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EXPLODING PUSHER TARGETS ILLUMINATED USING f/1 LENSES AT -v. 0.4 TW 

A series of laser fusion microimplosion experiments have been performed with 
the LLL two beam laser system JANUS1. The JANUS laser is capable of focusing up 
to 400 gigawatts of 1.06 inn laser power (32J in 80 psec) on microscopic laser fusion 
targets, producing intensities in excess of 1017w/c.m2. In these experiments the 
targets were Deuterium-Tritium (DT) gas filled, thin walled (.5-1.0 urn) Si0 2 micro-
shells with diameters of 40-100 urn. Targets with these dimensions, properties and 
laser powers operate in what has become known 2 2 as the exploding pusher mode. This 
requires that the laser energy be deposited on a time scale that is short compared 
with the fluid dynamic implosion time. The elctron thermal wave generated by 
absorption of laser light in the underdense plasma, propagates supersonically through 
the glass shell surrounding the DT gas, raising the presiure in the interior of the 
shell to about one megabar2. The shell (pusher) effectively explodes and, thus not 
only does it expand outward, it also implodes, compresses and heat"; thf Ji;T.?ias to 
thermonuclear conditions. Prior to the rapid acceleration of'.;:\l-gg/t"!& , ie DT fuel 
has been heated to 100-200 eV mainly by electrons (both the elect;on thermal wave 
due to the electon conduction from the underdense plasma neat* .he critical density 
region and by the moderately string Shockwave ('« 1 megabar) generated by, and running 
ahead of the imploding (exploding) pusher. Thus, although the final stages of the 
microimplusion approach an isentropic compression microimplosion, the process as a 
whole is characterized by a large change in entropy. This is in contrast to the high 
compression, small entropy change implosion target designs of future experiments and 
high gain reactor pellets. A summary of the salient points of each design limit is 
illustrated in the Figure 1. 

With present laser outputs in the 100J, 100 psec range, the exploding pusher 
target offers the possibility of performing low yield laser dirven thermonuclear 
implosion experiments. It has been shown that this type of target and laser 
irradiation scheme will not be practical for power generation 2 3. However, 
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1t does provide presently achievable experimental conditions which serve as a test 
bed for computer simulation code development, experimental development of 
computational models in high power laser plasma interaction physics and diagnostic 
equipment development. 

Because of the importance of this type of target in the early studies of laser 
fusion feasibility, it was decided to explore a portion of the matrix of parameters 
that affect the performance of these targets. Among the parameters varied were the 
SiQ 2 microshell diameter, the amount of DT fill in the target, and the time separation 
of the two laser beams focused on the target. The targets typically absorbed -v. 25% of 
the 1.06 inn input energy, producing between 10'' and 6xl0 6 neutrons, with the neutron 
yield scaling inversely with the mass - all other parameters being the same. A 
detailed derivation of simple scaling rules will be presented in Section III. Of 
the typically 28J of energy incident upon the target, 7J were absorbed by the 
target and are collected in the form of plasma and photon energy. Of these 7.0J, 
500 mJ were emitted in x-rays between 0.3 and 20 keV. Assuming A/Z -v 2, as much 
as 65% (̂  4.5J) of the asymptotic ion energy was due to ions with energies exceeding 
55 keV, with the remaining energy recovered mainly in a broad distribution of lower 
Ions 3. A definite asymmetry in the scattered 1.06 urn radiation in and out of the 
plane of polarization of the incident laser beam was observed" together with 
asymmetric plasma energy5 distribution, and polarization dependent resonant absorp­
tion process • . Time of flight measurements of the energy distribution of the 
nominal 3.5 HeV a particles indicate that the reaction products are indeed of 
thermonuclear origin and are produced from the DT fuel with an effective ion 
temperature of 2-4 keV9. Time integrated x-ray microscope data 9' 2 0 together with 
time resolved x-ray pinhole pictures 1 0' 2 1 indicate volume compressions of the order 
of one hundred produced by the Si0 2 pusher having mean implosion velocities of i> 

2.5xl07 cm/sec. Similar estimates of the pusher implosion velocity were obtained 
from the beam delay experiments described in Section IVa and early x-ray streak camera 
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data". These typical results are also summarized in Table 1. 

