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PREFACE

The pulsed HF chemical laser was discovered in 1966 by Deutsch.
Early lasers had very low power outputs; it is only more recently
that high power pulsed HF/DF lasers have emerged. This thesis is
concerned with the development of a 10J HF laser in 1976 and subsequent
interaction experiments, The high power HF/DF laser is a potentially
valuable new device in view of its large gain coefficient and output
intermediate in wavelength to the Nd:glass and CO2 laser. Information
on interactions at this wavelength has been lacking and the solid
target interactions presented here help to remedy this deficiency.

In addition, certain investigations were carried out using the Co,
laser, These experiments aided direct comparison of the interaction
data at the two infra-red wavelengths.

In the first chapter basic laser-plasma interaction theory is
discussed. A vacuum environment is firstly considered, and emphasis
is given to those models relevant to target irradiances available in
our laboratories. Anomalous heating is only superficially treated
as these studies were carried out below the non-linear thresholds.

The theoretical variation of plasma parameters with laser wavelength
is presented next, followed by a consideration of the gaseous
environment., A brief review of pulsed HF laser design is given in
chapter 2 followed by an account of our own design studies in the
next chapter. Chapters 4 and 5 are devoted to laser-target inter-
action studies employing vacuum and gaseous environments respectively.
The first published comprehensive vacuum interaction study, using the
HF laser, is presented in chapter 4, The Z dependence of ion-velocity
scaling, ion-number scaling, and reflection variation is recorded,
together with the first x-ray temperature measurements at this wave-
length. The gaseous environment is considered in the following
chapter, where thermal coupling and laser supported detonation wave
observations are given. Chapter 6 deals with vacuum interaction
studies carried out at the CO2 wavelength, The final chapters deal
with the comparison of experimental results with theory, together

with a general review of other published interaction investigations.



CHAPTER 1

LASER-PLASMA INTERACTION THEORY

1.1, Introduction

The interaction of laser radiation with solid targets in vacuum
1s discused. Simple modelling - the self-regulating and deflagration
models - is introduced, together with a correction for thermal
conduction. Instability heating is briefly treated and a section on
wavelength scaling is used to establish a regime diagram.

Thermal coupling of laser radiation with solid targets in a
gaseous environment is examined, together with the theory of laser
supported detonation waves and gas breakdown.

Numerical values for the irradiance levels set out below have
not been given. Such values are meaningless unless relevant
parameters, including laser wavelength, pulse duration and shape,
focal spot size, target material and nature of surface, are specified.
In the case of low irradiances, simple thermal calculations employing
known specific and latent heats, together with thermal diffusion
constants can be employed to obtain rough values. For the medium

and high regime, Fig.1.5. can be employed.

1.2, Very Low Target Irradiances

Laser radiation incident on a plane opaque target under these
conditions is partially reflected and partially absorbed by the
process of electron excitation. The effect is to raise the temperature
of the target material without change of state. Three-dimensional
thermal diffusion occurs, but to a fair approximation conduction
normal to the surface can be assumed for r, >> Ap’ where r_ is the
focal-spot radius and Ap is the.penetration depth. The rate of
change of surface temperature, Ts’ has been calculated to initially
increase rapidly(l) due to the surface optical properties being a

function of temperature. For T large, shock waves are generated.



1.3. Low Target Irradiances

At slightly higher irradiances changes of state occur. At the
melting point the reflectivity suddenly decreases. Liquid flow
during the laser pulse duration can be ignored, although the effect
of melting can be observed from the wave paterns produced around
many target craters, Of far greater importance is the change into
the vapour state. The vapour may start to strongly absorb radiation.
(2) has pointed out that the latent heat of vapourization is
much greater than the latent heat of fusion, and that the boiling

point is drastically changed by the high radiation and ablation
pressures,

Hughes

The transition from the vapour into the plasma state is also
acompanied by a large latent heat. Ionization occurs by direct
excitation, collisional excitation and multi-photon processes.

The free electrons are now heated by the process of inverse
bremsstrahlung. Multi-photon ionization involves the excitation of
a bound electron by two or more photons, a process employing virtual
intermediate states, as permitted by the uncertainty principle.
Weingartshofer et al(s) have carried out single particle collision
experiments to directly measure the differential cross-sections for
multi-photon inverse bremsstrahlung. Theoretical expressions have
been developed to treat the more complex multi-particle situation

of inverse bremsstrahlung absorption in an intense laser field under
laser produced plasma conditions(4). The high atomic density in
the solid and vapour phases favours a large Stark broadening and

depresses the ionization limit.

1.4. Medium Target Irradiances

At still higher irradiances the plasma state is rapidly produced.
Radiation is now absorbed by the plasma, which is heated and fans
out into the vacuum. However, this plasma becomes optically thick,
resulting in a decrease in the vapour and ion production at the

target surface. This in turn decreases the optical thickness and



so increases the production. The process is thus self-regulating.
A shock wave is generated by the ablation pressure. The Self-
Regulating (S-R) model has been developed to deal with this situation.

1,5. High Target Irradiances

At high irradiances the absorption occurs in a thin region
near to the critical density, N,.. The one-dimensional situation
is a deflagration wave-front following the shock wave-front. The
Deflagration wave (DW) model is used under these conditions.

1.6. Very High Target Irradiances

At very high irradiances a number of non-linear effects are
important. Resonant absorption is a major process. Instabilities

greatly effect the plasma reflectivity and energy coupling.

