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ABSTRACT

The properties of the plasma formed by irradiating a massive aluminum
target with a Q-spoiled ruby laser pulse have been examined experimentally
and a simple model has been developed to account for several features of
the laser-blowoff process, such as; depth of target fissure, flare temp-
erature and density, and the expansion velocity of the plasma front.

The interaction of the laser-blowoff plasma with transverse magnetic
fields in the 100 kgauss range has been studied in the simple geometry
of a line current. The continued rapid motion of the plasma across fields
of this magnitude has been attributed to a rapid electrical polarization

of the plasma and an E x B drift,
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INTRODUCTION

Since the advent of high power pulsed laser systems there has been
considerable interest in their use to create high temperature plasmas
from a veriety of target materials. The essential property of lasers in
this connection is that by this means it is possible to dump a relat-
ively large amount of energy into a very small volume, which may lead
to ionization and heating of gaseous, liquid, or solid target material.
No special features have yet been observed in laser-produced plasmas due

to either the coherence or monochromaticity of the laser light.

Solid target materials have several advantages for use in the cre-
ation of plasmas by laser heating and have historically received the

most attention. By far the most important mechanism for absorption of

9

optical radiation by hot, dense plasmas (kT _>lev, n >101 cm—3) is in-
e e

verse bremsstrahlungl, the absorption of photons by free electrons in
the fields of ions. In order to obtain appreciable absorption by this
mechanism at the temperatures of interest (kTe>100ev) within the focal
volume of a laser, it is necessary to have electron densities in the

20
<n <

e lO:Zlcm-3 (2). Such high densities are easily obtainable

range, 10
by the vapourization of solid target material. In addition it is relat-

ively easy to isolate a solid target in a vacuum environment.

Experimentally the laser-solid interaction has been investigated in

?

two distinct classes of experiments. In the first class , a small is-

olated speck of target material with dimensions of the order of 10-2cm

and containing about 1016 atoms has been suspended in the focal volume



of a laser focussing lens in a vacuum environment to create an isolated
plasma of varying degree of spherical symmetry. In the second classs’ﬂ
a massive solid target has been isolated in a vacuum environment and a
Q-spoiled laser pulse focussed onto its surface, leading to intense local
heating and ionization with the emission of a hot plasma flare away from
the target surface. It 1s with this second class of plasma for which the
term laser~blowoff plasma has been adopted that this thesis is concerned.
Apart from their use in the study of basic plasma phenomona such as
ionization and recombination processes in dense plasmas and plasma instab-
ilities, laser-blowoff plasmas have been proposed for a number of possible
applications, These include their use as sources of soft x-rays7, sources
of energetic ions and neutrals6, and pulsed neutron sources , Much of the
interest in laser-produced plasmas in'general has centred on the possib-

ility of obtaining a hot, clean plasma suitable for filling thermonuclear

machinesa.

A Brief Review of the Literature

1. Theoretical, The use of a laser to heat a solid particle to temp-
eratures of thermonuclear interest was first proposed by Basov and Krokhin
( 1963 )9. They proposed heating a small solid hydrogen pellet to temp-
eratures of about 1000ev by showing that the abscrption length for such
a plasma at a density of approximately 3x1021cm—3 and the ruby laser

wavelength was of the same order of magnitude as the size of the focal

spot into which the laser could be concentrated.



Shortly afterwards, Dawson (1964)lo presented a paper which elabor-

ated on this proposal. Dawson considered the heating of lithium and hyd-

3

rogen drops of initial dimensions of the order of 10-2-10- cm, He showed

that for the dense plasma thus produced, the electrons could effectively
transfer their energy to the ions and arrived at the figure of 4.4x10-10
sec for the electron-ion thermalization time. Dawson also considered the
various energy loss mechanisms which might 1liwmit the obtainable temper-
atures and showed that by far the most important for these isolated plas-
mas was the rapid expansion of the drop which converts most of the incid-
ent laser energy into ordered motion. In addition, he foresaw that the
expansion would rapidly reduce the density to a point where no further
absorption could occur at optical frequencies, and so concluded that to
be effective for such a process the laser energy would have to be deliv-
ered in a very short time (less than one nanosecond). The decisive and
limiting role of the hydrodynamic expansion in his model led Dawson to
suggest trying to trap such a plasma in a magnetic field,

The heating of a plasma formed by the laser irradiation of a solid
surface situated in a vacuum was considered by Krokhin (1965)11 who con-
cluded by elementary means that the process must be self-regulating in
the sense that the optical thickness of the plasma produced must be in-
dependent of time and of the order of unity. Krokhin's observations were

12,13 to explain certain feat-

incorporated into the models of Caruso et al
ures of the laser-blowoff process through dimensional considerations.,
Shkuropat and Schneerson14 noted that for such a one dimensional plasma,

the energy losses through expansion were not as severe as the case con-

sidered by Dawson.
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In line with the proposals of Dawson, several papers were publishedls’16

on the expansion of a high B (B = ratio of kinetic pressuie to magnetic
pressure) plasma blob in a uniform magnetic field. It was concluded
that such a plasma of high thermal conductivity would oscillate in dia-
meter about the B~1 value as its energy alternated between thermal and

ordered expansion with the field lines alternately 'stretched' and 'relaxed.'

2. Experimental. Shortly after the theoretical proposals of Basov and
Krokhin9 and Dawsonlo, several experiments were carried out which demon-
strated the emission of ions and electrons in the kev energy range from
solid surfaces irradiated by Q-spoiled laser radiation6’ 17, 18, 19. A com-
prehensive experimental study of the gas-dynamic motion of a laser-blow-
off carbon plasma was reported by Basov et alzo. Spectroscopic determin-

ations of the flare temperature were reported by Ambartsumyan et 8121

and David and Wiechelzz.

During the same period, much progress was reported on the experiment-
al study of plasmas formed by laser irradiation of isolated solid particles.
Haught and Polk3 succeeded in electrostatically suspending a small (10-
20u) particle of LiH to produce a plasma with a high degree of spherical
symmetry. They found that the observed form of the emitted ion signal
could be explained by a refined version of Dawson's hydrodynamic model.
Average plasma encrgies of 10-100ev were estimated from the time of flight
measurements.

Ascoli-Bartoll et al4 extruded a short length of solid deuterium and
investigated the effects of focussing a 200Mw laser onto it. They estim-
ated the resulting plasma to have a temperature of about 10ev with a den-

sity of about 1018cm—3.



Sucov et 3123 studied the confining effect of a magnetic mirror field
on the plasma produced by irradiating a 400u diameter aluminum target. The
partial failure of this confinement attempt was attributed to an electric-

al polarization of the resulting plasma.

Recently, Tuckfield and Schwirze24 have observed effects similar to
those predicted by Bhadra15 and Poukey16 for the expansion of a laser-
produced plasma into a mirror field. The same authors have presented ev-

idence to show that the presence of collisionless instabilities may require

extensions and modifications of the theoryzs.

Other magnetic field interaction studies are currently in progre3326’ 27

on high temperature single particle plasmas, reflecting the current under-
standing that some sort of confinement will be necessary to create useful

thermonuclear plasmas by laser heating.
The Nature of the Present Work

Despite the contribution to our understanding of the laser-solid inter-
action furnished by the experiments mentioned above, and others, several
important phenomena assoclated with these plasmas remain little understood.
For example, there exists much discrepancy between direct flare temperature
measurements through spectroscopic and radiation technique321’ 2 and the
observed energies of the emitted ions and x—rays6’ 28. In addition, the in-
vestigation of the interaction of such hot, dense plasmas with large mag-
netic fields remains a subject of prime importance since it is not yet

clear whether they can be trapped or if macro-instabilities or plasma

turbulence will prevent this,



The work reported in this thesis deals with the interaction of mod-

11

erately high intensity ruby laser light ( 10 watt/cm2 ) with massive met-

allic targets ( for the most part aluminum ). In particular, the formation
and expansion of the blowoff plasma in large transverse magnetic fields ( up
to 120 kgauss ) has been studied in the hope of observing effects similar

to those predicted by the theories discussed above.

Following a brief description of the apparatus in Chapter 1, some ex-
perimental observations on the interaction of a 100Mw ruby laser pulse with
an aluminum target will be presented in Chapter 2. A new technique for the
measurement of the temperature and density of the luminous flare will be
described and evidence presented to show that despite the release of ions
with energies of several kev, the actual temperature in this region is on-
ly about l0ev at the end of the laser pulse.

In Chapter 3, a simple planar model of the heating and hydrodynamic ex-
pansion of laser-blowoff plasmas is presented. This model is shown to ad-
equately explain several of the features of the process such as, flare tem—~
perature, the expansion velocity of the leading edge of the plasma, and the
depth of the resulting target fissure,

Some investigations into the interaction of the blowoff plasma with
transverse magnetic fields in the 100 kgauss range are described in Chap-
ter 4, the magnetic field being generated by a line current through the
target, The rapid expansion of the plasma across magnetic fields of this
magnitude is attributed to an electrical polarization of the plasma and an
E x B drift. An observed velocity reduction of the emitted ions and elec-
trons at ficlds greater than 10 kgauss is attributed to an inhibiting eff-
ect of the magnetic field on the normal collective energy transfer between

electrons and ions in the freely expanding blowoff plasmazg.



Some conclusions and suggestions for future research are presented

in Mt‘r S.



CHAPTER 1 THE APPARATUS

In most of the recent experimental research on laser-blowoff plasmas,
lasers in the 100-200Mw range with several joules pulse energy have been
focussed onto a slab or foil of target material through a simple lens
of a few centimeters focal length, The most common target materials have

5,20,22

been carbon in the form of pyrolytic graphite , and light metals

such as aluminum3o’31.

In this chapter, the design and construction of a nominal 100Mw giant
pulse ruby laser will be briefly described and details of the experiment-

al setup used in the present laser-blowoff studies presented.

1.1 The Laser

The laser used in these studies was designed and constructed at the
University of Alberta. It utilized a 3" x 3/8" select quality ruby crys-
tal situated between external reflectors in a close coupled double el-
liptic cavity. The optical pumping was accomplished by two FX-47 flash-
tubes and the device was Q-switched by means of a Pockels cell,

The optical configuration of the laser head is shown in Figure 1.1,

The laser cavity was fabricated from two sections of solid aluminum
with inside surfaces highly polished. The top section could be removed
for access to the ruby crystal and flashtubes. The flashtubes were enc-
losed in pyrex glass sleives which served to shield the ruby crystal
from u.,v. light and allowed a flow of nitrogen vapour to be passed along

them for cooling purposes. The ruby crystal itself was supported by four



1/8" diameter pyrex rods which could be adjusted from outside the cavity

for alignment, Details of the cavity geometry and support structure are

shown in Figure 1.2.

5" 4" 7.5' 4" 3" 1ll|

g
<o---|-

moom, cavity polarizer t.i.r.prism
& Pockels cell

Lk i

- 6" X 6"
Aluminum
[ "I" stock
L[] [ ] 1
'g: p.c. pulser 0
- 27" -

Figure 1.1 Laser Optical Head.

