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double-foil technique has been developed and used to study the velocity of the accelerated
target.

Using measurements of plasma energy, velocity, and momentum, we determine the scaling
with irradiance and the absolute magnitudes of the ablation pressure, velocity and ablation
depth (or mass ablation rate). These results are insensitive to laser spot-size effects that may
introduce error under some experimental conditions. They imply that the hydrodynamic
efficiency and initial thickness of targets accelerated to fusion velocities are weak and strong
functions of absorbed irradiance respectively. Thus, target thickness and irradiance may be
varied as necessary to alter the pellet-aspect-=tio or to increase laser nonuniformity smoothing
with only small changes in hydrodynamic efficiency. We have determined that the accelerated
target is composed of a high pressure, high density region preceeded by a low pressure, low
density plasma. We have measured the velocity of the high density region and found that it
agrees with target velocities predicted from the ablation parameters using a simple rocket
model., We accelerated targets over distances many times their own thickness to velocities of
100 km/sec with no apparent breakup.(These densc target velocities are close to the implosion
velocities required of hollow fusion-pelletshells.
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DYNAMICS OF LASER-DRIVEN, ABLATIVELY
ACCELERATED TARGETS

INTRODUCTION

Search for a method of controlling thermonuclear fusion reactions to produce electric
power continues for about three decades. Development of such a method would permit tapping
of the practically unlimited energy locked-up in naturally occurring fusionable nuclei and free
mankind from its dependence on fossil fuels: In an era of rapidly dwindling energy resources
this research becomes imperative. One fusion technique now being considered is the laser-
driven, ablative implosion of hollow pellets made of fusionable fuel. In this scheme, powerful
laser beams ablate material from the hollow pellet surface creating high pressures that implode
the pellet in a process analogous to a rocket. If it could be arranged for ti:e imploding pellet to
converge inward with sufficient symmetry, sufficient kinetic energy. and on a low adiabat; then,
upon convergence the pellet fuel is compressed long enough for thermonuclear fusion reactions

with a net energy gain to occur. This energy would be extracted and used tc run the turbines

of a conventional electric power plant.

The present work is part of a larger integrated and ongoing experiment studying the feasi-
bility of the fusion scheme briefly sketched above. Our aim is to verify that planar targets.
modeling sections of a hollow pellet, may be accelerated to the velocities required for fusion,
and to measure the ablation parameters that help define an operating regime for a practical
fusion scenario. For this purpose, new diagnostics had to be developed. Then quantitative
measurements of the dense target velocity and ablation plasma parameters under various target,

laser-spot size, and irradiance conditions were made. These topics will be discussed in the sec-

tions that follow:

Manuscript submitted March 16, 1981,
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Section 1

Section 1

Section I

Section 1V

J. GRUN

describes what we measure, and why;
reviews past theoretical and experimental contributions;
describes the methods und diagnostics used in these experiments; and

presents our results and discusses their implications.
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Section |

WHAT WE MEASURE AND Wi

The basic goal of fusion reszarch is to confine a plasma of hydrogen isotopes in which
fusion reactions with a net energy gain take place. Regardless of the confinement scheme used,
two conditions must be satisfied: first, the reacting plasma must be heated so that the rate of
thermonuclear energy production exceeds the rate of energy loss due to bremstrahlung
radiation:* ' second, for a net energy gain (fusion energy/thermal energy > 1) the product of
plasma density and the reaction time must be greater than 10" sec/cm® (Lawson's criterion).?
In inertial confinement fusion, researchers attempt to exceed these criteria by heating a highly
compressed deuterium-tritium (DT) plasma (~ 10% jons/cm?) and confining it with its own
inertia for a few picoseconds.” For this technique Lawson's criterion is equivalent to a condition

on the compressed plasma density p, and radius R, . p, R, > 0.2 gm/cm?’.” Just exceeding this
criterion, however, is not sufficient for comnercial fusion application since the thermonuclear
energy produced must also make up for the inefficiency of the driver as well as the energy
wasted in the driver-plasma coupling, compression. and ignition processes. Inertial confinement
fusion concepts reguire p R, to be about 2 em/eny’. Below. | will bricfly describe the particular

fusion scheme that motivates the present wosk and relate our mcasurements 1o it.

A. Fusion with Ablatively Driven, Hollow Pellets

The pellet type whose feasibility we are studying® consists of a hollow, spherical (few mm

diameter) DT shell coated with a material called an ablator (Fig. 1a). By analogy with a rocket.

“For deuterium-intum plasma reachions, D+ T —= 4 Hels S MeV) ¢ 0 0141 MV, and of the reaction products are
captured by the plasma. the heat encegy v > 3 KeV

2 assume that the reaction ime = s ginen by 7, = R /40, where C, s the speed of sound . We also assume that
c,=JViopd

s Where the thermal velociy §7, = 6 107 4t 10 KeV  For the angin of these relations sce the arhicle by
G S Fraley, ¢t al an reference |
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3. GRUN

the DT shell may be thought of as the rocket payload, and the ablator as the rocket fucl,
Powerlul fasers heat the ablitor whose rapid evaporation supplies the thrust to implode the hol-
low shell towards the center of the sphere (Fig. 1b), I the implosion is sufliciently energetic.
symmetric and the shell sufliciently cool, the DT stagnates as it reaches the center and is
compressed to o high density. The compression should be done such that a small central region
(paRy ~ .3 gm/em? at 10 keV) of the compressed DT is shock heated 1o the temperature re-
quired for fusion reactions, with little extra investment in encrgy. The fusion reactions that be-
gin at the core rapidly spread thru the rest of the compressed DT fuel as aipha parliglcs from
the reactions deposit their energy in the rest of the pellet thereby propagating the thermonu-

¢clear burn from (Fig. 1¢).

Among the parameters we consider are:

a. Shell Velocity

FFor the hollow pellet envisioned in Ref. 4. the deuterium shell must be compressed to
~ 3000 times solid density. To supply the caergy necessary for such compression (~2 x 10’
J/em) the shetl velocity must be about 200 km/see. 1t is important to verify experimentally
whether aceeleration to such high velocity with the required uniformity and efliciency is possi-
ble. Our mcasurements of planar target velocities, modeling pellet shells, will be described in

the following sections.
h. Ablation Pressure
i1 the hollow pellet fusion scheme is to work, some contradictory requirements will have

to be reconciled. For example, during the aceeteration phase the dense imploding shell is

pushed by a less dense ablation plasmi without.  Since this is not a minimum cnergy

“The pelict parumeters are: l‘;;llcl gain = 1000, burn cMciency = 40%, implosion efficiency = 14%, fuel mas = 10 °
gm, specifle energy = 2 10" J/gm.
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____ DT-FUEL SHELL

 ___— ABLATOR

(a) PELLET
CROSS SECTION

LR > hagv il P BT

IMPLODING FUEL
~___ ABLATION
LASER LIGHT

LA

L2 i T ALt

(b) ABLATIVE
IMPLOSION

CENTRAL IGNITION
COMPRESSED FUEL

(c) PROPAGATING
BURN

Fig. 1.1 — A simplificd diagram showing a hollow fusion pellet
(a) before, (b) during, and (c) after implosion
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J configuration, the DT shell and ablator material will tend to mix and brake up the pellet To
limit the development of this (Raleigh-Taylor) instability.. the shell should be accelerated to its
; final fusion velocity in the shortest possible time. This requires high pressures and. therefore,

A

% high laser iniensitics. However, irradiance cannot be raised without limit. Eventually undesir-
i

able effects of high irradiance will appear. limit the encrgy available for compression. and in
addition make the shell even harder to compress. Known effects include Brillouin backscatter®
that reduces the absorption of laser light, production of fust electrons’ ? that would heat the
DT fuel prematurely, as well as production of fast ions and inhibited thermal transport’ * ' that

reduce the eficiency of acceleration.

We must verify whether an irradiance regime that avoids non-uniform implosions. avoids
the undesirable effects of high irradiance. and is consistent with accelerating the shell to the
required velocity exists.’? For this reason we have meusured the ablation pressure and its scal-
ing with irradiance. Also. comparing experimental and theoretical scaling laws aids our under-

standing of the ablation mechanism.
c. Ablation Velacity and Mass Ablation Rates
Ablation velocity is an important quantity influencing the hydrodynamic efficiency of the

hollow pellet implosion. Using a rough analogy. the ablating plasma and pellet shell may be

thought of as products of a "decay” in which one particle transforms into two components—a

I RN S S S AR T A s I 2 R T i e L T T - B ST T N i S S T I e P L o i P T BT T P

light one and a heavy one. In this situation most of the decay energy ends up in the light pro-

duct. although the momentum of the products is shared cqually. In the fusion case (0o, most
of the absorbed laser energy (£,) ends up as the kinetic cnergy of the ablation plasma %Mu’

where M is the total ablated mass and # its mean velocity. Since the momentum transferred to
the pellet shell is given oy ~2 E,/u. for a given absorbed cnergy low velocity ablation ions gen-

crate high pressure more cfficiently than fast jons. Scaling laws that relate ablation velocity (o

A
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the hydrodynamic efficiency of acceleration may be derived from a simple rocket model.!?
Consequently, knowing the ablation velocity and its scaling with irradiance is important when
searching for a parameter space in which the pellet cun operate. Knowing the mass ablation
rate {or mass ablation depth) also mukes it possible to infer the thickness of a pellet shell that
can be accelerated to fusion velocity with the required efficiericy. We have measured ablation
velocities, mass ablation depths, and their scalings with irradiance. The results will be shown in

Section 1V.
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Section 11

g REVIEW OF THEORY AND EXPERIMENTS

In part A of this section the theory of ablative acceleration is presented. Emphasis is

N placed on the basic physics of the ablation process and of the moving shell under ideal condi-
tions. The descripticn is not exhaustive, but it does describe current thinking on the subject.

