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ABSTRACT 

Apparatus is described which produces 50 u deuterium pellets. The 

pellets are sliced from a continuously spun solid deuterium thread at a 

rate of up to 10 pellets/sec. The methods of thread production, sl ic ing, 

and pellet collimation are discussed. Techniques for detection and 

irradiation, on one side, of these freely fa l l ing pellets with a fast 

rising ruby laser pulse is also described. I t is found that the freely 

expanding plasma has an asymptotic density distr ibution which is shell 

l i ke . The observed burn time, expansion velocity, and asymptotic density 

distribution are found to be in good agreement wHh a simple model of the 

burning and acceleration of the pellets. The total number of ions 

produced is t 5 * 10 1 5 consistent with complete ionization of the SO u 

pellets. The plasma is given on the order of 100 eV per particle when 

the laser energy f lux is 10 1 2 watts/cm2. 

This plasma is also created in a magnetic f ie ld and i ts total mass 

and energy are measured by a large non-interacting magnetic loop probe and 

is found to be consistent with that measured by a large charge collector. 

The plasma motion perpendicular to the magnetic f ie ld is arrested with 

l i t t l e or no actual plasma bouncing observed. This strong damping seems 

to be caused by either turbulent mixing or anomalous resistivity or both. 

The plasma appears to be elongated in the direction of the laser beam 

and the flux exclusion of the plasma is seen to decrease by only a factor 

of about 2 immediately after peak. These effects seem to be caused by 

the in i t i a l density asynroetry and are shown to be consistent with a simple 

asymmetric expansion model. 
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IMTR0EUCT10N 

Since the invention of the giant pulse laser, scientists have been 

studying the interaction of Intense laser light with matter. Laser-

produced plasmas can be made by focusing the light in a dense gas or by 

focusing i t onto solid matter. Laser-produced plasmas have been made 
2 3 

with thin and thick foi ls as well as with small pellet targets. In 

a thick target the laser does not "bum" through the material as i t does 

in thin targets. In "pellet plasaas" the focal spot s ize of the laser is 

larger than the target size but for laser produced "foil plasmas" the 

focal spot size is smaller than the target. 

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

can be vtty pure. The advantages of pellets over foil and gas targets 

are that the plasma produced i s Isolated and can be nearly fully ionized. 

In our experiment 50vdeuterium pellets are used as the targets for 

laser irradiation. Some of the advantages of hydrogen or i t s isotopes 

as the pellet material are the following: the plasma requires less energy 

to fully ionize, i t loses less energy through line radiation and brems-

strahlung, i ts recombination and Ionization rates are known, and since 

i t has only one stage of ionization, one can count Ions by simply measuring 

charge. 

Deuterium pellets of 100-400 u size have been produced and irradi­

ated. ' " Hoifever, in order to get a fully Ionized plasma of greater 

than 100 eV ions, using a 10 J laser, i t 1s necessary to use smaller 

pellets . 

Uses for laser-produced pellet plasmas other than the study of the 
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interaction of ths plasma with the magnetic field include confinement 

studies, line-tying experiments. Instability study, and shock studies. 

Laser-produced plasmas trapped in a magnetic field can also be used as 

targets for neutral beam injection. Another, more ambitious, use of 

laser plasma is the creation of miniature thermonuclear explosions by 

compressing and heating pellets (- 0.5 mm in diameter) with high-power 
q 

lasers. 

Hone of the experiments reported to date have used truly isolated 

pure solid hydrogen pellets freely falling in a vacuum and small enough 

to become fully ionized. I t 1s the purpose of this experiment to produce 

and Irradiate such pellets, to obtain a better understanding of their 

conversion into a fully ionized plasma, and to observe the early phases 

of expansion of the resulting plasma cloud with and without a pre-existing 

initially uniform magnetic field. The principal features of the experi­

mental arrangement are most easily recognized with the help of Fig. 0. 

Chapter I contains a discussion of the important studies that have 

been made of the laser interaction with LiH pellets. I will also discuss 

what work has been done related to the interaction of these plasmas with 

a magnetic field. In Chapter I I some simple models are presented of the 

laser pellet interaction and the plasma interaction with a uniform magnetic 

field. In Chapter I I I these models are compared to experimental results. 
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1 . HISTORY OF OTHER WORK WITH LASER-PRODUCED PELLET PLASMA 

A. Work Done on Laser Pel let Tnteractiun and Freely Expanding Plasma 

The following is a summary with comments on what I consider to be 

the important work dene in the area of heating and frea expansion of 

laser-produced pel le t plasmas. Most of the experimental studies have been 

done with LiH pellets that are suspended in a vacuum by ac electric f ie lds . 

A. F. Haught, 0. H. Polk, and W. J . Fader have extended a model 

f i r s t proposed by Dawson for the heating and expansion of laser pellet 

plasmas ' and have compared i t to their experiments. • In this 

hydrodyna.iric model the inverse bremsstrahlung absorption is computed for 

each volume element of the plasma. The total absorbed energy is d i s t r i ­

buted to a l l the particles in the plasma through a spacially independent 

source term in the energy equation. Because of this a r t i f i c i a l red is t r i ­

bution of energy, the plasma assumes a Gaussian density profi le quickly 

and maintains i t throughout the expansion. Thus, a simi lar i ty expansion 

can be used even during the heating which simplifies the calculation 

considerably. Haught e t a l . found that the thermal conductivity term in 

the energy equation had l i t t l e effect and was subsequently oropped. Indeed, 

i t would be inconsistent to keep i t since, in e f fec t , an in f in i te thermal 

conductivity is used in the above described redistribution of absorbed 

energy. 

In the free-expansion case, Haught and Polk, using t ime-of-f l ight 

measurements, have found good agreement between experiment and theory for 

the energy of the plasma as a function of the pel le t size and laser pulse 

width and amplitude. However, the measured asymptotic radial density 
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distribution is not in agreement with the theory. The latter predicts a 
gaussian asymptotic density profile while a more shell-like profile was 

11 13 
observed. Three-body recombination was suggested by Haught and Polk, 
but they concluded that this was not sufficient to account for the low 
density observed in the center. It also does not explain the discrepancy 
at large distances from the origin. 

This failure to predict a shell-type expansion can be traced to the 
invalid assumption of uniform temperature. It was based on the fact that 
"...the thermalization time is significantly less than the plasma expansion 
tine." Even though this statement is marginally true, it is not strong 
enough to justify the use of the spacially uniform source term in the 11 12 energy equation. * The necessary condition to be met is 

W « KrT , (1) 

where W is the absorbed laser power, K is the thermal conductivity, r 
is characteristic dimension of the plasma, and T is the temperature. 
This inequality states that the temperature drop necessary to transport 
the absorbed laser power across the plasma is small compared to the 
temperature of the plasma. How, using Spitzer's K as Haujht and Polk 
did and using their computed results, we ge. 30 < H/KrT < '•} during 
the time when U is above 10 ergs/sec. This means inequality (1) is 
not satisfied during any of this time. Thus, the use of a spatially 
independent source term is not justifiable. 

The reason the observed radial density profile is mon; shell-like 
than predicted by the theory can be explained as follows. Intuitively, 
where the plasma has the higher radial velocity it will also be less 
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dense. Consequently, since the heating por electron i s proportional to 

the density, the regions of high density and low radial velocity will be 

heated more. This leads to larger radial acceleration of the low velocity 

regions and less acceleration of the high velocity regions than predicted. 

Thus, a more uniform racial expansion velocity and therefore a more shell­

like asymptotic density profile i s observed. A detailed model using zero 

thermal conductivity Is presented in Chc+ter II. The asymptotic density 

profile predicted by this model i s indeed shell-l ike. 

One would expect that the Infinite-conductivity assumption would 

tend to make the predicted absorption higher than observed sinco the 

dense regions, where most of the absorption takes place, are artificially 

cooled and thus remain more absorbing because of the temperature depen­

dence of inverse bremsstrahlung. The good agreement can possibly be 

explained by the fact that Dawson's absorption coefficiant which Haught 
la e t a l . used is in error by a factor of two, thus giving an offsetting 

15 error. Lubin et al also did a study of the freely expanding plasma. They 

measured the average energy per particle by arrival times at charge 

collectors and the peak electron temperatures during laser heating by 

the use of a separate laser scattering experiment. Their heating laser 

was Nd glass and their diagnostic laser was ruby. Measuring T was 

diff icult , but by fitting the scattering data to scattering theory, values 

of T and n were found. The peak T and the average energy per particle 

were found to be in good agreement with Haught and Polk's theory, especially 

for pellets under 20 v diameter. Unfortunately, a comparison between the 

density at peak T e was not shown. One interesting feature of Lubin's 

experiment is that i t used a foot on the laser pulse to preheat the pellet 
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which allowed i t to expand so that the main heating pulse could be incident 

at the time of optimum absorption. 

Although Haught and Polk's model has i ts weaknesses. I am not aware 

of any better model for laser heating at these power levels . It i s , no 

doubt, a good model for small pellets. From Lubin's data the theory appears 

to work well for pellets under 25 v in diameter. Mattioli and Veron have 

shown that the model does not seem to f i t the experimental heating of 50 u 

and larger diameter L1H pel lets . They have shown experimentally that a 

square pulse of 20 ns length at 1.5 x 10' W/cm i s required to "burn 

through" a 50 v diameter LiH pellet and that a 40 ns pulse is not long 
12 2 

enough for a 120 v diameter pellet at 1.5 x 10 W/on . These pellets were 

held on the end of a quartz fiber 2 u in diameter. They also show that 

the expansion is sphericaTly symmetric if, and only i f , the pulse is long 

enough to burn through the pellet. This demonstrates that for these large 

pellets the temperature does not rise uniformly and heating is not spher­

ically symmetric- They tried using a burning model developed by Caruso 

and R. Gratton but did not find good quantitative agreement with the 

burn time. They concluded that more work needs to be done on the theory 

of heating. 

Another contribution that Hattioli and Veron have made is a fairly 
18 19 20 complete spectroscopic study of their laser-produced plasma. ' * They 

have also done calculations based on the theory of N. M. Kuznetsoz and 
21 Yu. P. Raizer concerning the recombination of the freely expanding plasma. 