The cavity was also cooled by nitrogen vapour which was forced onto
the crystal through a series of small holes in the upper and lower halves of
the cavity. The nitrogen flow was obtained from a sealed Dewar flask into
which was placed a reostat controlled heating element,
The external optlcs consisted of two dense glass reflectors (m1 and
in Fig. 1.1), the Pockels cell and polarizer, and a total internal

)
reflection prism. The two front reflectors were mounted about 5" apart
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in such a way as to prevent mode locking in the laser output. The total
reflectivity of the pair was about 40%. The Pockels cell, manufactured by
Isomet Corp., consisted of a deuterated KD*P crystal operated in the 1/4
wave retardation mode, and was used with a Glan air-spaced polarizer. The
free aperature of the polarizer and Pockels cell was about 1/2",

The energy for the flashtube discharge was furnished by a 1600uF ,2kv
capacitor bank and pulse forming network. The discharge was initiated
with a series injection trigger transformer. This device with its assoc-
iated circuitry furnished usec pulses of up to 75kv at the secondary wind-
ings. The discharge circuit and approximate current wave form is shown

in Figure 1.3.

25yH 25y 25yH 75uH
— TSN ~

400uF == 400uF == 400uF ==

400uF
T —s

lmsec

time

Fig. 1.3 The Flashtube Discharge Circuit.
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The Pockels cell electronics was obtained from Optics Technology Inc.
and consisted of a low jitter delay unit (up to lmsec delay), a high vol-
tage power supply, and a thyratron pulse generator of about Snsec risetime.
A timing reference pulse was obtafned at the initiation of the flashtube
discharge from a photo-resistor mounted near the optical cavity. This was
used to trigger the delay unit which after about Imsec furnished a 300v
pulse to the Pockels cell pulse generator and a 30v reference pulse. The
pulse generator was mounted in the optical head as shown in Figure 1,1,

The delay time between the 30v reference pulse and the laser pulse was
about 50nsec.

The laser was found to have a threshold for spontaneous laser action
at about 2000joules input energy. In the Q-spoiled mode, it was found
that an input of approximately 3000joules was sufficient to yield a 2 joule
pulse of “15mnsec full width at half power. The laser power was reproducible
within about 10% providing five minutes or so were allowed for cooling
between shots. The experimentally measured divergence of the Q-spoiled
output was 2.0x10—3rad.

The approximate laser pulse shape as recorded by means of a planar

photodiode and a Textronix 519 oscilloscope is shown in Figure 1.4,

A130Mw

] L 1
10 20 30nsec

Fig. 1.4 Laser Pulse Shape,
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1.2 Experimental Setup for Blowoff Studies

A schematic of the basic arrangement adopted for the experimental
laser-blowoff studies is shown in Figure 1.5, A 2mwatt helium-neon laser
was used to align the optical system and the target which was a 1/4"
diameter metal rod. An I.T.T. type FW-114A planar photodiode was used
to monitor the giant pulse shape and power. This was mounted in a co-
axial waveguide structure and calibrated against a calorimeter placed at
the target position. Care was taken to ensure that the optical pathlength

from the ruby laser to the photodiode was equal to the pathlength to the

cw
lens mount planar photodiode ,%um—neon

target,

—————————— \ -7 laser
T
-~
L
”~

L d

rd
”
P Y \— e e ruby laser

A _- “ " Fresnel

? - plate
mirror

target chamber

Fig. 1.5 Basic Setup for Blowoff Studies,



The target in the form of a 1/4" diameter by 3" long metal rod was
enclosed in a vacuum chamber capable of being evacuated to 10-6torr with
an externally adjustable 45mm F.L. plano-convex laser focussing lens, For
the purposes of the experiment discussed in Chapter 3, provision was made
for a large current to be discharged through the target from an external
capacitor bank,

The stainless steel vacuum chamber was connected to a Varian, model
941-5610 "Vacsorb" forepump and an 8 litre per second "Vacion" pump. This
was sufficient to obtain a base pressure of about 10-6torr with a recycl-
ing time of about two hours. For the experiments, the target chamber was
evacuated to lxlo—storr before each shot.

The target chamber and lens focussing system is shown in some detail
in Figure 1.6, The two one inch diameter windows at right angles to the
incident laser path allowed photographic observations of the blowoff pro-
cess and were also used for the emission-absorption measurements describ-
ed in Chapter 2, Other diagnostic techniques were provided for by a probe

port located at an angle of 20° to the incident laser path. This port

14

accepted glass-sheathed 5mm probes which could be moved radially in towards

the target surface while maintaining a vacuum seal,
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CHAPTER 2 EXPERIMENTAL OBSERVATIONS OF THE BLOWOFF PROCESS

Some experimental investigations into the properties of freely expand-
ing laser-blowoff aluminum plasmas will be described in this chapter. These
include microphotographic studies of the resulting target fissure, image
converter framing and streak camera photographs of the luminous flare form-
ed at the target surface, and electrostatic and Faraday cup charge collec-
tion probe studies of the emitted ionizatiom.

A simple technique for flare temperature and density measurement will
be described and evidence presented to show that despite the release of
ions in the 1000ev energy range, the temperature of the luminous flare

near the target surface is only about 10ev at the end of the laser pulse.

2.1 The Target

The experimental observations reported in this chapter concern the
interaction of a laser pulse of the characteristics discussed in Chapter
1 with an aluminum target. Aluminum was chosen because of the consider-
30,31,32 a

able background of data on plasmas formed from this metal nd

the availability of high purity samples. These were obtained as Marz
grade polycrystaline rod from Materials Research Corp.. An approximate
impurity analysis of this material as supplied by the manufacturer 1s

shown in Table 2.1.



ELEMENT CONTENT (ppm)

C S
H <1
0 S
N <]
Ca 0.15
Ccl 0.4
Cr 0.2
Cu 0.5
Fe 0.5
K 0.4
S 0.4
S <1
Zn 1

Rare earths <0.5

All others <0.1

Table 2,1 Marz Grade Aluminum Mass Spectrometer Analysis.

2.2 Size of Target Fissure

The degree to which laser radiation can be concentrated by a simple
lens is a complicated function of the laser beam divergence, the focal
length of the lens, and the optical quality of the lens. A perfect lens
of focal length F would result in a focal spot diameter,

D=2FA¢$ vee 2,1
where A¢ 1s the laser beam divergence. For A¢$ = 2.0x10-3rad, F = 45mm,
this results in a focal spot diameter, D = 0,180mm, Thus an input of 130Mw
would result in an average power at the focal point of the lens of
5.5x1011 watt/cmz.

In order to ascertain the actual focal diameter with a lens of the

type used in these investigations, and to determine the number of target

17



18
atoms involved in the blowoff process, the target crater caused by the
action of the 130Mw laser pulse was studied with a photomicroscope. A
typical microphotograph of the laser impact area on an aluminum target
is shown in Figure 2.1,

Of five shots examined in this way, the damage area had a fairly cons-
tant diameter of 300+20p and a depth of 15+5u. The latter was estimated
by alternately focussing the microscope on the bottom and top of the
crater. Taking the density of solid aluminum to be 2.4x1022 atoms/cm3,
about 3¢1x1016 aluminum atoms were involved in the blowoff process. Since
the laser input was about 2 joules, neglecting any energy losses, about
2*(3x1016 x 1.602x10-19) = 500ev was available for each aluminum atom
involved in the process.(For example, if each atom were ionized to the
Al4+ level and the ionization energy were subtracted, about 70ev would
be available for each plasma particle.)

Assuming a uniform distribution of the laser intensity over the 300u

damage area, the peak power delivered to the target surface by the 130Mw

laser pulse was about 1.8x1011 watt/cmz.
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TARGET FISSURE ON ALUMINUM

FIG. 2.1
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2.3 High Speed Photographic Observations

The expanding plasma flare formed during the blowoff process was stud-
ied using a T,R.W. image converter camera with high speed framing and
streak plug in units, The framing unit was a type 26B, providing up to
five frames with a minimum exposure duration of 50nsec and minimum inter-
frame delay of 250nsec, This unit requires a +300v, lOnsec risetime trig-
ger pulse and provides an 8v output monitor of the shutter pulse train,
The streak plug in was a model 7B with writing times of 50, 100, and
200nsec in a five centimeter streak. It requires a 500v, lOnsec risetime
trigger pulse. A block diagram of the experimental arrangement used to
trigger the camera is shown in Figure 2.2,

A 20v pulse from a photo-resistor near the flashtubes marked the on-
set of the pumping discharge and triggered a lmsec delay unit which pro-
vided three 509 output pulses. The first, a 300v, 1Onsec risetime pulse
was used to trigger the Pockels cell pulser which opened the laser shutter
after a fixed delay of about 100nsec. The second, a 30v pulse was used to
trigger a Textronix type 585 oscilloscope. The third, another 300v, lOnsec
risetime pulse was amplified to 500v by a simple high pressure thyratron
circuit and passed through a delay line (Textronix type 113 plus additional
lengths of 500 cable) so as to trigger the camera a few nanoseconds before
the arrival of the laser pulse at the target surface. This synchronization
was confirmed by adding the camera shutter monitor pulse and the photo-
diode laser monitor signal and displaying the result on the oscilloscope
through a type 81 differential plug in. Care was taken to ensure equal
cable lengths to the camera and the photodiode.

For the streak photographs, a lmm wide slit was masked onto the face
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of the imége converter tube to improve the resolution of the photographs.

The resulting streak and framing photographs are shown in Figure 2.3,
It can be seen that a more or less spherically symmetric b;ight nucleus
forms tangentially to the impact area during the laser pulse (Fig. 2.3a)
and that some luminosity persists in this region for more than 500nsec
after the end of the laser pulse. Because of the relatively long expos-
ure duration (50nsec), the framing photographs fail to yield much inform-
ation on the dynamics of the plasma flare, however, the 200nsec streaks
ijndicate the flare consists of a highly luminous, sharply defined central
core ( Fig. 2.3c ) which expands from an initial diameter of about lmm
at a rate of 2—3x106 cm/sec for about 50nsec before becoming stationary,
and a more diffuse, less luminous region ( Fig. 2.3b ) which expands at
about 14-5x106 cm/sec for more than 100nsec after the end of the end of
the laser pulse.

The persistence of luminosity near the impact area for more than

22

500nsec after the end of the laser pulse suggests that in these late stages

at least, the luminous region is {nhabited by a relatively cold, recomb-
ination dominated plasma. That is, the emission of material from the tar-
get vicinity must proceed at about its thermal velocity so that in the
abscence of any additional energy sources the plasma will cool through

adiabatic expansion within a few tens of nanoseconds after the end of

the laser pulse,
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Fig. 2.3 Optical Observations of the Flare.
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2.4 Emission-Absorption Diagnostics

In order to gain some insight into the relatively long lifetime of
the luminous flare, a simple technique was developed for direct measure-
ment of temperature and density in this region at the end of the laser
pulse. This was a modification of the technique employed by Lampis and
Brown33* in afterglow studies on a laser spark in helium,

The method was to isolate a small cross-section of the flare by means
of a spatial filter and dotermine the plasma source function in a narrow
wavelength interval by comparing the plasma absorption and emission through
the test cross-section. The emission in a 208 region about the He-Ne laser
wavelength (63282) was isolated by means of a narrow line-pass filter and
the absorption at this wavelength measured directly from the attenuation
of a cw He-Ne laser, The experimental configuration is shown in Figure
2.4,

A 57cm focal length lens, Ll’ mounted on a precision transverse slide
was used to focus the beam from a 2mw cw He-Ne laser to a diameter of
about 0,75mm, and to position it in front of the aluminum target rod. The
laser was also used to align the spatial filter comprising elements A2,

L2, and A3(34) which selected the same 0.75mm diameter cross-section.