L Scaling laws relevant to our experiment are summarized in this part. Measurements refated

closely to our own are reviewed in part B. Of necessity. important work dealing with effects

b
g‘
<} such as laser-beam absorption, laser-beam uniformity, or target preheat is not discussed. The
reader is urged to consult Refs. 1-3 and references therein for information on these subjects.
Co A. Theory
OH
" a. Ablation
; . Schematics of the electron temperature and density profiles of plasma during the ablation
“ N

process are sketched in Fig. 11.1.%* The laser-beam penetrates the plasma from the right being
absorbed on the way uritil a critical density n, (10%' cm™? for a Nd-glass laser), where any

remaining laser energy may be reflected or resonantly absorbed.® For the long duration, low

intensity luser pulses considered here (3-4 nsec, < 10" W/cem?) plasma flow establishes a rela-
e tively long scale-length, relatively low temperature absorption region. In this environment the
electron-ion collision frequency is high enough to provide efficient absorption by inverse-

bremsstrahlung.”-® Most of the laser energy is probably absorbed by this process.!

Much of the absorbed energy —especially near critical density —conducts down the steep

"

v

temperature gradient towards the cooler target surface where it heats up and ablates surface
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Fig. 11.1 — Schematic of the density {p) and electron temperature (T,) profiles of an ablatively
driven target; u is the ablation velocity and / the specific enthalpy.
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material. This ablatinz material (plasma) expands from the surface and, in so doing, exerts a
pressure which compresses and eventually moves the target; a shock can be generated causing
the density step depicted in Fig. 11.1. The flow of ablated plasma thru the critical density sur-
face and towards the laser alsc replenishes the plasma in the absorption region. In particular, if
this flow occurs on a time scale much faster then changes in the incident irradiance —something
assumed in most theories—a self-consistent regulation cycle that establishes and maintains the
profiles in Fig. 1.1 is expected to set in. For example, if the ablation rate should for some rea-
son slightiy decrease, lack of plasma in the absorption region will move the critical density
closer to the ablation surface. This will result in absorption closer to the target, the tempera-
ture near the critical surface would rise, temperature gradient (Fig. 11.1) would steepen, and the
ablation rate will go back up. If instead the ablation rate should increase, this process is
reversed. Assuming such a steady or quasi-steady ablation structure, ablation plasma properties

are commonly described by these steady state equations:

V- pul=0 (mass conservation) (1)
p(@ - V)i =—-VJ7, (Newton's Law) (11.2)
v - [pz‘i [%u2 + h} + G| = pQ (Energy conservation ) , (11.3)

where p.7.%9,. and h are the plasma density, velocity, pressure, and specific enthalpy respec-
tively; Q is the energy deposited in the plasma per unit mass per unit time, and 7 is the thermal
k.|| v, "
— =71l the
m, VTl

heat flux expressed by the minimum of g = (=AVT)) org = |~ /p.

latter expression is valid in the free streaming limit.

This is the basic picture assumed in most ablation theories; individual authors differ in the
way they treat various details of the problem. Simple theories (Kidder.? Caruso and Gratton'®),
which are in planar geometry, neglect details of the absorption and energy transport to the abla-

tion layer. They also assume that all of the absorbed energy supports the expansion of the abla-

19
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tion plasma, and that the underdense plasma expands with sonic velocity (also called the
Chapman-Jouget hypothesis).” Some thecries (Jarboe et al.!!) assume sonic flow at the critical

surfuce and some (Ahlborn et. al.'>'?) eliminate the sonic flow hypothesis altogether.

In practice, no laser-target experiment is truly planar. Plasma from flat argets irradiated
by finite-diameter laser spots, for example, expands laterally; the expansion becoming
significant when the plasma reaches a distance comparabie to the laser spot diameter. Plasma
from uniformly irradiated pellet targets expands spherically. Nevertheless, if the sphericity of
the plasma flow becomes significant only aftcr the hydrodynamic parameters reach their finai, or
almost final values (ie., when the ablation to critical surface distance < < pellet radius or laser
spot diameter), then a planar theory may sti't be able to describe the experiment. Thus, experi-
ments using large pellets or large laser spots may be described with a planar theory. However,
experiments using small pellets or small laser spots may be better described by a spherical

theory.

Divergent plasma flow from planar targets was considered by Puell™ who treated plasma
hydrodynamics in planar geometry using a model similar to Refs. 9 and 10, but considered
plasma expansion when calculating absorption of laser light and the temperature at the sonic
radius. (The sonic radius is the radius at which the plasma makes a transition from subsonic to
supersonic flow.) Scalings of ablation param.'. rs with irradiance in sphericai gcometry were
determined by Nemchinov!® who neglected thermal transport. Scaling of the mass ablation rate
was determined by Gitomer et al.'® who included thermal transport but assumed that the sonic
radius does not vary with irradiance. Inhibited thermal conductivity in spherical gecometry (at

irradiances higher than ours) was considered by Rosen et al.!” and Max et al.'®

Scalings with irradiance of ablation pressure, ablation velocity, and mass ablation rate

predicted by these theories are shown in Table I1.1. Mosi ~f the theories give similar results.

i
!
;

b bt

ittt vy

\
|

RARAE M b TS 2 R 1 B

N N T e

>
i

T TR ST

TR

A

iy
~
£
8
¥
1
E4
2



z

3
{2

>
E:

U MAca )

SRR LB B emd 1

SO AT A ML e

e N

AT

ok TR

W

T

§ GRUN

Table 1.1 — Comparison of theoretically derived scal-
ing 1: ws: Table entries are the exponents of a = [
where a is either the ablation pressure Jj,, ablation
velocily o, ablation depth 4, or the mass gblation rate
m,;, and /, is the absorbed irradiance. Theories referred
to may be found in refs. 9 thru 8.

.

THEORY 2, u d or m
KIDDER 15 25 .50
CARUSO 15 .25 50
AHLBORN 8% | .22* 56*
JARBOE 66** | .33** 33
PUELL .18 22 .56
NEMCHINOV | .78 22 .56
GITOMER .56
MAX 57 .09 .48

*nt" ¥ IN AHLBORN'S EXPRESSIONS HAVE
HERE BEEN TREATED AS CONSTANTS. 7 IS THE
ABSORPTION FRACTION.

**JARBOE ET AL. DERIVE EXPLICITLY A RELA-
TION FOR u; ONLY. TO GET THE OTHER TWO
QUANTITIES WE USED THE RELATIONS
P «nu? AND nm «n u, IMPLIED BY HIS
THEORY: n,_ IS THE CRITICAL DENSITY.

12
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However, fixing the sonic plasma ¢ \aust at critical density!! and not letting the exhaust den-

sity vary with irradiance changed the scalings noticeably. !nclusion of inhibited thermal tran-

sport'® changed the scalings also.

- & b. Physics at the Ablation Surface-Target Interface

It was explicitly recognized by some authors™ '* that the Chapman-Jouget hypothesis may

,
R S

e e

be invalid but it was often used because it simplified the ablation model. This hypothesis and

-

S Py

the physics at the ablation surface-solid target interface il be reviewed below."?

.

The sharply rising temperatare profile in Fig. 11.1 may be viewed as 2 stationary, infinitely

steep heat front burning its way into the solid target. Just as is the case with shocks, the propa-

Py m!‘ b TR o
e ——

gation of such heat fronts depends not only on local parameters siuch as density but also on

external conditions ramote from the heat front such as energy absorption mechanisms or

HAOEARE

plasma thermodynamics. Three modes of heat front propagation arc recognized depending on

AT

the absorbed intensity /,, enthalpy 4 of the heated plasma, and the density » of the cocel

Wb KA

material preceeding the step'* 2 [h = #(1,/p)].

Mode (1): The heat front velocity is subsonic with respect to both the cool plasma in advence
of the step and the hot plasma in back of the step. Under these conditions, the
thrust of the hot plasma near the step surface drives a shock wive that overtakes the
heat step and moves akead of it. This is the behuvior piciured in Fig. 11.1. It occurs
when 4 is high and /,/p is low.

Mode (2): The heat front velocity is supersonic with resp . to both the cool plasma ir. advance
of the step and the hot plasma in back of the step. Under these conditions no "mgs-
sage” can be transthitted from the hot plasma to the cool material, so that no pres-

sure precursors can develop. The heat front burns directly into an uncompressed

W AL b
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target. Once the heat front passes, the pressure gradients associated with the thrust
of the accelerated plasma lose their momentum to a subsequent rarefaction wave.
This occurs when 4 is low and /,/p is high.

Mode (3): The heat front is sonic with respect to the hot plasma in back of the step. Here the
pressure and heat fronts move together. This occurs when & « (1,/p)¥3. Any devi-

ation from this condition causes modes (1) or (2) to appear.

