


Argon x-ray 
line imaging: 

• a compression 
diagnostic for 

inertial 
confinement 

fusion targets 

For further infonnation contact 
Louis N. Koppel (422-5939). 

DEFENSE PROGRAMS 

We have been using various techniques to measure the ion tem
perature and density of the deuterium-tritium (D- T) fuel in an inertial 
confinement fusion (ICF) target in order to determine our progress 
toward the goals of significant thermonuclear bum and net energy 
gain. The ion temperature of the fuel can be inferred from the 
measured yield of the fusion-reaction (14-MeV) neutrons; measuring 
the final fuel density is more difficult. 

New techniques-including argon x-ray line imaging and neutron 
activation-let us infer the compression obtained with our 
intermediate-density targets. Argon x-ray line imaging measures the 
compressed fuel volume directly by forming one-dimensional images 
of x rays from argon gas seeded into the D-T fuel; the photon 
energies of the x rays are recorded on the film of a diffraction-crystal 
spectrograph. Neutron activation, which detects activated nuclei 
produced by the interaction of 14-MeV neutrons with selected 
materials of the target, allows us (with the help of a hydrodynamics 
simulation code and knowledge of the total number of activated 
nuclei and the neutron yield) to calculate the final compressed fuel 
density. Argon x-ray line imaging appears to be a valid fuel
compression diagnostic for final fuel densities in the range of 1 0 to 50 
times liquid D-T density (2 to 10 g/ cm3). 

The objectives of the 
Laboratory's inertial confinement 
fusion (ICF) program are twofold: 
( 1) to develop the capability to 
study nuclear weapon physics for 
the weapons program, and (2) to 
develop ICF technology for civilian 
energy production. We have been 
conducting our experiments on 
thermonuclear fusion microexplo
sions with focused high-power 
lasers. In a typical experiment, the 
light from a powerful pulsed laser 
such as Shiva 1 is focused on a 
hollow glass pellet (target) about 
140 p.m in diameter coated with 
various thicknesses of plastic and 
containing a high-pressure mixture 
of deuterium-tritium (0-T) fuel. As 

9 

the incident radiation from the 
laser heats and compresses the 
target, the target is driven to 
thermonuclear bum conditions. 

Two parameters indicate how 
successful we are in achieving 
thermonuclear bum: the ion tem
perature and density of the 0-T 
fuel during the bum. The ion tem
perature of the 0-T fuel at bum 
time can be inferred from the 
measured yield of fusion-reaction 
(14-MeV) neutrons. Measuring the 



ion density of the fuel at bum time 
is more difficult. 

We usually determine final fuel 
density by measuring the size and 
shape of the compressed fuel 
volume. Images of this volume are 
formed either by x rays radiated 
into an x-ray microscope by the 
compressed shell or by alpha parti
cles produced in the fusion reac
tion and detected by a Fresnel 
zone-plate camera (a camera using 
coded-imaging principles). 2 Both 
imaging techniques work well for 
an exploding-pusher target whose 
thin glass shell decompresses ex
plOSively during implosion. 

To achieve higher fuel compres
sion, however, the fuel and nearby 
regions of the glass pusher must be 
protected from preheat by 
energetic electrons and x rays. Our 
new targets address the electron 
preheat problem by the addition of 
a relatively thick layer of plastic 
(IS-SO JLm CH). These coating 
thicknesses are somewhat larger 
than mean electron ranges, thus 
advancing our work toward 
ablatively driven targets3 (in which 
the target thickness is much greater 
than the deposition length). 
Although these new "intermediate
density" targets attain higher fuel 
compressions, they make 
diagnostics more difficult because 
the final glass pusher state is also 
more dense and opaque, and, with 
the power limitations of present
day drivers like Shiva, relatively 

cold (about 1 keVor about 1.1 X 
10 7 K) at bum time. 

As a consequence, the transmis
sion of x rays emanating from the 
fuel-pusher interface is greatly 
reduced, denying us a previously 
valuable source of compression in
formation (see box on pp. 14-1S). 
To counteract this loss of informa
tion, even more penetrating x rays 
must be used for diagnostics. We 
must use higher Z seed gases with 
higher energy resonance levels and 
develop new x-ray imaging capa
bilities. Furthermore, the reaction
product alpha particles no longer 
escape the target, and we are again 
denied a valuable tool, which must 
be replaced by the use of longer 
range particles. As we proceed to 
ever higher fuel densities, we must 
develop a new series of measure
ment techniques. 