* The method described here differs from that used by Lampis and
Brown in that a spatial filter was employed in the present measurements

rather than averaging the plasma emission over its whole volume,
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The absorption and emission through the test cross-section were monitored
by means of an R.C.,A, type 8645 photomultiplier tube enclosed in a light-
tight box containing the chromatic filters Fl’ F2, and F3. F1 was a 65008
low pass filter, Fz, a 60008 high pass filter, and F3, a 208 band-pass
filter centred at 6328%, The photomultiplier with 5000 load had a rise-
time of 5nsec and was connected to a Textronix 585 oscilloscope directly
through a cable short enough to prevent troublesome ringing (about one foot).
The detection system was calibrated for the emission measurements by pas-
sing the He-Ne laser through various neutral density filters, monitoring
the power at the target position by calorimeter, and recording the photo-
multiplier response,

The calibration curves obtained in this way are shown in Figure 2.5
at two photomultiplier voltages, 1400v ( used for emission measurements ),

and 1000v ( used for absorption measurements ).
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If one considers a plane plasma slab of uniform properties, the ratio
of emissivity and absorptivity will give the plasma temperature in terms
of 1its source function which can be equated to the Planck function for the

case of a thermal equilibrium plasma.

plasma with uniform
absorption co-efficient, a

Fig. 2.6 Schematic of Plasma Flare and Test Cross-Section,

With reference to Figure 2.6, if we define E, as the power emitted
per (unit area)x(solid angle)x(angular frequency interval), Iw as the
incident cw laser intensity, and Iow as the transmitted laser intensity,
then,

1 =1 cee 2,2
w
and,
-alL
Ew = Sw (l-e ) cee 2.3
where if local thermodynamic equilibrium is obtained, the source function,

Sm is the Planck function,

3 -
Sw = ho {exp hw -1 } 1 e 204
4 13 c2 kT



So that,

m = s o0 0 2.5

and to obtain a temperature estimate from Em’ Iou’ and Iu’ no knowledge
of the plasma thickness 1s required,

Since the He-Ne laser frequency is far removed from any strong alum-
inum lines, the absorption at this wavelength is due to inverse bremstrah-
lungm. The absorption coefficient for this process, corrected for induc-

ed emission, is given by Spitzerl as,

3, 2 - -
8 20y (l-exp% cml R eee 2.6

T %3

a= 3,69 x 10

where z is the ionic charge multiplicity. Thus I, and I, will be related

by,
I =1e°k ver 2.7
. .

where L is the plasma thickness. Therefore, a knowledge of the dimension
L allows a calculation of n, assuming the ionic charge multiplicity is

known,

The properties of the spatial filter used in these measurements have

been analyzed by Rogoffal'. The basic elements of this device are shown

in Figure 2.7.

The lens L2 serves to image aperture A3 at A; such that the width of
]

A3 equals the width of AZ‘ Thus all light which passes through both A;

and A2 is transmitted and all else is discriminated.

29
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Fig. 2.7 The Spatial Filter.

It is thus required that,

T hese criteria were met by setting,
2 = 29cm,

D = 54cm,

§ = 72,7cm,

p = 1,0lmm,

w = 0,75mm,

The (solid angle)x(area) integral for this arrangement has been shown

by Rogoff to be approximately given as,

2,4
deA=“w ,

22

= 2.31x1078 cm?

The frequency interval of the plasma emission reaching the detector

was limited by the narrow line-pass filter installed in the photomultip-
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lier housing. This was obtained with calibrated transmission curve from
Perkin-Elmer Corp.. It possesed a 60Z transmission spike at 63288 with a
208 full width at half power, Thus the spectral range of the detected

plasma emission was estimated as 208 + 10%.

Emission and ébsorption profiles were recorded on a Textronix 585
oscilloscope which was triggered from the photodiode laser monitor. Care
was taken to insert calibrated neutral density filters at the front of
the photomultiplier housing if required to keep the photomultiplier res-
ponse in its linear range ( see Fig. 2.5 ). The photomultiplier bias was
set at 1400v for the emission measurements and 1000v for the absorption
measurements, To allow for the diverging effect of the plasma curvature
on the cw He-Ne laser beam, it was necessary to increase apertures Az

and A, to 1.5 and 2,5mm respectively when measuring the plasma absorption.

3
Emission and absorption profiles of the Al plasma flare are shown in

Figure 2.8 with the spatial filter centred at 0.5, 1.0, and 1.5mm from
the target surface. Both signals were quite reproducible for up to five

shots before it was necessary to rotate the target to expose a fresh sur-

face,

The traces of Figure 2.8 allow a temperature calculation to be made
as follows: 1if we denote the power registered by the photomultiplier

during the plasma emission measurements by Ig, then,

e
Im . 2hc [exp( %‘) - 1] -1 l]b dA] ES\’] vee 2.7

a3
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where from the discussion above,

J2 da = 2.31x1078ca?
sv = 208 = 1.50x10'2 gec”!
2he = 1.58x10"3 sececm
13
Therefore,
kT = e = - 1.97 (eV) [N 208
In (1 + 45.6(1 - Iow/ Iw) )

e
w

An order of magnitude density estimate was made by assuming that the
plasma absorption was due to inverse bremsstrahlung with an average charge
35
multiplicity of the aluminum ions of two . If the absorbing thickness

of the plasma is L, from the discussion above, the plasma absorption co-

efficient,

8 32
a = ~1ln ( Iow/ Iw ) = 3,69x10 =z ny

!;3

L T v

( l_exp:t-l:"\f—) ese 2.9

and

L ) -
oo |- w1 yxe x 3.24x10'7  (em3) ... 2.10

i fv 2

I expa—

The absorption length, L, was estimated to be about lmm, This was a
reasonable figure both from photographic observations of the luminous
flare ( see section 2.3 ), and from the observation that the cw laser
could be moved about 0,5mm off the axis of the incident giant laser pulse

before the absorption signal altered significantly, It can be seen from

%

equation 2.10 that n, depends only on L®, thus for an order of magnitude

i
calculation, the actual value adopted for L is not too critical.
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The tfaces of Figure 2.8 were resolved in this manner into estimates
of radiation temperature and fon density at various instants after the Q-
spoiled laser pulse by solving equations 2.8 and 2,10, The computations
were performed on an A.P.L.360 system, These results are shown in Figures
2.9 and 2.10 at 0.5 and 1.0mm from the target surf.ce. At 1.5mm it can
be seen with reference to Figure 2.8 that the plasma absorption becomes
comparable to the noise level of the cw laser ( ~1% ) thus no analysis
was possible for this data.

It can be seen that the radiation temperature obtained in this way
falls from a maximum of about 7ev at the end of the Q-spoiled laser pulse
( the earliest instant at which the signals were sufficiently large to
permit a calculation ) to about 2.5ev after 100nsec at which time the
rapid temperature decay ceases, A comparison between Figures 2.9 and 2,10
and rough calculations at 1,5mm indicates that the temperatﬁre is quite
uniform throughout the flare. The existence of a large density gradient
at the luminous boundry was indicated by a large difference in plasma
absorption between 0.5 and 1.0mm immediately after the laser pulse, The

ion density at 0.5mm decays from a maximum of about 1x1019cm'3 at the end

3 in 150nsec according to the anal-

of the laser pulse to about 2x1018cm-
ysis above as 1is shown in Figure 2.9. The density at 1,0mm remains near
2x1018cm‘:3 for up to 200nsec after the end of the laser pulse,as is shown
in Figure 2,10,

An attempt was made to relate the temperature decay to an adiabatic

expansion of the laser-heated plasma, If one assumes that the plasma under-

gos an adilabatic expansion, then,

y=1_ y-1
v Tovo ees 2,11
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where y 1s the adiabatic constant of the plasma., For a completely ionized
ideal plasma in free expansion, the adiabatic constant is y=5/3. It is
known that y depends strongly on the electronic structure of the plasma
ion species, being somewhat less than 5/3 but still greater than unity

for a plasma composed of a partially stripped ion species. The curves

of Figure 2,11 depict the temperature decay of a spherical plasma of init-
ial diameter 1.0mm, expanding at 3x106cm/sec, with adiabatic constants of
y=4/3 and y=5/3.

It can be seen that although fair agreement is obtained with y=4/3,
the temperature does decay somewhat more slowly than predicted by the
adiabatic expansion. It may be of course, that the bulk of the plasma ex~-
pands at a rate somewhat slower than that of the luminous front. ( The
experimentally observed density decay at 0.5mm is consistent with expan-
sion at about 1x106cmlsec. ) The analysis above, however, ignores a pos-
sible source of additional energy to the rapidly cooling plasma, that
is, ion-electron recombination. In fact, Dawson10 has speculated that
the temperature decay should almost be arrested at some point with recom-
bination just supplying the work done in the expansion, Thus it seems
possible that the knee in the measured decay curves at t--t° = 75nsec

is attributable to ionic recombination.

These results can be compared to those of David and Weichel22 for a
carbon blowoff plasma formed with a similar laser pulse, By measuring the
plasma density interferometrically, and simultaneously measuring the ab-
sorption coefficient with an argon ion laser, they found that at incident
energy densities of the order of 1000 joules/cm2 the carbon plasma was

in thermal equilibrium with a temperature of less than 10ev at the end

of the laser pulse,

37
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Although it is estimated that the experimental error in the applicat-
ion of this technique is only about 10% which results mainly from photo-
multiplier calibration and estimation of the linewidth of the detection
system, it is necessary to discuss in more detail some of the limitat-
ions of the technique.

A lower limit on the spatial resolution in these measurements can be
set as 0,75mm, the aperture of the spatial filter and the total extent
of the cw laser at the plasma position. In fact, however, the resolution
was slightly better than this. Measurements showed that approximately 80%
of the power of the incident cw laser beam was contained in a diameter of
0.5mm at the target position. Calculations on the properties of the spat-
ial filter show that this diameter also furnishes about the same fraction
of the area-solid angle integral of the observed plasma cross-section,

Although the analysis assumes a plasma of uniform parameters ( n, Te ),
it can be shown that density gradients in the plane perpendicular to the
cw laser beam will not affect the temperature calculation providing the
temperature is uniform in this plane ( see Appendix A ). The curves of
Figures 2.9 and 2,10 indicate that this is the case to a good approximat-
ion as might be expected due to the high thermal conductivity of a plas-
ma at these temperatures,

The assumption of local thermodynamic equilibrium is basic to the in-
terpretation of the temperature measurement. A common criteria for the
applicability of L.T.E. is that the energy transport by collisional pro-
cesses should be large compared to the transport by radiation and conduct-
ion, since the blowoff plasma is characterized by high densities ( 1019cm_'3 )

and low temperatures ( l0ev ) this condition should be well satisfied.

