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ABSTRACT

Previous research |has investigated laser Dbeanm
interaction with flat surfaces. Those studies have
generated theoretical foundatioans for c¢ratering, plasma
formation and expansion, and electric and magnetic field
dynaasics. Thesis

This (study %pplies previously developed theory to
understanding damage to spherical targets of 1 millimeter
diameter and smaller. The targets analyzed were irradiated
on one side with 300 picosecond iodine 1laser pulses (6 X
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to areas remote from the focal spot were analyzed.
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Time-resclved pinhole photography, x-ray spectroscopy, and
electron microscope photography were used to determine
sequence, mode and severity of damage. Finally, a model for
the creation and spread of the laser-produced plasma around
the srhere is forsulated, taking into account plasma
fressure gradients, magnetic fields and hot-electron
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I. IRIBODUCTION AND BACKGROUND

Since the discovery of the laser in the early 1S60°'s,
the industrial, military and academic coamunities have

' conducted extensive studies into the interaction of bean

radiation with various materials. The effects of high power
lasers on target surfaces include heating, melting,
vaporization, emission of a plasma made up of charged
particles, and electromagnetic phenomena.

Over the past two decades, extensive research has been
devoted to the study of phenomena associated with the
resulting laser-produced plasmas. Early investigations into

.laser induced electron emiss.ons were conducted by William

I. Linlor in 1962 [Bef. 7. DPiscovery of self-generated
magnetic fields were made independently by Korobkia and
Serov [Bef. 2] and Stamper [Bef. 3] in the late 1960°'s.
Since tken, a rultitude of studies have been conducted at
the Naval Postgraduate School (NPS) and elsewhere dealing
with laser-plasma asscciated self-generated magnetic fields,
currents, hot-electron transport, x-ray emission and cther
related topics.

However, those studies were based on laser interactions
with flat surfaces. With the current interest in laser
induced fusion, the study of laser interaction on spherical
targets of less than one millimeter diameter is necessary.
Using the Asterix III laser at the Max-Planck Institute for
Quantum Optics in Garching, Federal Republic of Germany,
small steel and vanadium spheres were irradiated at
intensities of 6 X 1013 W cm—2 .

This study examines the damage to these targets. Fronm
the data and photographs taken at the time of the original
experiments [Ref. 4], coupled with analysis of damage mode

. . . ) . . - oL . . Lo
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and distribution, a model is formulated for the dynamics of
the plasma damage.

This thesis is divided into six sections. Section II
discusses theory relevant to direct laser damage and the
plasma damage which cccurs in areas remote from the focal
spot, along with other plasma related phenomena. Section
III descrites the experimental arrangement, both that of the
team at the Max-Planck Institute and analytical methcds used
for this study. Section IV contains the data and results,
and the components of the total model proposed in the
Summary and Conclusions write-up, Section V and VI.




II. IBEORY

High power laser beams directly damage target surfaces
by a variety of thermal, impulse and electrical effects.
The altsorption of the incident energy creates a hot plasma,
which sfgreads beyond the shot crater to cause extensive
surface ablation by thermal evaporation, ion sputtering and
unipolar arcing.

A. DIRECT LASER BEAN DAMAGE

O0f the different damage mechanisms caused by lasers,
thermal damage is tle most significant in the area of the
focal spct. The damage is due to the absorption of the
laser photon energy by the surface atoms, resulting in
melting, vaporizaticn and ionization. The vaporized and
ionized atoms create a hot plasma gas, which carries avay
with it target material, 1leaving a crater on the surface at
the focal spot. The size and depth of the crater is a
function of the focal spot size, the laser intensity, and
the rulse duration.

A second mechanisx by which a laser 3lamages a target is
impulsive loading. The rapid expulsion of matter from the
shot crater, blow-off, has momentum. The laws of physics
require that as the blow-off occurs, an egual kut ocppcsite
force be exerted c¢n the target to conserve nmonentua.
Impulse is generally not a significant damage mechanise on a
macroscogic scale.

A laser beam, being electrcmagnetic in nature, contains
intense electric and magnetic fields. In additicn, the
ionizaticn of the ‘target surface and the temperature
gradients also produce self generated currents and magnetic

12




fields. These electromagnetic fields determine, to a large
degree, the dynamics cf the expanding ionized plasma gas and
the lilerated electrons.

B. PLASEA DAHNAGE

Any damage to the surface of a target outside of the
shot crater is dve to Flasma surface interaction.
Mechanisms effecting laser plasma are difficult to discuss
in isoiation, since they are all interrelated. The laser
creates a plasma of 3ions and hot electroas, which cause
currents, which cause magnetic fields, which cause the hot
electrons to be reflected back to the surface, which causes
the creation of more plasma and the emission of x-rays. The
magnetic fields also restrict the plasma flow, while the
Flasma 1is causing arcing to the surface. Each of these
effects will be Jiscussed independently in the following
secticns.

