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. Abstractj'

Several exper1mental and theoretlcal aspects of the <

.

laser heated solenoid have been examlned e
The use of a long pulse Co, laser in the productlon and
heatlng of magnetlcally conflned plasma columns is
descrlbed The- propagatlon of heatlng (or bleachlng) waves
-and shock waves along the axis of the solen01d is examlned

theoretlcally From experlmental observatlon the' axial S

i

- behaviour is found to be well descrlbed by the
self regulated bleach1ng wave model of Burnett and
Offenberger(1976). ' - |

i

The radial expansion of the‘column is shown to. be

strongly dependent on the focussing ratlo of the laser input ;

N optlcs. With a fast focus (£/5) the early expansion rate’ 1sff

/
nearly twice that 'found with a slower arrangement (£/15). 1t

T also found that a wider plasma. column results with the

“a

faster focuss1ng rat1o. The radlal behav1our is observed N
through radlal dens1ty proflles taken at various tlmes

.during the column development A flnlter1onlzatlon time

-~

(~20 nsec) is observed and found to be in agreement with

theoretlcal calculation. The rap1d formation of a dénsity

‘. -
‘minimum on- ‘axis, essent1a1 to the trapp1ng of the laser

beam, is verified. Short—llwea*density'flucﬁuatiohs are
. ) ~ L \/ o

observed. I \

¢
¢

Energy balance is discussed. It is found that most of
&
the laser energy is used 1n producing and heating of the
LA .
plasma. Plasma temperatures of 40-50 eV are determlned by \

s

fe s
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‘scatter1ng of the dinput laser light. Peak reflect1v1t1es of -

-/

the spectral shift observed in stlmulated Brillouin spectra.

.»‘These temperatures agree well w1th calculatlons based on

energy balance. Thomson 5cattered spectra show lower plasma

-

temperatures of 20 30 eV Numeqlcal 51mu1atlons 1nd1cate R

that only the central core of the plasma column reaches the
N !

higher temperatures. The scattered spectra involved an'

integration over colder-plasma regions which likely accounts

.. for the lower tempéﬁatures.l v - ‘\\‘

The long interaction length provided in this

experimentalrarrangement produced very high levels of both

‘stimulated Brillouin (SBS) and stlmulated Raman (SRS)

20-25%, have been observed w1th the SBS 51gna1 These levels

/

are in good agreement: with, calculatlons based on a

L
b

4

K
convectlve growth model The sRSaalgnals are observedywithﬁ

‘peak reflectivities of :7%,/f0und to be in good agreement .

with an absolute instability model.

The two—dimensional computer codes\SHELL and HEATER'.
used to 51mulate the magnetohydrodynam1c behaviour of.the
plasma in the laser ~heated solenoid, are descrlbed The

HEATER subroutlne follows the lasér beam propagation and

- accounts for beam absorption, refract;on and diffraction.

CompariSOns”between experimental, computational and

theoretlcal results are. given throughout and are, in most

cases, found to be excellent. .

9 .
3 v
i
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CHAPTER 1

Introduction

1.1 Preliminary remarks
! A\

" The laser-heated solenoid is'a'plasma device in which

* In this experiment, the core of the solenoid is filled

with hydrogen gas. a o, laSer pulse is focussed into the

gas, the gas breaks down and forms the initial plasma With
further absorption of laser energy, the plasma, confined
radially but free to expand axially, develops into a long
column, - .' ¢

The formation of the plasma column, the éharacteristics
of the plasma (the temperature and den51ty) and the ‘
1nteract10n of the laser w1th the plasma are the main areas

1nvest1gated in this study. R

1.2 Motivation
’ - } t
The primary motivation for this study was provided by a

fusion reactor scheme suggested by Dawson et al. (1971) This

3

proposal was based on the heating of-a magnetica ly confined

plasma using a high power laser.
A fusion reactor requires Plasma temperatures of

“10 keV while the required den51ty depends on the

conflnement time, 7, as given by the Lawson criteria;

A

3

\
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Figire 1.1 The Laser—Heated'Solenoidt:Basic Arrangement

HELICAL
COLD PLASMA
- BLANKET

. "LASER HEATED SOLENOID

, .

. SOLENOID

o



7

nT > 10'* cm-*sec o)

i

For the'laser—heated solenold reactor scheme, densities
of 1017_10'; cm™® were suggested.‘The'megnetic field
strength-required to radially confine suchpa plasma was
found to be_~400—450 kG. Moreover, to 'keep axial losses in-
the same order as the radial losses,la solenoid several
hundred meters long was ipdicated. |

q

The CO, laser was proposed as ‘the source of the input

'energy ThlS laser is comparatively efficient and capable of

high energy, long«pulse output. A major cofsideration 1n the
selection Qf the CO, laser is that 'under'the described
plasma conditions, the absorptlon length of its 10.6 um
r;d1atlon very closely matches the length of the proposed

device. A ~1000 klleOUle and several 100usec long laser

pulse would be required to heat the plasma to the desired

3

thermonuclear temperatures.

‘Recently, Suckewer et al.(1983) have proposed that a
device.similar to fhe laser-heated solgn01d could be used in
X-ray l;ser development In 1n1t1al e;perlments a
*500 joule, 60-70 nsec CQ, laser pulse was used to produce a
plasma with peak electron temperatures of 100~-400 ev and
electron densities of (1-3)-10'*cm-°. The plasma was formed
from either solid (Carbon and Teflon) or gaseous (COz, O,

and Ne) targets,and was confined radially by a 50- 90 kG

magnetic field. These parameters closely match those used in

&
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a

‘the experlmental and numerical 51mulat10n studles of the
/laSer ~heated solen01d Thege/d€VElopments, therefore

prov1de\fureher motlvat;on for these investigations., .
\l~/ '

!

1.3 Problems to bg Investigated

R4
+

Aside from the questions 1nvolved in developlng the
‘7very hlgh energy, long pulse CO, laser and the very long
linear magnetic solenoid, many questlons concernlng the
lnteract1on of the laser and plasma are raised. by the
-Proposed reactor and x-ray laser schemes .
Cruc1al to the concept of heating long plasma columns
is the trapplng of the laser energy by the plasma
Theoretlcally, it is well known that a density m1n1mum on
“axis can effectlvely trap.the laser energy ThlS is due to
the negatlve refractive index of an 1on1zed gas. As the
laser diverges from a low density reglon on the ax1s ‘to
hlqper dens1ty reg1ons it is refracted back toward the
axis, If the radial den51ty profile is parabollc then the
beam will re}ocus and propagate in the plasma much as in a
waveguide. The format1on and stablllty of the trapp1ng
,‘den51ty profile can be 1nvestlgated experimentally, .
In the laser-heated solenoid the enpected’me@hanism by
\ which the laser energy is, absorbed‘by the plaSma is
classical inverse bremsstrahlung. Most of the energy is
absorbed by the electrons and then collls1onally transferred
~to the ions, It is important that the ions be heated at the\
Same rate as the electrdns to avoid thermal’ runaway and less
i A
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effective heatlng of the ions. The energy transport
processes and overall energy balance questlons must be
carefully examlned. - . |
The hleaching effect, whereby successive layers of ><(/'
plasma afe’ heated and made transparent to the incident laser
radiation, is 1mportant for efficient and unlform heating of
the plasma. The effect is characterized by the propagation-
of a heating wave. Durlng this process the plasma’ remalns —
effectlvely stationary. Alternatlvely, plasma motlon may
become significant allowing axial shock waves to develop
resulting in non unlform heating. Experimensally, these
.processes may be d}stlngu1shed by thefr‘dlfferent temporal,
plasmaadenSity‘and laserlintensity dependencies.
Finally, the interaction'of the laser and the plasma
may lead to non-linear effects such as st1mulated Brlllou1n
scatterlng and stimulated Raman scatterlng These processes

'could alter. the laser- plasma. coupling and their role must be

1nvestlgatep

Y, ’ )
1.4 Previous Work
1.4.1 Preliminary Remarks D oW , ’ ‘ -

In this section, an outline/of‘background material will

R

be presented with emphasis on the results from other
laser -heated soleno1d experlments Many of thesé results

w1ll be con51dered in detall 1n later chapters. A

. ' .
comprehens;ve‘rev1ew of research related to the laser-heated



-~ solenoid up to ~1976 is provided‘by Kristiansen and

Hagler (1976),

1.4.2 Theoretical Considerations -

”

R Y

”11.4 2.1 Laser-Induced Breakdown : .

\' Observatlon of laser~ 1nduced breakdown 1n gases was

generally explalned by electron avalanche 1onlzat1on In

this process, seed electrons are accelerated in the electrlc

field of the ‘laser, reach the 1onlzat1on energy and produce ‘

further free electrons via elécdtron-neutral COlllSlonS. In
the case of high 1ntens1ty lasers, multlphoton ionization
was also cons1dered as a mechanism. |

' A breakddwn wave, propagatlng back from the laser focus
toward the laser, was observed (Ramsden and 6av1es(1964)f
and explained by an optical detonation process (Ramsden and
Savic(1964), Raizer(1965)). Here, an ‘ionizing shock front
expands outward from the ‘laser focus. Incomlng laser energyl.

1s strongly absorbed in thlS 1onlzed gas and so,;the

absorblng reglon propagates back toward the laser,

[}

1.4.2.2 Laser Heating of Plasma ot

The heating of materials with laser rad1at10n was

-,
v

studied by many authors (Afanse' ev(1966) Dawson(1964);
Krokh1n(1965)). Thls led to the investigations of Dawson
et al.(1971) into the uge of‘high—power, long—wauelength
lasers to heat magnetically—confined plasmas to fusion

temperatures. . .
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Rehm(1970) studled the effect of laser heatlng on a
Rt
‘plasma,.’If the plasma length is greater than the absorptlon
.length for the incoming laser energy, then Rehm descrlbed

the plasma response in terms of two temporal parameters and
L3
g

showed that either a heatlng wave or a shock wave may "

result. In-effect, at early times no plasma motion is
~induced and successive ‘layers.of the plasma are heated and

3

made transparent to the laser rad1at1on Thls }s ‘the heatlngg
or bleachlng wave solution, At later. tlmes; 1nduced plasma
motlon leads to the development of a shock wave. The . t1me
scale for the phenomena depends on the rate at which energy
is added to the plasma and ‘the rate at which it can be
convected away. |

Laser heating of a plasma was also con51dered by

<

lStelnhauer and Ahlstigm(1971a, 1971b, 1974). The time sCales
v {

involved were very short (sub-nanosecond) so thag/plasma .
’motlon was not con51dered Axially non- unlform and
.cmagnetlcally conflned plasmas were treated’ and plasma
responses similar to the bleachlng wave solution were found
Burnett and Offenberger(1976) developed a bleaching
wave model which involved a matching of the plasma length

o

and the laser absorptlon length. Expre551ons derlved for the
length of the plasma column and the velocity of the
bleachlng front were verified through compar1sons with

one- dlmen51onal computer 51mulatlons. It was further

proposed that the ax1al propagation was self regulatlng and

that the Alfven veloc1ty would represent a maxlmum value.
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Ahlborn et 31 (1982) used an. optlcal detonatlon model

to descrlbe the formatlon of plasma columns in a solen01da1

field. In this model, the laser energy is absorbed in a verwa

narrow reglon of the plaSma column. As 1t expands the shock

front propagates ax1ally, 1on1z1ng the neutral gas as 1t

goes. By analyzing detalls of the shock transitiop, a

propagatlon veloclty was obtained. A self- regulatlng

-

mechanlsm was proposed resultlng in a unlform veloc1ty
depending only on the plasma den51ty and the 'laser
1nten51ty.*Beh1nd the front an equilibrium column is

descrlbed Here the ’ power absorbed is balanced by the power
L}

lost through conductlon and radlatlon An expression for the

max imum temperature onvax1s waé determlned.

e 5

1 4.2, 3 LaSer Beam Propagatlon : . .

Assoc1ated w1th the guestion of the heat1n% .of the.
plasma is the questlon of the’ propagat1on of the laser beam
through the plasma. . :"/f

Trapplng of the ‘laser beam has been shown to occur when_

the radlal density proflle has a minimum on axis. ThlS is a

so-called favorable den51ty profile. 051ng geometrlc opt1cs,

Stelnhauer and Ahlstrom(1971a) showed that with a parabollc

'denslty prof{le the laser beam is, 1ndeed trapped and 1s,

furthermore charaerr1zed by perlodlc focuss1ng and -
de-focussing. ’
Y ' . ) ' .
Feit and-Fleck(1976) .treated the laser beam propagation

and plasma heating self‘oonsiStently. Starting with an
* ‘ ‘

initially uniform radial density\Histrjbution, numerical



calculatlons showed that ;s the plasma was heated it
expanded and created.a favorable densxty proflle Thoq%h .
only followed over vgry short distances, beam trapping was .
observed and fopnd to display periodic focussing and
de-focussing. | | .

Mani et al.(i97§) used normal mode analysis in sthdying
the pfoblem‘of laser beam propagation in a plasma. By
considefing a Gaussian beam in an axially uniform plasma
“with a‘paraholic radial density‘profile, i1t was verified
that the laser beam was trapped and displeyeqﬂtotal
periodicity. McMullin et al. (1978, 1979a) applied normal
vmode analysis ‘to the more general prOblem of beam
propagation in an axially varying, absorbing plasma, with a-
radial density profile characterized by a density minimum on
axis but including non—quadéatic terms.. It wae shown that
ehen small departures from a parabolic profile resulted in
severe aberretion of the bean, S

Feit et 'al.(1977) again‘treated hhe prSBIem“6? beam
-nﬁ}opagationein a plasma. By'making simplifying assumptions,

the plasma heating and beam propagation were separated .

-

allowing numerical calculations to be made over long,plesma
lengths. The electron aensity profile again developed with a
minimum on axis. The profile shape, however, was
non—quadratjc and the beam, while trapped, exhibited gxtreme
aberration. It was. felt that the loss of periodicity would
remove p0551ble difficulties of resonant interaction of the

#

beam w1th density var1at1ons in the plasma. .
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1.4.2.4 Numerical Simulations N

A number of computer codes have been developed to
simulate the processes encountered in the laser-heated
solenoid. The 2-dimensional calculations of Feit and
Fleck(1976) have been mentioned and while quite complete,
the code was limited to short dlstances (a few centlmeters)

and short time periods (a few naneseconds)..

Burnett andg Offenberger(1976) develdped a 1-dimensional

Lagrangian code with which the radial dynamics of the

laser-heated solenoid was followed. The code was uéed to

e

follow the heatgng and radial expansion of an initially cold

(1 eV) but fully ionized plasma under ﬁhe influence of a
strongly focussed, short (-20 nsec), Gaussian laser pulse
(~25 joules). The processes were followed out to ~40 née@
with and without a confining magnetic field. A radial‘shock
 was observed to develop véry quickly and propagate outward

at a nearly constant velocity ("4.5-10¢ cm/sec). With the

- appl1cat10n of a magnet1c field the shock intensity and

velocity\ were seen to decrease (“2.5-10° cm/sec). The

inhibiting effect of the magnetic field also led to higher

temperatures ‘ \\\ _

Burnett and Offenbergtr(1976) also‘dealt with the
heating of a plasma column with a long ddiation (15 usec)
laser pulse. In this case, inertial terms in ;he governing

equations were ignored. In particular, it was assumed that
magnetic field convection would dominate magnetic field

diffusion and that thermal conduction would exceed thermal

4

S
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plasma radius, temperature, and density was followed throuéh

" increased.

convection. It was shown, however, that this does not put

unrealistic constraints on the model. The behaviour of the

the duration of the laser pulse for varying magnetic field .-
strengths. With stronger fields, radial confinement was

enhanced and electron temperatures were dramatically

o~

~ B

A 2-D model of the laser-heated solenoid was described

by McMullin et al.(1979b}. The magnetohydrodynamic equations

were transformed using the magnetic field lines as a

co-ordinates The laser was assumed to propagate with

constant radlus and absorptlon of the laser energy was

l\

-through inverse bremsstrahlung Initially, the plasma was

taken to be fully ionized and at a temperature of 1 eV, The
plasma denglty was uniform at a value of 2x10"'*cm- 3, |
Processes_were followed for 1 usec through 5 cm. In good
agreement with experiment,. the simulations showed a
bleaching front propagating axially at a velocity of

“6 cm/usec. The plasma beh1nd the front reached temperatures
of 40 45 evV. A 52h51ty ‘minimum on ax1s was clearly
established behlnd the bleaching front. At the}front a
strong axial shock was seen to deveiop.

Makomaski and Pietrzyk(1980) also give results from a

2{D simulation of the laser-heated solenoid. In this code,

‘the laser beam was initially focussed and then individual

rays were followed. Absorptlon by inverse bTemsstrahlung was

included but refraction of the rays was not con51dered With

~
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time, then, the outer rays were absorbed in higher density
- regions and only the central rays continued to,propagate;

\

The beanm, then, became increasingly narrow near the front. A
result of this was that while at early times an aéjaéfﬁ
d1d develop, it was seen to decay after ~280 nsec.

A radial shock, as seen in the 1-D models, was observed
to develop rapidly, produc1ng a density minimum on afls
Wlth initial «eenditions 51m11ar to those used by McMullln
et al.(1979b), plasma temperatures were seen to rise to
40 50 eV which agrees: well with other models and experiment.
These simulations also showed that only a small percentage
(10%) of the total energy of the ‘'plasma was involved with
plasma motiod This indicates that bleachlng wave models
which 1gnore this motion should describe the plasma response,

IS
’

reasonably well,

1.4.2.5 Stimulated Scattering

In laser- heated solenoid experiments both stlmulated
Brillouin and stlmulated Raman scatterlng have been
observed. However, ;t is the coupling of high intensity
laser pulses to solid targets, as used in sfudying inertial
confinement fusion (ICF), which has prov1ded much of the
motivation for understanding stimulated scattering
' processes. : | Ra
| A large amount of theoretical werk has been done'info
the nature of these phenomena. Drake et al.(1975) and

Forslund et al.(1975a) have dealt fairlyucd@pletely with the

fermalism for beth SBS and SRS. Descriptions of the

shock o



13

processes and aspects of the theory will be included in
Chapter 3{

In the work outlined in this thesis, the SBS and SRS
data ﬁave been'used,vprimarily, to determine the condition

of the plasma.

1.4.3 Review of Experimental Work

The proposals of Dawson et al.(1971) prompted the use
of CO; “lasers to}heat underdense plasmas apdrtO‘inQestigate
thelphenomena encountered in the laser-he;;ea solenoid.

Johnson and Chu(1974a) used a 30 joule, 150 neec
Coz—laser pulse to 1on1ze helium at pressures of ~30 torr.
‘The evolution of the electron density profile was followed
and showed the rapid formatlon of a minimum on axis. The‘
effects of beam trapping in this favorable den51ty proflle
were reported. The propagatlon of a radial shock was
observed and found to be in good agreement’ with the 1-D MHD
model of Burnett and Offenberger(1974), The preservation of
these phenomena in the presence of a confining éagnetic
field was reported by Johnson and Chu(1974b), | ‘

| The effect of a strong magnetlc field on laser- 1ndﬁced
breakdown was studled by Cohn et al (1972) It was observed
that with an applied magnetic f1eld; e gas préﬁsure at
which breakdown occurred was significantly reduced. The
effect was found to be particularly significant at lower gae
pressures (<100 torr) and was explained in terms of a

reduction in electron diffusion from the focal region.

[
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Magnetic effects were further investigated by Loter
et al, (1974). Detailed measurements of the‘evolut1on of the
plasma temperature during breakdown were reported. It was
observed that while higher temperatures were reached without
a .magnetic field, the rate at which the?te\perature dropped
was significantly redUCed with the appllcatlon of the field.

Research programs deallng directly with the
laser-heated solenoid.were initiated by seveé@l groups.
Methods were developed to eliminate the gas-in the focussing
reglon ‘and thereby prevent the development of the backward _
travelllng wave and allow the formation of long plasma
columns..The prlmary questions addressed by this research
were the effectiveness of the laser-plasma coupling, the
radial and'axial‘dynamics of the plasma column, and the
evolution of the plasma density and temperature.

Rutkowski et al.(1975) used a puff-filling technique to
supply gas to the plasma tube. A small\orifice restricted
gas flow out of the plasma tube and into the enacuated,
laser- focu551ng reg1on The orifice was made just large
enough to allow the laser energy to pass into the gas .
Approximately 2@ torr of hydrogen was puffed into the plasma |
tube which was placed in the core of a solenoid. The
solenoid prov1ded -radially confining fields with strengths
up to 100 kG. An electron-beam controlled: CO, laser prov1ded
"1 usec pulses with energies up to 250 joules. |

Rutkowski, et al.(1975) reported the production of

plasma columns .12-20 cm in length. The presence of a density
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“minimum on axis was clearly shown though it ias shown to be
.more diffioult to establtsh such a favorable density profile
iﬁ.the presence of a strong‘magneticctield. The plasma
temperature also displayed a dependence’on‘the magnetic
field. With a conflnlng field, maximum temperatures of
"130 eV were observed while with no field the dlagnostlc

technique implied an upper bound of 70 eV for the plasma
temperature. It was felt that the temperature measurements_
'reflected plasma conditions only in a very narrow reglon in
the centre of thexplasma column, | ‘ k\

The axial and radial dynamics of the plasma boundary
were reported. Radial conflnement in the presence of the
.magnetlc fleld was clearly demonstrated The axial ,
propagation was very nearly constant. Velocities of
6 cm/usec were reported in the dnmagnetized case while in
the magnetized case the Ve10c1ty was 51gn1f1cantly slower at
3 cm/usec Identification of the mechanism (i.e. bleachlng
wave or detonatlon wave) for axial propagatlon was not
resolved |

Offenberger et al.(1976a) .reported the production of
20 cm plasma columns in a‘solenoidal-magnetic field. In this
experimeqt, a large gas reservoir was -used to fill both tte
core of the solenoid and the laser-focussing region. Priot

/
to firing the laser, the focussing tegion was rapidlyf ‘
tevacuated. Again, a small apertUre was used to prevent gas

flow from the solenoid core and thereby provide an effective

gas-vacuum interface.
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| A CO, laser provided “lusec pulses with energies up to

125-joules.kThe solenoid provided field strengths'up to
110 kG. Hydrogen gas at fill pressures up to 20ltorr was
usedi |

The observed axial dynamics of the plasma column
contrasted in some respects to that reported by Rutkowski
et al.(1975). The application of the magnetlc_fleld was seen
-to increase, not deerease, the propagation velocity of the
breakdown front. Tne longer columns were produced with an
- applied field and not without as prev1ously reported The
veloc1ty of the front was not uniform but was initially
rap1d and then decreased with kime.

Confinement of the radial expan51on by the magnetlc
| fleld was demonstrated As the magnetic field strength was
1ncreased, the plasma radius decreased.’ At maxlmum field
strengths, a nearly constant radius was observed over the
entire plasma'length; Collimated}iaser-energy at the output
end of tshe soienoid was observed only in the presence of a
plasma column. This prov1ded strong ev1dence of a radlal .
density profile favorable to laser beam trapplng

Dufresne et al.(1978) described experiments in which a
high energy (200 joyle), long pulse (1-2usec) bOz laser was
used to produce 8 cm plasma. columns confined by a 60 kG
solen01da1 field. A puff- fllllng techn1que S1m1lar to that
- described by Rutkowski et al. was used. The core was filled

with hydrogen gas at pressures of 5 - 55 torr.
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,The dependence of the velocity of the axial front on-.
the ratio of laser energy flux, W, to gas density,«p, was
investigated. The velooity'measurements were made 300 nsec
following the_initial‘breakdown. W/p values ranged from
5x102°-8x102%" cm3sec" with‘the results showing three
distinctlpropagétion\regimes.,At hidh 1aser ;ntensity and
low pressure, the velocity dependence was characterlstlc of
a bleaching wave. At low laser 1nten51ty and high pressure,
the velocity dependence was characterlstlc of a subsonic,
deflagration—like‘shook‘wave In the intermediate range, a
supersonic shock described ohe propagatlon of the front. The’
theoretical model of Ahlborn and Zuzack(1969) was used to
eXpld&n the different regimes. ’

Scudder et al;(1978) and Scudder(1979) describe a
detailed study of the axial breakdown'wave‘ih the
laser-heated soienoidt The experimental arrahgemeht‘wes
similar to that used by Rutkowski et al.(1975). The plasma
columns (up to 40 cn long) were produced with 1tusec,

400 joule, COz—laser pulses focussed onto ‘hydrogen gas (from
5 to 30 torr) and confined w1th a 100 kG magnetic field.

The radial and aiial growth of the plasma were.studied
under varyidg plasme density and laser intensity condirions;
Radial density profiles showed the formation ofkfavorable
trapping profiles at various axial positions, The longest
columns were obtained in the presence of the magnetlc field.
WlthOUt the field the propagatlon effeorlvely stopped when

the laser pulse sfopped. With a magnetic field the column

Pl
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continued. to develop for several microseconds following. the
termination of the laser pulee. In general, the ax1al ‘
velocity was initially rapid followed by 2 period of slower
propagatlon | |

In order to dlstlngu1sh between bleaching and .
detonation mechanisms fdr the axial propagation, the
dependence of velocity on filling density-was examined ‘The
den51ty dependence was found to be weak although at hlgh
densigies ("2x10'* cm~*) the data agreed quite well with a
‘bleaching model. The velocity dependence on the laser power
;’was also investigeted. In this case, a bleaching model was
found to'give g good fit to;the data. -

At late stages of the columnddenelopment (“1usec after
the initial breakdown), Scudder et al.(1978) nobed that |
sharp compreesions developedbab bhe‘breakdown front. The
Iden51t1es here reached twice the 1n1t1al fill den51ty,
1nd1cat1ng the development of a shock front, Also at -these
llater t1mes, the breakdown front was observed to be very

.

narrow oftenvless than the. initial laser spot size, Th1s
- was 1nterpreted as being due torstrong refract1on of the
laser beam.

