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April 1975 

ABSTRACT 

LBL-3257 

Freely falling 50-]..lI1l diameter deuteritun pellets are irradiated on 

one side with a ruby laser pulse of 1 ns rise time. It is found that the 

freelyexpandin~ plasma has ali asymptotic density distribution which is 

shell like. The observed laser-pellet interaction time, expansion velocity, 

and 8;symptoticdensity distribution are found to be in good agreement with 

a simple model for the ablation and acceleration of the pellets. The total 

number of ions produced is about 5 x 1015. This is consistent with com

plete ionization of the 50-~m pellets. The plasma is given an energy on 

the order of 100 eV per particle when the laser intensity is 1012 watts/cm2. 
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INTRODUCTION 

Since the invention ()f the giant pulse laser, scientists have been 

studying the interaction of illtense laser light with matter. Laser-pro

duced plasma can be made by focusing the light in a dense gasl or by fo

cusing it onto solid matter. Laser-produced plasmas have been made with 

thfu and thick fOils 2,3 as well as with small pellet targets. In "pellet 

. plasmas" the focal spot'size of the laser is larger than the target size 

but for laser produced "foil plasmas'i the focal spot is smaller than the 

target. 

The advantage of laser-produced plasmas over others is that they 

can be very pure. The advantages of pellets over foils and gas targets 

are that the plasma produced is isolated and can be nearly fully ionized. 

In this experiment, SO-llffi diameter deuterilDTIpellets are used as 

the targets for laser irradiation with a focal spot diameter in excess of 

100 urn. Some of the advantages ~f hydrogen or its isotopes as the pellet 

material are the foll()wing: the plasma requires less energy to fully 

ionize, its recombination and ionization rates are known, and since it 

has only one stage of ionization, one can count ions by simply measur-

ing charge. 

DeuterilDTI pellets of 100-400 llffi size have been produced and irradi

ated. 4-6 However, in order to get a fully ionized plasma of greater than 

100-eV ions, using a 10-J laser, it is necessary to use smaller pellets. 

Uses for laser-produced pellet plasmas other than the study of the 

interaction of the plasma with the magnetic field include confinement 

d · 6,7 1" . . b'" d d h k d" stu les: Ine-tY1llg exper1ments, 1llsta Ility stu y, an s oc stu Ies. 

Laser-produced plasmas trapped in a magnetic field can also be used as 
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targets for neutral beam injection. 8 Another more ambitious use of laser 

plasma is the creation of miniature thennonuclear explosions by com-

pressing and heating pellets (~ 0.5 nun in diameter) wi th high-power 

lasers. 9 

Norte of the experiments on the expanding plasma reported to date 

have used truly isolated pure solid hydrogen pellets freely falling in a 

vaCUlDD and at the same time small enough to become fully ionized. Our " 

techniques of pellet production and irradiation are described else-

h r 10,11 wee. 

Haught, Polk, and Fader have extended a model first proposed by 

Dawson12 for the heating and expansion of laser pellet plasmas l3 -15 and 

have compared it to their experiments using LiH pellets. 13,15 In the 

free-expansion case, usingtime-of-flight measurements, they found good 

agreement between experiment and theory for the energy of the plasma as 

a function of the pellet size and laser pulse width and amplitude. lfow-

ever, the measured asymptotic radial density distribution is not in agree-

ment with the theory. The latter predicts a Gaussian asymptot ic 

density profile while a more shell-like profile was observed. 15 

Although Haught and Polk's model has its weaknesses, it is a good 

model for very small pellets. From Lubin' s16 data the theory appears 'to 

work well for pellets under 25 ~m in diameter. Mattioli and Veron have 

shown that the model does not seem to fit the experimental heating of 

50 ~ and larger diameter LiH pellets. 17 They have shown experimentally 
12 ' 2 

that a square pulse of 20 ns length at 1.5 x 10 WI on IS requi red to 

"burn through" a 50-~ diameter LiH pellet and that a 40 ns pulse is 

':' 
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not long enough for a 120-jJIIl diamet~r pellet at 1.5 x 1012 W/0112. They 

alsoshow'that the expansion is spherically symriletric, if; and only if, 

the pulse is' long enough to burn through the pellet. They tried using 

an ablation model developed by Caruso and Gratton18 but did not find good 

quantitative agreement with the ''burn'' time. They concluded that more work 

needed to be done on the theory of heating .. We shall use the word "burn" 

as synonymous with "ablate" in this paper. 