II EXPERIMENTS 
The experiments were performed with the ILL JANUS two-beam laser system. As 

a detailed description of this system, can be found In Reference 1, only a brief 
summary will be given here. A passively dye-mode-locked Nd-YAG oscillator produces 
a single -v. 1 mJ, «>. 75 psec (FWHH), 1.06 urn laser pulse. Through a series of Nd-Glass 
rod and disc amplifiers with a final output aperture of 85 mm, this pulse Is 
amplified to approximately 30J and focused by two diametrically opposed f/1 lenses 
(15J per beam). The beam is spatially shaped by an apodized aperture at an early 
stage of the system to have a "super 5th power Gaussian" profile, I (r)=I exp 
(-r/r ) 5 . Two bleachable dye-cells (Kodak 9740) in the laser chain protect the 
targets against damage due to ASE and oscillator prepulse. 

Controlling the intensity incuded filamentation instability18 connected with 
propagation of high power laser beams through optical materials, is extremely 
important in producing interrretable and reprouucible experiments. An extreme 
example of this effect 1s given in Figure 2. Four streak camera images of the 
laser intensity at the target are shown where the laser energy was increased 
by -5 factor of 15 in the sequence with the pulse length constant. 
The peak intensity in each image has been scaled to the same height. For the last 
image where small scale beam break up is dominant at the temporal peak of the pulse, 
we observe that most of the energy is simply missing the focal region. From the 
point of view of laser fusion targets, this means that the peak power input needed 
to efficiently drive the implosion process is absent. Considerable care has been 
taken in staging the JANUS laser to minimize this effect. Prt-sently peak powers of 
up to 250 GW per beam can be focused onto i. 80 van diameter targets with f/1 lenses. 
However, only experiments with less than •»> 200 GW/beam are included in this report, 
since filamentation of the beam is becoming important in the distribution of the beam 
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energy. As part of the diagnostic equipment monitoring the experiments, a 10 asec 
resolution streak camera 1 1'" images the temporal behavior of the focused output 
beam at a position corresponding to the target plane. This serves both as a 
measure of the quality of the beam for an individual experiment, and as a measure 
of the gradual and unavoidable deterioration of the laser system optical components. 

Some early results of the laser driven implosion of a OT filled glass microsphere 
are shown in Figures 3a-3c. Figure 3a shows the target and laser input specifications 
together wit*i a summary of experimental results and computer code predictions'. 
Figure 3v shows the continuum x-ray spectrum from this target. The typical "two 
temperature behavior" characteristic of high intensity laser plasma interaction Is 
evident. The portion of t he spectrum between 2.5 and 7.5 keV is representative of 
Bremsstrahlung emission with the slope giving an Indication of the plasma electron 
temperature in the region near the critical density, and the portion of the '.pectrum 
above 7.5 keV resulting from suprothermal electrons generated by the non verse 
Breisstrahlung laser energy absorptioft. The computei code simulation of the x-ray 
spectrum is also shown in this figure. Figure 3c shows an x-ray micrograph' of the 
imnlosion with emission from the 2.5 keV region of the spectrum. The imprint of 
the illumination from the two f/1 lenses, and the resulting implosion, compression 
and heating of the fuel and pusher are clearly discernable. The reasonably close 
agreement between experiment and computer code simulation gave motivation for doing 
a series of experiments exploring some of the parameters of the exploding pusher 
type targets to serve both as a guideline for the direction of future experiments, 
and to improve our under standing of the physics of these simple laser heating 
implosion experiments. The matrix of parameters studied in these experiments are 
summarized in Table II. Section IV of this paper will be devoted to a detailed 
description of the individual series of experiments and the experimental results. 

Even excluding such obvious problems as prejulse damage and beam breakup, the 
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reliabllity in reproducing identical laser output parameters makes 1t imperative to 
treat each shot as a complex experiment in Itself. Due to the complexity of the 
laser-plasma fluid-dynamic interactions, data juxtaposition froro various experiments, 
is dubious at best. To this end, an extensive diagnostic capability has been 
developed at ILL for laser fusion experiments. The x-ray emission from the targets 
Is measured from 0.1 to 100 keV with K-edge filtered detectors and curved crystal 
spectrometers (Lead Stearate, KAP and RAP crystals). The spatially resolved x-ray 
emission was monitored by a 4 channel graiing incidence x-ray microscope of the 
•^rkpatrick-Baez' type. By combining glass and nickel mirror pairs with appropriate 
filters, 4 separate energy channels in the .8-3.5 keV region were imaged and 
absolutely calibrated, with a resolution of •<• 3 u. Figure 4 shows an example of 
the rather impressive x-ray emission coverage possible on a typical target shot. 
Note also the excellent absolute intensity agreement between the various instruments. 
A 15 psec resolution x-ray streak camera with 7 K-edge filtered channels froa 1.6 
to 17 keV monitored the temporal x-ray emission from the imploding glass shell". 
An example of the temporal behavior of the thermal continuum x-rays is shown In 
Figure 5. A detailed descriptic.i of the temporal history of an exploding pusher 
implosion experiment will be given in Section IV. The charged particle flux was 
measured with icn and electron spectrometers and Faraday cups. An example of the 
charge collector data and the reduced signal is given in Figure 5. The three peaks 
in the charge collector signal were seen on all successful shots and appears to be 
characteristic of the exploding pusher experiments. Figure 7 shows the average of 
seven electron spectra taken from similar target experiments. 