‘Scddder(1§79) concluded that at all densities,
significant'axial'fluid motion was induced after -~tusec,
indicetiye of a shock wave. At earlier tines and higher
densities,\abheating wave model predicfed both the[velocity
and the temperature beheviour of the plasma column. At lower

densities, however, neither model gave good agreemenx-with
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the data, This was explained as being primarily due to
ionization effects which were not included in bleaching wave

models. Scufider(1979) considered, in detail, several
. N 4

Te . \ . v . 0 .
.mechanisms which could provide ionization ahead of the
heating wave. It was concluded that electron‘thermal"

conduction was the only likely process and.that i1t may limit

the wave propagation, particularly at lower densities,
a ‘ . ) . &

1.4.3.1 Stimulated Scattering = . ¢

Offenberger et al.(1976b) observed st1mulated Brillouin
scattering from the underdense plasma of the laser -heated o
solenoid. The CO2 laser used to create the plasma column
also 1nteracts with the plasma to generate SBS By | ) L
spectrally resolv1ng the back-scattered radiation and using
a kinetic approach to the scattering process,, the electrgn
and ion temperatures were calculated, The results were found
to ‘be .in good agreement with estlmates from 1-D. calculatlons
and from other experimental evidence. By varying the input

laser intensity, the SBS growth rate was determined and.it‘

compared favorably w1th that expected for a convectlve

‘1nstab111ty

-

) The SBS radiation was seen to be related to the initial
gain-switched spike of the input laser pulse. No saturatlon
of the signal was observed and the peak backscattered power

level was ~,2% of the incident power.
Using the experimental arrangement described by
Rutkowski et al(1975), Massey et al.(1976) also observed SBS

~radiation from the laser-heated solenoid. Here, however, a



Lbased on coherent—wave'theory of the scattering. The

Dy
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saturatlon power reflect1v1ty level of 5% was observed.
Measured electron temperatures and estimated ion

temperatures were used to determine ekpected waveiength

shifts for“the scattered radiation.vThese calculations were

4]

calculated shifts compared well w1th the measured shlfts.

Measurements of st;mulated Raman scatterlng from an
underdense plasma were f1rst’reported’by Watt et al.(19785.
In this experiment aﬁcoz laser pulse (with focussed
intensities up to 3x10° W/cm?) was fired 1nto a low density

H

(2x10“ cmiJ)) low temperature (15 eV), 20 cm plasma column

- produced in a theta-pinch device. The non-linearity of the

signal was verified and spectral shifts were measured and

" used to identify the scattered signal as SRS radiation.

Total SRS reflectiurty levels of "10°*% were reported.
Higher'ret;ectivity‘levels of SRS (~10-2%) were
reported by Watt and Pietrzxy(1980). In this case, a CO,
pulse was incident onba preformed and compressed plasma

column in a fast-solenoid device: The plasma conditions

'(temperatures of 30-60 eV, densities of ~3.5x10'’cm-?) ih

this device are similar to thoselin‘the slow. solenoid but
are expected to be more uniform over thedcolumh length and
so be more conducive to the SRS process. |

vAgain, the non-linearity ,of the process was determined
and the spectral measurements showed similar behaviour to
those prev1ously reported The nonlinear scallng and growth

rate calculatlons were used to suggest that the process




v

will be described in detail in Chapter 2,

1.4.4 Results from thig Study | P k

C . T 2

4repres¢hted an absolute rather than convective 1nstab111ty

In the laser -heated solen01d experiments reported by

bScudder(1979), low levels of SBS (reflectivities of 1-2 )

and no SRS signals were observed.

o

- - P

|

-
. The experimental apparatus, dealt with briefly here,

a
»

N A CO, laser was used to produce and heat plasma columns
conflned by a solen01d magnet., The laser prov1ded 2usec
pulses with energies up to 500 ]oules. Hydrogen gas was

puff-filled into the core of the solen01d at fill preépures

.fpom 5-35 torr. The solenold produced fleld strengths up to

70 kG.

:Observations,of the axial and radial dynamics were
made. Axiailly the breakdown wave was found to be well
descrlbed by a 51mple 1-D bleachlng model (McKen et al
1982), Density measurements near the laser focus 1ndicated a

finite ionization time of/;O nsec. This was found to be' in

-

good agreement with theoretical calcula&ions. The rapid

formation of a favorable, trapping profile was found to be a

‘characteristic- feature at the breakdown front. At late times

(>Tusec), however‘ the den51ty minimum on ax1s was generally
weaker and occaszonally absent Only weak (<50%) or no
compression was observed at’these late times,

Occasional high density fluctuations were observed

behind the front. These occurred only at early times iy the

Al
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column‘formation and were very short lived. ; A
The radlal behaviour was observed. through both streak
photographs apd 1nterferometr1cally determlned radial“~,
den51ty proflles It was found that the rad1al expan51on of
jvthe plasma column agreed reasonably well with a model based
on ion thermal conductlon There were however very
'dramatlc effects observed in the radlal expan51on assoc1ated '
with the focussing ratio of the 1nput laser, Wlth the f/5 ’
‘arrangement, -the plasma was seen to expand 1n1t1ally at ‘ (
rates twice those observed w1th the £/15 arrangement |
'Slmllarly,kW1th £/5 focu551ng the radlal extent: ‘of the
column was double that found w1th f/15 focuss1ng
Laser heatlng of the plasma was found to be very
eff1c1ent Approxlmately 85% of the 1nc1dent laser energy
was used in formlng and heating the- plasma colJmn. From .
calculatlons based- on energy balance the plasma temperature
. was determlned to be ~50 eV'
Comparatlvely high. levels of stimulated scatterlng were
.observed (Fedosejevs et al.(1981), Offenberger'
et al.(1982a)). From_an incident threghzldf:;tensity of
4x10l° W/cm’, SRS signals were seen to grow rapldlv and
| saturate at reflect1v1ty levels of 7%, Temporally, the SRS
51gnals appeared as a serles of 5 nsec splkes which )
corresponded to high’ 1nten51ty SplkeS in the 1h§rdent laser
pulse. Spectrally, the SRS 51gnals displayed a//hot fo shot

‘variation in the wavelength Shlft from the 1nc1dent

rad1at1on This corresponded to density var;atlpns ‘and the -



density values implied by the SRS wavelength shift agreed
.ﬁ;ell w1th 1nterferometr1c measurements
High levels of SBS were also observed. Peak
reflectivity values of 20-25% were seen, Temporallyq th§ SBS
v51gnals were seen as very short (<3nsec) pulses‘k e
corresponding to high 1nten51ty splkes in the 1npbt$f§ser
pulse Indeed the modulatlon of the laser pulse was found
to be due\hg SBS signals feeding back\1nto the laser cavity.
Spectral measurements, when fitted with a kinetic wave

model, yielded temperature values of -4Q eV. This agreed

well with numerical calculatlons and other\experlmental
o \
(g
measurements

Detailed 2-D eemputer ealculations were done to
' simulife the processes encouhtered in the laser-heated
solenoid. The code combined the MHD calculations of SHELL as
described . by McMuliin et al.(f979b) and the laser |
propagation cdiculetions of HEATER as described by McMullin
oy

et al.(1982), Comparisons with the code were found, in most

cases, to be very good.
&
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. | CHAPTER 11
[ A0 .

Experimental Methods

[

2.1 Preliminary remarks

This chapter de5cribes the appératus, procedures

followed and diagnosticé used in producing and investigating

the plasma in the laser—heafed solenoid experiment.

There are rwo major components involved in. the
apparatus: the eleetron~beam (E-Beam) excited CO., laser and
the linear magnetic solenoid. )

In basic terms the procedurevis as foliows. fhe
solenoid core is'first puff-filled with hydrogen gas. Once
the gas is stabilized, the laser is fired. and the energy
focussed at the input ‘end of the solen01d By this time the
solenoid has been energlzed and prov1des an axial magnetlc
field which’ conflnes the laser- produced ‘plasma column.

Numerous dlagnOStICS were used and will be described in .

detail in later sections. The input laser -beam energy and

power, the puff-filled gas pressure, and the magnetic field

‘Strength were all monitored on a shot-to-shot basis.* The

luminous plasma boundaries (axial and radial) Qere.followed
by using a streak camera. Density 'and temperature

characteristics of the plasma were obtained with ruby—laser

,interferomefry and Thomson scatﬁering. Highly sensitive gold

and copper-doped germanium infra-red detectors were used to
temporally resolve weak backscattered radlatlon. Infra red

and optical multichannel analysers were ysed to obtalnA



signal spectra. J

The experiment was run entirely fr;m a control room
whiéh.was screened from electromagnetic noise. The timing
between various componenfs of the experiment was controlled
by a central, programmable, timing unitaénd several delay

units. Thentiming was monitored with high-speed

oscilloscopes.

2.2 The Apparatus

* v
2.2.1 The E-~Beam CO, Laser

The E—BeamACOZ iaser makés use of.an electron béam to
exc1£§ the la51ng medium, The laser is capable of produc1ng
long, high-energy pulses whxch are necessary in the
laser-heated solen01d experxment.

The electron beam was produced from a high field
-~ emission cathode which was energized by a 4-stage Marx
capacitor bank._The Marx bank consisted of'féu: 60 kvV,

1.85 uF capaciﬁors which required "6 minutes to fully
cha;ge. A total of 13 kd'of energy were stofed in this bank.
Once switched, 240 kv wérelsupplied and 15-20 kA of curfént
were delivered to the electrén gurn. For;insulatioh purposes, .
the capacitors were immefsed iﬁ a high volﬁage 0il bath.

The cathode consiséed oE‘an\array of thin, stainless
steel strlps arranged edge-on on a ~12Ox15 cm plate. Because

of the high voltage, a high vacuum, (<1 10’”torr) had‘to‘be

maintained in the gun chamber, This reglon of high. vacuum



PE—
was separated from the laser cavity (at 2 atmospheres
pressure) by a thin titanium foil (.0015 %Fches thick)
supported on a grid. =y
- Having travelied across thgigigh vacuum‘region, the
electron beam passes through the foil and into the laser
cavrty. To provide a high interaction cross—section.between
the electrons and the laser gas mixture, a snstainer voitagé
is applied to a large graphite anode within the cavity.
The sustalner capac1tor bank consisted of six 60 kV
85 uF capac1tors These were arranged into three sets.
Each set con51sted of two capac1tors in serles. The three
sets were connected 1n-parallel Charged to 90 kV this
capac1tor bank stored 11.2 kJ -of . .energy. These'’ capac1tors

-were also suhmerged in-high voltage 0il. The charglng time

T D
for the sustainer bank was 4" minutes.

1

2

2, 2 2 The Laser Cav1ty

The laser cav1ty,~w1th an active volume of ~20 lltres,
was fllled w1th a gas-m1xture~of hellum nitrogen and carbon
d10x1de at a ratlo of He: Nz.COz—3 2:1 to a pressure of
2 atmospheres. R

‘This gas mixture prOV1ded a - long laser pulse (1-2 usec)
of . hlgh energy (250~ 500 joules) characterlzed by a short
gain- swltched pulse (~50 nsec w1de) and a long tall An

osc1lloscope trace showlng the laser 51gnal 1s 'given in -

Figure 2.1,



INPUT LASER SIGNAL
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Figure 2.1 CO, Laser Pulse Shape
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The spike?té—tail power ratio and the overall pulse length
and energy can be varied by adjusting the gas ratio. Only
vgry slight. chandges to the .3:2:1 ratio were‘ever used.

Both'stable ;nd unstable resonator optics were used in
the cavity. Because of the reduced divergence (<400urad) and
higher output energy (-500 joulés) the unstable optics were
used nea;ly extlusively. Re—alignment of thé cavity optics
was gequired after every shot. ;

The laser output was fhrough an optically flat,” highly
polished, 6"x6"%1.5", NaCl (salt) window. Salt is used
because of its low absorption at infra-red wavelengths.

s ‘4
2.2.3 The Solenoid Apparatus

The laser phlse,was directed into ﬁhevsolenoid-
apparatus, as shown iﬁ Figu;g 2.2. This apparatus consists
of the solenoid itself and a steering-focussing arrangement
for the incoming pulse. o

Two distinct focussing\érrangqments were gsed.lin one
case, an ofﬁ-axis parabolic‘mirror was used.to both turn and
focus the laser light. The parabola had a focal length of
50 cm giving an £/5 focus. ) ;F

The other’ focussing method is that shown in Figure 2.2.
Here,; a 90° turning mirror steers the beém to a sphericél
mitror. This mirrgr directs the beam b;ck thrbugh a hole in
the turning mirror and provides on-axis focussing. Since the
unstable laser Eavity produces an anhular beam, very little

laser energy is lost due to this Cassegrain arrangement. The
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focai length was 1.5 meters giving an f/15 focus.

The different focu551ng arrangements produced different
focal spot and focal depth characterlstlcs With the f/5
optics, the focal spot was “385 um in diameter and the focal
depth (where the laser intensity‘drops to 1/2 of its
maximum) was -1 cm. With the f/15 optics, the focal spot was
"300 um and the focal depth was -2. Svcm

If the laser energy was focussed in gven a low density
gas, a detonatlon wave, travelling back toWard the laser
would result, The plasma produced by such a.detonation wave)
would absorb the laser energy before it had penetrated into
the solenoid region. For this reason, the laser-focussing
region was evacuated to pressures 5100 mif&itorr{

Initiaily the entire soienoid apparatuspis evacuated,
Hydrogen gas is then puffed into a plexiglas inner tube

inside the solenoid core. The gas 1is prevented from flowing

into the focu551ng region by a small aperture

(:4 2mm diameter), ]ust large enough to allow penetration by,
the laser light, A pfofile of the pressure along the axis of
the solenoid is shown in ngure 2.3. The présSure ratio at

the7gas—vacuum intertace i's seen to be better than 20:1, The.

uniformity of the pressure (after -2 msec) *along the

“solenoid axis is also apparent.

The hydrogen gas was puffed in using an electromagnetic

valve which could be opened for-variable lengths of time.

This allowed for easy varlatlon of the filling den51ty

without changlng the relative t1m1ng of the system

1}
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2.2.4 The Solenoid

The solenoid provides an axial magnetie field which
permeates the'plasma and_restricts radial expansion.

Two solenoid deszgns were used during the course of
this study; the splléwc01l and the 51ngle coil soleno1d

P

The split-coil solenoid consisted of two 20 cm coils

. 'Separated by a 5 cm region de51gned to give access for

B

observatlon and dlagnostlcs The reduction in magnetic field

strength in this region was ~“40% and resulted in significant

radial losses. In order to produce long plasma columns “which-

extended into the second half of the solenoid, a

flux-coupling metal sleeve was inserted 1n this diagnostic

reglon This resulted in a field reductlon factor of ‘10%

Much useful data was obtained with the spllt c01l but
the coupllng sleeve made the central dlagnostlc region
superfluous For this reason a 51ngle coil solenoid was -
de51gned and 1mplemented The majority of the results were
obtalned with the single-coil solen01d

‘The single- c01l was a 7-turn ‘helix machlned from a

_SOlld bronze rod. It had an internal bore of 4 cm and

prov1ded a maximum central field strength of 70 kG. The

L4

8xial varlatlon of the field is shown in Figure 2, 4

The magnet was energ1zed from a bank of twelve 20 kv,

14 uF capac1tors connected 1h parallel A total (energy of

36 kJ was stored in this capacitor bank? The charging time

for the bank was "3 minutes. In ordergthat the magnetic
\ .
field be unlform all capac1tors mu%t fire 51multaneously

s

L
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'MAGNETIC FIELD: AXIAL VARIATION

80

.70

60
50
40

30

.
b S R R R Y

. . . v y J
e PR L foacnennoenn- feereanannanas e eeeena..
. . . .« .
'
.
. .
“\Jf’,
e Y 1, e i et ames e, Neveeeennanen
N .
. . §
< .
.
. .
J N R R A I S S
_—
.
‘
.
. . .
. . v . N
. . .
B ST R
: i/ . : J :
. . . .
. . . .
* +

Magnetic Field Strength (kG)

-2 0 2 4

;
1.0.- ......................... O, fececeannanas Fetneneeseons ; ............
! .
; : :
0 ; : T \ 1 1

8 10

Distance from Orifice (cm)

‘a

"Fiqure 2.4 Axial Variation of the Magne

<
tic

-—

Field Strength

v

33



34

A\ ]

These .apacitors were switched by 1nd1v1duar spark gaps
trlg ed by a main gap.
T @ circuit inductapce was .12 uhenrys resulting in a

quarter-period time of 7 usec for the current and the

A

mtcrose cond follow1ng breakdown. The magnetic field, then

is approximately constant durlng the development of the
plasma column An- osc1lloscope trace showing %he temporal
varlatlon of the magnetlc field, detected by a pf;k up\co1l,
is given in Figure 2.5. The input, CO, laser signal is ‘also o

shown, superimposed.

_The low circuit inductance was obtained by using a

*-turn current. This was_carried by an outer

:ing with a diameter of 10 cm. To prevent arcing .
;oetween the solen01d and the outer cas1ng was
ehh,elther SFg or Freon-12 at low pressure

Fo.

'-npleaiglas tube with inner diameter “2.5 cm and'outer
:fer ;3.5 cm was inserted into the bore of the solenoid.
:%s into this inner ‘tube that the hydrogen gas was

i_ . ~The tube sat firmly in the}solenoid, supported hy

Efs at each end' to absorb shock

iﬂ;he plasma was observed through wlndows placed along

- the outer ca51ng at regular 1ntervals In some cases the

w1ndow;,were allgned w1th the spac1ng between turns in the
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'solenoid while in-others;‘access ports were machined through >\‘
' thé'coil The space between the turns in the ‘solenoid was
1 cm across. The ports machined in the co1l were 1n1t1ally
b cm in dlameter but were later 1ncreased to 1.6 cm for
"better accessl | |
In cases where d1rect access to the plasma was
requ1red as 'in 1nterfer0metry or Thomson scatterlng,,
matchlng ports were machined into the 1nner plex1glas tube.
To maintain vacuum and to prevent leakage of the 1nsulat1ng:
gas 1nto Rhe plasma region; a system of 0~ r1ngs nyloni
sleeves and glass or plex1glas windows was used in these
ports. .
hAsvshown in Figure 2.2, the output end of the soleno1d
was connected to a small chamber conta1n1ng a scatter1ng
plate. Laser energy Wthh passed through the solenoid into
the end chamber was scattered by the plate. The energy and
power were monitored by detectors mounted outside the
chamber Energy measurements were callbrated by- u51ng a NaCl
beam splltter to deflect 8% of the laser energy 1nc1dent on
. the plate onto a callbrated calorimeter. By comparlng the
energy detected off the plate to the 1nc1dent energy, a

callbrat1on factor was determlned

NS



2.3 Diagnostic Techniques 1%

placed before a phptotathode. The signal §s amplified and

2.3.1 Streak Photography
{:

, The luminous boundary of the plasma was followed
photographically using a TRW high-speed streak camera,

The streak camera images the plasma light onto a slit

$

<y

imaged electronically to a phosphorescent screen. The slit

is then re-imaged onto the base of the recording film. When

actlvated the image is swept upwards at a controlled rate.

Each p051t10n along the, film then cdrresponds to
progressively later times. |

To.follow the axial development the camera is oriented
SO thﬁt the slit is aligned with the central axis of the
solenoid. Plasma light Jcan only be detected when emitted
from an observatlon W1ndow On the axial streak photograph,
this results in a series of parallelllines each representing
the time hlstory of the plasma light from a 51ngle locat1on
along the axis. Figuré€ 2.6-a shows an example of an ax1al
streak. |

‘To follow the radial development of the plasmé, the"
cemera is rotated 90° so that the slit is perpendicular to
the solenoid axis. The light detected is emltted from a
single ax1al location. The radial streak photograph gives
directly the rate of rad;al expansion of the plasma column
at;this-axial location. Figure 2.6-b shows an example of a

1

radial streak.

@ .
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‘f;“figure 2.6 Streak Photographs: : v .
i a) Axial (f/5 focus) and b) Radial. (f/15 focus)
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Sweep times from 2 to 10 usec were used for axial
streaks. For radial streaks, sweep times from 100 to
508\nsec were used. The calibration of the streak'photograph
- 1s dealt with in Chapter 4. | |
| To prevent mis-firlng of the'camera because of
electrlcal and magnetic 1nterference, the camera was kept
several meters from the ekperimental area. In the case of
radial- streaks, the plasma ‘light from the, selected ‘axial
w1ndow was re-imaged in front of the camera with a large
aperture lens. i |

Although the var1at1on of the plasma lum1n051ty in time
is also detected by the streak photograph its relation to

other plasma parameters (density, temperature, iohization

' state) is complex and dlfflcult to 1nterpret

2.3.2 Interferometry

A Mach-Zehnder interferometer was used to obtain
electron density information.

The ‘index of refraction for a plasma depends -directly
on the electron density. A'chahge in the plasma density
causes a change in the index of refraction which in turn
-causes a phase shift in the light passing through, This
results in a shift in the interference pattern which, under
certain geometric constraints,fcan be inverted ﬁo‘provide
~the electron density profile. Det%ils of the inversion

L
techriigues are given in Chapter 4.



40

‘The Mach—Zehnder is particularly useful in this
application since it can‘easily be constructed around the
solenoid apparatus, is readily aligned and allows for
straight—forward imaging of the plasma. |

The mirrors and splitters used in the interferometer
were 10 cm diametér quartz flats.. These were bolted onto a
heavy aluminum plate. This support plafe was securely bolted
to the solgpoid'table at the desired axial locatioh.

A ruby laser provided -a 35 nsec, 200 millijoule pulsé'
for the light sourcé. The* relatlvely short pulse effectlvely
'freezes the hydrodynamic motlon at an instant in t1me The
laser output pulse was telescoped to a ‘2 cm dlameter to

very uniform, low dlvergence beam,

Y

The degree\éf the frlnge shift in unlts of frlnges,
dgp nds on the plasma density, “the plasma dzameter and the
wav:length of the llght source, so that, N, the frlnge

shift, given by,’

b ) "

N = (Xe*/2mmc?) - f{n-41}
and, forvuhiform density( v
= (n-e*-AL)/(27-m'c?) | c(2.1)
where,
n=the electron density : :
e=the electron charge ) ‘ :
‘A=the wavelength of the light source

m=the electron mass .
L=the pPlaspa diameter

-
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With a ruby light source (A=6943 A), a 1 cm plasma and
with densities in the range 5-10'¢ - 1-10"*cm~? ther the
corresponding fringe shifts will be in the range.

.2 = 3 fringes. ThlS degree of fringe Shlftlng is suitable
for analysis 1nd1cat1ng that the ruby laser is an

approprlate-llght source for the plasma conditions expected
1 )

_ _ . T

A helium-neon (He-Ne) alignment laser was directed

in this experiment.

along the axis 6f the ruby laser. By fixing the path of the
He-Ne laser to match exactly the path of the ruby laser, thp
1nterferometer was accurately allgned , -

The beam was dlrected‘into\the Plasma through wigdowé
made simply of plate glass. These wiﬁdows proved adequately
'fiat, however, they were fragrle and fractured ea51ly
Cleanliness on thege surfaces or on any of the inter-
ferometer pieces was essential.

By adjustlng the orientation of the 1nterferometer
optick, various 1nterference patterns can be obtained. The
interfe ometer was set up to provide 20-30 stralght line ) et
fringes/cm allgned perpendlcularly to the solen01d axis,

A transparent resolution card was placed 1n'tﬁe
solenoid core at the obsérvatioh position. Careful imaging
of this card on the film plane ensured that the plasma was
properly focussed. This also prov1ded the necessary spatlal
callbrat1on factor .

On a particular shot, a den51ty proflle can be taken

only at a 51ngle ax1al location at a partlcular moment in
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time. To determine the time dependence of the density
required a number of shots. To determine any large scale
variations of the density with axial position, the entire
apparatus was shifted to a newvaxiai location,

Axial variations over the dimension of the solenoid
window could be observed with a single shot..Actually, the
axial variations over'thi% distance (1.0-1.9 cm) can be

% _ ‘
considered small and the variations interpreted as being due

“to temporal changes,

Further dlSCUSSlon concerning the 1nterprd§ation of the

1nterferograms will be given in Chapter 4.

