronic device in which the 
laser pulse (or other optical signal) to be measured is incident at the left, 
impinges on the slit (nominally 25 ym high). That slit is then imaged onto 
the photocathode of an image converter tube. The electrons emitted from the 
slit shaped illuminated region of the photocathode are accelerated and focuss-
ed and then swept by means of a pair of deflection plates to which a suitable 
voltage pulse is applied to produce a streaked image on the phosphor screen at 
the back of the tube. That phosphor image is intensified by an image intensi-
fier and then recorded on photographic film for analysis. In this way the 
temporal intensity versus time history of the incident optical signal is con
verted into a brightness or film exposure versus position image at the back of 
the camera. Two examples of streak data are shown in Fig. 6. The time resolu-
ion capability of the camera is 6 ps and the total recording time is about 1.5 
ns. Fig. 7 summarizes the performance parameters of the infrared/optical 
streak cameras that are in use in laser fusion experiments at Livermore. 
Figure 8 shows one of the time integrated images that was in Fig. 5 (from the 
multiple array camera) as well as an equivalent plane streak camera record 
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from on of the Argus laser arms. These two pieces of data when analyzed pro
vide, as shown on the right hand side of this figure, the energy distribution 
at the target plane and the temporal energy distribution at the target plane. 
From this data, now, a complete temporal and spatial distribution of laser 
power incident on the target can be calculated. 

It is also necessary to make measurements at various points along the 
laser chain in order to monitor the performance of the laser and in the event 
of an anomaly appearing at the target being able to correlate that back to 
laser performance and also in order to obtain a record of laser peformance for 
maintenance purposes. Figure 9 very schematically indicates the locations and 
types of diagnostics that are used along each of the chains of the twenty beam 
Shiva laser in order to monitor the performance of the laser for keeping con
trol of experimental conditions.(3' Similar techniques are used on other 
laser systems. Calorimeters play a very important role as the primary energy 
measuring device in our program.(4) The next figure, Fig. 10, is a drawing 
of one of the laser pulse calorimeters; the calorimeters used for other appli
cations operate on basically the same principles. In this case the laser 
pulse to be measured enters from the left and impinges upon the receiver disk 
which is a piece of glass so chosen that the light pulse is absorbed within 
the volume of the glass to avoid localized heating damage and possible asymme
try effects. The temperature rise is sensed by a thermoelectric module and 
compared against the reference disk shown. The resulting signal is amplified, 
conditioned, and interfaced into a data acquisition and analysis system. 
These calorimeters are stable and very accurate and contain secondary calibra
tion heaters so that they can be checked and calibrated insitu. 

Figure 11 shows schematically the kinds of instruments used in the Shiva 
incident beam diagnostics package. Each laser beam has a similar set of equip
ment used to monitor the pulse that is being used to irradiate a target. In 
smaller lasers, like Janus and Argus which are built on tables and have only 
two arms, the optical components shown schematically in this figure are table 
mounted. The twenty beam Shiva laser, being built essentially in three dimen
sions on the space frame, has required that these optical diagnostics be 
mounted on the frame in so that self-contained packages of the kind indicated 
have been developed. However, the main functions are essentially the same on 
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all the laser systems. The main laser pulse is incident from the left onto a 
turning mirror and is directed to the target. The 2% of the pulse that leaks 
through the turning mirror enters the incident beam diagnostic package where 
it is split into a variety of beams, and measurements such as the multiple 
array camera which was described earlier are made. \Part of the diagnostic 
beam enters a total energy calorimeter, part of the beam enters a fast photo-
diode which can be used to measure pulse durations when pulses on the order of 
a nanosecond or more in length are used, and a portion of the beam is focussed 
through a pinhole and into a calorimeter which measures the fraction of the 
pulse that is focussable into a given aperture. A portion of the pulse is 
also made available for a streak camera for high time resolution measurements 
of the temporal pulse profile. 

In conducting experiments not only is it important to know the details of 
the incident pulse as it hits the target but it is also important to be able 
to measure the properties of whatever light is scattered or reflected from the 
target in ordor to understand the absorption, the energy balance and the energy 
partitioning occurring in the experiments. Figure 12 shows a schematic of the 
return beam diagnostics package as configured for use on the Shiva laser. 
Light incident from the one of the main laser chains is shown coming up from 
the lower right hits the turning mirror and is focussed through the f/6 lens 
onto the target. Light reflected from the target and passing back through the 
focu. 5ng lens hits the mirror and 2% of that light now leaks through that 
mirror into the return beam diagnostics package. There a number of measure
ments, similar to the types in the incident beam diagnostics package, are made. 
That is, there is a multiple array camera, there is a calorimeter, and in addi
tion there is access for a streak camera. The T.V. camera shown together with 
a removable mirror is used as an aid in target alianment preparing for experi
ments. 

Figure 13 shows a schematic of the energy balance diagnostics as used on 
the Argus target irradiation facility. There are arrays of photodiodes snd 
plasma calorimeters internal to the target chamber to measure the angular dis
tribution and quantities of scattered light and of the plasma blow off from 
the target. These sorts of measurements are essential for detailed studies to 
understand the partitioning of the energy and the efficiency of coupling of 
the laser beam to the targets in a variety of target interaction experiments. 

file:///Part
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The data from these measurements, together with the results of the light back 
reflected through the lenses measured by the return beam ("scattered" in Fig. 
13) calorimeter then provides a detailed energy balance picture for a given 
experiment. 

Figure 14 is a view of the interior of the target chamber at the Livermore 
Janus laser facility. Circular arches can be seen on which are mounted silicon 
PIN diodes for scattered 1.06 urn light measurement. There are x-ray calorime
ters (with the magnets strapped to them) visible in the picture. In the lower 
left, a seven-channel K-edge filter x-ray diagnostic package can be seen mount
ed in one of the ports and at the upper right there is a plate with four small 
holes which is the entrance to one of the four-channel grazing incidence x-ray 
microscopes that will be discussed later on. A crystal spectrometer is visible 
in the center right and in the very upper left is the entrance to another x-ray 
microscope system. Figure 15 is an external view of the target chamber at 
Livermore's Argus facility to show that in addition to a variety of internally 
situated diagnostics there are also a wide variety of diagnostic packages ex
ternal to the chamber and on flight tubes. 

In some cases a so called box calorimeter, as shown schematically in Fig. 
Iti, is used to make very accurate measurements of the energy balance in a given 
experiment. In this case, the calorimeter has been devised to as nearly com
pletely as possible surround the target and intercept the total amount of 
1.06 vm light scattered during the irradiation. The shield shown blocks ions, 
x-rays and target debris from the calorimeter absorber. Light reflected back 
through the entrance aperture or transmitted around or through the target and 
out the hole in the back is recollimated and measured in separate calorimeters. 
This technique while being very accurate suffers the drawback of completely 
surrounding the target and eliminates the use of many other possible diagnos
tics on a given experiment. It is therefore not used all the time but is used 
in cases where very well defined, well quantified, precise measurements of 
energy partitioning and energy balance for absorption studies is required in 
experiments. The situation depicted in Fig. 16 was set up for experiments to 
measure the absorption for both p and s polarized light incident on a slab 
target at various angles of incidence. This experiment measured the angular 
dependence of the absorption fraction to verify the characteristics of resonant 
absorption.'5' 
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ULTRAVIOLET PROBING 

In order to understand the details of the energy absorption and transport 
in a laser target interaction experiment, in addition to the energy balance 
and input pulse characterization measurements described earlier, it is also 
necessary to understand some of the details of the structure of the plasma 
atmosphere surrounding the target and in which the light is absorbed and much 
of the energy transport occirs.(6) One way to do this is to probe through 
the low density plasma atmosphere and measure the electron density distribution 
in that plasma. The characteristics of the electron density distribution to
gether with the knowledge of the charteristies of the input light can provide 
important information in describing and understanding the processes of absorp
tion and transport that are taking place. Figure 17 sho^s schematically a 
laser target being irradiated by a 1.06 ym pulse from a neodymium laser and 
simultaneously being probed with a diagnostic pulse at a much shorter wave
length. In order to be able to measure electron densities in the plasma up to 
densities equal to that near critical for the 1.06 ym light the plasma must be 
small and it is necessary to use a much shorter wavelength for the probe pulse 
in order to minimize the effects of refraction of the probe pulse in the dense 
plasma.(7) The critical density for 1.06 ym light, where absorption occurs, 
is 1021 electrons per cubic centimeter. The refractive turning angle is 
given by the expression at the bottom of the figure. In order to keep this 
angle to a small enough value that reasonable collecting and viewing optics 
can accept most of the rays probing up to that critical density, it is neces
sary to minimize the ratio of Ap the probing pulse wavelength to Ah the heat
ing pulse wavelength and to keep the size (L) of the plasma small. In our 
experiments we have chosen to use the fourth harmonic of the neodymium laser 
pulse that heats the target as the probing pulse. The spatial resolution of 
the interferometer used to measure the electron densities must be sufficently 
high to resolve small spatial scale lengths («) in the density distribution. 
Furthermore the probing pulse duration should be as short as possible compared 
to the heating pulse duration in order to obtain a "flash-stop action" photo
graph to freeze the motion of the electron density distribution at the time of 
interest when the interferogram is taken. 
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Figure 18 schematically shows the arrangement that is used at the Livermore 
Janus laser to obtain the fourth harmonic diagnostic pulse used in our ultra
violet probing experiments. Half of the output of the Janus laser oscillator 
is selected to be amplified in an auxiliary amplifier chain while the remainder 
of the oscillator pulse is amplified by the main laser and used to irradiate 
the target. The diagnostic pulse, after amplification, is then suitably condi
tioned and converted in a sequence of two crystals into the fourth harmonic 
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(2660 A) of the neodymium light. The pulse is shortened at this point to about 
15 ps in duration as compared to the 30 ps duration of the oscillator pulse and 
thus of the heating pulse of 1.06 ym that irradiates the target. The 15 ps 
ultraviolet probing pulse passes through an adjustable dog-leg as shown in the 
upper left of the figure so that the time of arrival of the diagnostic probe 
pulse at the target can je varied relative to the main heating pulse allowing 
interferograms to be obtained at different times during the interaction process. 
The reason for choosing this probe pulse generation technique is to maintain 
very precise synchronism between the heating pulse and the diagnostic pulse. 
Since these pulses are 30 ps and 15 ps respectively, precise synchronization 
between them is required in order to make adjusments on meaningful time scales 
for changing the probing time relative to the heating pulse. Figure 19 shows 
the schematic of the Janus target chamber and of the holographic interferometer 
that we use for obtaining the electron density distribution data.(7) The 
fourth harmonic probe pulse enters from the upper right, as shown, is split 
into an object in a reference beam, sent through a path equalizing arm and 
propogated through the target chamber onto the holographic plate behind an 
appropriate interference filter. Double exposure holograms are made in order 
to obtain an interferogram which shows the line integral of electron density 
profiles *t the time at which the exposure is made. Holographic interferometry 
was chosen because of its relative simplicity, stability, and the fact that 
very high quality optical components are not required. 