Energy balance measurements were performed utilizing 1.C5 urn optical calorimetry 
and photodiodes which measured the optical energy not coupled to the target. A 
typical angular distribution of scattered 1.06 urn light is displayed in Figure 8. 
Both the polarization dependence and the peaking of the distribution in the direction 
of the focusing lenses are evident. In addition, ion calorimeters5 measured the 
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asymptotic ion energy emitted from the target for a number of selected points with 
respect to the target. Fluor scintillator/PMT combinations measured total thermo­
nuclear neutron and a particle yield and the a particle energy distribution by a 
time-of-flight measurement". Time integrated optical imaging of the laser target 
interaction both in the scattered 1.06 urn and 0.53 v were recorded to aid in the 
interpretation of the expsriments. In addition, the 1.06 \m light transmitted and 
back reflected from the target was monitored with a 10 psec resolution stream camera 2 0. 
The converging beams from the two f/1 lenses were adjusted such that at the equatorial 
plane of the target, the beam diameter at the 1/3 intensity points equalled tha target 
diameter. This focusing scheme is much simpler than that employed by KMSF 2 5»"> 2 7 

or the JANUS 4TT illumination system " t " . Preliminary experiments Indicated that, 
for the JANUS laser, this focusing scheme maximized tha implosion symmetry, compression 
and neutron yield. This focusing scheme was followed for all the target experiments. 
A typical beam profile showing the time integrated energy density is given in Figure 8. 
The ring profile observed is due to two effects: The whole beam phase distortion 
caused by the intensity dependent nonlinear index of refraction effects, and a transition 
in the beam distribution to I/I 0 - exp(-r/r Q) 1 2 because of the dye cells and a small 
amount rf overfilling in the final two 8.5 cm aperture disk amplifiers in each beam. 

111. EXP10PIH6 PUSHER MODELING 
A. Results from Lasnex Computer Simulation 

From Reference 2 we can extract the following main events or charactertic 
features of exploding pusher target behavior*. 

1. The electron thermal wave 3 0* 1* driven by the absorption of laser 
liqht in the underdense plasma, supersonically penetrates the glass shell 
(pusher) and 0T fuel. This raises the pressure on the interior of the 
shell to about 1 megabar. 

* (The results were based upon a calculation performed for a 0.45 TW, 50 psec 
(FWHM) laser pulse focused on a 70 vim diameter Si0 2 microshell with a wall •>''* : i"'. <i in \t/!l a DT fill of 2 mg/cc). 
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11. The shell is thus ready to "jump off," however, before this 
happens, the following events havt; taken place. The fuel is heated 
rapidly to about 0.1 eV both by the electron thermal wave and 
radiative preheat. 
ill. A weak shock wave (y 10 K-bars) from the ablation front, heats 
the fuel to 1-1.5 eV. We note that up until now, the fuel electrons 
and ions h?./e been closed coupled, since the electron-ion collision 
tines have been relatively short. Using tei = 3.5x10° AT 3/ 2 we find 

n Z 2 JtnA 
th?t fur n "V/ 6xl0 2 0 cm"3 (corresponding to 2 mg/cc DT fill and no compression) 
and T < 1 eV, T * <. 0.15 psec. 
iv. Before the shell "jumps off," elect.ror conduction from the critical 
density absorption region takes the fuel electrons up to ^ 100 eV. 
However, now the ions are starting to lag behind, as r . increases from 

ei 0.15 osec at T = 1 eV to 150 psec for T = 100 eV. e e 
v. The shell "jumps off" with typical initial implosion velocities 
of (1.5-2)xl0' cm/sec. The shell (pusher) has only moved in about 10% 
of the inital radius at this time, and the typical absorbed energy per 
unit target mass is i 0.04 J/ng. 
vi. The pusher is preceded by a moderately strong shock wave (clearly 
the pusher acts as a piston driving a shock wave into the fuel) of the 
order of 1 megabar. This heats the fuel ions up to -v- 150 eV and 
determines the "initial temperation" for the congressional work, /pdv, 
that follows. 
v11. The ion temperature and density now increase due to the compressive 
work done on the fuel. The electrons do not tract the ions as T . 