1. Unipolar Azrcing

"Onipolar arcing represents the nmost damaging and

‘non-unifora laser-plasma-surface interaction process since

the energy available in the plasma concentrates towards the
cathode spots." [Ref. 5] During 1laser impract, the surface
is vagorized, creating an electron and ion plasnma. In
addition, a space chargye sheath covers a portion of the
tazget due to electrcns making large amplitude orbits, rkut
confined by the target potential, and electrons escaping
from the target comgletely, as discussed by Ebrahim et al
[Ref. 6]. Unipolar arcing is a purely electrical
plasma-surface interaction process which 1leads to crater
formation, called laser pitting. It occurs whenever a hot
plasma of sufficiently high electron temperature interacts
with a conducting wall. Many micro-arcs burn between the

13
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surface and the variations in the sheath potential. The
surface acts as both anode and cathode in the arcing
process, due to localized variations in surface potential
relative to the.plaSla. The plasma energy is concentrated
onto a single spot of nmicrometer dimensions, causing small
craters. The material ejected from the crater in small jets
leads to ripples in the critical density contour and highly
localized shock waves which further soften the surface.

The mechanisams of unipolar arcing, including
detailed equations, diagrams and photographs is ccvered
exténsively by Schwirzke in referemce 7, so it will be only
briefly summarized bhere. The gquasi-neutrality regquirement
for a plasma leads to the formation of a sheath betveen the
target and the plasma. The plasma loss rate to the wall is
controlled by the sheath poteatial, (V). Arcing occurs if
the sheath potential increases to the point whkere it can
ignite and sustain an arc. A current loop is set up, and
the arc burns with the surface acting as both anode and
cathode (Figures B.1 and B.2). A perturbation in the sheath
may result in an ion density increase above the cathcde
spot, resulting in a potential sufficient to drive the
current causing the arc (Figure B.3). The increased
rressure above the cathode spot also causes a radial
electric field, Ers, in a ring-like area above the spot.
This radial electric field reduces the plasma potential in a
ring arocund the cathode spot, which allows the electrons in
the high energy tail c¢f the maxwellian distribution to reach
the surface, thus closing the current loop for the unirolar
arc.

The size of the crater is a function of burn time
(i.e. the duration of the plasma over the surface and/or the
duration of the perturbation necessary to sustain the arc)
and the sheath potential, which is a function primarily of
the hct electron temperature. Whenever there is a plasma,

14
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there is arcing; one has ©pever been observed- without the
other. The size, density and superposition of arcs can be
used as indicators of the plasma dynamics for an experisment.

2. JBot Electron [eposition

While electromagnetic energy may liberate electroms
in a number of vays, resonance absorption accounts for the
vast Bmajority of fast electrons emaitted from an area
irradiated by a ‘laser pulse. In resonance absorption,
incoming electromagnetic waves are linearly converted to
outgoing plasma vaves near the critical layer. These in
turn transfer their emergy to an outgoing stream of fast
electrons. Return current fcllows a different path such
that it produces a current loop and finite magnetic field.

Hot electrons may carry up to 30% of the absorted
laser €nergy away from the focal spot [Ref. 8].
Suprathermal electrons are found to be nearly collisionless
with the surrounding plasma, which expands at velocities of
the orxder of 10® cassec. A significant fraction of the
electrons are reflected at the plasma cloud boundary,
depositing their energy on the target away from the focal
spot.

The exact trajectory of the electrons is comfplicated
Ly intense magnetic and electric fields. Amiranoff et al
carried out gquantitative analysis of the amount of energy
carried away from the laser impact area by suprathersal
electrons on several of the world's research 1lasers,
including the Asterix  IIXI iodine laser used in this
experimeat (Table I) [Ref. 9]. An appreciation for the
significance of hot electroz transport may be gained wvhen
the fact that the energy carried away by the suprathermal

electrons may sometimes exceed the energy deposited under
the fccal spot is considered [Ref. 9].




Hot electrons execute large excursion orbits in the
electrostatic fields cf the target along the outer edge of a
rapidly expanding ion sheath. The expansion slows as the
bhalo proragates outward. Porslund and Brackbill descrited
hov the halo would expand until the end of the laser Fulse
for larger targets [Ref. 10]. For smaller planar targets,
they found <that the halo would spread to the edge of the
target, beccme staticmary and bright momentarily, them go to
the rear. These findings explain hov a plasma sheath fcrmed
from a laser shot at a sherical target will spread around
the sphere for the duration of the laser pulse. In all
cases, the expansion terainated when the laser was shut off.

%While many electrons return to the focal spot, aany
execute large excursion trajectories, returning back tc the
target at the leading edge of the outer sheath, resulting in
the acceleration of fast ions and more or less unifornm
heating of the surface by the electrons, creating a plasnma
and causing x-rays to be emitted. The tendency of electronms
to derosit at the edge of the ring is due to the toroidal
magnetic fields in the plasma channeling the electroms to
the edge of the plasma cloud. For a spherical target, if
the rulse is of sufficient duration, the plasma clouds
spread around the entire surface and aeet 180 degrees fronm
the shot impact area. Several interrelated effects will
combine to make this rear surface one of extreme electron
depositicn. First, the magnetic fields will combine to make
this an area of high magnetic flux, thus channeling the
electrons to the surface better. Second, the plasma fronts
will combine to make a very high pressure gradient,
contrituting to the magnetic fields. Furthermore, the area
over which electron deposition occurs will be greatly
reduced from a  large area over an entire arc of the sghere
to a single point on the rear of the sphere. This reduction
in area will cause a dramatic increase in the electron flux,
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further contridbuting to the fields. Lastly, the increased
electron deposition will cause greater heating and
ionization of the surface, resulting in a newly created
plasma ccentributing its own pressure and field gradients to
those of the laser rrcduced plasma.