Figure 20 is an example of data obtained in such an experiment when a 41 
diameter glass microsphere target was irradiated from the right at an intensity 
of about lO* 4 watts per square centimeter at Janus.(8) The probing pulse 
produced this interferogram at about the time of the peak intensity of the 
laser heating pulse. The unirradiated target ball is superimposed on the left 
hand picture for clarity. The electron density fringes are clearly seen bowing 
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bowing out to the right. This data has been Abel inverted, because it has a 
high degree of axial symmetry, and the resulting electron density distribution 
along the axis of the horizontal center line of the target starting at the 
wall of the original target is plotted on the right. The electron density 
profile that starts at a nominal value, is clearly steepened to a scale length 
of 1.5 ym, which is approaching the resolution limit of the technique, and 
then becomes more shallow again as the density goes above the critical density 
of 10 2* electrons per cubic centimeter. This result was the first to direct
ly show and verify the theoretically predicted effect that at sufficiently high 
intensities the pondermotive force of the incident laser pulse would be of suf
ficient value to steepen the plasma. Thre may also be contributions to this 
modified profile due to localized heating. This result provides experimental 
support of theories for absorption processes and transport processes based on 
the existence of the modified profile. Without tne measurement capability 
providing 1 um spatial resolution and 15 ps temporal resolution, data of this 
quality would not have been possible. Figure 21 shows an interferogram obtain
ed with a flat target. The target in this case is a thin, "lollipop" of pary-
lene. Again the target image is superimposed on the interferogram for clarity. 
The difference apparent in this figure as compared to the previous figure is 
that the electron density distribution is much less uniform. There is evi
dence of a density cavity having been formed in the center of the plasma dis
tribution. There is also evidence of small scale rippling near the critical 
density surface and the blurring of the outer fringes gives an indication that 
the blowoff velocity or the fringe motion velocity due to the changing density 
profile distribution is occuring faster in this case than it was on the micro-
balloon target shown in the previous interferogram, Fig. 20. These observa
tions of the contouring of the surface and the existence of structure on the 
critical density surface are important observations in providing experimental 
verification of models that have been used to calculate the characteristics of 
resonant absorption during a laser irradiation processes.^) 

Figure 22 shows another kind of an experiment that can be performed using 
the same probe pulse at 2660 X that was used in the double pulse holographic 
interferometry work just described. The existence and magnitudes of the mag 
netic fields generated by the density and temperature gradients "in laser pro
duced plasmas are important in order to develop an understanding of their 
possible effects on absorption and transport processes within the plasma.(*0) 
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By probing through the plasma with the linearly polarized probe pulse, the 
Faraday rotation of that plane of polarization due to the fields can be meas
ured. This data, together with information on the size and density distribu
tion of the plasma allows the magnitude of the magnetic field to be calculated. 
Figure 22 shows schematically the concept of such an experiment and the factors 
influencing the angle of rotation of the plane of polarization by the field. 
Figure 23 is a schematic which shows how the experiments are done.(7) The 
15 ps duration 2660 A probe pulse is incident from the left on the target which 
which has been irradiated by the 1.06 \m pulse from the main laser chain. The 
two polarization components of the rotated probe beam are split by the 
Wollaston prism to be displayed separately on a piece of film. In this way 
the intensity ratios between the two images obtained on a single shot can be 
studied to obtain information on magnetic fields. Magnetic field measurements 
have been made at Livermore and at other laboratories^^ conducting laser 
fusion and laser plasma interaction research, recently producing a range of 
results . More experiments of this type will unravel the details of the mag
netic field effects in laser produced plasmas. 

X-RAY MEASUREMENTS 

Laser irradiated targets are copious x-ray emitters and diagnostics of 
these x-rays can provide detailed information in helping to understand and 
describe the processes occurring during the interaction and subsequent perform
ance of the target. Figure 24 shows a typical time integrated x-ray spectrum 
obtained from a glass microballoon target irradiated with a neodymium glass 
laser. The x-ray spectrum is obtained on a single shot from data collected 
with a number of different instruments all of which are absolutely calibrated. 
The spectrum defines the typical level of x-ray emission encountered in these 
experiments and the listing at the bottom of this figure provides a summary of 
the types of instruments that are used to obtain spectrally resolved x-ray 
intensity data in the various regions of the x-ray spectrum. Figure 25 summa
rizes the capabilities of a variety of crystals used for x-ray spectroscopy 
ranging from the lead myristate used at very low energies with moderate to low 
resolution to high resolution quartz crystals which can be used over a range of 
Bragg angles for energies as high as 10 keV. A great deal of the x-ray energy 
from target irradiation experiments resides in a portion of the spectrum below 
1 keV. In order to understand fully the energy balance and energy partitioning 
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it is necessary to measure the x-rays in that region of the spectrum. For 
this raason we have developed and begun to use a system, whicli is shown schem
atically in Fig. 26, to diagnose the sub-keV spectral region.(12) Basically, 
this is a multichannel instrument, shown here as a three channel version 
although more recently five channel versions have been used, which provides 
spectral windows through the use of grazing incidence reflection to provide a 
high energy spectral cutoff, and transmission filters to provide the low energy 
cutoff to give fairly well-defined spectral channels. Figure 27 shows the 
spectral windows that are ob;ained by the grazing incidence mirror and filter 
combinations shown for the three channels in Fig. 26. The windowless x-ray 
diodes used here are fast diodes with a response time of less than 100 ps. 
When coupled to suitably fast oscilloscopes, this combination can provide time 
resolution in the 150 psec range. The more recent five channel versions of 
Dante have actually been constructed using only transmission filters. Because 
of the characteristics of the photodiode cathodes, whose response falls rapidly 
with energy, it is possible to make systems with sufficiently accurate spectral 
slices by that technique. 

In figure 24 the higher energy portion of the spectrum above 2.5 - 3 keV 
is shown as having been measured by the so called 7-shooter which is a silicon 
pin diode array using K-edge filter spectral definition.^ 3) This is a tech
nique that works suitably well for x-rays in the energy range of a few to about 
the 10 keV range in present experiments providing sufficiently well defined 
channels to plot an accurate representation of the spectrum so long as the 
spectrum is falling with energy as shown in the figure. This monotonic de
crease is an important consideration in using the K-edge filter technique for 
obtaining good energy discrimination and accurate definition of the energy 
windows covered by the different channels. As we progress to higher energy 
experiments using the larger laser facilities now coming on line, for example 
Shiva, we anticipate that the high energy x-ray spectrum may increase and that 
we will have difficulties with channel definition, and with interference and 
shielding of detectors. A filter fluorescer measurement technique, as shown 
in Fig. 28, has been designed and is now being implemented for use on these 
systems. This is basically a system that will provide well defined channels 
by using fluorescer foils together with suitable transmission filters in order 
to provide high energy x-ray spectral channels, and at the same time allowing 
effective and separation from the target and shielding of the photomulitpliers 
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or diodes. Furthermore, the technique can be used effectively in situations 
where one does not necessarily have a spectrum that is falling in time; that 
is no longer a constraint for accurate definition of energy channels. 

The x-ray diagnostic techniques and systems discussed up until now, with 
the exception of the Dante fast x-ray diodes which can provide time resolution 
on the order of 100 ps, have all been time integrated measurements. Now tech
niques that are used for making time resolved measurements on a picosecond time 
scale will be reviewed. Figure 29 shows a schematic of an ultrafast x-ray 
streak camera that has been developed for use in diagnosing laser plasma inter
action experiments. (W) The basic concept of operation of this camera is 
very much the same as for the optical camera as discussed earlier. The main 
difference is that a suitable x-ray transmissive window (8 urn Be) and x-ray 
sensitive photocathode {^ 100 A Au) have been substituted on the image convert
er tube as shown in the inset in the figure. X-rays incident on the front 
slit-shaped photocathode liberate photoelectrons which are then accelerated, 
focussed, and deflected the images intensified and then photographed. The 
time resolution of this camera is 15 ps, somewhat less than the optical camera 
because of the larger energy spread of the cathode photoelctrons in the x-ray 
case. 

In one mode of use of this x-ray streak camera an array of K-edge filters 
is placed across the input photocathode slit so that the streak record contains 
time resolved information in a variety of x-ray spectral bins as determined by 
the particular sets of K-edge filters and prefiltering that are chosen. (15) 
Figure 30 shows an example of an x-ray streak photograph obtained from an ex
periment on a gold disk target irradiated at the Argus laser facility. The 
various filter materials are shown at the left and several of the filters are 
used with multiple thicknesses to get intensity calibration information on the 
streak record. This data is scanned with a microdensitometer and after correc
tion for film nonlinearities and photocathode response can be reduced to the 
type of results shown in Fig. 3. In this case, on the left hand side the rela
tive x-ray intensity as a function of time in the various spectral channels, as 
indicated by the inset table above the figure, are shown. The x-ray emission 
rises, reaches a peak in all channels at a little over 200 ps and then slowly 
decays with increasing time after the laser pulse is off and the plasma expands 
expands and cools. This data can then be used to obtain time dependent inform-
tion on temperature. The graph on the right indicates such a reduction of 
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that data. The I, II, III, and IV curves indicate essentially the characteris
tic two-temperature profiles for the times indicated in the inset tab>;. The 
dashed data in curve I results from the fact that not all channels, as can be 
seen in the temporal profiles, respond sufficiently at that early time to allow 
accurate determinations of the temperatures at the higher energies. Data of 
this kind is valuable in studying the energy absorption, heating, and transport 
processes occurring in plasma interaction experiments. 

Figure 32 shows a result of x-ray streak camera data obtained on three 
implosion experiments which were conducted using glass microspheres irradiated 
at the Janus facility.(I5) In .this case the relative x-ray intensity is 
plotted as a function of time as measured by the streak camera for a particular 
energy channel in the multi-x-ray energy channel streak record. The top two 
curves correspond to two nearly identical experiments. The structure can be 
explained in terms of the operation of these exploding pusher targets. The 
laser pulse incident on the target quickly heats the glass shell of the micro-
balloon, its temperature rises and it begins to emit x-rays as indicated by the 
initial rise of the x-ray signal. At some point in this process, the shell ex
plodes, its temperature and density drops, the x-ray emission drops, and there 
is a dip in the x-ray temporal history. Then the inner part of the exploding 
shell compresses the enclosed DT gas fuel, and eventually stagnates the center. 
The kinetic energy is converted into thermal energy at stagnation and a second 
burst of x-rays is emitted as indicated by the second peak in the x-ray tempor
al profile. These two experiments, labeled 515 and 520, are nearly identical. 
The temporal profiles of the x-ray emission are very reproducible. This struc
ture now can be interpreted in terms of an implosion time by measuring the tem
poral difference between the first peak which corresponds to the heating of the 
shell and the second peak which corresponds to the stagnation of the imploded 
target at the center. The curve labeled experiment 517 is a lower power laser 
shot, it produced fewer neutrons, and as can be seen the temporal profile is 
significantly different, and the implosion time is measurably longer in that 
case. Data of this kind has provided important information for comparing and 
developing code calculations of target performance. 