ei 
continues to be of the order of 50-100 psec for the remainder of process. 
The fuel electrons are however in close "communication" with the pusher 
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electrons, and in fact, due to their high thermal conductivity 
remain at the same temperature as the shell electrons through out 
the compression phase. As such they do act as an energy loss 
mechanism for the fuel. 
viii. The pushsr finally stagnates as the fuel reaches a compression 
of the order of 100 and ion temperatures of the order of Z keV, which 
produces the observed number of thermonuclear reaction products. 

Simple Target Modeling 
Assuming uniform fuel conditions at the time of the thermonuclear reaction, 

the neutron yield can be written as 

H = n n n T <ov'' V T 

Here n D = n- is the final fuel number density of the D and T ions, and <ov> is the 
Maxwell averaged D-T cross section. 

n 0 = n T = n oC 

V -v r 0 V C 

<ov> "*. T? 

where n is the inital number density 

r„ is the initial radius o 
C is the volume compression 
a. i> T.'/ 2 is the ion speed of sound, and 

T. is the final 0-T ion temperature 
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we find that N \ nH

2r.l,C2,1Ji 

0 0 1 
For simpie scaling rules, the task at hand is now to determine how C 

and T- depend on the target tnd the laser input parameters. An inspection 
of <ov> vs T. shows that for the expected ion temperature range of ",-10 keV 
that 2.8< a <5.5 so that the success of any simple model depends crucially on 
an accurate determination of the final DT ion temperature, T.. Based on 
the comments in Section Ilia, and the discussion Figure 10, the following 
assumptions will be made. 

1. The final D-T ion temperature is primarily determined by the peak 
pusher velocity achieved. 

<!. This peak velocity is basically determined by the ratio of the 
"useful" ene/gy absorbed, Ec, and the target mass M.. To be 
consistent, only that fraction of the shell which implodes, should 
be used. However, since this is of the order of 40-503! of the total 
mass this constant will be "absorbed" along with the other numerical 
constants. Clearly energy which is absorbed after the target has 
disassembled is njt "useful" in producing the peak pusher velocity. 
Reference 2 was used extensively in developing the scheme to calculate 
this velocity. From assumptions 1 and 2 we find T. v E /My. 

3. Based upon the discussion of Figure 10, the useful energy E is defined 
as t c 

E c - /nP(t)dt (4) 
-co 

where P[t) is the laser power, typically of a Gaussian shape and ri is 
the fractional absorption, assumed to be independent of time and is 
determined experimentally. Tyoically n=0.25. 

The parameter t = t e + At 2 where t is the shell explosion or "jump off" 
fte } 

time and is defined as I / nP(t)dt)/MT = 0.04 J/ng, and At 2 is the time required 
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for the pusher-fuel interface to travel an additional 20% of the initial radius, 
r(t ) is assumeo to be * 0.9r . &t2 is found by assuming that v(t) is 
proportional to the square root of the energy absorbed up until that time and 
solving for t e+At 2 t y Z 

f^f^l * = 0.2 r 15) 
% 

here f is that fraction of the absorbed energy which goes into the kinetic energy 
the shell. By normalizing eq. (4) to the data in Figure 10, f was found to be 
% 0.25 for M.f = the total target mass. 

A graphic representation of this prescription for finding E c and a comparison 
of the resulting pusher-fuel interface trajectory with the Lasnex i-D simulations 
is shown ir Figure 12. The solid curve is the '-D result when the Gaussian 
input pulse is truncated at the time when the shell has moved in 30% of the initia 
radius. The dashed lines show the result of applying the prescription outlined 
above. This model is thus equivalent to assuming that the shell integrates the 
absorbed energy until the specific energy has reached 0.04 J/ng. fit this point 
the pusher-fuel interface has moved in a distance 0.10 r and acquired a 
velocity proportional tov.04J/ng. It then continues with velocity proportional 
to the square root of the absorbed energy at any given time. Now to determine a 
functional relationship for the compression we make the assumption that at t = t , 
the inward nioving pusher and the fuel are no longer affacted by farther absorption 
of laser energy. Itte further say that the inward pusher kinetic energy will be 
converted isentropically to work on the ions. This assumption ignores work done 
on t(r electrons and their loss of energy by conduction to the pusher. We also 
assume that the fuel is stagnated so that all the energy is "thermal." Then for 
an isentropic compression from t to the stagnation condition 
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T f - T, C ^ 1 (6) 