The calculation is oversimplified, since i t does not take intu account 

local recombination but averages over the whole plasma. They did, however, 

get semi-quantitative agreement with measured recombination of their 
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experlments. They make the observation that for plasmas with expansion 
velocities on the order of 10 cm/sec the degree of ionization does indeed 
become frozen and "...recomb-'nation is not important and a highly ionized 
plasma is collected far away from the target." This seems to be true 
for laser plasmas produced from thick carbon targets as well as LiH pellet 

2 plasmas. 
12 2 A description of the interaction of a ruby laser at 4 * 10 W/ctn 

with a 50 u deuterium fo i l is given by P. Hulser, R. Sigel, and 5. Wltkow-
22 sk i . Qualitatively this description also applies to a pellet h i t from 

one side. The model is a hydrodynamic modal with inverse bremsstrahlung 

as the heating mechanism. 
10 2 

When the laser intensity exceeds 10 W/cm the front of the fo i l 

becomes opaque. Because of the high power absorbed, the plasma pressure 

becomes quite large, causing a shock to propagate through the pellet at 

2.7 x 10 cm/sec. The density of the shocked material is nearly four 

times solid density n . Qualitatively, the density prof i le of the fo i l 

is shown in Fig. lb . The transition for cr i t ical density n (the density 

at which the plasma frequency equals the laser frequency) to the shock 

density n occurs in a distance very small compared to the pellet size. 

The Ideal gas law is used everywhere because solid deuterium is very 

compressible. P. Hulser et al also note that only a small fraction of 

the energy absorbed is given to the shocked material (8%). 

In addition to the above work, P. Mulser, R. Sigel, and S. Nitkowski 

have done some numerical simulations of the interaction of a laser with 

a 100 un deuterium pellet. The model is again a hydrodynamic model with 

inverse bremsstrahlung as the heating mechanism for a power flux equal 
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to 5 x 10 W/cm . Essent'jlly all the absorption takes place in a region 

small compared to the dimensions of the pellet near n . For power less 
12 2 

than 5 x 10 N/cm most of the energy incident on the pellet is absorbed. 
This computer simulation slso includes thermal conductivity, and i t was 

13 2 

found that for $ < 10 U/cm thermal conductivity is of l i t t l e importance 

in the heating process. Incidentally, this work of Hulser et al . contains 

116 references to work done in laser plasma. 

B. Work Done in a Magnetic Field 

There have been several efforts to maUe a laser-produced pellet 

plasma in a magnetic f ie ld. In most of these experiments, the objective 

was to investigate the confinement of the plasma and to determine i f such 

a plasma could be used to f i l l magnetic wells. Thus, p-ch of the emphasis 

in these experiments has been on measuring the decay of inese plasmas in 

the various magnetic configurations. Therefore, some experimental and 

theoretical work has been done on the initial stopping and capture of the 

laser-produced plasma. 
23 Bernstein and Fader give a theoretical treatment of the very pjrly 

stages of expansion of laser-produced plasma in a magnetic field. The 

results are two-dimensional and are almost completely analytic. They only 

require a computer to do numerical integrations. Tne main simplifying 

assumptions are: 

a) there is a uniform temperature, 

b) the magnetic field does not affect the dynamics of the expanding 
plasma, and 

c) the plasma i s a self-similar expansion. 

Assumptions .0 and c) probably hold true early in time. Their results 
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describe the d i f fus ion of magnetic f i e l d 'n to the plasma. Obviously, i n 

l i g h t o f assumptions b) and c) these resul ts do not apply dur ing the 

stopping of the plasma by the magnetic f i e l d . H. L. Lubin, H. S. Dunn, 

and W. Friedman have used t h i s theory to compute the i n f ra red component 

of the rad ia t ion due to the induced currents in the plasma. They have , 

found agreement between the measured I.R. radiat ion and what was predic ted. 

Haught, Polk, and Fader do a spherical ly symmetric ca l cu la t i on for 

the expansion o f a laser-produced plasma in a magnetic f i e l d . I t i s 

bas i ca l l y a hydrodynamic ca l cu la t i on w i th a JB volume force term which 

represents the J x B f o r c e term. For the values of J and B they use 
23 the <> = n/2 value o f J x B o f the Bernstein and Fader ca l cu la t i ons . 

They d id not invest igate i n much d e t a i l experimental agreement w i t h t he i r 

model. They d i d , however, take same magnetic loop data and found that 

the s ignals looked something l i k e the theory predicted. 
25 Bhadra also d id a sphe r i ca l l y symmetric ca lcu la t ion which has a 

uniform temperature. The spher i ca l l y symmetric "magnetic f i e l d " i s allowed 

to d i f f use in to the plasma through a sk in depth parameter. Because of the 

assumption of spherical symmetry, the above two models cannot be expected 

to be useful much a f te r the f i r s t stopping of the expansion. 

Poukey has done a ca l cu la t i on for the expansion of a superconduc­

t i n g she l l i n a uniform magnetic f i e l d which is two-dimensional. Another > 
27 

two-dimensional ca lcu la t ion was done by Lindemuth and K i l l e e n . They 

have done a more complete magnetohydrodynamic ca lcu la t ion of the expansion 

o f the laser-produced plasma i n t o a uniform magnetic f i e l d . The code is 

rather complete and includes separate electron and ion temperatures. 

However, i t requires a background plasma and is i n Euler ian coordinates. 



-11-

The problem is more suited for Lagrangian coordinates, since the plasma 

dimensions change by several orders of magnitude during the expansion. 

Unfortunately, the background plasma has a mass of about one-third the 

mass of the pel let. The calculation is carried out to the f i r s t radial 

stopping of the plasma, and Lindemuth et a l . show that there is almost 

complete f ie ld exclusion with densities and temperatures much higher near 

the plasma magnetic interface than in the center. From the magnetic probe 

measurement of their LiH laser-produced pel let , G. G. Dolgov-Savel'ey and 
28 V. N. Karnyushin found that almost complete exclusion of the f ie ld 

occurs. Haught and Polk also state that they have a 6=1 capture in the 

in i t i a l stopping. Experimentally, very l i t t l e "bouncing" is observed by 

Haught and Polk i ' 1 and G. G. Dolgov-Savel"ev and V. N. Karnyushin. 
29 Tuckfield and Schwirzke observed several oscillations of radial and 

longitudinal boundaries of luminosity in a plasma produced by the i r rad i ­

ation of a quartz f iber. But their attempt to correlate this "bouncing" 

to magnetic probe signals is not convincing. 
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I I . SIMPLE MODELS 

A. Model of Plasma Formation and Free Expansion (Early Times) 

in l ight of the above comments on the role of thermal conductiun 

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

using zero thermal conductivity may better describe the laser pellet inter­

action. To construct such a model, I wi l l divide i t into the following 

time sequence: (A) early, (B) intermediate, and (C) late. The early 

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

the pellet. The intermediate time ends when the pel let becomes trans­

lucent to laser l i gh t , and the late time is from translucency to trans­

parency, the end of absorption. In the following discussion of the detailed 

physics of the over-dense plasma (n > n ) I w i l l use one-dimensional models. 

This is just i f iable because radial expansion is greatly suppressed by the 

presence of the laser beam. As the dense plasma (henceforth called the 

pellet) tries to expand lateral ly across the laser beam, the density on 

the edge drops and the interface of laser absorption extends back as in 

Fig. 2. Thus a pressure due to ablation is applied also to the sides and 

impedes radial expansion. 

(A) Early Time 

A simple semi-quantitative description of the early interaction of 
12 2 

a 50 v deuterium pellet with a ruby laser at intensities - 10 W/cm', 
can be made by using the assumptions l isted below, a) , b), and c) are 

22 supported by the results of Mulser et a l . described above. 

a) All of the absorption takes place in a distance short 
compared to the pellet dimensions ne3r n = n . 
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b) Al l of the energy incident on the pellet is absorbed, and 
thermal conduction is ignorable. 

c) The energy going into the shocked material is small com­
pared to the total amount absorbed in the pellet frame of 
reference. 

d) Ionization energy and radiated energy are negligible. 

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

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

g) The deflagration of the pellet due to the laser is a 
Chapman-Jouguet deflagration (the strongest possible). 

In a Chapnan-Jouguet deflagration, the burn front observed from the 

burned material moves at the sound speed of the burned material. Thus 

in the pellet frame the energy flux leaving the pellet is 

where nij = mass of ion, T = T̂  + T at n c , and Cc is the sound speed 

at the point where the density is near but less than n . & = laser 

energy f lux and is assumed constant. Since 

r - ( 5 * L ^ fal 

From Bernoulli's law and (2), 

¥<c ^ c„ w 

where V is the f inal velocity of the evaporated plasma in the pellet 

frame. The pressure applied to the pellet is 



-14-

P s ^ V V i ^ f v f c - (5) 

The velocity of the shock (see Fig. lb) 

Vs • V ( n ^ j (conservation of mass), (6) 

where V = velocity of the shocked material. 
sm 

p s = V l ' W s (momentum conservation). (7) 

(conservation of energy), 

where T s « (T» • T ) in the shocked material. 

Ps = nskT$ [from assumption (e)] (9) 

Combining (7), (8), and (9) yields 

P V » A V P + — — V n . V s n 7"sm rs z n s sno " 

Now, using (6) gives as expected 

ns = 4n0 . (10) 

Nov from (10) and (6), 

s 3 sm 

and from (7) and (8), 

V, = 4 v . „ (11) 

•VftV»*- (H vw • f w s , , A 
•?-1»» " I " . 

(12) 
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Now from ( 5 ) , ( 7 ) , and (11 ) , 

!v i c c 2 = V i H 2 

thus: 

Define 

3En /6n 
T1»£CC a n d Vsn,'V5n;C, 

— - x (propagation velocity of the burning 
o front into the dense pe l l e t ) ; 

from mass conservation: 

n c 
b n c 

From (12) the velocity of sound in the shocked material is 

=^c. 

Final ly, the t i n to burn through the pel let Is 

where L is the i n i t i a l length of the pe l le t . The shock propagation 

for a tine t 5 and 

t . is. 
s v * 

's 

the density of the pe l le t at t • t s is shown in F ig. l c . At this point 

about 1/8 of the pe l le t is ablated. Note that the original shape cf the 

pellet is re la t ive ly uniuportant since the snock-cospressed material Is 
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in a fluid state and presumably acquires a smooth surface quickly. More­

over, the material is flattened by the strong compression so that the 

one-dimensional model may represent a fair approximation. 