3. Pagpetic Fields

The dynamics of laser produced 'self-generatea
magnetic fields have beexn extensively studied at NPS and
elsewhere. 1In studies conducted by P. Schwirzke [Ref. 11],
the dependence of the magnetic fields as a function of time,
position, laser power density and anmbient background
Fressure vas exaained. The magnetic fields vere found to
propagate at velocities approximately equal to those of the
plasma fronts. The rlasama temperature and density gradients
were attributed to the mass difference between the heavy
ions and 1ight electroas. The strongest field prcduction
occurs at the edge of the focal spot where the temperature
gradient is 1largest and. at the €front of expanding plasma
where the pressure gradient is largest. Magnetic field
intensities in the megagauss range have a significant effect
on the density and tezperature gradient distribution in the
plasma (via T X B).

The research conducted by McKee et al at NPS
[Ref. 12)] further investigated the dynamics of
self-generated magnetic field associated with laser fproduced
plasmas. The magnitude of the fields generated were found
to depend greatly on ambient pressure. The current-density
distribution produced the self-generated nmagnetic field via
(Vzx §=ﬁQj)° The current flov in McKee's experiments was
found to be toroidal. The overall eguation which goverans
the self-generated magnetic fields is

17
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where v, is the electron flow velocity, ne is the electron
density, 1o is the electron temperature, ( is the scalar
electrical conductivity. The last term 'in the above
equation is the source ters

§"' ;%;VTex ? Ne

Examination of the source tera ‘"shows that no field E
generaticn can occur unless §7T. and §7n. are nonparallel.

The largest fields are generated during the laser heating of

the plasna. However, since plasma is still being created

after the end of the pulse, magnetic field generation and

even field reversal may occur at some finite time aiter

laser pulse terminatica.

Sakagami et al [Ref. 13] <carried out research
similar to that of Schwirzke and McKee, but also studied the
effects of the <trajectories of the electrons emitted by
resonance absorption in addition to the magnetic fields N
resulting from thermoelectric mechanisas. The fields
resuiting from thermoelectric mechanisms were found to be
toroidal in shape, as described by Schuirzke and McKee,
while the magnetic fields resulting from resqnance
absorption were found to create a lobe pattern. The actual
pattern of the magnetic fields around the focal spot was
found to ke a supergosition of these two geometries. The
magnetic fields were found to be f£frozen in the expanding
plasma, and could survive for nanoseconds, even though the
Fulse duration was only 30 picoseconds.

Fabbro and Mora [Ref. 18] found that the dc toroidal
magnetic fields account for the hot electron transport which
leads to ring-like structures around the laser impact area.
The rings were attributed to deposition of energy carried by
electrons whose trajectory was governed by

T = o>
Me%he E"’V"E)
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The higher the magnitude of the magnetic field, the lcnger
time the electrons would spend in the coroma, resulting in
deposition of energy at greater distances from the laser
focal spot. The rings of deposition were £found to De
typically on the order of one millimeter from the focal srot
center.
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Forslund and Prackbill found in their investigations
[Ref. 10] that the electrons heated by resonant absorption
of laser energy gepnerate intense magnetic fields which
rapidly spread from the edge of the laser spot to the edge
of the target, beccre momentarily stationary, then move
around to the back of the target (Figure B.4). The magnetic
fields were found to transport convectively the hot
electrons and confine a major portion of the degosited
energy.

.

Stamper et al examined the extent of the magnetic
fields generated [Ref. 3]. They determined that the large
temperature gradients produced by lasers caused
photoionization of the backgrcund gas. The photoionization
resulted in large thermoelectric current flow in the gas,
with corresponding magnetic field gemeration. That was also
the finding of McKee, which accounts for the dependence on
ambient rressure. Photoionization is complete out to a few
millimeters, then ragidly decreases as the inverse square of

MRS

- - e
A NN 35

- -
~ At

the radius.

e 8 T e e e
P el

o oy

S TR R

ate'n

'!ﬂ’:‘. }"‘ w \’.‘

g !