A description of the interaction of a ruby laser at ¢:: 1012 , W/0112 

with a SO-jJIIl deuterii.m foil is given by Mulser,Sigel, and Witkowski. 19 

Qualitatively this description also applies to a pellet hit from one side. 

The model isa'hydrodynamicmodel with inverse bremsstrahlung as the main 

heating mechanism accompanied by a compression wave propagating forward 

and preheating the ove'rdense'material. Mulser ,et al., have also done 

sonie numerical simulations of the interaction of a laser with a 100-1Jl11 

deuterium pellet, again based on a hydrodynamic model with inverse 

bremsstrahlung as the heating mechanism. They found for a power flux equal 

to 5 x 10l2W/cm2 essentially all the absorption takes place in a region 

small compared to the dimensions of the pellet and having a density below 

12 2 the critical value nco For power less than 5 x 10 W/cm a substantial 

fraction of the energy incident on the pellet is absorbed. 1'his computer 

simulation also includes thennal conductivity, and it was found that for 

cp ~ 1013 W/ an2 'thenna1 conductivity is of Ii ttle iIIiportance in the heating 

process. 
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" . 

SIMPLE KlDEL OF PLASMA FORMATION AND FREE EXPANSION 
, , 

In light of the above corrunents on the role.ofthennal conduction 

pertaining to heating of the pellet by a laser, it seems that a model 

using zero thennal conductivity may better describe the laser pellet in

teraction. To construct such a model, we will divide it into the following 

time sequence: (1) early, (2) intennediate,and (3) late. The early time 

starts with irradiation and ends when the. shock reaches the back of the 

pellet. It is important that the rise-time of the pulse be shorter than 

this time if· our model is to be applicable. The "late" time statts when 

the pellet becomes translucent to laser light, so that volume absorption 

sets in, and ends when it becomes completely transpartent. In·the fol

lowing discussion of the detailed physics of the over-dense plasma 

(n > ne), a one-dimensional model is used. This is justifiable because 

radial expansion is greatly suppressed by the presence of the laser beam 

when the pellet is initially much smaller than the focal spot. As the 

dense plasma (henceforth called the pellet) tries to expand laterally 

across the laser beam, the density on the edge drops and the interface of 

laser absorption extends back. Thus, pressure due to ablation is applied 

to the sides as well and impedes radial expansion of the compressed 

pellet (see Fig. 1). 

1. Early Time 

A simple semi -quantitative description of the early interacti.on 0 f a 

SO-~m deuterium pellet with a ruby laser at intensities near 1012 W/cm2 

can be given by using the assumptions listed below. (Most of these are 

supported by the results of Mulser, et al. 19 described above.) 
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(a) All of the absorption takes place in a distance shott COIll

pared to the pellet dimensions: However, in contrast to Mulser, et al., 

and to Caruso and Gratton, we asswne the absorption to be concentrated 

in the narrow region where n is near and slightly above n . . c 

(b) All of the energy incident on the pellet is absorbed, and 

thermal conduction is ignorable. 

(c) The energy. going into the shocked material is slhall compared 

to the total aJllount absorbed in the pellet frame of reference, i. e., mos t 

energy is in the abl~ted material. 

(d) Ionization energy and radiated energy are negligible. 

(e) All phases of deuterium obey the ideal gas law. 

Cf) The only forces on the plasma are hydrodynamic in nature. 

(g) The deflagration of the pellet due to the laser energy is a 

Chapman-Jouguet deflagration. 20 

In a Chapman-Jouguet deflagration; the "burn" front observed from 

h hI d . 1 h d d f h d' . 1 20 tea ate materIa moves at t e soun spee 0 t e expan Ing materIa . 