2.3.3 Thomson Scattering

Thomson scattering has proven to be an extremelyhuseful

.plasma diagnostic, In this procedure, incident electro-

pr—

magnetic radiation 1s scattered primarily off of the free
electrons in the plasma. Figure 2.7 shows the geometric
relation between the incident and the scattered radiation.
The angle 6 is the scattering angle between the incident
wave vector (ko) and the scattereé wave vector'(k.) The

differential wave vector, k is also 1nd1cated in Figure 2. 7

In most plasmas the Debye length Ay (=v{KT,/87ne’})- is
the smallest distance over which the electrons are

correlated. A scattering parameter, a.,lcompares the Debye

~length and the scattering scale (phase) length (1/|5|). The

size of this parameter describes the primary scattering

process and indicates what information can be extracted from



Figure 2.7 Relation between Inciden
in Thomson Scattering

-

t and Scattered Radiation
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-

the scattered spectra.
When a,<<1 the scattering is incoherent and the
Scattered spectra is Gaussian. The width of the disbribution
gives a measure, of the electfdn tempetature. When a,>>1 the
scattering is collective, The éeattered spectra consists of
a central ion feature and two detached satellites. The j
position of the sate111tes depends on. the electron den51ty
and the w1dth of the central feature depends on both the ° ion
and electron temperatures. Q/N\ 9.\\ o | ‘

In this experiment the scatterlng angle was fixed at

-90°. The 1nc1dent rad1at10n 1s)ruby llght (Ao=6943A) and so,

w¥th, ‘
o a. = 1/(ky) = No/{47 X, *sin(8/2))
then, ° | B \
. oa,= 10" */IN/T} |
where, IN|=|em-?| and |T[=|e§|

' For typical plasma parameters, (Nx10'7, T~50ev), the
scatterind parameter is approximately pnity (a,=1).

| In this a, domain the spectrum departs from a Gdussian,
, developlng shoulders on each 51de. By f1tt1ng the data, both
the electron temperature and density can be obtained.

| Further details. -concerning the theory of Thomson
scattering and the analys1s of the spectral data are glveh
in Chapter 4. The experimental set- up used for Thomson
scattering is shown schematically in Fiqure 2.8.

e , n

To obtain a large scattered signal, a large incident

signal is required. However, it is essential that the
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probing radiation does not influence the plasmafconditiong.
Calculations show that with ruby laser energy below
10 joules, the amount of energy absorbed by the plasma is

not significant enough to perturb the plasma temperature and

density.

The.same'ruby laéer used\for\interferometry was also 2
used here except that an anplifying stage was added. This
provided a 1-2 joule, ~40 nsec laser pulse

‘To further enhance the scattered signal, the incident
light was polarized horlzontally As with the radlatlon'
pattern of a dipole antenna, horlzontal polarization
maXimizes the signal. |

The laser pulse was telescoped to a diameter of 2.5 cm
to reduce the energy density and te prevent damage to the
steerlng mirrors. Neverthel:ES, high quallty, gold-coated
mirrors were required to direct the beam.

‘ The input optics consisted of a 2 cm lens with a 10 cm
focal length on an adjustable mount This lens also provided
the vacuum seal and was the only optlcal surface in the

1nput syStem thereby reduc1ng stray llgh . The ad]ustable

mount allowed small changes to be'madgﬁeh the axial and

‘radial location of the focal volume in the plasma.

A glass m1cro<balloon (~ 200um diameter) was p051t10ned
in the solenoid core at the desired location for the
scattering volume. A He-Ne alignment laser, whose path

matched that of the ruby laser, was then focussed onto the

A'balloon. The He-Ne light scattered from fhe balloon was used

;
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to'align the ccllection optics and the detection system.
Because of slight changes in ‘the orientation of the 1nput
lens when the system was pumped out, the allgnment was made sz
with the system under vacuum.

The scattered light. passes out of the plasma through a
glass window, through an-aperture and into- the collectlon
lens. This lens matched the input lens with a diameter of
2 cm and a focal length of 10 cm. The collection lens was

. set-up to provide a parallel output beam which was directed
bb into theddetection system.v

Before descrlblng the detection system, methods used to
‘prevent stray light will be dlscussed | |

A large amount of stray‘llght was generated by thevruby
light scattering off of the surfaces'in and arouhd;thehruby
laser cavity, from surfacesvinside and outside the solenoid
structure, and- from optical surfaces in the Thomson .
scatterlng set-up. By plac1ng the detectlon system in a
‘light-tight container and by incorporating black cloth 3
' . screens arbdhd the laser ahd the selenoid only llght that
was scattered dlrectly 1nto the collection path was
detected. | o : 3 |

To reduce the lught scattered from 1nternal solen01d
surfaces, a beam dump and a v1ew1ng dump vere 1ncluded in
the system. These were 1dent1ca1 units made up of two pieces
of blue-green“filter glass (OB—1O glass) which effectivei;4

absorbs ruby light.
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The first piece of glass was set approximately at
Brewsters angle to the‘light cone comino from the focal
volume. The second surface was set at Brewsters angle to
light reflected from the first. The surfaces required
careful cleaning since they readily became coated w1th
blow -off from the plasma. When d1rty, the first surface in
the beam dump was easily damaged due to enhanced_absorption
of‘the'ruby laser ehergy. |

The glass was also fragile and fractured on . occasion
when the solenoid was activated Securlng the pleces with a

shock absorbing rubber compound proved to be an effective

»

7i‘cure for this problem : ' : .

The detection system consisted of a 1/4 meter
monochromater and an optical‘multichannel analyser (OMA) ..
This apparatus was set inside a large box several meters
‘from the experimental area. The box had a single 1nput'hole.

Bremsstrahlung radiation and, in particular the
Hydrogen-a (6600 A) emission 1nterfered with 51gna1
detection. A Kerr shutter was requ1red in order to reduce,
the amount of plasma radiation. entering the monochromator

The Kerr shutter was set up so that only llght
polarized in the dlrectlon of the scattered signal would
~pass through. The shutter was actlvated by a high voltage
gate pulse whlch kept‘it opem\f ,*20 nsec. This effectlvely

eliminated the bremsstrahlung radiation and_brought the H-a

radiation to acceptable levels.
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Precise timing of the Kerr shufter was achieved by
scattering suitably attenuated ruby liéht otf a microballoon
placed in the so}enoid core. The timing of the Kerr shutter
was adjusted until- the signal detected (with a photo—-
multiplier) behind it was maximized. Reliable and consistent
shitching was essential, .7

‘ The scattered light was focussed onto the 15bum input
slit of the monochromator. An f/5 focﬁ551ng system was usedA
to prov1de 1e1 1maglng of the scatterlng volume. The
»monochromator prov1ded 132 A/mm dispersion.. The.output‘of
the&Eizochromator went dlrectly onto the face of the OMA
vididho. | B . -

The detector target of the OMA con51sts of severai
million photodlodes on a 16 mm dlameter silicon disk. Th:;
detector has a sen51t1v1ty of'”10 photons/count and a range
of ~16 000 counts/channel

An electron beam scans a 12 5 pm x 12 .5 'mm reglon of
the target, prov1d1ng a 512 X 512 array of p1cture elements
each “25um 1n‘d1ameter. A channel igs a vertical line of

\
plcture elements and a track is a horlzontal line of

channels. The scan is programmable and may consist of many "
parallel tracks glv1ng a two d1men510nal output The scan
time is adjustable from 20-140 usec/channel“

'In‘the mult1 track mode, 5 tracks separated: by 20
picture élements were typlcally used. Each track was 100

channels across and each channel was 20 elements high. The

djspersion of the monochromator provided a horizontal scale

~
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factor of 3.17 A/channel.

‘ . ' el ‘
The OMA control and the data acquisition were performed

through an HP 85 micro- computer ‘The number and vertical

.separation of the tracks, the helght of the channel and the o

. scan tlme were all preset and down—loaded from the HPf85 to

the OMA controller. o : : 4 | N

A trlgger pulse started the OMA scan. With the start of
the sweep, the OMA controller prov1ded a synchronous pulse o
which ‘was used to flre the rest of the experlment The

f1r1ng seguence was the same as prev1ously descr1bed Wlth a

~scan rate of 100 usec/channel approx1mately 20 channels

would be scanned prlor to the onset of the CO,; laser and the
subsequent arr1val of the scattered ruby llght.
, »Followrng the'shot, the data was transferred to the

HP-85 and stored in memory. The scan was then repeated tow

'provide.background-counts‘which~Vere then subtracted from

" the data thereby producing‘the scattered’spectrum;.This data

and thebassociated control paraméters were then stored on
magnetic tape. | | | ‘ ;

To determine the level of stray ruby light,:the ruby
laser’was fired‘alone}_with the solenoid evacuated. To
determine the level of plasma light; the experiment was run

without firing the ruby laser.

2.3.4 Stimulated Scattering | ,

The CO, radiation, incident on the plasma column, cah
interact .with and, indeed, enhance plasma waves resulting in’

]
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Scattered electromagnetic radiation.
“the spectra of the Scattered radiation depends on the
character of the plasma wave. The nature of the plasma wave,
in turn, depends. on the condition of the piesma. The
'anelysis‘df the Scattered spectra can tﬁereby provide an
'effectiveiplasma diagnostic, |

A detailed description-of the scattering processes is
given in Chapter 3.

The bédk5cattered\radiatiqp rerrns along the path of
the input CO, laser. The output window of the laser cavity

: N

was set at a'slight angle (-5°), acting as a beam splitter ;
for the backscattered radiationf Approximatelyu8% of the
scattered light was reflected from this wihdow and difected
info the detection a}ea. In the deﬁection area the back-
scattered signal was split and then temporally and
Spectrally resolved. The set-up is shown in Figure 2.2,

o

,2.3.5 Detection of the SBS Signal

The SBS 51gna1 was temporally resolved with a 11qu1d
nitrogen cooled, gold doped germanium detector. This dev1ce

has a risetime of -1 nsec and a sensitivity (at 10.6 um) of

~

“10-* volts/watt into 50 ohms.
s The spectrum was obtained by dispersing the signal with

an infra*redqmonochromator which provided. a diﬁpersion of

3.2 A/channel An infra- red multichannel analyzer (IRMA) was

used to detect the s1gnal from the morochromator.
i

-
A
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The IRMA is a pyro;electric detector. The target agea
is 10mm x 10mm with-an effective chann;l width of ~33 um.
The temperature of the target material increases when
incident radiation is absorbed. This alters the internal
electric;golarization thereby releasing surface charge which
is degsﬁted by a scanning electron beam. The scan is
entirelf%qne dimensional. |
/,  The stray liéht level was determined by firing into
very lgw density plasma from which there is no scattered
radiation, Stray light levels were not appreciable;

‘ The'gaiibcation procedure involved/the‘placemént of a
NaCl back reflector into the incident CO, path. This placed
a known signal into the detection system, allowing the
absolute levels Of&backscattered radiation to be determined.

&

2.3.6 Detection of the SRS Signal

The SRS signal was temporally resolved with a liquid ,
helium cOoled; copper-doped germanium detector. The device
has a risetime of ~1 nsec and a sensitivity (at 10.6 pm) of
“20 volts/watt into 50 ohms. The incrfaséﬂ sensitivity was
required because of the weaker naturé of the SRQ signal.

The  signal spectrum Qas‘obtained by dispersing it with
a salt (NaCl) prism. This provided a diéa‘fsion of
66.3 A/channel. The disperéed signal was detected with the.
IRMA, o

Stray light levels were determined in the same way as

‘with the SBS signal. In this case,~}arge SBS signals were

¢
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back reflected along with the SRS 51%nals. To reduce the
SBS, an SF6 absorption cell was placed in the detectlon
path SF¢ strongly absorbs radlatlon near 10 6um but readlly

transmlts the longer wavelength (- 14um) SRS radlaplon.



CHAPTER 111

Theorzﬁ

3.1 Prelfﬁinary remarks

Background theory covering séveral aspects of -
iasér-plasma interaction in the laser-heated solenoid.is
presented in this chapter. Calcﬁlations are based on typical
experimental conditions.

Following Raizer(1977), the processes involved in
laser-induced gas breakdown are discussed. A calculation of
the time reéuired to achieve full donization is éiven. Thg/’.
‘absorption of laser energy by in§erse bremssfrahLyng is
described and a calculation of electron-ion temperature
ratio is given, . ‘
! N

A detailed description of the one-dimensional axial
propagatiod pf bleaching waves is presented. The emphasis is
on the models of Rehm(1970) and of Burnett and
Offehberger(1976);'Pre—ionization is an important
\con51derat10n in these models and the conclu51ons of
chudder(1979) in this regard are d;scussedt The optical
detonation model of Ahlborn et al.(1982) is outlined and
discussed.

A simple model for the radial expansion of the plasma,
based on ion diffusion and inverse bremsstrahlung heatlng,b
vlS given. Expansion rates\are then calculated. Maximum radii

are estlmated—u51ng ‘the model of the plasma column developed

by Ahlborn et al,(1982). .

54
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Two-dimensional (2—D) effects are considered. The 2-D
magnetohidfodynamic code called SHELL (McMullin et al.,1979)
, .
and the laser heating package called HEATER. (McMullin
et al.,1981) are described and test results are given.
Finally, stimulated scattering is'considered.

Stimulated Brillouin and Raman processes are described.
. - a

Threshold conditions, growth rates and saturation mechanisms

.are discussed.

+

3.2 Laser-Induced Gas Breakdown

Following the development-of the laser, ekperiments
(Meyerand and Haught(1963), Ramsden and Da&ies(1964), and
othersf indicated that by focussing ruby laservlight,
sufficiently high:intensities could be achieved so as to
cause breakdown in gases.

For sufficiently high laser intensity, ionization may
occur through the multiphoton photo-electric effect.‘In this
précess, n p%otons are simultaneously absorbed. For. i
ionization, the total photon enefgy; n-hy, must exceed the
ionization enefgy.\Thé?iohization energy for the fhydrogen
atom is 13.6 eV, whfle the photon energy for CO, laser light‘
is .117 eV. Thus, 117 CO; photons must be simuitaneously

; o

absorbed to ionize the hydrogen atom. The ‘probability for

such an occurrence'is given by (Raizer, 1977, section 3.1),

P =wn®? {(2.727e*-E3)/(8'mw?1)}" sec-" o (3.1)

where,
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the electron charge = 1.6022-10°'°C
the electron maSS = 9.1095-10° 'kg
1.78-10'" sec ' (CO, radiation)

13.7 eV = 2,18-10" "*joules (Hydrogen)
the electrlc field amplitude

nnonnon

=g 30

i

With |Eo|=|volts/cm|, equation (3.1) becomes,
P=1.78-10"*n*"2.{1,39-10"'*-E3}" sec"'

With the Wbmber of photons required to be absorbed,
n= 117, and taking as a typical experimental value |
Eo = 1-10" volts/cm, the probability for a multiphoton
ionization event is P = 1.2510‘33sec". This'indicates that
the process is rather improbable and a much more likely
ionization mechanism is that of electron-avalanche.

In electrbn—ayalanche or cascede ionization,isome fcee
electrons are required to Be initielly present in the gas.
In collision with neutraiAatoms,:these seed electrons can
absorb photons and are, thereby, ecceierateaﬁ Once an

electron has been accelerated to the ionization potential,

- collisional ionization can occur and another free electron

be produced Both the orlglnal and the newly freed electron
are now accelerated and the avalanche begins.

If the 1n1tial number of seed electrons is N, and the
time required fcc’the electron density_to double is 7, ﬁhen

the electron density, N, at some time, t, is,

N = No-2'/% (3.2)

Taking an initial seed density No¥§§cm'°,“and a final

&y
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electron density (for neutral dominated conditions),

N=1-10"%cm"?, then, the ionization time, 7, is,

@

T, = Td'logz(N/No)

&

~ 43,27, (3.3)

r/“ i - -
/ .

The doubling time, r,, is basically the time required
for an electron to reacH the ioﬁiéatioh energy. From a
classical point of view, the electron gains energy by
- oscillating in the electric field, E, of the laser light.
Collisions with neutrals randomizes this motion thereby
, increasiné the electron temperature. Cohsidering-only_
elastic collision8, the rate of increase of electron energy,

%

e, is given by,

de/At = [{M-e* E*/m (' +s3)} - 2. (m/M) €]y, (3.4)
where v, is the collision frequency, w ié the laser
frequency, and M is the mass of the ion,

There are two important details to consider before
estimating the-electron doubling time. These are the loss of
electrons throﬁgh diffusion and the loss of electron energy
through inelastic collisions. |

The diffusion time, 7,, is given by,

T, = L*/D | - (3l.5)
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where L 1s a characteristic length and D is the diffusion
coefficient. The diffusion coefficient depends on the
electron energy ¢, the collision probability P, and the
pfessure p (in to§r)hsuch that for neutral dominated

r

conditions,

D=2-10"{e/(P-p)}‘'/2) : (3.6)
\‘.

"Averaging collision probabilities (Brown, 1966) over
electron energies from 0 to 14 eV, then in 20 torf hydfoéen,
D = .10°* cm?/sec. i

h‘ 'Taking the focai spot diameter as the charaéteriétic
length, then L=,04 cm andkthe diffusion time is estimated to
be 7,20 nsec; If-this diffusion time is much longer than
the electron doubling time, then diffusion need ﬁot,be
consi{dered.

| The question of electromenergy losses due.fo inelastic
collisiQns'is a complex one :?§&e, unlike elastic losses,
inelastic lgsses do not occur with eachﬁé&llision. When an
iﬁelastic collision does occur the atom is{left in an
~excited state. From this state it may be instantaneously
ionized through a multibhoton pfocess or return to the
ground state through photon emission. In the f{rst case the
excitation energy is not lost ahd the avalanche continues
unabated. In the second éase the energy is totally’lost and

the avalanche is inhibitea.
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‘Raizer(1977 section 16) examines solutlons to the
transport equatlon for both of these cases but not for the
intermediate case where only some fraction of the electron
energy- is lost to exc1tatlon The equation solved is an
approximation to the transport equation. It involves an
expansion parameter which, in the high frequency case (laser
‘frequency>>colllslon frequency) is the quantity
u/v (=eEq/mwv). The condition for thefvalidity of the
approximation is, then, u<<v,

| For electron temperatures of “20 eV the thermal

velocity is "3-10* cm/sec. In order that the solutions be

valid, the effective limit on the electric field becomes

Eo<<3-107 volts/cm. ’b ’
AsSumptionslare maoe in'order to»simplify the problem.

For instance, only monatomic gases are considered, elastic

losses of electron energy are ignored, the elastic collision

. frequency is assumed to be 1ndependent of the electron

energy and inelastic colllslons 1nvolv1ng electrons with

energies greater than the ionization energy are considered‘

2

to occur instantaneously. -

—

- In the first case, without excitation losses, Raizer . J
.shows that apart from a factor close to unity, the electron
doubllng time is simply the t1me requ1red to reach the
ex01tat10n energy. .

‘Elastic losses in equation (3.4) can be ignored since

‘ .
the maximum energy achievable, limited by these losses, is,
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Y

Eme=M-eE?/{2m? (w?4p, ?)) | O (3.7)

\

+ typical of "this experiment, em«=2 keV. Clearly,

these losses will not prevent the electrons from reaching
the ionization energy of ~14 ev. Equation 3.4 can then be

simplified to,

\

de/dt = e*E?*vr,/(mw?)
\

and integrating, o .

Te=lmw?/e’Ely, - (3.8)

Again, avetaging over tﬁe electron energy range
'O<e<14ev,.the cdllision frequency (Brown, 1966) is estimated
"to be 10" 'sec”'." Using a tYpiéai electric field vallue, - \
E=107_volts/cm; the'déﬁbling time is éS'psec. With r4<<7,,
the neglect of diffusion effects is justified. From

equation (3.3), the ionizatidn time is estimatedvto be

~1.2 nsec. L
In the second‘casé which Raizer considers; the

_excitation energy is completely lost. The ionizatiop

frequency is determined from the expression,
£ s



exp{(a—i)y}:[cosh(y/z)+z-sinh(fyz)] -,
- exp{-(a-1)y} -[éo;h(y/z)-z-sinh(y/zY]
= 2a(14)y 4 201-(1/27)] X |
X [y-cosh{(a-1)y} + sinh{(a-1)y} -~ a-yl =~ (3.9)
where, ‘, :
y=(1/a) - [6- (v, +p=)/p]'/2 | \\\\J///~
z=[1+KV‘/Vi)]1/;

a=(1/17)1/2 o

Ny

~and, for CO, radiation,

B=.2 f

In this expression, » is the energy apquisitioh
frequency. This is given by, v=1/r, where r is the time
required for an electron, oscillating in the electric field,

to reach the ionization energy. From equation (3.8) this is

calculated to be »=3.2-10'° sec".HThe’excﬁtation?fﬁeéﬁency,

-

v*, is estimated by averaging the electron velodity and the

excitation cross-section for hydrogen over the energy

~interval I*<e<I, giving,

v':No-o'-v'v ‘ ‘
=(1-1 'Fém")~(5*10"7cm’):(2-10'cm/sec) |
"=10'°seéf‘. | |
Solving-eqUafion (3.9) numerically gives;
v;=5-10°* sec™ ', This gives an electron doubiing time,

T4 200 psec or a time of ~10 nsec for ionization.
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However, this result involves numerous averages and
and there is a strong E-field dependence. With the
1d in-the range, 6x10°<|E[<2x10’ volts/cm then a

30 nsec is found for the ionization time.

3.3 Laserwbeam Absorption

!
! R
Once breakdown has occurred, the pgasma continues to

abUT:b the laser energy by way of the inverse bremsstrahlung

pr’ .ﬂ Niolectron, OSClllatlng 1n the electrlc fmeld of
the laser light, ‘collides with an ion and the organized
oscillatory'motion of the electron is randomized, thereby
1ncreasang the electron temperature.

As the laser energy is absorbed by the plasma, the

plasma energy increases as K-1, where K is the absorption

;coeff1c1ent for inverse bremsstrahlung Dawson(1964)

prov1ded a derivation of ‘this coeff1c1ent For a uniform,
homogeneous plasma the 1nverse bremsstrahlung absorptlon

coeff1c1ent is glven by Johnston and Dawson(1973) as,

\

K=__  16m23(N,-N,)e‘lnA -
3cvo’(2nm kT )‘3 ’{1—(» /vo)f]r"z) (3.10)

where
m =the electron mass
e =the electron charge
"N =the electron density
kT, =the electron temperature .
Z-e=the ion charge
N, =the ion density
c =the speed of light
vo =incident laser frequency
v, =the plasma frequency
and,
InA=the Coulomb logarithm



The argument of the Coulomb logafithm is defined by the

max imum to minimum impact parameter involved ﬁn?the
séattering procesg. Iﬁ cases where the collisiéﬁ frequency
is much l;ss than the plasma freduency,
| A= (bmeom-v,)/(zew,) O Gan
‘However, in cases where the collision is governed’by the
high frequeﬁéy,incident electromagﬁetié radiation, wo, and
if the plasma is well underdense so thatfwo>>wp~theéfthe.
-expression for the Coﬁlomb logarithm‘must be adjusted”
(Shkarofsky et al.,1966) to give, o
A ='(4neom-v4)/(§Zeiwo) |
where ¢ = 1,781 o (3.12)
For plasma cdnditiOns typiéal of this study)lfhé:}
éollisional'Céﬁlombblogarithm ié, from equation (3.11);
1nA 5-9,6 - B S (3.13)

The frequenéy dependent Coulomb logaiithm can be

-

estimated by assuming the density cbndition, n/h;=.025, 50

that,

1nA

9.941n{s-<L°/wp)}
- 9.0-1n{1.781//7025) .
- 6.8 7 "" (3.14)

For inverse bremsstrahlung absorption the input laser

frequency go;erns the collision process so that, with the
above density condition, lnA = 6.8 and equation (3.10)
reduces to, = ——

\




electron ion temperature\gatlo

q

K= 7-10"2%-N2/T(3/2) cp-> (3.15) -
where -|N|={cm"*| and ]T|=|ev|Q
The reductlon in absorptlon w1th 1ncrea51ng plasma“

temperature 1s of partlcular 1mportance The effect is such

that as the ‘plasma temperature 1ncreases, it becomes ‘more

transparent to the laser and the laserxpenetrates furfher'
into the plasma. ‘
The inverse bremsstrahlung absorption length, L, is

defined as, -1/K cm Wlth an electron den51ty of N 10“cm

" the absorptlon length w1ll range from .5 to 5 cm as the.

electron: temperature ranges from 10 to 50 ev.

\

It 1s worthwh1le at thlS p01nt to estlmate the

Neglecting thermal ndqgtﬂén losses, the heatlng

e

'equatlons can be wrltten as,

‘

OT./3t = (2/3):KI/nk = (T,~T,)/r  a)
0T:/3t = (1,-T,) /1 b) (3.16) 2
where T,¥ the electron temperat |
' T,= the ion temperature.
T =t

he electron ion energ

Defining,

a = (2/3):(
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b= 3,107 0T, (/2 ey 3/2) /gec|
and combining the above equations (with dI/dt=0) into a
sihgie equation for T, (Offenberger, 1977),
a7, /dt® + (3/2) (1/7,}(ar, /dt)* + _
| + (2b/T{3/20) (AT, /dt) = abl/T; .
The spatial dependénce has beenOdropped so that T, is a
function of time alone. From Rehm(1970), the time dependence
for_the electron temperature (based on Bleaching wave
heating) méy be taken as, | |
Te=To-t2/5,
Substituting this into the above equation for T, one
.o5tains, |
T, *'2)=(1.2a1)-t,
Using this result in equation (3.16-a), and setting
a,=T,/T,, one obtains, 4
a, = {1 - .52f(a1/bT,)}—'. | (3.17)
'Uéing the above defini£ions for a, b, apd T, this becomes,
@y = {1 - ,15-10*/(n-t)}-, |
Or, with a typical experimental yalue of n°5-10"*cm-*,
| | ay = {1 - 3,107/},
Clearly, for values of t>] hsec, setting T.=T, (i.e. ﬁ,=1)

+'will be valid.

3.4 Axial Wave Propagation
Rehm(1970) has found that the response of a plasma slab

to incident laser radiation is governed by two' parameters;
. the Bouguer number and the Boltzmann npmber,
! : .
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The Bouguer number, a, is the ratio of the

characteristic length, L, to the absorption. length, L. So,
. Al

a = L/L | | (3.18)

For ﬁ<<1 véry little laser energy is absorbed and the piasma
'mw»x\is essentially;tranéparent to the laser light. For a>>1 the
)asef energy is entirely absérbed in a very narrow region
within the plasma.