The x-ray streak camera as described to this point as useful in the x-ray 
spectral range from about 1 keV to 30 or more keV. The low energy cutoff is 
determined by the thin beryllium vacuum window used to seal the image converter 
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tube and provide the photocathode substrate. As was mentioned earlier, a large 
part of the x-ray emission in these types of experiments resides in the region 
below 1 keV. For completeness of energy distribution, we want to be able to 
measure, with high time resolution, the x-ray emission in the sub 1 keV range. 
Figure 33 shows a modification of the x-ray streak camera design which will 
allow us to significantly reduce the spectral threshold of the x-ray streak 
camera. The principal modification involves removing the beryllium vacuum 
window from the streak camera slit and replacing it with a very thin carbon 
substrate which will support the Au photocathode. This window will not with
stand atmospheric pressure difference so the design of the camera system be
comes physically more complex requiring pumping on both sides of the slit and 
careful control of operating conditions. In order to eliminate the higher 
energy x-rays and to be able to accurately measure the low energy portion of 
the spectrum, grazing incidence reflectors will be used as shown. Three 
materials are shown, together with the filter pack, to provide three channels 
of sub-kilovol' esponse across the slit of ths streak camera. The inset at 
the lower right shows roughly the spectral response in the three channels with 
15 ps time resolution. The implementation of this capability will greatly 
enhance our abilities in high time resolution measurements over a very broad 
range of the x-ray spectrum. 

X-RAY IMAGING 

To this point the discussion of x-ray diagnostics have related to diagnos
ing of the low density plasma corona and the hot imploding glass shell of the 
target. The emphasis has been on spectral measurements and on time resolved 
measurements but there h^s been no imaging to determine the spatial distribu
tion of the x-ray emission from the target. X-ray imaging plays a very impor
tant role because it will allows us to look at symmetries and evidence of com
pression and to learn more about the target dynamics and distributions of tar
get temperatures. For these reasons it is an important part of our diagnostics 
cability which we wish to discuss now. Figure 34 summarizes our goal of want
ing to be able to have x-ray images with 1 m spatial resolution and 1 ps tem
poral resolution for the purposes Just described. Pinhole cameras are very 
convenient instruments to use for x-ray imaging.^ 1 6) They have been used 
widely for this purpose, they are good survey instruments, alignment is not a 
particular difficulty and they can provide resolution of a few microns with a 
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few micron pinholes placed close to the target. X-ray microscopes based on 
grazing incidence reflection from appropriately curved surfaces offer advan
tages of h' "- resolution at relatively large object distances to avoid problems 
from damage, especially in high energy experiments. 

(17) 
The Kirkpatrick-Baez 

microscopes, which are based on orthogonal cylindrical mirrors, have so-far 
been the work horse of the x-ray imaging work at Livermore.(18) They use a 
four channel configuration to obtain x-ray images in different spectral bands. 
Axi-symmetric microscopes comprised of hyperboloid-ellipsoid combinations, 
known as Wolter microscropes, offer potential for somewhat higher resolution 
while the advantage of having much higher solid angle for a collection of 
x-rays by about a factor of a thousand as compared with the Kirkpatrick-
Baez"') microscope. This will be important in applications where very high 
sensitivity and throughput is required. Another x-ray imaging technique is 
the use of zone plate cameras consisting of microstructures in the form of 
Fresnel zone plates.^ 9) They are used in the shadowgraph mode to obtain 
high resolution images and are particularly valuable for wavelengths shorter 
than those accessible by grazing incidence reflection microscopes. Newer tech
niques based on advanced zone plate structures and perhaps phase plate struc
tures offer promise for efficient x-ray beam manipulation and focussing. 
Bragg crystals in the context of spectral measurements have been discussed 
earlier. Crystals can also be used in a mode to provide some energy selective 
imaging capabilities, which when combined with suitable probing sources, can 
result in effective systems for probing targets to measure density distribu
tions, configurations and perhaps dynamics. 

Figure 35 shows a schemat1' of a four channel cylindrical mirror x-ray 
microscope of the type known as a Kirkpatrick-Baez microscope. The laser 
fusion target is shown at the left followed by a K-edge filter pack and then 
the orthogonal cylindrical mirror pairs which in general can be different 
materials with slightly different radii of the cylindrical surfaces. For each 
of the four channels four exposures are obtained on the film as shown at the 
upper right. First, there is an exposure produced by unreflected x-rays pass
ing directly through the system. There are two line images which are due to 
those x-rays in that particular channel which undergo only a single relfection. 
Finally there is an image that corresponds to those rays which reflect from 
both the cylindrical surfaces, in that particular channel, and provides the 
real image of the target. On the left in Fig. 35 an example of an x-ray image 
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obtained on an experiment with such a device is shown. Images as just describ
ed from each of the four different spectral channels can be seen. Figure 36 
shows an example of the various combinations of material, angle and K-edge 
filter that can be used to achieve the spectral channel responses as indicated 
at the top of each graph. For example, in the previous figure four channels 
are used which range from 0.5 - 4.5 keV in typical x-ray microscope applica
tions on experiments. The 2 ke.' -hannel for example is obtained by using glass 
mirrors, a 0.75 degree angle of incidence, and a 12.7 pm thick mylar filter. 
The images obtained with such microscopes are recorded on suitable x-ray film, 
analyzed, and are very conveniently displayed in false color representations 
to enhance in density distributions to make them more visible and easily inter-
pretable. Figure 37 is an example of the type of data obtained with such a 
microscope which shows the effects on target implosion of focussing geometry 
for experiments done on the Janus laser using a pair of elliptical mirrors to 
produce nearly 4 IT uniform illumination of the glass microsphere targets. In 
Fig. "A" laser pulses are focussed on the poles of the target and the outer 
edge of the target where the light hits heats, and begins emitting x-rays. As 
the target then explodes the energy density of x-ray emission drops below the 
level of detectability so the film is unexposed and then as the target coales
ces in the center there is a bright slightly oblong emission region of x-rays. 
In Fig. "B" where the limiting rays through the laser pulse imaging optics 
converge at the center of the target, the outside of the target shows no parti
cular hot spots of localized heating. The compression of the target in the 
center looks quite uniform and symmetrical, but is rather large. In "C" where 
there is a slight overlap of the focussing, there is uniform heating at the 
initial target diameter indicated by the uniform exposure, and the stagnation 
appears symmetrical, uniform, and quite small at the center. From time inte
grated exposures of this kind, important information relating to, in this case, 
the effecti.veness of focussing geometries on optimizing the performance of the 
targets is obtained. 

Figure 38 is another example of time integrated x-ray microscope data that 
was obtained at the Janus facility on a series of experiments in which the 
simultaneity of the two laser beams hitting the target from the left and the 
right was changed in order to study the effects on symmetry and centering of 
the temporal mismatch between the two heating beams. As is indicated the x-ray 
emission is measured by the 2.5 keV channel of the x-ray microscope. In the 
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upper left, the target was irradiated with the two beams arriving simultaneous
ly, heating at the initial target radius and the coalescence in the center can 
be seen. In the upper right photo the west beam, the beam from the right, was 
delayed by 42 ps, in the lower left photo by 84 ps, and finally in the lower 
right photo the target was irradiated only from the left side, the west beam 
being completely blocked. The sequential decentering and reduction in symmetry 
of the target progressing to one-sided illumination is evident. This type of 
information is very valuable in studying the parameters of the target irradia
tion process, in this case the sensitivity to beam simultaneity. Furthermore 
the set of data can also provide information on implosion velocities (or an 
implosion time) and gives results which correlates very well with measurements 
made by x-ray streak cameras directly. 

Figure 39 is a schematic of the Wolter axi-symmetric hyperboloid-ellipsoid 
x-ray microscope. These devices are being developed at Livermore and elsewhere 
for applications to Laser Fusion experiments.(17) The microscope consists 
basically of mirror surfaces, a hyperboloid section of an ellipsoid section, 
and suitable aperture stops and baffles to block direct radiation from the 
target from reaching the film plane. The target, object source of the x-rays, 
is placed at the focus of the hyperboloid section. Rays undergo double reflec
tion and finally form an image in the image plane as shown. As indicated ear
lier, these devices can potentially offer very high resolution with a fairly 
large field of view and solid angle enhanced by about a factor of 1000 over 
those realizable with the present Kirkpatrick-Baez microscopes. In order to 
realize the high resolution of these devices, the machining and fabrication 
tolerances are extremely high. There is a great deal of development of fabri
cation and characterization techniques being worked on for the perfection of 
these instruments for eventual implentation in the experimental program. 

Fig. 40 shows schematically the prinicples involved in the zone plate coded 
imaging technique mentioned earlier. In this scheme radiation from the source 
indicated comes from the left, as shown in the upper part of the figure, passes 
through a Fresnel zone plate coded aperture, and produces a shadowgraph on a 
suitable film plane on the right. In order for this technique to work sharp, 
crisp shadows must be cast by each source point in the object. This means 
that the technique can be used for any kind of source emission or radiation 
for which a suitable coded aperture can be built. That is, one that is 
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comprised of alternately opaque and transparent zones for the particular radia
tion to be imaged. Furthermore, the requirement that sharp shadows be cast 
means that diffraction cannot be tolerated in this type of application. For 
the case of x-rays, that requirement places limitations on the x-ray wavelength 
and the size of the zones. The bottom half of Fig. 40 shows the reconstruction 
process. Once the shadowgraph has been formed, in which each "point" on the 
source has created a unique shadow, the combined source produces a distribution 
of overlapping shadow patterns on the film plane. A suitable laser source can 
be used to reconstruct that coded image to provide a real image of the original 
source distribution. In addition to having high spatial resolution which is 
determined by the geometry of the system and the characteristics of the zone 
plate, the image is also tomographic, which means that the three dimensional 
characteristics of the source can be recovered by reconstructing images in 
different planes and recording them separately. This provides a distinct 
advantage over techniques in which the three dimensionality of the source dis
tribution is not directly recoverable. The parameters determining the trans
verse and tomographic resolutions in zone plate coded aperture imaging are 
summarized in Fig. 41. The zone plate technique has been used to image x-rays 
from target irradiation experiments^) a n {j a-|so t 0 ^age alpha particles 
from the thermonuclear burn in the center of the compressed target. 

(20) 
Details of the second application will be discussed further on. 