1.7. The Self-Regulating Model
1.7.1., General Principles

Various treatments of this model have been presented(s—ll).
Here we shall follow the approach of Puell. This model is particularly
relevant to the experimental results of chapters 4 and 6, and so
the treatment will be fairly detailed.

At high irradiances the initial plasma production time (510-105)
is very much shorter than the laser pulse duration, and so may be

neglected. Puell makes the following four assumptions :-

i)  The plasma is divided into three regions, as shown schematically
in Fig.l1.1. Region I represents the unperturbed solid, region II
one-dimensional plasma flow, and region III a fan-out into the vacuum.
Region II extends to a good approximation to a distance T, from the
target surface(s). This region is the dominant plasma heating zone,
as the density and the strength of the radiation field is rapidly
decreasing in the subsequent region. The energy transfered by the
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shock wave advancing into region I can be neglected as the plasma

density is very much less than the target density.

ii) A steady-state situation has been obtained. This is true if
the ions and electrons are in the heating zone for periods less than
the laser pulse duration. For nanosecond pulses this situation is

achieved, as shown in the discussion on the model's validity.

iii)  The absorption coefficient, K, given by Dawson and Oberman(lz)
: -1/2
is used for the case N, < N sothat the term (1 - ne/nec) may

be neglected :-

32 > z° n, Ny e6 InA _1/2
K = (1 -n/n_) n_ <n
3 - Y (2n m K Te)3/2 e/ ec e ec

C2Z n2

-1/2
(k Te§3;2 7 PelMed)

12

CZ n2
= eSfZ .....(l.la)
(k T
and K = (20/c) (n/n__ - 1y1/2 ng >N eeeen(LL1D)

where n,, k Te, and m, are the density, temperature, and mass of
the electrons, n, and Z are the density and charge of the 1ions,

c is the velocity of light, C is a constant given from the above,

n  is the critical electron density given by the plasma frequency,
e

w = (4 e2 nec/me)l/2 equalling the radiation frequency, and A is the



Spitzer coefficient(l4). For n, > n,. K becomes very large.

iv)  Thermal conduction and radiation losses in the plasma are

neglected, as is the plasma ionization energy.

The continuity condition at the boundary II/III in the steady-
state gives us that the radiation flux crossing the boundary must
equal the plasma energy flow in the reverse direction. The energy
of a single particle is the sum of its enthalpy h and kinetic
energy %_mu2 sothat the continuity equation becomes :-

61 = Mgy Ugp (hgp * mg uZ)) + gy ugy (hyy + dmy uf
where ¢ is the flux and 1 indicates the boundary II/III.

For an ideal, monatomic gas, kinetic theory gives us that
the internal energy, U = (3/2) kT and pV = kT, (N = 1), sothat
h =U+pV=(5/2) kT. As the plasma is neutral, u, =u; =u and

e
n, =ZIn; = 1. Also, m, << my sothat (1.2) becomes :-

¢l =n; (hel + hil/z + %u% mi/Z) ..... (1.3)

The ion temperature must lie between O and Te, thus (1.3) can be

written :-
o, =ny u; (5o kTj/2 +m drzy (1.4)
where o is between 1 and (1 + 1/Z).

1.7.2. Electron Temperature

] =n. m = m_ << m.,.
The mass density =n, m. = p, as M, 5

Ideal gas equation, pvV = N k T gives :-

(ni + Z ni) k T as n, =ny

§®)
i

ZanikT



but Ug s the adiabatic sound velocity, is given by :-

2 _ (%
ug = v(5) el (1.5)
T
For a monatomic gas y = 5/3, therefore,
1/2
ug = {(aZk Tl) / (3 mi) } / eeee.(1.6)
The plasma velocity in region II is subsonic. The expansion

into the vacuum results in a supersonic flow., At the boundary

we can take u; = ug.
The absorption coefficient, K, as given in (1.la) is not

constant as radiation moves from the boundary towards the target.

At any point x in region II we therefore have :-

T
0
oy = 91 €XPp - S K dx eeeeo(1.7)
X
using the continuity equation :-
nu=n u =nu = constant cees.(1.8)
we get, n® = ni ui u?
rO
so, ¢x = ¢l exp { - J ni ui CZ (kT)-S/2 u"2 dx } ve...(1.9a)
X
= 15 a k T +m w27 h) ver..(1.9D)
LS e X i “x
from (1.4).

In order to obtain an expression for n, the approximation 1s

taken that in region Il u = u_. Puell explains that although the

flow velocity is overestimated, resulting in less energy being



available for the thermal contribution, the density is also under-

estimated by the equation of continuity, (1.8). K is proportional
to ni (k T.) —3/2, thus these effects tend to cancel.
From (1.6) :-
W = G5azZkT)/(3m) (1.10a)
S l 1 i ..... .
u = (5aZk /G m) e (1.10b)
2 _
=GaezkT)/Gm) (1.10¢)
2
u T
I (1.11)
u2 T
Therefore, (1.9a) may be rewritten as :-
r, ,
¢ = ¢y €xp { = J n%CZle (kT)‘S/ > S (1.12)
X
Substituting for by and ¢ from (1.9b) and (1.4) :-
2 2
ny 365 o k T, +m ux/Z) =n; u 3(5 a k T; +my ul/Z)
Yo 5/2
exp (- f ni CLKT, k 772 ax )
X



Substituting for u; and u, from (1.10a), (1.10c) and simplifying
we obtain :-

T
0

_ 2 -
KT, =Kk T exp (- £onCZRT (kD 52 4y 3 creea(1.14)