The Boltzmann number, f§, is the ratio of the convective

energy flux to the incident laser energy flux. So,

B=(a-pC,T) /1 - (3.19)

where, ' E

pC,T= the internal energy per unit volume
a= the acoustic velocity
I= the incident laser intensity
|

—
~4

With g<<1, the plasma resﬁonse is goverﬁed‘primarily by
iaser absorption. EffectSrdue to actual plasma motion will
be small, If g>>1, the'plasma motion becomes the main factor
N
describing the respénsef Laser heating will oniy be a |
perturbation.
For f<<1, Rehm desc;ibes_the plasma behaviour accbrding

/

to two time scales: the fluig response time, 7, and the

b

energy addition time, r,.
. The fluid response time is the ‘time required for an

acoustic signal to travel a distance equal to the absorption

-
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length. Thus, - , .

Tm=L/a (3.20)

The energy addition time is the time required for a
plasma element to double its initial internal energy through
the absorption of laser energy. Thus, ' b

\ .

7.=(pC,T) /(1K) | (3.21)

A

Clearly, B=71./7,. If B<<1 then a plasma element will
absorb energy much more rapidly than it can respond
(acousf?cal}y)'to another plasma element (r,>>r,).

Using these two time scales, Rehm describes two phases
of the lasef—plasma interaction. For early times, t<r., the
plasma remains atationary and ‘the goverhing equationa can be
solved analytically. At later times, t>7,, plasma flow is @
induced by pressure gradients generated by the laser
heatlng ~In this case, the early t1me solutlon is
supplemented numerically.
| With a>>1 and f<<1, length is scaled to the absorption

length and t1me 1s scaled to the energy addltlon time. In

one- dlmen51on, the governing equat1ons are,’

[




\
|
|
|
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conservation of mass (continuity): »
3p/3t + (v-3p/ax + p-OvV/3x) = 0 (3.22)
conservation of momentum:
m-(3dv/9t + y'av/ax + (1/p)-5p/8x) =0 (3.23)
conservation of energy: | '
35/0t + v-35/9x = IK/pT (3.24)
equation of state: |
P = po-exp(S) = pT/y ‘ | - (3.25)
where, |
p=density
v=velocity

_pspressure
S=entropy per unit mass

Absorption is taken to be via classical invefse brems-

strahlung.

Following Rehm, the dependent variables ate expanded in

powers of §,

-~

<€

f = f(0)+ﬁf(1)+ﬂzf(2)"'

e

Taking the laser 1nten51ty at the laser-plasma 1nterface to
be constant, the zeroth- ord?x\set of equatlons are then
solved exactly. |

In\the long time limit, t>>1 (scéled in units of r,), /
Rehm finds two plasma regions 1nterfaced at a p051t10n X

(scaled in unlts of L)
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Cx = (2/3)-[(5/2) £] 3/ ®) O (3.26)

Then, for x<<x the temperature and intensity equations

become, ' .

o~

. T(O)a‘[(s/zlet](Z/s)-{.1 . x/[(S/‘Z)'-t](a/s)}'

1€ = 1 4 x/[(5/2)£]03/%) (3.27)

and for x>>x, ' s

\

T a1+ 2 explx + 2/3-[(5/2) t](3/50)
109 ~ 2-exp{x + 2/3--[(5/2)-t]"-’/‘_’}/>£_‘(5/2)-~t]‘“5’
| (3.28)

The parameter x defines the front of a propagating
heating wave. Behind the frqpt the temperature decreases;
linearly with position. Ahead of the front the temperature
~exponentially appfoaches the ambient temperaturef

Using equation (3.15) and (3.21), the expression for ¥,
equation (3.26), may be scaled to normal :Ei;s with. time —

. hd . e, ' .
in seconds and distance in centimeters. Th gives,

x = (9.52-1024) - (I(3/5).¢(3/5) . §-(7/5) )Aléml
| (3.29)
where, . \ -

|I]=watts/cm? - |N]=em-?
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This heating wave'propagates without introducing any
plasma motion.(t<<rm). The process is explained as follows.
The laser energy is absorbed in a narrow region (a<<1). The.
plasma tepperature in this region rises rapidly. As the-
temperature rises, the absorpt1on drops rapldly allowing the

laser to pass through the reglon The adjacent. region o

absorbs the laser energy and is consequently heated. In this
way the heating wave propagates,

Because successive layers of the plasma are made

, transparent to the laser radiation, the laser 1s said to

bleach through the plasma and the heatlng wave is referred
to as a bleach1ng wave,

"With B<<1 and a>>1 or ax1 but for times whlch are
comparable to thggfluid response time; a numerical solution
is used to supplement these results. Rehm finds that steep
gradlents develop in the plasma density (plasma motion now
becomes slgnlflcant) indicating the formation of a'shock.
Since laser energy is oontinuoule»depoSited behind the
shock, lt is expected that the front will propagate as a
detonat1on wave, Opt1cal detonation and shock formation will
be dlscusseo in a later section,

Burnett and Offenberger(1976) ‘have derlved a

self-reqgulating bleachlng wave solutlon for the 51tuatlon

“where f<<1 and a=1. ¥

The ratio of thé plasma length, L, to the absorption

length, L (51/K), was taken to be (Krokhin, 1971), K-Lx=.67.

&



Using eqdation (3.15) for K and solving for thé electron
temperature T, |

T = (C,-N*-L){2/%) - - (3.30)
where C,=1-10"2%,

If the laser energy of intensity I, impinging on a
volume element, dv=dA-dL, in a ti;e dt, is cqmpletely
absorbed, then the internal energy of the plasma element
will be, ‘ |

E}=(I-dt-dv)/dL
however, Substituting, E;=(3/2) N-kT-dv and re-arranging
gives, \ y . |
.dL/dt = 1/(C, N'T) | s 0 (3.31)
where Cz=(3/éfk . Using equation (3.30) for T, one obtains,

L(2/3)‘dL'= {I/(C$2/3)‘Cz'Nf7{3))}'dt 4 '

Integration (assuming I and N to be constant) givesﬁ

.(3/5)?L(5/39 = (1-t)/{Ci2/2).c, N7/}

: .. ,
‘or, , -‘. » | o |
L = [(3/5) - 1/{Ci?/3) €} 12/ (13780 g (3/8).N- (7750
| . . ' | (3.32)
With, Ci=1-10"3* and,rcz=2.4-10“' then, ;
L o= (3.7-102%) - (1€3/%).¢(3/5) . -(1/5)) lem] (3.33)

where, |I|=watts/cm? and * |N|=cm-?

_This. expression for L (where a~1) and that given by
¥

" ‘Rehm . (where a>>1) show identical intensity, density and

temporal dependence. The constant of proportionality,
however, 'is "2.5 timesgylarger when a>>1, This is expectéd
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since if a=1 some portion df the laser will not be absorbed,
thereby reducing th;‘energy content of the plaéma.
Fﬁrthermore, with a1 some laserAenngy is absorbed well
behind theyfront and may not contribﬁté tO'fhg“velocity of
the plasma front. | |

The parameters found in these bleaching wave models may

be estimated from expected experimental conditions. With,

\
P

g = T*/Tm
= (3/2)-(ﬁkTa)/1 ‘
22,4107 13NT? /31 x
where, ‘f |
[1|=|watts‘/cm?| |T|=f‘evl , |N|=|cm“."|

For conditions found in this study, B is found to be in the
range; 10“<ﬁ<10“‘50'@hat taking f<<1 is génerally valid.
The value of the paramete; a is some&hat,less cgrtain.’
In any case, as long as plasma ﬁotion is'not;induced{ that .
is, as long as t<<r,, then a bleaching wave solution is
egpected.  |
~ The fluid.response time is, however, a-dependent since,
T™m = L/a = L/(a-a). : L
The acoustic velocity, a, may be written, .
a = 10¢.p(1/2) cm/sec. -

> .
Using this expression and taking T=50 eV then,
: . .
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Tm = 1.4-10"7(L/a) sec jﬂ (3.34)

If the 1nteract10n is selfvregulatlng and a=1 is valid
throughout the experlment then as the plasma column length
increases, the flu1d response t1me also 1ncreases. U51ng
~equation (3.33) for L, and setting I=10" watts/sec and

N=10"'* cm-*, then,:
Tewm = f88’r0;2-t3/5‘
Thus, t<rm until t=1,=7.2usec and no plasma motion.is
expeoted.unti} late in the experiment.
. If on the other hand, the absorption length remains
constant and =1 cm throughout the course of the experiment,

then 7, would be a constant 14 usec. ThlS suggests that

. after a rather short perlod of t1me, plasma motion would be

expected to generate a shock wave and the axial behaviour
would no longer be described as a bleaching wave but rather

‘as optical detonation.
' A

Further discussion of the a parameter will be given ‘in

»

‘ Chapter 4.

3.5 Optical Detonation

The laser induced breakdown studies of Ramsden and
.Dav1es(1964) showed that following . breakdown an 1on121ng

sh ck developed. This shock propagated in the ant1 laser
direction with a veloc1ty of ~10” cm/sec.fThefpropagation is

explained by means of optical detonation.

<
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Optical detonation beglns with the absorptlon of laser
energy in a narrow red@on of the plasma. The heated plasma
expands rapldly outwardly 1nto the *ambient gas setting up a

shock wave. At the shock front the gagﬁls ?onlzed and, in

the region #earest the 1ncom1ng,laser l1ght, readlly,absorbs

the laser energy. The absorbed energy maintains the shock

and the propagatio_' ontinues back toward the laser.

Because of 1ts'51m11ar1ty t%IFhemlcal detonatlon, the

\e

‘process is referred to as optlcal detonatlon The velocity

with: wh1ch the front w1ll propagate is shown to be the
Chapman- Jouget point.

Ahlborn et al.(1982), have described the propagation of

“the plasma front along the axis of the laserjheated solenoid.-

in terms of optioal detonation. The laser energy is .agsumed
to be absorbed in a narrow plasma region behind an ionizing
shock front. As :the plasma temperature rises, the laser

penetrates further and drives the shock forward The
<&

approach is similar to that of Ra1zer(1965) but with more
detailed descr1ptlon of the shock interaction.

| Following Ahlborn et al.(1982),the enthalpy behind the

shock (mov1ng with veloc1ty, v) is given by,
Chy = 12:(g2) 7/ (gt 1) 2] g

: where g;~1.2 for an ionizing shock.,
R *#) . T
For complete ionization, the enthalpy required is given

'Y

as, ,

a2
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(5/2) - {2kT/mi} + {E,+(p/2)}/m, (3}35)
where,

E,-the ionization potential
D =the dlssoc1at10n potential
m;=the ion mass
KT=the gas temperature required for ionization

~,1- {E +(D/2)}/m,;

Taking hz=h*, v? may be written,
| vi'= 1,68-(3/2) {E,+(D/2)}/m,
and with, |

<, E;=13, 7 eV for hydrogen
( .

: D =4.5 eV for H,
. and m;=1,67265-10""'"kg
Athen, | ' | ' -
v > 6.6 cm/usec ' . | | | (3.36)
This velocity ie a minimum sinceva lower value would
imply a lbwer'enthalpyrstate than that‘required'for o
ionization. Furthermore, it is‘hoted that the process is
Belf-regulating so that the optical detonation‘froht
propagates.with a constant velocity.
' The process is-seen to be.self;regulating since an

r

increase in velocity implies that the temperature in the

post-shock reg1on increases which reduces the Energy
’absorptlon (which is via inverse bremsstrahlung) which in
Y'turn will decrease the veloc1ty Alternatlvely, should the‘
velocity decrease, then the temperature behlnd the shock
would drop Wlth the result that the energy absorptlon would

increase and the velocity would adjust ppward.
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.3.6 Radial Dynamics

N As the plasma column develops, the plasma behind the
1onization and heating fronts expands radially against ‘the
axial magnetic field lines. The one dlmen51onal,models

oY .
presented above do not include effects associated with this

‘expansion. These two dimensionalveffects will be considered

- later. Here a simple model of the radial'behaviour is

discussed. S

The diffusion equatfon,'aN/at = D'VN (where D is the
diffusion cOefficieht), is‘solved by the method of |
separation of variables (see Chen, 1974‘ pg l42) whereby the
density, N, is defined by separate functions of time and
space; | |

N(r t) = 'I‘(t) S(r)
The temporal component has the solution,
T(t) = To-e"t/~ ‘
The spatial component obeys the equation,
| | VfS = -(1/DT)'S
In cylindrical co-ordinates this beeomes'~

d*S/dr? + (1/r) -ds/dr + S/(D, 1) = 0 v (3.37)

é

| The-solution to this equationlis a Zefoth-order Bessel

"'function. Satisfying the boundary condition that at the edge

of the plasma (r=r,) the plasma density is zero, yields the

N

relation,

To/(D, 1) 1/2) = 2,405 S (3.38)

 so T, the characteristic theg\al loss time, is given by,

4
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r o= (1/D,)+ (ro/2.405)> (3.39)
. With an applied axial magnetlc fleld, the radial energy

losges should be dominated by the thermal diffusion of ions.
For a hydrogen plagma, the ion diffusion coefficient
perpendlcular to the magnetic field 1s given by
%
.(Spltzer 1962), v

D11= (1 B1- 10")'T(5/2) . 2 .
’ N- lnA(1+w ,i) E (3.40)

“ With IT |-ev and |N|=cm :,

AN

The ion cyclqtron frequency, w,, is given by, .

. N

&

veB/m‘;C'

9.56°10°-B | sec™' o (3.41)
with |Bf=kG ,

The ion collision"frequency,.u,=1/?}, is given by,

v, = N'O.(Ta/ma)(‘/??i 1
with, ; - | ) o
- | ' o‘=8ne‘lnA/(p.v5)’ -
‘then, ; e ) ‘ v
R 5.66-10°*-N-1nA/T(3/2) e (3.42)
So that, | S - | o A
| Wi = 1.69- 10"3 T"”’/(N 1nA) L S (3.43)

Hlth |B|=kG |T |=ev and |N|=cm»

- ; . ————— R J
The d1ffu51on coeff1c1ent is, therefore, a functzon Only of ;"#”

\

the plasma temperature, plasma denszty and the magnetlc‘ [

field strength
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Using this éxpression-in equation (3.40) for the

diffusion coefficient and substituting this result into the

’ expression for‘the thermal loss tfme'(equation“3 39) then

the ion thermal radius may be plotted as a functlon of time

for various magnet1c f1eld plasma temperature, and plasma

. A &
B Y .

In Figure 3 1 this calculated‘%adlal p051t1on\;s

plotted versus time. for varylng magnet1c fleld strengths and

"plasma den51t1es. The plasma temperature was set to 50 eV

The 1ncreased conflnement w1th a stronger field 1s clear.

: Thls is due to a decrease in the Larmour radlus and a

stronger ty1ng of the ions to the magnetlc fleld llnes.‘

As the plasma den51ty is 1ncreased the behav1our

©

becomes colllslonally domlnated and the confining effect of

v

the magnetzc fleld is conS1derably reduced

Ahlborn et al. (1982) have obtained a relatlon g1v1ng an

/

..upper 11m1t to R the plasma column radlus. As mentloned

equ1libr1um column i8

radlus is obtalned S . .

_ thls model descr1bes the propagating front of the Q;asma

column in terms of an’ 1on121ng shock The reglon well behind

the front is asstmed to have reached a steady state.<Th1s

dijvided 1nto three reglons' the laser

absorptlon zone on ‘the ax1s, a surroundlng heat conductaon
\

reglon, and an outer radlatxve coollng zone., By balancmng

the heat flux from the core ‘with the coolzng rate from the .

radlatlve coollng reg1on5 an expre551on for the cokumn‘

!

Ky

AT

“
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10 :
9 O=N:5x10“,B:50 kG
& =N:1x10'7,B:50 kG
) +=N:3x10'7,B:50 kG
8- X =N:3x10!7,B:0 kG
o =N:1x10'7,B:0 kG
v=N:5x10*¢B:0 kG .

Radial Position (mm)

T ' T 1 T
0 50 100 150 200 250 300
‘ Time (nsec) ‘

Figure 3.1 Dependence of Radial Expansion on B-field
Strength and Plasma Density: Ion Transport Model

Y
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“ k
R = 3.7-10"(n/no)P(2/8)p-(1/4)y-(5/8) (3.44)
where P=the input'laser‘power |watts|

B=the magnetic field strength | gauss |
(n/no)=the ratio of on-axis density to fill density
and x=AR/R : . '
~ where, AR=temperature gradient scale length

This expression for the radius represents an upper
limit since conduction heat losses in the outer regioh
(which may be substantial) are gpt considered.

The density raéio can be eétimated by assuming that the
~plasma conductivity ié high enough that the mégnetic field
is transported by convection rather than diffusion. That is,
the fieldeqyes with the plasmé. This is the frozen field
condition and yields the relation, |

‘ | n/no=B)Bo o (3.45)
whefe Bo is the external magnetic fieldzand B is the

imbedded field. If it is further assumed that locally the

plasma pressure balances the magnetic pressure of the

* \

external field then,

2nKT + B’/Bw = B3/8m, . v(3.46)‘ |
Substituting n=ny,B/B, iﬁto fhis equatién and re-arranging |
_giQes{ |

B* + (167noKT/Bo) B - BE = 0.
With A=qhnokT/B3, we have r

B=B, - [V{a? + 1} - a]

or, o : ' e
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N/no=B/Bo=y{A? + 1} - A . , (3.47)
‘Taking, for representatlve experlmental values, L
No=1-10"* cm-?*, By=50 kG, and T =50 eV tlien A=~.8 and,
No/n=2,0 |
Letting AR/R=1, usihg a typical experimental value of
P=10* watts and with the above density fatio,

equation (3.40) gives a limiting value fdr the column radius

of 1.2 cm. ' : : '/j'\

Ahlborn et al. (1982) have considered the»densityhratio
in light of the Nernst-Wienecke effect The Nernet effect is
a result of hot ions dlffusxng out from the core produclng
a21muthal currents which in turn, through’ the Lorentz foxce,
enhance the"tonflnement of the plasma. The Wienecke éeffect
is a result of the idnization of neutrals which have’
diffused into the core, Ih the presence of a magnetic field
the diffusion of ions from the.core is ihhibited while the
diffusion of neutrals is unaffected; In combination these
effects can increase the plasma density on axie. Ahlborn
et al. show that the density ratio can be written,

no/n=(T/1.7)(’/“%
Note that for T=50 eV, one obeains no/n=2.3, which is just
slightly larger than that obtained from the frozen field and
pressurejbalance_conditions. | )

Using a derived relation for the plasma temperature in
" the column (discussed in the next section), Ahlborn

et al.(1982) obtain, for the limiting column radius, the

expression,
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Rf//z/-‘}‘P(”“‘X\'(a/”'ﬁ'(”2)- . -I (3'.48)
>Using the same values as before, one obtains a maximum
radius of R=1,1 cm.

The Nernst-Wienecke effect, then, does not lead to a
_51gn1f1cant1y different limit to the column radlus as
compared to that predicted from the assumptions of pressure

balance and high- conduct1v1ty

3.7 Enerqgy Balance and Plasma Heat1ng
|
In dlscu551ng energy balance, the temperature equatlons

descrlblng the heat1ng and transport processes will be
simplified by making certain assumptlons.

First, advection terms will bé ignored so:that the
total time der1vat1ve is glveh 51mply by 9T/dt. Second, it
will be assumed that the magnetlc field is transported by
convection ;ather than diffusion, thereby eliminating joule
heating Finally it will be assumed that energy: ‘transport ‘is
through thermal conductlon rather than convectlon

These are the same simplifying assumptions used by

Burnett and Offenberger(1974). The resulting heating

eguations are,

BT, /3t = (2/3)-K1/nk - (T.~T,) /7 + |
+ (2/3nK) - (1/£)8/3r (Ko 3T, /3r) }
a'l - (T,-T,)/r + (2/3nk)-(1/r)3/8r{K,.(3T./3r)}
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3T, /3t =7(T,-T.)/7 + (2/3hk)-(1/r)a/ar{&u(aT¢/ar)}
L I (3.49)

where T.=the electron temperature' - .

and T,=the ion temperature,

Burnett and'Offenberger(1974) give the‘foll§wing
f‘inequality which must hold for ‘the above assumptioné to be
rvalidf | .

p,>p>.p,; *
where P 1s the input laser power
and where (iﬁ cgs with |B|=|kG|5,
P,=3-10° K., -B*/16 K'n
and f - ’
Pn=3-10*n-c?-B*/32n K .

) ’ - ’ ' | . ] . ? N ‘
These power levels are determined from limitations . on_

&
L)

.y, the ekpansionvveIOFity. P, is related t§ the requirement *
that the magnetic field be frozen to the plasma expansion.
This provides a lower limit on the expansion velocity so
that the magnetic diffusién time will be much less than the
“time for expansion. P, is related to the requirement_that
thermal conduction dominate thermal convection, This
provides an upper limit for the expénsion velocity.

Tﬁese power levels c&n be evaluated and compared with
the input power level, P=10' watts, to give the haximum
B-field and the»minimum plasma temperature under whicﬁ‘theqe

assumptions will be valid.



84

.
With, w!r?>>1 then, K.x1.3-102¢T, -B-*K which gives,

P,= 2.4-10°'T,/n,

Setting n=5-10'" cm-? and P=10'*® ergs/sec, then the

condition that P,>P may be written,

N T.>20 eV
N
Thé other power condition involve§>the plasma

resistivity,'n, which is given by,

n>2-10" " ‘InA/T. /%) (esu)
whére |t |=ev ..

Usinglthis éxp;ession for n, we have,

Pn= 6.6-10**B?*/n?,

]

With n=5-10'" cm~° and P=10'% ergs/sec, then the condition

oo ___that P,<P may be written, S _ PO U
R ’ ) .
B<150 kG
<
¢
68

These limigatiohs,on the plasma temperature and the
field strength should be easily satisfied in the |
laser-heated solenoid experiménts thereby/Jélidating the use
of the quasi-static approximation, | .
« ; . Anothét simplification may be made by takihg the ion

;45 thermal lgéses to dominate the electron thermal losses (i.e.

- - K;,>>K.,). The ratio of these conductivities may be written,

&

p

3
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| i
R SR {1+ M/m) - (wir3) ) (14 (wir ) 2],
; |

 conditions typic%l_pf this experiment, .5<(w;7;)<10.

ives 5<(K,,/K.,)<40 which justifies this
simplifica'ion. ' ' /;////////

The rate of energy equilibration has previously been
shown to be very rapia, rzéo nsec, so that for times grééter
thanithis‘T,=Ti,and the teméeratﬁre eguations may be further
simplified. o “ ‘

‘The regﬁlt of the;e simplifications_,is that heating

from the incoming laser is balanced by radial ibn thermal
} .

conduction losses. This gives,

’IK=1/r~{a/ar(Ka;‘faTe/arX}.

Approximating, H
(1/r}-a/af(rFaT,<Br)x(1/R)-T,/AR
where R is éhe equilibrium\plésma‘column radius.
Assuming the laser beam size will match the plasma size

then, P=I-7R? and,

r , ‘
T. = P-(AR/R)-nK/K,l @ (3.50) -

» \\\\\\\\\“

With w;1|>>1l we haVe,

" K/Ki,= 3.124-10-*B*/T, |Te|=ev]

Substituting into equation (3.45) gives

¢ v



Td = (3.124/1) P (AR/R) -B* 10"

or, Sy

T POV/2)(AR/R) (/20 B107 0 (3.51)

A

n

Ahlbornlet al.(1982) fouqd the same scaling for the plasma
tempefature\in the equilibrium region behind the shock front
in their model oflth; laser-heated 'solenoid.

| Agdin, taking representative experimentalvvalues,

Pﬁ10' watts, B=50 kG, and AR/R=1 tPe# the plésma temperature

: : . . . . coN . : .
may be estimated. Substituting 1nto\eggftlon (3.51) yields

TQ:SO év. ’ ‘ ‘ . N A

. Considering the case where w,r; is not large compared

(

with unity, one obtains a more complicated expression for

3
S

K/K, ., namely,

K/K;+=10"2*-(10%n? + 2,9-102'B*T3)/T*,
L ' 3 ) ;‘
Substituting this into equation (3.50) yields a fifth order
- ) #
equation in T, the temperature. The solution now depends on .
! 1

.

-the plasma’density as well as the laser power anq the

* magnetic field strength. Taking P=10' watts and B=50 kG as

before and letting n vary from 10'’-10'* cm”® yields a
plasma temperature in the rénge of 55 to 85 ev.
| Near the end region of the plasma column (or near the

orifice), the calculations given above will-no longer be -

valid since axial convection losses will dominate radial -

losses. If one assumes that these losses balance the laser

hegéing'then, « g
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=(3/2)nkT,. /1

where 7, the characteristic convection loss time is defined
1 o ‘ ”
as, "
4 . . .
= L/2a = L/(2.5-10*T('/2)) : s
- . R G G
. Using equatibn (3.11) for K éives, f
—_— A\ | S
Te= 5-107*(n-1-L) "/ 2) v & r(3.52)"
. R ”"‘(s ' ( .
Yyl .
Using representative experlmental values, n=5-10"'"" ecm-2,
< I=5-10* W/cm?, L=2 cm then the plasma temperature is
estimated to be“40 ev. .
3.8 Two Dimensional Numerical Model
e
+3.8.1 SHELL
The two dimensional (2-D) code, SHELL, was developed by
McMullin et*al.(1979) to 51mulate the magnetohydrodynamlcs
of a//yilndrlcally symmetric plasmgﬁw1th an imbedded: \\\g

solenoidal magnetic fleld
The SHELL code has the following features:
1. The plasma is treated as a 2-temperature, ideal MHD
fluid. | | “
2. A-solenoidal magnetié 34:;; permeates the plasma.
| gé_Magnétic diffuaion is allowed for by settihg the

electrical conductivity to be finite.