Mode (3) is the so called Chapinan-Jouget detonation. It is the naturally occuring mode in
chemical detonations when an unstable chemical is locally activated by a shock wave. The
resulting chemical reaction gives off heat at a rapid rate. The heat, in turn, maintains the shock
wave—which detonates more matcrial to produce more heat and so on. In this closely coupled.
self-sustaining cycle the heat and pressure fronts move together. But, when the heat source is
a laser the cycle described above does not exist so that the Chapman-Jouget detonation would
occur only for a special set of conditions. In fact, absorption by inverse-bremsstrahlung may
not be consistent with the Chapman-Jouget process.!? Interestingly. Ahlborn and Key'? found
that in the abiation process the velocity of the heat front is only slightly subsonic. This may
account for the good agreement between his theory and theories that use the Chapman-Jouget

hypothesis.'?

¢. Pellet-Shell Motion

When a particle decays into a heavy and a light component the light component carrics
most of the energy but momentum is shared equally. A shell accelerated by an ablating plasma
behaves similarly i.c. most of the absorbed laser energy is carried by the plasma but the plasma
momentum is balanced by a shock wave in the denser shell material. Consequently. once this
shock wave equilibrates, shell kinematics may be described using momentum conservation

laws—in a manner analagous to a rocket.?! Shock cquilibration mechanisms, spall., or shock

14
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heating are, of course, ignored in such analysis. A planar geometry rocket with a cold exhaust
was uscd recently to model the results of an ablative acceleration experiment.’2 The model was
found to be in agreement with experiment once a correction for the angular divergence of the
cxhaust (i.c., blowofl plasma) in the experiment was made. A rocket with a hot exhaust® (and

no geometrical corrections) explains ablative acceleration experiments as well.

Planar rocket models may describe the carly stages of a fusion pellet implosion. However,
later in the implosion phenomena such as an increasing pressure at the pellet surface duc to the
decreasing pellet surface arca, or shocks reflecting from the pellet center alter this simple pic-

ture. Spherical convergence effects were treated by Kidder, and Ashby.
B. Experiment

Ablative acceleration experiments in which both the ablation plasma and the accelerating
shell are studied in an integrated manner have begun recently.2-2" Instead of imploding hol-
low pellets, these experiments accelerate planar targets meant to simulate a section of a pellet
shell before convergence effects become dominant. Planar targets have the advantage that both
the hot (outer) and cool (inner) surfuces are casily accessible to diagnostics. However, large
diameter laser spots (> 1 mm) are necessary 1o obtain quantitative results in this type of experi-
ment since two-dimensional effects at the edges of smaller spots may distort the results.
Finite-laser-spot eflects and our measurements of ablation plasma and target propeities will be
discussed in detail in Sections 111 and IV. Below, we review observations reported in the litera-

turc.

2. Some Words on Diagnostlcs

The diagnostics used to measure ablation propertics include time-of-flight ion collectors to

measurc plasma speed, plasma calorimeters to measure plasmi energy. and pendula to measure

15
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plasma momentum. Ablation pressures were also inferred by observing shock speeds in opti-
cally clear targets,?® and mass ablation rates (or depths) determined with layered—target tech-
niques."?* When evaluating the experimental literature, the following diagnostic peculiarities

must be kept in mind.

® In Sec. IV we will show that it is important to keep the laser-spot-diameter
large (> 1 mm). More importantly, changing irradiance in a parameter study by
focusing down the laser beam should not be done without caution. Doing so alers
the irradiation spotsize changing the amount of cnergy escaping thru the focal spot
periphery®® and the distance between the ablation and critical surfaces. This may
introduce unwanted error. Focusing down the laser beam also changes the spatial
profile of the irradiance and the nature and intensity of any hot spots in the beam.
Layered-target experiments which are sensitive to the shape of the irradiance profile

may be especially affected by this.

® When plasma ions strike a pendulum collector they can stick, "bounce oft*
its surface, or sputter material from it. The reflected or sputtered material. though
of low cnergy.*! gencrates recoil momentum that can be as large as the momentum
of the incident jons. Pendula calibrations must take this into account. Note also
that low energy but high momentum plasma, such as may orviginate from regions
beyond the focal-spot, would also be sensed by a pendulum. Since the momentum
contributed by such plasma would be irrclevant to laser fusion, its existence—or

lack of it—must be verified. These 1ssues will be discussed in Sec. HI.

¢ Jon collectors measure currents passing a point far removed from the

irradiated target so that the ion time-of-flight is much longer than the time of its
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initial acceleration. Unlike in short, high irradiance laser pulse work,*? ion collec-
tors in the ablative regime measure a single sharp peak® so that their use as time-
of-flight detectors is legitimate. However, the ablation velocity distribution is

afTected by laser spot size as will be shown in Sec. IV.

b. Ablation Experiments

The formation and expansion of blowofT plasmas from targets irradiated by long (> 1
nsec) laser pulses were studied in the middle sixties with the advent of multijoule ruby lasers
(A = 0.69um).>*-3 Scaling of ion kinetic energies™ ** and of the relative number of blowofT
ions*® with intensity was inferred from ion collector traces. These observations were in agree-
ment with planar zblation theory. In later work with infrared lasers (A = 1.05um) quantitative
measurements and scalings with intensity o1 blowoff ion velocities and mass ablation rates were
obtained®’ (see Sec. IV). The charge state of ablation jons was also measured and found to be

in good gualitative agreement with the theory.*

In an early measurement, time-resolved pressure generated by a S-nscc glass laser pulse
was inferred at a single irradiance by watching the velocity of an opaque front (believed 10 be a
shock wave) in the irradiated target.?* Others inferred the scaling of average pressure with irra-
diance by measuring th. response of a pendulum when it was struck by the accelerated target
debris®* In this experiment target momentum was inferred from the pendulum motion. The
target area over which the momentum acts was inferred theoretically and pressure was deter-
mined using the formula: pressure = momentum/{area x laser duration.) A similar pendulum
technique was used to measure the momentum of the ablation (blowoff) plasma.’’ Qur meas-
urements infer ablation pressure from the plasma blowoff momentum also.’” *® but are distin-
quished from the previous work in that the arca from which the momentum arrives is experi-

mentally determined and the contribution of sputter or reflection frem the pendutum surface is

included in its calibration. Details will be presented in Scc. 111,




J GRUN

Yo R (R S

c. Target Velocity Experiments

Although measurements on ablatively accelerated targets have just recently begun, the

+0 52 30 B

experimental techniques are improving rapidly. In some of the early experiments.?® time-of

flight ion collectors were a common diagnostic of target motion. These detectors collect target

i B i) L9000 s

debris passing a point far removed from the target so that the debris time-of-flight is much
greater than the time of its initial acceleration. Consequzrntly. the technigue is subject to criti-
cism that the target during the crucial acceleration and post-acceleration phases remains unob-
served. The acceieration and motion of planar targets were also studied thru observations of
tiac shadow cast by the moving target when it is illuminated by an optical probing beam.? ° In
nis method, though. the internal structure of the accelerating target ishadow) is also unob-

served. Particularly, it is hard 10 tell whether the moving shadow edge is cast by the dense bulk

of the target or by lower density plasma preceding and obscuring the dense part of the target.

Moie recently. space and time resolved velocity profiles of targets during the early stages of
acceleration were obtained by bouncing a short duration probe beam off the target’s rear surface

and observing the resulting doppler shift.*! Our latest experimeats permit the velocity of the

oA

dense "bulk target” material ard the qualititive nature of the shadow cast by the target to be

W

determined with a unique double-Tail technique. Dense targets moving at velocities of 100
km/sec have been observed.’” This technique and experimental results will be described in

detail in Secs. I and IV.
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Section 111

INSTRUMENTS AND METHODS

The apparatus used to study ablatively accelerated targets consists of a powerful laser
driver, a target irradiation facility, and associated diagnostics. An overview of the laser, the
irradiation facility, and common diagnostics will be given in parts A and B below. Then, the

diagnostics and methods peculiar to our experiment will be described.
A. Laser Driver

The driver for these experiments is the NRL Pharos 11 Nd:glase laser. capable of deliver-
ing over 600 Joules on target in a 3-5 nsec pulse. A schematic of this laser is shown in Fig.
HL1. The master oscillator is a neodymium-yttrium-lithium-fluoride (Nd:YLF), passively Q-
switched unit lasing at a 1.054 um wavelength. This is followed by a single pass. 6.4 mm aper-
ture Nd:YLF preamplificr and two Nd:phosphate glass rod amplifiers (diameters ¢ = 23 mm,
and 32 mm) that boost the oscillator energy 800 fold. The laser beam is then split into two
components and each component is further amplificd by a 45 mm aperture rod amplifier; opti-
cally relayed thru two disk amplifiers (& = 67 mm. and 105 mm): and then relayed again into
the target irradiation area and onto the focusing lens. For mort of the shots in this work only
one beam of this laser was used. The soft aperture! shown in the diagram was installed after

our experiment was complete.

To obtain as uniform an illumination as possiblc over a large area, the planar targets uscd
in these experiments arc placed between the point of best focus and the near field of a 1.2
meter. {76, aspheric focusing lens. The target normal is tilted 6° with respect to the laser axis to

protect the laser from back reflection and to make the target normal accessible to diagnostics.
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Unless otherwise stated in the text, irradiance is varied by reducing the gain of the disk
amplifiers so that the spacial irradience profile does not change significantly. Typical irradiance
profiles in the target plane, measured with a thin-film ablation technique.? are shown in Fig.
11.2. The focal distributions are fairly uniform and free of asiigmatism, rradiance variation in

the central ringed nart of the distribution is about £ 50"%.
B. Target Icradiance Facility

The target facility of the laser-plasma interaction group al NRL contains the final align-
ment, focusing, and diagnostic stages of the Pharos {1 laser. a chamber that contains the target.
# computerized data acquisition system. and our plasma/target diagnostics. These Jre ade-
guately described in the litesature® so only an overview is given here.  Diagnestics especrally

relevani 1o this work are desciibed in parts C and D.