19

R ot ' L‘-_\.‘v

0

oo IR
BRI AU PN ”ﬁu e o %)




III. BXIRERIMENTAL ARRANGEHENT

The targets analyzed for this thesis were the sukject of
experiments carried out by K. BEidmann et al at the
Bax-Planck Institute for Quantum Optics in Garching, Federal
Repudblic of Germany [Ref. 8#]. The objective of the criginal
experiments wvas to determine the difference in hot-electron
transrort retveen surported and unsupported targets. The
targets analyzed herein were retrieved from the bottca of
the experiment chamber at conclusion of the experiment.
Figure B.S shows the experimental set-up, including the
simple mechanism for release of unsupported targets and
diagnostic apparatus. The targets were placed on a flexitle
steel rikbon, which was punched down using the snapfrer of a
mouse trap. The inertia of the target sphere kept it from
being snapped immediately awvay, resulting in its motion
being only that of free fall. After two milliseconds, the
laser is fired. In this time interval, the sphere would
have moved approximately twenty micrometers, a negligitle
distance in relation to other dimensions of the experiment.
The target spheres used were made of either solid vanadium
or steel, and ranged in size from 320 to 1000 micrometers in
diameter.

The laser used to irradiate the targets was the Asterix
III iodine laser. The laser [pulse was 1003/300 ps (full
width at half-maxizum), vith a wavelength of 1.3
micrometers, and a focal spot diameter of 60 micrcmeters.
The intensity correspcnding to these specifications was 6 X
101S % ca—2 .

A k(Xspectrometer and an x-ray pinhole camera were used
to deteraine gquantitatively the hot-electron  energy
deposited on the target sphere. A series of shadowgrarhs
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using a 3 ps exposure time and 1.95 ns interval was used to
generate a time resolved sequence for each experiment. An
electron spectrometer using no screen fila wvas used to
deterxine the energies of emitted electroas. Sevetél pieces
of cellulose nitrate ( CN— ) film vere affixed to the inner

‘wall of <the target chamber tc record fast ion emissions.

Four different calorimeters at different angles with respect
to the horizontal plane neasured the x-ray eaission from
each target.

The results presented in reference 4 were used in the
general analysis of these targets studied. However, several
variables which wculd strongly influence quantitative
results were unkncwn. These variables were target
composition, laser pulse power and ambient background
Fressure inside the target chamber. Whether the targets
were made of steel (or even exactly what type of steel) or
vanadiunm vould deteraine their thermodynamic
characteristics, hardness and even the characteristics of
the rlasma produced. As determined by Schwirzke in
reference 11, the ambient background pressure greatly
effects how the plasma and magnetic fields propagate.
Finally, as in all lasers, the pulse to pulse power varies;
so for precise quantitative analysis, a measurement of the
exact power of the pulse corresponding to a particular
targyet wculd have to ke known.

Target surface damage was then studied with the aid of
an electren microscoge. Low magnification photograghs (X
100) were taken to be used as a reference for alditional
rhotograthic mapping and also to gJive an overall imfression
of the dJdasmage. With the 1low maganification photogragh in
hand, detailed examination of regions which typified cther
modes or densities of damage could be carried out. The
laser shot axis (i.e. crater) wvas alwvays used as the
reference, with all cther points being measured radially as
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degrees off shot axis. These high magnification photograrhs

(ap to X 5000)

vere used to determine unipolar arc size and

density, surface flow patterns, and other general

characteristic
made to fornm
progression of
shot crater to

of the surface. Two photograpkic series were
detailed conmposites to study the radial
damage on different size targets from the

the rear pole of the sphere.
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o Iv. DATA AND BESULTS

.:

‘ﬁg A total of five targets, varyiny in size from 570

'}2 ~ micrcmeters to 1 millimeter in diameter, where examined.

b These targets were representative of the entire group,

_{g providing an adequate base on which to formulate a model for

2 laser target damage to spherical targets. The follcwing

i % sections contain observations, data, and calculations, along

’ with interpretations of the cause and effect of each

;% B phenozencn.

a8

f:;~ A. DIRECT LASER DAMAGE

' The area of each sphere which sustained the direct laser
fﬁi pulse is obvious, due to the crater. Table 1II lists the

ﬁ% . data for the targets analyzed. Figures B.6-B.10a illustrate

o that the interior surfaces of the craters are essentially

S identical, having the smooth appearance of solidified ligquid

I metal. Figure B.11 depicts the crater sizes of
‘Eﬂ representative targets relative to the focal spot size to |
‘?{ illustrate the extent of direct shot damage. The laser beanm |
s strikes the surface, then progressively vaporizes the target ’
ﬁﬂ (Figure B.12). The variation in crater size is most likely
,:ﬁ due to fluctuations in the energy from pulse to pulse, which

= is characteristic of all high power lasers, and to possitle
;k; variations in sphere compositicn.
,:§ The second point of note on the photographs is that

%ﬁ molten metal is forced radially from the crater. In some

cases, targets B and E, lijuid metal covered the entire
hemistrhere of the shot, before its momentum carried it
) beyond the eguator, leaving "fingers" of wmolten pmetal
reaching around the edge. In three of the cases, targets 1,
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iy C and D, any liquid metal that did return to the surface of
;xf the srhere did so in the form of debris (Figure B.13). The
I factors which may deteraine if liguid metal spreads smoothly
NN over the surface or is scattered in the form of debris are
%§ sphere ccaposition and crater depth. Whether the sfheres
Q%a vere made of vanadiua or steel would determine the thermal
characteristics of the material. The steepness of the
;{ﬁ crater walls would determine the trajectory at wshich the
ﬂxﬁ liguid material left the target. Spheres B and B appeared
ﬁg' to have shallower craters than did spheres A, C and D.
i:‘::j " B. UNIPOLAR ARCING
%S Upipclar arcing was found to be present over most of the
gF; surface of all of the spheres. The size and density cf the
4% arcs varied greatly as a function of the plasma dynamics
$£ over that particular spot. The main plasma, that created by
.32 the vaporization/ionization of the surface irradiated by the .