where C is the compression. 
Using the above assumptions we can write 

C K E ) s n e 1 1 »/«-C = 1 + (6-1) 2!£!L (7) 
e"e 

Now we say that 
C » 1 
( K E )snell ^ E c 

V c y_ (0.7r Q) 3 % r 0
3 

MT "" ̂ r o 2 where W is the wall thickness 

Pc " \ k Tc = O F n o k T c 
then since T is approximately constant and determined by E /M- = 0.04 J/ng 
end for 6 = 5/3 we get 2/ 3 _ u 

o o 
Combining eq. (2), (3) and (8) we find 

C * W rV (8) 

N , n or o=W ( E c / M T ) a + 1 / 2
 ( g ) 

We note that the simple dependence on n in equation 19) cannot be correct. 
The yield must certainly increase frrati zero as the fill, n , increases from 
zero. However, it must finally decrease as n becomes large enough to 
significantly lower then final temperature, T.. The simple model which WL 
have used to relate T. to E /H T and to determine E did not account for the 
initial fuel density, i.e. for high enough fuel density our prescriptions for 
t and At 2 are not correct. Clearly a more refined model must account for: 

i. The final compression is not isentropic and y is not constant = 5/3 
during the compression. 
ii. The D-T ion temperature must depend on the compression, and thus 

Ti " f(" 0) 
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H i . Changing n affects the electron ion collision times and thus 
the relative importance of the energy loss mechanisms during the 
compression. It is therefore clear that we have not properly taken 
into account the dependence on n . The question of target performance 
as a function of D- T fill will be discussed further in Section IV. The 
node1; is thus limited to examining scaling behavior for constant D-T 
fill, and where significant pusher velocities (y 107cm/sec) are achieved. 
The appropriate model equation is 

N - V W < W a + 1 ' Z (10) 
to test the validity of the model, the neutron yield was normalized 
to a specific Lasnex 1-D calculation2, and the neutron yields predicted 
from eq. (10) for a large range of target and input laser parameters were 
compared with the Lasnex 1-D calculations2. The results are shown in 
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figures 13 and 14. The reasonable agreement between this simple model and 
the detailed Lasnex calculations2 lends some after-the-fact credence to the 
simplifying assumptions made during the development eq. (10). It not only 
suggests that not too much of the physics was "swept under the rug", but 
that the picture of an exploding pusher that is defined within the limitations 
of the assumptions is a reasonable one. 
EXPERIMENTAL RESULTS 

a. Time Delay Series 
The first set of experiments discussed are the time delay series. As 

indicated in Table II, this series of experiments involved delaying the arrival 
of one converging laser beam focused onto the target, with respect to the other. 
All of the targets were Si0 2 microspheres with a nominal diameter of 80 vm and 
wall thickness of 0.7 um. They were filled with D-T at a density of 2 mg/cc. 

Figure 15a shows time integrated x-ray micrograph (in the 2.5 keV region), 
for the case where there was no delay between t(,e two beams. The imprint of 
the focused laser beams on the initial position if the 80 u diameter glass sphere 
is clearly seen. The final stage of the implosion or the remains of the glass 
shell at turn-around, is indicated by the x-ray emission from the central 
portion. The "valley" in the center of the picture shows that, the 
pressure exerted by the DT gas limited the final linear compression along the 
optical axis to o, 7. 

Figures 15b and 15d show the effect of delaying one of the beams 42 and 
84 psec, respectively, and finally, Figure 15d shows the x-ray micrograph of 
a target hit by one laser beam only. The deterioration of implosion symmetry 
is evident. The resulting degradation of neutron yield as a function of beam 
delay is shown in figure 16. From this result we can obtain one estimate of 
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the target implosion time scale. Extrapolation indicates that a beam delay 
of ~ 120 psec is equivalent to a one beam experiment. Conversely, the hydro-
dynamic implosion time scale is this of the order of 120 psec. Figure 17 
shows the variation of the x-ray spectrum as a function of beam delay. A 
reduction of the high energy spectrum with increasing beam delay is indicated. 
The asymmetry, of density gradients caused by increasing beam delay is a possible 
explanation for this phenomena. The arrival of the early beam acts like a 
prepulse for the opposite side of t!ie target, causing ionization and expansion 
prior to the arrival of the main pulse for that side. It is likely that the 
"plasma preparation" reduces the amount of suprathermal x-rays produced by the 
delayed beam. The apparent hardening of the spectrum (i.e., flattening of the 
slope of the high energy x-rays) with increasing beam delay is somewhat 
surprising, and the effect is within the experimental error bars. 