The faser beam. discussed in part A, is optically relayed from the laser building and onto
the target chamber focusing iens. Incident and back reflected faser fight is monitored utilizing
reflections off appropriately placed beam-splitter surfaces. Laser energy. temporal history, and
the spatial irradiance profile in the target plane (see Fig. H1.2) are measured on eachi shot  The
laser energy is measured with an Apollo calorimeter:! a fast, ~ 300 pscc. MRD 510 PIN diode
coupled to a Tektronix 7104 oscifloscope measures the temporal history. The targets to be irra-
diated are placed in a chamber and positioned with a precise XYZ trun: ator. Planar geometry
is chosen for our experiments so that both the front and the rear sides of the target are readily
accessible to diagnostics. The chamber itsclf. shaped like a 60 cm diameter octahedran-rhombs
cubc. is evacuated to about 50 microtorr for all the shots in this paper  Most plasmas and turgel
disgnostics are placed in. or are attached o, this chamber. Other diagnostics view the plasnia

from the outside. The diagnostics include
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Fig. I1.2 — Azimuthally averaged radial intensity profiles at the target plane. Focal spot radius
in varied by moving the focusing lens. Arrows indicate radii within which 50% or 90% of the
energy is contained. Inserts show the temporal behaviour of the laser pulse and constant irradi-
ance contours of a 1-mm diameter laser spot.
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®  arrays of time-of-flight ion collectors, plasma calorimeters, and ballistic pendula to

directly measure the plasma or target velocity, energy, and momentum respectively.

® 2 box-calorimeter to measure laser absorption.® *

®  an optical probing beam utilized for several purposes, e.g.. multiple frame shadowgra-

phy.*® interferometry. * doppler shift soundings,” and double foil experiments.®.

® a Hadlund Imacon 675 streak camera with S-1 and §-20 tubes used in the double foil

experiments.?

®  astigmatic spectrographs used to measure the temperature of the target rear.’

®  x-ray diagnostics such as: an array of seven PIN diode - filter combinations to meas-

ure 1-10 KeV emission spectra;'

four filter-scintillator-PMT x-ray detectors which
cover the 19-50 KeV region: a PIN diode - Be filter device to time resolve 1-2 KeV
x-ray emission;® an XUV spectrograph:*® x-ray pinhole cameras: a spectrohelio-

graph.

® and others.

C. lon Diagnostics and Methods

Figure 1.3 shows the setup used for measuring hydrodynamic parameters of the ablation

plasma and of the accelerated target. The laser beam enters from the figure’s right. Part of the
beam is diverted by a beam splitier and used to measure the laser beam energy, time history, i

and the spacial irradiance distribution in an equivalent focal lens plane.!' The remainder is

focused by a 1.2 meter aspheric lens to irradiate a planar target positioned in the chamber with ki

the aid of a telescope and an imaging vidacon. Shadowgraphy and interferometry are also used

in conjunction with this cxperiment (measurements by J. A, Stamper).
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The targets themselves are either thin, wide polystyrene foils [(CH),: 2-40 pm thick, ~3
mm widel. or thin polystyrene disks [0.3-1.2 mm in diameter]. In Section 1V we will explan
the need for both types of targets. Angular distributions of velocity. energy. and momentum
are measured with arrays of time-of-flight ion collectors, plasma calorimeters. and ballistic pen-
dula arranged around the chamber periphery. From these distributions mass ablation rates,
ablation pressures and other quantities are inferred. These meusurements will be presented in
Section IV. Below, the devices themselves are descrioed. The in-situ tests and calibration of

the ballistic pendulum. not yet done in other laboratorics. are described in detail.
a. Time-of-Flight lon Collectors

Asymiptotic ion velocities are obtained fromy measurements of ion current a known dis-
tance from the target surface. A schematic of an ion collector used for such measurement 1
shown in Fig. Hl.4a. The device consists of a flat copper collector plate biased 10 — 150 volts
with respect 1o its case and the chamber ground. Expanding plasma enters the detector through
a small hole and a copper mesh. When the plasma comes within a few Debye lengths A, =
(AT./47 n.e?)V?] of the collector plate the ions and electrons are separated. The electrons,
whose kinetic energy is on the order of 1 volt, are repelled to the earth ground: but the 1ons
whose energy {~ 10 KeV for carbon) is much greater than the bias voltage and neutrals are not
affected and strike the collector. To verify that good ion-electron separation does indeed take
place, the bias voltage was reduced by a fucior of 3 for a few shots—with no significant change

in signal.

When plasma ions of neutrals strike the collector surface, a fraction of their kinetic and
potential cnergy is transferred to the electrons of the collector metal.'? '™ ™ If this energy 1s

greater than the work function of the colicctor somie (secondary) clectrons escape its surface
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and are repelled to the carth ground. Thus, if for each ion of charge state Z,. y, seconduries

. Q. .
are emitted, the collector current d” is piven by
[{

K45 ez 49N, (.
!

where N, is the number of ions of charge state j and ¢ is the electric charge. An example of an
ion trace is shown in Fig. 111.4b. The fitst small "blip” is caused by x-rays or ultraviolet light
ejecting electrons from the collector surface as the laser strikes the target. This blip provides
the initia! time marker for time-of-flight analysis. An important feature of this trace is that it is
singly peaked and highly monoenergetic. For instance the time-of-flight velocities at the FWHM
points of the trace are within 15% of the peak velocity—the FWHM energies are within 30% of
peak energy.“ Therefore, we assume that the charge state Z, and secondary electron coefficient

y, are approximately constant over the charge collector trace and simplify Eq. (111.1) to read:

49 _ iz 449 W (111.2)
dt (Il

Then, from the current of an ion collector a distance s away from the target we may con-

veniently calculate the time averaged. asymptotic ion velocity:

dN s dQ s
—— f dr 1 dt f ! d
- N ng_
[l o i f o
The velocity u is tower but close to the velocity of the icn trace peak. Note that since we use

(1.3

-~
-

only the time-of-flight information exact values of the ion clarge state Z or secondary ¢lectron
coefficient ¥ need not be known—only the approximate constancy of these quantitics over a

sharply peaked, highly monoenergetic trace is assumed.
b. Plasma Calorimeters

The angular distribution of ion energy is measured with minicalorimeter pairs arranged
around the target'* ' V7 (Fig. HL.54). The sensing clement of cach calorimeter consists of a

“Observation of cven more monoercrgelic traces will be discussed in Section 1V
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thin tantalum disk (~1.2 mil thick, ~60 mil diameter) with | mil chromel-constantin thermo-
couple wires spot welded 1o its rear. The other ends of these wires are attached to two small
posts of a connector which serve as electrical contacts and a temperature reference for the ther-
mocouple. When energy in any form is absorbed by the tantatum disk its temperature is raised
producing a voltage signal at the thermocouple reference junction. In our experiment tempera-
ture changes on the order of 1°K are produced yielding voltage signals of about 60 « V. This
voltage is amplified by a gain 1000 amplifier and read out on an oscilloscope (Fig. 111.5b). The
output impedance of the thermocouple junction is about 3€). A typical energy measuring unit
consists of two minicaiorimeters placed side by side. In one calorimeter the tantalum sensor
faces the plasma directly and measures all incident ion, clectron, x-ray. and light energy. The
other calorimeter is covered with a pyrex glass window that eliminates ions. electrons. and x-
rays but passes visible and near infrared light wavelengths. The difference in the signals from

the two detectors is attributed to ion energy — x-ray'® and electron energy being very small in

comparison.

Sensitivity of the calorimeters to light energy was measured using a 1.06 um wavelength
light source. Sensitivily to ion energy was calculated fror: - 1e known properties of tantalum
and the thermoccuple” assuming that all of the incident ion energy is absorbed. In reality,
some of the encrgy delivered by ions is lost due to mechanisms such as ion backscatter, sputtei-
ing.'? or secondary electron emission.'> '* To estimate this loss we? placed a large tantalum
plate 19 cm from the target surface and located two plasma calorimeters so that one (14 cm
from target) measures the cnergy/arca of the incident plasma and the other (17 cm from tar-
get) measures the erergy/area reflected or sputtered from the tantalum plate (Fig, 111.6).
Assuming that no energy loss at the calorimeter surfuce takes place. the ratio of the signals in

the two calorimeters multiplied by (19/14)? (10 account for the relative spacial ion distribution

“Thermocouple sensitivity = 60 u V/°K at J00°K, (‘\ - & 06 calimole °K, p = 166 gm/em’
*Mcasurement by B H. Ripin
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at the incident energy detector and the tantalum plate surfaces) approximates the fraction of
incident energy not absorbed at the surface. This fraction at an irradiance of 10" W/em? is 3%.
When we placed pyrex windows on the calorimeters signals in both diminished greatly showing
that ithe contribution of light energy is negligible. However, since the sputtered or reflected
material has an angular distribution that scatters energy into and out of the solid angle viewed
by the reflection calorimeter. the actual fraction of energy not absorbed may be higher than the

3% estimated above.
¢. Ballistic Pendula

The pendulum is a conceptually simple device that has been used in the laser-plasma
interaction context 1o determine the impulse transferred to irradiated targets'®?* and the
momentum of the ablation plasma.?' These experiments are configured so that the pendulum,
placed some distance in front or behind the irradiated target, intercepts the ablation plasma or
target debris—or the irradiated target is attached to the pendulum itself. In either case, the
impulse of the material impacting the pendulum is determined from the amplitude or the velo-
city of its swing; these have been measured by just looking at the pendulum, using a position
transducer. or a velocity sensitive pick-up coil.' Despite the apparent simplicity such use of
pendula is viewed with skepticism by many experimentalists.  Their apprehension is casy to
understand: The pendulum is a mechanical, time wntegrating device that may be affected by
extrancous mechanisms duc to the clectrically noisy environment that normally exists in the
chamber during a shot. For example. Coulomb forces between a pendulum (if it became
charged through photoionization for instance) and the target or chamber walls could producc
pendulum deflection that could be misread as plasma or target momentum. Reflection or
sputter of material from the pendulum surface could also produce extraneous deflections. In
addition. the pendulum cannot distinguish between momentum from the laser-target interaction

region and irrelevant momentum (if any) produced outside the interaction region by cnergy
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leaking through the focal-spot periphery. If the targets are very thick, momentum formed by
the laser-target interaction cannot be distinguished from the momentum of materials eiccted

from the deep. shock-formed crater that remains after the shot.