Figure 42 shows an example of data obtained by the zone plate shadowgraph 
technique to image the x-rays in the suprathermal spectral range (above those 
accessible by the x-ray microscope technique) on a target irradiation experi
ment. The inset at the lower left shows the total spectral distribution con
tributing to the reconstructed image shown above it. On the right hand side 
of the figure the three dimensional representation of the density distribution 
in the image on the left is shown. The spatial resolution is about 10 ym. In 
addition to a number of zones and minimum zone width requirements which deter
mine the imaging resolution properties directly, the zone plate material must 
be thick enough so that the dense zones are opaque to the radiation being 
imaged to cast high contrast shadow recordings. The 6 pm thick free standing 
Au zone plate used for this measurement had 100 zones with a minimum zone 
width of 5 ym. This image demonstrates the capability of the technique to 
provide in the spectral range indicated. 
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TIME RESOLVED X-RAY IMAGING 

The x-ray imaging discussed up until now has been time integrated, in other 
words, the image recorded is integrated over the total duration of the x-ray 
output for a given experiment. It is very important to be able to do time 
resolved x-ray imaging to further understand the interaction and implosion 
processes. One technique that has been developed for time resolved x-ray imag
ing, is shown schematically in Fig. 43. This uses the ultrafast x-ray streak 
camera discussed earlier in conjunction with x-ray pinhole imaging.I") T n e 

pinhole camera has high magnification in order to compensate for the spatial 
resolution limitation of the streak camera and still provide high resolution 
imaging of the target. The image of the target is carefully aligned onto the 
photocathode slit of the streak camera in such a way that a diametfc"* of the 
target is on the photocathode slit. As the target is irradiated it begins to 
emit x-rays and the resulting streak camera record will then show the x-ray 
emission position across the diameter of the target as a function of time. In 
this way, since the x-rays being detected in these experiments are predominat
ely those that come from the glass of the hot target wall as it implodes, in
formation on the implosion dynamics and the implosion time is obtained by 
direct observation of the emission position with time from the streak record. 
A particular difficulty with implementing this technique is the very precise 
alignment that is required to ensure that the data obtained is correctly inter-
pretable as just described. It is clear from inspection of Fig. 43 that a dis
placement of the target image on the slit by one target radius will completely 
remove the image from streak camera slit photocathode and no signal will be 
recorded. That means that since the compressed size of the target may be on 
the order of 10 m , or so, that the alignment accuracy at the pinhole must be 
dene to a micron level. Figure 44 shows schematically the optical technique 
that was developed in order to accomplish this alignment. A subsidiary helium 
neon laser is prealigned so that the light emerging through the special pin
hole, labeled dichroic pinhole, appears to emanate from the streak camera slit. 
The target can be positioned in the circular diffraction pattern that is formed 
by the aperturing elements provided in the optical tra^'n. A particular problem 
here arises from the fact that in order to obtain a high resolution x-ray image 
the size of the x-ray pinhole that images the target onto the streak camera 
must be kept very small; in this case the diameter of the pinhole used is about 
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6 urn. However, such a small pinhole produces such severe diffraction at the 
very much longer optical wavelengths used for alignment that the alignment to 
the accuracy required would become for all practical purposes impossible, in 
order to solve this problem the dichroic pinhole which is shown in Fig. 45 was 
developed.(22) \ n this case the x-ray pinhole, the small high resolution 
x-ray imaging pinhole, is laser drilled in a piece of glass doped with a high 
Z element which is either tungsten or tantalum. This glass is an effective 
x-ray absorber but it is optically transparent. The lower right hand photo 
shows a (1n this case a 7 mil diameter) pinhole laser drilled through the thin 
piece of 9 tun thick x-ray absorbing glass. A thin (12 ym thick) piece of gold 
with a 125 ym diameter pinhole in it is located realative to the tungsten 
glass so that the laser drilled pinhole is concentric with the 125 ym pinhole 
in the gold, as shown on the lower left. A whole assembly is mounted on a 
hypodermic needle shown at the upper left. The result is a composite system 
that provides a 125 ym optical pinhole for the alignment and a concentric 7 ym 

% x-ray pinhole that provides the high resolution x-ray imaging. Figure 46 shows 
examples of data obtained by the streak x-ray pinhole technique on thret dif
ferent experiments conducted at the Livermore Janus Laser Facility. The upper 
two experiments, labeled 403 and 410, are glass microshell targets irradiated 
from two sides, the left and the right, by the two beams from the laser. The 
color enhanced pictures show contours of equal x-ray intensity color coded for 
ease of visualization. Each contour represents a higher level of film exposure 
proceeding towards the center from the outside and therefore represent higher 
levels of x-ray emission. Time increases upward along the vertical axis and 
the horizontal axis is the spatial dimension across the target diameter. When 
the target is irradiated emission can be seen to occur at the earliest time at 
regions near the original diameter of the target as indicated along the lower 
axis. As time progresses the region of maximum emission at any given time 
(any given horizontal slice across these pictures) moves inward. By plotting 
the trajectories of this peak in the emission profiles as a function of time, 
the velocity profile of the imploding shell, as indicated by the dashed lines, 
can be obtained, and even an acceleration of this implosion can be determined. 
These values are very important in order to compare with the code calculations 
of target performance and have been used as important experimental input param
eters in the target design calculations. The data on the lower left is an ex
periment in which a target was irradiated only from the right hand side, the 
left hand laser beam was blocked. The experiment was intentionally designed 
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to be asymmetric to verify that the imaging and alignment techniques were cor
rect and able to diagnose a highly asymmetric implosion. As can be seen here, 
the target was heated only on the right and began to implode toward the left. 
There was coalescence and stagnation near the target center followed by a some
what more uniform disassembly of the target. This result helps confirm the 
alignment ability and the interpretations of the data in terms of velocities 
and implosions. Figure 47 is an example of time resolved x-ray imaging data 
compared with time integrated image data. The lower right hand picture is 
similar to the one shown in the previous figure and it is to be compared with 
the time integrated x-ray microscope picture directly above it. These are 
experiments with glass microshells in which the absorbed specific energy of 
0.37 J/ng was sufficiently high that when the shell of the target was initially 
heated and began to implode it continued to emit x-rays at detectable intensi
ty. Continuous emission increasing towards a peak at the center where the 
stagnation and the final burst of x-ray occurs is seen. The same characteris
tic can be seen on both the time integrated and time resolved pictures. The 
figures on the left, however, show an example for a somewhat larger target 
where the specific energy absorbed was much lower, 0.07 J/ng. In this case 
the shell is heated at its original radius, but when it explodes the x-ray 
emission drops siginficantly. In the case of the x-ray streak pinhole camera 
the emission drops below the level of detectablity so there is no exposure on 
the film until the collapse at the center where again there is heating and a 
burst of x-rays. In tha upper left time integrated picture the same interpre
tation can be seen. There is initial enhanced emission at the radius of the 
target, then the emission drops significantly before the final stagnation at 
the center where somewhat spatially asymmetric burst of x-rays is emitted. 

The types of data just described have proven extremely valuable in provid
ing information amenable to direct comparison with code calculations of target 
performance. These kinds of measurements of the dynamics of imploding targets 
with the ;<-ray streak camera pinhole combination have, as mentioned earlier, 
been able to provide velocity and even acceleration information to be directly 
compared with results from models of calculations used in the LASNEX code. 
The next step in the development of this technique of course would be the 
ability to obtain full time resolved, two dimensional images instead of being 
limited to one dimension of spatial imaging because of the slit-shaped nature 
of a streak camera photocathode. Work is underway on the development of a 
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technique capable of providing ultrafast two dimensional frames. Figure 48 is 
a schematic diagram of the ultrafast framing camera that is currently under 
development at LivermoreJ 2^) This device makes heavy use of the technology 
developed for ultrafast streak cameras with some modifications in the basic 
operation to allow stationary frames to be obtained. The device is an opto
electronic image converter based technique. A time varying image incident at 
the left, which can be an x-ray, visible, or infrared image depending on the 
particular photocathode that is used on the tube, and the resulting photo emi
ssion of electrons provides the time varying electron image in the same way as 
in a streak camera except that here there is a full two dimensional image. The 
electron image is focussed by suitable lenses and deflected by a set of dissec
tor deflection plates to sweep the image across the dissector plate which con
tains a number of narrow slit apertures. The effect of this is to essentially 
provide time wise slices of the image to the latter part of the tube, called 
the restorer section. In that section, with the appropriate electron focuss
ing and a set of restorer deflection plates properly synchronized and phased 
relative to the dissector deflectors, it is then possible to unfold the time-
sliced images to obtain a series of stationary images on the output phosphor 
screen. The insets in the figure show a cathode shadow mask pattern that has 
been used for testing on a laboratory demountable prototype tube and three 
reconstructed, rather slow in this case, 0.5 ms frames. The present capability 
of our bench top demountable device is shown in Fig. 49. The shadow mask used 
behind the cathode is shown on the left, and on the right is a photograph of 
one of the reconstructed frames with a time duration of about 125 ps. In 
addition to this very high time resolution it is also important to note that 
the spatial resolution in the image is quite high, better than 50 urn as can be 
seen by comparing the image with the dimensions in the shadow mask pattern 
given at the left. This parameter is very important for meeting the require
ment for very high spatial resolution imagery. The present status of this 
development is that two framing camera tubes are presently in fabrication, one 
with a visible photocathode that can be used in conjunction with a short pulse 
visible laser and other optical signals, to study short pulse operation and to 
calibrate the operation of the device. The second tube, with an x-ray photo
cathode, is for applications to target diagnostics. We anticipate being able 
to refine the operation of the devices to achieve a time resolution in the 
neighborhood of 30 ps per frame. 
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CORE DIAGNOSTICS 

Referring back to Fig. 4, we now wish to turn to a discussion of some of 
thf techniques used to measure to characteristics of the imploded core and the 
compressed fuel in laser fusion targets. The kinds of targets we are consider
ing and working with basically consist of thin-walled glass microshell targets 
filled with deuterium tritium gas. As a target is heated and compressed an 
indication of target performance is given by the thermonuclear reaction prod
ucts from the *uel. Neutrons, alpha particles, and protons can be detected 
and analyzed to determine the parameters achieved during the heating and com
pression of the fuel. 

Figure 50 summarizes the techniques we have used for measuring the yield 
from fusion target implosion experiments.'2^' The number of neutrons, alpha 
particles, or in some cases protons, are usually measured by fluor-photomulti-
plier combinations, standard nuclear detector systems. The advantage of this 
kind of detector system is that it provides sufficient time resolution to allow 
time-of-flight analysis for unambiguous signal identification, and high sensi
tivities can be obtained. For example, the time of flight separation of the 
14-MeV neutrons relative to the x-rays produced from the target provides a 
convenient identification of the neutron signal. Absolute calibration of this 
kind of neutron detector is often difficult and in particular, accurate meas
urements in a high background of x-rays or other interfering signals can make 
accurate yield determinations quite difficult. For this reason we have begun 
to rely on activation techniques as the main technique for measuring neutron 
yields. The principle activation scheme used in our experiments is based on 
v.,c ̂ 3Cu(n, 2n)^2Cu reaction with 14-MeV neutrons. ^Cu d e c a y S D y posi
tron emission with a nearly 10-minute half-life. The 10-minute half allows 
ample time to retrieve a copper sample from the target chamber and the positron 
decay allows coincidence counting of the two 511 keV annihilation gamma rays 
to realize low background counting. Figure 51 shows schematically the imple
mentation of the copper activation technique used on experiments with suffi
ciently high yield. A copper disk is placed in proximity to the target and 
after the experiment it is retrieved and transported to the counting system. 
It is placed between a pair of sodium iodide crystals and coincidence counts 
in a standard nuclear counting system are recorded for a known time following 
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the experiment. From the total number of coincidence counts recorded and the 
system calibration which has been determined on separate experiments at an 
accelerator, an accurate value of the target neutron yield, to about 10%, is 
obtained. Figure 52 shows an example of calibration and shot data for the Cu 
activation system. This technique is particularly attractive because it is 
insensitive to other interfering radiations. For example, the 6^Cu(n, 
2n)^2Cu reaction has a threshold at about 11 MeV and is insensitive to other 
radiations so that the activity obtained is due only to the 14-MeV neutrons. 
Some other activation detection schemes are also listed in Fig. 50. In order 
to extend the threshold for neutron activation detection to a level of about 
10^ neutrons for some recent experiments, we have used the lead activation 
scheme listed in the figure. By placing the detector very close to the target 
high sensitivity can be obtained. Because of the short half-life, the counting 
of the activated Pb is done in place. The dioxane detector (dioxane is a liq
uid scintillator material) which depends on an np cross section in oxygen, has 
also been built and offers advantages similar to ths lead counter. However as 
the basic technique for yield diagnostics, for sufficiently high yield, we con-
ue to rely on tie copper because of the minimal background problem inherent in 
coincidence counting techniques and because of the lack of other radiation 
interference problems. 