. laser, spread radially from the £focal spot. The plasma
SO motion would be governed by the plasnma pressuré gradients, .
i:* thermal velocities, ard magnetic fields. It would continue
%3 to increase for the duration of the pulse (Figure B.14).

' A1l surface area exposed to the plasma gas will
ﬁy experience arcing to some degree. The areas of large arcs
& and high arc density were covered by a plasma of very high
&% sheath potential for a relatively lony period (Figure B.15).
R The superposition of arcs means that one arc burned until it
¥ could nc 1longer be sustained, then later, conditicas
?; requisite for arcing were once again met over that same sgpot
fﬁ; (Figure B.16). If arcing is very dense, the molten petal

- from one arc may fill an adjacent arc crater. Areas of high
a5 density cf arcing will also exhibit large amounts of debris
§k from those arcs scattered about the surface. The areas over
? N which 1little plasma spread experienced very 1light arc
b 20
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damage, as can be seen on the back sides of targets A and B
(Figure B.17). -The arcs in this region are very sepall and
widely sraced.

" While the main rlasma is spreading, hot electrons are
being emitted from the shot crater, many of which execute
orbits and deposit on the leading edge of the plasma. These
impact on the surface, creating their own plasma, with
associated pressure gradients and magnetic fields. The
areas of hot electrcn deposition were determined by X-ray
Finhole photographs. 1In the analysis of these spheres, the
surface areas corresponding to those which emitted intense
X-rays were pitted ty dense unipolar arcing. Since this
rlasma was formed after the laser pulse plasma, analysis of
the arc and flow patterns give a good indication of the
overall time resolved plasma dynamics.

On the larger targets, this hot electron induced plasma
occurr€d near the egquator. On smaller targets, it occurred
more towards the pole opposite the shot. Table III gives
representative distributions based on X-ray photographs,
Figure B.18, copied from reference 4 . An insight into the
reason btehind these distributicns may be gained by noting
the radial distance traveled by the plasma <front. The
velocity of the plasma front will be similar for all shots.
Taking the distance traveled and dividing that by the fpulse
duration gives correct characteristic velocities fcr the
plasma, within an order of magnitugde. These calculations
also agree with the shadowgraphs, Figure B.19 .

The X-ray photographs and shadowgraphs of the larger
spheres show a great deal of-:- activity at the equatcr,
tecause that is as far as the flasma could travel Lkefore the
pulse ended. On the intermediate size targets, the plasma
had just enough time to reach the back, at which point the
Flasma fronts met, creating a denser plasnma. In additicn,
this area would have keen where the hot electrons associated
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with the plasaa fronts would have been deposited,
contributing further to the plasma density. The electron
depositicn would be even further enhanced by the fact that
the pcint 180 degrees from the shot axis would have been a
magnetic maximum. On the smallest spheres, the plasma would
have had time to spread beyond the confines of the sphere.
There would be hot electron deposition on the rear surface,
rut since the plasma fronts do not exactly coincide with
this surface, it would be somewhat less. This could account
for the 1lower intenmsity of the 320 mwmicrometer X-ray
photogrargh. As no stheres of this size were available for
analysis, the distritution and extent of damage cannot be
verified. '

The wave-like flcw patterns on target A are avay from
the equator in both directions, with arc demsity decreasing
with distance from the equator. This indicates that a demse
Flasma vwas emitted from the crater and spread as far as the
equator (Figure B.22). The hot electrons created a plasma
at the equator, which combined with the main plasma cloud to
recome even more dense (Figure B.23). fhen the laser pulse
ended, the pressure gradient associated with the egquatcrial
plasma becaae dominant, spreading radially in bot*
directions until the plasma dissipated (Figure B.24). This
model would account for the flows in both directions from
the equator, and the higher arc density on the shot
Lemisthere. Target B exhibited the same type c¢f £flow
patterns as A (Figure B.16), since the spheres are of
identical dimension, except that all damage to the shot
hemisphere has been ccncealed. bty the molten metal flow.

Tarjet C provided some of the most striking evidence in
suppcrt cf this plasma dynamics model. The arcing is very
dense in the area of the shot crater (Figure B.25). At the
area 180 degrees from the shot axis, dense arcing occurred,
but the flow direction is random (see center of Figure
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B.26) . Examination of areas approximately 135 degrees from
the shot axis shows definite flow patterns avay from the
rear axis (Pigure B.26). Due to the small size of the
target, a magnetic maximum was created at the pole opposite
the shot crater and this area also corresponded to the
maximus expansion of the laser plasma cloud (Figure B.27).
Hot electrons vere derosited here, creating a dense plasna.
This plasma then spread radially toward the shot crater
until the laser pulse ended (Figure B.27a).