On differentiating this expression with respect to x and using the
boundary conditions :-

ka=O’ x:O
k T, = k Ty x =71,
we get,
d (k T.)
X 2 ~5/2
Tx =kT,nfCZkT (kT
-nfczkr, &« L (1.15)
therefore, -% (k T)S/2 = n% CZk Tl X i (1.16)
2 3/2 _ 2
g & T)™ " =n] CZr, veeea(1.17)
n, = (k T1)3/4 2/5 C z ro)l/z ..... (1.18)

Considering region III, the plasma density is decreasing into the

plasma by an inverse square law to a good approximation :-
n=n (r./x)% . (1.19)
1 0

(The radius of the plasma is x at a distance x from target).
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For an ideal gas, Pl V1 / Tl = P2 V2 / T2

For a reversible adiabatic expansion, Pl V{ =P, V;

conmbining :-
- v-1
Ty /Ty = O 7 V)
sothat the electron temperature is given by :-

kT /&T)=@/ap L (1.20)

Substituting from (1.20) into (l.la) and using (1.19) :-

K=Cczn? (r. /X% &t . (1.21)
1 Yo 1
Expressing ¢y in terms of the incident flux 9 -
. -3/2
b = 6 exp- 1 CZnt (r/0f k1) ax
T
0]
=¢,exp { - CZ ni r, (k Tl)"7’/2 Yo e (1.22)

Substituting (1.18) :-

_ 172 .2
= ¢ exp | - CZ 1 (k T) 3/2¢ (x T1)3/4 212 (sc 2 r.) 1/2 42

-
—
1

b, €XP (-2/5)

therefore, ¢ = 0.67 9 cvel.(1.23)
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Puell points out that although a significant fraction of the
radiation is absorbed in region III, this occurs over a large
distance compared with L sothat it is reasonable to consider an
adiabatic expansion.

Substituting the expressions for up, ny and ¢ (1.6), (1.18),
(1.23) into (1.4) we get :-

2 3
2o =¥ Cassczr) P sz kT (3my) y1/2
{ Sa k T1 /2 + (mi S50 Z k Tl) / (22 Smi) Yoo e, (1.24)
simplifying :-
K T. = o 2/3 (3m; C 1, / 50)2/9 4/9 ..... (1.25a)

This final expression for the maximum electron temperature is

in agreement with results obtained by other aluthors(14 15) From
(1.1a), Ce«u® i.e.
P S (1.25b)

1

1.7.3. Ion Temperature
Shkarofsky et a1(16) give an expression for the equipartition

time, toio for the ions in the plasma to achieve the electron
temperature. For equipartition to occur, the ions must stay in
the heating zone for a period at least equal to this time. Equating

these two we can define the limiting case :-

tei ~ rO/ |
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Substituting for n, and u; we obtain :-

k Ty 55 * 1071° ¢ r,Z(Z+1)/(CHN 205 oy L. (1.26a)

S0, by <5 x 1070 ¢ 2zt @A ) s (1.26b)

OOOOO

where, Tin and ¢4p, aTE the limiting temperature and radiant flux
(W.cm-z), and A is the atomic mass of the ions.

1.7.4. Total Number of Particles

If N is the total number of particles produced, the particle
flux is given by :-

N
Ty rl)

From (1.6), (1.18), (1.25) we obtain :-

%% =n;u = 3 2/(3m; C r ) }2/9 (<1>0/5)5/9 ..... (1.27)

Assuming a Gaussian laser pulse of peak intensity % and FWHM

of 21 Puell integrates this expression to obtain :-

2/9

w2 o3 1 on/(20 m2) 12 2/Gmg € x) ) (s./5)5/°

Z.
|

This reduces to :-
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N = 1.6768 (m, ) /° rl0/9 /3 . 45/ (1.29a)

- L L

and from (1.1a),

NeHO (1.29b)

1.7.5. Expansion Energy

At large distances from the target the ions carry all of the
energy that was absorbed by the particles during the heating phase.
Here we are neglecting the mass of the electrons and assuming a

steady-state situation. Thus, the ion expansion energy,

¢o / (ni u) ,

ion

where, n. u is the ion flux leaving the target.

Asn=n =127 n. and nu =n; u -
e 171

1

ion =L ¢,/ (pu) e, (1.30)

Substituting (1.25) and (1.27) into (1.30) :-

B, =5azkT =523 3mC r_/50) %/ o3 L. (1.31a)

ion

- 2/9
from (1.1a), Eion N PR (1.31b)

therefore, Vo~ Al/g ..... (1.31c)
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1.7.6, Discussion on the Validity of this Model
a)  Steady-State

The steady-state approximation will be valid if the laser pulse

duration t is large compared with the heating time t', Using (1.6)
and (1.25) :-

' . (8/9 -1/6 _
vett = x a0 g /s 2 (50 7 5 mg )10 6720

For typical values this limits the validity to pulses longer than
about 1ns.

b) The Absorption Coefficient

The expression for K that was used is valid for N, < Ng.. In
this limiting case, from (1.18) and (1.25) the limiting value for

the flux, ¢2 » 1s given by :-

6, < o) =m>_25Cr, {50020/ (12 my Y2 L (1.33)

0

Care must be taken, especially for COZ laser-produced plasmas, that
this condition is met.,

The above calculations assume that the thermal conduction
length is negligible compared with the absorption length for the
radiation, This situation is termed a thin thermal conduction zone.
For a thick thermal conduction zone the thermal absorption length
is comparable with the absorption length. The scaling laws are

modified to give :-

p1/6 A-1/6 Z-l/Z a1/4 x1/3
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_ -1/12 ,7/12 -3/4 1/8 -11/6
o «p e A A N A T (1.34b)

where, p is the laser power and p the plasma density.
The thermal conduction length, L, is the distance over which

the conduction energy flux is comparable with the convection flux(l7).