Nevertheless, the pendulum /s a simple device that measures momentum directly —if the
above reservations are adequately addressed. In the parts that follow we wili describe pendula
we have buiit to measure the plasmi and target momenta, determine the ablation pressure, and

examine the validity of the pendulum technique.
(c.1) Design and Bench Calibration

We built two types of ballistic pendula: one type designed to carry a target, the other
designed to be placed far from the target (—~30 ¢cm) so as to intercept ablation plasma or target
debris. The target bearing pendulum is shown in Fig. 111.7. It consists of an clongated plastic
structure (1 x 10 ¢cm, 4.5 gm) that has four triangular cavitics machined into its middie. These
cavities ar¢ designed to view the 2m-sr in back of the thin foil turgeis attached to their faces and
to capture all of the accelerated target debris. There are four cavities on one pendulum so that
four sequential shots can oc taken without removing the pendulum from the evacuated target
chamber. The pendulum pivet is made of a thin blade edge resting in cylindrical groves of the
aluminum suppor. structure. The amount of friction in this pivot configuration is very small as
evidenced by the long decay time of the pendulum swing. (No evidence of decay in 10 cycles).
Peadulum motion is detected by a pick-up coil.2! one end of which is gluced rigidly to the bot-
tom of the pendulum structure while the other is free to swing in a 3 mm gap between the
poles of a permanent 3 KG magnet. The pickup coils are made of 200-1000 turns of 1 mit
insulated copper wire. The remote pendula that detect ablation plasma or target debris consist

of thin mylar or brass 25 x 40 mm collecting susfaces suspended from a blade pivot {as above)
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or by two thin nylon fishing lines. (The latter suspension method is inferio- since it permits
the pendulum to wobbic about the vertical axis.) Motion of these pendula is also detected with

a pick up coil.

When a pendulum is struck it swings at its natural frequency (2-3 Hz in our <use) and
induces an EMF in the pick up coil. The magnitude of the induced voltage is rel-ied to the

momentum with which the pendulum was struck tarough the following equations (see Fig.

111.8):
Vop = 2na v, Bfc (Faraday’s Law) (1.4
pl= [y [r (Momentum Conservation) (11.5)
vl = Mud/dntl (Frequency of Physical Pendulum). (11.6)

where: V,, is the peak to peak induced voltage, # is the number of turns in the pick-up coil. a
is the length of coil in the magnetic field, v, is the speed of the coil in the magnetic field. B is
the magnetic field strength. ¢ is the speed of light. p is the momentum that struck the pendu-
lum at a distance / from the pivot, / is the moment of inertia of tne pendulum. r is the distance
from the pivot to the part of the coil that 1s in the magnetic field, M is the pendulum mass. ¢ is
the gravitational acceleration constant, and « is the distance from the pivot to the penduium

center of mass. All the units are Gaussian,

Combining (111.4), (lIL.5), and (111.6) we obtain:

.1"(’ B
— V(ml), amnn
nBrale? "

All of the parameters in (111.7) are easily measured permitting a convenient and reliable bench

p (dyne-sec) = 1.2 x 10°

calibration of the pendulum.

As a precaution against arithmetic error we suspended u small soft wax bob (~0.05 gm)
from a thin thread (~.004 gm), raised the bob | cm und released it to swing and make an ine-

lastic collision with our pendulum. The voltage induced in the pendulum coil agreed with that

28t Ao, o )
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COLLECTING
SURFACE

COIL - ==
(n)

-

Fig. 111.8 — Schematic of a remote pendulum. The symbols a, n, d, I, r are e fength of coil in
the magnetic field, number of turns in the coil, distance from pivot to center of mass, distance
from pivot to location at which pendulum is struck, and distance from pivot (o that part of the
coil that ig in the magnetic field.
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expected from Eq. (I11.7) to within 8%. The sensitivity of our pendula ranges from 7 10 34
mV/dyne-sec, depending on the details of construction. The lowest measurable momentum is
determined by chamber and building vibrations that couple into or near the natuiz. mode of the
pendutum. In our laboratory such vibrations are equivalent 1o ~5 x 107* dyne-sec~which

corresponds to 4 ~2 um horizontal displacement of the pick-up coil.

The readout electronics for the voltage induced in the coil (Fig. 111.9) consist of « high
impedance buffer followed by a gain 100 amplifier and a low pass filter that climinates electrical
or vibrational noise frequencies higher than 10 Hz. A remotely controlled. solid state switch is

used to damp out pendulum motion preceding a shot.
(.2} In-Situ Checkowr

Many of our measurements are mads with an array of six ballistic pendula placed around
the target at —19°, =33°, —50°, 145°, 162°, and 235° to the target normal. Although the pen-
dula are bench calibrated, there is no guaranice that they will continue to function as "adver-
tised" under experimental conditions—or that the momentum they do measure is relevant to
laser fusion. In this part questions dealing with the in-situ functioning of the pendulum arsay

are addressed. Absolute pendulum calibration will be discussed in part ¢.4.

The remote pendula function in a noisy environment. During a shot, for example, the
target potential may rise to a few kilovolis,? and the chamber is full of electromagnetic noise

that is easily picked up by a wire antenna. The pendula surfaces are also bombarded by charged

particles and plasma UV or x-ray radiation.
Do phenomenra other than ion impact cause pendulum deflection?

To see, we shielded (wiith mylar) the front of the pendulum collecting surface fron: direct ion

impact and radiation—und noted no significant pendulum response during a shot. We also used
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J GRUN
a thin 1000 & polystyrene shield that stops ions but passes much of the incident plasma radia-
tion through to the pendulum surface (more than 40% of the energy from 0.05-0.7 KeV and
morz than 95% of the energy from 0.7-50 KeV passes through to the pendulum surface®).

Again, we noted no significant pendulum response during a shot.
Are six remote pendula adequate to meastre ablanon and tesget momentum

A basic requirement of @ momentum measuring array is that it confirm momentum conseryva-

tion in the system being measured. Our array will not balance target-ablation plasma momen-
tum if the pendula do not sample ablation plasma and 1arget mass properhy. or if the various
pendula—all of which function in different immedine surroundings—~are affected by
phenomena other than material impact. To check this out. we irradiated 2 12 wm CH foil
attached to the target bearing pendulum that collects all the target mass and verifted that the

target momentum and the simultaneously measured blowofl momentum asrmal to the target

n/2
P = 2m fn () cosd sind 0 (11.8)

balance to within 30% (Fig. 111.10). In Eq. (I1L.8) p(#) is the momentum per steradian meas-
ured at an angle # and cylindrical symmetry about the target normual is assumed. Sinular bal-
ance between remotely measured ablation plasina and target-debris momenta for disk targets of

varying diameter and thickness (0 3-1.2 mm, 5-40 g m) with varying absorbed irradiance and

laser energy (5 x 10 -- 3 x 10" W/em?, 10 = 150 J) was also obtained, as shown in Fig.

LT

(c.3) Chaice of Target

In planar geometry experitaents. where a iimite diameter laser-spot irradiates a wide foil,

care must be taken that everts beyond tite focal-spot periphery do not influence the experimen-

tal results too much. Such events, if significant, could not only conplicate interpretation of the

“Calculation by R.R. Whitlock
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results but could make them irrelevant to laser-fusion since a fusion pellet surface has no
edges. Often the finiteness of the laser-spot is not a major problem since the phenomenon
investigated requires high energies that exist only within the focal-spot (e.g., high energy
x rays), or the diagnostic has time resoluiion, or the diagnostic has spatial resolution. Buta
pendulum has none of these features: It is time-integrating, has no spatial resolution, and a
small amount of energy can easily heat a large amount of mass to produce a large momentum
(E = p¥2m). Small amounts of such extraneous energy may be provided by thermal conduc-
tion through the focal-spot periphery, by plasma flow along the target surface, or by radiation
from the plasma plume. We note that a hole many times the size of the laser-spot remains in
the target foil after a shot so that during or after the laser pulse a lot of mass was released. We
also observe that liquid or solid target material has at times been accelerated over a distance of
one meter—and can presently be fouad on the inner surface of our focusing lens. The situa-
tion is further complicated since the heating mechanisms may vary with laser-spot size or
energy or laser irradiance. For example, thermal conduction that may not be significant at 10"2
W/cm? will increase at 10" W/cm? [k « TY? « 7] and cause more momentum from beyond

the focal-spot to be produced.