In addition to measuring the total yield in target experiments another 
extremely important parameter is the ion temperature of the reacting fuel. 
There are a number of ways that this can be measured one of which is indicated 
in Fig. 53.(25) j n thl-s c a s e a target is used in which the deuterium fuel 
also contains ^He. The curve on the left shows the ratio of the reaction 
cross section for the DD reaction (which produces 3 MeV protons) as compared 
to the the D^He reaction (which produces 14.7 MeV protons). By measuring 
the ratio of the protons produced by the DD fusion reaction as compared to the 
D 3He fusion reaction, an estimate of the temperature of the reacting fuel 
can be obtained. The ratio of those cross sections is fairly strong function 
of temperature. On the right hand side of the figure is a schematic which 
shows the implementation of this technique on the Argus target chamber. Exper
iments with this technique have been done successfully and have succeeded in 
measuring ion temperatures in the range of 6 - 8 keV. 

Because a laser fusion target is an excellent spatial and temporal point 
source it's possible to do time of flight spectral measurements in order to 
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obtain energy spreads and therefore temperatures of the reacting ions in the 
fuel. Alpha particle time-of-flight measurements have been made at Livermore 
and elsewhere. These were the first measurements which confined the thermonu
clear nature of the reactions occurring in the compressed core of a laser ir
radiated target. (26) Figure 54 shows schematically the concept of a time of 
flight spectrometer. This one happens to be for a neutron time of flight spec
trometer but the principle is the same for any kind of particles. The parti
cles emitted from the target have an energy spread characteristic of the tem
perature in the reacting fuel because of the reacting ion velocity distribu
tion. This will be true as long as the target is "thin" to the emitted radia
tion. After a suitable flight path this spread in energy results in a measur
able spread in arrival times at a detector and so that the energy spread can 
be obtained from the measured time spread of the signal and the corresponding 
ion temperature of the reacting fuel can then be determined. Fig. 55 shows 
the 14 MeV neutron spectral shape and broadening as a function of temperature 
for two cases. With sufficicent resolution the thermonuclear broadened profile 
can clearly be distinguished from neutrons produced by a non-thermonuclear 
beam-beam reaction. Figure 56 is a schematic of the alpha particle time of 
flight spectral measurement technique that was used at Janus to first deter
mine that the reactions occurring in the center of an irradiated compressed 
target were indeed of thermonuclear origin because of the characteristics of 
the spectrum.(2°) Because of the lower ener-j;- and velocity of the DT alpha 
particles as compared to the neutrons, the alpha particle spectrometer can ba 
shorter and more sensitive than a neutron spectrometer with the same resolu
tion and can be used at lower yields, greater than about 5 x 10 5, and suffi
ciently low density targets (£ 10~*cm 2). We have implemented a neutron 
time of flight spectrometer on th<; Argus facility.(27, j n e neutron flight 
path is 45 m. Figure 57 is an example of neutron time of flight data obtained 
on an Argus experiment that produced about 7 x 10^ neutrons and for which 
the reaction temperature was determined to be 4.8 keV. Fig. 58 summarizes 
the data reduction steps for determining the ion temperature. The distribu
tion in neutron energy around the mean energy of 14 MeV has a FWHK of about 
390 keV for this data. The error bars associated with each point are 
determined predominantly by the number of neutrons detected in a given energy 
interval. On this experiment the total number of detected neutrons was about 
400. Figure 59 summarizes neutron time of flight data obtained on five Argus 
shots for which ion temperatures have been measured. This is not a complete 
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list of all experiments on Argus for which neutron time of flight spectra have 
been obtained. More recent results have yielded ion temperatures of 8 keV on 
target experiments with high 108 neutron yield. In order to increase the 
energy resolution of a flight spectrometer it is necessary to improve the time 
response of the detector or increase the flight path to increase the time 
spread for a given energy spread or both. The capabilities of the neutron 
time of flight spectrometer recently built at the Shiva facility at Livermore 
are compared to the Argus neutron spectrometer previously discussed in Fig. 
60. The flight path for the Shiva system is 125 m as compared to the 45 m on 
Argus. The same type of detectors are used. The ultimate resolution of the 
Shiva system, given a sufficient number of neutrons from the target, 1 x 
ion. is 25 keV. The lower resolutions indicated at the bottom of the figure 
are the result of limited statistics which therefore limit the interpretation 
of the data at the lower yields. Figure 61 is a drawing of the neutron spec
trometer as configured at Shiva showing the advantage taken of the ground 
contours to provide the necessary shielding by passing the final 45 m of the 
system underground eliminating the need for additional line-of-sight shielding. 

Another very important measurement on target experiments is to be able to 
measure the spatial distribution to the thermonuclear reaction products in 
order to determine information about the size and symmetry of the compressed 
fuel in the target. Earlier, the technique of zone plate coded imaging was 
discussed with reference to its applications to x-rays. This technique has 
also been used to image the alpha particle emission from the compressed burning 
DT fuel in a target.(20) The alpha particles have also been imaged with a 
pinhole camera.(") Figure 62 shows the zone plate technique schematically. 
The alpha particles are emitted and cast shadows through a 5 vm thick 100 zone 
Au zone plate. The recording medium, in this case, is a cellulose nitrate 
polymer track detector. It is very important to have sufficient discrimination 
so that the other emissions from the target do not produce an image in the 
recording medium which can be confused with that produced by the alpha parti
cles. A filter foil of 0.3 mil beryllium is used in front of the recording 
medium as shown. Discrimination experiments, the results of which are summar
ized in Fig. 63, have been performed which show that this arrangement is suf
ficient to ensure that the developed image on the cellulose nitrate is due 
only to the alpha particles. The alpha particles deposit energy and produce 
damage tracks in the cellulose nitrate. When the 6 vm cellulose nitrate is 
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properly etched with sodium hydroxide, the alpha particle damage tracks produce 
pinholes completely through the film. Other radiations do not produce pinholes 
o f that type and therefore the resulting pattern of pinholes is due to the 
alpha particles. Figure 64 shows a picture of the zone plate camera. The 
radial struts in the free-standing 2.5 mm diameter Au zone plate can be clearly 
seen. The size can be compared to the penny inset at the top of the figure. 
Figure 65 is a photograph of the exposed and etched cellulose nitrate recording 
medium. The shadow of the zone plate can be clearly seen. The lighter back
ground consists of several million tiny pinholes etched through the cellulose 
nitrate. In order to reconstruct the alpha particle image this cellulose 
nitrate film is then contact printed onto suitable photographic emulsion to 
transform this pinhole array to a photographic density distribution which is 
then used as the coded image for reconstruction with the laser. Figure 66 
shows results from the. reconstructed data. Isoemission contours of the recon
structed image from the alpha particle shadowgraph are shown at the upper left. 
The resolution of this image is about 10 vm. The curves to the lower left and 
upper right are inversions of the reconstructed shadowgram and show the alpha 
particle emission density across the source in orthogonal planes. The total 
extent of the alpha particle emission region is about 30 pm in both planes. 
This data is unambiguous in providing a clear representation of the source of 
DT alpha particle emission from the central region of the compressed target. 
The volume compression in this case is a minimum of about 30. This technique 
does not rely on interpretation of the origin of x-ray as is necessary in 
interpreting x-ray pinhole or x-ray microscope photographs in terms of fuel 
compression. 

A recent improvement in the zone plate shadow casting technique has been 
the realization and the demonstration that the images can be reconstructed in 
higher order. \"J The data shown in the previous figure were reconstructed 
in the first order and a resolution of about 10 vm. By reconstructing in a 
higher order, for example the third order, higher resolution in the image is 
realized. Figure 67 shows a demonstration of this effect. The lower left 
hand picture shows a pair of overlapping zone plate images that were contact 
printed so as to simulate an exposure obtained with two point sources displaced 
by a very small amount. Along the right hand edge are shown the reconstructed 
images from this shadowgraph for the 1st, 3rd, and 5th order reconstructions. 
The apparent separation of the point sources is about 10 um and as can be seen 
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in the first picture is consistent with about 10 vm resolution. The third 
order reconstruction improves the resolution to about 3 urn. The principal 
difficulty to be overcome in implementing this technique is that the signal to 
noise ratio decreases at higher orders and it has been necessary to experiment
ally develop the appropriate optical techniques to obtain sufficiently high 
signal to noise ratio images in the higher orders. Figure 68 shows an example 
of this technique applied to the alpha particle data. The 10 vim first order 
reconstructed image is shown again at the lower left and the same data that 
has been reconstructed in third order is presented at the lower right. The 
enhanced detail that is beginning to appear is evident. The higher order 
reconstruction is most useful if the wavelength of the radiation being imaged 
is short enough that diffraction effects have not already limited the resolu
tion available in the shadowgraph. This does not pose a limitation for the 
alpha particle images. However for x-ray applications the diffraction effects 
can limit the improvement accessible by higher order reconstruction. 

Most of the experiments that have discussed up until now have been done 
with the kind of target called an exploding pusher target. As discussed ear
lier, with this type of target a short laser pulse uniformly heats a thin glass 
shell target which then explodes. The inward exploding part, drives against 
the fuel and compressing it. This type of performance, although valuable for 
the early stages of laser fusion target implosion research, must be altered 
toward experiments with ablatively driven targets capable of compressing the 
fuel to higher densities. These types of targets are scalable to the levels 
of performance that are necessary to begin to study the achievement of condi
tions of thermonuclear performance that can lead to possible breakeven condi
tions for laser fusion. In beginning to experimentally study the performance 
of targets of this type we enter a regime where yields and temperatures wi'il 
be lowerthan with current exploding pusher targets. In fact yields will be 
low enough initially that some of the techniques already discussed for diagnos
ing the state of the compressed fuel at the core of the target cannot be appli
ed. As higher densities are achieved the alpha particle and charged particle 
diagnostics cannot be used because the alpha particles will no longer escape 
the target and other charged particles start to suffer significant scattering 
and energy loss in passing through the dense target walls. Among other tech
niques that have been studied and implemented for diagnosing this kind of ex-
perimemts is the possibility of seeding the DT fuel with a suitable material 



29 

which can emit characteristic x-rays whose properties can be measured to deter
mine information about the state of the compressed core.(30) Figure 69 shows 
for example, the type of data that has been obtained when neon has been doped 
into the DT fuel of the imploding target. With a suitable spectrograph the 
neon x-ray spectral lines can be studied and from the broadening and shape of 
these lines information on the temperature and density in the core can be de
duced. 