_ 15 1/2 .2 _3/2 -1
L =2.07 x10° A2 12 @) wmpt L (1.35)

where, Te is in eV,

Absorption is important over lengths, &, such that :-
Q/ L ~wul (1.36)

where, Q = total energy flux, p = absorption coefficient, I = laser
intensity. In the steady state the outgoing energy flux equals

the incoming laser flux, i.e. Q v Therefore,
gLl /w L, (1.37)

The thick self-regulating regime is not realised in the
experiments presented here, and so will not be further considered.
The only possible exception to this statement is with lead, irradiated
with CO2 laser radiation., However, in this extreme situation the
simple model is likely to break down anyway; for heavy targets the

failure to include the ionization energy is a serious omission.
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1.8. The Deflagration Wave Model
1.8.1. General Principles

If the target irradiance is increased beyond the self-regulating
situation, the rapidly expanding plasma becomes transparent to the
laser radiation. The heating zone moves into the target as a
deflagration wave (D-W) preceded by a shock front. This regime was
initially investigated by Fauquignon and Floux(lg), and Bobin(lg).
These authors developed a one-dimensional continuum hydrodynamic
theory, which has been extended by Pert(zo)
dimensional flow.

to include three-

1.8.2. Detonation Wave Theory

Consider a laser-driven shock-wave in an ideal gas, moving with
velocity U in the laboratory reference frame. For convenience, it

is conventional to use the U = O frame of reference, Fig.l.2.

plasma ideal gas
—_— Y, —- Vi o~~~ hv
P2 °2 P1°)

Fig.1.2. Notation for a laser-driven shock wave in an ideal gas.

Thus, the velocity of the ideal undisturbed gas v; = -U.
The equation of state and boundary conservation laws can be

combined(21) to give the Hugoniot detonation equation :-

o o
+ 1 1 1
- —— 4+ ZQ__

P -1 P p
P - e L (1.38)

1 M%ﬂ_l
(v - 1) py
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where Q is the energy supplied to unit mass of gas on traversing
the front. This equation can be plotted, Fig.1.3., as (PZ/PI) VS.
(pl/pz) for Q constant,

The continuity conditions lead to an expression for the slope

of vy -

2 (PZ/PI)'- 1

Vi T T= (01705) ®yfepy L (1.39)
therefore,
2
d(PZ/Pl) _ pl Vl
H(pl7p2) T —"ﬁz“ ..... (1.40)

Thus, a given value of the shock front is indicated in Fig.l.3.
by a line passing through 1,1 (the undisturbed gas) with slope given
by (1.40). In general there are two solutions. A unique situation
occurs at the tangent to the Hugoniot detonation curve. This is
termed the Chapman-Jouguet solution. Jouguet showed that at this
point the velocity of the detonation wave relative to the heated
matter behind the wave coincides with the local velocity of sound
(v Py / pz)l/z.
condition is necessary for the steady-state

It can also be shown that the Chapman-Jouguet

(22)

1.8.3. Deflagration Wave Situation
For the detonation wave (PZ / Pl) > 1. For the deflagration

wave the reverse is true; the relevant Hugoniot curve is shown in

Fig.1.4. The Chapman-Jouguet point is the maximum deflagration
velocity in the frame of reference in which the solid is at rest

(this takes into account the preceding shock wave).

(19)

Bobin shows that the condition for maximum heating of a



AP
~
a
4
3+
2 +
1
(1,0)
0 1 1 1 1 | | J | | J
0 0-2 0-4 0-6 0-8 1-0

P‘/P2

Fig.1.3. Hugoniot detonation curve (Q =constant),
indicating the Chapman —Jouguet point.

(1,1)
10

P,/ P,

0-8 -

06 -

0.4 —

0-2 -

_—

P/ Pa

Fig.1.4. Hugoniot deflagration curve, indicating
the Chapman - Jouguet point.
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freely expanding plasma by linear absorption of laser radiation
occurs in the region of the cut-off density, For this situation,

he derived, from an extension of self-regulating equations, that
the peak temperature,

Te (m /3K (6 v9)2/3 (1.41)

He develops the model, taking the boundary conservation laws for
mass, momentum and energy. Viscosity and thermal conduction
corrections are applied, the former being fairly insignificant.

For the expanding isothermal plasma, the scaling laws given by
Fauquignon and Floux are unchanged when the flow is considered in

three dimensions :-

T, « a7t 2 A o/ (b =0  eeen (1.42)
where, o =1 + Ti/ZTe =1+ 1/Z (Z > 3).
Ve 2 QM (1.43)

When thermal conduction is considered, these laws are only
valid if the conduction length is much smaller than the focal spot
radius :- L << 7T, This situation is termed a thin thermal
conduction zone. For a thick thermal conduction zone L >> Tos
and thermal diffusion will dominate(l7). Bobin's relations may be

modified to give :-

T p2/11 4=7/11 5 3/11 ,-4/11 o =o Lo 1) oo (1.44)
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where P is the total laser power.

1.8.4. Validity of the Dgflagration-Wave Model
Bobin obtains an expression for the minimum pulse duration

required if the deflagration-wave approach is to be valid :-

= (4/5) (v - /Gy - DY (/W28 (D, ..l (1.45)
where,

B =1.98 x 107 (z / vE md) (3K / m,)>/2

Z = mean plasma ion charge,

m, = ion mass,

<
i

laser frequency.