(B) Intermediate Time 

Since there 1s a vacuum on the left end of the pel let , a complete 
30 rarefraction forms with the front edge travelling at 3CS forward. This 

simple wave propagates back through the compressed pellet with velocity 

C s and finally reaches the deflagration region (see Fig. 3) . The density 

and velocity of the plasma as a function of distance at this time are 

given by Courant and Friedrichs. At this point about 18S of the pellet 

i s gone and the problem becomes more difficult. However, I have solved 

the problem numerically by using the results of Courant and Friedrichs as 

the init ial conditions and the boundary condition that the pressure i s 

constant and the pellet i s 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. 4. Some artificial damping as described in 

Appendix I was added to suppress numerical instabil i t ies . However, the 

calculation with no damping was fairly stable up to t / t = 0.3. The 

squares in Fig. 4a show the results of the undamped calculations, which 

are almost identical to the damped calculation. 

(C) Late in Time 

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

maximum of the density) i s about 1 wavelength. Thus the pellet becomes 

translucent (see Appendix I I ) , leading to volume absorption much as 

described by Haught and Polk. The acceleration stops, resulting in a 
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three-dimensional rapid expansion of the pellet and i t soon becomes 
transparent. 

The quantity which is of the most practical significance and one of 
the most measurable i s the asymptotic density distribution of the plasma 
produced by such an interaction. The problem of finding the density 
distribution in space becomes tractable i f the deformations of the pellet 
described above are ignored and the pellet is assumed hard, in the sense 
that the velocity i s uniform throughout the pellet. If this is the case 
then the velocity of the pellet is described by the we1.1, known rocket formula 

VP " v ex f W -\1 • ( 1 4 ) 

where 

f m £ "(y "(y c ° s 9 p s i n 8

P

d 9

P 

Vex £ n < V s i n 9 p d 9 p 

is the fraction of the ablation flux transferring momentum to the pellet 

along the beam direction. The distance the pellet goes is 

0 "0 
/ V " - - / ' V ^ l n d - Tb)dT() = f Ve x t„ (14a) 

Now. "' ^ - V b - i ^ V b 

* 
By asymptotic I mean t » t^. t is the time of observing the density 
distribution. The shape is then independent of t „ , and the expansion 

^, . . . , 21 ° is self-similar.' 
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f V e xt„ = f / W 5 C c t b . fvT475 n 0 /n c L 0 . 

n(e ) is the number of ions per steradian per second going into tne angle 

e with velocity V(s ) in the pellet frame. In order to compare V 

to the velocity of the deflagration front in the lab frame of the previous 

model, f-V e x must be set equal to 8/5 C c . The plot of tht velocity of 

the deflagration front of both models is shown in Fig. 5. For 0.2 < t/t^ 

< 0.9 both models give essentially the same result. Thus the hard pellet 

model gives a good approximation to the velocity of the deflagration front 

in the lab frame. The greatest differences occur early in tine. While 

the pellet is being shock compressed and while the rarefaction wave is 

propagating toward the deflagration front, i t travels with constant velocity 

V . After the rarefaction reaches the deflagration front i t is rapidly 

accelerated as the pellet i s again compressed but in a more adiabatic fashion. 

To proceed with finding the density distribution under this hard pellet 

assumption, I will f irs t make the parameters dimensionless by normalizing 

all velocity to V , which is the velocity of the plume relative to the 

pellet back toward the laser, T. = t / t b , where t is the time during 

pellet burning. e L = angle in the lab frame with respect to the laser 

beam and axial symmetry about the laser beam is assumed. Also assumed is 

that V(e ) and n(e ) are time independent so that f i s constant. 

From geometry. 

V(e ) s ine p = V r sine L , (15) 

Vr cose L « v ( 9 p ) cose p + v p , (16) 

V r - r / t 0 , (17) 
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V = radial velocity in the lab frame. 

Hon define H(ep) = n ^ t , , 

and write 

H(6p) 2, sine p dep dt„ = N(ep) 2. sine p J , dep dVf 

= N(eJ - ^ - dV_ 2n sine, da J, 
p V(ep) 

= V ^ V r Z " s 1 n 6 L d \ J 1 J 2 d V r 

• vS4 f ¥ 2 V i s H d \ ' r 

Thus 

So 

p' o 

N(e ) 
n(r,e L ) = v l e p r ^ F J 1 J Z J 3 • 

j = _ k . squaring (15) and (16) and adding gives 
1 3 V «- l8 p 

V r

2 = V 2 (e p ) + v p

z + 2V(ep) Vp cose p 

\ir = (Vp + V(ep) cose p) g ^ dxb . 

From (16). dVr = cose L -gf-

°1 = coseL ~ ^ " 

and from (14), 
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where e , f , and V are implicit functions of r and 6^ through 

Eqs. (14). (15), (16), and (17) and V(e ) and H(ep) are given. 

I f for example 

n(ep) = 1 0 « e p « 1/2 

»/2 s B < 

and 
V(6 ) = 1 . 
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The asymptotic density distribution is shown in Fig. 6a. 

Also the time of arrival of plasma to a probe i s 

D 

t = -jp- , where R = distance of probe. 

Now 
N(0 N(fl ) R 

y^j V r 2* sineL de L dV r J ^ = yT^TT 2" s 1 n 8 L d 8 L d t J1°2 J3' P 

Thus :. 

J,' = -2- . 
3 t 2 

,^II> 
P -36 S l n 8 p + % > C 0 S 6 p 

t V. 
where t = — - ^ and dn, i s the solid angle of the probe. These con­

siderations are utilized in Chapter III. 

B. Models of Expansion in a Magnetic Field 

Early in time, before the magnetic field has an effect on the plasma, 

the plasma is axially symmetric about the laser beam. However, since the 

laser beam i s perpendicular to the magnetic f ie ld, the subsequent expansion 

is truly three-dimensional with no axis of symmetry. In the following 

models the effects of the asymnetries introduced by the directional nature 

of the laser beam and the magnetic field are discussed. The initial mass 

and energy are the same in all the models. 

It can be easily seen that the density distribution Eq. (18) is 
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shell-Hke for almost any reasonable N(e ) and V(e ). (See Fig. 6.) 

This, in conjunction with the fact that the plasma wi l l tend to pi le up 

on the boundary, makes i t reasonable to assume that the plasma expands 

in a shel l . In order to i l lust rate the effects of the two-dimensional 

nature of the magnetic f i e l d , 1 w i l l compare the expansion of a perfectly 

conducting spherically symmetric shell in a magnetic f ie ld to that of one 

expanding against a uniform isotropic external pressure f i e l d . The value 

of the pressure wi l l be P = (3/16n)Bg. Thi-_ pressure is chosen because 

P • Vol = 1/4 r 3 Bj . This is the potential energy of a superconducting 

sphere of radius r in a uniform magnetic f ie ld B0 (see Appendix I I I ) . 

The equation of motion then becomes 

Integrating once yields: 

where x - r / r m ; T = tV o / r r a and r^ = 2MV0

2/Bg, and VQ = i n i t i a l expansion 

velocity of the sphere, and H = total mass of the plasma shel l . The 

values of X ( T ) , V(-), and $(T) are found by doing the integral numerically. 

The results are shown in Fig. 7a, b, c, and d. $(T) is the f lux excluded 

from a loop. The In i t ia l energy of the shell is 1/2 uJ3 , where u m is 

tha maximum dipole moment and occurs when the shell is stopped, i .e . , 

whan i t has reached i ts maximum radius r . The value of u = 1/2 r 3

m B 0 

is the quantity that can be determined with the magnetic loop probe. 

Thus 
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»"•¥• • • . ( i f ) 2 - <»> 
Here At and AT correspond to s im i la r time i n te r va l s on the experimental 

and theoret ical expansions. This equation shows how M depends on i t 

and B 0 . 

Now I introduce t h i s same conducting ba l l in a real magnetic f i e l d 

much as Poukey d i d . However, instead o f so lv ing the equation fo r the 

stream function i n terms o f spherical harmonics, I approximate the shel l 

by r ings , and then adjust the currents in the r ings so that the stream 

functions are nearly co r rec t between the r ings (see Appendix IV) . This I 

w i l l c a l l Model A, f o r shor t . 

Figure 7 shows the RMS value of V , the average value of V f o r 

the r i g h t h a l f , and the f l u x exclusion fo r a loop as we l l as the resul ts 

of the uniform i s o t r o p i c pressure case. Up to the f i r s t return of the 

she l l ( a l l t ha t i s shown) both cases give very s i m i l a r resu l t s . I t i s 

in te res t ing to note t h a t i n t h i s model V as we l l as V r are stopped 

by the uniform B f i e l d . 

The e f fec ts o f d i f f us ion and pressure due to f i n i t e conduct iv i ty as 

well as the e f fec ts due to the f l u i d nature of the plasma are added to the 

magnetic f i e l d ca l cu la t i on (see Appendix IV) and as expected • the 

resul ts d i f f e r l i t t l e from the per fec t ly conducting case when using 

c lassical conduc t i v i t y . An important d i f fe re i 

only decreases to one-hal f i t s i n i t i a l value. 

The add i t ion o f strong anomalous r e s i s t i v i t y (v^ = » - added when 

v d = 4 v - j t h ' lowers the amplitude of the f l u x s ignal and destroys any 

stopping pa ra l l e l to the f i e l d . The f l u x signal s t i l l goes very high 
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compared to the value to which i t returns (sea Fig. 7). I t does not, 

however, go back to zero as in the calculation without anomalous resist iv i ty . 

In fact, with only classical res is t iv i ty , at the time the plasma returns 

from i t s f i r s t bounce off of the f i e l d , the flux signal goes negative with 

B inside the plasma greater than B outside. 

Figure 7 shows that, in the case of complete f ield exclusion from 

the shel l , ignoring the directional nature of the magnetic f ie ld is a 

reasonably good approximation when T < 2.5. So, in order to show the 

effects of the density asymmetry discussed in Section I , the density dis­

tr ibution produced by the irradiation of a pellet is condensed to a shell 

and placed in a uniform isotropic pressure f ie ld . In so doing, I assume 

the experimental result N(e } - cosze and V(e ) = 1 - (l/3)sine . 