Another factor which may have contributed to the flow
pattern on the rear surface of target C is shock waves
created by the high velocity plasma fronts. As the plasna
clouds spread arcund the sphere, they will collide at the
pole cpposite the crater (Figure B.28). The result will
contribute to the Ligh pressure gradients on the rear
surface, until this pressure becomes dominant and spreads
radially feorward toward the shot crater, contributing tc the
organized flow patterrs observed in Figure B.26 .

C. HBCT ELECTROE TRANSPORT

The mechanics c¢f hot electron transport are well
understocd, and covered in detail in the references cited in
the theory section. To make an analysis of the ability of
these electrons to create a plasma, it was necessary to
determine the amount of energy they would deposit on the
target surface. Reference 4§ states that the cbserved
spectrum of suprathermal electrons was in the energy range
of 50 - 100 Kev. From Principles and Technigues of
Radiation Hardening by N. J. Rudie [Ref. 15], it was
calculated that these electrons would have a penetratiou
depth of 8.3 - 26 nmicrometers. Therefore, they would
penetrate just slightly into the surface, depositing their
energye. If the reasoning of J. D. Hare et al is followed
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[Ref. 8], the energy balance on the target would be
approximately:

Energy omnto target 100 J
Energy aksorbed by target (30%) 30 g
Energy aksorbed by ions (60% of absorbed) 18 J
Energy aktsorbed by hot electrons (30% of absorbed) 9 J
Energy used to preheat target (10% of absorbed) 34J

Table IXI lists the calculated values of energy flux on
the surface. The flux values were found to be on the crder
of magnitude of 1032 W/cm2, vwhich is sufficient for the
creation of a plasma. These values are based on the rodel
that S J of energy in the hot electrons vas deposited over
the area which emitted the x-rays, during a period equal to
that of the laser pulse.

(2 4 of energy in hot electrons)
(Area of Deposition) X (Pulse duration) = INTENSITY

The value for the 320 micrometer sphere is probably bhigh,
since the plasma would have spread beyond the rear surface
of the sphere, as noted earlier.

The zropagation velocity of the plasmas can Lte deduced
by analysis of the X-ray photographs and the shadowgraphs.
From the X-ray photographs, the radial velocity of the
plasma from the laser impact area was calculated tc be
letwveen 2.4 and 3.5 X 108 cm/sec (see Table 1IV). The
propagation velocity of the hot-electron-produced glasma
radially outward froam the surface was determined from Figure
B.19 to Le between 3.8 and 4.2 X 106 cm/sec (see Table V).
The difference between these plasma velocities and those
calculated earlier is about two orders of magnitude. The
difference may be explained by : (1) the observed halo is a
dense layer of overlarping plasma jets rather than a unifora
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expanding plasma fromt, and (2) the plasma is cooler than
the laser-produced rlasma, and therefore propagates more
slowly. Although these calculations are extremely crude,
the order of magnitude of the ansvers does agree with laser
Flasmpa velocities found elsewhere in the literature and does
present a method for analysis of these velocities.
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V. SUBHARY

To summarize the findings presented in the Data and
Results section, the folloving sequence of events has been
formulated. The segquence of the events is based on the
target flow patterns, density and size of unipolar arcs,
shadowgraphs, and zx-ray photcgraphs. The events are
presented in the sequence in which it is believed that ttey
occurred, but the times are only approximate.

EVENI 0 (time = 0)

The target is undamaged and unsupported (i.e. free falling).
The laser is fired at time = 0.

EVENT 1 (time = 0 - .3 nsec)

The laser Leam irradiates the target. The photon energy
ionizes, then pkogressively melts and vaporizes the exposed
critical layer. A rlasma gas develops at the focal sgot
with very high temgerature and pressure gradients. Hot
electrons are emitted primarily due to resonant absorgption.
Some of the electrons escape, but many of them return at the
focal spct, while cthers execute orbits and return at the
leading edge of the rlasma cloud. Strong magnetic fielas in
the megagauss range are created within the plassa. Powerful
current 1loops are set up within the plasma and tarjet
sur face. A potential sheath is created betveen the
expandiny [plasma and the target surface, accoapanied by
unipolar arcing. Irtense x-rays are eaitted from the focal

spot.

Evept 2 (time = 0.2 - 2.3 ntec)
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The laser pulse ends at time = 0.3 nsec. Due to the large
pressure gradients, the plasma continues to expand at a
velocity of the order of 10® ca s—-t . The expansicn is
restricted by the large magnetic fields nowv frozen in the
expanding plasma. Areas of high electror deposition beccme
hot, <causing them tc¢ emit x-rays and c¢reate a plasma of
their own. Liquid material from the shot crater begins to
cover the shot hemisrhere, either as debris or as a smooth
flow.