For the relatively long pulses encountered in the CO, and HF
experiments presented here this condition is fulfilled.

1.9. _Anomalous Heating of a Laser-Produced Plasma

1.9.1. Introduction

Anomalous absorption is a term applied to the absorption of
radiation by instability and non-linear processes(zs). In the
electron-ion decay instability, the e-m wave decays into a Langmuir

(high frequency electron) wave and an ion-acoustic wave :-
g q Y
photon - plasmon + ion-acoustic phonon.

If only two Langmuir waves are produced, the decay is termed the
electron-electron instability :-

photon -~ plasmon + plasmon.
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In both these processes, wave vectors and energies must be conserved.
The plasma waves are initially produced by non-linear forces.
Collisional and Landau damping converts these plasma wave energies
into heat.

Anomalous backscatter of radiation typically occurs by creating
a Langmuir or an ion-acoustic wave. These processes are termed
stimulated Raman or stimulated Brillouin scattering (SRS or SBS)
respectively, Very little heating results.

The instability threshold, growth rate and saturation point are
important factors which vary with the radiation frequency. Non-
linear coupling of Langmuir and ion-acoustic waves may also occur if
their amplitudes are large enough.

Nishikawa(zs) predicts two types of instability that occur when
the radiation frequency is in the region of the plasma frequency.
These are the oscillating two-stream and the parametric decay
instabilities.

1.9.2. The Oscillating Two-Stream Instability

This occurs when the radiation frequency is less than the

@ .

Bohm-Gross frequency

..... .46
w, < upg (1.46)
where wh~ = 0w (1 + 3K >\2)1/2
? BG e D
_ . 2y .1/2

and, Ap = { (k Te eo) / (ne e”) }

o = (n e / (n e)

pe e e o
k = Boltzmann's constant
K = wavenumber
e = permittivity of free space

0

Ay = Debye length
w = electron plasma wave frequency.

pe
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n. and n, distributions are usually directly coupled. However,
in the electric field of the laser radiation the electron is given
a high frequency component about the ion distribution. When the ion

frequency is zero we have the oscillating two-stream instability.

1.9.3, _The Parametric Decay Instability

This occurs when the radiation frequency is greater than the
Bohm-Gross frequency :-

Wo > Wpg L (1.47)

A plasmon and an ion-acoustic phonon are produced from the decay of

the pump photon.

1.9.4, Thresholds
Yamanaka(24) estimates the thresholds at 1.06um of the parametric

and oscillating two-stream instabilities in the case of a deuterium
(25) (26)

indicates the thresholds for 10.6um, together with the transitions

plasma. Threshold equations are given by Nishikawa Dyer
from self-regulating to deflagration-wave at both these wavelengths
(deuterium target, r, = 100um) . For 10 N T < lO3 eV the 10,6um
threshold is 101 - 1011 w.cm™2. By comparison, at 1.06um and

T ~ lO2 eV the threshold is ~ lO14 W.cm-z. Dick and Pepin(27)

plot the parametric decay instability thresholds for Al and (CHZ)n at
10.6um., It can be seen that for low ( < 102 eV) Te the threshold
increases with Z, but at high ( 2 102 eV) Te the reverse is true.
They observed enhanced parametric absorption with Al ( > 3 x 1010
W.em%) and (CH,) (> 10
from the low reflectivity, ion-velocity scaling, electron temperatures

W.cm_z). This was deduced, for example,

and a high energy x-ray component. High energy ions from a CO2

(28

The origin of these fast

laser-produced plasma were observed by Ehler ) using a (CHZ)n

12 2

target at a threshold of 5 x 107 W.em .
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ions was considered to be a steep electron-density gradient, The
lon energy scaling was ~ ¢2/3, in agreement with theory, in contrast
to the ~ ¢4/9 scaling from a thermalized plasma. These suprathermal
ions were resolved into their charge species with the time of flight
detector. The ion angular distribution was also non-typical of a
thermalized plasma. Fabre et al(zg), also using a CO2 laser,
observed anomalous processes. They observed the onset of the
parametric decay instability, In addition, the analysis of the

backscattered radiation indicated SBS and other weaker non-linear
processes.

1,10, __Wavelength Scaling
1.10.1., Introduction

In this section we are concerned with the variation of relevant
parameters with incident laser wavelength., These parameters include
the focal spot size, flow regime, plasma temperature, ion expansion
velocity, total ion number, the absorption coefficient and electron
energy distribution. The instability thresholds are given in the
previous section. If all of the parameters are to be included in
a single theory, the resulting complexity requires the use of computer

modelling.

1.10.2. The Focal Spot Size

In the case of diffraction-limited operation, the sine of the

focal-spot angular radius, 6, is directly proportional to A/D, where
D is the apérture diameter. Thus, to maximise target irradiance for
a given output power, a low wavelength and a large diameter beam 1is
required. Gas lasers tend to have a large value of D, although the
CO2 laser also has a relatively large wavelength.

1.10.3. The Regime Diagram

The boundaries between the flow regimes discused in the previous

sections are given in Fig.1.5. The figure indicates the transitions

corresponding to Nd:glass, HF and CO2 laser radiation with a hydrogen
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target, HF and CO2 with carbon and lead targets. The regime diagram
is calculated assuming InA = 5. As z and o for HF and CCZ were
evaluated at the given irradiances, the diagram is only accurate for
this situation, which corresponds to typical high irradiance results
presented here. At higher irradiances, the positions change slightly
due to the increase in z and decrease in a. The limits indicated
approximately correspond to the spbt sizes and maximum irradiances

obtained in the present experiments. The scaling laws are :-

Self-Regulating (thin)

At (1.25b)
N a4 (1.29b)
v ol cee.(1.31b)
n, m_x'Z/S ....from (1.20), (1.25b)

Self-Regulating (thick)

Tg kl/s ..... (1.34a)
A (1.34b)

Deflagration-Wave (thin)

T (1.42)

e .