Spitzerl defines three collisional transfer times : the time
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for an electron gas that does not initially have a Maxwellian distribution
to acquire one, the time required for ions and neutrals to acquire a Max-
wellian distribution, and the time required for fons and electrons with
Maxwellian distributions at different temperatures to reach the same tem-

perature, For a plasma of the nominal parameters ne=1019cm—3, 6e=10ev,

13 11

these times have been estimated by David and Weichel22 as 1077, 5x10 ,
and 3x10-9sec respectively. Thus it appears that the assumption of L.T.E.
is justified and the temperature as measured in this way can be equated
to the electron temperature of the plasma.

The charge multiplicity of the aluminum ions has been arbitrarily set
at two in order to obtain an order of magnitude density estimate from the
absorptivity of the plasma. In fact, the ratio of A13+ to Al2+ can be

computed from the Saha equation which neglecting the temperature depend-

ence of the partition functions becomes,

3 38.1x102% 032 exp -28.4 ee 2012
n n ¢}
2+ e

where n, is the electron density in cm-3 and O is the electron temperat-
ure in ev, Thus, for an equilibrium plasma with an electron density of

n = 1019cm-3, the Al3+ - Al z+transition corresponds to an electron temp-
erature of about 3ev. Thus, the leveling off of the temperature decay at

2.5ev as discussed above, and which has been attributed to plasma recom-

bination is consistent with this transitionm.
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2.5 Electrostatic Probe Measurements.

The plasma temperature ncar the target surface as measured by
the preceding technique is an order of magnitude lower than what might be
expected at the end of the Q-spoiled laser pulse, on the basis of energy deliv-
ered per plasma particle (see Section 2.2). This suggests that during
the time interval of these measurements, most of the plasma energy is man-

ifested as directed kinetic energy associated with the plasma expansion.

The emission of high energy ions from laser-solid interaction was
established in the very early experiments on this phenomenon. Typically,
these ions have been detected by scintillation counters or Faraday cup
probes and their energies estimated on a time of flight basis. 1In this
section, the design of two types of charge collection probes and their
application to the study of the properties of the fast lonization front will
be discussed. The first of these was a simple Faraday cup attached to the
wall of the vacuum chamber. The second was a movable double electrostatic

probe biased to collect saturation ion current.

1. The Faraday cup wall probe. Details of this device are shown in
Figure 2.12. It was terminated in a standard BNC connector to which was
attached a 5000 load. The device was connected to a Textronix 555 oscil-
loscope through five feet of RG58U cable. The capacitance of the probe
plus connecting cable was measured to be 190pF. Thus, the time response
of the probe to current fluctuations was about 10Onsec.

The curcent to the wall probe after the impact of the laser on the
aluminum target is shown in Figure 2.13. The arrival of the plasma front
at the vacuum chamber wall was signaled by a sharp negative current pulse,

approximately 440nscc after the laser pulse, amounting to about 15 mamp



— vacuum chamber
wall

«— laser pulse

*— wall probe

/
torr’ seal

BNC connector

1.0 mm aperture

FIG. 212 WALL PROBE DETAILS
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at its maximum, After about l.5pysec, the probe current became slightly
positive for the remainder of the event. Qualitatively similar unbiased
Faraday cup probe signals have been observed by Basov et al20 and Opower
and Preaszg. The form of this signal has been attributed to a negative
space charge at the plasma surface caused by the initially more rapidly

moving plasma electrons,

The velocity of the plasma front can be calculated from the time re-
quired for it to reach the probe as approximately 1.4x106cm/sec, corres-

ponding to aluminum ion energles of about 2800ev,

«— laser pulse

lusec 2usec

~15mamp

Fig. 2,13 Wall Probe Signal,

2. The double electrostatic probe. To investigate in more detail the
structure of this fast ionization front, a movable double Langmuir probe
was used, This probe consisted of two tungsten electrodes about lmm apart,
sealed into a 5mm diameter glass tube and inserted into the vacuum system
through the probe port shown in Figure 1.6. A typical probe of this type

and its biasing circuit 1s shown in Figure 2.14,
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Fig. 2.14 Biased Double Electrostatic Probe.

The probe circuit was estimated to have an inductance of about 10~
henry. Assuming a plasma impedance of the order of 100Q, the time response
of the probe was thus 1imited to a few nanoseconds. The probe signals were
displayed on a type 555 oscilloscope through a 1A4 vertical amplifier, al-
lowing the output of the laser monitoring photodiode to be added onto the
differential signal as a timing reference. Typical probe signals for a
probe of the dimensions shown in Figure 2.14 are reproduced in Figure 2.15,
for a 12v bias, at various distances from the target surface,

The normal collisionless theory of ion collecting probes in a quies-

cent plasma36 predicts a saturation ion current of the form,

4
. q, n A kT
= Lt tep [ e] vee 2,13
2 m ’
i
with,
dl _ e
o Cwr % e 218
) e
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where Ap is the probe area,

The situation in the present case 1s somewhat complicated by the high
flow velocity of the plasma past the probe, In order té detect any effect
of the plasma flow on these measurements, three probes of the dimensions

shown in Table 2.2 were used,

Probe Diameter Length Tip Area Total Area
1 0.61mm 1. 2mm 0.30x10"2cn2 | 2.59x10"2cm?
0.25mm 1.6mm 0.03x10" 2cn? | 1.29x10"2cm?
3 0.25mn 2. 1m 0.03x10 2cn? | 1.67x10 %cn?

Table 2.2 Dimensions of the Double Probes.

One would expect the simple relations given above to apply providing
the ( probe tip area )x( the flow velocity ) were much less than ( the total
probe area )x( the ion sound velocity ). For ions at a temperature of a
fewv ev flowing at 107 cm/sec, this is well satisfied for probes 2 and 3
but marginal for probe 1.

In fact, for all of these probes it was found that the current traces
were of the same form and that the magnitude of the probe current was dir-
ectly proportional to the total probe area. It was observed that the probe
current saturated at a bias of a few volts and that the form of the sig-
nal was quite reproducible after the fresh probe had been exposed to sev-
eral shots.

The magnitude of the ion current at l.5cm from the target surface
is shown in Figure 2.16 at the position behind the front corresponding
to its maximum value, as a function of bias voltage. Assuming the alum-

edge
inum lons comprising the leading/of the flare to be triply ionized, it
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can be seen that on the basis of the simple probe theory above, this
curve corresponds to an ifon density of about leomcm-3 and an electron
temperature of about 3ev,

A crude estimate of the total number of energetic ions and electrons
emitted during the blowoff process and the amount of energy they carry
can be obtained by integrating the saturation ion current signals of Fig-
ure 2,15, If it is assumed that these particles are emitted isotropical-

ly over a solid angle of 27 steradians, we have,
= 2
N, ﬁz+l)niv(2nR)dt
Bf(z"'l)ni.&(Z“Rz)dt eee 2.15
t

where R is the distance from the target surface at which the measurement
is made., These calculations indicate that there are about 3x1016 particles
( assuming 2z=3 ) in the energy range of 500-3000ev. Thus on an order of
magnitude basis these particles can account for the total Q-spoiled las-

19ev ).

er energy ( 1.25x10
The position of the edge of the plasma front as a function of time
is shown in Figure 2,17 as obtained from the movable probe data. It can

be seen that the plasma front expands at a constant velocity of about

1.43x107cm/sec, in good agreement with that obtained from the Faraday cup

wall probe,
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CHAPTER 3 A SIMPLE PLANAR MODEL OF THE HEATING AND HYDRODYNAMIC

EXPANSION OF A LASER-BLOWOFF PLASMA

Dawson10 considered the heating of an initially ionized drop of solid
matter by Q-spoiled laser radiation using a coupled set of hydrodynamic
equations with plasma parameters averaged with respect to the gas mass.

His results show that for the most readily obtainable laser pulse durat-
ions ( ~10nsec ), the maximum temperatures obtained in this case are lim-
ited by the hydrodynamic expansion ( L ) of the laser heated plasma, rat-
her than the incident laser energy.

Dawson's theory has been used to relate the expansion velocity of a
laser-blowoff plasma to the initial temperature in the f1are28. This ap-
proach, however, makes several assumptionswhich do not appear to be
applicable to the laser-blowoff geometry. The most objectionable of these
are: (a) spherical symmetry - In the laser-blowoff case the expansion in
the initial stages at least, will be one dimensional because of the plasma-
target interface; (b) constant plasma mass - In the blowoff case the plas-
ma-target interface will serve as a particle source during the interaction
process; (c) homogencous spatial density - In blowoff plasmas large density
gradients are expected to exist at the plasma-target interface,

In this chapter,the formulation and numerical solution of a single flu-
id, one dimensional model which to a large extent overcomes these object-
jons will be presented and compared to the experimental observations of

the aluminum blowoff plasma reported in Chapter 2.
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3.1 The Model

The following model of the blowoff process was adopted. The incident
laser light was assumed to be initially absorbed in a thin layer at the
solid surface of the order of the skin depth at solid densitiész, approx-
imately 10-4cm. This layer was assumed to undergo a planar similarity ex-
pansion3 and to remain self-regulating throughout the process in the sense
that sufficient mass was constantly added to keep the flare optically thickll.
The self-regulated flare was assumed to be in thermal equilibrium with un-
iform temperature throughout the expansion. The role of plasma re-radiat-
ion, reflection, and energy losses to the solid target was agsumed to be
negligible in the energy balance of the heating process, The energy re-

quired to vapourize the solid target material was also neglected.

The density profile of the sheet plasma was assumed to be of the form,

Q
n,(x) = n_ [1 - (g) ] ces 3.1

Assuming that the density profile remains time invariant ( similarity ex-

pansion), we have3,
dX/dt = (%) dR/dt . ees 3-2

The equation of motion of the plasma slab can be obtained by applying

Newton's second law to a fluid element (see Fig. 3.1).

-

" laser
target plasma light

Fig. 3.1 One Dimensional Plasma Slab.
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We have, R R

P dx 1 d ,dx,2
/ax ac 9 = 2/“1“‘1’&?(“) dx cee 3.3
0 0
where for a uniform temperature plasma with ions of charge multiplicity z,

P= (z+1) ni kT . XK 304

Equations 3.1 - 3.4 can be combined to give the equation of motion of the

plasma slab7,

a2R  3(a+3) (z+1) 0 3

dt:2 (a+1) m, R

We also have the energy balance equation,

R
d 3 oP dx
_a_gj_z. (z+1) ni kT dx =f—a—}c- dt dx + W - "—[N ], eee 306

0 0
where W represents the incident laser flux, Ns’ the total number of atoms

vapourized, and Xy the energy required to ionize an atom to the zth stage.