EVENT 3 (time = arrroximate 2.3 nsec)

The laser plasma has reached the maximum extent of its
expansion. On the 1.0 millimeter sphere, this occurs near
the equator, 900 frca the shot axis. The expansion is
stopped by this point being the maximum extent to which the
fressure gdgradient and magnetic field would allow it to
expand, and also by the opposing pressure gradient cf the
Flasma leing created at the equator by the hot electron
deposition. On the smaller spheres, the laser fronts will
have collided at the rear pole, creating a high fressure
gradient and shock waves. The magnetic field lines frozen
in the expranding plassas will also have combined, resulting
in a large magnetic field. These combined effects will have
a channeling effect fcr hot electrons, focussing them onto a
single srot 1809 from the focal spot. This high electron
flux will result in highly localized surface heating, which
will cause x-ray enission, plasma creation, and dense
unipolar arcing.

EVENT 4 (time > 2.3 nsec)

The rressure of plasma gas over the areas of hot electron
deposition becomes dcminant over the laser produced plasma.
On the 1.0 millimeter spheres, the pressure is greatest at
the eguator, causing flow toward both poles (i.e. the shot
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crater and the pole 1800 from the shot crater). On the
smaller spheres, the newly created plasma gas will flow froa
the rear pole (1809 from shot axis) toward the shot crater.
The ¢[plasma flow Adirection will cause nmetal liquefied by
unipolar arcing to orient itself in the direction of the
flow. The creation of nev plasma by hot electron deposition
has essentially ceased by this tinme. The plasma ptesent is
expanding primarily under its own pressure gradients and
magnetic fields. Unipolar arcing is still occurring, but
the sheath potential and plasma pressure are dropping, so
the arcipg activity is decreasing.

EVENT S (time > 8.2 nsec)

All rlasma pressure dJgradients continue to drop and the
plasma clouds reach their maximum extent. The steath
potential drops below its critical value, causing unipolar
arcing to cease. The ligquid metal streams on the target
surface ccol, presexving the record of destruction. For
these targets, the entire process is over in a few
nanoseccinds.
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VI. CONCLUSIOHNS

a

As stated in the introduction, the purpose of this study
was to determine the dynamics of laser target damage’ to
spherical targets of a millimeter . or less dianmeter. The
model developed and proposed here includes no attempt at
gquantitative analysis, due to the number of experimental
unknowns. However, utilizing available shadowgraphs and
x-ray photographs, coupled with analysis of metal flow
patterns and wunipolar arc distribution on the target

R A L

é spheres, a plausible model of the sequence of damage was
3¢ formulated. This model combines the complex interactions of

thernmal, electrodynamic and mechanical effects. The
& analysis of the actual damage demonstrated that the most
é significant macroscopic damage occurred at the focal sgct
b3

due to direct thermal melting and vaporization of target
material. In areas remote from the shot crater, extensive
damage occurred jue to unipolar arcing. The arc size and
density were found to be a function of how dense the plasma
was and how long it persisted over that particular spot.
The flow patterns of the liquefied surface metal were used
to support hypothesized dynamics of the plasmas.

The main difference between this experiment and those
for the ccntrolled fusion program is in the targets used.

SPUALATT:

g
=

e

The ccntrolled fusion program uses spheres of these sizes,

i but they are thin walled and filled with a deuterium-tritium
? gas. The 1laser [fower, irradiating the small sghere
o simultaceously from many directioas, will be used to
! compress and heat the D-T gas mixture to 1levels necessary
,i for fusion. In the targyets studied here, the targets did
3 not cecllapse, the x-rays did not go into tke target, and a
*

rlasma was created wbich spread around the surface.

ale
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While a direct correlation may not be drawn betveen this
study and those related to the controlled fusion prcgrasm,
somne of the procedural and diagnostic technigues may frove
valuatle. The ability of a 1laser beaam to focus accurately
on a target of these dimensions was demonstrated by the teanm
which conducted the experiment. The use of pinhcle
shadowgraphs and x-ray photographs was proven as an accurate
measurement technique for the plasma dynamics on targets of
this size. The plasma velocities calculated from these
results agree with those found elsewhere in the published
literature. These smethods of remote measurement will be
necessary since the targets will be too small, and
temperatures and r[ressures too high, for readings by
conventicnal probes.

Further studies c¢f the damage mechanisms to spherical
targets can be carried out. By using existing lakoratory
facilities at NPS, spherical targets of known composition
could be irradiated at known background pressures. The
intensity of each pulse could be neésured. and probes could
be used to measure the magnetic fields. Then the arc size
and density distribution could be mapped and correlated with
all of the above data to get a more quantitative model of
the plasma dynamics for spherical targets.
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ARRENDIX )
TABLES

TABLE I
RADIAL TRAZSPORT NEASURBHENTS FOBR ASTERIX III IODINE LASER

Irradiance (1018 ¥ cr—2) 6.0 £ 2.0

Wavelength (micrometers) 1.3

Fulse length FWHM (ps) 300

Fractional absorption 0.4

local derosition (%k 1+ 0.2

Remote deposition é ) 6 g 1

Spreading Rates (108 ca s-1) 3.5 £ 1.5

TABLE II
TARGET CRATERS
TARGET SPHERE DIAFKETER CRATER DIAMETER ?IGUFES ‘
(nicrometers) (micrometers) j