Thus in the pellet frame the energy flux leaving the.peUet is 

(
!2· m.C2 + -25 kT ) n C = ~L' . 1 CC C C 

(1) 

where m. = mass of ion, T = T. + T at n , and C . is the sound speed 
. 1 C 1 e c c 

at the point where the density is equal to n . The laser energy flux . c 

~L is asswned constant. Since C2 
= ykT 1m., withy = 5/3 we obtain c c 1 

=~~)1/3 
Cc 2 n m. 

c 1 

(2) 
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This relation can be recognized as similar in ·fonn to the result 

obtained by Bobin, et' al. 21 It is much simpler than the latter because 

we have neglected both the relatively small radiation loss and the in

ternal energy in the compressed pellet, and we have expressed the energy 

in the (moving) pellet frame. It has the same dependence on 4>L because 

both models involve a deflagration process with strong absorption of the 

incident laser flux: in a thin layer of plasma that is already "ablated" 

and expanding so that its density is dropping just to the critical value, 

ncO For these conditions the same result has also been inferred by 

Puell. 22 If this last simplifying assumption is dropped and the heating, 

described by classical inverse bremsstrahlung, dominates throughout the 

underdense streaming plasma, (c 

only slightly from our 4>tI3 . 

~2/9. b . ed 18,19,22 h· h dOff ~ WL IS 0 taln , W IC lers 

Finally, because practically the entire energy ends up as kinetic 

en~rgy of streaming ions, the asymptotic (exhaust) velocity of the 

evaporated plasma in the pellet fraine, Vex' becomes 

~
44> 1/3 

V = 2C ~ ~) ex c ncmi 
(3) 

The time to "burn" through the pellet is t b , where 

(4) 

in which nO and La denote the initial density and diameter of the pellet. 

The shock propagation for a time LOIVs' i.e., at the end of the "early 

time", and the density of the pellet at this time is shown in Ref. 19 

(their Fig. 3). At this point, about 1/8 of the pellet is ablated. Note 

that the original shape of the pellet is relatively unimportant since 
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the shock-compressed material is in a fluid state and preslllnably acquires 

a smooth surface quickly (see Fig. 1). Moreover ,the material is flattened 

by the strong compression so that the one-dlmensional model may represent 

a fair approximation. 

2. Intermediate, T:une 

Siricethere is a 'vacutml on the left end of the pellet, a complete 

rarefaction forms with the front edge traveling at 3Cforward. 20 This c 

simple rarefaction wave propagates back through the compressed pellet at 

the sound speed Cs and finally reaches the def1agration region. Up to 

this time the density and velocity of the plasma as a function of dis

tance and time are given by Courant and Friedrichs. 20 At this point, 

about 18% of the pellet is gone and the problem ,becomes more difficult. 

However, the evolution can be mode1ed,further by using the results of 

Courant and Friedrichs as the initial conditions, and the boundary con-

dition that the pressure is constant and the pellet is ablating at the 

rate necessary to maintain this pressure. Thermal conductivity is ignored 

and the adiabatic law is used. 'The results are shown in Fig: 2. 

3. Late in Time 

After t/~ = 0.9 the thickness of the pellet (full width at half 

maximtun of the density} is about 1 wavelength. Thus the pellet becomes 

translucent, leading to volume absorption much as described by liaught 

and Polk. 13 The acceleration stops, resulting in a three-dimensional 

rapid expansion of the pellet and it soon becomes transparent. 

ASYMPTOTIC DENSITY DISTRIBlJrION 

The quantity which is of the most practical significance and one 

of the most measurable is the asymptotic23 densi tydistr ibution of the, 
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plasma produced by such an interaction. The problem of finding the 

density distribution in space becomes tractable if the deformations of 

the pellet described above are ignored and the pellet· is asslUned hard, III 

the sense that the velocity is uniform throughout the pellet. If this is 

the case then the velocity of the pellet is described by the well- known 

rocket formula 

(5 ) 

where 
IT 

fO rce )Vce ) cose sine de 
f = P P P P P (6) 

V flT r(e) sin8 d8 ex 0 p p p 

is the fraction of ablation flux transferring momentlUll to the pellet along 

the beam direction. In this expression r(8) is the number of ions per p . 

steradian per second going into the angle 8p wIth velocity VC8p) in 

the pellet frame. In order to compare V ·to the velocity of the deflagra-p 

tion front in the laboratory frame of the previous model, f.Vex must be 

set equal to 8/5 Cc ' The plot of the velocity of thedeflagration front 

of both models is shown in Fig. 3. For O.2<t/tb<O.9 both models 

give essentially the same result. Thus the hard-pellet model gives a 

good approximation to the velocity of the deflagration front 1ll the 

laboratory frame. The greatest differences occur early and late in tbne. 