Ns is given by,

R
X\ 0 a
Ns-!no(l-(i) )dx=noR[a+1] : e 3.7
Equation 3.6 then reduces to,

dR L - xz (N ) . sse 3.8

d
dt z+1 ey dt 8

3d 0
7 v o + N g

Using Dawson's10 formula for the inverse bremsstrahlung absorption co-

efficient, the requirement of self-regulation can be formulated as,

R
/kL(x) dx = 1, eee 3.9
o .

3 2
-38 27 ny ... 3.10

T 32

6]

where,

kL(x) = 7,50x10



this reduces in combination with 3,1 and 3.7 to,

2
7.50x1078 2 Mg o2@in) |
o R 2a+1 '

53

eoe 3,11

Equations 3.5, 3.8, and 3.11 form a coupled set of equations which may

be solved for Ne(t) ( proportional to the depth of the target fissure ),

o(t) ( flare temperature ), and R(t) ( flare thickness ). A numerical sol-

ution is facilitated by placing these equations in the form:

a -V
av 520
dt R
KW= 74k B R0y - 172 X, K g o34y
do 1 3 e 3
at - z
21/8 K R 93/4 + 3/4 ¥ k -k
3 z k3 RO
z+1

N = K 1/2 R1/2 e3/4

8 3

where:
1

k. =

1 1.602x10"12 (z+1)
. 3(at+3)  (z+1) 1.602x107 12

1
2 o+l m
i
K (2041)
- - ’
3 2(a+l) zo 7.5x10738
with the following choice of units:
© - ev m, - gm
R - cm X - ev

W - erg/sec. cm?

L 2 3.12

[ N 3013

ee e 3.14

ees 3.15
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The laser pulse was approximated by a modified Gaussian curve of the

forn,
-9 | 2
W= A exp :—% 5——-—-!-_2_39(-!9— ; to> 6x10" sec
6x10

t < 6x10  sec es 3416

1 t
W=A [exp (-'—)][——-—-—]
2 6:(10-'9

The constant A was chosen to correspond to a 130Mw laser pulse focus-

sed uniformly over a 300u diameter focal spot. The shape of this curve

is shown in Figure 3.2,

I I I I
315 _
E
3
:O
e
~ 10— —
4§
<
g
St —
I | I I
5 10 15 20

Time ( nsec ) —————————b

Fig. 3.2 Assumed Laser Pulse Shape.
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Since the system of equatidns 3.12 - 3,15 describe only the properties
of the self-regulated plasma flare, and not the actual laser-solid inter-
action mechanism, the numerical solution must be started by assuming that
a plasma layer already cxists at t=0. It might be expected that since these
are basically conservation equations, the solution should not depend on
the initial conditions so long as the initial plasma layer contains a
small number of ions compared to the total number that will be vapourized
by the laser pulse. This feature has been verified in the numerical sol-
utions by assuming a wide range of initial conditions and observing that
the solutions converge after a few thousandths of a nanosecond. A physic-
ally plausible set of initial conditions can be formulated as follows:

For ruby laser light, v, = 4.35x1014 sec_l, the critical plasma density

(vL 1 cm"3 (density of solid Al = 2.4x1022 cm-3).

= vp) is, N = 2.3x102
At the critical density, the absorption depth is about 10_4 cm (see for
example reference 2), therefore we can assume that the laser light init-
ially interacts with a thin surface layer of the solid target (by multi-
photon absorption), this layer is heated and expands until n, <n.. at
which time strong inverse bremsstrahlung absorption can occur within a
layer of the order of 10_4 cm and a self-regulating regime can be estab-
lished ( Opower et at2 estimate that this will occur in about 10—12 sec).

Since the absorption coefficient in cquation 3.10 is only applicable for

0 greater than about one ev, it is plausible to assume initial conditions

of the order: 6 = lev; R = 10—Acm; vV =0.
o o o
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3.2 The Numerical Solution

For the purposes of numerical solution, it was assumed that the level
of ionization, z, was a constant and that the initial conditions were those
outlined above. The actual computation was performed on an I.B.M. 360 com-
puter, using S.S.P. subroutine DRKGS, a fourth order Runga-Kutta technique.
Solutions were obtained for z in the range of three to seven, and density
profile parameters, a = 1 (linear density profile), a = 2 (parabolic),
and a = 10 (approximately uniform density). Values of x, were chosen to
correspond to the ionization energies of aluminum, that is, Xg = 53.2,

Xg = 173, X5 = 327, Xg = 517, and Xy = 757ev.

As might be inferred from the form of equations 3.12 - 3.15, the sol-
utions were found to be relatively insensitive to the profile parameter

a. Computed solutions up to t = 17nsec, for z = 3; o =1, 2 and 10 are

shown in Figures 3.3 - 3.6 for R, V, 8, and depth of target fissure res-
pectively. It can be seen that o affects only R and V and that even for

these quantities, the dependence on a 1s not great. The specific energy curve

of Figure 3.5 denotes the total laser energy delivered per plasma particle

(ions and electrons), minus the ionization energy.

Somewhat more surprising, 1s the absence in the computed solutions
for R, V, and 6 of any strong dependence on z. Figures 3.7 - 3.9 depict
these quantities with a = 10; z = 3, and z = 7. The effect of ion charge
multiplicity on the depth of the target fissure is shown in Figure 3.10,

also with a = 10 (this quantity was almost independent of a).
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3.3 Discussion of Results and Comparison with Experiment

It can be seen by reference to Figures 3.3 and 3.7 that for the par-
ticular conditions of the measurements reported in Chapter 2 ( focal spot
diameter = 300u ), the one dimensional model breaks down about 4nsec into
the laser pulse. One would expect a subsequent three dimensional plasma
expansion with somewhat lower temperatures than predicted by the one dim-
ensional theory and somewhat lower expansion velocities,

At the time when the expansion becomes three dimensional, the model
predicts temperatures in the vicinity of 50ev and expansion velocities
of about 1.1x107 cm/sec, relatively independently of a or z. It appears
that the increase in the optical absorption coefficient with z ( and hence
reduction in the total number of ions plus electrons in the flare ) is
compensated for by the energy loss represented by the higher degree of
ionization so that the only pronounced effect of increasing z is to decrease
the depth of the target fissure ( see Figure 3.10 ).

To a first approximation, a temperature of 50ev at an electron density
of about 1021cmm3 would be consistent on thermal equilibrium grounds with
ionization levels of six or higher for aluminum,

Despite the expected breakdown of the model at a fairly early stage of
the laser pulse, the predictions are in qualitative agreement with several
of the experimental observations reported in Chapter 2. The observed ex-
pansion velocity of 1.4x107 cm/sec agrees quite well with the range of
1 - 2x107 cm/sec predicted by the theory. The measured temperature in the
luminous flare of ~10ev at the end of the laser pulse is , however, much
lower than the ~50ev predicted at the breakdown of the one dimensional

model, This may be due in part to the subsequent three dimensional expan-



sion of the experimental plasma, and also the addition to the luminous
flare of cold target material from shock heating and plasma erosion at
the end of the laser pulse. The observations of Opower et al2 indicate
that although laser transmission was prevented by LiH foils thicker than
3u, the plasma could penetrate foils as thick as 30u during its lifetime,
In the present case,the measured depth of the target fissure ( 15 % 5u )
was very much greater than the 2 - 5u that might be expected on the basis

of the one dimensional theory.

3.4 Discussion of the Model

The most serious simplifications in the foregoing analysis are: the
assumption of temperature uniformity; the simplification of the energy
balance to discount laser reflection, plasma re-radiation, and losses to
the solid target; and the absence of a more sophisticated treatment of
ionization processes. A brief discusion of these phenomona and their role

in the blowoff process will be presented.

66

As discussed by Dawsonlo, the primary means for temperature equilization

in such a plasma is electron heat conduction. The equation for thermal

diffusion 1is,

n———

ar?

Cv at

where for a fully ionized plasma, the thermal conductivity,

5.85x1012 T5/2 ergs

z 1InA sec deg cm  ?

2
a L, e 3.17
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and the specific heat,

C = 2(n +n )x10"16 - _éergs .
v e i 3
cm™ deg

Thus, the distance heat will diffuse in a time t is given by (loA =5),

)5 27 )
n - 6x10 5/2
L [é— t] [;K;1§T3 T t] (T in kev ) ... 3.18
v e 1
For n, +n_= 1021 cm-3, T = 0,lkev, t = 10-9sec,
1 e
% = 10" 2cm.

Thus,up until several nanoseconds into the laser pulse, at least, el-
ectronic conduction should be sufficient to maintain a high degree of tem-
perature uniformity. In a uniform density plasma,moreover, the nature of
the inverse bremsstrahlung absorption coefficient is such as to regulate
the temperature, that is, the absorption coefficient decreases with inc--
reasing temperature, Although a more detailed consideration of thermal
gradients would be desirable, this could be done only with a much more
elaborate numerical scheme, The model of Fader37 for the laser heating of
an isolated spherical plasma,for example, includes a vector heat flow and
it is observed that the radial distribution of plasma temperature becomes
uniform after a few nanoseconds of the solid particle irradiation

The role of plasma re-radiation in laser-produced plasmas has also been
discussed by Dawsonlo. He notes that the plasma will be transparent to most

of its bremsstrahlung radiation and that the net energy loss per unit vol-

ume can be approximated byl,

31 2 Y%

€ = 4.86x10 " z n T watt/cm3 , eee 3.19

where T is in kev,
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21

For n = 10 cmw3
e

, T = O.lkev, this is the order of 1010 watt/cm3 and
thus negligible compared to the laser flux ( 1011 watt/cm2 ).

The experimental work of Basov et al38 Justifies the neglect of the
reflected laser light in the energy balance of the blowoff process. The
fraction of power reflected from an aluminum target was observed to be
less than 107 at 1011 watt/cmz.

The only significant energy loss to the solid target during the pri-
mary blowoff process will be the momentum given to the solid as a reaction
to the plasma formation. As discussed by Caruso and Gratton13, the frac-
tion of the laser energy dissipated in this shock wave will be of the or-
der of (pz/po)%, where Py is the density of the undisturbed solid, and Py
is the density of the plasma layer produced. This will be negligible for
metallic targets at these power levels,

A complete treatment of plasma ionization processes would be a matter
of some complexity for high z target elements such as aluminum. In addit-
ion to the numerical complication that such a treatment would entail, there
is some question as to the applicability of the equilibrium theory, at least
in the early stages of the process.

The effective time to raise the average degree of ionization by unity
through electron impact is given approximately as39,

T = 1.6x107 22 EH] E EI— ex [;];] sec 3.20
a3 KT E P kT ’ cee e

H

where EI is the ionization potential, EH’ the ionization potential of hyd-

rogen, and j is the number of equivalent clectrons in the outer shell of

the ion that are available for ionization, At an electron density of about

21 -3

107" cm and tempcrature of about 50ev, this reduces to,
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2
6 z E. exp EI sec , e .. 3221
J I S0

where EI is in ev. Thus, even for EI in the range of 200ev, and z of the

T o= 5x10“1

order of 5, the collisional ionization time would be very small (of

the order of 10_10 sec).
Thus, one might expect the Saha equation to apply,

E
Nz+1 - 2x1021 93/2 exp - al » e .. 322
z e

neglecting the differences in the partition functions of the relevant ions.
Thus, for an electron density of '\-1021 cm-3 and temperature of 50ev, one
could expect aluminum ions of charge multiplicity six or greater. (The

ground state ionization energy of A16+ is about 250ev.)