We have been using several new 
techniques to measure the com
pression obtained with intermediate
density targets: neutron activation of 
target materials at the time of peak 
bum, argon x-ray line imaging, and 
high-energy x-ray zone-plate images. 
The neutron-activation technique 
for intermediate-density (about 
2 g/ em 3) target experiments per
formed on the Shiva laser involves 
the detection of activated nuclei 
produced by the interaction of the 
14-MeV fusion neutrons with atoms 
in the glass shell. By knowing the 
total number of activated nuclei and 
the neutron yield, we can calculate 
the glass attenuation length from 
which, with the help of a hydro
dynamics simulation code, we can 
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derive the fuel density. The argon x
ray line technique, on the other 
hand, measures the size of the com
pressed fuel volume directly by form
ing one-dimensional images of 
x rays radiated not by the shell but by 
a small amount of argon gas seeded 
into the 0-T fuel. 

To isolate the narrow x-ray lines 
of argon from the continuous spec
trum radiated by the glass, we need 
a high-resolution diffraction-crystal 
spectrograph. Figure 1 shows a 
miniature crystal spectrograph 
designed to be used close to the 
target for maximum sensitivity 
(3.5 cm from the center of the 
crystal) . A 6.3-mm-thick tantalum 
block located above and ahead of 
the flat diffraction crystal shields the 
spectrograph's 6S-mm-wide film 
from direct exposure to target 
radiation. As x rays diverge from 
the target, they strike the crystal 
over a limited range of incidence 
angles. For each angle, the crystal 
selects, by the Bragg diffraction 
process, a unique x-ray photon 
energy for reflection to the film. 
(See box on p. 16.) 

The x-ray beam that reaches the 
crystal is collimated by a fine slit 20 
to 30 JLm wide placed between the 
target and the crystal. The axis of 
the slit is aligned parallel to the 
crystal's plane of dispersion, caus
ing the spatial distribution of the 
source to be recorded from side to 
side on the 6S-mm-wide film. The 
close spacing between the slit and 
the target (S mm) produces an im
age magnification of 12. In a sense, 
we are using a "one-dimensional" 
pinhole camera. 

With appropriately thin slits, this 
argon x-ray line-imaging technique 
appears to produce valid fuel
compression measurements for 



final fuel densities in the range of 
10 to 50 times liquid D-T density 
(2 to 10 g/ cm 3). Targets expected 
to achieve higher compressions will 
use shells that are too thick to 
transmit the argon x-ray lines. The 
neutron-activation technique, on 
the other hand, will be applied to 
targets that can achieve much 
higher final fuel densities. The 
longer range value of argon imag
ing and other techniques is to 
corroborate the neutron-activation 

technique for medium-density 
targets (targets that achieve com
preSSions in the range of 10 to 50 
times liquid D-T density) . 
Preliminary corroboration of these 
techniques has been obtained in a 
recent series of target shots at the 
Shiva laser facility. A refinement of 
that work with higher seed levels 
and narrower slits is planned. 

Measurements using targets 
seeded with argon or neon have 
also been made at several other 

Tantalum shield 

target 

crystal 

IFO 11 Miniature x-ray crystal spectrogmph designed to image the 
lJ@o argon and silicon x-my lines radiated by the inertial fusion 

targets used in Argus and Shiva laser experiments. Afine slit on the front of the 
spectrograph and 5 mm from the target collimates the x-ray beam that reaches 
the diffraction crystal, thereby constmining x mys from any given region of the 
target to fall on a given area of the spectrograph's 65-mm-wide film. The center 
of the diffraction crystal is 3.5 cm from the target. By changing the angle the 
crystal makes with the spectrogmph's line of sight, we can adjust the range of 
photon energies the spectrograph analyzes. 
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inertial confinement fusion 
laboratOries, notably the Ruther
ford Laboratory, the University of 
Rochester Laboratory for Laser 
Energetics, and the Los Alamos 
National Scientific Laboratory. 4 

Observations of the spectral dis· 
tribution of the seed·gas x·ray lines, 
as well as imaging, have prOvided 
information on the condition of the 
fuel at bum time. For example, the 
electron temperature can be 
derived from the intensity ratios of 
lines radiated by the highly ionized 
seed gas. Under certain cir
cumstances, the spectral width of 
the lines can give an independent 
measurement of the fuel-plasma 
density from the phenomenon 
known as Stark broadening. 

