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According to our estimates c/F-0. 03 cm, in
which case (10) is easily satisfied for most laser
beams, and (5) is valid.

The second point that I wish to make concerns
beam degradation. The production of effective
photons according to (1) is an irreversible proc-
ess~hey do not return to the original beam fre-
quency after passing through the focal spot. The
effect of (1) is to increase the entropy of the beam.
Not only does the frequency distribution broaden,
but the beam collimation is also destroyed; there-
fore, the beam very quickly dissipates and is
lost. ' One expects that the time scale for this
process is inversely proportional to the product
IF, since the reaction rate is directly proportion-
al to the product of density and cross section.
For high-intensity lasers, the intensity may be
three to six orders of magnitude larger than gas-
breakdown thresholds. Consequently, the rate of
increase in entropy of the beam should be ex-
tremely rapid for high-intensity beams; the scal-
ing law gives 7,ff- 10"' ps or smaller. Because
the time required to produce significant numbers
of effective photons is simply related to the rate
of entropy increase, one expects that any laser
beam of appreciable intensity will tend to break
up and lose its frequency and direction definition.
This clearly does not happen. Laser beams may
pass through focal spots where the intensity is
very high, and yet remain essentially diffraction
limited. There is very little increase in entropy

due to focusing them. Consequently, I must con-
clude that the randomization of the beam implied
by (1) and (8) does not occur.

In conclusion, I have shown that process (1) is
in conflict with two experimental results: The
photon-photon cross-section (9) is clearly far too
large, and laser beams do not randomize on be-
ing focused to a high intensity. Consequently
process (1) cannot be accepted. The apparent
success of effective-photon theory in laser-in-
duced gas breakdown is either an empirical re-
sult with no fundamental basis, or a result for
which it has a basis other than (1).

The author is grateful to A. Szoke for helpful
discussions.
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ergy Research and Development Administration under
Contract No. W-7405-Erg-48.
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The beam is beginning its approach to thermal equi-
libriurn, i.e., maximum entropy.
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The Q. -particle emission from laser-compressed, D-T-filled microshells has been
imaged using a zone™plate-coded imaging technique. Nominal image resolution was 10
JILm. Approximately 97% of the recorded n emission was found to originate within a ther-
monuclear burn region of diameter roughly 3 that of the original target. The full width

at half-maximum of the burn region had a diameter roughly +& that of the target.

The central concept in inertial-confinement fu-
sion is the implosion of hydrogen-isotope fuel to
thermonuclear burn conditions. ' Experimental
programs exist in a number of laboratories
throughout the world to test the viability of us-
ing powerful laser systems to drive such implo-
sions. Exploding pusher' target experiments in-
volving laser implosion of D- T-filled glass mi-
croshells have produced modest compression of
the laser target, ' fusion yields in excess of 7& 10'

reactions, confirmation of the thermonuclear ori-
gin of the fusion reactions, ' and indirect evidence
that the detected thermonuclear reaction products
originate within the compressed core (as opposed
to the corona) of the imploded target. ' There has
been, however, no explicit demonstration that the
thermonuclear burn occurs within the compressed
target core, nor had the spatial distribution of
the fusion events within the burn region been mea-
sured.
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This Letter reports the first high-resolution
(-10 pm), direct images of the thermonuclear
burn region within laser fusion targets. Specifi-
cally, the o emission from laser-compressed,
D- T-filled microshells has been imaged using a
coded imaging technique, zone-plate-coded imag-
ing (ZPCI). ' Nominal image resolution was 10
p,m. The size of the thermonuclear burn region
and the spatial distribution of the e emission
within the compressed target were measured.
These measurements provide an explicit demon-
stration that the thermonuclear burn produced by
laser-driven implosions does indeed occur with-
in a compressed core of the imploded target.

o imaging experiments were conducted using
the Argus laser-target irradiation facility at
Lawrence Livermore Laboratory. This laser
system produces a dual-beam, multiterrawatt
pulse of 1.064-pm radiation. Typical pulse dura-
tion is 25-60 psec (full width at half-maximum)
with 50-80 J per beam. The laser output is fo-
cused onto a target using a pair of f/1 aspheric
lenses. The standard target used in these exper-
iments was a glass microshell (typical o.d. of 80-
100 pm with submicron wall) filled with an egui-
molar D- T ga.s mixture. '

High-resolution imaging of the e emission from
laser-imploded targets was accomplished using
a coded imaging technique, ZPCI." The viabil-
ity of ZPCI for high-resolution microscopy of x-
ray and charged-particle emissions from sourc-
es of limited extent (source area «zone-plate
area) has been recently demonstrated. "'" Exten-
sive discussion of the theoretical and experimen-
tal details of ZPCI are provided elsewhere. " '
A brief summary follows.