Referring back to figure 15,we note the progression of the stagnation region 
towards the left or the direction of the delayed beam. Hicrodensitomer scans of the 
four cases are shown in figure 18. Plotting the position of the center of the 
stagnation region awa\ from the original center of the target as a function of 
beam delay, produces Figure 19. From the slope on this x-t plot, we infer a 
typical pusher implosion velocity of ̂  2.1 x 10' cm/sec. Hicrodensitomer scans 
of x-ray micrograph pictures like the one shown in figure 15 indicate that the 
pusher typically travels 30-35 u before stagnating at peak compression. 
Combining this with the velocity indicated above, gives another estimate of the 
hydrodynamic implosion time scale, this one of the order 150 psec. Inspection 
of figures 15d and 18c, reveals that the pusher in the one sided experiment did 
not traverse the entire target diameter before stagnating. This is even more 
obvious upon examining figure 20, which shows the one sided x-ray micrograph 
image in the 0.8 keV region. The emission from the fluid dynamic convergence 
point (i.e. where the side that was heated by the laser converges and converts 
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parts of its kinetic energy to thermal energy before it expands again) is quite 
distinct, and only a few microns past the original target center. It is also 
equally clear that after convergence, the, now expanding, pusher only traversed 
^ 60S! of the original radio! dimension before stagnating. The only reasonable 
hypothesis is that the back surface acquired sufficient energy to move in 
'v 40% of the initial radius, but not sufficient energy to radiate. Assuming 
constant pusher velocities for both the front and rear surface, implies that 
the rear surface must have acquired roughly the equivalent 7.555 of the kinetic 
energy of the front surface. Or, if we believe in the equipartition of energy, 
absorbed the equivalent of 7.58! of the incident energy. Detailed Lasnex 
calculations2, indicate that this energy was transported from the absorption 
region by electron conduction through the glass shell. 

The scattered light distribution and the electron spectrum, shown in 
figures 21 and 22 respectively, complete the picture of the time delay series. 
The polarization dependence of the scattered 1.06 y light is evident frcm 
figure 21. Comparing figure 21 and figure 8, we notice that the effect appears 
to become more pronounced as the asymmetry of the incident irradiation 
increases. The hardening of the electron spectrum with increasing beam delay, 
figure 22, is at the present not well understood. 
Fill Series 

The effect of varying the D-T fill in the targets is most graphically 
illustrated on figure 23. Here we see x-ray micrographs (all in the 2.5 keV 
region of the spectrum) of four targets with DT fill of 0, 3, 5 and 7.5 mg/cm 3, 
respectively. All targets had a nominal diameter of 80 y and were irradiated 
by the nominal 35J, 80 psec pulse. The decrease in compression, or inversely, 
the increase in the distance of closest approach of the converging pusher, is 
evident. This distance of closest approach, A, is normalized by the target 
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diameter, D and plotted vs D-T I,JS fill in figure 24. The comment was made 
in section III, that we could not expect the model the predict the neutron 
yield variation as a function of D-T fill. This was primarily due to the 
complex relationship between compression, fill, final temperature and 
electron-ion coupling times and loss mechanisms. However, within the frame­
work of the model, we would expect that the compression alone, should not 
deviate significantly from the form indicated by equation 7. The curve 
predicted by this equation was normalized to the experimental value of fl/D 
for the 7.5 mg/cc fill experiment, and is shown in figure 24. The agreement' 
would appear to support the hypothesis made in section III,that in the final 
stages, the compression approaches the isentropic limit and that is using 
Y 1- 5/3 is not totally unreasonable although a y ^3/2 would probably fit 
the data just as weil. We note that in deriving the equation (same as above), 
a uniform l-D compression sequence was assumed. Inspection of figure 23 shows 
that the actual compression region is oblate with an aspect vatio of about 
2:1. The experimental quantity plotted, A/D, is proportional to the linear 
compression along the optical axis, and is thus only a measure of the linear 
compression. The effect of D-T fill on neutnn yield is shown in figure 25. 
As stated in section III, the model is only capable of predicting the fill 
effect in a qualitative way. Clearly, for no D-T fill the neutron yield is 
zero. Increasing the fill from a low value, to first order, we are simply 
providing more thermonuclear fuel to burn. However, for fixed laser energy 
on target, a point comes when the increased amount of fuel is offset by the 
decrease on compression and, consequently, also, in D-T ion temperature. The 
exact shape of the curve, with the "turn-over" point ocurring at ^ 2 mg/cc 
fill is predicted by detailed Lasnex calculations2. 