VoA (1.43)

Deflagration-Wave (thick)

oA (1.44)

e

2/ (1.44)
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1.10.4. The Absorption Length, &

If the electron velocity distribution is Maxwellian, the
inverse bremsstrahlung absorption coefficient, u, is given by(SO):-

2 6
n,n. Z%e” {1-exp (‘hw/kTe) }

L = 1/2 =, 2 1/2
6 Eg ch 3 mi {mg/(2m kT,) }°'° g/(3)

where,

{1- wZ / wZ }1/2

put = Pe 1s the real refractive index of the plasma,
wpe = electron plasma frequency

g = averaged Gaunt factor

e, = permittivity of free space (8.854 x 10”12 F.m-l)

w = angular frequency of the radiationm.

This expression strictly only considers free-free absorption
by binary processes, However, this is reasonablv accurate for
wavelengths well below the electron plasma wavelength.

If we make the approximation hw << kTe (i.e. the incident
radiation is weak compared with the plasma temperature), and put

n, =n, =n, this expression is simplified to :-

i

e
Mo 3 2 3/2 1/2
p' 6 €o Cuw (me k Te) (6")
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Thus, the absorption coefficient, TR w_z, n’
NECI.
and the absorption length, 2~ A-Z, n”?

For rapid spatial absorption, n and A must be maximised. The
critical electron density, n,. = 1.09 x 101° 37 o3 (x» in cm).

Therefore, if the radiation is to penetrate into the plasma :-

A n < 1.09 x 1013 v ena(1.50)

Applying this constraint to (1.49) we obtain % ~ AZ.

1.11. Gaseous Environment

1,11.1.  Thermal Coupling

The surface absorption coefficient, as already discused for the
vacuum environment, is not usually the most significant factor for
high irradiance interaction in a gas. A surface plasma, or plasmotron,

7 W.cm—2 for

is usually produced at an irradiance threshold of ~ 10
HF laser radiation in atmospheric air. If this is optically dense,
much of the radiation energy is absorbed by the plasma. Subsequently,
the hot plasma relays much of this energy to the target, over an
extended area, by electron conduction or U.V. radiation(31'33); a
process with increased overall efficiency for metals with much
higher absorptance in the ultra-violet than in the infra-red. The
enhanced coupling within the focal spot may be an order of magnitude
larger than in the plasma-free situation. It is immediately
apparent that the enhancement efficiency will increase with focal spot
size, as, for very small spots, most of the retransmitted energy will
be recieved outside of the region of interest.

As the irradiance is increased beyond ~ 108 W.cm-2 a laser
supported detonation (LSD) wave may be initiated(34). This is an

optically dense plasma that moves back towards the laser at super-
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sonic velocities, being continually fed by the absorption of radiation.
The LSD wave decouples the radiation from the target surface, and
results in a steady decrease in thermal coupling with time and also
with LSD wave velocity, i.e. with laser fluence. The optimum

thermal enhancement occurs at, or just below, the LSD wave threshold
(35’36). The LSD wave causes air ionization by shock compression(37),
as described by the laser-induced Chapman-Jouguet detonation process.
The radiation is effectively absorbed by the ionized gas, and this

is the origin of the effective decoupling.

As the LSD wave moves towards the laser, it undergoes lateral
spreading, according to the beam cone-angle. The rate of spread
depends upon the beam fluence, gas pressure, temporal shape of pulse,
laser wavelength, and the cone-angle., For rapid spread, or long
pulse duration, recoupling is possible; in extreme cases, multiple
recoupling can occur.

If the irradiance is increased by about a couple of orders of
magnitude beyond the LSD wave threshold. air breakdown will occur.

This is also highly absorbing, but the situation will be discused

separately.

1.11.2. Laser Supported Detonation Waves

The initial LSD wave velocity, V, is given by(34):-

V={ 2(72 -1) ¢/ Py }1/2 veess(1.51)

where, y is the specific heat ratio for air behind the absorption
wave (AW) front (~1.24), ¢ the target irradiance, Py the ambient
air density.

The threshold irradiance has been derived by Allingham and

i , 9
Bishop(38) using the absorption length given by Ralzercs );-
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-
I
-

min (YZ - 1)1/3 (y +1) 2.76 x 105 (22/3 Y)-l (po/p)O.lz }3/2

X

(Tz{i 00/107) (1 +2/r) Wem® L (1.52)

where,

o/ p (v +1) /v

o

Here,

v 1.24

absorption length at relevant laser wavelength

spot or beam radius

ambient gas density
gas density behind the AW front

— © O R = <
I

min - minimum temperature behind the AW front to sustain the LSD wave.

t=o0as x g 0?2 @ 2 @ KTnin - 1) (1 r10H73% )7

<ee.(1.53)
where,
P =p RT
R = the gas constant per unit mass

Pe/P = the molecular electron fraction given by the Saha equation :-

(Pe/P)Z (1-2(p/P) 1l -6.7x10°¢G (Tmin/104)3/2 p~l o I/KT



- 78 -

Using averaged values adopted by Raizer, G = 1.9, I = 14.4 eV, ¢ = 0.7.