Hole that the axis of symnetry in this model analysis is not parallel to 

1 but aligned with the laser beam. The rings here therefore do not 

represent current loops but mass rings subject to the isotopic external 

pres.ure. Thus, the same computer program can be used, but not a l l the 

properties of the magnetic interaction can be simulated in this calculation. 

However, the basic aspects of f lute distortions can be incorporated in this 

way. This is called Model B. (See Appendix V for details of calculations.) 

I t is seen that in this case the rings do not have the same bounce 

period and are not kept in phase by the pressure representing the magnetic 

f i e l d . The points on the shell start at the same time but with different 

masses per unit area and different velocities. Consequently they are 

stopped at different times giving a lower peak flux exclusion, and they 

return to the axis of symmetry at different times giving a higher minimum 

after peak (see Fig. 8). 
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If the number of rings is t 45, high 6 flutes begin to develop 
during the stopping and soon after they became fairly large causing damping 
of the bouncing. Figure 9 shows the time development of this interaction 
when 90 rings are used. The shell comes to a pseudo pressure balance with 
no temperature and complete field exclusion. Except for a small fraction 
of the shell (about 153! going forward), all points on the shell are even­
tually stopped by this isotropic pressure field. By stopping I mean that 
V and V both are equal to zero at some time during the expansion, not 
necessarily at the same time. 

The fine grain structure that develops allows for rapid diffusion 
of the plasma and real pressure balance probably occurs. Enough diffusion 
can take place in this manner so that confinement parallel to the field 
becomes negligible and the plasma expands down the approximately straight 
field lines. In fact, this anomalous diffusion due to the fluting can be 
thought of as being caused by an anomalous resistivity. Certainly, the 
net result is nearly the same as the symmetric case with anomalous resis­
tivity in a magnetic field. The main difference is that the plasma is 
elongated in the direction of laser irradiation. Also, the magnetic flux 
signal does not immediately return to as low a value and it does not 
decay to r.-ro in the isotropic case as it does in the other. This is 
due partly to the fact that in the isotropic pressure case the plasma 
does not escape down the field lines. (Fig. 10 shows a plot of the flux 
exclusion in the two cases.) In all models described above the plasma 
is stopped by the magnetic field. However, with strong anomalous resistivity 
and fluid effects added, no bouncing occurs and V becomes negative only 
after t j 5 x (the time of peak flux exclusion). This is illustrated in 
Fig. 11 which shows the shape of the shell at several times. 
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III. EXPERIMENTAL RESULTS AND COMPARISONS TO SIMPLE MODELS 

A. Free Expansion 
The experimental apparatus and procedures used are described in 

Appendix VI. I will first compare the simple model of the frea expansion 
to the experimental results. The following diagnostics are used in the 
free expansion: six coaxial charge collectors (Fig. 29), two photo diodes, 
a spectrograph, and long time exposure photographs of the zap zone. 

The charge collectors are located B cm from the zap zone approximately 
on the axes of a three-dimensional coordinate system with laser light 
coming down one axis. Forward refers to the direction the laser light is 
going and back is the opposite direction. Typical probe currents are 
shown in Fig. 1?.. 

An expanding density distribution which is uniform will give a current 
that decreases as 1/t*. These signals fall off faster than that. There­
fore, in light of Fig. 6a, it seems reasonable to fit the data to the 
model given in Chapter II. Figure 13 shows the fit achieved using the 
hard pellet model. The fit is a least-squares fit of the probe currents 
to Eq. (19), with n(e ) = A cos a 8 and V(e ) = V e x(l - B sins), 
where A, 3, and o are the fitting parameters and V is found by 
measuring the time of the current peak of the back probe. 

Vex * R/t p • 

where R = distance of the probe from the zap zone. A is a normalization 
constant and a and B parametrize the nature of the deflagration. 

In the data analyzed (6 typical shots) the value of a = 2.0 ± 0.3 
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and B = 0.33 ± 0.06. The ± includes the fu l l range of values found. The 

asymptotic density distribution from such N(e ) and V(e ) is shown in 

Fig. 6b. 

I f one assumes that the plasma comes off the pellet normal to the 

surface of n and travels in straight lines with respect to the pellet, 

then by using the experimentally determined N(e ) and V(s ) the shape of 

deflagration front can be calculated and the results are shown in Fig. 14. 

The shape is very similar to what would be expected from the discussion 

of the detailed model. 

The sudden change in the rate of fa l l of the back signals can be 

understood as a consequence of the arrival of the rarefaction wave at the 

deflagration front. The poor f i t to the forward probe signal is under­

stood from the description of the late part of the burn. Once the pellet 

becomes translucent i t is so thin i t quickly becomes transparent. Thus, 

much of the forward going plasma travels at the velocity the pellet had 

when translucency occurred and arrives at the probe at the same time, 

producing the narrow spike. By comparing this pel let velocity to the 

exhaust velocity, the time during the burn at which translucency occurs 

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

to the back varies sl ightly from shot to shot and the tiroes f f arrival 

are nearly equal. Now, i f N(e ) = cos26 and V(e ) = 1 - (l/3)sine , 

then f = 37/60. The peaks arrive at about the same time; therefore, 

translucence occurs when V = V . Thus 

1 = f ln ( l - £•) or t = 0.8 t b . 



•28-

At this point, i f i t were not for lateral expansion, the length of 

the compressed pellet would be- 2.5 u or about 3.4 free-space wavelengths. 

This is too thick for translucency. However, i f you assume in Fig. 14 

that the original pellet corresponds to the nearly vertical portion of 

the pelUt profile, then the average peltet radius has increased about 

50*. Thus the area is about doubled and the length of the pellet is halved. 

This would mean that the pellet Is 1.7 wavelengths long at translucence. 

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

pellet expand before radial confinement can be accomplished. 

The t*o photo diodes are calibrated by the use of an optical calori­

meter. The difference of the input and output photo diodes is used to 

measure the burn tine, and the amplitude of the input is used to measure 

the laser power. Fig. 15 shows the graph of Eq. ( * ) for V as a function 

of « L along with measured values of V x and «,. There seems to be reasonably 

good agreenent here. Fig. 16 snows 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 numbers into Eq. 

(13), I get 

t b = 7.2 « L

_ ' / 3 ns U L is in 10 1 2 H/cm2) 

1? 
Now, since the absorbed power is 11.8 KM, tL = 0.2 x 10 and so the 
expected t, = 12 ns. Thus, the model and experiment are consistent. 

Incidentally, if LiH is the pellet material and Nd glass is used 
for the laser then t b = 22 4j_ ns. So for 50 u pellets at # L = 12 1.5 x 10 , t. * 19 ns. This is in good agreement with the experimental 
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results of Kattloli and Veron. 

It vould be interesting to observe the deflagration front with a 

streak or fast frasing camera, but simply Uking a long tiee exposure 

photograph of the burn can serve to measure the distance the pellet goes. 

Typical photos are shown in Fig. 17. By averaging the length minus the 

width of the white part of the photographs and then taklr.g the magnification 

and the angle of observation into account, I find the average measured 

translation of the pellet during the bum to be .4 : .IS oa. Using the 

simple model and the assumptions that the burning stops at i . = .8 , that 

L » 25 v (because of radial expansion), and that f • 37/60, I get the 

calculated translation of .42 net. I chose the above shots more or less at 
12 

random among the good lases (e : 10 ) . Finally, the spectrograph of the 

ptasca showed only hydrogen lines demonstrating tltat the plasma is indeed 

pure. 

B. With Magnetic field 

The principal diagnostics used in studying the plasma's expansion 

in the uniform sagnetic field are magnetic loop probes, a large area charge 

collector, and a plasma camera. The plasma camera and charge collector 

are described in Appendix VI. 

The most interesting magnetic loop data is taken by the use of a 

4.5 cm diameter loop which is centered on the zap zone. The loop is 

rotated slightly from normal to the magnetic flald to alios the pellets 

to fall through i t and to allow the laser beam to hit the pellets. The 

voltage from the loop is Integrated using a 22 us passive integration. 

Typical signals from this probe are shown in Fig. 18 for both 4.0 and 

7.0 kG shots. 
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Early in time, from t-0 to the peak of the signal, i t looks quali­

tatively like any and all of the simple models presented in Chapter I I . 

The most interesting feature is that the flux signal begins to drop 

rapidly as expected after the peak but then stops rather abruptly between 

1/3 and 2/3 of Its peak value. The signal then decays slowly to zero. 

From this can be concluded that the plasma bouncing is highly damped and 

can best be described either by Model A, with a strong anomalous resis­

t ivi ty, or Model B, which has asymmetric initial density distribution. 

These are not really competing models but each contribute to an under­

standing of the expansion. 

Model B shows what happens to the cross sections perpendicular to 

the field lines while Model A shows what happens parallel to the field 

lines. The strong anomalous resistivity put in A can be thought of as 

a convenient way to take into account the turbulent damping illustrated 

by B. 

Fitting the experimental data to the simple theory is done by the 

use of two parameters, the mass and the energy of the expanding plasma. 

The strength of the anomalous resistivity could also be used as a fitting 

parameter. However, I have not used i t and its strength remains as stated 

in Chapter I I . 

The flux signals seen at 4.0 kG f i t fairly well to Model A. Figure 

10 shows the normalized experimental data plotted with the expected 

results from Model A and B. Generally in the lower field data the signals 

The rate of this decay is what is expected from a one-dimensional 
adiabatic expansion of the plasma down the field lines with ^ - 5/3. 
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return to a relatively lower value after tne peak, and, although the stop 
is still more abrupt than Model A, it is not as abrupt as in the higher 
field shots. That the lower field shots are better described by A than 
the higher field shots may be due partly to the fact that the burn time 
of the pellet (- 16 ns) becomes a larger fraction of the stopping time 
(- 53 ns at 7.0 kG, - 68 ns at 4.0 kG). The finite burn time causes the 
expansion to become even more asymmetric. This enhancement of the asymmetry 
in the direction of the laser beam due to the B field is also shown by 
the plasma camera photographs. Figure 19 shows typical shots at 4.0 and 
7.0 kG. For the 7 kG data, the overexposed part where most of the plasma 
arrives has a shape very much like that of Fig. 9f which is expected using 
Model 6. In the lower field shot, 4 kG or less, most of the plasma arrives 
in a considerably more circular area. On many shots low density flutes do 
appear at more or less random angles with respect to the laser beam. The 
plasma camera is placed SO cm from the zap zune. The field lines that go 
through the zap zone go through the center of the plasma camera and are 
perpendicular to it. The radii of the circular lines are in 1 cm increments. 