Schwob et a130, in vacuum ultraviolet spectroscopic work on the laser-
blowoff aluminum plasma, have observed the simultaneous appearance of lines
associated with Al3+ - Al7+ near the time of maximum temperature. This is
in apparent contradiction to the equilibrium statistics but may have been
due to temperature gradients and the absence of spatial resolution in their
experiment. For temperatures much less than 50ev, however, it can be seen

from equation 3.21 that even on times scales of 20nsec or larger, non

equilibrium ionization must be considered.

Several additional features should perhaps be emphasized in connection
with the results of this highly simplified treatment of the blowoff process.
It can be seen in reference to Figure 3.5 that approximately one-half of
the available laser energy manifests itself as thermal energy. This res-
ult has previously been noted14 for the one dimensional expansion of a
laser-heated, constant mass plasma slab. Tt is interesting to note that

a three dimensional expansion reduces this fraction to one-quarter.

The results of a more sophisticated numerical treatment of a laser-
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blowoff hydrogen plasma have recently appearedao. These results for the con-
stant power jrradiation of a block of solid hydrogen are in qualitative ag-
reement with those presented here. An important feature of these studies
is the relatively shallow penetration of the laser into the solid target.
This may have important consequences for the production of spherically
symmetric plasmas by laser irradiation of isolated target specks. In par-
ticular, the very strong dependence of the depth on the ionic charge mul-
tiplicity is noteworthy. This implies that the laser irradiation of isol-
ated high z target specks of dimensions greater than a few microns may

be mainly a surface phenomenon.
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CHAPTER 4 THE FORMATION AND EXPANSION OF BLOWOFF PLASMAS IN A LARGE

TRANSVERSE MAGNETIC FIELD

The interaction of laser-produced plasmas with magnetic fields
has been of considerable interest in recent years. This has been directed
at two possibilities. The first, ig the creation of very high temperature
plasmas with relatively long laser pulses ( >Insec ) by inhibiting the
expansion of the laser-produced plasma ( normally the limiting factor
for the plasma temperature ) by means of the magnetic field. The second
possibility is to use a relatively weak magnetic field to re-thermalize
the laser produced plasma at some point in its expansion and create a hot,
moderately dense plasma such as might be suitable for filling thermonuc-
lear machines.

Creating a cavity of volume V in a magnetic field of strength B re-

quires an amount of energy,
W= 3.98x1072 B2y, ees 4.1

where B is in kgauss, V, in cm3, and W, in joules., Thus for a field of
10kgauss, a volume of 2.5cm3 is required to absorb 1 joule of energy. To
absorb 1 joule in the typical focal volume of a laser pulse ( 10—4 cm3 ),
a magnetic induction of several megagauss would be required.

Several theoretical studies on the dynamics of a high B8, diamagnetic
plasma blob expanding into a uniform magnetic field have been recently
carried outls’le. It is predicted that such an expanding plasma of infin-
ite conductivity should repeatedly bounce off the compressed magnetic field

at the point where 8 = l. The effect of a finite resistivity is to super-

impose on this motion a slow diffusion of the plasma across the field.
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In the experiment described in this chapter, the interaction of laser-~

blowoff metal plasmas with transverse magnetic fields in the 100kgauss ra-
nge was studied. These fields were generated by means of a line current
through the target rod., Under these conditions,it was found that the clas-
sical diamagnetic behaviour discussed abovels’16 was not observed and that
the plasma crossed the field freely by means of an electrical polarization,
at a constant velocity which was significantly lower than the zero field
velocity. This velocity reduction has been attributed to an inhibiting
effect of the magnetic field on the normal ambipolar energy transfer be-

tween electrons and ions in the free expansion of laser-blowoff plasmas,

4,1 The Experiment

For the purposes of this experiment a large current was passed through
the target rod to generate a large transverse magnetic field during the
blowoff plasma formation, This was obtained by discharging a 45uF, 20kv
capacitor bank several microseconds in advance of the laser pulse, A sche-

matic diagram of the discharge path is shown in Figure 4.1.

[V

triggered ., B
spark gap dp

laser pulse

<< -\

focussing
lens

target vrod

Fig, 4.1 The Discharge Circuit,
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The cépacitor bank was triggered by means of a co-axial spark gap
and thyratron pulser. A 2 foot length of nichrome strip having a resistance
of .025Q¢ was included in the capaéitor bank leads to prevent the peak in-
verse current rating of the capacitors from being exceeded. The inductance
of the discharge path was estimated from the period of the underdamped
discharge to be 3.5x10'-7 henry. The current waveform was monitored
by means of a small coil placed near one of the capacitor bank leads,
the output of which was integrated and displayed on a type 555 oscilloscope.
The shape of the resulting waveform was found to be in good agreement with
that expected for an underdamped RLC circuit with the parameters, R = .025Q
L = 3.5x10“7 henry, and C = 45 uF. The expected current for a circuit of
these parameters was then used to calibrate the current monitor. The cal-
culated current waveform is shown in Figure 4.2 for a charging voltage of
10kv. It can be seen that a charging voltage of 20kv could provide a cur-

rent peak of about 200kamp with a half period of about 12.5usec.

The magnetic field gencrated by a line current I is given by,

2
B(r) = 2.00 i x 10 gauss , vedd 2

where I is in kamp and r is in cm. Thus, at the surface of a 3.12mm radius

rod, the magnetic field is given by,

Bo = 0.639 I kgauss.
The laser pulse was synchronized by means of a Pockels cell to occur
at one of the peaks in the current waveform, so that the magnetic field
was held constant within a few percent over the maximum time interval of

interest (less than 0.5usec). A block diagram of the electronics 1is

shown in Figure 4.3.
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hydr
tﬂyrgﬁﬁgn 300v thyratron trigger
10kv - imsec
variable }e—felay unit
delay
laser - flashtube
spark onitor reference
gap pulse
electrodﬁa _____
''''''''''''''' -TT T laser
curren
monitor -
335 Pockels cell
Osc, trigger pulse

Fig. 4.3 Capacitor Bank Trigger Arrangement.

The properties of the plasma formed in this high gradient magnetic field
were studied by means of high speed photography, charge collection probes,
a movable diamagnetic probe, a movable transverse electric field probe, and
the emission-absorption technique described in Chapter 2. The target cham-

5

ber was evacuated to 10 - torr before each shot and the target was rotated

every five shots to expose a fresh surface,
4,2 High Speed Photography
The setup used to observe the luminous flare at the target surface in

this case was identical to that described in Section 2.3 of Chapter 2, 50

nsec frames of the flare development in fields of Bo = 0 - 70 kgauss ( Bo
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denotes the field strength at the target surface ) are shown in Figure 4.4,

with the camera aligned parallel ( side view ), and perpendicular ( view
from above ) to the magnetic field., The first frame ( 0 - 50nsec ) was trig-
gered a few nanoseconds before the arrival of the laser pulse at the target
surface. These photographs were obtained with a camera f stop of 25.

It can be seen ( Fig. 4.4a ) that the luminous flare remains roughly
spherically symmetric for at least 50nsec after the start of the laser pulse
but developes a "wedge" shape away from the target surface before the 225
nsec frame., The thickness of the plasma stream ( or angle of the wedge )
decreases with increasing magnetic field.

Due to the experimental geometry, the flare could be viewed from above
( Fig. 4.4b ) only after it had expanded past about lmm from the target
surface, thus,the first frame ( 0 - 50nsec ) was not available from this
position. It can be seen,however,that there is some evidence of plasma
"trapping" or sprz2ading out along the field lines a few mm from the tar-

get surface, at Bo greater than 40kgauss in the 225nsec frame.

200nsec streak photographs of the event in the plane parallel to B
are shown in Figure 4.5 for Bo in the range of 0 - 110 kgauss, These
were obtained with a camera f stop of 8.0. It can be seen that for Bo in
the range of 0 - 40 kgauss, the expansion does not proceed uniformly and
that a secondary feature develops about 150nsec after the start of the
laser pulse. This feature has been confirmed to coincide with the devel-
opment of the wedge shape discussed above in connection with the framing
camera photographs, At fields above 70 kgauss, it can be seen that the
flare increases in luminosity and exhibits a sharp boundry which expands

uniformly over this time interval at a velocity of about 7x106 cm/sec.
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4.3 Emission-Absorption Studies

Using the same experimental setup described in Section 2.4 of Chapter
2, the plasma emission and absorption at 6328 % was studied in the presence
of the magnetic field. These measurements were performed with a target cur-
rent of 110 kamp, corresponding to B° = 70 kgauss. Emission and absorption
profiles recorded at 0.5, 1.0, and 1.5mm from the target surface are shown
in Figure 4.6,

The most interesting feature of these results is the development of
a strong secondary maximum in the emission and absorption signals record-
ed at 1.0 and 1.5mm from the target surface in the magnetic field ( com-
pare to Figure 2.8 ). This secondary feature occurs about 150nsec after
the start of the laser pulse. The profiles at 1.0mm are analyzed in terms
of ion density and radiation temperature in Figure 4.7. To obtain the den-
sity estimate, it was again assumed that the plasma thickness was constant
at lmm. This assumption 1s somewhat questionable in this case in view of
the framing photographs of the flare development in a field of 70 kgauss,
but in any event, the maximum at ~150nsec in the density curQe of Figure
4,7 represents an increase in the total amount of plasma in the midplane
of the system over the zero field case, at this stage of the flare devel-
opment. A comparison of Figures 2.10 and 4.7 indicates that the radiation

temperature in the flare is not much effected by a magnetic field of this

magnitude,
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4,5 Probe Measurements

In the later stages of the plasma decay ( R > l.5cm ), the plasma was
studied with movable diamagnetic, charge collection, and electric field
probes. These were inserted into the vacuum system -through the probe port

shown in Figure 1.6 and the probe axis was at an angle of 20° to the in-

cident laser pulse as shown in Figure 4.8.

movable probe

laser pulse

focussing lens

target rod

Fig. 4.8 Probe Insertion Geometry.

The probe signals were displayed on one beam of a Textronix, type 555
oscilloscope together witﬁ the output of the laser monitoring photodiode
through a type 1A4 plug in, The output of the target current monitor was
displayed on the second beam with a brightened portion corresponding to
the laser discharge.