For these reasons we ordinarily use only disk targets with the pendulum diagnostic
These disks have no significant mass outside their edges. Also. since thewr areas are well

known, average irradiance and momentum per unit arca may be reliably calculated.

The extent of the problem that may occur if wide foil targets and ballistic pendula wre
used together is shown by the following experiment: We measured the target debris and plasma
blowofl momenta (with the pendulum array) of 30 ura thick CH foils as a function of laser-
spot size which was varied by aperturing the incident laser beam. The irradiance was | x 10"

W/cm? and the momenta were calculated using equation HE8  As Fig. 11112 shows. the ratio
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Fig. 111.12 — Ratio of blowoff to target-debris momenta at 1 x 10'? W/em? us a function of laser
spot size. Momenta are measured with the remote pendulum array
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of blowofT to target-debris momentum does not stay constant but increases dramatically with
laser-spot size. An examination of the momentum per unit focal-spot area (90% energy con-
tent) shows that the variation in Fig. H1.12 is due 10 a corresponding variation in the blowofl
momentum; the target debris momentum per unit laser-spot arca does not vary by more than
+ 25%, a scatter consistent with shot-to-shot variation and uncertainty in the laser-target

interaction area as the spot size is changed. These results are explainable if an energy source

whose effect increases with spot size (plasmi plume radiation for example?) heats a lot of sur-
fuce material that is sensed by the blowofl penduly. but does not create sufficient pressure to

aceelerate foil material outside the focal spot (Fig. 1H1.13). To avoid such complications we tse

disk targets with the pendulum diagnostic.

(c.4) Absolute Calibration

The nature of the plasma-pendutum collision {(elastic?. inelastic?) and sputtering frem e

pendulum surface affect its in-situ calibration. To account for these effects, the momentum of

ions reflected or sputtered from a pendulum surface is measured and the benck <alibration (Eq.
HL7) appropriately adjusted. A mass accounting technique and & comparison of pendulu.n

measurements to those of other diagnostics verify the calibration.

e T

The double pendulum, sketched in Fig. 111.14, consists of two pendula enclosed in an

aluminum shicld containing a small hole. Plasma enters through tiie shicld’s hole striking the
pendulum surface being calibrated. Any material reflected or sputtered from this surface is
detected by a second pendulum built in tae shape of a rectangular cavity.” We assume that no

subsequent reflection or sputtering takes place, or that particles reflected or sputtered off one

part of the cavity surface eventually deposit their momentum within another part of the cavity.

Consequently, we write:

*This mylar wavin has the dimensons (width < noight ¢ depsh) S4 ¢ 22 v Toam and hav iwo 10 » O am plasma
entry holes  The suriace being calibrated is bent 10°-15° to the vertical axis so that ions reflecting in a mirror-hike
fashion do not escape dack thiough the hole.
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Fig. I11.13 — Model that may explain the results of Fig. I11.11. Extra blowoff momentum seen
by ballistic pendula comes from regions beyond the focal-spot.
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p=ptyp=pp uiLy
Pr=yp (.10

where p is the momentum of the plusma, p, is the momer”  of the pendulum being cali-

brated, yp is the momentum of sputtered or refiected material and p; is the momentum depo-
sited in the cavity of the sccond pendulum. The quantity 8 is a calibration factor relating pen-

dulum momentum (using beach calibration) 1o the momentum of the incoming plasma. It 1s

given by

B= 11— pypl! L1

The value of B was determined for both brass and mylar surfaces to be 2.4 + 0.6 (Table I111.1).¢

To verify this calibration we compare the mass of a disk target to the mass calee  ed from
remote measurements of ablation plasma and target-debris energies and momr - using

7 pl@)

inf@ Jdé
o TE®) sin® df. (111.12)

disk mass = 2w

The results (Table 111.1) show that we account for the disk target mass to much better than a
factor of two. Had we not calibrated the pendulum in-situ the calculated mass would have been
six times larger. A comparison of <he ablation plasma momentum measured with pendula and

inferred from energy and velocity measuremerts [p(@) = 2E(0)/7(8)] using Eq. 111.8 at irradi-

ances between 4 x 10'! ar 14 x 10" W/cm? is also shown in Table 111.1. The two agree to

about 10%.

it bl I

“Brass and mylar surfaces were used in out cxpeniments for historial reasons In rerrospat nnvdar s the betier surface
since duata on the sputter o il surface shows Tess seatter than data on the sputter ofl 4 hrass aurfne
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D. Double Foil Technique”

Final target velocities must be accurately measured so that the viability of the hollow pel-
let concept may be tested. Previous studies of planar target motion involved asymptotic meas- :

urements that inferred target velocity from the velocity of its debris, but could not diagnose the

target directly; and optical methods that could not distinguish between the high density bulk of
the target and the lower density plasma that may preceed and obscure it.* The double-foil tech-
nigue permits time resolved diagnosis of the high density part of the accelerated target. The
technique consists of placing a thin foil (impact foil) some distance behind the laser-accelerated
target. Upon collision with the laser-acceleraied target the impact foil responds and the

behaviour of the target is inferred from this response (Fig. 111.15),

The choice of the target and imipact foil material. their dimensions. and the spacings
between the two foils depend on what is being studied. Generally, the impact foil should be
thin enough so that the shock-transit-time from its front to rear surfaces is shorter than any
other resolvable time scale of interest. Examples of such time scales are the time-of-flight of
the target to the impact foil, or the time scale over which the double foil collision takes place

{~ target thickncss/target velocity). I the shock-transit-time is short. it may be ignored. and

M e s o s (SRR RO o o A Rt ot o st o o e e nEE

the target behaviour at the front surface of the impact foil directly related to the response at the

rear of the impact foil. If, in addition, we choose the arcal density of the impact foil to be

much greater than that of the target we may be able to time resolve its recoil and. using simple

LT

Newtonian mechanics or a fluid code. determine the target impulse and density profiles (A

ot 0 b1

high arcal density is required so that the accretion of target mass on the impact foii's surface is

negligible.) Unfortunately, we have determined (Section 1V} that the recoil of the impact foil is

il et

b

obscured by low pressure (and probably low density) material cjected from its rear surface after

Tt A

Ik
e

the collision so tha: x-ray backlighting (not yet available in our laboratory) may be required 1o

“Experiment done together with S P Obenschain
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do this experiment.? Meanwhile. the response of the impact foil 1o its collision vath the target
is being used 1o measure the velocity of the dense target (Section V). and 10 study the effects
of nonuniform irradiance.} nonuniform wrget density. nonuniform target thickness. or target
ripple’ on the uniformity of the acceleration. For most of the target velocity measurements
reported here the target was a 7 or 10 m thick polystyrene foil and the impact foil was 7 um
aluminium. Spacing between the foils was typically 200-700 wm. Details of the target-impact

foil collision are described in Section 1V,

The experimental setup is shown in Fig. 11116, Shadows of the target and impact foil are
viewed in two wavs: A two-dimensional image is frozen in time by a short (< 0.5 nsec) 5270 A
probe pulse® synchronized with respect to the main taser.? or a one-dimensional but contiruous
{in time’ image is obtained with a streak camera (Hadland Imacon 675 with an S-1 tube). In
the latter case illumination is provided by a long duration {(~ 10 nsec) laser probe made by fre-
quency donbling and stacking a smuall portion of the main laser pulse. Time markers cut into

the probe by a tast pockels cell provide a convenient time caiibration.

“"We note that the use of the double-foil techmigue o model mulishelled pellets, o study velociy multiphication, and sinilar ¢x-

;:'rimcms. is alse »f great interest,
Shadowgraphy was sct up by J A Stamiper
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Section 1V
EXPERIMENTAL RESULTS

In this section the momentum, energy, and velocity characteristics of plasma ablating

B A A O L T N Ty

from planar tatgets irradiated by long (4 nscc FWHM, < 10" W/cm?) Nd-laser pulses are

measured. The dependence of ablation parameters such as «dlation pressure, ablation velocity,

HEE vttt

and mass abiatinn depth {or mass ablation rate) upon absorbed irradiance is determined and

compared to existing theory. Large laser spots are used in these experiments so that the results

are not sensitive to boundary affects. Velocity of the dense accelerated target is measured with

bl G AP o o

a novel double-foil technique and compared 1o predictions made from the ablation parameters

and a simple rocket model. Dense target velocities larger than 100 Km/sec have been

observed.

A. Angular Distiribution of Abtatior: Plasnw

Angular distributions of the ablation plasma energy £ (#), momentum p{8), and velocity
(@) for an i ‘ated disk target arc shown in Fig 1V.1; i is a mean velocity unfolded from ion-
collector traces as explained in Section LI, All detectors are in the horizontal plane and cylindr-
ical symmetry about the target normal is assumed. Angular dis.ributions from various disk (0.3
to 1.2 mm diameter) and wide foil targets have similar shapes. The angular distribution of the
blowoff momentum. for example, may be characterized by a half-cone angle cos ' (P,/P) =
40° for both the disk and wide foil cases; P, is the normal component of the total momentum P
obtained by integrating p(8) over all solid angles. We usc such angular disiributions to deter-

mine the magnitudes and scaling with irradiance of the ablation parameters. Although any two
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MOMENTUM
(dyn-s/sr) |
20+

VELOCITY

ENERGY (10€ cm/s)

(J/sr) —

Fig. IV.1. Distribution of blowoff velocity, energy, and momentum measured with time-of-
flight ion collectors, plasma calorimeters, and ballistic pendula respectively. The targetisa 1.2
mm diameter CH disk irradiated at 3 x 10'2 W/cm?.
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of the measured quantities would have been sufiicient, we measure all three with independent

diagnostics to verify the self consistency of our results.