Another reason why the 7.0 kG flux exclusion signal looks more like 
Model B may be due to the fact that the gyro orbits are smaller at higher 
fields and thus the plasma is probably more susceptible to fluting. The 
effects of adding more rings in Model B seem to be similar to the effects 
of adding more field in the experiment. 

By fitting the experimental data to Model B, the mass and energy of 
the plasma can be measured. The mass and energy are independently measured 
by collecting the ions with a large charge collector. Only one charge 
collector placed 16 cm from the zap zone is used. It was found from 
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prelimlnary measurement that when two charge collectors were used the 

charge arriving at each one was essentially the same. The energy is 

measured by observing the current as a function of time, then computing 

the root mean square veloci ty , the velocity being measured by the time 

of arr ival at the charge col lector. The mass is simply m^/e times the 

tota l charge collected. 
* 

The best shot-to-shot correlation between the two methods is found 

when the loop data is normalized such that the size of the f lux peaks is 

made equal to that of Model B and the time of the sudden change in slope 

a f te r the peak ( O is made equal to the f i r s t minimum af ter the peak in 

Model B. When this normalization is made, the mass found by using the 

loop data is 1.37 ± 0.16 times the mass measured using the charge collectors 

for 7.0 kG shots and 1.04 ± 0.09 for 4.0 kG shots. The corresponding 

energy ratios are 1.13 ± 0.27 for 7.0 kG and 1.28 ± 0.08 for 4.0 kG. The 

number after the t is the calculated root mean square deviation for 12 

shots at 7.0 kG and 6 shots at 4.0 kG. The above shot-to-shot variation 

is within experimental error . The values measured by the loop probe are 

larger than when measured by the charge collector. This may be expected 

because three loop probes were between the zap zone and the charge collector 

at the time these data were taken. However, they were a l l centered on the 

f i e ld lines that pass through the zap zone so most of the plasma could 

pass through them. Another explanation is that the 16 ns burn time can 

cause an overestimate of the mass of up to 30" in the 7.0 kG case. 

*By best shot-to-shot correlation ! mean the "fractional deviation" is 
minimal. The "fractional deviation" is the value behind the t divided 
by the average. 
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There is a mystery which I will leave unresolved, and it 1s the 
following: by computing the Integral of the current monitoring signal, 
the charge collected appears to be about 0.58 ± 0.07 of the amount that 
is found by measuring the voltage drop directly. In both the mass and 
energy comparison, the shot-to-shot fractional deviation is lower, using 
the mass computed from the directly measured voltage drop. Therefore, I 
used this value of the mass in the above surmary of results, and the 
current signal 1s used only to measure the RMS velocity. 

The average value of t n at - 7.2 kS is 93 ns and at 4.0 kG is 
127 ns, verifying that t n * B , as the simple model predicts. The 

15 

average number of ions is 5.2 ± 2.1 x 10 which is consistent with the 

approximately 6 x 10 that is in the pellet. The average energy per ion 

is on the order of 100 eV. A table of these shots is shown in Table 1. 

Finally, coaxial charge collecters were used to observe the plasma 

escaping perpendicular to the magnetic f ie ld . The plasma collected was 

orders of magnitude less than with 8=0. This, in addition to the fact that 

most of the plasma is collected by the large charge collector, shows that 

the perpendicular motion of the plasma is indeed arrested by the magnetic 

f ie ld . 
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SUMMARV AND CONCLUSIONS 

He have made and irradiated on one side, freely f a l l i ng SO urn deu­

terium pellets with a fast r is ing ruby laser pulse. I t was found that 

the freely expanding plasma had an asymptotic density distr ibut ion which 

was shell l i k e . The burn time, expansion velocity, and asymptotic density 

distr ibution were found to be in good agreement with a simple model of the 

burning and acceleration of the pe l le t . 

This plasma was also created in a magnetic f i e ld and i t s total mass 

and energy was measured by a large non-interacting magnetic loop probe 

and was found to be consistent with that measured by a large charge col ­

lector . The plasma motion perpendicular to the magnetic f i e l d was arrested 

with l i t t l e or no actual plasma bouncing observed. This strong damping 

seemed to be caused by either turbulent mixing or anomalous res is t iv i ty , 

or both. 

The plasma seemed to be elongated in the direction of the laser beam 

and the flux exclusion decreased by only a factor of = 2 immediately after 

the peak. These effects seemed to be caused by the i n i t i a l density 

asymmetry and were consistent with a simple asymnetric model. The plasma 

did approach low-B conditions probably within three or four "stopping" 

times (s 1.4 r n / v

D ) " The f i s l d lines then became approximately straight with 

the plasma, having a cross section of dimensions j r , adiabatically 

expanding along them. 
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APPENDIX I : CALCULATION OF PELLET DENSITY DURING BURN 

The calculation is done very simply. The in i t i a l density and 

pressure distribution are given by Courant and Friedrichs, and the 

boundary condition is that the pressure at the deflagration is constant. 

After each time-step, the appropriate fraction of the slab at the defla-
* 

gration is removed to simulate the ablation. The density distribution is 

divided into 100 equal mass slabs. The pressure between the slabs is 

computed using the adiabatic law with T = 5/3. The slab's motion is 

governed by the equation pjnr = - " " • 

Thermal conduction is ignored because the thermal relaxation time 

of the dense pellet is much longer than the burn time. Assuming that the 

temperature of the pellet is 1 eV, then the fractional ionization from 

Saha's equation is = lO"1". Thus the heat is conducted primarily by atoms 

or molecules. From simple dimensional arguments 

Velax ^ £ • 

Unfortunately /"ST • d, the average spacing between the atoms. 

However, I don't expect this to cause an error of many orders of magnitude. 

So with n = 10 2 3/cm 3, a ' 10" 1 5 cm2; V = 106 cm/sec, and 1 - 10"3 cm 

S-elax = 1 0 " 

Due to an algebraic error the value of C_ used to find the boundary 
conditions is / ? too large. This should not change the results 
significantly. 
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The calculation is sl ight ly unstable and is stabilized as follows. 

The pressure should monotonically decrease away from the boundary condition 

of constant pressure. So i f Pj > P^-p then the velocities on both sides 

of Pj are set equal to their average and two-thirds of the excess energy 

goes to thermal energy, which increases P. . and one-third goes to 

increase P.. Using this damping mechanism, the calculation conserves 

energy to within I t . 
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APPEHDIX I I : CALCULATION OF ATTENUATION DISTANCE IN DENSE PELLET 

Some energy must be deposited in the plasma very near n_ in order 

that this density can decrease to n without causing a rarefaction wave 

to propagate into the pellet. Such a rarefaction is not allowed because 

P5 is maintained by the deflagration process. 

By substituting numbers into Eqs. (9) i t is found when « = 10 

watts/cm2, T s = 1.6 eV. From Saha's equation i t is found that 

n = 4.8 x 10 z 0/cui 3. Now, using 10" 1 5 cm2 (Ref. 31) as the electron­
ic 

neutral scattering cross-section i t is found that v . = 2 x 10 . Using 
32 these values the energy attenuation length is given by Kunkel to be 

- 3 V 
From a similar calculation at positions closer to the deflagration 

front the attenuation length is found to become as short as *Q / I O - T n e r e f o r e 

one would expect the pellet to become translucent at lengths on the order 
Of A 
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APPENDIX I I I : CALCULATION OF POTENTIAL ENERGY OF CONDUCTING SPHERE IN 
B FIELD 

The following is a derivation of the change in magnetic f ie ld energy 

of an inf in i te uniform f ie ld due to the introduction of a perfectly con­

ducting sphere of radius a and uniform B. inside. 

The currents in the sphere produce a dipole external f ie ld . The 

sphere can be thought of as being inside a perfectly conducting larger 

sphere vrith the larger sphere radius eventually allowed to go to in f in i t y . 

The currents on the larger sphere cancel the dipole f ie ld of the smaller. 

Thus the f ie ld created by these currents inside the larger sphere is 
a 3 uniform and has the value of Bn =r- , where R is the radius of the u R3 

larger sphere and 

where B . is the f ie ld outside of the smaller sphere minus the dipole 

f ie ld produced by i t . 

Bout " Bo + V t > 3 • 

where B0 Is the i n i t i a l uniform f ie ld in the large superconducting 

sphere before the small one is introduced. Now, the fields outside of 

the small sphere produced by the currents in i t are 

a 3B n cose 
B r = — 3 ' 

a Bn sine 

2r 3 
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So, a l l the f ie ld energy inside the large sphere is 

/ £ " Vo1 • i • *f+ C t {Be + B r Z ) *«* dcose d r • 
. B i n a 3

 4 ,R ,1 /Vsine \ 2 

• " i~ 4 d r s ? - B«* s i n j 
(BDa3cose \2 

— "out C 0 S 8 J 2" r d c o s e d r = 
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The facts that B 0 = B i n + B„(l - •=£) and B o u t = B 1 n + BD and 

some algebra yield 

a 3B 2 

Thus i f R * - , l E | n a g = - j -B. 

A sioi lar calculation for the case of an in f in i te ly long cylinder 

gives the result X ^ ^ l e n g t n • r 2 / 8 • B* . 
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APPENDIX IV: CALCULATIONS OF THE EXPANSION OF A SPHERICALLY SYMMETRIC 
SHELL III A B FIELD 

The following is a description of the calculation used to simulate 

the expansion of a shell in a magnetic f i e ld . Also included is an expla­

nation of the modifications to the calculation which approximates heating 

and diffusion as well as the f luid nature of the plasma. 

The streaa function for the set of rings is 

* ( r ,z) = -B 0 / r 2 + rA t ( r ,z) , 

where r and z are cylindrical coordinates and A^(r,z) is the 0 

component of the vector potential of the 1 r ing. The value A^(r,z) 

is found in the l i terature. The value of &[r,x) on the shell with a 

uniform f ie ld inside is 

*(r,z) = B. / /2 . 