Argus test series 
We tested the argon x-ray line 

imaging technique with exploding
pusher targets at the Argus laser 
facility to determine if the x-ray 
lines radiated by hydrogen- and 
helium-like argon (argon whose 
ions have only one or two electrons 
left) were strong enough to be visi
ble above the continuum radiation. 
Also, we wanted to compare the 
argon line images with those pro
duced by the zone-plate camera. 



We felt it important to verify that 
the electron temperature in the 
compressed fuel was high enough 
to strip most of the electrons from 
the argon, since only the helium
and hydrogen-like lines of a higher 
Z element like argon, at energies 
above 3 keV, could penetrate the 
glass shell. To ensure that the im
plosion dynamics of the fuel and its 
neutron yield would be only slightly 
altered by the presence of the high
Z gas, we seeded a very small 
amount of argon gas (about 
0.15 mg/ cm3) into the 0-T fuel of 
all our targets. We hoped to show 
that the targets would perform as 
typical exploding-pusher targets 
while radiating argon x-ray lines of 
sufficient intensity to allow' the com
pression measurement. 

One important question about 
the argon imaging technique that 
could not be answered directly in 
the Argus series was whether the 
times of argon x-ray line emission 
and of 0-T fuel burn coincided. 
The boundary of the fuel volume 
converges very qUickly during an 
implosion and, unless the timing is 
good, the x-ray images will be larger 
than the fully compressed fuel core. 
Computer simulations of the im
plosion (which showed that the 
high electron temperatures re
quired would be achieved only late 
in the implosion) suggested that no 
significant errors would be in
troduced by this factor, a conclu
sion we hoped to substantiate by 

correlating the x-ray and alpha
particle images. 

Test equipment. The glass 
pellets used in the Argus test series 
were formed by the liqUid-droplet 
method. 5 This process starts when 
acoustic vibration breaks up a jet of 
glass-forming compounds in 
aqueous solution into a stream of 
uniform droplets that pass through 
a long vertical furnace where they 
inflate and fuse into hollow glass 
microspheres. The drop tower for 
the Argus series was suffused with 
argon, and the density of argon in 
the pellets was of the order of 0.15 
mg/ cm 3; the density of the 0-T 
fuel subsequently loaded into the 
pellets was 5 mg/cm3. 

An argon-imaging spectrograph 
(see Fig. 1) and a zone-plate 

camera were positioned opposite 
each other in the Argus target 
chamber, as shown in Fig. 2. A 
second imaging spectrograph, 
modified to image the silicon in the 
glass pellet shell, was located in a 
third quadrant of the chamber. This 
spectrograph was used to deter
mine the extent to which the glass 
mixed with the fuel during implo
sion. The plane containing both 
spectrographs and the zone-plate 
camera was normal to the direction 
of propagation of the two opposed 
laser beams. 

The tests. The pellets used in 
the Argus test series had an initial 
diameter of 140 J.l.m and a wall 
thickness of 2 J.l.m. We expected 
that pellets exposed to the Argus 
laser beams, each delivering an 

IFO 0 ~ Two x-ray imaging spectrographs (bottom of photograph) and a 
lJ@o zone-plate camera (upper left) view the microscopic inertial 

fusion taryet (on the tip of the vertical needle-like structure) in the Aryus target 
chamber. The spectrograph at right views x-ray lines produced by aryon gas 
seeded in the target's D-T fuel; the one at left views lines produced by silicon in 
the glass taryet shell. The zone-plate camera produces images of the fuel bum 
region by recording alpha particles created by the D-T reaction. 
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energy of 300 J in 140 ps, would be 
compressed to a final diameter of 
the order of 30 ILm and heated to a 
temperature of 1.5 keV (about 
1.6 X 107 K). 