_ heat flow equations are more easily handled with a

'

generally easily satisfied in the laser-heated solenoid
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4. Electron-ion energy exchange is at the“cla;sical\
éq@ipartition raté, k - ‘ o
5. Shock waves are handled by incluaing an artificial
viscosity ;érm. J L R o
6. A magnetic flux'co—ordinaté system is used.
Beqausé the motion of the‘plasma is essentiaily QH?>»
dimensional along the field linéé, the selecfion'of the §
field lihes as a co-ordinate systeém can simplify the —

analysis. Furthermore, since heat conduction along the field

4
lines is much greatér than that perpendicular to them, the

co-ordinate system which is .tied to the field lines

ae = ) \ ~
(Anderson, 1974), , s Y

To further simplify the calculations, the code takes
“ ' B ’

\the slope of a field line to be a small quantify,ve, so that

terms of order e’ can be ignored. The condition -that e<<1 is
i .

-

experiment. . . /

Using subscript 'z' to refer.tova;ial components, g
subscript 'n' for radial components, subscript 's'>to v
identify theAgpecies!(electron or}ion) and nbtiﬁg that ,
N=the glectron”number;density, M=the ion mass, V=th¢>fluid
velocity, P=the scalar pressure and, finally, the total
derivative, d/dt, is the conyecfive derivative£~‘

d/dt = 3/dt + V,-9/9z + V,-3/dr '

The governing 2-D equations can be summarized:

<«

o
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~conservation of mass(continuity):

dN/dt + N{aVv,/d3z + (1/r)a/ar(rv,)} = 0 - (3.53f

conservation of momentum::

axially, , \ , t
m-N-dv,/dt = -3/8z(P+q,) (B,/47)-(3B,/3r-3B,/3z)
| 'tadially,' Y ' " \\\ »\\

m-N-dv,/dt = -3/3z(P+q,) (B,/4r) (3B,/dr-2B,/0z)
"where, g =.an‘artificial viscosity.term " (3.54)
temperature: i ' | C £
' N-4T, /dt - (ﬁ—1) T, -dN/d£‘=

= NQT,/dt|. + (3-1)-(NE} - ¥+Q, + J%/0,) (3.55)

~w?eﬁe, on the RHS, A -
the first term = the collisional energy exchange
: a ° . between species,
the second term = the erternal energy
%f \“ . source ‘term,
the third term = the heat conductlon term,
and, S ,
the final term' ,= the Ohmic heatlng term,

These equations are transformed to magnetic flux
co-ordinates and solved by a 2-step second order Euler
method. The spatial derivatives were determined by central

differences.

3.8.2 HEATER
HEATER (McMullin et al., 1981) is a 2-D code used to
describe the propagation of the laser through the plasma.

-

The effects of absorption, refraction, and diffract..n o%
, | ) :

»

\
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the beam by the plasma are included in HEATER. The power
absorbed and the’ ponderomotlve forces are calculated and
returned to SHELL where they are used in calculatlng the

plasma character15t1cs ' , A
o Con51der1ng only spatlal variations of the laser beam,
o g

the electrlc field, E(r, z), will satisfy the Helmholtz

"\, edquation. In cyllndrlcal co-ordinates and w1th cyllndrlcal

13

symmetry, thls glves, : ; ,
« o : ]
- ‘ —
<4 ‘ o
(1/r)-2/3r{r-9E/3r} + 8°E/dz® +
o o (wiet)elr,z)B=0 (3.56)
~ X ’ ‘ .

where ¢, the‘dielectric constant is given by,

(5/

e = 1 = (& fw?) (1=iv,/w) ; - (3.57) .

where w, =the plasma‘;requency
- w =the incidefit laser" frequency
Vm =the electron colllslon frequency

. By defining, - . _ .

E(r,z) = {Bﬁw/k(z)c’}"/ﬁ’-w(r,i)X
X explilo)* k(z')dz' 1) © (3.58)
where, ' |
v O
» k(z) = w/c{Ree(0,z)} /2>

0
——————————

then, the time-averaged electromagnetic flux, F, will be

given by,
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F s vir,z)]

The value of F.1s used 1n calculatlng the laser power
absorbed - and the ponderomotlve forces. ’ L
Substltutlng equatlon (3 58) into (3:56) and by

assuming that vaflatlons in w and k(z) are small, gives,

oy/oz = (i/2K)-L(1/1) - 3/r {r: ay/3t] - q*ydr,z)]

4 B ) ' -

(3.59)

where, _ E ) " o o
.-;gu,z) = (1/e?) (o (r,2) - ©3(0,2)] - (iwi(r, z)vel/w)
: ‘ a LY A ! .
. ( : 1

The first term on the RHS of e@uationf 3.59). describes

the dlffractlon of the beam Whlle the second.term 1nclUdes

%

both refractloh and absorptlon Equatlon (3 59) is solved

numerlcally in HEATER by a ‘cubic spline method

‘3.9 Stimulated Scattering

’5;9.1 Preiiminary Remarks ;o
fhe long scale'length, homogeneous, ,underdense plasma \5
of the laser-heated soleﬁqid provides a usefuiwmeaium in
which to study stimulated scattering‘precesses.

In this section physical mechanisms will be ‘discussed.

The use of spectral measurements of ‘the scattered radiation

. in determlnlng plasma cqndltlons will be outlined.

Vg : ‘ . !

&
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3.9.2vGenera1'Mecﬁanisms

The basic physical mechanism:ﬁnderiying stimulated
scattering involvgs the beating of an iﬁcident electro-
magnetic (e-m) wave with a plasma wave to produce a
‘scattered e-m wave. ;

Identifying;the'indident e-m wave with subscript '1',
the Teflected e-m wave with:subscript '2' and the plasma
wave with sﬁbscript '3', the matching conditions wtich must

'be satisfied-are,

i \
Wy = wy t w;
51»? ka *+ k; - (3.60)

'
The stimulated scatterlng process may be unstable since

‘the reflected and 1nc1dent e-m waves also beat and produce a
ponderomotive force whlch serves to enhance the original
‘plasma wave., This feedback mechanism allows the plasma wave

"and the reflected e-m wave td‘grow together.

Drake et al.(1974) developed a general formalism for
the 3-wave parametric instagility prqces;. From an

. equilibrium condition consisting of electrons oscillating in

the electrlc field of an incident §-m wave, an electrostatlc

plasma wave is introduced which produces a propagating

den51ty perturbatlon. The Vlasov equatlon for the elecf,s,

including the ponderomotlve force term Vy/m, is,
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/
—_
0f/3t +v Vi + {-(e/m)E - VW/m}-0f/3v = 0 (3.61)
, .
This equatlon is lznearlzed and solved giving the electron
response | A

The ion response (now ignoring ponderomotive effects)
1s similarly obtalned and then related to the electron
behaviour through Poisson's eqguation. The resultant
expression fg?*thekelectron density fluctuation is then
incorporated into the solution to the wave equation for the
side-bands generated by the\;nteraction of the incident e-m
wave and the electro-static wave. This leads to a
generallzed plasma dlsper51on relation describing the
process,

In the case of stimulated scattering the electro-
magnetit components of the side-bands dominete. Furthermore,
.‘by considering'only the high frequency (Stokes) component, a
reduced dispersion relation is obtained,

i
]
{
!

/e + 1/{1+x,} = {2k%Ls/[w,kw—Aw)]}-w’(e,¢) (3.62)

where; ‘ )
Xe,i are the electron, ion susceptibilities
§o=eE,/mw,'is the eiectron quiser velocity
Aw=c?k -k, /w, - c*k?/2w,

) B .

The angular dependence is given by,
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3 5

v(8,8) = |sin(s)|cos(6)

where 6 is the angle between ky, the incident e-m wave, and
k3, the plasma wave, and ¢.is related to the difference in
polarization of the two e-m waves. |

From the wave vector matching conditions,
equation (3.60), it is clear that as 6-0 then the scattered
e-m wave propagates ba@kward. From the givenfangulat
dependence, growth rates will be maximum and thresholds will
be minimum for backscattered waves.

Invdetérﬁining the thresholds and the growth‘rates, the

appropriate expressions for the electron and ion

-susceptibilities must be determined. Tthe expregsions will

depend on whether the interaction is viewed from a
' : L

hydrodynamic or kinetic stand-point.

J Two types of instability can be described. If the

dt:;jng of the plasma wave is strong then the instability

w1 grow only as it moves from one spatial location to

another. This is referred to as a convective instability. If
the damping is weak then the instability will grow
temporally in any fixed location. This is referred to as an
absolute instability. "hreshold conditions and growth rate
equations depend on the nature-of.the instability.‘

Various processes, notably Landau damping, serve to
pre;;nt the growth of plasma waves. A requirement for
instability is that these damping losses be overcome by the
gain from the incident e-m wave. The instability is

AN

generally limited by saturation mechanisms which may either



enhance the damping losses or disrupt the phase”hatchingr
¢onditions and stop the gfowth.

3.9.3 Stimulated Brillouin Scattering

Stimulated Brillouin scattering (SBS) involves the
*
interaction of the incident laser e-m wave with an
" ion-acoustic plasma wave.

An ion-acoustic wave is a normal mode of the plasma/s It

\
A

is generated by fluctuations in the ion density. Beca SQ of
ion thermal motion and electric field effects the
oscillation will propagate. The ién electric field is
shielded by the eléctrons but becomes availabﬂe'to affect
propagation because of the thermal motions of 'the electrons,
The dispersion relationlgoverning the propagation of the
ion-écousﬁi% wave, therefore, depends on the temperature.of

the ions, T, and the electrons, T.. In the: hydrodynamic

limit, it is given by,

w/k = {(T, + 3T, ) /m; } /) " (3.63)

With the experimental conditions present in the
laser-heated solenoid, Offenberger et al.(1976b) have shown
that heavy aamping and, consequently, convective growth is

expected. In this case, the threshold condition is given by,

(273L)/(7,c)>> 1 s (3.64)

where,
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Yo = the homogeneous growth rate

Y» = the ion-acoustic damping rate ,
L = the effective plasma length

¢ = the speed of light

The homogeneous growth‘rate.is given by,
Yo = (1/2)'(V0/C)'(wa/wa)(i/Z)'Upit
where, :

Vo eE,/mw, = the electron‘qdiver velocity
w,; = the plasma frequency (ion)

5
L |

The gain is given by,

G = (1/4) {wi /wi) - (vE/vi) - 73k,L (3.65)
wheré, A
v, = (KT/m)‘'/2) = the electron thermal velécity
T3 = w3/(2y;) = ion-acoustic damping time

The parameter }3 is defined (Offenberger, 1981) by,

-3
w
n

r/[{1 + B*-Re(F,)}? + r2] (3.66)

F, = 1 —'2~x-exp[-x’]-{J*exp[tzldt} +
+ jVm-x-exp[-x?]
B = VT, /T)

'Vlw725-ﬁ’(Aw/kv.)-exp[-(1/2)-(Aw/kvl)’]E

and

The reflectivity, the spectral shape, and saturation

mechanisms will be discussed in terms of the experimental

. results in Chapter 4,



3.9.4 Stimulated Raman Scattering

‘Stimulated Raman scatterlng (SRS) involves the
1nteract10n of the 1nc1dent e-m wave w1th an electron plasma
wave to generate a scattered e-m wave.

Electron den51ty fluctuations lead to the well known
plasma oscillation Whlch will propagate as an electron’
plasma wave because of the thHermal motions of the electrons
and electric field effects. The governing dispersion

relation. is given by, | '

W3

{w? + 3k (kT/m)} 172 (3.67)
where,

we= {(4mpe?)/m} '/ %) = the plasma fréQpency

3

In the laser-heated solenoid,‘SRS was shown
experimentally (Offenberger et al., *1982a) to be described
¥

by an absolute instability. In this case the growth rate is
) ! :

given by, | /
Ty =[27o(Vava) (172 {1 7r/(1/2) A 2730y
- (y2/vatys/vs)] /(V2v3)/ (vatviy)] (3.68)
‘where, ‘
Yo = kavo[wp/m,.-wp)](//“/zﬁ

the homogeneous growth rate

with,
w,; = the in¢ident laser frequency
w, = the plasma frequency
Bnd Vo =

the é}ectron quiver veloc1ty

aﬁd, : ‘/‘\
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k = 76/(V2V3)'k'

A

with k'=d/dx{k,+k,~-k;} (for scalar wavenumbers)
= the phase mis-match gradient

and where for fhe three waves,
vi{i=1,2,3) are the group velocities
o8 (1v1 2,3) are the damping rates
‘and 1, is the intensity of the incident wave.

™

, The growth eﬁuation incorporates two thréshold
conditions. In the absence of damping (y;=y.=0) then in
order that >0, we have theﬂrequirement;
ﬂ—(I/Z),.)\-(2/3) < 1'
or,
N> e (30 ' | - (3.69)
"
This 1nd1cates that the plasma 1nhomogene1ty (characterized
by the phase mis-match gradlent k') must not be too large.
In the absence of any 1nhomo§éneity and vith weak
damping of the scgztered e-m wave (so that v3/vs>>y./v,y)
then the growth equation w1ll be proport10nal to-

[270(vevy)~'/2) - y5/v;]. This gives a second threshold

condition;

v3/Va < 2yo/(vav,y) /2]

or, ' . _— y

Y3 < 2yo(vs/vy) 1/ 2) | v , (3;70)
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These éwo threshold conditions léad, separately, to
minimum values of the incident laser intensityﬁrequired to
drive the absolute instability. The remainder_of this .
seétion will involve calculations wﬂﬁch will lead to
estimates of thgse th;eshold levels. These estimates will be
compared, in later chapters, with the experimentally
obsifved threshold.levels. |
In determining esfimétps for the threshold laser
intensity, the following expréssions will be used:
The plasma frequen&y,. |
w,=5.65-10*/({n,) sec~' ..
Th; Debye length, [
Ay=7.43-10*/(T./n,.) cm
' The electron thermal velocity, .
v,=5.9-1O7VT: cm/sec
And the wavenumbers (scalar values),
(ky)2=(1/c?) {0l ~wi}=(w,/c)*{1-(n/n,)}
(ka)*=13/c*) {0} -wi}=(1/c)* (1-2/Tn/mg))
(k3)2=(2/év2){w3 w2 }=(k,+k,)? -
where, no=critical density
For a CO. laser,:. - | oy
Cwy=1,777-10"'* sec-!
And setting, : .
ng=2.5-10"" cm;° ,’anq/Te=45:eV
Theh, o 5 )
w,=2.825-10"* sed-"

 X¢=9.97-10"¢ cm \\

)

v

/
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v¢=3.96-10" ¢m/sec ' : “
L V0=2.72-10*/1 cm/sec
and n/ny=.025 (/

So that,

Bl

9k,=5.85-10° cm~"' . - -
kz=4.90-10° cm~"
k;=1.08-10* cm-"

‘and,

-

w3y=2.83-10"? sec™

©z=1.49-10"* sec™' | Yy

From the inhomogeneity cdndition, equation (3.69), the

- N . . \
threshold is given by, h ‘ S

N o= v3/(k'vyv,) = g 3/H (3.71)

H

Expressions for k', v,, v;, and ¥y, must be obtained.
a

The wavenumbersﬂare given- by,

dk,/dx = -(w,/kic?) dw,/dt o

dk,/dx = -(wy/k,c?) -dw, /dt

and dkg/dx _(20),(/3}(3V¥)d(a)x/dt

where w, is the plasma freéuency at a position x
along the solenoid.
Clearly, kj >> k}, ; and one may set k'=k},
With a linear density gradient, the density at a
p?sition X along the solenoid is given b§,
n, = n(1 + x/L),
where L is the density scale length,
Then, by defini;ion,

wx = [wi(1 + x/L)]"/2

¥ v
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sO - ) k
’ | o

do./dx = (1/2w,) (w3/L) ¥
.b“jL\?“d substitutihg into the expression fof k3
k' =" w?/(3ksviL) = 1.57-10%/L . (3.72)

1

From the definition of v, (equation 3.68),
(k3) H{wp /{wy - w, )} (ve)?2/8 ~
2.76-10°¢ v}

i}

(’70)z

L}

| 2.04-10' -1 ¢ |I|=|watts/cm?|.(3.73)
i L™ £ )

The velocities v, , are given by, ¢ '

3-10'° cm/sec _ ' R

R

Va

Vi,

4

dwsy/dks = (3/2) (vik;/w,) = 8.98-10” cm/sec .
Using these values and subgtituting equétions‘(3.72)
and (3.73)/into equation (3.71), the threshold intensity ié
given by A | |
1=n-‘€’“>-(i.57-3057L);(3-1o'°)~(8.98~10’)/(2.04-10"L
TakingJa density scale length of 20 cm, o
{ 1 - 4.4~10;° W/cm? | | . 03.74)-
Similarly, a threshold intensity can be obtained from
the damping coﬁaition. From equation (3.70), the threshold
is given by, - G . v
(v5/2) Vv3/v5)
9.14-7vy . . : | (3.75)

o)
Taking y, as the electron-ion collisional damping then,

n

Yo

§

i
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Ys = 3:107¢n. - InA/T{?/2) = 7,5. 1012 /T3 %)

where 1nA, the collisional Coulomb logariﬁhm, has been set

.to 9.0,

‘ Substitufing into equation (3.,75),

(70)? = 4.7-10%¢ /T2

From equation (3.73),

(yo)? = 2.04-10"" -1
-
Equating these expressions and us1ng the above relation for
the QUlver velocity then the !hreshold intensity is given
by, . ;
| 1=2.304-10"*/T°, | o (3.76)
The ambient electron témperatnre is affecteé by the
transient heaéing prior to the SRS procesé. During thi§ 
period (experimentally found to- be "5 nsec) there is no time
for- the‘electrons to transfer energy and the change in
enérgy s entirely due to inverse bremsstrahlung absorp;ion.
The change in electron energy, e, is,.
de/dt = (3/2)nk-dT,/dt = KI‘ | (3.77)
where K= the inverse bremsstrahlung absorptlon coefficient.
From equation (3.15),6 |
K= 7-10-3*.n2/pl2/2)
where [T.| = |ev]. o
Substituting thig expre551on into equation (3.77) and
settlng the units so that |T|=|ev| and |I|=|W/cm?|,
TL3AT = ((2/3)-7.10°3% n-(107/1.6-10717) -1}dt .

Setting n =2,5-10""cm"?, then integration/gives,'
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(Te(S/Z) - T(()S/Z))' = (182.51)7

where To=the initial electron temperature.
w7\

Taking To=45 eV and setting I=5-10'° W/cm? and with

»

7=5 nsec, then the electron\temperature is.calculated to be
T.=81 eV. Using this value ip equation (3.76) gives the

self;¢onsistent value for the threshold intensity,
v ~

I =~ 4.5-10'° W/cm? ' © (3.78)

From’either threshold condition, then, the SRS process
is expected to onset for laser intensities in the range
4 - 5-10'° W/cm?, well within the’ experimental values.

4

The question of saturation mechanisms for the SRS

~

instability will be dealt with in térms of the experimentél

results,'in Chapter 4.

4
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CHAPTER IV

Experimental Results and Observations

4.1 Preliminary Remarks

/

- The .results of several experlments u51ng the

laser- heated solenoid apparatus are presented in this
fchapter; These results are analyzed and dlscussed in llght
of the theoret1ca1 background presented in Chapter 3.

The experiments were d1rected toward characterlzlng the

x1al and radial development of the plasma column,

determlnlng the plasma density and temperature, and
investigating the nature of the'stimulated scattering
processes. . ¥

During~the course of the study,.several different
experlmental arrangements were used Stable and unsﬁable
resonator optics.were used in the laser cav1ty Jo direct
the laser 1nto the solenoid both f/5 and f/15 focu551ng |
systems were used Flnally, both Spllt c01l and 51ngle c01l
solenoids were used to confine the plasma. These components
have been deScribed inlChapter 2.

Many results depended on the experimental arrangenent
Changing the focuss1ng ratio of the 1ncom1ng laser: produced

partlcularly significant effects. The condltlons under which

* the data were obtained is specified throughout.

Varlatrons in the laser energy, hydrogen fill density
and‘confining magnetic field strength led to a wide rang

experimental conditions. Input laser energies ranged fybm
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“150-~500 joules, hydrogen fill pressures from ~5-"30 torr

‘:and'maénetic field strengths from 0-"70 kG.

The . basic experiméntal/procedures and the diagnostic

/ i

techniques employed were détailed'in Chapter 2.

4.2 Axial Development

The axial formation of the plasma column was determined
?entireiy thfough‘the.analysis of axial streak photographs.
Examples ostﬁréék photégraphs are given in ngure 4.1.

The spatial and tempbr;IJéalib;aﬁioﬁ of the sFreak
photographs ére easily détermined: Spatially, the distance‘
bet&een ﬁhe line on the ph;tograpﬁ are‘di:gbtly related to
the distances‘ etWeen thg.Solgnoid windows. Temporally, /-
calibration waé achieved by sy%tematicaily varying thé
timing between a nsec ruby-léser pulsé and the triggeri;g
of the streak_cémera. Thé distance from the location of the
ruby light on the streak photograph to the basé of the |
photdgraph'was medsured. Plotting this distance versus the
knowh time delay gave- the appropriate calibration.curve. -

Fo

4,2.1-Results and Ana;ysis.
| From a uiééqhiﬁg wave modél; the location of the axial
front depends on the laser inten?ity, the plasméiden-jty and
time according to,‘ ' . . |

7 L « I(a/s);tga/S)/N(7(E)
Inianalyzing the axial -streak data,tgﬁesedebéndencies'Will

be examined., N\ ' T /
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" AXIAL STREAK PHOTOGRAPHS

LASER—
fﬁﬁ
s{?;
a|
. SPLIT-
~ SOLENOID

)
bl l It
SINGLE- .
SOLENOID 10ps
.~ 30cmie-
X=—p |
. . Figure 4.1 Axial Streak Photographs:
a) Split Solenoid (f/5 focus)
b)Single Solenoid (f/15 focus) -
S

%
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Axiai sfreak photographs were taken witp both
split-coil‘and single-coil solenoids. Since the observation
ports on the split-coil solenoid are closer togethef, data
from this device are more appropriate for use in determining
the location of the front and thus, its temporal dependence.

Twenty streak photographs were used in the temporal
analysis of the front. These photographs were digitizéd, a
cubic spline interpolating polynomial was generated, and the
result was plotted. Results for 7 of the longer columns are
shown in Figu;e 4.2. The error in the y-direction is + .5 cm
and in the x-direction it is + .1Vusec.

Some general observations may be made concerning the
axﬁal behavioug of the column. During any particular shot,
the axia; veloci£y 1s initially fairly rapid and slows with
time as the enérgy input decreases. The'c‘lﬁmn, however,
continues to develop even after the laserggnergyphas
. depleted (t>2usec). ) kd \

For early times, t<lusec, the column development was
uniform enough so that a velocity value could be détermined.
Under varying conditions of fill pressure and laser energy,
these values ranged from 3.90 + .2 cm/usec to )

4.1 ¢ .3 cm/uéec. For typical experimental wéiaé;
(p=16 torr, E=300 joules) a velocity of 6.9 + .3 cm/usec was
recorded..Du&ing very late. times, t>3.5hsec,\£he velocity is

also fairly uniform. During this period, the velocity ranged

from‘f98 t .04 cm/usec to 2.3 + .1 cm/usec.



[ ‘ 108

X
EXPERIMENTAL RESULTS:
AXIAL PRQPAGATION
35 —
30- ’:
S 2s-
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Figure 4.2 Axial Propagation of the.Plasma Column:
Fill Pressures from 7-25 Torr, Laser Energies
from 300-500 Joules
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In order to determine the power depenéénce of the axial
position of the column with time, a log-log plot was made.
The plot (for the samé data given in Figure 4.2) igwaiven in
- Figure 4.3. For the time period during which laser
influences are possible (t<2usec), a slope of .66 * .15 was
obtained for the best fit line through the data. The
temporal dependence is given, then, by

Lo« tse
This is in reasonable agreement with a bleaching wave ‘model
which predicts a power of .6 in time.

The dependencg of the axial velocity on laser ihtensity-
and élasma gensity was.examined. In this regard, 15 axial
streaks were analyzed. The data set selection was based on - -
the quality of the streak photograﬁh and the reliability of
the suppdrting hydrogen fili preséurefand laser energy data.
This data was taken priﬁarily with the single-coil solenoid
and unstable resonator laser optics. Both f/5 aﬂd £/15
focussing optics were used.

While a w@de range of values for the laser energy, E,
and the hydrogen fill pressure, p, exist in this data set,
the set is small and does not lend itself'to a detailed
analysis of the power dependence of these/parameters.
{gstéad, the Sleachén% modei wés tested by firﬁt estimating
the velocity over the first usec and plotting this value
against E(3/5’/§k;’f’. This plot is given in Figure 4.4,

Althouggféhe data set is small, the linear fit is very

good. The cqéfficient of correlation is ,92, A bleaching

i L

RS-
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Figure 4.3 Temporal Dependence of the Axial Propagation of
the Plasma Front: . _
Experimental Parameters as in Figure 4.2 .
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vave model would appear, then, to be well supported.