The stream function is made to approximate this value at two points 
on the shell between adjacent rings. Thus, there are twice as many fitting 
points as there are rings. A least-squares fit is used to adjust the 
currents to make «(r,z) close to the proper value at these points. 

Each ring has a v and v . and the force on the ring is found by 
assuming that the current in the ring is distributed over an area halfway 
to the adjacent rings on both -ides, w is the width of this region and 
w z = (ir) z + (&z) 2. The "area" of the ring is then 2nrw. The magnetic 
force on a ring with a current I is easily found by considering super­
position of magnetic fields. B- can be thought of as being everywhere 
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in space and then the rest of the f i e l d , B^ , is parallel to tne shell at 

i t s boundary. Its magnitude from Ampere's law is 

B . M ex wc 

Thus the force on the ring due to this field (see Fig. 20) is 

fl • 2 " r ' B e x / Z e 

The factor of 2 in the denominator is needed because the average value of 
the field in the shell is B../2 + B- . ex in 

Now f,r = -f, sine = -f, «• 

and f,z - -f, S. 

and the force due to the uniform B- is 

-2nr I B. 
f 2 r = c — ^ 

and f Z z = 0 . 

Thus the total force on the ring is 

f - 4n 2 r I 2 Az 2,r I B i n 

c 

f . - 4 „ z r I 2 fir 

For the calculation with in f in i te conductivity and no f lu id effects, 

" in = ° • 
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Extending this model to take Into account diffusion makes it 
necessary to include pressure because of the heating caused by diffusion. 
The pressure force on the shell at each ring is found as follows. Each 
ring is thought of as distributed over a volume proportional to its area 
such that the sum of the ring "volumes" is equal to the actual volume. 
All of the rings' volumes are assumed to reach the z axis and have the 
same temperature. The force on a ring due to the pressure in its volume 
acts outward on its area (2nrw) and the pressure difference of adjacent 
rings in the z direction acts on the area (ur 2) of the ring. The amount 
of heating or cooling due to compression or expansion is simply the sum 
of the PdVs of the rings. 

The heating and diffusion is done as follows. It is assumed that 
the amount of heating is the same as occurs in a segment of an infinite 
cylinder in a magnetic field. The segment has the same length and 
maximum diameter as the shell. The current density is made constant for 
convenience so that the dissipation is simply n j 2 x (volume occupied by 
current). The value of J is set such that f m B2. dA is the same as 
in the shell because the rate of energy dissipation is closely related 
to the energy stored (see Appendix III). This dissipation increases the 
pressure and causes diffusion. B- increases the amount necessary to 
lower the energy stored in the magnetic field by an amount that is equal 
to the energy dissipation in the ohmic heating. The energy stored is 
assumed to be BijBn • 2z nr 2 , where zm and r are the maximum of z 
and r on the shell. From Appendix III it can be seen that this is 
exactly true for both the sphere and the long cylinder. 

The diffusion is computed between time steps. The currents are 
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recomputed and the shell moves. During movement the f lux inside the 

plasma is held constant. Thus, B. can increase or decrease depending 

on what dominates, expansional decrease or diffusive increase. 

Further improvements can be made by allowing the plasma to accumulate 

in the shell during expansion instead of i t a l l being there i n i t i a l l y . 

This is done by starting with a small fraction of the mass in the shell 

and the rest experiencing a self-similar expansion inside the shell. 

When the shell is slowed by the magnetic f i e ld , the plasma on the inside 

hits the shell and suffers a perfectly inelastic coll ision with i t . The 

excess energy goes into heat. Thus the shell's mass increases with time 

unti l a l l of the plasma is collected. This mass accumulation is done in 

the r direction only. The total mass is used al l of the time for the 

dynamics in the z direction. The density distribution used for the 

self-similar expansion is that of the back going plasmas in the free 

expansion calculation. 

In summary, the mass is concentrated in a shell and is given an 

i n i t i a l velocity outward and is spherically synmetric. ( I t need be only 

axially symmetric, with the axis of symmetry parallel to the magnetic 

f ie ld . ) The forces on the shell arise from the j x B forces of the 

currents in the shell with the magnetic f ie ld , from the pressure from 

within the shell, and from inelastic collision of the f lu id which is 

expanding inside the shell. The temperature is increased by ohmic heating, 

by coll ision of the f lu id with the shell, and by compression. A flow 

diagram for the computation is given in Fig. 21. 



-45-

APPEHD1X V: CALCULATION OF THE EXPANSION OF A SHELL WITH DEIISITY 

ASYMMETRY 

To simulate the expansion of the asymmetric densi ty d i s t r i b u t i o n 

against a surrounding uni form iso t rop ic pressure, each r i n g is given a 

mass equal to 

m. „ 
H R - J . ; o i dt . 

where I is the current collected by a probe in the free expansion case 

[Eq. ( lg) ] with in = Zusine ae and ae = ir/(no. rings) and each ring 

is given a radial velocity 

VR " Jo t f , d t 

'o 

The "area" of the ring Is the same as in Appendix IV. The rings make 

elastic collisions with the axis of symmetry in the r direction and 

also elastic col l ision with their neighbors in the z direction. 

Energy is conserved to better than 3% for the time that is shown 

in Fig. 9. These shapes are essentially independent of the time step or 

number of rings. However, i f the number of rings increases, the flutes 

do develop earlier and get larger. The main difference in the flux 

exclusion is that i t peaks a l i t t l e earlier and at a slightly lower value 

and the flux signal does not decrease to as low a value after peak (see 

Fig. 8). This is expected because by increasing the number of rings the 

wavelengths available for flute growth become shorter and thus the growth 

rates become larger. 
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The purpose of this calculation is not to simulate the actual 

expansion but simply to i l lust rate the effects of f lu te formation and 

i n i t i a l density asyranetry on the f lux exclusion signal and to show quali­

tatively the elongation of the plasma's expansion in the direction of the 

laser beam. 
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APPEHDIX VI: EXPERIMENTAL APPARATUS AND PROCEDURES 

The apparatus used in this experiment are categorized as follows: 
(A) pellet producer 
(8) giant pulse ruby laser 
(C) pellet detection and laser firing systems 
(D) vacuum chamber and magnetic field production systems 
(E) plasma diagnostics. 

Pellets are produced, collimated, and allowed to fa l l freely in a 

uniform magnetic f ie ld toward the focal region of the ruby laser pulse 

(Fig. 22). Host of the pellets produced do not fa l l through this focal 

region. However, when a pellet is on the proper trajectory to fa l l through 

this focus, the detection system triggers the ruby laser in the proper 

sequence so that the laser f ires when the pellet arrives at i ts focal 

region. 

After the pellet is irradiated, the plasma produced expands in the 

uniform magnetic f ie ld (which can be set equal to zero) and is studied by 

the use of charge collectors, magnetic probes, and a plasma camera. 

A. Pellet Producer 

In the apparatus to be described, the pellets are produced by slicing 

a 50 n diameter thread into 50 u length cylinders with a thin tungsten wire. 

The solid thread is made by allowing liquid deuterium of the proper tem­

perature and pressure to flow through an aperture into a vacuum. The 

temperature is controlled through the vapor pressure of continuously 

produced liquid hydrogen coolant. After being produced, the pellets are 

collected by a funnel and collimated by fal l ing through a quartz capillary 
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tube. This method of pellet production uses no l iquid helium and only a 

few drops of liquid hydrogen, which renders the process both safe and 

Inexpensive (approximately 10~ dollar per pellet). 

The apparatus for producing 50 v deuterium pellets consists of the 

following components (Fig. 23): 

(1) hydrogen l iqu i f ie r 

(2) thread spinner 

(3) thread slicer 

(4) pellet collimator. 

1 . Hydrogen Uqui f ier 

Bottled high-pressure hydrogen is used to produce the l iquid hydrogen 

coolant. Hydrogen of = 70 atm 1s cooled to S5°K (pumped l iquid nitrogen) 

and is then allowed to expand out a counter-current heat-exchanged capillary 

which has no constriction at the output. Although such a constriction is 

generally used because i t increases the effectiveness of the counter-

current heat exchanging, i t also increases the chance of the tube becoming 

plugged from the impurities in the H, that condense out. Here, plugging 

is v ir tual ly eliminated by using this straight-walled capillary and by 

f i l te r ing the incoming H, with Zeolite (Linde, 13x and 5a at 6S°K). The 

capillary is 150 u id and is approximately 40 cm long. Approximately 

0.15 liter/sec STP of H, is used in the l iqui f ier . 

At f i r s t , attempts were made to spin a hydrogen thread by extruding 

i t through a small hole in the hydrogen liquifying cavity. Hydrogen 

threads were actually produced by this method, but only on a transient 

basis. 

The present system uses two separate thermally connected cavities: 
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one containing the coolant, the other the thread material. Thus, we can 

independently vary the pressure, temperature, and thread material of the 

extrusion cavity. The temperature can be regulated to within 0.1 K by 
34 adjusting the pressure in the liquifying cavity to the nearest 20 Torr. 

Note that the only equipment needed for temperature regulation is a 

needle valve on the H2 exhaust and a pressure gauge. 

2. Thread Spinner 

One of the most interesting parts of the device we call the "thread 

spinner." This is the tapered extrusion orif ice in a 300 u thick zone-

refined copper plate. The large 100 v opening of the or i f ice faces the 

l iqu id , and the smaller 70 P opening is toward the vacuum chamber. Such 

a hole in any good thermal conducting material wi l l work. For example, 

we have used a 6/90 ruby watch jewel. I t was found experimentally that a 

stable thread is produced when the temperature of the copper plate and 

deuterium cavity is between 19 an^ 22°K and the cavity pressure is between 

400 and 1200 Torr. The rate at which the thread is formed is about 4 mm/sec. 

Changing the temperature or pressure seems to have l i t t l e effect on the 

rate of the thread formation or i ts diameter except near the extremes of 

the operating range. During normal operation the pressure is set at 500 

Torr and the temperature at 21°K. A qualitative explanation of the thread 

spinning is shown in Fig. 24. Lines of heat flow are indicated on the 

le f t and the directions of sol id, l iquid, and gas movements are shown on 

the right. When l iquid deuterium is introduced into the cavity, a plug 

of solid deuterium forms at the hole frum the l iquid that is cooled and 

frozen through evaporation when i t is exposed to the vacuum. Liquid 

deuterium flows into the plug from above ai.d solid and gaseous deuterium 



-50-

flow out the bottom. As the tapered plug moves downward, the deuterium 

melts near the copper and is removed by pressure in the l iquid layer 

next to the copper. Steady flow occurs when the downward force from 

the pressure above the plug is balanced by the upward force on the plug 

from the pressure in the l iquid layer. This balance can be achieved by 

keeping the copper temperature near t r ip le point temperature of deuterium 

(18.69°K) which maintains the desirable controlled distance between the 

solid deuterium and the copper. 