The diamagnetic probe consisted of 10 turns wound in a coil of 1,5mm
length and 0,5mn radius, with a measured inductance of lphenry and regsis—-

tance of 10Q. The coll was enclosed in a 5mm diameter glass sheath and

82
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Representative movable probe signals are reproduced in Figure 4,10 at

R=1,5cm ( probes 1.5cm from target surface ), for Bo = 70 kgauss and

Bo = 21 kgauss. It can be seen that all three signals define a sharp plasma
boundary propagating across the field at a high velocity. This velocity was
observed to be independent of R even though B falls off as 1/R. The vel-
ocity‘of the ionization front as a function of Bo’ for an aluminum target,

is shown in Figure 4.11,
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The observed degree of diamagnetism and the magnitude of the transverse

electric field at the plasma front are consistent with the hypothesis that
the plasma crosses the magnetic field by means of an electrical polarizat-
ion and E xB drift. A discussion of this mechanism and its relation to the

experimental results follows,

4.5 A Discussion of the Cross-Field Plasma Flow

The injection of a plasma stream into a transverse magnetic field is
a matter of considerable experimental and theoretical interest. This centres
for the most part on the possibility of cross-field injection of plasmas
from guns or other devices into various confinement geometries., There are
essentially two mechanisms by which such tlow may occur:
(1) Diamagnetic Flow. In this case the plasma is considered to remain
completely diamagnetic as it enters the field and has sufficient
momentum to "push'" the field lines aside.

It follows that a necessary requirement for this mechanism to function is

thatal,
2
1 2 B
'Eni mi Vd > —2"—‘;0 ’ es e 4.3

where V4 is the plasma drlft velocity perpendicular to the magnetic field,

B.
(i1) Electrical Polarization and E x B Drift, In this case the plasma
does not completely exclude the induction but is dense enough to

electrically polarize and cross the field by means of an E x B

drift.
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The maximum polarization field obtainable in a given plasma is limited by

its density. That is, the maximum particle displacement is of the order of
the electron or fon Larmor radius. A displacement of all ions relative to

the electrons by an amount b ( the ion gyroradius ) produces an electric

field,
zb ne e . bk

where n, is the plasma density and z, the ion charge multiplicity. Then

from the requirement that EP + vy x B = 0, it follows that the limiting

flux density that the plasma can cross in this manner is given by,

' ]
B = [mi ne] [ see 405
mi —
€

0

The electrons because of their faster response may, in some circumstances,
be responsible for the initial polarization as a plasma stream first en-
ters the field. From the same argument, the limiting flux density in this

case ( b = electron gyroradius ) is given by,

5

m n
Bme = [’—e e] . XK 406
€

o

It can be seen that the limits imposed by equations 4.5 and 4.6 are
not very serious in most practical cases. That is, for aluminum, we have
B, =2,3(n )!5 gauss, and B = 3x10_3( n )!5 gauss, where n_ is in cm-‘3
mi * e ’ me e ’ e *
Because of the velocity distribution in the stream, a polarized plasma
will also exhibit some diamagnetism. That is, ions moving faster or slower
than vy are deflected in the -—Ep or +Ep directions respectively, In the

moving frame these execute circular orbits andposscss diamagnetic moments.

By integrating over all particles, it can be shown that42,
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AB = Yo e k (T, +T ) , eee b.7
B i e
where the T's are perpendicular temperatures in the moving frame,

The measured magnitude of the transverse electric field at the plasma
front, 1.,5cm from the aluminum target is shown in Figure 4.12, as a fun-
ction of Bo' It can be seen that E/B well matches the observed expansion
velocity ( dotted curve in Fig, 4.14 ). Thus an electrical polarization
of the plasma accounts for its rapid motion across the magnetic field,

As might be expected on the basis of the above result, a graphical
integration of the diamagnetic signal indicated that the plasma was well
permeated by the applied field at this distance from the target surface,
The measured values of AB/B ( B being the local strength of the field at
R = 1.5cm ) are shown in Figure 4.13 as a function of B. It can be seen
that AB/B lies in the range of 0.5 - 0.05, for B in the range of 0.5 -

20 kgauss ( Bo in the range of 2,8 - 110 kgauss ). For the lower values

of B ( less than ~ 1000gauss ), assuming temperatures of the order of 10ev
and a density of the order of 1015 cm-3, AB compares reasonably well with
the predictions of equation 4.7, At higher values of B, however, the meas-
ured AB is significantly higher than expected. Moreover, the measured AB/B

-2/3

is approximately proportional to B instead of B'-2 which would be ex-

pected on the basis of equation 4.7. This seems to indicate some strong
interaction of the plasma stream with the applied field. A possible source

of this interaction will be discussed in Section 4,6,
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The increasing plasma confinement to the midplane of the system, men-
tioned above in connection with the framing camera photographs of the lum-
inous flare, is confirmed in the magnitude of the saturation ion current
to the double electrostatic probe., The magnitude of the probe current at
R = 1,5cm, at the time corresponding to the peak diamagnetic signal ( this
was also the maximum fon current - see Fig. 4.10 ) is shown in Figure 4.14
for Bo = 0, 21, and 70 kgauss, It can be seen that at biases of greater
than 12v, the probe current increases by about a factor of four in a field,
Bo = 70 kgauss ( the local field at R = l.5cm being 11.3 kgauss ).

Although the application of the simple probe thecory in fields of this
magnitude is somewhat questionable, if the formulae of Section 2.6 are ap-
plied assuming the aluminum ions to be triply ionized, these currents would
correspond to ion densities of about 5x1014, 8x1014, and 1.7x1015 cm-3, at
Bo = 0,.21, and 70 kgauss respectively.In view of the fact that at Bo = 70
kgauss ( Bl.S = 11.8 kgauss ), the Larmor radius of a 5ev aluminum ion be-
comes comparable to the probe radius ( the order of 10-2cm ), the ilon sat-
uration current in this case must be considered as yilelding a lower limit
on the ion density.

It is interesting to note that an inverse proportionality of stream
thickness to B has been noted in the polarized injection experiments of
Baker and Hamme143. They explain the observation that hB = const. ( h =
stream thickness ) by means of a model that assumes each fluid element
of the plasma enters the ficld and intermixes with a fixed value of the
fringing field ( independently of the applied field ) and then moves ac-

ross the remaining field while remaining pressureless and flux conserving.
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4,7 The Source of the Plasma Velocity Reduction

The model developed in Chapter 3 of this thesis for the free expan-
sion of a blowoff plasma describes the event through a single fluid equat-
ion of motion., Implicit in this model is an energy transfer from the plasma
electrons to the ions ( that is, it is assumed that both species expand at
the same rate ). It is thought that in fact this energy transfer is accom-
plished through a collective electrostatic interactionzg’aa. The nature of
this interaction can be understood by considering the expansion of a semi-
infinite plane plasma slab which is initially at rest, in thermal equilib-
rium, and posseses complete charge neutrality. At the initial instant, dur-

)

ing a time of the order 1 = D/(me/ZkT) » the electrons will seperate from

the ions, a distance D, the Debye length, as shown in Figure 4,15,

i
neutral - vacuum
plasma +:..
41_
+._
+_
+
[ .

Fig. 4.15 Charge Seperation in a Free Plasma Expansion,



95

At the plasma boundary there will be formed a double charge layer of thick-
ness D. An electric field will result in the bulk of the plasma which will
retard the escape of electrons and provide for a neutral expansion of the
plasma through a process which may be described as an ambipolar accelerat-
ion of ions by electrons. This collective energy transfer is similar to

the acceleration of a heavy piston ( 1ons ) by a light gas ( electrons ).
It is clear that asymptotically a complete energy transfer to the ions will

occur and the average ion energy will approach the value,

Ei asymp. *  (z+1) kTo . oo 4.8

Opower and Pre3329 have developed a simple model of the collective en-
ergy transfer in the expansion of a spherically symetric plasma, using a
spherical condensor analogy ( see Appendix B ). They conclude that in a
spherical plasma of initial radius, 0.lmm, the ions will gain 907 of their
asymptotic energy after an expansion to 1,0mm,

It must be emphasized that the process discussed above is a collective
one and that in very dense plasmas such as the initial stage of the laser-
blowoff expansion, electron-ion collisions may provide a further mechanism
for an energy transfer between the ions and electrons which may very much
complicate the situation,

In the presence of a sufficiently strong magnetic field, it 1s clear
that the collective energy transfer will be inhibited due to the difference
in electron and ion Larmor radius, Under these conditions, one would expect
the electric field in the plasma bulk to be reversed and the electron-ion
energy transfer limited to collisional processes, Although the theory of
ambipolar diffusion of a fully ionized plasma across a magnetic field is

not sufficicntly developed to make quantitative predictions, one would expect



a magnetic field to inhibit the collective energy transfer at the point
where the electron Larmor radius becomes smaller than its mean free path
and smaller than the scale length of the plasma. Since in a blowoff plasma
expansion of the nature encountered in this experiment, the density is a
rapidly decreasing function of the plasma thickness, one would not expect
a complete energy transfer through collisional effects and hence the asym-
ptotic velocity of the plasma front should decrease in a magnetic field.
Evidence for the reversal of the space-charge forces in the presence
of the magnetic field is furnished by the wall probe response in a field
of Bo = 70 kgauss. The current signals with Bo = 0, and Bo = 70 kgauss are
shown in Figure 4.16. It can be seen that whereas the plasma front in the
free expansion has a negative polarity, in the presence of the field the
current is initially positive and greater by a factor of four over the
zero field case. This indicates a net positive charge in the leading edge

of the plasma under these conditions.
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The velocity reduction shown in Figure 4.11 indicates that a field of
Bo > 20 kgauss is suffici:ent to prevent any collective electron-ion energy
exchange. The observation that fields of larger magnitude than this lead to
no further reduction in the velocity of the plasma front lends particular
credence to the argument above. It 1s interesting to note that the velocity
reduction for the aluminum blowoff plasma is very nearly one-half of the
free expansion velocity, Neglecting collisional effects, this would be
consistent with a charge multiplicity of the aluminum ions of three. That
1s, the ions gain energy by a factor of four or z+l through the collective
interaction,

In order to detect any possible z dependence of the velocity reduction,
the expansion in the magnetic field of plasmas formed from magnesium and

copper was also examined. The ionization energies of the first few levels

of these metals are shown in Table 4.1.

Al 5.98 18.8 28.4 120 154 190 (ev)
Cu 7.72 20.3 36.8 59 82 110 (ev)

Mg 7.64 15.0 80.1 109 141 186 (ev)

Table 4.1 Ionization Energles of Al, Cu, and Mg,
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The velocity of the ifonization front for these target metals is shown
in Figure 4,17. In comparison with Figure 4.11, it can be seen that the
velocity reduction for copper ( ~ 2,3 ) was greater than that observed
for aluminum ( ~n 2,0 ). Although considerable scatter was observed in the
data for magnesium at low Bo’ the velocity reduction in this case appeared

to be somewhat less ( ~ 1.9 ) than that observed for aluminum,
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With the breakdown of the collective energy transfer mechanism, one
might expect a considerable enhancement of the electron temperature behind
the plasma wavefront. In order to look for such an effect, an attempt was
made to relate the electrical conductivity of the plasma to the width of
the unintegrated diamagnetic signal, Such a calculation in terms of the mag-
netic Reynold's number has been made by Schwirze and Tuckfieldzs.

The distance over which B diffuses into a plasma is given approximately
by equating the magnetic Renold's number to unity, that is, Rm =M, cVds=l1,
This can be seen as follows, for Rm >> 1, magnetic transport dominates dif-
fusion and the field is '"frozen" into the plasma, and for Rm << 1, magnetic
diffusion dominates and this case is characterized by a penetration of mag-
netic fleld into the plasma bulk, Thus in a diamagnetic or partially diamag-

netic plasma moving in a magnetic field, the point at which Rm equals unity

is a crude measure of the distance over which the plasma can modify the ex-

ternal fieldas.