Potassium was a significant con
stituent of the pellet glass (11 % by 
weight), and x-ray lines of this ele
ment (with photon energies near 
3.5 keV) were observed in the spec
tra of the argon-imaging spec
trograph. The band of photon 
energies selected by the diffraction 
crystal for reflection to the spec
trograph's 65-mm-wide film ranged 
from 2.6 to 3.7 keV. This band in
cluded the most intense helium
and hydrogen-like argon lines 
(denoted Ar-He alpha and Ar-H 
alpha), whose energies are 3.14 
and 3.32 keV, respectively. We 
analyzed this band along the length 
of the film for the instrument 
geometry shown in Fig. 1. 

For a typical test series shot, 
x-ray images of silicon, argon, and 
potassium were recorded by the 
two spectrographs, as shown in the 
spectrograms of Fig. 3. The lines of 
silicon and potassium-the glass 
constituents-were radiated at 
both the initial target boundary (the 
region heated by the laser beams) 
and the fuel core, while the source 
region for the argon lines was con
fined to the compressed core. The 
ratio of intensities of the Ar-He and 
Ar-H alpha lines indicates a core 
electron temperature of the order 
of 1.6 X 107 K. Stark broadening 
of the lines was not observed. 

Test results. We analyzed the 
argon line images with a computer 
to correct for the width of the slit 
and other effects of the argon line
imaging technique. The spatial 
profiles produced by the analysis 
are shown in Fig. 4a. The width of 
the Ar-H alpha image is about 
351Lm, and that of the Ar-He 

alpha image is somewhat larger. 
Because the electron temperature 
in the fuel core increases during im
plosion, radiation from the lower 
ionization-state helium-like ions 
necessarily precedes and thus oc
curs within a larger volume than 
that of the hydrogen-like species. 
An alpha-particle emission profile, 
scanned in the same direction as 
the argon images, is shown in 
Fig. 4b. The width of the emission 
profile, which is an accurate 
measure of the burn-region 
diameter for exploding-pusher 
targets, is about 30 ILm. 6 Thus there 
is reasonably good agreement 

(a) 

t 
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between measurements of the size 
of the compressed fuel region ob
tained by Ar-H alpha imaging and 
by alpha-particle imaging. The 
targets performed as typical ex
ploding pushers (in terms of com
pression and neutron yield 
achieved) and suggest that the 
argon seed had no effect on the 
implosions. 

Shiva test series 
Test diagnostics. We used the 

Shiva laser system to drive a series 
of targets designed to reach final 
fuel densities of about 10 times li
quid 0-T density (2 g/cm3). Both 
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x-ray lines, however, were radiated only from the inside 
of the core. 
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the argon-imaging and neutron
activation techniques proved suc
cessful density diagnostics for these 
experiments. 3 In addition, we 
tested a new application of the 
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zone-plate-coded technique2 to im
age the target-produced high
energy x rays (5 to 20 keV). All 
three diagnostics implied final fuel 
densities of about 2 g/ cm3. 
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IFfi tB (a) Spatial profiles of the two argon x-ray line images. The width 
~o of the Ar-He alpha image is about 45 p.m; that of the Ar-H alpha 

image is 35 p.m (b) Zone-plate camera data, scanned in the same direction as 
the spectrograph images, indicates an estimatedfull width at half-maximum of 
30 p.m for the D-T fuel region. 
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To measure the density of the 
compressed 0-T fuer at the time 
of thermonuclear burn, we must 
either image the burn region to 
determine its shape and size or 
measure quantities that can be 
used directly or indirectly to infer 
the density of the fuel. The dimen
sions of the burn region can be 
found by imaging the thermo
nuclear burn products (alpha par
ticles or neutrons), by imaging the 
x-ray emission from seed 
materials added to the fuel, or by 
imaging the x-ray emission from 
the pusher immediately next to 
the fuel. More explicit information 
about the density (p) or areal den
sity {prj ofthe fuel can be derived 
from observations of Stark 
broadening of x-ray spectral lines 
from seeded fuel or by neutron 
activation of various materials 
added either to the fuel or to the 
target pusher. 

Imaging the alpha particles or 
x rays and analyzing the x-ray 
spectral lines become increasingly 
difficult as the fuel and target 
areal densities increase and thus 
absorb (stop) more of the emis
sion. This phenomenon can be 
seen from the accompanying 
figures. 