The total amount of deuterium that flows into the vacuum chamber 

due to the thread and i ts production is = 50 micron-liters per sec. This 

low pumping load is important since i t allows one to easily maintain a 

pressure as low as < 10" Torr, which is necessary because forces develop 

on the pellets due to gas moving between surfaces of different temperatures. 

These forces arise because more momentum flux 1s incident on the pellet 

from the hot surface than from the cold surface and because the pellets 

ablate at a greater rate on the side facing the hot surface. Both of 

these phenomena force the pellets toward the cold surfaces. I t is con­

ceivable that these forces could he used to collimate and/or transport the 

pellets, or they can be reduced by decreasing the pressure in the vacuum 

chamber. These forces were observed to dominate the motion of the pellets 

during early experiments but were made small compared to gravitational 

forces, by decreasing the pressure. They wi l l be small, compared to 

gravitational forces, i f p « pgt, where p is the chamber pressure, 

P = the pellet density, g = gravitational acceleration, and i = the 

characteristic size of the pellet. For a 50 u deuterium pel let , pg£ = 

7 x 10*" Torr. 



-51-

For the sake of completeness, Fig. 24 shows other modes of operation 
that have been observed. In the freeze-off mode (Fig. 24a) a dome of 
solid deuterium forms over the hole and only gas enters the vacuum chamber. 
This mode of operation puts out about 2000 micron-liters of gas per sec. 
By raising the temperature to the normal operating range, the stable 
thread used to make pellets forms. This dome has been observed through 
a transparent ruby thread spinner. 

If the extrusion orifice is inverted (Fig. 24b), a thread will form, 
but it will move very fast. Liquid surface tension holds the thread to 
the copper plate. Attempts to slice the thread break this weak bond and 
disrupt the formation of the thread. Increase of pressure on mode (b) 
results in an unstable thread which is larger than the spinner hole 
(Fig. 24c). 

The amount of deuterium flowing into the vacuum chamber while 
operating in any of modes a, h, or c, is more than an order of magnitude 
larger than the amount of deuterium introduced while making pellets. 
Finally, there is a mode of operation not illustrated, which is caused 
by too high a tecperature and/or pressure. A large amount of liquid 
flows through the hole, forming random-sized globs of frozen deuterium. 
This mode of operation is called "blow-out" and generally overloads the 
vacuum system. 

3. Thread Slicer 
As a stable thread is being produced, it is sliced into pellets by 

a 25 y tungsten wire which is driven past the hole perpendicular to the 
thread and cuts it about 25 microns frun the spinner hole. The wire is 
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attached t o a speaker co i l which i s d r iven wi th a 250 Hz, gated square 

wave. While the 250 Hz o s c i l l a t i o n i s on , the thread 1s vaporized at the 

plane of o s c i l l a t i o n of the r e l a t i v e l y hot w i re . Pel lets of desired length 

are extruded whi le the wire is stopped. Thus by adjust ing the on and o f f 

time o f the 250 Hz o s c i l l a t i o n one can control the length o f the p e l l e t 

and the ra te o f pe l l e t product ion. 

I t was found experimentally t ha t when a 25 u wire was passed through 

the thread only once, the thread remained i n t a c t . One can speculate that 

the w i r e , which i s held a t l i q u i d deuterium temperature, passes through 

the thread causing i t to l i q u i f y near the w i re . This l i q u i d f lows around 

the w i re and fuses the thread together again on the other s i d e , much o f 

the deuterium i n the thread being evaporated at each pass. Several passes 

are needed t o s l i ce the thread which indicates the smoothness of the 

s l i c i n g method. 

The s l i c i n g act ion i s so g e n t l e , i n f a c t , t ha t i t can be adjusted 

so as not t o traverse the thread completely. This causes tire thread to 

be notched i n such a way that the pe l l e t s produced are connected by a 

small f i lament of deuterium. By observing the notched thread w i th a 

microscope whi le operating i n t h i s manner, the length o f these connected 

pe l l e t s can be made approximately equal to the diameter of the th read. 

Then the amplitude of the o s c i l l a t i o n can be Increased u n t i l the thread 

is completely severed, thus producing cyl inders of 50 v length and diameter. 

Measurement of the amount o f deuterium in the pe l le ts indicates tha t the 

length of the pe l l e t can be adjusted to give about 3 x 1 0 molecules per 

p e l l e t . 



-53-

4. Pellet Collimator 

As one might expect, the pellets leave the sl icing region with some 

horizontal velocity. Host of them are caught by an 8 cm diameter copper 

funnel, which has a 2 mm hole in the center and is l iquid nitrogen cooled. 

A relatively f l a t funnel with a slope of about 20° is used because less 

horizontal and vertical velocity is given to the pellets in bringing them 

to the center. This slope is just steep enough to prevent the pellets 

from sticking to impurities and imperfections 1n the funnel surface. A 

low vertical velocity is desirable because the pellets w i l l then have a 

longer time in the collimating tube to lose i ts horizontal velocity. 

After leaving the funnel, the pellets f a l l through a 3-mm-id quartz 

capillary tube, also held at LN temperature. (Quartz is used because i t 

is essential that the interior wall of the tube be clean and smooth.) 

This tube is broken into 10, 15, and 20 cm segments to allow for the 

escape of gas from the pellets. The length and diameter of the segments 

allows sufficient gas conductivity to prevent gas build-up in the tube. 

The following conditions must be satisfied so that pressure does not 

build up in the tube: C » NRAvs, where C is the conductivity of the 

tube. N is the maximum number of pellets in the tube, R is the number 

of molecules liberated by the collision of a gas molecule with pellets, 

A is the total area of the pellet, and v s is the thermal velocity of gas 

in the tube. I f this inequality is not sat isf ied, gas wi l l evaporate 

from the pellet in the tube at a greater rate than can be exhausted by 

the tube. Thus, there wi l l be an exponential increase of the gas pressure 

in the tube that w i l l blow pellets out of either end of the tube, usually 

with considerable horizontal velocity, and the pellets wi l l not be 
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collimated. 

This inequality is satisfied for the capillary tubes used to collimate 

the pellets. The pellets seem to fall parallel to the tube and are distri­

buted over the cross-sectional area of the tube. If the pellets are 
produced at the rate of 10/sec, then the incident ratt of pellets in the 

focal region of the ruby pulse laser is - 1/min. The last segment of the 

collimating tube also provides vacuum isolation of the pellet production 

chamber. The pellets are detected and irradiated 10 an below the collimating 

tube. 

B. The Giant Pulse Ruby Laser 

The pulse laser was designed and built at the Laboratory. It has 

an oscillator and two amplifiers and is capable of up to 10 joules output 

per pulse. When operated as a normal Pockel cell Q-switched laser, the 

pulse width is 30-50 ns. However, by use of a half glan, a laser triggered 

spark gap, and another Pockel cell , a pulse with less than 1 ns rise time 

can be made from the Q-switched pulse. 

Three photo diodes which are calibrated with the help of an optical 

calorimeter are used as laser diagnostics. One monitors the oscillator 

cavity, another monitors the output of the two amplifiers. This is called 

the input photo diode since i t monitors the light incident on the pellet. 

The third photo diode monitors the light coining out of the zap region. 

This is called the output photo diode. The balanced difference of the 

input and output photo diodes tells when absorption and/or scattering takes 

place. The difference is taken on a 454 Tectronics scope and the input 

pulse appears on the same trace with the circuit shown in Fig. 28. The 
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circuit starting at the 50 n nY" is equivalent to a 170 ns open ended 
cable except that there is 50% attenuation in the reflected signal. A 
typical different signal and the input photo diode signal is shown in 
Fig. 26. 

C. Pellet Detection and Laser Firing Systems 
The detection system senses when a pellet is on the proper trajectory 

to enter the focal region of the giant ruby pulse laser (henceforth called 
the zap zone). Two signals are then generated. The first signal triggers 
the flash lamps which pump the ruby for about 0.8 msec before the pellet 
enters the zap zone. The second one triggers the Pockel cell which 
q-switches the laser causing it to lase at the moment the pellet passes 
through the center of the zap zone. A vertical laser beam which is smaller 
than the zap zone shines through it and illuminates the pellets (see Fig. 
22). A 1 m HeNe laser was used but tiiere was barely enough scattered 
light. We are now using an 18 mW I'eCd laser and the scattered light is 
ample. The vertical beam is focused by the use of three lenses. Two are 
spherical and one is cylindrical. Because an effective focal length of 
10 cm is needed and the access window is more than 10 cm from the zap zone, 
two spherical lenses are used to expand the beam and focus it 2.75 inn above 
the zap zone. This 10 cm effective focal length system is needed because 
the detector laser's beam divergence is about 1 mrad and a focal spot of 
100 v is necessary in order to resolve that the pellet is well within the 
200 u diameter of the zap zone. The cylindrical lens is used to turn the 
point focus into a line focus. The line focus is parallel to the ruby 
laser beam and is about 0.5 ran long. Thus the area into which a detectable 
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pellet can fa l l is increased by a factor of five over what a point focus 

would give. The change in the power per cm2 of the giant pulse laser 

along this line is less than 20%. The length of the line focus is Of / f c , 

where 0 is the diameter of the incoming vertical laser beam before i t 

hits any lens, f is the focal length of the cylindrical lens, and f is 

the focal length of the spherical lens system. I t is interesting to note 

that the line length is independent of the position of the cylindrical 

lens as long as i t is the f i r s t lens the detection beam hi ts . 