An imaging technique based on doping the fuel is shown in Fig. 70.(31) 
In this case argon, for example, can be doped into the fuel and a suitably 
placed quartz crystal can be used to transfer the width of the emitting argon 
region onto a suitable film plane. ALICS is an acronym for Argon Line Imaging 
Crystal Spectrograph. The technique can provide resolutions of the order of 
10 urn presently as indicated by the calibration data that was obtained by the 
technique shown on the bottom of Fig. 70, and which is summarized on Fig. 71. 
This 9 urn resolution is the limit with the present crystal and hopefully can 
be improved. This level of resolution, however, is sufficient to be able to 
obtain a value for compressed density to within a factor of two for about a 
10 vm core size. Although this technique has not yet been demonstrated in an 
actual implosion experiment, preliminary experiments are underway to test the 
feasibility of the system and the survivability of the components in the en
vironment of target experiments. 

Another technique that is being developed for use as a density diagnostic 
is radiochemistry.(32' In this technique the 14-HeV neutrons generated by 
the reaction of the DT fuel pass through the glass wall of the target. The 
glass contains about 25% composition of ^ $ 1 . 7 n e 14-MeV neutrons produce 
28A1 by the reaction shown in Fig. 72. The 2 8A1 decays with a half-life 
of about 2.24 minutes emitting a gamma ray and a beta particle. By conducting 
an implosion experiment and then suitably collecting and counting the target 
debris, the number of 2^A1 atoms that were produced can be determined. With 
an independent measurement of neutron yield then information can be obtained 
about pr, the density thickness product of the compressed glass shell at the 
instant of neutron production. From this information calculation can provide 
information on the density times the radius product, the pr of the compressed 
fuel. A number of experiments have been conducted to evaluate this technique. 
Calibration experiments using a tracer technique have verified that as 
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much as 80 - 90% of the target material can be collected in large aspect ratio 
cylindrical collectors. A large volume p-y coincidence counting system has 
been demonstrated with a counting efficiency of greater than 20% and a back
ground of about 0.3 counts per minute. This means that for a pr of 10-2 
grams per square centimeter and a neutron yield of 10 7, ten counts can be 
obtained in a five minute interval with a background in the 15 - 20% range. 
These values, summarized in Fig. 73, represent the current level of capability 
for this radiochemistry technique. Figure 74 shows a possible radiochemice1 

scheme that can be used for the diagnosis of a very much more complex future 
target. By seeding each of the materials indicated as a tracer into the layer 
shown, the reactions indicated will allow measurement of the pr's of the var
ious shells by collecting the target debris and counting the various decay 
schemes with the various half-lifes. 

SUMMARY 

In summary, Fig. 75 shows the current status of the capability of laser 
fusion diagnostics. Optical and infrared streak cameras provide us time reso
lution measurement capability of less than 10 ps, while x-ray streak cameras 
provide 15 ps time resolution in the range of about 1 - 3 0 keV presently. We 
expect to be extending that sensitivity down to the range of 100 eV in the 
near future. Time integrated spatial resolutions of 1 pm are provided with a 
variety of optical techniques. Ultraviolet holographic interferometry has 
measured electron densities above 10^1 cm"^ with 1 pm spatial resolution 
and 15 ps temporal resolution. Our x-ray microscopes provide 3 pm time 
integrated resolution and the x-ray streak pinhole camera has 6 pm spatial 
resolution. Development of the framing camera has thus far provided 50 pm 
spatial resolution with 125 ps frame duration and the third order reconstruc
tion of zone plate images has provided 3 pm resolutions for alpha particles. 
Time integrated measurements of x-rays span the range shown in Fig. 75. 
Finally, the new Shiva neutron spectrometer increases the energy resolution 
capability of that technique to 25 keV for 14-MeV neutrons. These combined 
capabilities provide a unique set of diagnostics for the detailed measurement 
of the interaction of laser light with targets and a subsequent performance of 
those targets. 
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PROBING A LASER IRRADIATED FUEL PELLET m 

Radial distance 

Plasma atmosphere 
Optical absorption, n. ~ 1 0 2 0 - 10 2 1 e/cc 

Cutoff ~ 1 Mm (1 eV) 

Fully ionized "Pusher" (glass shell) 
n. ~ 1 0 2 4 e/cc 

cutoff ~ 300 A (40 eV) 

Compressed fuel 
(10 atmos DT, 100 X volume compression) 
n # - 3 X 10 2 2 e/cc 

n # - 1 0 2 4 e/cc (seeded) 

n t - 3 X 10 2 6 e/cc 
(breakeven, \ - 20 A or 600 eV) 

40-90-0178-012S 

( 

Fig. 4 



ARRAY CAMERA - T I M E INTEGRATED ENERGY DISTRIBUTIONS 
Equivalent planes at focus 

8/76 

Fig. 5 



WKlASSMfKi 

OPTICAL STREAK CAMERA 

STREAK CAMERA MCOM Of 
FUSES fROM A MORMOCKER 

NEORYMNM-ttASS USER. 
TNI MMATHMi Of EACH PWSE 

IS ARONT 12 PICOSECONDS. 

STREAK NHTOMAPN Of A 
2000 PICOSECOND PMSE PROM A 

NEODYMIUM-CUSS USER; STRMCTNK 
WITH A IS* TO 2 W PKOSKONt 

PERIOD CAN U SEEN. IN ARMTtON 
INMVIRUAt PNLSES Of W TO 20 

PICOSECONDS ARE APPARENT. 

UNCLAssirm 



STREAK CAMERA -
PERFORMANCE PARAMETERS 
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POLARIZATION AND ANGULAR DEPENDENCE OF LASER LIGHT 
ABSORPTION - EXPERIMENTAL SET UP U 

Incident calorimeter 

Back-
scatter 

calorimeter 

Final turning-
mirror 

f/10 lens 
Al heat sink 

Thermoelectric module 
Cu plate 

^ ^ BG-18 absorber 
Incident W Q ^ f t i M & 

beam from 
JANUS 

Forward-
scatter 
calorimeter 

10 cm 
Box calorimeter 

( 

Fig. 16 



OPTICAL PROBE OF PELLET ATMOSPHERE 

Fig. 17 W i i H , ~ *b.A*tk„m*.i+.+ . . . i -



UV HOLOGRAPHIC INTERFEROMETER PROBE PULSE OPTICS L5 

J 
Prism sat movable to adjust 

time of arrival of probe 
pulse on target 

5320 A 
absorption band pass filter 

2660 A \ - n - n i 1.06 (im 

I prism 
fused silica 

! i 2660 A \ n m l . . ™ H . . . 
• A _ _ ^ J A . l\ 1 m 60cm I m f . l . 

X — ^^SHHSHHHh—-D---(>-
To 

interferometer 
(target chamber) Z 10% 

conversion 
efficiency 

^ 6 0 A 
absorption band pass filter 

10% 
conversion 
efficiency 

Beam reducer 
1.6:1 

Apodized 
aperture 

40 cm f.l. 4--\ 
300 /am 
pinhole 

Spatial filter and 
beam reducer 2.5:1 

90° rotator tfr 

* 
Polarizer 

/ 
YAG praam p 

double pass amplification 

45° rotator 
mirror 

\ 

To main beam _ 
amplifiers 

Splitttr 
SOX 

*#. 
Janus oscillator 

switchout output 

20-01-0877-1521 

f Fig. 10 



UV HOLOGRAPHIC INTERFEROMETER TARGET CHAMBER SETUP II 

1.06 iim laser pulse 
0 .5J-5J/30psecFWHM 

Hex 
shutter-

Film-

Janus 
target chamber -

Match / V 
object and reference / f - 2660 A probe pulse 

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

L__A>—n-A.._ 
Fused silica 

window 
Fusee' silica 

Reference 
beam—. 

All mirrors 
aluminum coated 

All lenses 
fused silica 

4cmf . l . f A / ^Object 
< ^ / V ^am 

-Irradiating lens 
f /1or f /10 / 

/ / ^ l O X 

. ' \ - - 2 0 cm f . l . 
/ to collimate beam 

Target plasma 

i / microscope 

/ / Target imaging lans 
f/1 or f/2 

2660 A 
interference^ 

filter- 20-01-0877-1520 

F i g . 19 



PROFILE STEEPENING DUE TO RADIATION PRESSURE 

(2660A, 15 psec, 1 um) 

\ - n 
0.5 1.0 

21 um 
FWHM 

" ^ 

1.06 um, 3 1 0 1 4 W /cm 2 , 41 ui 

0.3 ,̂. - 1.6 /urn 

6 um 

;-'o 6 r 
Axial distance from initial wall, um 



FLAT DISK TARGETS 

(2660 A, 15 psec, 1 jum) 

1.06 jum, - 3 Y 1 0 1 4 W / c m 2 , 4 1 / i m D 

4 0 4 0 O R / 7 1 r>1 / 

Fig. 21 

A) Large scale 
cavity formation 

B) Small scale 
surface rippling 

C) Apparently faster 
contour velocities 
on axis 





La MAGNETIC FIELD MEASUREMENT WITH FARADAY ROTATION 

1.064 Mm 
heating pulse 

2660A 
filter 

Wollaston 
polarization 

splitter 

2660A 
polarized 

probe 
pulse 

Target 

Vacuum 
chamber microscope 

objective 

Film 

Polarized 
images 

Fig. 23 



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

E17 

E16 

I i I i I I I i I i , i I i I 

* \ /- Sub-keV spectrograph 

; \ v— 2-5 keV spectrograph 

E11 i i i i i I . I i i i i 

0 2.0 

Instrument 

Dante 

Sub-keV 
spectrograph 
2-5 keV 
spectrograph 

20-90-0777-1508 Seven shooter 

4.0 6.0 
Photon energy, keV 

Description 

8.0 10.0 

Filter/reflector discrimination, 
fast XRD 
Lead myristate xtal diffraction, 
VUV film 
RAP xtal diffraction, no-screen 
fi lm 
Filter discrimination, PIN diode 

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 

r Fig. 24 



MEAN RESOLVING POWER AND ENERGY COVERAGE OF CRYSTALS, 
FOR 10° <eB <4S° 

• K M B 

e 
.2 
3. 
8 
s 

Ui 

12,000 

10,000 

8000 

6000 

4000 

2000 

0 

0 B = 45% a - Quartz (10-T) 

ADP{101) 

PET (002) 

Ge( l l l ) 

Mica (002) 

RAP (001) 