The top figure shows the frac
tion of x rays that pass through 
the glass pusher containing the 
0-T fuel at peak bum as a func
tion of glass pr for x-ray energies 
of 2, 4, and 8 keV. In each x-ray 



Applying fusion-density diagnostics 

band shown, electron tem
perature varies from 100 eV 
(essentially cold values) to 
500 ev' Vertical bands are shown 
for some typical target designs 
that achieve the final glass areal 
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densities from 10 to 100 times 
liquid 0-T density (2 to 20 g/cm3). 

Although passage of 2-keV x rays 
appears high for heated glass 
("'500 eV), experiments making 
use of this fact are compromised 
by localized temperature varia
tions, which affect transmission 
and also alter the thermal emis
sions (background radiation). For 
this reason, higher energy 
photons, such as 4- to 8-keV 
x rays, are preferred. 

The bottom figure shows the 
region of applicability for alpha
particle imaging and the argon 
line-imaging crystal spectrograph 
as a function of target neutron 
yield and fuel or pusher areal den
sity. A typical intermediate-density 
target imploded with the Shiva 
laser has a fuel prof about 
3 X 10-3 and a neutron yield of 
108, making diagnostics by argon 
imaging and neutron activation of 
several fuel and pusher additives 
possible. As the fuel density in
creases, however, we observe that 
unless the neutron yield, and 
hence the fuel temperature, in
creases significantly, diagnosis of 
x-ray emission becomes very dif
ficult. Fuel-density determination 
by neutron activation, however, 
remains a powerful technique. 



Bragg scattering of crystals 

High-resolution spectroscopy at x-ray 
wavelengths less than 1 nm requires the use of 
natural diffraction crystals, which are analogous to 
the diffraction gratings used at optical wavelengths. 
When a polychromatic x-ray beam strikes a diffrac
tion crystal, only a very narrow band of wavelengths 
is reflected to a detector. The position of the band 
in the spectrum can be controlled by the choice of 
crystal and by the beam-crystal geometry. 

The atoms in a natural crystal are located in 
parallel and symmetric planes. The distance be
tween adjacent planes is a constant dimension 
called the d-spacing (see bottom left figure). As an 
x-ray beam passes through the crystal at a given 
angle with respect to the planes, a small portion of 
the x rays is coherently scattered by the atoms in 
each plane. The scatteted radiation will construc
tively interfere and produce a strong signal outside 
the crystal only if the angle of reflection is equal to 
the angle of incidence and only for x rays whose 
wavelength is equal to the difference in the beam 
path length between adjacent planes. The latter 
condition produces the wavelength selection for
mula A = 2d . sin 8, where 8 is the angle of in
cidence shown in the figure. Hence, for a given 

o 
o 

t dl Atomic 
planes 
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crystal (that is, for a given d-spacing), there is a one
to-one correlation between the angle of incidence 
and the reflected wavelength. 

For a steady x-ray source such as an x-ray tube, a 
spectral analysis over a broad range of wavelengths 
is obtained by slowly scanning a crystal and detec
tor over the appropriate range in 8. For a short
lived source such as a laser-produced plasma, 
however, the geometry of the crystal must allow in
cidence at all angles in the range simultaneously 
(see bottom right figure), requiring the use of a slit 
instead of a pinhole on our spectrograph. Further
more, the detector (photographic film, for exam
ple) must be placed so that there is a one-to-one 
correlation between the angle of incidence and the 
location at which the reflected ray strikes the detec
tor. 

Of the several types of x-ray spectrometers used 
in the laser fusion program, the crystal spec
trograph is particularly useful in determining the 
temperature and distribution of individual target 
elements, such as the silicon in the glass pellets. 
Each element radiates narrow x-ray wavelengths. 
Only the high-resolution crystal spectrograph, 
however, can isolate the lines from the continuous 
spectrum radiated by the laser fusion targets. 

Film -----,---:l~-..,..--

I 
X rays diverging 
from source 



The tests. Shiva typically 
delivered 4 kJ of energy in 200 ps 
onto the targets, glass shells 
140/-Lm in diameter and 5 /-Lm 
thick, coated with 15/-Lm of Teflon. 
The spectrogram in Fig. 5 shows 
images due to argon and chlorine. 
Chlorine, which radiates a helium
like line at 2.79 keV, is apparently a 
minor contaminant of the plastic 
coating. Its image forms a smoke 
ring around the initial outer bound
ary of the target. In this shot, the 
core electron temperature ap
parently was not high enough to 
strip the argon down to the 
hydrogen-like species since only 
the Ar-He alpha image is visible. If 
we assume that the compressed 
core was spherically symmetric, we 
can infer a final fuel density of 
about 10 times liquid 0-T density 
from the Ar -He alpha image. 