2 and dmin have conveniently been plotted at various laser
wavelengths for values of L T, P, and 00(38).

The above approach considers the minimum irradiance required to
maintain an undamped AW,

Smith(4o) has used an alternative approach that includes the
pulse duration. He calculates the generated vapour density at the

target surface, and then evaluates the cascade ionisation threshold.
The density is given by :-

N=(-R (1-ep(r/r) et {1+ a2 M @n™

vevea(1.55)
where,
v = vapour velocity from the surface
r, = beam radius
t. = tp/40
tp = laser pulse duration
q = latent heat of vaporisation
¢ = irradiance at wavelength A
T = surface defect dimension
R = reflection coefficient of the target surface.
The breakdown irradiance, 9 s is given by :-
0.11 v_ b, (3.5 x 10°° 2 vh!
10718 D/ 2) r/v <t (1.56)
= (40 I/tp) + 4,6 x ( ro)s o crree .
22, M /v >t (1.57)
= (40 I/tp) + 8,8 x 10 vC/ , I, crree .
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where,

V. = electron-atom collision frequency = 1,6 x 10-7 N
I = ionisation potential
D = diffusion coefficient
M = atomic mass
Using ty = 325ns, r_ =5 x IO—Zcm, v = 105cm.s'1, T, = 10™%cm,
q=4.75 x 10-19J.atom_l, R =0,95, A = 2.8um, we obtain for
aluminium :-
N = 1.05 x 1082 1
4 = 6 x 10" W.cm™2

Allingham(4l) has plotted the breakdown threshold for CO, and
Nd:glass lasers. Using the 1/x threshold scaling a threshold of
7 -2

v 5,3 x 10°W.cm

models are thus in agreement,

is obtained for aluminium at 2.8um. The two

1,11,3. Gas Breakdown
Gas breakdown thresholds in air and argon at the HF and DF

wavelengths are given by Deka et a1C42) using a similar laser and
resonator as employed in the experiments presented in chapter 5.

In atmospheric air, the breakdown threshold, ¢4, was found to be

v 6 X lOlOW.cm-Z. Over the pressure range 300-3400 torr the break-
down threshold scaled as op ™ P-O‘G. With pure argon at 760 torr
the threshold was found to be 1.6 x IOlOW.cm-Z. A scaling of

by p=0.95

at l.O6um(43) and 10.6um(44) wavelengths to obtain a A-Z scaling

was deduced., The results were compared with measurements

with peak on-axis breakdown intensity.
Hill et a1(45) have also carried out threshold measurements at

the 10.6um wavelength using rare and molecular gases.

Deka(46) measures at 10.6um :-

ooy PO (1.58)



where,

P = ambient pressure

-
Il

pulse length,

The breakdown time T scales as :-

TV prOt (1.59)

If the leading edge of the pulse is in the form of a ramp, then
1, is also the transmitted pulse width, assuming :-

a) breakdown occurs on the leading edge,

b) the plasma is instantly optically dense.
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(HAPTER 2

PULSED HF LASER DEVELOPMENT

2.1, Introduction

This chapter reviews the principal milestones in the development
of the pulsed HF laser. Since T.F. Deutsch(l) first reported lasing
action for this chemical laser in 1967; various excitation schemes
have been sucessfully employed. The different techniques and their
corresponding parameters are considered here, although detailed
design data has only been given where relevant, as it can be obtained
from the references cited. No attempt has been made to provide a
fully comprehensive list of publications relating to the use of the
HF laser, in view of the large number available and their lack of

direct relevance to the work presented in this thesis.

2.2, Deutsch's Laser
The pioneering work of Deutsch established a variety of possible

reactants. Using H2 R D2 , CH4 and CH3C1 as anion sources he
achieved lasing action with the freons CF, , CBrF; , CClF; and
CC12F2. Deutsch carefully recorded the broad-band spectral wave-

lengths for HF and DF radiation, although regretably the information
on the laser itself was very limited. A water-cooled tube 2m long
and with an I.D. of 32mm was utilized - the gas discharge being
excited by 50 - 200A current pulses of about lus duration and

2 - 10Hz repetition. The output energy was not given, but

presumgably it would have been a few mJ at best.

2.3. Dumanchin Type Construction
Wenzel and Armnold of Los Alamos(Z) built a Dumanchin(s) type
construction of a double-discharge HF laser., In this laser, the

pre-ionization required for glow discharge is achieved with a low
energy discharge between glass-insulated trigger wires and adjacent

cathode blades. This produces uniform ionization in the vicinity of
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the cathode sothat the ensuing main breakdown is homogeneous.
Initially, a maximum output energy of 102.5mJ was obtained by
employing a gas mixture of SF6 + C4H10. A marginally lower energy
resulted from replacing the butane with hydrogen. As the discharge
dimensions were 50.8cm x 2.5cm across a gap of 2.4cm, the energy
density was 336mJ/1. It was fairly important that the slotted
electrode was made the anode; a reduction in output energy resulted
from polarity reversal. The optimum discharge potential was 80KV
using two O.OluF capacitors in a two-stage Marx bank. At a later
date, a five-stage Marx bank was constructed giving 125J discharges.
When operated at 250KV the maximum output energy became 560mJ.  Arc
formation was found to degrade the output. A 3sec gas change was
employed at a total pressure of 50torr (with butane) or 8torr

(with hydrogen) for optimum performance, the gas ratios r being
21:1 and 16:1 respectively. Wenzel and Arnold tried adding helium
to the mixture, but this was found to decrease the output energy.
The electrical and chemical efficiencies were 0.6% and 0.25% when
pumped by a 16J pulse.