£ Lead myristate 

-*0B = 1O° 

10 12 2 4 6 8 
Energy, keV 

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

Fig. 25 



DANTE 

700-1300 eV channel 
windowless xrd 

300-700 eV channel 
windowless xrd 

40 yug/cm2 Ni filter and 
8.7° grazing angle 

nickel mirror 100-400 eV channel 
windowless xrd 

150 ng/cm2 Ni filter and 
4.4° grazing angle 

nickel mirror 
1000 M9/cm2 Si filter and 

1.37° grazing angle 
silicon mirror 

Fig. 26 



^CHANNEL SUBKILOVOLT DETECTOR RESPONSE FUNCTIONS 

1 1 — 
8.7° Ni mirror 

40 M9/cm2Ni filter 

4.4° Ni mirror 
150 ug/cm2 Ni filter 

1.37° Si mirror 
1 mg/cm2 Ni filter 

1.8 2.0 

Fig. 27 



SHIVA NOVA X-RAY DIAGNOSTICS -
FILTER FLUORESCER EXPERIMENT L3 

Fast scintillator 
Collimators Photodiode 

Fluorescer foil 
Lead shield 

Lead 
x-ray shield 

Tantalum 
collimator 

20-50-1177-2884 1/78 

Hevimet collimator 

f Fig. 28 

High energy' 
x-ray detector 



X-RAY STREAK CAMERA 

Streak tube 

X-ray photocathode 
125 jum X 1 cm slit 

Beryllium 

Fig. 29 

3 stage - 40 mm 
electrostatic image intensifier 

Scope camera f1.4 

Gold x-ray photocathode 

Accelerating grid 
Anode 



X-RAY STREAK RECORD OF Au-DISK m 

20-fO-tf77-1S41 Time 



TIME-RESOLVED X-RAY EMISSION AND X-RAY SPECTRA OF Au-DISK LO 
Shot #37070712: 357 J/242 ps, 2.82 X 10 1 5 W/cm 2 

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) 

106 

T 
t (ps) 0C (keV) 0 h (keV) 

- - Expected trend 

Peak . 
intensity -,-] 

I V 
II 

10 15 20 
h* (keV) 

30 

20-50-0877-1540 

Fig. 31 



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

10- 1 !-

CO 

C 

$ 

.1 
JO 
0) 

10-

10-3 

_ / _ 
- 515 -

1 0.36 TW, 93 ps 
/ " | 9 X 105 neutrons 

/ No prepulse 
™' -«-92 ps -*-

/ [520 : 

- y ^ I 0.35 TW, 92 ps 
^ f \ / " | 7 X 105 neutrons 

-

X'-'y V / I No prepulse 
•"" Jw j 

X . Vt { 517 _ 

If1 \ \ ) 0.24 TW, 110 ps 
\ J f ) 1 X 105 neutrons 

-

11/ V ^ ^ V I No prepulse -

—// «.—133 ps—*- 7 
~ 

10"4 

490 psec 
Time-

Fig. 32 

I 



TIME RESOLVED SOFT X-RAYS 

5*r 
X-ray 

1177-iTM 

CMbon nftiotOMlliodft lufattralB 

Tram. 

Q 277 «V 1 WV 

ffc^p 

^£L 
Wft X^OMfS 

Fig. 33 



X-RAY IMAGING JJ 

Goal: 

Purpose: 
Requirements: 

Pinhole cameras 
Cylindrical mirror microscopes 

(Kirkpatrick-Baez) 
Hyperboloid-ellipsoid microscopes 

(Wolter) 
Zone plate cameras (shadowgraph) 

X-ray "lenses" (blazed fresnel 
phase plates) 

Bragg crystals 
Probing sources 

Detectors 

40-90-1177- 2857 

1 jum and 1 psec resolution images for diagnosing 
fusion target experiments 
Target temperatures, dynamics, compression symmetry 
Spectral diversity, self emitted radiation, external 
probing radiation 

Survey, few microns 
3-5 jum resolution, multi-color, 

large object distance 
% 1 jum resolution, time resolved 

applications, large object distance 
«1 jum resolution, tomographic, 

X ^ 2 . 5 A 
Beam manipulation, efficient 

focusing 
High spectral resolution 
Backlighting. Duration, intensity, 

spectral content 
Streak camera, active arrays, film 

f ;**Fig. 34 



SIMPLE 4-CHANNEL X-RAY MICROSCOPE 

4 channel 
x-ray micrograph 

20-MMM77-1M7 

Fig. 35 

^S '̂SW" 



MULTICHANNEL X-RAY MICROSCOPE SPECTRAL ENERGY WINDOWS 111 

1 1 l 
0.3 - 0.5 keV channel ~ 

0.2 — — 

2.0°C 
0.1 _ . 0.6 jimC _ 

A 
0 / V > i 

- 0.8 keV channel _ 

A 
2.0° S i0 2 

0.5jumNi _ 

J L 

~ 1.5 keV channel ~ 

A 
0.75° SiOs 

9 jum Al 

_J 1_ 

0.3 

0.2 

0.1 

0 

- 2.0 keV channel -

0.75° S i0 2 

12.7 Mm mylar 

zx 

- 3.5 keV channel 

0.75° Ni 
12/nmTi 

J L 

I I r 
4.5 keV channel 

0.75° Au 
10 jum Cr 

1 2 3 4 
Photon energy, keV 

20-50-0877-1729 

r Fig. 36 



Fig. 37 



MISMATCH IN BEAM SIMULTANEITY IS DRAMATICALLY DISPLAYED 
BY X-RAY MICROGRAPHS . ( j 

&£j..*;*; «.*.-,, 

East 
beam 

cwwyw mmHwy 
(owe lidcd thot) 

" " ; Fig. 38 

( 

West 
beam 

12/78 



WOLTER TYPE I X-RAY MICROSCOPE SCHEMATIC 

Hyperboloid 

Aperture 
stop 

Baffle 

Film plane 
X-ray filter 

Object 
(laser fusion target) 

Fig. 39 



ZONE PLATE CODED IMAGING (PRINCIPLES): .IS 
Sourct Codaapartura Shadowgraph 

•ouroa dtttnbwtion it raoonttructad from 

4/77 



ZONE PLATE CODED IMAGING RESOLUTION PARAMETERS |jg 

/ S 1 + S 2 
Transverse resolution: 6 ^ 1.64 I — - — } Ar 

0 75 1 
Tomographic resolution: A=—'-— — (S + S ) 

N S 2 ' z 

/ S i + S

2 V A z \ m 

Signal/noise ratio: R =r 0.32 l — - — I I — J 
\ S 2 / \ A S / 

Where: 
N = number of zones 
Ar = width of narrowest zone 
5 1 = source to zone plate distance 
5 2 = zone plate to fi lm distance 
A z = zone plate area 
A s = source area 
R = S/N ratio relative to pinhole camera 

with the same resolution 
40-90-0578-1788 

Fig. 41 



ZONE PLATE CODED IMAGE SUPRATHERMAL 
X-RAY DATA: (PRELIMINARY RESULTS) 1113 

Reconstructed x-ray 
image 

I I I M I I I I I I I I 

Suprathermal 
(55%) 

6 12 18 24 30 36 keV 
X-ray spectral 

distribution in image 
40-90-1077-2444 

95 fim 

(3-D film density contour 
representation) 

Shot Parameters: 
Target ball diameter: 89 jum 
Power on target: 4 X 1 0 1 2 watt 
Pulse width (FWHM): 38 X 1 0 ~ 1 2 

Neutron yield: (1.4 ± 0.3) X 10 9 

Shot I.D. 36120906; RX1291-1C 



S T I M E RESOLVED X-RAY PINHOLE PHOTOGRAPHY 

X-ray 
emission 

X-ray streak tube 

Dichroic 
pinhole 

X-rays from 
target 

Filter 

50X pinhole camera 

Camera 

t Optical 
trigger 

i Fig. 43 



L" ALIGNMENT SCHEME FOR SPACE-TIME X-RAY EMISSION STUDIES 

Spatial filter 

Target 

Telescopic 
viewer 

Vacuum 
chamber 

100 Mm 

•4 

f 
Fig. 44 



19 COMPOSITE XRAY PINHOLE CAMERA 

Fig. 45 

Tungtttn TanttkHn 
Photphato or SHiciM 

75%W03 

25%P 2 °5 20%B«O 

13% Si Oj 

7%82 03 



SINGLE AND DOUBLE SIDED IMPLO§ION EXPERIMENTS 

v j . i • i o ' 

V .> R • JO cm/sec 

PARAMETERS 

0.5 tun wall 
1.3-1.8- mg/cc DT fill 
0.45 TW/70 ps FWHM 
1 * 106 neutrons two-sided 
2 * 105 neutrons, one-sided 

( 

F ig . 46 



SPACE-TIME X-R/W EMISSION CHARACTERISTICS ' 

76073002 

K Space 

76073002 

Space 

76021907 

I V 
Space 

76070209 
3 \ > 10 em 

Space 
n m i/ Absorbed energy *, 0.07 J/ng — : , -——rni 0.37 J/ng per unit mass * 

'' i 'i ̂^^ffiSsa 
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.** . * . k.y#s:.£ lw- ••' 
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ULTRAFAST FRAMING CAMERA 

Framed, restored images 

Electron image 

Lens 

Dissected electron images 

Lens 
© 
© 

Phosphor 
Restorer screen 
deflectors 

Dissector plate 

Dissector deflectors 

Reconstructed 
"framed" 

0.5 jisec/frame 

im 

Fig. 48 



125 psec FRAMED IMAGE 

75JUITI—- - — -— 67 jum 

Shadow mask 

40-15-0178-0171 

Fig . 49 

125 psec frame 



TECHNIQUES FOR YIELD MEASUREMENT 

Neutrons, alpha particles, protons: Fluor-photomultiplier 

Neutrons: Activation 
Copper 6 3Cu(n r2n) 6 2 Cu, 9.8 min, £ + 

Lead 2 0 8Pb(n,2n) 2 0 7 m P b , 0.8 sec, 7 

Dioxane 1 60(n,p) 1 6 N , 7.2 sec, (T 

40-40-0178-0360 

/ 
Fig. 50 



D-T NEUTRON YIELD BY ACTIVATION OF COPPER US 

Activation Decay 

62/ 

Disk transport 
Neutron 
source 

0Copper 

63Cu(n,2n)62Cu 

Reaction threshojd = 10.9 MeV 
a = 0.5 b 

|3+ decay (97%) 

{Disk size = 76 mm dia X 9.5 mm 
Source to target distance = 41 cm 
Present detectability % 10 8 neutrons 

Cu -» 6 2 N i + 0 + ( T 1 / 2 = 9.8 min) 

P + e - ->27 (0.511 MeV) 

Nal (T2) crystals 
detect coincident 

annihilation 7 rays 

40-46-0877-1592 

Fig. 51 



NEUTRON ACTIVATED COPPER DECAY CURVES 
10s 

C r 

40-46-1077-2261 

T T 

Calibration data 

1 ± 1 

M 

20 40 60 80 
Time n*At in min 

Fig. 52 

100 120 140 

f 



D - 3 H e EXPERIMENT 

100 

0 2 4 6 8 10 
Temperature — keV 

D-3He proton detector 

Argus target chamber 
Laser 
beam 

TOF - 251 cm 

( £ ) " - 8 . 4 X 1 0 3 

Bending 
magnet 

D-D proton 
detector 

20-900178-0217 

Fig. 53 



NEUTRON TIME-OF-FLIGHT SPECTROMETER 

time — 
Detector 
response 

3.5 ns 

Plasma in 
vacuum 
chamber Shielding Shielding, 

Detector 

Collimators a Line-of-sight pipe 

^ 7 m Ground 

44.5 m 

I 
time— 

Output 
signal 

± AE A A t * . # AE ^ 
A t = 2 T - t o 

/ 

Fig. 54 

11/76 



113 LINE BROADENING OF D-T NEUTRON SPECTRUM 

3 
03 

2 
0) 
a 
E 
Oi 

1 ~ 

Beam-particle 

± JL, J. 