ZPCI is a two-step imaging technique. In the
first step the radiation source to be imaged casts
a shadowgraph (coded image) through a Fresnel-
zone plate (coded aperture) onto an appropriate
detector. Image reconstruction (second step:
shadowgraph decoding) is achieved via proce-
dures similar to those used in holography. An
appropriate photographic transparency is pro-
duced from the original shadowgraph; the shad-
owgraph transparency is then illuminated with a
coherent light source. The Fresnel diffraction
pattern of the transmitted light produces (down-
stream of the transparency) a reconstruction of
the original source distribution~nverted and

magnified.
Use of a coded imaging technique is appropriate

for low-intensity source distributions because it
allows for high-resolution imaging while main-

taining a large solid angle for radiation collec-
tion. Specifically, the resolution capability of
ZPCI is limited only by the width of the narrow-
est zone of the coded aperture, whereas the solid
angle for radiation collection varies as the coded
aperture area. So then, a coded aperture of many
zones with a microscopically narrow outermost
zone will provide high resolution in addition to
high radiation-collection efficiency.

The zone-plate camera viewed the target in a
plane normal to the directions of the two-sided
laser irradiation. It provided an overall image
magnification factor of 5.4. The coded aperture
used for o. imaging was a free-standing Fresnel-
zone-plate structure of 100 zones. It subtended
a solid angle for radiation collection of approxi-
mately 2x 10 ' sr (T.he target-to-zone-plate
distance was - 1 cm. ) The zone-plate material
was gold, & 5 pm thick. The width of the narrow-
est zone was 5.3 pm. Details of zone-plate fab-
rication are provided elsewhere. '

The coded n image was recorded in a 6-pm-
thick cellulose nitrate film, a threshold-type ion
track detector commonly used in e autoradio-
graphy. " A 7.6-pm-thick Be foil was placed in
front of and in intimate contact with the cellulose
nitrate. It served to stop heavy-ion species (Si,
0, C) from reaching the polymer film. A series
of discrimination experiments was conducted
which explicitly confirmed that the recorded cod-
ed images were produced by 0, particles and not
other radiation species. '""

0. images were recorded for a number of laser-
imploded microshell targets. Data from two rep-
resentative experiments (designated A and B) are
listed in Table I. Figure 1 shows the coded image
recorded on shot B. It represents the raw data
of the imaging experiment. It is a coded array of
1.3x 10' pinholes (typically 1-2 pm diameter)
through the cellulose nitrate layer. Each pinhole
was produced by an e track through the 6-pm-
thick polymer. The measured o. track density in
the coded image was found to be in excellent
agreement with that expected from the o. yield
and the solid angle subtended by the coded aper-
ture.

Figures 2(a) and 2(b) are two-dimensional (2D)
contour maps of the reconstructed o. images re-
corded on shots A and B, respectively. Each
contour represents a focus of constant n-emis-
sion density (time-integrated intensity); the in-
cremental change in n emission is constant be-
tween successive contours. The thermonuclear-
burn-region dimensions cited in Table I are
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TABLE I. Target-, laser-, and thermonuclear-burn data are presented for two representative u imaging experi-
ments. The thermonuclear burn region had an ovoid shpae. The dimensions presented are measured along the ver-
tical and horizontal axes (respectively) of the oval. The imaging geometry was such that the vertical axis was nor-
mal to and the horizontal axis collinear with the directions of the two-sided laser irradiation of the target.

Target
diameter

(pm)

Target
wall
(pm)

D-T
fill

(mg/cm')

Laser
power

(W)

Pulse
width

(FWHM)
(psec)

Neutron
yield

Burn
region

dimensions
(pm)

Burn
region

(FVmM)
(pm)

A
B

86
88

0.64
0.88

1.58
3.10

2,4x ]P&2

3,9x 10'2
50
27

(3.1+0.6) x 10
(8~ 1) x10'

29; 26
26; 22

16~ 16
18; 15

measured from the outermost contour in Figs.
2(a) and 2(b). The region of thermonuclear burn
was found to have an ovoid shape of diameter
roughly one-third that of the original target. An
estimate of the e emission originating outside the
contour map regions was made by counting the @-
track density in the appropriate penumbra regions
of the respective shadowgraphs. It was concluded
that on shot A no more than 4% and on shot B no
more than 10% of the total o,'emission could have
originated outside the respective contour-map
regions.

Scans of the u-emission density taken along
horizontal and vertical lines through the center
of each of the contour maps in Fig. 2 provided
estimates of the FWHM for the spatial distribu-
tion of the u emission. The FWHM of the burn
region was roughly one-sixth of the original tar-
get diameter. These measured values are listed
in Table I.

The data of Table I and Fig. 2 directly demon-
strate that the thermonuclear burn occurred with-

in the compressed core and not in the corona of
the laser-compressed targets. The measure-
ments imply target-volume-compression factors
of order 50 and therefore mean D-T fuel densities
of order 0.2 g/cm'. These results agree with 2D
computer-code simulations of these laser-driven
implosion experiments and thus support the cal-
culational models. " In addition, the measured
size of the compressed D- T burn region is in
general agreement with n pinhole-camera data. '

The contour maps in Fig. 2 show the thermonu-
clear burn region to have an ovoid shape with the
eccentricity of the oval increasing with increased

7.4 p.m

(b)

FIG. 1. Coded image of the cy emission recorded on
shot B. It is an array of more than one million pinholes
(each produced by an n track) through the cellulose ni-
trate layer.