Test results. Figure 6 shows the 
results of the zone-plate camera 
measurements. X rays above 5 keV 
are required in order to penetrate 
the target's high-density glass 
pusher. On the other hand, if the 
x-ray energy is too high, as shown 
for the 16.5-keV image, not 
enough continuum x rays are emit
ted to expose the film. Figure 7 
demonstrates the ability of this 
technique to clarify different por
tions of the target emission, par
ticularly the compressed core. This 
information is complementary to 
that of the line emission and 
neutron-activation data. In fact, the 
agreement among the argon
imaging, neutron-activation, and x
ray imaging results is quite good. 
The agreement in this series of tests 
suggests to us that neutron activa
tion could be applied to even 
higher final fuel densities. The ma
jor source of error in the argon
imaging data was apparently the 
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IT:;\~(Qlo ~ Spectrogram recorded during a test of an ablatively driven target 
Lr Ll eQ) W on Shiva shows that x-ray lines due to chlorine (a contaminant 
of the target's plastic coating) were radiated at the outer boundary of the target. 
Since the core electron temperature was apparently not high enough to strip the 
argon down to a hydrogen-like species, the Ar-He alpha line, but not the Ar-H 
alpha line, is shown radiating from the core. 

(a) Thermal x-ray image (6.5 keV) 

(b) Suprathermal x-ray image (1 6_5 keV) 

Dimensions of compressed fuel = 
21 X 25 /-Lm 

21 /-Lm-l l
I I 

I 
I 

Thermal image-intensity profile 

Shot No . 89072310 
Laser pulse: 200 ps 
Laser energy: 4.1 kJ 8 
Neutron yield: 7 X 10 

j""Clg a:.. Two zone-plate-coded images of the x-my emission from 
Lr U@ o \Q) medium-density (10 to 50 times liquid D-T density) inertial 
fusion target experiments on S hiva. The outer ring in both images corresponds 
to the initial position of the glass shell. (a) The 6.5-keV image (thermal region) 
shows the compressed fuel-pusher interface (center). (b) The 16.5-keV image 
(suprathermal region) does not show this interface because there is no longer 
a sufficient flux of x mys to form an image of the core. The x-ray emission from 
the core for lower energies (not shown) does not reveal any distinguishing 
features, demonstrating the value of multispectral image discrimination. 
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need to assume symmetry in the 
shape of the fuel core, although slit 
size and signal-to-noise ratio con
siderations are also of concern. 

however, two obvious improve
ments that could be made in the 
technique_ First, a spectrograph 
capable of forming two
dimensional images while retaining 
the high spectral resolution of the 
present instrument would be of 
great value. This could be accom
plished by using two or more spec
trographs rotated with respect to 
each other, by forming crystal 

Conclusions 
We have demonstrated the 

ability of argon x-ray line imaging to 
measure a dimension of the burn 
region of a high-compression iner
tial fusion target. There are, 
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1"""C'g ~ Comparison of results from three density 
U U®o U diagnostics for the intermediate-density 
target experiments on Shiva: argon x-ray line imaging, 
neutron activation, and zone-plate-coded imaging_ The 
slanted line indicates computer simulations of the upper 
and lower limits of fuel density as afunction of pusher pr_ 
The close agreement indicates that neutron activation 
can be reliably used in higher density regimes, where 
argon line imaging is no longer applicable_ 
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optical components through the 
careful shaping of the crystal slabs, 
and by analyzing with a crystal the 
image formed by an x-ray 
microscope. Second is the relative 
timing of the emission of the seed
gas x rays and the fuel burn. It ap
pears that a crystal spectrograph 
(without a slit) could be coupled to 
an x-ray streak camera to obtain 
temporal resolutions on the order 
of 15 ps. This would allow ex
perimental confirmation of the 
computer implosion simulations 
that form the basis for our con
fidence in the argon line imaging 
technique. 

Key words: alpha scattering; argon-x-ray 
emission; Argus laser system; Fresnel zone 
plates; imaging techniques; inertial fusion; iner
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