60 

50 

40 

30 

20 

10 

> 200 400 600 800 1000 
FWHM of neutron energy spectrum in keV 

> 
J 

0) c <u 
E 
W 

CO 

F in . W 



• PROOF OF THERMONUCLEAR REACTION AKHTUM nm »sH«nir-

MflKTKM AUHKT 

mttmi VCM AISIMMY 

CIT 1041 AUWMT 
X»A» t item nu 

X-HAY KTKT0* 

MWM ttHIAM CHU 

0SCIU0K0K TRtCI r-MKCT COlMtlMUIKnX-IXTMKMKOKIIMti Of TMCIT 

g . 56 

UNCLASSIFIED 



DT-NEUTRON ENERGY SPECTRUM M 
TOO 

80 

-* 60 
S 
£ 
O 

1 40 
Z 

i—I~I—i—r 

20 

- T — i — i — | — i — i — i — r 
Shot 36100812 
Detected neutrons 400 ± 50 
Target yield 6.7 ± 0.8 X 108 

Mean energy 13.99 ±0.17 MeV 
FWHM 388 ± 42 keV 
Reaction temp 4.8 keV 

13.0 13.5 

J a W 

•Jl 
J i L J i i & 

14.0 
Energy, MeV 

14.5 15.0 
4/77 

Fig. 57 



NEUTRON TOF DATA ANALYSIS 

1. Raw time domain data is recorded on oscilloscope. 

2. Raw data is corrected for detector system time response with a 

computer code that uses an interative procedure. 

3. Corrected time spectrum is converted to energy spectrum. 

4. Energy spectrum is plotted as descrete points with error bars 
that represent neutron detection statistics. 

5. Gaussian curve which gives best least squares f i t to energy 
spectrum is determined. 

6. D-T ion temperature is calculated from FWHM of Gaussian f i t : 

AE = 177 V/TT 

40-46-0877-1906 

/ W 58 



SUMMARY OF NEUTRON TOF MEASUREMENTS AND 
CALCULATED ION TEMPERATURES. THE RESULT FOR EACH SHOT 
IS THE AVERAGE FOR TWO DETECTORS. m 

Neutron 
Average 
neutron Energy Ion 

Shot 
yield 

(X108) 
Neutrons 
detected 

energy 
(MeV) 

width 
(keV) 

temperature 
(keV) 

35092905 4.2 ± 1.0 250 13.98 ± 0.10 425 5.8 ± 1.3 

36093003 6.0 ± 1.0 360 13.98 ± 0.10 405 5.2 ± 1.2 

36100812 6.7 ± O.f 410 14.00 ± 0.10 440 6.2 + 1.3 

36101202 3.3 ± 0.5 200 14.02 ± 0.10 385 4.7 ± 1.2 

36101203 4.4 ± 0.6 270 14.02 ± 0.10 445 6.3 ± 1.3 

40-46-0477-1172 7/77 

Fig. 59 



NEUTRON TOF SPECTROMETER CHARACTERISTICS 

Argus Shiva 
Flight path (meters) 44.5 125 
Energy resolution (keV) 65 25 
X-ray time of flight (ns) 149 417 
D-T neutron time of flight (ns) 869 2441 
Neutron transmission 0.94 0.32 

Measurements on a plasma with Required neutron yield 
an 8-keV ion temperature 

Argus Shiva 
Ion temperature (± 2 keV) 2.1 X 10 s 4.9 X 109 

Spectrum (65 keV) 1.6 X 10 9 3.7 X 1 0 1 0 

Spectrum (25 keV) 1.1 X 10 1 1 

40-46-0877-1725 

, Fig. 60 

f 



Fig. 61 



ZPCI OF ce-PARTIC -E EMISSION FROM LASER COMPRESSED TARGETS 111 

Technique: 

£. 
^ 

X-rays 
Electrons 
a-particles 
Heavy ions 
Light ions 

Source: Zone plate 
(gold) 5 jum thick 

Filter foil~i 
(0.3 mil Be) \ 

f 
f' Fig. 62 

Recording medium 
((dyed (red) polymer 

6/xm)) 

11/76 



LOGIC FOR RADIATION DISCRIMINATION IN ALPHA IMAGING 
EXPERIMENTS \§ 

1. Data appear as pinholes in the cellulose nitrate caused by 
radiations producing an ionization track ail the way through 
the C.N. layer 

2. X rays do not produce tracks 

3. Electrons do not produce tracks 

4. Heavy ions are stopped by the Be foil 

5. Protons, deuterons, and tritons produce tracks only at low 
energy (.5; 1.0; 1.5 MeV) and at that energy they have a 
range in the C.N. significantly less than its 6 pim thickness. 

6. Alphas emerging from the Be foil have appropriate 
energy to produce ionization tracks clear through the C.N. 

40-01-0577-1965 

Fig. 63 



ALPHA ZONE PLATE IMAGE OF HYPERION TARGET 
k i f i i 

l « t 1 2 X1# 
"ty^i 1111 i 

$M£* w # « H V X . -• 
w r 

Wf*< .if iftK' 

• * . j . t ^ F i g . 6" 



CODED IMAGE OF a EMISSION FROM COMPRESSED D-T MICROBALLOON L" 

40-90-1176-2338 

Fig. 65 



ZONE PLATE CAMERA ALPHA IMAGING DATA: 
ABEL INVERTED JLS 

X1Q5 

1 2 3 4 5 6 7 

Axis 

5.0 Jim 

Reconstructed image 
(isoen..ssion contours) 

§1 

(0 «—' 

a 

0.75 

0.50 

0.25 

f " 
0.8 [~ 

~]—i 1 r—I 

-

i 071 
/ \ 

-
• ? - 0.6 1- P k -
re 0 5 r / \ -

p 0.4 j-

0 3 ; 
/ 

<? 
-

< 0.2, 

0 1-

/ / / / 

\ 
\ 
\ 

. : 0- , . . . i - - L 1 i -i . : 
2 0 - 1 0 0 10 20 
Distance along symmetry axis 

j/m 

- l—i—i—i—|—i—i—i—,—|—,—r 

Alpha emission 
distribution 

plane =4 

0 10 20 titn 
(Radial distance from symmetry axis) 

Shot parameters: 
Target ball diameter: 8S/jm 
Power on target: 2.4 X 1 0 " watt 
Neutron yield: 3 X 10* 
Shotl.D.: 36111611 Rt-1-2 

40^0-0877-1696 



Zone plate coded imaging — higher order reconstruction for improved resolution (demonstration) 

10 Mm 
1st order reconstruction 

6, = 8.7 nm 

10 pm 
3rd order reconstruction 

6 3 = 2.9Mm 

Overlapping zone plate coded image 

10 (im 
5th order reconstruction 

5 5 = 1.7 pm 

F ig . 67 



Image Reconstruction In Higher Order 
Zone plate alpha imaging results: 

<?rs 
sV^-v 

Coded image 

7,4 j im 
Reconstructed image 

first order 
6 * l 0 f i m 

4fr4t-1177-MM 

Shot parameters 

Power on target 
Pulse width 
D-T fill 
Neutron yield 
Ball diameter 

o 

2.4 X 1 0 " watt 
50 X 1 0 ~ " sec 
1.6 mg/cm3 

3X 10 8 

86fim 

l l / s t m 

Reconstructed image 
third order 
5 > 3 M n i 



COMPRESSION SPECTROGRAPH .19 

0.99 1.00 1.01 1.02 1,03 
Energy (keV) 

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

11/76 

Fig. 69 



ALICS/CALICS 

100 jum 

X-ray 
machine 

20-50-1077-1910 

y 

u 

10jum 

Ar x-rays 3.14 keV 

100 X liquid density 
\ cm3 

Film 

Quartz crystal 

X 10 3 = 20-5— 
cm* 

Film 

Quartz crystal 

4 jum pinhole 
Calibration (Ag L„ 3.15 keV) 

10/77 

f 
Eig. 70 



« * 

ALICS RESOLUTION IS 

0.8 

0.7 

0.6 

0.5 
Q) 

• D 

(0 
0> 

< 0.4 

0.3 

0.2 
0 

Magnification — 1.55 

_ = 10um 

Pinhole — 4 um 

4 2 = 9.2 um 

J_ 

20-50-1077-2214 

25 35 45 55 
X, microns 

65 75 

Fig. 71 



RADIO CHEMISTRY 

D, T fuel 

Glass /xsphere 

• ( 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 8 Si(n,p) 2 8 AI 

• 2 8 A I -* 0" + 2 8 S i * -* 2 8 S i + 7 
- t 1 / 2 - 2.24 min 
- M y ) * 178 MeV 
- E _ (/T) = 2.86 MeV 

1524 

( 

Fig. 72 



• * 

CURRENT STATUS OF RADIOCHEMISTRY HIGH 
DENSITY DIAGNOSTIC - APRIL, 1978 

— Four experiments conducted to evaluate various 
collector materials and geometries 

— 2 4 Na tracer technique verified 
— 80 to 90% collection efficiencies obtained using 

Ti foil and large aspect ratio cylinders 
— ($ — 7 coincidence efficiency of 20% obtained 

with 0.3 — 0.4 cpm background 
— Hence, present estimates indicate that for pR of 

10~ 2 , yields of 10 7 ,10 detectable events will 
result in a 5 minute counting interval with a 15 
to 20% background 

20-50-0478-1271 

Fig. 73 



Reaction 

Be ablator 6 3 Cu(n,2n) 6 2 Cu; x% = 9.78 min. 

TaCHO pusher 1 8 1 Ta(n,2n) 1 8 0 Ta; t % = 8.12 hr. 

Plastic foam 
or gas 

Au pusher 1 9 7 Au(n,2n) 1 9 6 Au; t % = 9.7 hr. 

Liquid DT fuel 4 0 A r ( n , p ) 4 0 C I ; t % = 1.42 min. 

Both target and seed 
material can be used for 
source atoms 

Fig. 74 



« * 

CURRENT STATUS OF LASER FUSION DIAGNOSTICS Hi 

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

Ax = 1 jum (visible, ultra violet; time integrated over pulse 
duration) 

— 3 jum (x-ray; time integrated) 
= 6 jum (x-ray; 15 psec time resolution) 
= 50 jum (125 psec, full frame) 
= 3 jum (a particles, ions) 

100 eV < \\v < 100 keV (time integrated) 
100 eV < hi> < 20 keV (15 psec time resolution) 
10 1 6 cm~ 3 < n e < 10 2 1 c m - 3 (^15 psec exposures) 
&{hv) = 1 eV at 1 keV 
AE c*.25 keV for 14 MeV neutrons, 3.5 MeV alphas 

40-90-0377-1733 5/78 

Fig. 75 