Since the pellets" trajectories are very nearly parallel straight 

l ines, those that go through this l ine focus wi l l also go through the zap 

zone provided that the detection laser beam is made parallel to these 

trajectories. The scattered l ight from the illuminated pellets is collected 

at 90° to the detection bean and about 30° to the ionizing ruby laser beam 

and is focused on a set of three s l i t s (Fig. 22). The images of the s l i ts 

on the vertical beam are approximately 3.0, 2.5, and 0.1 mm above the 

zap zone. The height of each image is approximately 0.1 ran. The l ight 

from a l l three s l i ts goes into one photomultiplier. When a pellet fa l ls 

down the vertical beam the output consists of three pulses, as shown in 

Fig. 26. Trj signal passes through a band pass f i l t e r which suppresses 

photomultiplier noise and noise from flash 'amp l ights. 

To eliminate large differences in amplitude, the signals are 

logarithmically compressed and then fed into the laser f i r i ng logic (Fig. 

27). I f the peak of the f i r s t signal is high enough, a 100 usee flash 

window is generated when the second pulse is expected (approximately 200 us 

after the peak of the f i r s t pulse). I f the peak of the second pulse occurs 

during this flash window and is of sufficient amplitude, then a signal is 
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sent which fires the flash lamp, and a zap window is generated when the 

f inal pulse is expected to arr ive, about 0.8 msec later. When the third 

pulse appears in the zap window, a properly delayed signal is sent to 

actuate the Using of the ruby laser by ".-switching the oscil lator cavity. 

Although the primary reason for the two upper s l i t s is to distinguish 

the l ight scattered in the upper s l i t from that scattered in the lower, 

the requirement of two properly spaced signals prior to the flash lamps 

being fired helps to insure that the pellet is on the proper trajectory 

to go through the zap zone. Since connritnient to use the laser occurs at 

the f i r ing of the flash lamps, the line focus of the detection beam is 

placed between the image of the upper two s l i t s . By using this detection 

scheme we have been over 952 successful in making an exoanding deuterium 

plasma each time the flash lamps are f i red. 

The vertical beam and s l i t s are aligned by the following procedure. 

A fo i l is placed in the zap zone at 45» to vertical and a hole is burned 

in i t using the ruby laser. The vertical beam is then centered on the 

hole and the collimating tube is adjusted to be coaxial with i t . The three 

lenses are then put in place, the beam being recentered on the hole with 

the placement of each lens. Finally, the s l i ts are adjusted so that the 

image of the vertical beam is perpendicular to then and the l ight scattered 

from the hole hits sl ight ly below the last s l i t . At this point pellets are 

h i t with B=0. By observing the coaxial charge collecting probes described 

below, i t is found that the faster expanding plasma leaves the pellet from 

the side on which i t was h i t . By using this charge collecting data, fine 

adjustments are then made in the placement of the detection beam and in 

the delay in the lase timt with respect to the peak of the last detected 
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pulse, so that the irradiated pellets are at the center of the ruby laser 

focus. Thus, the free expansion is made axially symmetric. I t is found 

experimentally that changes in the position of the irradiated pellet by 

30 v make marked changes in the symmetry of the free expansion. 

0. Magnetic Field and Vacuum System 

The magnetic f ie ld is produced by water-cooled coils and is adjustable 

from zero to 7.5 kG d.c. and can go as high as 20 kG pulse (30 second 

pulse). The solenoid is about 4 meters long and the vacuum chamber for 

the plasma study f i t s inside the solenoid and is 20 cm in diameter. A 

1350 liters/sec ion pump (500 l i ters/sec of air) is on the chamber and a 

pressure of about 10*6 Torr is maintained while running. A much lower 

pressure could be easily achieved by allowing the unused pellets to fa l l 

through the plasma production chamber into another vacuum chamber for 

disposal. The vacuum system used on the pellet production chamber is a 

l iquid nitrogen-trapped-diffusion pump. The two systems are isolated by 

the last tube of the pellet collimator. 

E. Diagnostics 

The free expansion diagnostics are shown in Fig. 28. More details 

of the photo diode arrangement for measuring the burn time are described 

in Section B of this Appendix. The coaxial charge collectors are simply 

tubular 50 a coaxial cables, one of which is shown in Fig. 29. The tubular 

coax is used as a vacuum feed through and the end is turned of f smoothly. 

These probes are biased around 50 volts and placed 8 cm from the zap zone. 

I t was found when placing two probes close together that both probes gave 

the same signal when the bias voltage on one was varied from 5 to 150 volts. 
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Thus, saturated ion current is being drawn. It was also found that one 
probe could be moved to within 4 cm of the zap zone and the same asymptotic 
density distribution was measured. This was not found to be the case at 
2 cm. The probe at 2 cm shows less plasma produced than the one at 8 cm. 

The loop probes used when the magnetic field is on are described in 
Chapter IV. The charge collector and plasma camera are shown in Fig. 30. 
The plasma camera is much like that used by Coensgen et al. The large 
charge collector is 11 cm in diameter. The front is a 25 u thick foil with 
- 100 v diameter holes in it spaced every 500 u. Its transparency is 
determined optically to be 3.5%. The screen and the ion collecting plate 
behind it are made of 304 stainless steel. Ten 0.1 pF extended foil poly­
styrene capacitors are used for voltage biasing and each has a 1 n 
precision resistor in series with it. The voltage of one of the resistors 
is measured and this is the current monitoring discussed in Chapter IV. 
The charge collector is biased to 50 volts and typical voltage drops 
produced by irradiated pellets are - 10 volts. Its resistance and 
inductance are law enough so that essentially all of the capacitor 
voltage always appears between the screen and the ion collecting plate. 
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FIGURE CAPTIONS 

F ig . 0. Pr inc ipal components of the laser - ion ized p e l l e t experiment. 
The high-power laser i s focused on the so-ca l led "zap-zone", 
on the axis o f the magnet solenoid. 

F ig . 1 . Early stage of laser pe l l e t i n t e r a c t i o n . The densi ty versus 

x is p l o t t ed at (a) T f a = 0, (b) t b = 0 . 1 , and (c) T f a = 0.125. 

[ ( c ) shows the end o f the early t ime . ] 

F ig . 2. Qua l i t a t i ve shapes o f the p e l l e t f o r the times i n tne burn 

shown i n F ig . 1 . Ions ablated from the sides of the p e l l e t 

produce a r ad ia l force inward which l i m i t s rad ia l expansion. 

The dashed l i n e i n (b) shows the pos i t i on o f the shock f r o n t . 

F ig . 3. A f te r the shock propagates across the p e l l e t a complete ra re ­
fac t i on wave propagates toward the de f lag ra t ion f r o n t . The 
shape o f the densi ty p r o f i l e i s given i n the l i t e r a t u r e . J 

Fig . 4 . A f te r the ra re fac t ion wave reaches the de f lag ra t ion f r o n t , the 
" p e l l e t " i s recompressed. These densi ty p lo ts are found by a 
simple computer ca lcu la t ion (Appendix I ) . Note the dramatic 
s h i f t s i n the or ig ins of the pos i t ion sca le . 

F ig . 5. The ve loc i t y o f the def lagrat ion f r u n t i n the hard pe l l e t 

model compared to the mire deta i led c a l c u l a t i o n . Both are 

one-dimensional ca lcu la t ions. 

F ig. 6. Asymptotic density d i s t r i b u t i o n (a,b) f o r example in Chapter 
I I , and (c ,d) that were experimentally determined. (a,c) are 
the densi ty d i s t r i bu t i ons in the d i r e c t i o n o f the laser and 
(b,d) are perpendicular to the laser beam. 
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Fig. 7. Comparisons of the expansion of a spherically symmetric shell 
in an isotropic pressure and in a magnetic field. The (a) 
radius at the center, (b) rms v , (c) v average, and (d) the 
flux excluded from a loop are shown as a function of time. 
( ) isotropic pressure, ( ) perfectly conducting 
shell in a field, ( •-•) conducting shell in a B field 
with anomalous resistivity and fluid effects. 

Fig. 8. Flux exclusion for Model B, using various numbers of rings. 

Fig. 9. Time development, in an isotropic pressure, of a density 
distribution similar to that produced by laser irradiation 
of a pellet (z is in the direction of the laser beam). 

Fig. 10. Flux exclusion from Model A (-• •) and Model B ( ) 
co.iipared to experimental results taken at 4 and 7 kG. 

Fig. 11. The shape of the shell in Model A when T = 1,2,3,4,5, and 6. 

Fig. 12. Typical signals seen by the coaxial charge collectors for 
B = 0. Signals show collected ion currents (inverted) as a 
function of time for three shots. The early small signal is 
due to photo emission caused by UV generated during the 
pellet burn. 

Fig. 13. Fit of coaxial charge collection to simple theory ( ) and 
experiment ( ). 

Fig. 14. Average shape of the deflagration front during the pellet burn. 

Fig. 15. The exhaust velocity of the laser-produced plasma as a function 
of laser power. The solid line is what is expected froai the 
simple model. 

Fig. 16. Burn time measurement of 50 u deuterium pellets. 

Fig. 17. Long time exposure photographs of pellet burn (see Fig. 28). 
The light vertical streak is due to the falling pellets which 
are illuminated by the detection beam. (The number is the 
shot number.) 



-67-

Fig. 18. Flux exclusion from a 4.5 cm diameter loop due to plasma 
produced by the irradiation of a 50 v deuterium pellet with 
a laser in a uniform magnetic field of (a) 4 kG and (b) 7 kG. 
(The number is the shot number.) 

Fig. 19. Plasma camera photographs of the plasma as i t streams into the 
plasma camera, which 1s 50 cm from the zap zone. This is a 
long time exposure photograph of the scintillator (see Fig. 30). 
(The number is the shot number.) 

Fig. 20. Shape of the shell and position of ring at T = 1.86 in Model A. 

Fig. 21. Flow diagram of computer program used to estimate the expansion 
of the plasma in a magnetic field. 

Fig. 22. Pellets are detected by a vertical HeCd laser beam. 

Fig. 23. Apparatus for producing laser targets of 50 v diameter 
deuterium pellets. 

Fig. 24. Model of the thread "spinning." 

Fig. 25. Other modes of spinner operation. 

Fig. 26. Photomultiplier output for a usable pellet and the time of 
appearance of the flash window and the zap window. 

Fig. 27. Logic for firing the laser from the pellet signals. 

Fig. 28. Free expansion diagnostics. 

Fig. 29. The coaxial charge collector. 

Fig. 30. Diagnostics used in a magnetic f ield. 
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