As derived in Chapter 3, the position of the bleaching
front is given by,

L = K,I(B/S)t(3/5)/n(7/5)

where for,
i

a>>1, K=9,2-10%* (Rehm, 1971)
and for, |
a=1, K;3.8-192‘ (Burnett and Offenberger, 1975)

An estimate of the constant K in the above expression
can be»determined from the streak data if estimates of the
laser_intensity and the plasma density are made from the
known laser input pdwer and the hydrogen £i11 pressure.

Assuming‘that the‘hydrogen is fully ionized and taking
the ratio of the fill density to the on-axis density to be
Nno/n=2, then the plasma densitf on axis is given by,

n = (6.6-10"-p5/2 cm-? |§L=|torr|
The laser intensity may be estimaéed from the equation,
I = (p/7R*)-[1 - exp(-KL)]
whére P=laser power
and kLz;s
giving, |
I=P/2,7z:R2
The plasma radius, R, used in this expression was obtained
‘from ra?ial density profiles taken under similar
-e;perimental conditions.
Using these expressions, the constant K was determined

from the axial streak data. Averaging over the data set a
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value of K = (4.74 + 2.40)-10°* was obtained.
Although there is a large erfor'assoéiated with this

value, it is in very good agreement with that predicted by

Burnett and foenberger(1975).
.

4.3° Radial Behéviour

(43 [
s

The radial behaviour of the plasma was determined
through the analysis of radiql~streék photographs and radial

density profiles, ? N

4.3.1 Radial Streak Photography

Examples of tadial streak photographs taken from'the
single-coil’ solenoid aré given in Fiqure 4.5.

Some obse?vations can bebmade directly from these
photograéhs. Thevinitial breakdowﬁ‘is apparent. During this
igétialfphase thé illumination is fairly uniform. The
expansion following breakdown is rapid and symmetric. While
th; edges remain luminous, the core often stops radiating or

else radiates’ in a non-uniform manner. The temperature and

density of the plasma are difficult to determine from its

luminescence but something may be said about its uniformity.

¥

With time, the plasma column expands out to a reasbnably

; _
constant radius.
» ' .
The radial streak photographs were spatially calibrated
by photographind a resolution screen placed along the axis

of the solenoid. The temporal calibration was the same as

for the axial streak photographs.
- . T -~ ,
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4.3.1.1 Results and Analysis

The radlal expan51on of the plasma column will be affected
by the magnltude of the confining magnetic field, the plasma
density and the plasma temperature. Using the ion transport
‘model presentedAin'Chapter 3, the effects of these
parameters can be anticipated. Increased magnetlc fleld
increased density and decreased temperature should all
result in reduced expansion. _ . o

| ‘Other eaperimental variables may also alter the radial
behaviour. In or near theé focal region, the focal spot size
and the f/ratio may well affect the radial expansion rates.
As meﬁtioned in Chapter 2,.two different focussing systems
- were used in this study. The £/5, off-axis parabola: system
resulted in a ~385 um spot size while the £/15 Cassegraln
focussing system resulted in a ~300 pm spot size,

A final consideration in the analysis of the'radial‘
streak photographs is the film exposure. Unlike axial
‘streaks»where the spatial location is well defined, the
- location on a radial streak photograph may be misinterpreted
due to'variatiqns in the expospre of the film, |

The data set used in the analysis of the radial

behaviour consisted of 16 radial streaks. These were‘éaken
from a,muchllarger set and selected according to the
avaiiability of supporting data and the quality of the
equsure. The photographs were digitized, cubie spline

interpolating polynomials generated and the results plotted.
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— ®

All data were taken with the single-coil solenoid.

~ Eleven shots were taken using the £/15 focussing system ang

the remainder with the £/5 system All data from the f/15

system were taken at ax1al locatlons which were 4.5 cm from

the focus. The data from the £/5 system were taken elther
.0 or 3. 0 cm from the focus.

Wlthlﬂ each of these data sets, shots were taken with
and without an applied magnetic field. Although shot-to-shot
variations in hydrogen fill pressure and 1aser energy
occurred, the data were 1nsuff1c1ent to draw any conclusions
with respect to the dependence of the radial dynamlcs on
these parameters | .

Figure 4.6 gives examples of thekradial position in
time with and without magnetic field for both the f/5 and
f/15 focu551ng systems. ' ' ,

. Though not particularly dramatic, the confining effect'
of the magnetlc fleld is demonstrated. The ion transport
model dlscussed in Chapter 3, showed that for densatles
typical of those used in this study the effect of the
magnetic field 1s not particularly strong.

Included in Figure 4.6 are curves generated from the
ion transport model. While. it must be noted that th;s a very
simple model and does not.account for any effects of the
laser beam»propagation, the general behaviour, particularly
for data taken nith £/15 focussing, is reasonably well
described. In fact, the data‘given in Figure;4.6 demonstrate

that there is a very significant change in the radial
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expansion from one laser focussing system to the.otherf

Taken éver the first 50 nsec, the average velocity for
data taken with the f/15 foc@éging(system is
4.5 + 1.2 cm/usec. For data taken with the £/5 focussing
system, the average radial velocity was 9.0 * 1.5 cm/usec,
twice the value obtained from the other system, |

The expansion rate (taken with full B—field)‘af later
times (100 - 200 nsec) showed a less significant‘erendencé
on the focussing system. With f/15 focussing, thé measured
velocbtydwas~.82 + .3 cm/usec while withxf/S focussing it
was 1.2 + .2 cm/usec.

The gesults of these expansion rate‘measufements\
indicates a strong influence of the.laser focussing system
during the initial phase of the radial. expansion of the
plasma column. It should be noted that the data were onl§
taken at ax1al locations w1thin 4, 5 cm of the laser focus
and the discussion must be restr1étéd to thlsﬁreg1on

The faster focussing-defocussing of the f/5 system may )
be expected to result in an initially larger breakdown
'fegion and subsequenp stronger heéting in outer fegions of
the plasma‘cOlumn. This would then result in more rapid
radial expansion. The reduced laser intensityband subsequent
reduction of the overallhplasma temperature would complicate
this argument. Incorporation of the laser effects in the \ﬁ
simpie ion transport mddel would be difficult, however, the
results of the 2-D simulation,iwhich includes laser

propagation effects supports these observations extremely
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well,

Further discussion of this effect and comparisons with .

the 2-D simulation will be given in the following chapter.

, S h
4.3.2 Radial Density Profilesw

The shifting of fringes in an interferogram identifies

‘the location of the plasma column. The use of interfero-

metric methods was described in Chapéér 2,
Examples of interferogramﬁ are given in.Figure 4,7. A

few observations may -be made directly from these raw data.

- Figure 4.7-a shows-aq interférogram'taken without.a plasma

column present. The fringes are straight and uniforhly
spaced.’

Figure”4;7-b shows an interferogram taken near the

breakdown front. The expansion of the plasma column behind

the front is clearly visible. v
Figure 4.7-c shows an interferogram taken‘Well_afEer

the passage of the frént. A wider,'516WIy expaﬁding, plasma

column is now-apparent. | |

Ay

A radial density profile is obtained from the inter-

ferogram by performing ap. Abel inversion on the fringe shift
"data. This procedure assumes cylindridal,symmetry which is

. ) H
generally expected and, indeed, observed. If the symmetry is

\ - L .
not present then, by assuming the asymmetry to be entirely

along the axis of the probing radiation, an asymmetric Abel

inversion can be performed and the dénsity proﬁ{le can be

"-generated.

R
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Figure 4.7 Interferograms (Singie Solenoid-f/5 focus):
' a) no plasma, b) plasma front, c¢) plasma column
 (arrows indicate location of fringe shifts)
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If perturbations are observed on an already shifted
fringe then the fringe may be invested differentially. This
is done by separately inverting the background fringe
(ignoring the serturbed(fegion) and the perturbed region of
the fringe (using the shifted fringe as a baseline). The two
inversions are then added.together‘to give the-complete
density profile.

: The spatial calibration of the interferograms was
obtained by photographing a resolution SCreeo;placed along
the axis of the solenoid. Axially the interferogram extends
over "1 cm of the column lengﬁh: Each individual fringe,
then, ‘represents é different axial location. By estimating a #
propagation velocify for the fsont, axial variations may be
treated as temporal effects{

| The'timing‘betyeen-the ruby pulse, ‘used in taking the
interferogram, and the breakdown front of. the plasma column
was determined by feeding a small amount of the ruby light
through an optical fibP¥e into the radial streak camera. The
streak camera then recorded the relative p051t10ns of the
ruby light and the breakdown front. In cases where this
method failed, the timing was determlned from the 51gnals
used to monitor the ruby and the CO, lAsers

Interferometry was used with both £/5 and f/15
focussing systems. Shots taken with the f/15 system We?e all
takeﬁat an axial location which was 4.5 cm from the focal :
region. With f/5 focussing, shots wefe taken at axial

positions 1.0, 3.0, and 10.0 cm from the focal region.

. 3
< o

A
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In total, 19 interferogramsrnere analyzed. These were
taken from a much 1arger data set. The selection was based
on the gquality of the interferogram, the timing with respect
to the breakdown front, and the quality of the supporting

\

data. Of,the 19 interferograms, 8 were taken with,the £/15
- focussing system and the rest with £/5.

in each interfe?ogram a- number of fringes were
inverted. Fringes r? be inverted were first digitized. A
smoothing cubic spline vas then generated. The smoothing
factor;was carefully chosen to reflect the error in the
dlgltlzatlon process. The smoothed fringe was then 1nverted
by an approprlate Abel inversion method.

Density profiles are very useful in characterizing
several features of the plasma column. These include the
formation of a density minimum on axis, the ratio of the
density maximum to minimum, the uniformity and symmetry of
the column, and a -precise measure of the radial extent of
the plasma. Figure 4.8 shows an example of an interfero-
metrlc fringe and the associated density proflle. The
symmetry of the frlnge, the den51ty minimum on axis, and the
radial extent of the plasma column are -all clearly
displayed. |

Density profiles ere aiso useful in showing the¢
remporal"deveiopmenr of the plasma colnmn near the breakdown
front. Of the 19 1nterferograms analyzed, 32-were.taken very
near the breakdown front. Five cases ‘actually included the

front. Of these five, 2'were-taken with f/15 focussing and 3
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with f/5 focussing. Examples of deusity_profiles taken just
behind the breakdown front are given in Figures 4.9 and
£.10. J

‘Figure 4.9 sﬁows data from an interferogram taken

4.5 cm from the focal region, using the f/15 focussing

[
P

L

[

system. The position of the profile in Figure 4.9-a is
nearest the front while the one indFigure 4.9-c is furthest
from it. The axial distance ‘between proflles 1s “840 um and
the proflle in Figure 4.9-a is ~840um behind the front.

From Figure 4.9ja it is clear that a density minimum’on
axis is rapidly eStablisﬁed. By estimating the axial :
propagation velocity as 7 cm/usec, the time, t,, required to
form this density mlnlmum can be estimated. A value of
tm>12 nsec is obtained. The formation of the density minimum
on axis is important in order'that the laser energy be
.trapped in the plasma. |

The hydrogen fill pressure for the data given in
Figure 4.9 was 20 torr. If fully'ionized, this corresbonds
to an electron density of 1,31 10" *cm™?. From Flgure 4.9,
den51ty values corresponding to full 1onlzatlon were not
reached until ~24 nsec follOW1ngbthe initial breakdown. In
Chapter 3 calculations were made showing that the time
required for full ionization would be expected to lie in the
_range of 5 35 nsec. The ueasured value of 24 nsec is in good
agreement with these cqlculations.

A shot (not showh) taken under similar conditions,

produced the same results with regards to the ionization

"
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time and the time required to ﬁroduce a density minimum on

N

.axis. X

‘The radial expansion_rafe for early times can also be
obtained from the interferogram. From the interferogram used
to produce the density prbfileé given in Figure %.9, the
radial expansion rate over the first "40 nsec was determined
to be 4.2 cm/usec. This value is consisteﬁt with the average
radial velocity of 4.5 % 1.2 ém/usec obtained by radial
streak analysis of data.taken under the same conditions.

Figure 4.10 shows.a sequence of density profiles
similar to that of Figyre 4.9 but for data taken with‘the
f/5 focussing systemf;The interferogram was takin 1 cm from
the focal region. The axial distance between profiles is
3.5 mm and the first profile (Figure 4.20-a) is 1.4 mm from
the breakdown front. |

Again it is clear that a density minimum on axis is
rapidly formed. The interferometrically measured formatioﬁ
time is_t;z15 nsec. ' . o

The fill pressure in this case was 17 torr cor-

responding, with full ionization, to an electron density of

1.1:10'* cm™?, Interferometrically, the density 15 nsec

after breakdown is below this value and continues to drop as

the plasma expands. If full ionization was achieved then it
possibly occurred in a time <15 nsec. Other shots taken
under similar conditions also indicate that either full

ionization is not achieved or else the ionization.time is

<15 nsec. Blurring of fringes near the breakdown front mékes
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~

analysis, at times less than 15 nsec, uncertain,

From the interferogram used to produce the density
profiles in Figure 4.10, the radial expansion rate dutring
the first 50 nsec was determined to be 7.1 cm/usec, While
slightly lower than the average value of 9.1 + 1,5 cm/usec
obtained from radial streak analysis, it is consistent Qith
the observation that the early-time expan51on rate with the
£/5 focu551ng system is’ con51derably greater than that with
the £/15 focussing system .

For data taken with f/5 focussing and at axial
positions near the focal region, perturbations frequently
developed in the central regions of the fringes..An example
of a fringe for. which this occurs is given in Figure 4.11.
In these cases the fringe is inverted differentially. The
aésociatea density ﬁtofile for the fringe in Figure 4,11-a

is given in Fiqure 4.11-b,

»
o '

On the interferogram, these disturbances would
initially appear on fringes a short distance (<.5‘cm) behind
the breakdown front, They were observed to grow ever 2 er 3
fringee> remain constant over several fringes and finally
~vanish over a single frlnge spacing. Assuming these effects
to be re;ated to the propagatlon of the front and‘a551gn1ng
a propagation velocity of. 7 cm/usec then these dlsturbances
can be characterized by a growth pe;iod_p§;29f30 nsec, a
stable period of “50 nsec, and very rapid decay <10 nsec.
Spatiaily, scale sizes ranged from .1-.4 mm and densities

were observed to reach 2 or 3 times the fill density.
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TheSe.disturbances may reflect a density enhencement
due fo‘selfffocussing effects or a type of density
instability It is importaht however to note that the Abel
inversion of 1nterferometr1c data is non-unique and othe;
interpretations may be possible. Scudder(1979) showed that a
fluted plasma column wou1d¥;;oduce fringes which are similar
to that given in}gigure 4.11-a,
¥ Prioreto~discussing the late-time behaviour of tH{f
plasma column, data takeﬁ near the breakdown front but at a
greater axial distance (10 cm) aleng the solenoid will be
considered. Of the '3 shots analyzed at this location, 2
included the breakdown front.

Figure 4.12 shows density profiles for one such case.
The time after breakdown for tHe profile given 1n
Figure 4.12-a is estimated to be 16 nsec. The profile in
Figure 4.12-b follows_the first profile by ~32 nsec.

The fill pressure for this shot was 12 torr and full
ionization (8- 10"cm") has been achieved in a time,

T;<16 nsec. A density minimum on axis is observed to develop
but not until a time -48 nsec follo&ing the igitial
breakdown. Even then, the density minimum is very weak.

In the other case, shown in Figure 4.13, the.fjll
pressure was 10 torr (6.6-10' "em- ?). The first profile
(Figure 4. ?3 -a) is estlmated to occur "8 nsec after the
initial breakdown. In this case, the density chrespondihg
to full 1on12at10n has been exceeded indicating some density

(1}

D < y
compression near the front. This is the only observation of
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such a compression and represents a 50% inerease over the
fill pressure.

'Similarvto the preuious case, a density minimum on axis
is not rapidly formed at this,axial location. Indeed, no“
minimud is observed at times up to 56 nsec after the initial
breakdown (Figure 4.13-b).

The formatjon of a density minimum on axis requires
strong heating of the central region of%the plasma column.
From computer simulationsjuthe laser beam is expected'to
.become’highly aberrated at axial locations several
centimeters ftOm the initial focal redion. It is also‘clear
that at p051t10ns farther along’ the axis the laser 1nten51ty
will decrease due to absorptlbn and other beam losses. For
these reasons, the laser.may not prov1de adeduate heating of
the core at thlS ax1al locatlon and thls may inhibit the
formation of the den51ty minimum,

An example of a late—time densit& profile was QJVen in
Figure 4.8, ThlS profile was taken ~180 nsec follow1ng
breakdown at an axial locatlon 4.5 cm from the focal region.
It was taken w1th an applled B- f1eld of 42 kG and wlth the .
f/15 focussing system. The 1nterferometr1cally measured
plasma column radius is 2.8 + .3 mm,. Th&s is just slightly
less than the value of 3.2 mm obtained from radlal streak
kanalys1s of data taken under 51m1lar conditions. ThlS is
expected since the rad1a1 streak shows the llghtdem1tt1ng
regions'and depends on the exposure of the film which.could

~result in radial'valuee.exceeding.the plasma bouhdary;
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"For comparison, Figure 4.14 shows 2 densgfy pfofiles
{from an interferogram taken with the f/5 focussing system.

- The shot was taken at an axial location 10 cm from the focal
region, ~190 néec following breakdown and with an applied
B-field of 68 kG,

The interferometrically measured radius of the pl@sma
column is 4.6 # '5 mm. Agaln this is in good agreement with
the value obtained from radial streak‘analysis. Furthermore,
this result supports the observation that the f/5 fpcuésing
system y;eidsya significané&y larger plasma column.

While each interferogram shows only a limited axial
region- of the élasma column, the confining effect of the
magnetic fieldfban be seew. Fqr a shot taken withoﬁt an
applied B-field-(not shown),;;;/zgzhmn expands radially by
.9 mm over an"gﬁial distaﬁce of .63 cm, With an applied
field of 68 kG (Figure 4.14) the radial expansion was much
reduced. The interferometfically measured value was ~.15 mm
over an axial distance of .53’cm; : : g .

The presence of a density minimum on axis. is égaih .
clearly demonstrated in the profiles ;hownwin‘Fighre 4,14,
This effect was observed in virtually every intefferogrém
analyzed. 3 7 . ’ ﬁF_

In Chapter 3, the rétio of the peak ‘density to the
density minimum was calculated to be n/n,~2,0, ba§ed on
frozen~field and pressure balance conditions. By considering

the Nernst-Wienecke effects, the ratio was determined to be

n/neg~2.3. Averaging over all fringes analyzed in which a

R
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densiqy minimum was clearly established, the ratio of peak
density to the density minimum was measured as 2. 01 # .56.
This average included, data from ﬁoth early and late times
" and botth/S and_f/15'focussin§ systams.

| The theoretical values are both dependent on the plasma
‘temperatUre. In both casss, the value used in the
caiculation was 50 eV. Since the experimental value agrees

very wéli with either calculation, this temperature should

represent a good estimate of the;avérage plasma temperature.

4.4 Stimulated Scattering

The results presented in this section were entirely ~
obtalned u51ng the 51ngle coil solen01d and the £/15
focu551ng system. U51ng f/5 1nput optics generated little or
no scattering while with f/15 OpthS SBS was observed on
virtually avery‘Shot. In fact,‘the focussing optics were
deliberately distorted so as to degrade the focus, reduce
‘the laser intensity and reduce the scaftering level.

Details concerning the experimeqtai methods used to-

collect‘these data have been given in Chapter 2.

4.4.1 Stimulated Brillouin Scattering, SBS

Fﬁgure 4.15 shows oscilloscope traces for 3 separate
laser shots in whish’SBS was observed, .In each case, they
lower trace shows the SBS signal and the upper trace shows
the corresponding input laser sighal. For comparison,

Figure 2.1 shows the laser signal without SBS present.
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Stimulated Brillouin Scattering

co,}
) a)
 sBs
b)
CG,
c| :

SBS

I(; 2 sc

Figure 4.15 CO, (upper beam) and S$BS signal (lower beam)
Osciltoscope Traces for varying Experimental
Conditions - o
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Spikes observed in the laser signal were clearly
related to the occurrence of SBS (idéntified by the g
frequency shift of the backscatterl. The SBS signal returns
along the input laser path and feeds back into the laser
cavity. Once amplified, this signal produced the high
intensity spikes séen in the input léser pulse, wi\h proper
plasmé conditions these spikes would produceffurthér.SBS
which in turn would feed back into the cavity and ﬁroduce
further modulatlon of the input signal. The time between
bursts (=160 nsec) in the input signal corresponds to the
round-trip time between the plasma and the laser (1nclud1ng
the cav1ty transit time).

A funther consequence of this feedback was to-
significant damage an inter-cavity mirror which required
replacement évery 60-80 shots. -

~ As can be seen in Fiqure 4.15, the temporal
charactéristics of the SBS signal varied from prbmpt
scattering, occurring during the initial gain-switched spike’
of the'inputllaser, to a combination of prompt scattering
‘and SBS pulse,trains,“occurring during the tail of the laser
pulse. ‘ |

The degree of backscatter depended on the initial fill
pressure (and thereby: the éléctron density) and on the
1nc1dent laser power. Flgure 4,16 shows the SBS reflect1v1ty
plotted agalnst the product of the laser power and the fill

pressure,



REFLECTIVITY (%)

REFLECTIVITY (%)

l‘{J.

S.B.S. REFLECTIVITY

0.1 T T ~T

4 8 18
{PRESSURE}'{LASER POWERT (GW—TORR)

139

Figure 4.16 SBS Results: Reflectivity versus Laser Intensity
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The SBS réflectivity R, is given by (Offenberger,1981),
R(1-R) = e[exp{G(1-R)}-R] (a)
where,
e=the initial ﬁoiSe level
G=the SBS gain.
With R<<1, then,

.Log(R) « G .

Nl
/

The gain, from eguation (3.65), can be expressed as,
G = Ko-(I'N,/T.) (k,L) 7y (4.2) -

Ko=.537 . '

I =laser intensity , with I in units of 10'?watts/cm?
N.=electron density, with N in units of 10'*cm-*

Te =electron temperature, with |T|=ev

ki=the incident wavenumber

L =the interaction_length.'

Thé'reflectivity,bthen, would'bé expectéd to be a
function of (I‘N.). From Figure 4.16, the signal is seen to
rise rapidly with this product. It also clearly saturates
rapidly. The saturation mechanism ;{11 be discussed shortly.

The interaction length, L, in the above equation is
taken to be the smaller of the focal depth of the input
laser (1.7 cm) or the diStaﬁcé~over which the focal ’
intensity variations lead to a factor of 2 decrease in the
reflectivity. This latter distance was. found to be "1.2 cm

and was therefore defined as the interaction length, L. The

. interaction lengéh is set, therefore, to. L=1.2 cm.
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Taking typical conditions of I=.,1, N

o
n

.5 and T=50 eV,
equation (4.2) becomes, |
G=3.68-7, (4.3)

The parameter r; is a measure of ion acoustic wave
damping: and was: deflned in equatlon (3.61). It has a stroﬁé
dependence on the electron ion temperature ratio. At ea€}§
times the electrons are expected to be cons1derably hotter
than the ions. From simulation results, reasonable values

. N '
for these temperatures are, Te=§5ﬁcv and T./T,;=5. The value
of 7, was determined numerically. |

For these values, the maximum gain is calculated to be
G¥19.5.-To brodﬁce a reflectivity’bf 10% a noise'level‘df
e=3-10"" wolld bevrequired. Offenberger(1982) has shown that
inllaser produced plasmas, noise levels of this order 'and
larger are to be expected. ‘

It has been shown that under the conditions Qf'this
experiment, electron-ion Equilibrétion is very rapid. As T,
approaches T., the ion-wave damping is‘gréatly enhanced.
This leads to a significant reduction is_the‘SBS gain.
‘Taking T.=T;=45 eV and keeping all other parameters the
same, the éaléulated gain decreases tb a value of G=4.9.
This reduction in the gain, ;s a result of rapid
electron-ion equilibration, is the most likely reason for.
saturation. | |

| Spectral features of the SBS signal are shown in

Figure 4.17. The input CO, spectrum, the experimental SBS

spectrum, and a theoretically determined spectrum are
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S.B.S. RESULTS

o
2
Fitting Parameters: |
- electron temperature = 39.0
0 | electron—ion temp. ratio=1.2
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0 -mmmns e -« INPUT SIGNAL

1.100

0.75

INTENSITY (arbitrary units)
0.50 A

T T T 1
—-40.0 0.0 40.0 80.0 120.0

WAVELENGTH SHIFT (angstroms)

Figure 4.17 SBS Results: Input, Output and Theoretically
Fitted‘Spectra \ -
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-

included in this figure.

The theoretical line;shape was determined by first
evaluating the gain for specified plasma conditions. The
input spectrum was then taken and multiplied by expl[G(1-R)]
to’give the theoretigal output spectrum., This was compa;ed
with the experimentai profile and a total squared deviat%bn
wés calculated. The plasma conditions were then adjusted
until the deviation was minimized.

As indicated in Figure 4.17, the conditions giving rise

~to the best fit were T.=39.0 * 2.ev., T,/T;=1.2 % .1, and
N.=4.5 % .5-10”Cm".:The range-assignéé to the values of
these‘paramgters is based on a visual inspection of the
fitted profile. This c%rféspondgd td'an,increase of "50% in
i;hé.totalﬂmeasured déviation. The sensitivity of the ‘
theoretical profile to the electron and ion temperatures

Hmakes this a particularly useful diagnostic for the
determination of the blasma temperature.