To proceed with finding the density distribution under this hard

pellet assumption, assume axial symmetry about the laser beam and let 

8L = angle in the laboratory frame with respect to the laser beam. Also 

assume that Ve8 ) and fce ) are time independent so that f is constant. p p 

From geometry, 

/ 
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vee ) sine = Y sineL p P. r 

Y cOSS
L 

= V(S ) cosS + V r . p. p p 

r/t = V = radial velocity in the o . r 
laboratory frame. 

Now define NCSp) -

density distribution is 

r CSp) tb' It can be 
10 

shown.that the asymptotic 

nCr ,e
L

) , where 

N(e) 
p 

Yp/fVex 
e 

(
dYee ) 

V(e)f de p sine + Vee) p . p p 
p 

1 

t\! o ex 

(7) 

This relationship is used to compare observed density distributions, or 

rather, plasma fluxes, with simple ablation models. 

-' EXPERIMENTAL RESULTS AND 'CCNPARISONS TO SIMPLE M)DEL 

The asymptotic density distribution'is measured by six coaxial charge 

collectors and the burn time is measured by two photo diodes. The charge 

collectors are located 8cm from the zap zone approximately on the axes 

of a three-dimensional coordinate system with the laser light coming 

down one axis. Forward refers to the direction the laser light is propa-

gating and backward is the opposite direction. 

The observed probe currents decrease faster than I/t4. Therefore, 

the density distribution is shell-like and it seems reasonable to fit the 

data to the .above described model. The particle current arriving at a 

charge collecting probe of solid angle dDL can be found to belO 

Nce) 3 

vT3 R I=y .-.---
ep .. t\r ex 

1 Yp/fVex dDL r e "dY:-:'CC..-::e-JO:--------· 
-T;,.---A-P- sine. + Vee ) cose 
~ p p ~ 0 p 

( 8) 
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Figure 4 shows the fit achieved using the hard-pellet model. The fit is 

a least-squares fit of the probe currents to this equation, with 

rca) = A cosele and vca ) = V xCI - B sine ), where A, B, and ex are p p - pep. 

the fitting parameters and Vex is found by measuring the time of the cur-

rent peak of the back probe: V :: R/t, where R = distance of the probe ex p 

from the zap zone. A is a normalization constant and ex and B parametrize 

the nature of the deflagration . 

. In the data analyzed (six typical shots) the value of ex = 2. O±O. 3 

and B = 0.33±0.06. The ± includes the full range of values found. The 

asymptotic density distribution from such N(e ) and vee ) is shown in 
p. p 

Fig. S. 

If one assumes that the plasma comes off the pellet normal to the 

critical surface, where n = n , and travels in straight lines with re-
c . 

spect to the pellet, then by using the experimentally determined N(e ) 
p 

andVCa) the shape of the deflagration front can be calculated and the p . 
results are incorporated in Fig. 1. The shape is very similar to what 

would be expected from the discussion of the detailed model. 

The sudden change in the rate of fall of the back current signals 

may be a consequence of the arrival of the rarefaction wave at the de-

flagration front. The poor fit to the forward probe signal is understood 

from the description of the late part of the burn. Once the pellet be-

comes translucent it is so thin that it quickly becomes transparent. 

Thus, nruch of the forward going plasma travels at the velocity which thtf' . 

pellet had when translucency occurred and arrives at the probe at the-same 

time, producing the narrow spike. By comparing this pellet velocity to the 
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exhaust velocity, the time during the burn at which translucency occurs 

can be measured. The relative time of the forward peak with respect to 

the back varies slightly from shot to shot and the times of arrival are 

nearly equal, thus translucency occurs when V ::: V Now, if 
P ex 

NCap) a: cosle and Vee) = [1 - (1/3) sine ] V , we find f 0.6 P P pex 
so that Eq. (5) yields t ~ 0.8 ~. 