The other experimental data such as electron spectrum, asymptotic ion blow 
off and scattered light distribution is not shown, for the simple reason that 
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within experimental error, they showed no significant trends. 
Size Series 

The effect of varying the sizfc of the glass microsphere is illustrated 
in figure 26. X-ray micrographs (from the 2.5 keV region of the spectrum) 
show the results from 40, 60, 80 and 100 p diameter targets, respectively. 
The tendency towards a more spherically symmetric compression as the initial 
rad-'us decreases is evident. Since all the targets typically absorbed 20% 
of the incident energy, the increasing symmetry is most likely a result of 
the ,i»crease in incident laser intensity on the target (W/cm 2), As the 
inteasity increases, not only do we have a larger heat flux available for 
transporting the energy around to the equatorial plane, but the temperature 
gradient also increases. For the 40 urn diameter target, we observe that the 
conduction efficiency, or conversly, the effective conduction scale length 
had increased sufficiently to allow conduction to flow around and produce a 
nearly symmetric implosion. 

Since all these targets had the same initial D-T fill, we can use the 
scaling rules of section VII to predict the variation of neutron yield. This 
is a rather servere test of the model, since the laser FWHM was essentially 
kept constant for this size series. The ratio of fluid dynamic implosion time 
scale to the laser pulse could thus be expected to vary by a factor of •*• 2.5 
from the 40 um to the 100 pw target. The result is shown in figure 27. The 
solid curve is the model, and the agreement is imiecd reasonable. The two solid 
curves show the effect of varying the laser FWHH and tlw energy absorbed. For 
the actual experiments in the size series, the FKHM varied from 50 ro 75 psec 
and the absorbed energy varied fron -*• 4 to <*. 6J. 

The fraction of energy absorbed as a function of target diameter is shown 
in figure 28, and is seen to vary from about 23S to 28%. 

Using an absorption model that included the effects of resonance absorption 
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due to parametric decay Instabilities, Thomson et.al,1* computed the expected 
absorption as a function of target diameter. This is shown in figure 29. The 
reasonable agreement is additional evidence for the existence 
and importance of non classical absorption mechanisms for this regime of laser 
plasma interaction experiments. (We note that absorption due to inverse 
Bremsstrahlung alone, only accounts for less than 1/5 of the actual absorbed 
energy). 

The x-ray spectrum from the size series is given ii Figure 30. The increase 
both in magnitude and hardening of the Irgh energy tail, with decreasing size 
is clearly indicated. This trend is to be expected froni the increase in 
intensity at the target surface. Since both the input energy and the laser 
pulse length were kept constant, we have a six fold increase in intensity in 
going through the diameter range of these experiments. The dependence of 
resonant absorption on intensity has been calculated and the hardening of the 
high energy x-ray spectrum agrees well with code predictions. 
Other- Experimental Results 

The first confirmation that the neutrons produced in these experiments 
came from thermonuclear burn conditions was demonstrated with o particle 
time of flight measurements. Figure 31 summarizes the principles of the 
experiment. Experimental ion temperatures of 1.8-3.0 keV were deduced from 
the thermonuclear burn products by measuring the broadening of the 3.5 MeV 
o particles. These results are in good agreement with detailed LASNEX 

2 calculations. 
in the previous sections, neutron yields and x-ray intensities have been 

discussed based upon normalization by the absorbed energy. The actual absorbed 
energy was determined in one of two ways. The most accurate and most satisfying 
from the experimental point of view, involves using the "box calorimeter" 
shown in figures 32 and 33. This is essentially a total calorimeter that 
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completely surrounds the target with the exception of holes for the 
converging laser beams, target insertion and x-ray and side-viewing 
diagnostics. With conventional calorimeters measuring 1.06 v energy 
transmitted and reflected through the f/1 lenses, the box calorimeter covers 
"v 30% of the total remaining solid angle, and measures the optical energy 
not coupled to the target. The data presented in figures 28 and 29 were 
based upon measurements mada with this calorimeter5. Figure 21 shows the 
percentage of energy absorbed for the three series of experiments. Clearly, 
using the "box calorimeter" excluded most other diagnostics. In most cases, 
the energy absorbed was inferred from the optical energy balance. Here, 
the optical energy not coupled to the target in the solid angle region excluding 
the two f/1 lenses, was deduced by 15 PIN diodes located in and out of the plane 
of polarization of the incident beam. Although there is more scatter in this 
data, the numbei-s are generally consistent, with i< 25£ of the incident energy 
being absorbed1* >6. 