The width d of the unintegrated dlamagnetic signal was obtained by plot-
ting the positions of its leading and trailing edges as a function of time
as is shown in Figure 4,18, at Bo = 70 kgauss. It was observed that d was
relatively independent of distance from the target surface for R > lcm, but

depended strongly on Bo' The plasma conductivity was estimated from the re-

lation,

7
g = ——-—1-——— = -7-:-9—6~}-(L(-)—- (Ohm'cm)—l > e e 409

eff My vd vd

where V is the velocity of the plasma front in cm/sec, and d is the width
of the front in cm. The conductivities calculated in this manner at R = 1l,5cm
are shown in Figure 4.19,

Using Spitzer's1 formula for the conductivity of a plasma transverse to

a strong magnetic field ( Larmor radius less than electron m. f. p. ),
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. T3/2:

1.29x104 z 1nA

. S|
%011 © (ohmecm) ~ , vee 4.10

so that assuming lnA = 10, z = 3, we have,

3/2

2,58 (ohm-cm)-.1 ,

Yeoll
where 6 is in ev., Thus the values of conductivity shown in Figure 4.19
would correspond to temperatures in the range of 1 - 4ev on the basis of
collisional dissipation,

Schwirze and Tuckfield25 have observed conductivities of a similar
magnitude in the wavefront of a spherically symmetric laser-produced plasma
expanding in a magnetic mirror field, using the same type of calculationm.
They have attributed the rather low values of conductivity to turbulence
introduced by a high electron drift velocity through the two stream ins-
tability,

In the present case, it is doubtful whether the electron streaming vel-
ocity is large enough to excite the two stream instability ( see Appendix C ),
in any event, turbulent dissipation should introduce a strong density dep-
endence in the plasma conductivity ( see Appendix C ). This was not observed,
that is, the plasma conductivity as calculated in this manner was found to

be relatively independent of distance from the target surface even though

the density falls off as 1/R2.
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Fig. 4.18 Width of Diamagnetic Signal at Bo = 70 kgauss,
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4.8 Possible Causes of the Onset of Polarization,

As discussed in Section 4.3, one might expect a diamagnetic cross-field

plasma flow under the condition,

2
1 2 B
'i'ni kmi v > -"2_—1_‘;"" 'y ee e 4.11

which 1s certainly fulfilled in the early stages of the expansion of the
blowoff plasma of this experiment., It must be noted, however, that this
relation does not ensure diamagnetic flow if the initial stream-field inter-
face is not stable enough to prevent the development of a polarization el-
ectric field. It will be shown that the geometry of the present experiment

introduces a mechanism for this development in the early stages of the blow-

off process.

This mechanism stems from the toroidal nature of the magnetic field and
it 1s expected that the resulting particle drifts are exactly analogous to

those which are known to prevent stable plasma confinement in a simple tor-

46

us

The drift velocity of the guiding centre of a single particle in a mag-

netic field 1947,

vaz _B_x\7B2 mv“2 B x (B-V)B
8T %W T4 M- B4 Ty o, .ee 4010

where v, 1s the component of the particle velocity along B, and v, 1is the
perpendicular component, In an inhomogencous magnetic field, it follows
that two charge dependent particle drifts in the direction perpendicular
to B and VB result. The first results from a gradient in the induction

and the second, from a curvature of the field lines, With reference to
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Figure 4.20, it can be seen that in the geometry of the present experiment

these drifts will contribute to the required polarization field.

target

DMWY

Fig. 4.20 Nature of the Particle Drifts Introduced by Magnetic Field

Gradient and Curvature,
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CHAPTER 5 CONCLUSIONS AND SUGGESTIONS FOR FUTURE RESEARCH

The properties of a laser-blowoff aluminum plasma resulting from the
interaction of a moderately powerful ruby laser pulse with a massive tar-
get have been examined, It has been shown that the luminous flare at the
target surface formed by this interaction rapidly degenerates into a dense,
recombination dominated plasma ( n, < 1019cm-3, Te < 10ev ) with most of
the incident laser energy manifested as ordered energy of expansion soon
after the end of the heating phase.

The rapid expansion and energetic ion emission from the laser-solid
interaction has been explained in terms of a simple hydrodynamic model.
The large ion energies have been shown to be partially attributable to
a collective electrostatic energy transfer between the ions and electrons
as the plasma cloud expands.

The simple magnetic field geometry used in this experiment has been
shown to be ineffective in preventing the rapid expansion of the blowoff
plasma because of an electrical polarization and E x B drift. At the same
time, it appéars that the normal electrostatic energy transfer may be pre-
vented by a relatively small transverse magnetic field, The heating of the
plasma behind the ionization front observed in this experiment has been
attributed to this latter effect. The electrical polarization observed
under the conditions of this experiment underlines the necessity of a high
degree of spherical symmetry for the successful magnetic confinement of
laser-produced plasmas.

The considerations discussed in Chapter 3 indicate that Q-spoiled las-

er irradiation of solid matter with dimensions greater than "V Su is cssent-

ially a surface phenomenon, thus attempts to produce spherically symmetric
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plasmas by.irradiating single particles of larger dimensions are not likely
to succeed,

Much additional work remains to be done on the nature of the laser-
solid interaction. Apart from the properties of the plasma produced, the
actual mechanism whereby intense light is absorbed in dense plasmas is of

10,3,37

fundamental interest. Many authors have assumed the inverse brems-

strahlung absorption coefficient to be a function only of the plasma tem-
perature and density, independent of the radiation flux. Recently48, it
has been noted that a non-Maxwellian velocity distribution induced by the
intense radiation field may have a significant effect on the absorption
coefficient, Dawson et 3149 have also pointed out that density gradients
may allow a coupling of laser energy into an overdense plasma through the
generation of longtitudinal plasma oscillatiomns,

The effect of Compton photon-electron interactions and their role in
the absorption process has yet to be investigated experimentally, It has

>0,51,52 that this process may be quite effective in ab-

sorbing laser energy in the intermediate range of densities 1016 < n, <

19 -3
cm

been pointed out

10

It seems likely that much could be gained in the area of laser absorp-
tion in dense plasmas by examining the laser energy absorbed by thin metal
foils in the 1 -~ 5p range. Measuring the time of onset of transparency for
such foils might also furnish additional information on the dynamics of the
blowoff process, for example, the validity of the various theories relating
depth of target fissure to time could be examined.

from the discussion in Chapter 4, it is apparent that the magnetic
field geometry used in this experiment may be responsible for the rapid

polarization and non-diamagnetic behaviour of the blowoff plasma that has
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been observed in this experiment. It would be desirable to generate a field

with zero gradient and curvature at the target surface. This could be easily
done by using as a current element a flat metal strip. Under these condit-
ions, it is posaible that the diamagnetic expansion discussed in the three

dimensional case by Bhadrals and Poukey16 could be observed.,
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APPENDIX A. EFFECT OF DENSITY GRADIENT ON TEMPERATURE DETERMINATION

It can be shown that, to a first order, the density distribution in
the plasma test cross-section is not important for the temperature meas-
urement providing the temperature is uniform. This can be seen as follows:
If we consider a circular plasma cross-section, uniformly irradiated by an
external laser beam, the calculated temperature is detirmined by the quan-

tity, where E is the emission ( per unit area ) from the test cross-

I E
-E— ’
section, I, the incident laser power, and £, the absorbed laser power.
If we divide the test cross-section into N subsections ( labeled j ), of
equal area, and with uniform density in each subsection ( but possibly

different densities in different subsections ), then 1if,

T =—dt , ves AL

J Ej
we have,

1

En-ﬁ- EEJ , eee A2

£ = Zej , ves A3
and I = ZIJ = N IJ ¢ [ N ) A.4
So that,

1
NI - E
T= LE . jNELmT oo ALS

Thus, the calculated temperature, which is a function of T, will be character-

istic of the temperature in any of the equal temperature but different density

subsections.
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APPENDIX B, THE MODEL OF OPOWER AND PRESS

Considering a spherically symetric plasma cloud initially in thermal
equilibrium with Te = Ti’ Opower and Pre3329 consider the expansion in the
following terms:

Electrons which on account of their small mass have a high velocity
leave the spherical plasma surface, resulting in a positively charged plas-
ma bulk, The plasma senses a voltage, V, to the further removed electron
sheath such that the escape of further electrons is prevented.

In equilibrium, according to Boltzman statistics,

eV
N NO exp-k,re oo Bnl

electrons leave the plasma, Taking a spherical condensor as a model,

N exp - ET!
va © e . .es B.2
bt e ¢

Thus, a radial outward force acts on the ions which is equal to the rate

of change of their kinetic energy, that 1is,

eV dv
N, m fi -eN exp- ET; ir ° veo B.3

Through integration, it follows that as r > = ,

eV
o)

where No = ZNi’ thus,

e V°
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For any practical case involving laser-produced plasmas ( r, <.0.lmm,

k'r‘ = 10ev, No o 1016 ), it follows from equatfon B.2 that,

eV
exp - << 1 » e 306
e
and,
E:Lo o zk’l,‘e + kTi . eee BJ7
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APPENDIX C. TURBULENT DISSIPATION

In general, the conductivity of a plasma will be detirmined by the

effective collision or relaxation time of the plasma electrons., That is,

g - Y e T c.l
esu _-AT;L. eff [ ] [ X ) L]

In non-turbulent situations, Toff will be just the electron collision
time.

In the presence of turbulence, however, Toff will be governed by wave-
particle interactions rather thancollisions, Plasma turbulence may be
clagsified as weak or strong, according to whether the plasma microfields
are attributable to a two stream instability or an fon acoustic instabil-
ity. The threshold for these instabilities is related to the electron
streaming velocity, Vge

8]k
For strong turbulence, the requirement is, vy > E;é] , and the
e

effective relaxation time 1353,
L m, 11/3
Tl B [.-j—.J .2_1!. [ ] LN ] c.2
m w
e pe
0, b 0, A
For weak turbulence, the requirement is, = <vg < |—] , and the
i €
effective relaxation time 1854,
T, Vv
. 1 e 1
TZ = T v . se s c.3

w
e s pe

It can be seen that both of these mechanisms introduce a wpe dependence

In G e

In the case of the plasma front formed from an aluminum target, as dis-
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cugssed in Section 4.6, it is doubtful whether the transverse electron

streaming velocity 1.5 cm from the target surface is high enough to ex-
cite either of these inatabilities; The streaming velocity can be estim=
ated from the plasma temperature and density as obtained from the the
double probe data, and the perturbation In the magnetic field as meas-

ured by the diamagnetic probe, That 1is,

d (AB) A

e 1 1
c PV 4 dr * T see Cb

=l

where n, is the electron density, and h is the width of the unintegrated
diamagnetic signal.

The streaming velocities estimated in this manner at Bo = 2,8, 21,5,
and 70 kgauss are shown in Table C.l. It can be seen that these values
are well below the threshold for the two stream instability and near the

threshold for the ion acoustic instability.
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