To examine the nature of plasma flow from the target surface we irradiated a polystyrene
target onto which we evaporated two small aluminum dots (260 um diameter., 2 um thick) as
sketched in Fig. 1V.2. An x-ray pinhole camera (> 1 KeV) viewed the target and dots edge-
on.” We assume that plasma from the slightly raised aluminum doss follows the same flow pat.
tern as plasma from the rest of the target. Since aluminum is a much stronger x-ray emitter

than CH in the sensitive range of the pinhole camera, the emission for the aluminum dots acts

as a tracer for the overall plasma flow.

The results, shown in Fig. 1V.3, are reminiscent of a fluid flow pattern near the surface of
a disk. In particular, the flow direction. and therefore the blowoff angular distributions in Fig.
IV.1 appear to be largely determined near the target surface. This is consistent with the above
observation that the angular distributions of ablation parameters fo. targets irradiated by various
spot sizes are similiar. Fig. 1V.3 also suggests that ablation plasma from a region of the target
surface maps into a distinct solid angle. Consequently, small detectors, many centimeters from
the target surface, sample plasma that originated from different regions of the target.” There-
fore, when calculating plasma parameters characteristic of an entire target irradiated by a spa-

tialy nonuniform laser beam, such as average pressure on a target surface, the entire plasma

angular distribution should be taken into account.

B. Measurement of Ablation Parameters

Scaling of ablation pressure with absorbed irradiance! #, « /¥ is shown in Fig. IV.4.

The pressure is deduced from .2, = P, /7.4 where 7 is the FWHM laser pulse duration (4 nsec)

“Measurement by M.J. Herbst  For a fuller description see M 1 Herbst and J Grun, NRL Mcemo 4436, 1980, submut-
ted for publication

»
When the plasma becomes collissionless thermal expansion will modify this simple picture  However, the ratio of ion
thermal to directed velocity is small so that the modification s small
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and A is the area of disk targets or laser-spot area on wide foil targets. The momentum from
disk targets (defined in Eq. 111.8) was measured in two independent ways: first, using the pen-

dulum array (dark markers); second, using energy and velocity data (open markers); wide foil

results (X) used the latter method only. Agreement between both meihods increases our

confiden.e in the measurements.

We verified that the pressure in Fig. IV.4 inferred from asymptotic measurements, is the
same (within 30%) as the ablation pressure calculated from measurements of the target

acceleration®’.

The aspect ratio R/AR necessary to accelerate pellet shells to 200 km/sec may be roughly

estimated for a given pressure from the one-dimensional rocket equations:

y_afﬂ‘%zpmv/, (v.1
R=vr (1v.2)
which give

L = pvzl.?] = 400[) Jyl."bal (IV.3)

AR

em/cm

where m, p. v. AR, R arc the shell mass, density. velocity, thickness. and radius; and a small

ablation depth is assumed. Thus, higher pressure (irradiance) or lower shell density reduce the
pellet aspect ratio. For example, at § x 10" W/cm?, where the pressure is ~ 10 Mbar, R/AR

~ 40 p which is an aspect ratic of 40 for plastic shells. or less for lower density shells made of

lithium or deuterium.

There is also latitude in choosing an irradiance to minimize pellet aspect ratio while

retaining good hydrodynamic efficiency in the pellet design. To scc this we note that ablation

g velocity u; and mass ablation depth d = m,/pA (m, = pAd/t) vary as the 0.2 and 0.6 power

“Target accelcration = target velocny/r  Target velocity 1s measured in Pari D

Ll ST P L L
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of the absorbed irradiance (Fig. 1V.5). Here m, is mass ablation rate. From these scalings, and

-
I

AR DA 3, s e e AL L

the one dimensional rocket equations,

m,
—v—-ln'—- ~4 (1V 4)
ul m dl
(v/u)? v
) =Ny T (1v.9) :

RRTL

where m, is the initial target (rochet) mass, it can be shown that the initial thickness of a target

i

(NTR A U Ay o o ey

accelerated to a given velocity for a constant pulse duration, varies as 4, « /23; whereas the

hydrodynamic efficiency varies weakly as n, « /;°2. Consequently, increasing target thickness

and irradiance to lower the aspect ratio and increase the smoothing of irradiance nonuniformi-

ties? causes only small changes in hydrodynamic efficiency.

e O gty B G T Tt PR

These ablation results are in basic agreement with planar®~’ and spherical geometry®?
theories (shown in Table IV.1), though agreement with Jarboe's et al. theory’ that fixes the

sonic plasma exhaust at critical density is not that good. Theories assuming inhibited thermal

ol R ) P e P T e

wny

transport'? in the region between the ablation and critical surfaces are not in very good agree-

ment with experiment. Consequently, it appears that basic conservation laws without any ad-

ST R A T

hoc thermal transport inhibition control the laser-plasma interaction in this irradiance and

pulse-length regime.

L A et MR

C. Laser Spot-Size and Target-Diameter Effects

Studies on flat targets are subject to the criticism that phenomena at the focal-spot peri-
phery may distort effects ascribed to the spot as a whole. Such finite laser-spot effects may

include sclf-generatea magnetic ficlds'! or energy leakage laterally across the focal-spot edge.

Moreover, extraneous plasma from areas outside the focal-spot may also contribute to the

observed results. To check for these effects we placed planar targets in the near-ficld of the

Wkl s O
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Table IV.1 Summary of theories discussed in Section 11

and Tabie 11.1.

Table entries are the exponents in

PRI Tk g

a = ]} where a is an ablation parameter. Theories

referred to are found in references 3-10.

THEORY 2, u dorm

[ KIDDER 75 | 25 | .50

CARUSO 15 .25 .50
AHLBORN .18* 22° .56*
JARBOE .66** 33 33
PUELL 18 22 .56
NEMCHINOV 18 22 .56
GITOMER .56
MAX 57 .09 48
EXPERIMENT | 0.8 0.2 0.6

*ntV9 n¥% IN AHLBORN'S EXPRESSIONS HAVE
HERE BEEN TREATED AS CONSTANTS. 75 IS THE
ABSORPTION FRACTION.

**JARBOE ET AL. DERIVE EXPLICITLY A RELA-
TION FOR u; ONLY. TO GET THE OTHER TWO
QUANTITIES WE USED THE RELATIONS
#. «nul AND m «n u, IMPLIED BY HIS
THEORY: n, IS THE CRITICAL DENSITY
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focusing lens and varied the spot-size by aperturing the laser beam while monitoring the abla-
tion velocity. Because of laser energy limitations, this experiment usad an average irradiance of
1 x 10'2 W/cm?, But even at this low irradiance the velocity did vary with spot-size® (Fig.
1V.6). Notice, however, that velocity changes were small if the laser spot diameter was

sufficiently large (> 1 mm).

Both the spatial profile of the incident irradiance and the fraction of energy escaping
through the focal spot periphery change with varying spotsize. Since the number of ions at a
particular velocity depends on absoroed irradiance. these phenomena could contribute to the
velocity variation in Fig. I1V.6a. Lateral heat flow especially could shift energy from a higher to
a lower portion of the effective irradiance profile and increase the fraction of low velocity ions.
Large spot-size experiment, with relatively uniform illumination, have a smaller fraction of

absorbed energy escaping through their edges and. therefore. behave independently of spot-size

diameter.

Stationary ablation should pre-duce highly peaked ion velocity distributions.'?”'* In most
of our cases the ion velocity distributions are highly peaked with a peak velocity to FWHM
ratio of 3:1. However, under some experimental conditions even narrower distributions (peak
velocity: FWHM = 7:1) and broader distributions (peak velocity: FWHM = 2:1) arc observed.
These are shown in Fig. 1V.6b,c. We note that generally disk targets produce narrower traces
then foil targets, small laser spots produce narrower traces than large laser spots, and small
diameter disks produce narrower traces than large diameter disks. Also. the spread of the most
highly peaked cases 1s consistent with that expected from temporal variation of the laser beam
alone.? However, various experiments that attempted to identify the cause of the ion trace
broadening proved inconclusive

“Measurement by R Decoste
*we assume that the ume avetagad scabings mopart B apply at cach point in umie as well We then obtain dNa 1940
and nea 1"y where 1, N, u. 1and the irradiance. number of wons, 10n velocty . time respectively
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Fig. IV.6.(a). Ablation velocity 4, vs interaction-area diameter for wide foil targets.
(Interaction-area is defined as the area containing 90% of the incident laser energy.)
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(b), (c). Examples of narrow and broad iou collector traces. The collectors are 28 cm from the
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target and at an angle of 2° to its normal.
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Accordingly, to get results representative of large systems, our experiments with foil tar-
gets are done using 1-mm diameter laser spots. Uniformly irradiated® disk targets are also used
in some cases. These disks have two advantages over foil targets; first they provide an unambi-
guous interaction area to use in calculating irradiance and ablation pressures or mass ablation
depths; second, any laser energy that escapes the interaction area is easily measured and ihe
effect on ablation parameters is easily estimated. A small amount of enesgy, in fact, does
escape from the front (laser side) to the rear of disk targets. This is shown in Fig. IV.7 where
the energy measured at target rear and the expected target kinetic energy {from a one-
dimensional rocket model) are compared. For small diameter disks (300-600 . m) less than
20% of the absorbed energy flows to the target rear whereas for large diameter disks (] mm)
this amount is only 5%. Such smazll energy loss out the target edge has minimal effects on the

measurement of ablation parameters.