6.9 pm

FIG. 2. Two-dimensional isoemission contour maps
of the reconstructed n images recorded on shots A and
B are presented in (a) and (b) respectively. The iso-
emission maps were obtained from microdensitometer
traces of the photographically recorded, reconstructed
images. The film density contours were converted to
n-emission contours, taking into account film nonli-
nearities. The images are scaled in source dimensions.
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TABLE II. Parameters and results of a crude calculation of the thermonuclear yield using
n imaging results.

Ion Ion
temperature density Pf& NT j——

(keV) {cm 3)

Reaction Burn
rate time Calculated

{cm sec ') (psec) yield
Measured

yield

5.6
7.0

5.6x 10"
1.7x yp~2

6.3x 10"
1028

36
27

2.6x 10 {3.1+0.6) x 10
2.4x 10~ {8+1)x 108

laser power on target —a trend that is consistent
with 2D computer-code analyses. " The meas-
ured shape of the burn region is also in good
agreement with time-integrated x-ray micro-
scope images of the compressed core of the tar-
get. "

The consistency of the o.-imaging results with
the measured thermonuclear yield may be illus-
trated by a crude but reasonable calculation of
the anticipated yield using the data of Table I.
The thermonuclear burn region is modeled as a
constant-temperature, equimolar D-T mixture
compressed to the burn-region dimensions given
in Table I. The effective temperature is obtained
from a and neutron time-of-flight spectrometer
data; ion density is assumed equal to the original
fuel density multiplied by the volume compres-
sion ratio; and the burn time is taken as the ratio
of burn-region diameter to mean ion sound veloc-
ity. The parameters for and results of this sim-
ple calculation for experiments A and B are rep-
resented in Table II. The calculated thermonu-
clear yieM is in both cases within a factor of 3 of
the measured values.

The size and shape of the D- T burn region of
compressed, laser-driven fusion targets have
been measured by the ZPCI o. imaging technique
and the concurrence of the results with the meas-
ured fusion yield, x-ray microscope, and n pin-
hole-camera data, and 2D computer-code simula-
tions has been demonstrated. Further imaging
studies are continuing in which the ZPCI tech-
nique is being used to image the suprathermal
x-ray and fast-ion emission from laser-imploded
targets.
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the polymer. X rays and electrons do not produce
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We have obtained initial geometric-focusing results using a high-current (~ 100 kA)
magnetically insulated diode. At the line focus, current densities over 800 A/cm have
been obtained with a radial compression of about 10. Results for propagation of the in-
tense beams are in excellent agreement with geometric single-particle predictions.

Studies of the propagation of proton beams pro-
duced by a high-power, magnetically insulated
diode (& 100 kA at up to 300 kV) are described in
this Letter. The diode is a major scale-up of
previous work. ' The chief developments in the
present experiment were the following: (a) An

order-of-magnitude increase in current output
was achieved over that previously reported for
magnetically insulated diodes" while preserving
the virtues of high efficiency and low electrode
damage. (b) An extraction cathode of thickness
larger than the skin depth for the pulsed insulat-
ing magnetic field was used so that the field was
confined to the anode-cathode gap. Thus the re-
gion interior to the cylindrical cathode was field-
free and the beam propagates with minimum mag-
netic deflection. (c) The propagation of ion beams
through vacuum with cold electron neutralization
was studied in a region well shielded from diode
effects. (d) High ion-current densities, in excel-
lent agreement with geometric predictions, were
obtained at the focus.

Maximization of the ion-beam power density is
of particular interest in relation to proposals for
ion-beam —induced pellet fusion. ' ' Although, for
ease of construction, the diode described was de-
signed to produce a line focus, magnetically insu-
lated diodes have potential for producing spheri-
cally converging beams, either with a single ac-
celeration gap' or in a stacked configuration.

The experimental system is shown in Fig. 1.
The goal was to design a high-current diode at

medium voltage to take advantage of the low-im-
pedance output from the Neptune C generator. '
The geometry is cylindrical, with ions extracted
inwards. The cylindrical cathode with slot ex-
tractors has an L/R time long compared to the
magnetic-field risetime and thus excludes the
field from the inner propagation volume, allow-
ing the ions to approach closer to the axis. The
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FIG. 1. Experimental apparatus: A, pumping port;
B, diagnostic isolator output; C, glass vacuum vessel,
30 cm i.d. ; D, diagnostic isolation inductor; F-, Delrin
support rod; I, 20-turn, 20-kG magnetic coil; G, anode,
II, cathode assembly; I, ion-current-density probes;
J, bellows for electrical connection; K, high-voltage
terminal from the Neptune C generator; L, return con-
ductors; M, Bogowski loop-current monitor; N, sup-
port rods; 0, resistive diode-voltage monitor.
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