Figure 4,18-a shows the SﬁS spectrum staken for a case
 where the feflected signal was enti:ély prompt., ‘ |
Figure 4;18—b shows the spectrhﬁ for a ca?% where the signal
is a combination of.prompt_and late:time scattering. In the
case of prompt scattering, the spectrum shows only the
red-shift exS;ctéd for the SBS signal. The late-time °
scattered spectrum also shows an additional shift back
tqyard the incident wavelength. It is important to note

here, as was discussed in Chaptér 2, that for low fill

pressures no back reflection was observed, indicating that

RN
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the feflection of the incident light froﬁ the orifice and
other surroﬁnding structures was negligible.

By subtracting the pfompt spectrum from the late-time %
spectrum, the shifted SBS spectrum (ihhica;ed by the dotted
line in Figure 4.18-c) is left. |

This shift of the SBS signél is due to the flow of the-
plasma out of the orifice region. This doppler shift of the

»

spectrum allows the flow vel@éity to be calcuiéted and from

‘this an estimate of the plasma temperature can be made. With

Te=T,=T, the flow pressure is given by,

b= KP=(1/2) my* - (4.4)°

. The flow velocity is therefore given by,

' V=(2kT<m)<J/2) L (4.5)

The doppler shift, AX, is given by,

AN/No=2v/C
so, for a measured shift of A\=62 A,
v=1,85-107 cm/séc
from whicH is thained,
KT=40 eV |  (4.6)

This agrees very well with the previously determined value

for the plasma temperature.

4.4.2 Stimulated Raman Scattering, SRS

As with the SBS, SRS was observed only when using the
£/15 focussing'optics.

Figure 4.19 shows oscilloscope traces of the CO, input

-

signal and the associated Raman backscatter. Temporally, the

~,
~.

\\‘
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Stimulated Raman Scattering

'-'-0-04-04'1 01011#«4-0

a) s

SRS

’ =200 nsec—F——)l

Figure 4.19 CO, (upper beam) and SRS signal (lower beam)
Oscilloscope Traces,
a) and b) from different 1aser shots but
similar experlmental condltlons
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. - <
SRS signal is characterized by “5 nsec spikes. .

The SRS signal was only bbserved at late times and
co;ncided with high-intensity spikes in the input signal'
‘occurfing at timee->400'nsec after the initial breakdown.

The magnltude of the SRS ref\Fct1v1ty was hlghly
“variable. In Flgure 4.20, the average reflectivity is
plottea as a function of input intensity;"Below the bnserned

threshold Qalue Of'4-10‘° W/cm?® the refleetibity was <10+,
From this figure it 1s apparent that for*hlgher 1nten51t1es
_the reflect1v1ty saturates at‘a level of 1%,

‘Threshold 1neen51tx&levels for SRS were calculated in
'Chaptef 3. These caicul;fions wefe based onvboth
inhomgeneity and damping criteria

~With a dens1ty scale length of 20 cm, the inhomgeneity
| condltlon yielded a. threshold 1nten81ty of "5-10'° W/cm’”
The intensity value agrees veryewell with that“observed
experimentally. The delayfinAfhe onset'df the SRS'signal is
»explained in part by the time required for the‘plasma‘column
to develop the long density scale length needed to satisfy -
the 1nhomgene1ty cond1t1on.=

From the damping criteria, the threshold 1ntens1ty was .
determined to be 4.4-10'° W/cm?. This is .also in very good
agreement w1th the observed value, .
| Spectral neasurements'bf the SRS signal are'preeented
in Figure 4.21. In Figure 4.21-a the SRS signal consisted
pr;narily of a single spike. In sucﬁ caseg,a single spectral

peak was. observed. The more structured spectra of

R}

e
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S.R.S. EXPERIMENTAL RESULTS
' A. SINGLE SPIKE SPECTRA
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Figure 4.21 SRS Results: Spectral Characteristics
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Figure 4.21-b arises from a backscattered signal éonsisting
of a sequénce of spikes. .
~ The spectral shift of the scattered signal is directly

related to the plasma frequency which, in turn, is related
to the plasma density. The density will fluctuate in time
and space‘throughout the development of the plasma column,
The structured sbectra"r flefets these‘variations in density.

The average scattered wWavelength was at 12.7 um which
cofresponds to an électfon density of N,= 2,7-10'7 cm™*,
However, over the entire data set,;the scattered wavelength
varied over %\réngé of 12.0 - 13.5 um corresponding to a
density rangexof 1.5-- 4.5-10'" cm~?. These density values
are in very good agreement with the interferog%Krically
measured values previously discussed.

As mentioned;,  Figure 4.20 s%ows the rapid satgration of
" the SRS instability. The growtn'bf the SRS signal will be
limited by the damping of the electron-plasma w;v;. Landau
~damping trom Ehe general population of 45 eV electrons is
insignificant. Th@g is because t¥e~thermal velocity is.well

A ]
below the velocity of the plasma wave and there can be only

limited interaction between the wave and the partici;s. iher
simuiation stUdieé of Estabrook et al(1980) showed that
there will be a pépulation of hot electrons associated with
the SRS process. For the conditions of this experiment the
temperature of the hot electrons is expected to be 2.1 keV.

" Of fenberger et al(1982) ﬁfoposed that the SRS

instability, observed in this experiment, would saturate due

v

e
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to the enhanced Landau damping from these hot electrons.
Taking limiting cases for A, the phase-mismatch gradient, a
self-consistent saturation reflectivity was determined by

calculating the fraqtion“of hot electrons and accounting for
P

-

the additional hot-electron Landau damping. The theoretical”
. ‘ " L

curves,’also shown in Figure 4.20, agree remarkably well

( -

;

: ¥

with the experimengal results.

From the hot-electron, Landau damping‘model a
hot-electron density of ~-3-10“cm'3‘is predicted.
E;perimental evidénce to support this prediction was
inconclusive. The expected level of x-ray emission from the
electrons was fouqﬂ to be approximately at the detection
limit. Attempts to,detect the particles directly with probes

were also unsuccessful due to excessive electrical problems:

4.4.3 Thomson Scattering Results

Thomson scattering of ruby laser light was used to try
to determine the plasma temperature. The experimental
‘methods used were outlined in Chapter 2. These experiments
were performed only with f/5 focussing of the input CO,
laser.

All scattering data was obtained from a position
"1.5 cm away from the input éNd of the solenoid. Attempts to
obtain data further along the. plasma column were unsuccess-
ful. All data were obtained without any aperturing of the -
collection optics and without an input slit on the

monochromator. The input slit is normally used to define the
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scattering region within the plasma,ohowever significant
s1gnal levels were only obtained by maximizing the reg1on
probed and operat1ng without an input slit. These
conditions, however, inherently limit the utility of the
data. |

_Effectively, then, the scattering region was ‘defined by
the‘focal depth of the 1nput ruby laser. The focussing
system for the ruby laser resulted in a focal spot size of
"200um and a focal depth (defined by the half-intensity
points) of ~4¢ mm.

Scattered spectra were obtained at various times during
the plasma development Examples of the observed spectra at
early times (tzéO nsec) and at late time (t=250 nsec) are
presented 1in Flgures 4.22 and 4.23 respectively. Both the
raw data and an 1nterpolated cubic spline curve (w1th very
slight smoothing) are given.in these figures.

The analysis oﬁ the spectra consisted of first
generating a theoretical scattered spectrum based on
‘specified plasma parameters of electron temperature, ion
temperature, and electron density. The theoretical profile
was compared with the experimental and a total squared
deviation was determined. The'plasma parameters were then
adjusted until the deviation was minimized.

Results of this fitting process for the data given in
Figures 4.22 and 4.23 are glven in Flgures 4,24 and 4 25,

respectively. In these figures, the exper1mental and

theoretical spectra and the fitting parameters used to

‘
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Figure 4.22 Thomson Scattering Data (Raw and Smoothed):
' T=60 nsec (3.17 A/Channel)
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- Figure 4.23 Thomson Scattering Data (Raw and Smoothed):
T=250 nsec  (3.17 A/Channel)
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CURVE FIT to SMOOTHED DATA
Shot 195

o ' ‘
0 _ Fitting Parameters:
- s
plasma density = 4.3E+17
electrontemperature = 13.6
0 electron—ion temp. ratio = 1.0
(4] .
= instrumental response = 19.
total squared deviation = 3.0E-03
o
o—
-
z
2 R | .
= O
o
Q.
o '
0 _ = FITTED CURVE
o = SMOOTHED DATA
0
N
o
o
Q
=)

; T S | u T L
125.0 150.0 175.0 200.0 225.0 250.0 275.0
CHANNEL

Figure 4:24 Thomson Scattered Experimental and Theoretical
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CURVE FIT to SMOOTHED DATA
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| Figure 4.25 Thomson Scattered Experimental and Theoretical '
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generate tl.x coretical spectra are given.

These results are typical of a number of spectra used
in the analysis. At early times (<100 nsec, 3 shots \
analyzed) the electron temperature was found to be.in the
range 10 - 15 eV and the'density in the range
4 - 5-10"7cm~*, At late times (>150 nsec, 4 shots analyzed)
the electron temperature was®found to be in the range of
20 - 30 eV and the density in the range .6 - 1.2-10;7ém‘°.

The density values are in. good agreément with those
obtained interferometrically. The overall behaviour of the
density is also consistent insbfar as it decreases with
time, as the plasmé column expands. |

The temperature values at late.tjme are.in reasonable
agreement with estimates of the plasma temperature from
enérgy'balance.‘They are alsé in reasonable aéreement with
the';esultsfof the SBS spectral anélyéis considering the
larger plasma radius associated with f/5 focussing and the
avgr;ging of the Th9§§on scéttered signal over the focal
voiume. As will be shown in the next chbpter, fhé'agreement
with the 2-D simulation is also quite good.

(Theviemperature determined at early times is
inconsisteﬁt.with what 1is exggcted..At early times the
electrons are stréngly heated¥$nd the temperatures should be
considerably higher than those found’at- later times. |

t A possible explanation for this anomalous result
involves the radial integration of the Thomson scattered

’ ~
signal. At "60 nsec the radial extent . is (from radial streak
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data) only 3-4 mm. Of thlS only the central core will be
heated ta the very high temperatures expected If the regipn
over which the Thomson scattered signal is integrated (to a
redius of “2.0 mh) contains a significant'percentage'of
unheated plasma then the determined temperature would be

certainly reduced. The precise effect is complicated by the

‘fact that the regions of higher témperatures will also be

regions of lower density and the scatt red signal will be_
less heavily weighted than'it is fof the colder, denser
reglons

Further discussion of this situation will be .given in
Chapter ‘5 where the simulation gode results are presented

and temperature and density distributions are examined.



CHAPTER V

Simulation Results

|
/

S

5.1 Preliminary Remarks ‘ N

j"pdel used to simulate the laser—heatéd solenoid
experimamt waﬁ%%ﬁﬁcribed in Chapter 3. Some key features ‘are
reproduced below.

The code uses an initially'fmlly ionized plasma. In
‘these simulations a hydrogen plasma, at aﬂanitial tempera-
ture of 1 eV, is used. The plasma motion is determined from
the‘set of MHD equations (including laser-induced pondero-
motive terms) using a co-ordinate system fixed to the
maghetic'ﬁield lines. Spatial variations of the laser B
(refraction, diffractioh and absorptibn) are included. The
:electric field of the laser is determined by a direct
- solution to the Helmholtz equation.

TheAarrayﬂsize“of the MHD calculation mesh was variable
but in tme results presented here the mesh was fixad as a
30 X 60 array, 30 p01nts radially and 60 poxnts ax1ally
This matched the size orlglnally used by McMulIln ‘
et al.(1979) and provided good resolution and reasonable
computer costs.

The laser effects were determined on a ~separate grid.
and then transformed to the MHD mesh. Radially, the size of
the laser grld spacing was initially fixed to 1/5 of the
minimum beam width. This,resulted in a typical laser grid

L3

spacing of ~1/17 of the MHD grid spacing. It was found that

159
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limiting the laser grid size to 1/7 of the MHD spating
resulted in only minor changes in the output but e
51gn1f1cant teduction in computer costs. This‘limitation was
1n effect for all the results presented in this chapter.

During any program timestep, the laser grid adjusted

‘according to the maximum beam width. In order to reduce the

effects of reflections of tpe laeer( it was neceésary to set
the laser grid size to a value 5 times the maximum beam

' S
width. In cases where this extended beyond the radial extent
of the MHD grid, the MHD parameters used in the laser”
calculation were taken from the outermost. point available.

Sihgie precision was used for all MHD calculations.

Because of several large summations over the laser grid, it

‘was necessary to use double precision in the laser code.

Depending on the parameter settlngs, the 51mulat10n
runs presented here required from 10 to 20 mlnutes .of C.P.U.

time on an Amdahl- 7 computer., - B

5.2 Simulation Runs

A study was undertaken..in which plasma'anq 1§Eer

pParameters were systematically varied. In each case the code

was run to a simulation time of ~300 nsec. At specifiedvtime'

steps (typically every 20 nsec) the data were stored on

magnetic tape. These data were then accessed by"other”

routines in order to prov1de 3-dimensional plots and ‘ﬁ\

2 dimensjonal proflles (ax1al and radlal) of the laser and’

plasma parameters.

™
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The main-parameters varied during the study were; the
laser focussing ratio (f/5 and f/15), the laser energy, the
‘initial plasma density (5-10'7 - 1-10“cm;’), and the -
magnetic field strength (40 - 75 kG). Table 5.1 gives a list.
of the parameters used in 16 s%mulation rsns.

Other paremeters were held constant throughou; theSe | e
runs. These included the .solenoid radius (1 cm), the (‘ |
solenoid length (10 *cm), the initiai electron temperature
(1 eV), the unfocussed laser beam size (10 cm), fhe laser
focal spot size (400um); and the shape of the iaser pulse.
The laser profile is shOwn in Figure'5;1.‘ \ |

The laser pulse shape was chosen to closely resemble-~
the experimental pulse shape. The 1nput energy was. set to
120 joules for most 51mulat10ns. Thls is lower than the

average energy used ip the experlments (~200 ]oules) 51nCé,

dependrng on the hy rogen“fill pressure, 30-80 joules are
required to ioni£ "the gas.,This,energy?yas assumeg,to come
e initial spike of the laserepUISe._ \x o y\{

- . . - . . . . .. e
. o . . . . ¥
¢ ki N . .
. N BV " " . .

5.3 Simulafion Results, 3-D Representations
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Table 5.1 Run Parameters used in SimuletionvStudy

RUN  DENSITY B—FIELD f /RATIO LASER

(x 10"*)em"*  (kG) ENERGY

‘ ‘ (Joules)
1 0.75 50 - £/5 120
2 0.50. 50 £/5 120
3 | 1.00 50 £/5 120
4 10,75 .30 £/% 120
5 0.75 75 . f/5 120
6 ' 0.75 . | 40 fd5 120
7 0.75 60 £/5 120
8 0.50 - 75 £/5 120
9 0.75 100 - £/5 120
’ 10 ©0.75 60 £/5 60
1 0.75 60 £/15 120
12 0.50 60 £/15 120
13 1.00 60 £/15 120
14 0.75 | . 100 £/15 120
5 | 0.75 " 80 £/15 120
;16| 0.75 60 £/15 60
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Figure 5.1 Laser Profile used in Simulation Study
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other parameters more difficult.

Figures 5.2 and 5.3 correspond to an intermediate time
in simulation Run 7. In general terms this run is very
typical of all runs using f/5 focussing.

From Figure 5.3 it'is‘clear that the electrons are
hottest in a relatively small region in the vicinity of the
laser focus. Moving radially and axially from this region
the tempgrature drops off very rapidly, Along the central
axis the temperature then becomes fairly uniform decreasing
slowly until reaching the leading edge of the plasma column.
The electron temperature distribﬁtion is not entirely
uniform and shows some structural development. These
structures are consistent for all parameters and will be
discussed shortly.

The ion temperatdre distribution (Figure 5.2) is more
uniform than that of the electron temperature. It is not
characterized by strong heating in the focai region and, in
fact, shows a slight rise just 6utside this area. In the"
focal region the ‘high laser intensity preferentially heats
the electrons. The ions are heated through collisions with
the electrons. The high electron temperature results in
axial movement of the plasma. This results in an increase in
density outside this region and subsequently,ran enhanced
electron-ion collision rate ang higher ion temperatures.

»
‘Outside the focal region, the electron and ion temperatures

are virtually identical (qQualitatively and quantitatively),\

indicative of very rapid equilibration,
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RUN 7: T = 100 nsec

10N TEMP. eV

ELECTRO N TEMP. eV

Figure 5.2 Electron and Ion Temperature Distributions:
Simulation Run 7 at T=100 nsec:
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RUN 7: T = 100 nsec
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LASER ABSORPTION

Figure 5.3 Plasma Density and Laser Absorption
Distributions:

Simulation Run 7 at T=100 nsec
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It will be shown that a density minimum on axis is
formed very rapidly. By the 100 nsec point of Figure 5.3, a
density minimum along the axis is clearly establiahed Also
1nd1ca}ed in the den51ty distribution is the effect of the
deféc6551ng of the laser from the focal region., In fact ‘all
parameters show the radial expansién associated with this
efgect. g

- The effective f/ratio of the radial expansion of these
parameters from the fbcal region is determined to be f/3.6;
faster than the f/5 ratio of 'the input laser. This is due to
both the expected plasma expansion by ion transport and.to
the increased laser absorption in tﬁe outer regions. The
laser absorption is enhanced in these outer locationse.
because the plasma density is higher and the electron Egmp-
erature is lower&than the inner core. The 1ncreased laser
absorptlon leads to higher plasma temperatures and more
rapld radial expansion.

There are further complication due to laser effects.
Figuré 5;4 shows'éhe laser fluxbdistribution for thisvrun.
Iq this figure the regions near the focus and\away from f£

have been scaled independently, The scale factor in the
. \ .

focal region was 2.07-10'*W/m* while outside it the scale

factor was.1.16-10"w/m‘. The location of the change in’

P

scale is clearly indicated by the step in the distribution.
This procedure was necessary to allow details of the flux
distribution outside the focal'region to be apparent. The

laser 'is, seen to be clearly trapped vithip the plasma. The

s

]
i
’v

8
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Figure 5.4 Laser Flux Distribution:

Simulation Run 7 at T=100 nsec
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flux is, however, rather erratic and shows only weak signs

of re-focussing. This is paftly due to the lack of a

parabolie.density profile which has been shown to be
necessary for smooth re-focussing of the beam. There is also
a disruption of the beam caused by the density structures
seen in Figure 5.3) |

There is an interaction between the laser and plasma
through the ponderomotive forces. The axial and radial
ponderomotive forees are shown in Figure 5.5.

Here, again, the regions near and away from the focal

~area have been scaled independently. In the case of the

’

*‘radial'component of the ponderomotive force, the

normalization factor (in units of newtons/m’) near fhe focus
was 1.3-10* while outside it was 1.3:10’, For the axial

component, the normalization factor near the focus was

.1.6-107 and outside it was 1.0-10°. The radial component is

~then approximately a factor of ten larger than the axial

component. Nevertheless, these forces are very weak and
simulation runs in which the ponderomotlve force kerms were

not 1ncluded showed no not1ceable changes in the density

&

Before dlscu551ng the - p0551ble cause of the observed
den51ty structureS, it should first be noted that they do
not strongly 1nfluewse the analysis of the simulation
results. The structures are fairly localized and do not
interfere with the determination of the plasma fronts

]

(axially or radially).



RUN 7: T = 100 nsec
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Figure 5.5 Axi ;

. xial and Ra®ial : '
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Simulation-Run 7 atd;:?ggt;;:CForces:
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An initislpregion of high density may result from
% ‘
non-uniform heating due to diffraction of the laser beam.

Once a region of higher den51ty develops there w1ll be a

'natural tendency for %§ to grow singe the laser may be

1

reflected out of thlS region and pr'ferentiallygheat the
neighbouring plasma.rThe heated plasma wiil-expand into, and
thus enhance,‘the regionsiof higher density. For this reason
the structures reflected in all parameters, would be
expected to grow,

Fxnally, in dlscu551ng the distribution of the laser
absorptlon 1t is ihteresting that neither situation
descrlbed in Chapter 3 is entirely appllcable In Chapter 3
the value of the parameter a, the raglo of the absorption
length to the plasma length, was.assumedlto be either a<<1,
orqa=1.

In Figure 5.3 it is clear that there are two regions of

‘high absorption. Near the focal reglon the laser flux is

very large, resulting directly in high absorptlon At the
front of the plasma column there is a very narrow reg1on of

high absorption”due to the presence of;lower plasma tempera—

‘tures and hlgherwden51t1es. Between these two regions the

level of absorption i's relatively uniform although the dis-

‘tribution has some structure associated with the laser flux

and the plasma density. The fraction of the totalvenergy in

each of these regions was determined‘ In the focal'region

'20-25% is absbrbed at the plasma front 10- US% is absorbed

and the remaining “65% is absorbed in the reglon in between.‘
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With most of the energy absorbed in a fairly uniform
manner in‘a region approximately equal to the plasmaklength
the assumption of a=1 would seem to be reasonable. The
presence ef these high absorption regions, partieularly in
the critical region of the plasma front, would be expected
'to alter the 1-D axial propagatlon models presented in
Chapter 3. : - | |
Figures 5.6 and 5.7 show the distributions of the laser
and plasma parameters for the same ;un, but at a later time.
Compared with the earlier tiﬁe, the plasma column has
‘e;§>nded both ax1ally and radlally The laser power level 1is
past the high intensity spike and into the lewer levels in
the tail of.the pulse. Consequently, the heating in the'
focal region is COnsiderably reduced. Furthermore, the
'expgnsion‘of the column has resulted in a cooling ef the
plasma. The neg result is more uniform and semewhat reduced
temperature distiibutions. |
'The density structures observed earlier are still
present and'somewhet enhanced. There is some axial
propagatien of these forms. l | |
. »The laser absorption is still:quite'high.insthe focal
regien, but because the:column has extended beyond the
‘solenoid length of 10icm,othe strongebsorption near the
front is no longer visible.’ v
| The temperature and. den51ty dlstrlbutlons for lower
1n1t1al density condltlons are given in Flgure 5.8. The
general behaviour is very srmllar to the previous run except
_ , o . -

, . - o j
i
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X

for a slight increase in the radial extent of the column and
slight decrease in the,plasma temperature.
* .Figure 5.9 shows the temperature and den51ty

dlstrlbutlons for higher 1n1tial den51ty conditions. The

-effect of the increased colllslonallty is clear. The radial

expansion has been 51gn1f1cantly 1nh1b1ted and the
) )

temperature has consequently risen. The higher initial ‘
den51ty has resulted in a smoother den51ty dlStflbUthﬂ..
Flnally, Figure 5 10 and Figure 5.11 dlsplay the

electron and ion temperature\dlstrlbutlons and the electron

K

density and the laser absorption distributions under the

conditions of f/15 focussing, e

These plots are very typical of all runs using f/15 N
focussing._They are ¢harac£erized by a narrow, very unifopg

. . . ‘8 o . . J
plasma column. At early times, the temperatures are.

significantly higher 'than those fdund with f/5 focussing,

: . N y
particularly near the central axis. This 1s _due to the

decreased expansion, of the column and strong conflnement of

- the laser near the axls

———

5.4 Simulation Results, 2-D Profiles

o

The temporal variations of the plasma parameters are
not.easily!discerﬁed from'the 3-D plots. These are most
clearly seen through 2-D axial and radial profiles.

In each graph presented in this section, several
profiles of the particular parameter, taken at different

times in the simulation, are displayed. The time of each
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RUN 3: T = 290 nsec
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RUN 11: T = 300 nsec
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Figure 5.10 Electron and Ion Temperature Distributions
Simulation Run 11 at T=300 nsec
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profiie is'specified infthe legend.

In the case of. the axial profiies, the data are
averaged over 4 radial grid posit{ons corresponding to a
distance of ".20 cm. While some details of the physics may
be losf by taking this average, ft was performed in order
that comparisoas made with the experimeatal data would be
" more COASistent Most of the axial 1nformat1on obta1ned from
the exper1ments 1nvolved radial-: 1ntegrat10n to some degree
In partlcular the Thomson scattered data was averaged over, a

%

radial distance of ~.20 cm and the axial streak data over

virtually the entire column radius.

5.4.1 Axial Effects

Figure 5.12 shows axial profiles of the electron temp-

erature and density for Run 5,

One effect of the axial average 1s 1mmed1ately I

apparent. From the 3-D plot, 1t was clear that the electron
temperature was maximum at the laser focus, at z=0. The
radial drop-off is, however, so .rapid that, on averaging,
fhe peak shifts to an axial position of z=2.5 cm.

Bgrb the temperafure and density profiles show the
propagation of the plaema front. The temperature profiles
ndemonstrate the process particularly cleariy and velocity
values are taken from these curves.