A 1000 337 B.6,E.6a |
B 1000 524 B.7,E.7a
(o 570 400 B.8,E. 8a |
D 570 250 B.9,B.% |
E 570 280 B.10,B.10a




TABLE 11X
HOT ELICTRON DEPOSITION ANALYSIS
FECM X-RAY PHOTOGRAPHS
- TARGET SIZE ARC CF X-RAY AREA OF ENERGY FLUX
X EMISSION DEPOSITION DEPOSITED BY
. . HOT ELECTERONS
;8 {(micrometers) (degrees) (m2) {(W/ca2)
1000 90 - 120 7.85 X 10-6 3.8 X 101
e 450 90 - 180 3.18 X 10-7 9.4 X 1012
. y 320 120 - 180 8.04 X 10-8 3.7 X 1013
5
w
e TABLE IV
'f; PLASMA VELOCITY DISTRIBUTIONS
;k~ DERIVED FROM X-RAY PHOTOGRAPHS
At . TAEGET MAX EADIAL EXTENT DISTANCE VELOCITY
i}: (nicrcmeters) (degrees) (cm) (cm/sec)
SF: 450 180 .071 2.4 x 108
..,": L
B 1000 120 0.10 3.5 X 108
' TABLE V
PLASHA VELOCITY DISTRIBUTIONS
DERIVED FROM SHADOWGRAPHS
. TARGET DIST IN 1.9 ansec YELOCITY
(micrcmeters) (mm) (cm/sec)
570 7.1 3.8 X 10¢
5 1000 8.0 4.2 X 108
4.- "
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APPENDIX B
FIGUBES

NN N NN
PLASMA

SHEATH

| PLATE

Figure B.1 Equilibrium Flow of Electrons and Ioms
to Isolated Plate.

RETURN CURRENT

Pigure_B.2 B u%&ibriun Flow of Electrons and_lons to Isolated

Plate wit ectron Emission from a Cathode Spot.
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x
0
Figure B.4% Magnetic Pield limes Showing Propagation
to Rear Surface of Target.
S
4 10N . / N S CAMERAS
CALORIMETERS .
; /7 5\
ELECTRON : s
MULTIPINHOLE /
SPECTROMETER CAMERA v _ PN
7~

IODINE
LASER
100/ 300PS

SYNCHRONIZED y

Kq-
SPECTROMETER

. v

3PS PULSE

Figure B.S
Apparatus

Experimental Scheme With Diagnostic and Simple

or the Release of Pree-Falling Targets.
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Figure B.6 Target A (X 100).

Figure B.6a Target A Crater (X 200).
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Pigure B.7a

R e L

Target B Profile (X 100).
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Figure B.8 Target C (X 100).
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Figure B.8a Target C Crater (X 200).
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Pigure B.9 Target D (X 195).

s

| TR

Figure B.9a Target D Crater (X 190).
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Figure B. 10

Figure B.10a Target E, 135 Degrees Off Shot Axis (X 145).

Target E Crater (X 165).
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Figure B. 11 Relative niaensions of Laser Pulse,
Crater and Sphere. '
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Figure B.12 Progressive Vaporization of Sphere by laser Bean.
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Pigure B.13 _Smooth Liguid Metal Plow (L
gure B. )3 uidtRotmtpinid g5yt Flov (@)
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Pigure B.14 Initial Plasma BExpansion from a Laser Pulse.
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o Figure B. 15 Target A (X 2000)
3 Area Sevefely Lamaged by Arcing (Note Debris).
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‘Pigure B.16 Target B (X, 2000)
Snperpositig:rgf Severa a?g? Arcéxig OnL Location.

Figure B.17 Target A, 90 - 100 Degrees Off Shot Axis (X 1000)
Sote Smallness and Sparsity of Arcs. ‘
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Pigure B.18 X-ray _Pinhole Photographs
or .320, .450 and 1.00 mm Spheres.
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Pigure B. 19

me Resolved Shadowgraph

T
for .450 am Vvanadium Sphere.
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Figure B.20  Time Resolved Shadowgraph
for 1.0 am Steel Sphere.
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Pigure B.21  Conposite Profile of Target A (X 200)
Note Distribution amd Flow of Damage.
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Pigure B.22 Initial Plasma Flow for 1.00 mm Target.

Figure B.23 Growth of Hot Electron Plasama
at Equator of 1.00 ma Target.

AN
S

Pigure B.2§ Final Phase Showing Plasma Spread
at Equator of 1.00 am Target.
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Pigure B.25 T@rget C (X 1000)
Afea just Outsidé Shot Crater.
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Ko Pigure B.26 Target (i‘ (X 1000) %sea ust Outside Shct Crater

oY Center Photo at Pcle, Others S rees Off Shot Axis .
Yo Jote Flow Directioin.
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Pigure B.27

Pigure B.27a

Hot Elec
of

Plasma Flow After laser Pulse.

tron Deposition and Magnetic Field
«570 ma Target.
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Figure B.28

>

Collision of Plasma Pronts at Rear Pole
of Target Creatimng Shock Raves.
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