At the irradiances employed here, this lost energy is probably due to the flow of hot thet-
mal plasma around the disk edges. Energetic superthermal electrons are not the dominant
mechanism'* as evidenced by the low x-ray emission observed above 20 keV.? Also, no surface
plasma is seen at the rear of wide (~ 3 mm) foil targets; only the kinetic energy of the

accelerated target is observed (Fig. 1V.7).

D. Target Motion

The pressure of plasma ablating from the surface of a planar foil target compresses. heats.
and moves the foil. Mechanisms that may heat the target are shocks set up by the pressure,'®
thermal conduction of heat from the ablation surface, or deposition of x rays created in the hot

ablatien plasma. Temperatures of 2-8 ¢V have been measured at the rear of aluminum foils

“To cnsute umfornt irradeation the diameter of the laser spot s chosen io be larger than the diameter of the disk
About 65% of the incident faser energy actually irradiates the disk, remaiming intensity sanations are £ 50%
*Measurement by F Young




LA e LT e B ST LT T A L T LR N T oy
i = R e

T T o ] TR o

29 [[] 95UD49)a1 UI PISSNISID |OPOLU 13301 Jeur|d L) Ylim PIIB[ND|ED LONEBIB[AdIe
Jo Anuadiyo srwszulpolpAy ayl St aut] sy -adeysns 198sey syl Woij paie|qe |elajew Jo
°p/p uohAZI} SA S19818) }1O) BDIm PUE YSIP JO 383! Y1 1B AB12Ud PaqIOsqe Jo uoldRlf "L Al 814

(%PiP) SSANMOIHL 13DHVLHLIIA NOILYIEY

—«1_“_«__4__-Jd_a-—«__u___-_——-q-q

<

el
—

Y3l3WvIQ wwg -7

H313IWVIQ wwg - O

4313NWvIg wwz i - 0
SXSIa

10dS ¥
H313WVIQ wul

NRL MEMORANDUM REPORT 4491
ll!]TTl17!lTll[l'l

v o)
v O

@)
®)
llllliLllllLJ_llllllllJll
AOHINI GBSHOSBV/HVBH 1394Vl 1V ADH3IN3

-

"

"

[ | ] | !
| S S I Nt N . o L. i i 4 4 ) 2 1 U0 T S N N N U T | L-.———.b’»m. i

B g .
AN M gk o s g i L g B 02 b S et PRt s L et i L 0l Ly Gy g




b GRUN

irradiated under the conditions of this dissertation and have been ascribed to the latter pro-
cess.!” Therefore, the target we accelerate may not be a solid but rather a liquid or a gas or a
hopefully well confined plasma. Below, we present evidence that the sccelerated target is com-
posed of a high-density, high-rressure region preceded by a low-density. low-pressure region;

the velocity of the dense target region is also determined.
a. Double-Foil Shadowgraphs

Figure 1V.8a. b. and ¢ shows shadowgrams of a 7um CH foil target (irradiated at 5 x 102
W/cem?) photographed before (a), 1.3 nsec (b). and 3.8 nsec (¢) after the peak of the laser
pulse. Both Fig. IV.8b and Fig. 1V 8c are taken during the same shot. The leading edge of the
shadow of the turget rear moves about 400 xm in 2.5 nsec at a speed of 1.6 x 107 em/scc. Fig.
IV.8d. 2, and f shows a similar 10 gm CH foil. under the same irradiance conditions, but with a
7 pm aluminum impact foil placed 400 wm behind it. Note that the 10 gm CH target shadow
has already collided with the impact foil 1.3 nsec after the peak of the laser pulse (Fig. 1V.8e):
but the impact foil does not react immediately! In fact the first sign of the impact foil’s reac-
tion occurs only 3.8 nsec after the peak of the laser pulse — more than 2.5 nsec after the colli-
sion. Since the impact foil is thin cnough so that shock transit time from its front to rear is Jess
than 1.4 nsec (sound speed in cold. uncompressed Al is ~ § x 10 em/sec), we interpret the
delay as being due to the leading edge of the shadow not exerting enough pressure for the
second foil 10 react. Now. because the pressure eaerted by a moving miss is proportioral to its
density ' 2« pv?}, low pressure implies a low density (for a constant high velocity) and high

pressure implics a high density.”

Consequently, from the delay in Fig. 1V.8¢c.f over and above the shock transit time and
the velocity expected for a shadow of a 10 um foil (~ 1.1 x 107 cm/sec) we approximate that

“We will show 1n the next part that the velocity of the shadow edge and the dense target mater.al differ by ~ 2 so that
v? in the expression # = v may be taken as approumately constant

66




. A " Pitac AL S i1 e *!. T T A T SR Y e T —
— B T T e I

"104s awes 3yl Juunp uaer dse § '3 pue > *q sydesdoioyy LWI/M
;101 x G 1& paieipedst (§°3°p) siadiel [10) a[qnap pue (2°q'e) 2j3uls jo sydesdmopeys ‘g°'A] 814
oto-d
2

Iv wnz
HO wnQi

67

o9sug-g o9sug-l

NRE MEMORANDUM REPORT 4491




W

T

T T T T
b ot e -

J GRUN

the leading 100 1.m of the taiget shadow consists of low density material urable to exert
enough pressure to disturb a 7 um Al foil upon impact. This low density material obscures the
main, dense part of the accelerated target from standard shadowgraphy and interferometry diag-

nostics but is discriminated against here.
b. Double-Foil Streak Photography

A continuous time history of the two foil collision is provided by streak photography. In
this technique a cross section of the target and impact foil (Fig. 1V.9) is imaged onto a streak
camera slit which displaces and records the imaged region in time. The time in which the
itpact foil’s shadow accelerates 1o its final velocity is short (~ 0.5 nsec) compared to the laser
pulse, which is expected of phenomena associated with the unloading of a shock wave at a free
surface. Such phenomena include: motion of the free surface upon decompression, spall from
the free surface, or fluff from free surface.'® We tested for these processes by observing the
shadow of yet another, sccond impact-foil placed behind the first (Fig, IV.10). A lorg delay
{~ 4 nsec) exists between the collision of the impact-foils and the reaction of the second one.
This delay again. is. longer than the shock transit time through either impact foil.Y Thus. like
the leading edge of the ablatively accelerated target. the impact foil is also composed of a high
pressurc (dense) region preceeded by low pressure (low der. o) material — possibly spall or

fluff from the rear of the impact-foil.

Even though the collision between the target and the impact foil is complicated. the sud-
den reaction of the impact foil makes it a very good time marker for the time at which the
dense target material collided with the impact-foil. Fig. IV.11 shows the times at which -

impact foil reacts (with respect 1o an arbitrary origin) for various target-impact-foil separations.

“The target and impact foals i fig 1V 10 are made frem pyroly e graphite which i casy 1o mount flat Simalar sesults
were observed for CH targets and aluminum impact toils - Shock veloanes in pyrolyuic graphite were measured by
W H. Gust and D A Young (Rel 18) who report veloaties between S g/ o and Tom! ns for pressures between -

01 and | Mbar
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For most cases, the separation 1s large enough so that the collision occurs after much of the
ablative acceleration period is over. All the points for each target type lie on a straight line,
indicating that no significant spherical expansion of the target in the early stages of its motion
takes place; the slope of this line is the velocity of the dense target. At the comparatively low
irradiance of 6 x 10'? W/cm? we have acce..* ~d target foils to 1 x 10" cm/sec — which is
near the velocity required for laser fusion. This velocity is also in agreement with that
predicted from measurements of the ablation parameters (Figs. 1V .4, IV.5) and a simple rocket

model.

We have also compared velocitics of the dense target material as measured above with the
velocities of the shadow of the target rear gotten from the shadow’s slope in the double-foil
streak pictures. The ratio of the shadow to target velocities is 2 £ 0.8. Consequently. target
velocities measured with standard shadowgraphy techniques may infer target velocities that are

too nigh.
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CONCLUSION

The characteristics of ablation plasma from planar targets, and the velocities of the abla-
tively accelerated targets were measured. We find that a pressure of ~ 10 Mbar is generated at
an absorbed irradiance of 5 x 10" W/cm? and that the pressure scales strongly with irradiance
( 1'®: the hydrodynamic efficiency of acceleration. however, scales weakly with irradiance
Dense target velocities of 100 Km/sec have been measured Thus there c¢xists in this irradiance
regime flexibility 1n choosing a pellet aspect ratio and irradiance to minimize hydrodynamic ins-
tability and increasc smoothing of laser nonuniformities while accelerating shells to fusion-like
velocities. Qur results are encouraging for inertial confinement fusion. Other studies that will

help decide the viability of ablatively driven fusion are now being made at NRL

Due to the limited energy of our laser and the large laser-spotsizes required to get quanti-
tative results, the irradiances in our study were limited to below 10" W/em?. Studies at higher
irradiances should be made to define the point at which harmful effects such as poor coupling.
production of fast clectrons etc. degrade the favorable results we have found thus far  Other
target materials and laser wavelengths should be investigated as well. The broadening of the
ion velocity distribution, reported here, deserves further study — possibly with an ion resolving
instrument. Details of the double-foil collision and the conditions between the two foils need
further stucy to better understand the impulse history of the ablatively accelerated target or to
effectively model a double-s"iell pellet (1o investigate pressur.. » - : velocity multiplication. for

example).
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