The temperature proflles 4lso show the relaxation of

the plasma temperature behind the front. By the 300 nsec

point the temperature is very uniform and at a level of
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AXTAL PROFILES: RUN 5
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30 eV. This is in very good agreement with-;he léte time
Thomson scattefing,result of ?5 ev,

It is of interesﬁato cempare the axial behaviour of -
Run 5 and Run 2, displayed in Figure 5.12 and f&gure 5.13°
respectlvely The major dlfference between Run 5 and Run 2
is the 1n1t1a1 plasma dens1ty There is, however, very

.little change in the axial behaviour. This is shown clearly

in Figure 5.14 where the positioh of the plasma front is

- plotted versus time for each case. The location of the front

was‘degined'as the 20 eV level on .the temperature profile.
Before comparing these two cases more closely, the

temporal dependence of the front propagation will be

“examined. A }og-log analysis of the curves yields a temporal

* power dependence of .58 * .02 for Runs 5 and 8, and

N

.57 +, 02 for Run 2. This is in good agreement with the .6

value assOc1ated with the 1- D bleachlng wave and the'
experimental value of .66 + .15.
The velocity of the plasma front taken from

150 to 300 nsec, where it has become fairly uniform, for
. ! 5

Run 5 and Run 2 are 8.55 cm/usec and 8.45 cm/usec

respectively. This is also reasonably\consistent with the
- &
typical value of 6.9 t .3 cm/usec observed in the

L4 . - . -
experiment. _ , o —

There is an interesting effect on the propagatlon
veloc1ty w1th the magnitude of the applled field. Run 2 has
an applled field of 75 kG while Run 8 has an, applied field

of 40 kG. All other parameters are the same. The axial

4

\ A i /
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profiles for these runs are shown in Figure 5.13..With the"
o . - _ \ C '
reduction in field strength there is a reduction in tempera-

ture and a very significant reduction in pfopagaﬁion
velegity. These.effects'are presgmably‘attributable to the
increased plasma expahsion and subéequent reductions in
leeer intensity and plaema temperathre.‘ f

Aside from the temporal dependence, the_&elecity

should, from the bleaching wave model, have a dependence on. -

density and intensity From the 1-D model, the dependence is.
4

such th;% the ratio of veloc1t1es for 2 runs should be given

-

by o L

A

Vi/V = (1,/1,)378) (N,/N,)(77/5) -(5.1)

, - _ L 3
The densities and intensities used in this expression are

-

not the initial valu%e but rather values aQeraged behind the
. . . )

front. These values were determined for Runs 5, 2 and 8.
They are presented in Table 5.2. Using these values in

equation (5.1), a comparison between a calculated velocity

ratio and a measured velocity ratio can be made. /

In the case of Runs 2 and 5, ’the measured ratio is &
¢
V,/Vs=.66 whlle the calculated ratio is. <V,/Vg>= 73 For

Runs 2 and 8, the measured ratio is V,/Ve=. 69 whlle the

calculated ratio is <V2/Va>=,74. inally, for Runs 8 and 5,

'the measured ratio_is Vg /Vs=.97 while the calculated ratio

1s <Vg/Vs>=.97. In all cases the agreement is very godd.

In terms of the actual position of the front, the
agreement with experiment is ndt quite as good. At the
¥

-

300 nsec point, experiment shows the front to be at an axial
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g S T -
" Table 5.2 Average Paraheters behind Axially Propagating

4
Front - L
/
. . - lL (/
AVG. AVG. AVG. AVG \
RUN, DENSITY ENERGY. RADIUS  INTENSITY VELOCITY
L (units are  arbitrary) N .
5 7.2 1.5 .53 5.36 8.41
‘ i
8 4.8 1.0 71 2.00 8.16
2 4.3 .50 .73 0.94 5.59/{

N
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positién of z=3.5 cm. The simulation shows the front to be

consrderably further al6ng at a pOSlthﬂ\Of z=5,0 cm. This

LY

varlatlon may be due to the fact that in-the 51mulat10n the

o

plasma is 1n1t1ally fully ionized and at a temperature of
™~ .

PO
1 eV whlle no.direct pre-ionization was provided 1n the

we

experlment The actual definition of the plasma front is

A5

also somewhat arbltrary. In experiment, the leading edge is

»

deflned by a p051t10n of strong light em1551on. In the coded

9%

the leadlng edge was deflned '‘as the 20 eV level on the

temperature profile. This may also account for the
ﬁi%érepancy. X
< x

Flnally, the effect of chang1ng the' focu551ng ratio on’

3

' the ax1al behaylour is exam1ned In Figure 5.15, the axial

profiles for Run 15 are presented. While the only parameter

change between this run and Run 5 is the f/ratio of the

,incoming laser,. thereéis a very significant change in the

form of the axial proflles. A , ' L
The temperaturevprofiles of Fiéure'5,15 are tainly
uniform along the axis and, unlike the previous ;psults, do

not display the propagation of a front. The'temperature

values in the f1rst 200 nsyéfa:e\conszderably higher than

’those found experlmentally -Beyond this p01nt the plasma

cools to levels of 40-60 eV which are in better agrg@ment
with the measured values. L

The density profiles show that the dens1ty along the
ax1e drops very rapidly and unfformly from the 1n1t1al value

of 7.5-10"’cm~? to a level near 4.0a10‘7cm'°. The density
L .
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AXTAL PROFILES: RUN 15
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scale lengths are easily long enough to satisfy the

inhomogeneity criterion of the SRS instability. There is,
ho@evef(.no indication of a deday in the fégmation.of these
long scale lenéths unlgke that seen in the ekper;mental
data. This suggests that with a suitably‘intjﬁse incident
wave,‘SRS may be genefatéd prior to the %ong delay time
fduné in the experiment. However, as is discussed below,
fionizat;onveffects may be important in esfablisﬁing‘the_£ime‘
scales required for the plasma deQelopment.
" At later times (>180 nggc) the‘Profiies show the .
propagation of a density structure along the axis. The
velocity (measured,from the 3.5-10'’cm™* level) is
_determined to be 20 cm/useé. This rather high velocity does
" not entireiyurémove the. possihility of a heating wave
| mechanism,vhowever,;a matching structure propagating in the
‘temperature profiles woula be expected but is not seen.

When comparing the simulafion results with the
expe:imeptal!results'uﬁder'conditions of £/15 focﬁssing,

there are some inconsistericies. Notably, the core

'temperatures found in the simulation are considerably higher

+ 0

than thosecmeasured experimentall@. These temperatures arise
from very strong trapping of thelhaser along the central
axis., The‘use of a more‘precise/%;@culétion grid for the ’
‘laser did not significantly altér £his effect.

Another difference between the code and experiment is ’
the lack, in the cbde, of an!axially propagating hegiinﬁ

front. The use of a longer coipmn in the simulétion;might
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id?ntify such & front ngated beyond the 10 cm point.
Nevertheless, even over distances of 10 ecm the experimental
data showediphe clear temporal development of the plasma
column,

Ionlzatlon effects were ignored in the code and these
may affect the modelllng Scudder (1979) suggested that the
thermal conduction of electrons from the plasma 1nto the
un-ionized gas was the most l1kely mechanlsm to provide
ionization ahead of the front. It was further noted that
this process would gécrease the propagation velocity of the
plasma front; A more-cansistent model of the axial behaviour

of the plasma column may requigi the inclusion of these

’ (.

ionization processes.

5.4.2 Radial Effects

Raaial profiles, taken at pafticular axial locations,
were génegatéd from the simulation runs in order to examine
the radial behaviour of the plasma column.

Figure 5,16 shoﬁs the raaial profiles for Runv55 In
thls case the11n1t1al den51ty was 7.5- 10"cm‘3, the field
strength was 75. kG and the laser focal ratio was £/5. To
match the experimentaL,conditions,-the profiles were taken
at an akial location of z=3.0 cm. |

The formation of a density minimum on axis is seen. °
immediately., With time the column eipands radially and .the

magnitude of the dénsity on the outer edge of the column

increases. At t=275 nsec the ratio of the emaximum to minimum
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density has reached.a value of 1.8 which agrees well with
fhe ave:age’value of 2.0 + .6 obtained from experiment.

The temperature profiles also ehow the expaﬁsioh of the
column. Initially the plasma is‘quite uniformly heated to
“17 eV. The temperature then rises rapldly, particularly on
the central axis. At t=185 nsec a max1mum of “50 eV has been
reached. From this point the plasma slowly coels.

x In Figure 5.17, the radial profiles fer Run 15 are
given. Note that the x-axis haé been expanded in this graph'
This run differs from Run 5 only in the value of the f/ratio
which in this case is £/15. To match experlmental
conditions, tbe profiles were taken at an axial position of -
z=4.,5 cm. |

As before, the density minimum forms immediatel?! The
plasme, again, expands radially although the~radia1 extene WV
achieved is siénificantly less than that reached'in Run 5.
The density ratio is‘relatively uniform at a value of -2.5
which is higher than the previous value but is still in
fairly good agreement with expefiment.

With t<200 nsec the temperatures along the central axis
were found to be in the range 200-250 eV. Even when aVeraged
over several radial positions these temperafures are far
higher than those observed experlmentally AS d1scussed
earlier, thls is due to the strong confinement of the laser
on the central axis,

A plot of the radial position in time for the two cases

[

discuseedAis given in Figure 5.18, This plot can be compared
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directly with the experimental results given in figure 4.6.
The agreement both qualitatively and quantitatively is
excellent. The effect of the‘f/ratio on the radial expansion
rates and overall radial extent of the plasma column is very~
well supported ‘by the simulation,

The effect of the magnetic field on the radial
-behaviour is shown 1n Figure 5.19. There are some small
changes in the shape of the dens1ty profile, however, the
major effect of increasing the magnetic field is to reduce
the radial extent and'the‘radial ehpansion rate of the
plasma column. With a change in‘fieid strength of 50%, the
effects are not overly dramatic. - )

Simulations we:e attempted in which no magnetic field
was applled in order that comparisons could be made with the
experlmental data.‘The 51mulat10n however, proved unstable
when the magnetlc fleld strength was reduced below “40 kG,

1

~Finally, the simulation results can be used to support

/
: PR ' ~
the discussion of the anomalously low temperature measured

at early time by Thomson scattering,

~

Figure 5.20 shows the simulated plasma temperature and
density at an axial position of “1.5 cm at times of
t=60 nsec and t=300 nsec. This matches the conditions of the
Thomson scattering experiment. The radial extent shown )here

is only .30 cm; the experimental data was averaged r

[}
e

.20 cm.
For t=300 nsec the density and temperature over ‘the

probed region is fairly uniform and is in good agreement
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with the experimental data. =
{

For t=60 nsec, it is clear that the high temperature

regdon is extremely limited radially. Within the region
~ B
\\‘ il N
probed, approximately half the plasma is very cold and has a

correspondingly higher density. This would certainly result
in a measured temperature lower than the core temperature

and may explain the anomalously low value obtained.

4 3

H . b R
)

5.5 Concluaing Remarks
The radial p}asma behaviour and, in particular, the

dependence of this behaviour on the focal ratio of the

r

incoming laser beam were very well sgpported bf the
simulation results. The bleaching nature of the axial
propagation was also well supported however, some aspects of
the axial behaviour were nbtltotally consistent. This may
have been due to the lack of ionizetion effects in the qodef’
In both the general form of the density profile and the
maximumbte minimum density ratio, the experimental and the
simulation results were found to be in good agreement. The -
simulation temperatures are typiZally higher than the values
measured experimentally but integration effects involved in
the measirements are not p:e;isely known, making detailed

comparisons difficult.

L



- CHAPTER VI

Summary and Conclusions

»

6.1 Preliminary Remarks

In this chapter the main results of the experiments and
\ the numerical simulation will be summarized and conclusions

WI%I be -drawn. Suggestlons‘for further research will be
e S -
RS \gl\{en)- ) . - .

A ' o -

(6.2 Summafygof Results

e ,/

v Flgures 6.1 and 6.2 present some typical results from
the experlments, Simulations, and theoretical models In
general, simulation -parameters closely match the |
experimental cqnditions. There are, in some cases,
sighi;icant variation§ in the maghetic field strength,
however, it has been seen that for early times (t<300 nsec)
this is not a domi;anttfactof in describing the plasma |

behaviour.

6.2.1 Axial Propagation

Over a wide range of experimental conditions, plasma
column lengths from 10 - 30 cm were observed. fhe column was
found to develop_aQially in time with a dependenee~of teee,
Vﬁhich agreed well with the expected power dependence for a
bleaching wave. | |

‘A typical value for the exial propagation veiocﬁty of

the plasma front over. the first microsecond was found to be

199
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6.9 + .3 cm/usec. The depehdence of the velocity on splasma
,w;density-énd laser intensity was sh;wn to follow the eXpecte@
. dependence Qf a bleaéhiﬁb wave.,

With parémeters élosely matching the experimental
conditions, the simulation results provided very.consistent
results. A heated plasma coﬁumh was found to propagate

§ a%iaLly with“é{%emporal dependence of t-*°., The velocity
became quite‘uniform éuring the period 150<t<300 nsec;

yielding a value 5f"8f5 cm/usec. Both of these reéults a;e

inléood‘agre;meng with the eXperimentql.result§.

‘ven thougﬁ 2-dimensional effects were expected to
éignificantl? alter:the axial propaggtion, the density and &g%/y
laser intensity dependence;was found to be consistent witH
the 1-D bleaching model. | ‘ . T

In Figure.6i1—a, thesé aspects of the‘axial propagation
of the plasma column are sumﬁariZed..The experimentél'curve
was obtained from d;ta from the split-solenoid, with f/5 -
focussing,.a f@ll préssurg of ~20 torr and a laser enefgy of
~400 joules. The bleaching-wave curve was generatéd frOm the
Burnett. and Of fenberger (1975) self-requlating modei.
density of 8.:10'" cm~® and an intensity of 5-10;\W/cm
(apptopriate to the(apove experimental gonditibﬁs) weré used
in denerating this\éﬁgve. The.éimulation result was taken |
from Run 5 (£/5 focus, initialkdensityVof\7.5~10" cm™?,
magﬁetic field‘strengthAof 752kG; and laser gneféy of |

120 J). The constant velocity curve represents the minimum _

velocity expected from the optical detonation model of
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Ahlborn et al(1982).

In the simuiation study, én increase in the hagnetic
field strength resulted in an increase in the axial
-velocity. Although there was no direct aftempt to examine
‘this effect in theseiexperimehts, Offenberger and
Burnett(1975) did find such a correlation.

In using a large focal ratio (f/15) for the input
laser, the code did not indicate any propagation since the
plasma‘front very rapidly extended beyond the 10 cm
‘simulation length. The lack of ionization effects in the
code is presumably responsible for this disagreement with

the experimental observations.

Nevertheless, from the'aone:evidénCe it seems

j {g$' reasonable to conclude %hat during the early time perio@

| (t<iusec) the éxial propagation of the plasma éolumh may be

characterized as a,bléaching wave. Beyond this period the

temporal dependence remains much the same even though the

E;fa“laser energy is no‘longer'évailablél It seems likely that

| the axial wave has been transformed into a blast wave, which
has the same temporal dependence\és the bleaching wave.l
Verificaéion oflthis ﬁransformation would require more
detailed experiments, simulaﬁibns and theoretical analysis.

T |

| .

)

\

/ 6.2.2 Radial Behaviour

The most signific¢ant result in the analysis of the
radial belaviour of the plasma column was the dependence of

the radial expansion rate and extent of the column on the
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focuséing ratio of the ‘incoming laser.

With £/15 focussing, the column was observed to éxpand
initially at rates of 4.5 t+ 1.2, cm/usec. This decreased to
*.é2 + .30 cm/hsec by the 300 nsec point where the radial
extenf was ~2.5 mm. | ’

With £/5 focussing, the column was observéd to expand
at rates of initially "9.0 + 1.5 cm/usec, decreasing to ~1.2
+ .4 cm/usec, out to a radial extent of 5.0 mm.

The simulation study strongly supported the f/ratio
effect on the radial behavidu:. Both qualitétive and
quantitative aéreemént was excellent,

With faster {aser focussing—defécussing, laser energy
absorption is quite high in the outer regions of the column.
This results in faster heating in these fegions which in
turn leads to gfeater radial expansion of the column. With
ldngef focal lengths the heating is restricted to the core
and expansion is dﬁe primarily to radial ion transport;

| These aspects of the radial behaviour are summarized in
Figure 6.1-b; The results from the exberiment (f/5 and ;/15
focussing), the simu{ipién (£/5 and £/15 focussing) and the
ion transport model are shown. All results included a

™

cbnfining magnetic field (50-70 kG for the experimental

curves, 75-80 kG for the simulatiog curves and 50 kG for the
theoretical curve).§The experimental curves were obtained

with £ill densities of 10-15 torr and laser energies of ~200
joules. The simulation results were obtained with an initial

density of 7.5-10'" cm~® and a laser energy of 120 joules. A
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density of 3-10'’ cm™® was used in the ion transport. model.

Experimentally, increasing the magnetic field strength
was s?!n to reduce the radial expansion, as expectedl. The
effect was not seen to be too dramatic over the “initial

300 nsec. For the plasma densities of the‘experiment, the

ion collision rate strongly affects the radial expansion and

@

reduces the confining effect of the Sggnetic field.

i
L4 L]

: . A ‘
6.2.3 Plasma Density and Temperature

6.2.3.1 Density

Radial density profiles were used invanalyzing the
radial behaviour of the plasma coiumn but, of course, a151'
provided detailed information concerning the plasma density
behaviour, i

In many éases it was possible to determine a finite
time over which full ionization was achieved. Ionization
times were‘observed in the range of-ti<1o nsec to
'ti“25§nsec. These are in good agreement wi£h a éalculatea

rapge of 5<t;<35 nsec which was based on the Raizer(1977)

description of laser-induced gas breakdown.

v 4 . . . . B >
In virtually al} cases, a density minimum on axis was

clearly established. bata-nearhthe front ého;ed that the
density minimum is normélly formed very rapidly in times
<10 nsec. On average, a value of ~2. i‘.6 was found for the
ratio of the maximum to minimum density.

The simulation code did not include the Nernst-Wienecke

effect which alters the core density. ﬁevertheléss,‘the

~
e

——
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simulation yields density pfofiles which are in very good
agreement with the data. Note, however, that in the
experimental situation the outer regions of the column
cénsist of‘un?ionized hydrogen (n.=0) unlike the code whiéh
assumes a fully ionized 1 eV hydrogen plasma.

The results of the éode indicate that the denéity
minimum is established instantly. Density ratios from “2 to
"2.5 were seen to develop. » | |

Figure 6.2-a shows typical radial density profiles from
both experiment and simulation for both f/5 and f/15
focussing. Thé experimental profiles were takeﬁ at axial
locations of 1 cm for f£/5 focussing (~190 nsec after the
initial breakdown) and 4.5 cm for £/15 focussing (- 180 nsec
after the initial breakdown). In the f/5 case the confining
field was 68 kG while for the f/15 case it was 42 kG.vThe
simulation results were takenkat times of ~100 nsec and at
axial locdtions of 3 cm for f/5 focussing and 4.5 cm for
£/1% focussing. In both cases the confining field was 75 kG.
‘Incluaed in this figure .is the range of density values
obtained from the interfefometric measurements and alsq the
range of values obtained from the analysis of the SRS
Spectra. | )

Density perturgations were obserQed both eXpe%imentally
and in the‘simulations. The characteristics were, however,
very different. .

Near the center of the interferenqe fringes, which are

inverted to give the density profiles, short-lived
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disturbances were occasionally‘seen to,deveiop. These were
observed only with f£/5 focussing and only near the focal
regibn. Typically, scale lengths of “.1 ~-.4 mm and liferimes
of "50 nsec were observed.

From the simulation study, a number of high density
regions were seen to develop, generally,off the central axis
and‘several cm from the focal region. These were elso
restricted to cases involving £/5 ratios. Scale lengths of
".17 cm were observed and the structures were stable over
‘the duration of the é}mulatien (300 nsec).

Because of the large differences in the characteristics
of these phenomena it is difficult to conclude that they are
related. Indeed, further experimentation and analysis is
required to obtain a precise understanding of these

structures.

6.2.3.2 Temperature

: Experimentally, two techniqgee were used to determine

the plasma temperature. |

By analyzing the SBS spectra, a plasma temperature ef
T.=T;=45 eV was obtaihed. The fitting of a theoretical model
to the spectral shape is very sensitive to the electron-ion
temperature ratio and proved to be a useful diagnostic ih
determining the plasma temperature. |

Thomson scattering of a ruby laser was aléo used in
determining .the plasmé temperature. Normélly this is a
useful diagnostic in that it provides good temporal and

spatial resolution. In this case, however, the scattered
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signal was too weak and had to be integrated ovefxa\large
spatial area. This led to an andmalously low temperature of
~12 eV at veryvgarly times (t<60 nsec). At later.tipes
(t~250 nsec), when:the plasma column has expanded aBd th
temperature is more uniférmly'distributed over the probed
region, a temperature of “25 eV was obtained.

The simulation study produced plasma‘temperatures iﬁ
good agreement with/thebexperimental values. Due to the high-
laser flux‘and, consequently, strong electron heating, ‘the -
eleé¢tron temperature disﬁribution‘is peakéd near the focal .
region. Outside of this region the electron and ion temper-
ature distributions are virtually identical, indicative of
rapid equilibratipn.

The'températures along the central axis, the core temp-
eratures, are noticeably higher than those observed experi-
mentaily. When averaged over a shorﬁ radial distance the
levels decrease to the range 20 - 40 eV, in ‘good agreement
with the measured valués. "

.'Figprelﬁ.z—B shows simulation results of radial
temperature profiles (for both f/5 and f/15 focussing) at
times of ~180 nsec into the plasma development. The
late-time Thomson scattering result (averaged over the
region indicéted) and the SBS results are included._éhe
'thepretical value obtained from energy balancé calculations

is also included.
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6.2.4 Stimulated Scattering

Th; long interaction length provided in this experi—v
mental apbaratus produced very high levels of both
stimulated‘BriIlouin (SBS) and stimulated Raman (SRS)
scattering. Peak refiect;vities of 20-25% were observed fér' N
SBS. These levels are in good agreement with a convective .
growth'model.ﬁThe instability saiurétéd rapidly due to rapid
électron—ion equilibration and subseQuenﬁ strong ion Landau
damping. |

The SRS signals were observed with peak reflectivities
of .7%. A measured threshold intensity level of 4?10‘° W/cm?
was in-good agreement with an absolute instapility‘model. As
with SBS, the instabilitywrapidly saturated. The satufhtion
was well explaided by enhanced electron Lanaau damping due

to a population of hot electrons produced}by the SRS process

itself.

6.3 Problems for Further Iﬁvestigation

1.Axial Propagation

Although the axial propagation Yelocity of the piasma
front was found to depend on the laser<intensity and plasma
density, a better defiﬁition of this dependeﬁce or a
dependence on otherllaser and plasma parameters would
reéﬁirg a larger data base. This could be established by
making the determination of the front velécity a
shot-by-shot diagnostic. This might be done by the placement

of probes over the first few centimeters of the solenoid,
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2.Plasma Temperature
The simulation results showed some interesting features
in the temperature distribution. It would be useful to map
the temperature both axially and radially, however, higher .
vspatial resolution than that which was used in this study
would be necessary. This might require a more‘powerful ruby
laser light souTce. )
| 3.Plasma Densify
Fluctuatlons observed in the interferograms suggest the
possibility of local perturbat1ons in the plasma den51ty.‘
Alternatlve density dlagnostlcs and/or 1mproved
inversion technigues may prov1de’a better characterization
of this phenomenon, |
| 4.Stimulated‘Scattering

4

The hot electron- population used to explain the

enhanced Landau damping and subsequent rapid saturatioﬁ of —_

the SRS instability was not observed experimentally.

More sensitive methods to detect the X-rays generated“
by these electrons would seem to provide the most likely .-
approach to detecting them. It should not be necessaryfro
apply an axial magnetic field in order to generate a plasma R
column suff1c1ently uniform to allow for the growth of the
SRS 1nstab111ty This would provide a less noisy env1ronment
for the use of sensitive detection equ1pment.

Furthermore, because of the damage caused by the

feed-back of the SBS signal into the CO, laser cavity, an

investigation of the stimulated scattering processes might

!
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be more easily done with two lasers. The first would be used

to produce the plaéma column and of inadequate intensity to

‘generate SBS. The secondlwquld generate a single,

'éhbrt—lived, high intensity pulse .which when incident on the

pre-formed plasma columﬁ would result in both SBS and SRS.
Such an arrangement would also allow for a more

Y

systematic approach to the chara&teflzation of the
égattering phenomena. |

4.Siﬁulation Code

To providé a‘more complefe simulation of the
laser-heéted solenoid, , an 1onlzat10n package should be
1ncluded A package.similar to that presently being used .in
the CASTOR code for modelling laser- heated lamlnar gas jet
experlments could be used.

Although, éurrengly, most phenomena seem to be well

- produced by the code, the effect of ionization on the axial

behavioqé may be significant.

6.4 Final Conclusions

The laser—heafed solenoid appératus has proven to be a
vefy useful device for. scientific investigation.

The experiments performed were very successful in most
respects.‘The.most significant findings included the
dete;minétion of the dependence’of the axial prbpagation of
the plasma front dn laser intensity and density, the

dramatic effect of the focussing ratio on the radial

development of the plasma column and the bbservation of

pu g
7
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remarkably high levels of'SBS'and SRS.

i The 1ncorporatlon of a 2-D laser propagation package
into the simulation code provided unigue results which, in
moet cases, compared very favourably'with the experimental
resolts. |

Efficient heating of the plasma by laser beam
absorption ‘and effective\t;appgng’of the laser beam\by the
plasma are both necessary in the laser—heated solenoid
reactor scheme end both have been clearly demonstrated-in
this experiment. The very strong levels of stimulated
scattering observed in this study indicate that this.would
be an area of ooncern in- reactor design.w

" The formatlon of long, uniform plaséa columns supports
the development of x-ray lasers based on a device of this
type. The success of~the_51mulatlon_study also suggests
.that, with the inclusion of ionization effects}’these codes -

could providefoseful design characteristics for these

schemes..

~

O
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