At this point, 'if it were not for lateral expansion, the length 

of the compressed pellet would be 2.5 llm or about 3.4 free-space wave-

lengths. This is too thick for translucency. However" if we aSSlDTle in 

Fig. 1 that the original pellet corresponds to the nearly vertical portion 

of the pellet profile, then the average pellet radius has increased about 

,50%. Thus the area is about doubled and the length of the pellet is hal ved. 

This would mean that the pellet is 1~7 wavelengths long at translucence, 

which is a more reasonable value. It appears to be necessary that the 

pellet expand before radial confinement becomes effective. 

The two photo diodes are calibrated with the help of an optical 

calorimeter~ The difference of the input and output photo diodes is used 

to measure the burn time, and the amplitude of the input is used to rnea-

sure the laser power. Figure 6 shows the graph of Eq. (3) for V as a , ex 

function of 4>L along with measured values of Vex and 4>L. There seems 

to be reasonably good agreement here, corroborating the results of 

Babin, et al. 21 Figure 7 shows the laser pulse output and the difference 

signal. The measured absorption time is about 16 ns. Taking into account 

the radial expansion described above and substituting into Eq. (4), we 

find 
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Now, since the absorbed power IS 12 MW, 12 CPL = 0.2 x 10 and so the ex-
/ 

pected ~ = 14 ns. Thus, the model and experiment are consistent. 

Incidentally, if LiH· is the pellet· material and Nd glass is used 

-1/3 . for the laser, then tb = 25 CPL ns. So for 50-~ pellets at 

<1>L = 1. 5 x 1012 ,. tb = 21 ns. This is in good agreement with the experi

mental results of Mattioli and Veron. l ? 

SUMMARY AND CONCLUSIONS 

We have made and irradiated on one side, freely falling 50-~nl 

deuterium pellets with a fast rising ruby laser pulse. It was found that 

the freely expanding plasma had an asymptotic density distribution which 

was shell-like. The burn time, expansion velocity, and asymptotic Jensity 

distribution were found to be in good agreement with a simple model of 

the ablation and acceleration of the pellet. 
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F I QJRE LEGENDS 

Fig. 1. The pellet is irradiated from the right and ablates on the sides 

as well as on the back surface (facing the laser). 

Fig. 2 .. Predicted location and density distribution bf compressed pellet 

at various times. The laser beam is incident from the right. After 

the rarefaction wave reaches the deflagrationfront, the "pellet" 

is recompressed. 'Ibese density plots are found by a simple computer 

calculation. Note the dramatic shifts in the origins of the position 

scale. ' x =0 is the position of the back edge of the pellet at 

lb :: t/~ = o. 
Fig. 3. The velocity of the deflagration front in the hard pellet model 

compared tb the more detailed calcuiation. Both are one-dimensional 

. calculations. 

Fig. 4. Fit of simple theory (--) to the coaxial charge collection 

data (--~) in six directions. 

Fig. 5. Asymptotic density distribution for the nonthermally conducting 

hard-pellet. model with N(ep) oc cos 2e and Vee) = V (1 - 1/3 sine ). p p ex p 

Forward moving cloud produced during late phase is not included. 

Fig. 6. The exhaust velocity of the laser-produced plasma as a function 

of laser power. The solid line is what is expected from the simple 

model, asslDlling complete absorption. The large·. error bars on <P 

are caused by uncertainty in laser output and focal spot intensity 

distribution. 

Fig. 7. Burn time measurement of 50-~m deuterium pellets. 
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.--_______ LEGAL NOTICE---------......, 

This report was prepared as an account of work sponsored by the 
United states Government. Neither the United States nor the United 
States Energy Research and Development Administration, nor any of 
their employees, nor any of their contractors, subcontractors, or 
their employees, makes any warranty, express or implied, or assumes 
any legal liability or responsibility for the accuracy, completeness 
or usefulness of any information, apparatus, product or process 
disclosed, or represents that its use would not infringe privately 
owned rights. 
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