From the photodiodes, one can also obtain information on the angular 
variation of the light that has interacted with the plasma'. This has already 
been shown in figures 8 and 21. A very definite polarization effect is seen, 
particularly for the one-sided target shots and is consistent with enhanced 
resonant absorption in the plane of polarization of the incident light. 
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SUfWARY 
Exploding pusher experiments have been performed utilizing the LLL 2 

beam laser system, JANUS. A significant fraction of the parameter space 
that affects the perfonnance of these type of experiments have been explored. 
A simple model has been developed and when normalized by experiment or 
LASIIEX calculations it can be used to scale results for pulse length, wall 
thickness, and target radius. It does not produce the proper functional 
relationship for initial fuel density. The model also illucidates the 
physical processes occuring in these targets. The salient features of 
the experiment are listed below: 

1. Experiments indicate implosion velocities of (2-3) x 10 cm/sec with 
the magnitude scaling as the useful absorbed energy/target mass. 

2. Velocities of (2-3) x 10 and (20-60) r.g target mass suggest that 
exploding pusher targets have a relatively poor coupling of absorbed 
laser energy into hydrodynanric compression. 

3. Experiments indicate that the simple scaling of N •*. Wr (Ec/M,)° ' 
adequately describes the target performance for fixed D-T fill experi­
ments. 

4. The implosion symmetry is greatly enhanced at higher intensities 
% is 2 (£ 10 W/cm ). 

5. Resonance absorption appears to be a significant factor for our 
focusing of the laser intensity onto the glass shells with f/1 lenses. 
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TABLE I 

TYPICAL RESULTS FOR EXPLODING PUSHER LASER FUSION TARGETS 

Incident Energy (2 beams) 28J, 75 psec 
Absorbed Energy 7J 

Number of 14.1 MeV neutrons i. 10 6 

D-T Ion Temperatures from a-particle (1.5 - 2.5) keV 
Time-of-Flight 
X-Ray Energy "-0.1IJ 
.3 keV < hv < 17 keV 

Ions Assuming A/Z=2, up to % 65$ of absorbed 
energy is recovered in ions with > 55 keV 

Ratio of light scattered i.and II tc plane of polarization of incident light can 
be as high as 4:1. 

Res! Pusher Implosion Velocities •v. 2.5 x 10' cm/sec. 
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TABLE II 

EXPERIMENTAL MATRIX FOR EXPLODING "USHER LASER FUSION TARGETS 

All experiments done using JANUS 1.06 u Nd-Glass laser, with the focusable power 
per beam 'v, 0.2 TW. 

All targets were Si0 2 DT filled glass microspheres with a wall thickness of t 0.6 pm -' 1.0'pm. 

Experimental Series #1: Beam Simultaneity 
Diameter = 80 ym, D-T fill = 2 mg/cc 
Delay one beam relative to the other (,elay s At) 42, 84 and « psec 

Experimental Series #2: Target Fill 
Diameter = 80 urn, No time delay (At< 3 psec) 
Vary the D-T fill from 0 - 8 mg/cc 

Experimental Series A3: Target Size 
D-T fill = 2 mg/cm 3, No time delay (at< 3 psec) 
Vary the microsphere diameter from 40-100 ym 



Fluid dynamic instabilities 
Plasma instabilities 
Entropy change 
Pulse shaping 
Target manufacturing tolerances 
Implosion velocities 
Density 

Exploding pusher Isentropic, high density 

Not sensitive Critical 
Not sensitive Critical 

Large Minima! 
Not required Required 

Low High 
~ 5 X 10 7 cm/sec ~ - 5 X 10 7 cm/sec 

~ 1 - 10g/cm 3 ~ 1000 g/cm 3 

(peak density achijvable) (required for efficient burn) 

Figure 1 
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CONSTRUCTION OF THE BOX CALORIMETER 
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FIGURE 33 
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