A year later, Arnold and Wenzel(4) discused improvements to
this system. They found that chemically blackening the cathode
and roughening of the chamber walls suppressed spurious reflections.
Using a discharge volume of 0,331 and a low inductance (0O.13uH)
two-stage Marx bank, they were able to extract 3.5J pulses with a
peak power of 35MW and electrical efficiency of 1.8%. The energy
density was 10.6J/1. With a slightly slower circuit and output

9

energies about 1.4J, they achieved an electrical efficiency of 3.1%.

2.4. Pin Construction

In 1972, Pummer and Kompa(s) reported their construction of
a pin HF laser. They utilized a dilute aqueous copper sulphate
electrolyte to ballast 1000 brass pins feeding a discharge volume
of 2m x 3cm x 3cm., With a gas mixture of SF6 + Hz at a total
pressure of 62.5torr and ratio 24:1, they achieved 1.2J of photon

energy and a peak power of 3MV.  The electrical efficiency was
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about 0.8% and the energy density was 700mJ/1. No mention was

made of the pin life-time in the publication, although we understand
that pin corrosion rapidly occured. In agreement with Wenzel and
Arnold, they found He to be detrimental to output energy.

Pumrer et al(6) increased the discharge volume to 3m x Scm x
4cm gap. Using a 3-stage Marx bank (v40KV per stage) they achieved
an 11J output. The pulse duration was observed to be pressure
dependent (as explained in 2.10.), being 5us below 20torr and
v20ns above 250torr. Considerable pulse-shortening was observed
when this laser was used as an amplifier. It was considered likely
that subnanosecond pulses could be obtained in this manner. The

electrical efficiency for an 11J output was calculated to be 3.85%.

2.5, _Lamberton-Pearson Type Construction

In 1974, Voignier and Gastaud(7) employed the Lamberton-Pearson
trigger-wire laser with high pressure (400-600torr) SFe + H, + He.
Rogowski profiled electrodes were used with a 1.5cm gap and active
volume of 6Ocm3. The optimum gas ratio was found to be 12:1:14.
Helium or Argon was found necessary to prevent arcing. The addition
of trace amounts of C2H6 increased discharge uniformity. This is
to be expected as C2H6 has a lower ionization potential than hydrogen
and a much higher photoionization cross-section. At the optimum
total gas pressure of 550torr a 1J, 17MW output was attained with
a 4% electrical efficiency and 16.5J/1. Considering the small
active volume and high energy density this was a significant

achievement.

2.6, U.V. Pre-ionization Construction

Attempts have been made with most laser systems to scale
their dimensions and parameters to much larger values. Higher
output powers can be achieved, for example, by increasing the
discharge volume and optical gain coefficient or by decreasing

the pulse duration.

2.6.1. Sliding-Spark Method
One step towards achieving this goal was made by Wlodarczyk in
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1978(9). Previous attempts at increasing the discharge cross-
section had failed for high-pressure, continuous electrode HF lasers
because of arc formation. The problem centers on the electrophilic
behavour of SF¢ which depletes the free electrons needed for uniform
glow discharge, Wlodarczyk utilized a sliding UV pre-ionization
atmospheric laser, similar to various o, lasers(lo). Atmospheric
lasers have the great advantage of not requiring vacuum equipgment and
so tend to be compact, as well as being simple to construct and
operate. UV pre-ionization has suegessfully been employed to
condition large CO, laser discharge volumes, and in spite of the
added problems with SF¢ it was expected to be useful with HF. In
this prototype system a 3 x 3cmZ glow discharge was achieved using
significantly more UV radiation than in a similar CO2 discharge.

The aluminium Rogowski electrode was shot-blasted to increase the
photoemission and ion absorption area (as well as to decrease the
parasitic output). This technique was reported by Karasikov and
Shamir(ll). The increase in pressure to atmospheric also has the
beneficial effect of increasing the gain coefficient, although of
course the parasitic problems are also increased. A brown deposit was
observed on electrode surfaces after operation; removal of this
coating proved to be detrimental to the discharge. One of the
advantages of UV pre-ionization is in the good beam uniformity
resulting from the homogenous glow discharge. This is important

in situations where the beam is focused to produce maximum or kmown
irradiances, although in laser-chemistry the beam quality is often
not critical. With this UV pre-ionized laser Wlodarczyk achieved

a maximum output energy of 425mJ and a peak power of 15.7MN using a
charging voltage of 40KV and a discharge length of 26cm. The gas
mixture employed was He (3-9 1/min), SF¢ (150cm3/min), and.C3H8
(lOcmS/min) giving an efficiency of 2% and 1.8J/1.

2.6.2. Flash-Lamp Method
Nichols et 31(12)’ in 1976, used a flash-lamp photoinitiated

F, + HZ/DZ laser to achieve good performance., Other experimenters,
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for example see ref. 2,13, 2.14, had employed flashlamp initiation;
however, the results of Nichols et al represented the largest energies
and efficiencies, Using an active volume of 12.8 1 at atmospheric
pressure they achieved 292J, 8.1% chemical efficiency and 29%
electrical efficiency for HF., With DF the energy attained was 144J
with 14% electrical efficiency. The optimum electrical efficiencies
were achieved using a Teflon covered laser wall. The high UV
reflectivity of Teflon compared, for example, with aluminium gave
significant improvement. The fluorine gas was diluted with nitrogen
or argon before being added to the hydrogen. Oxygen was also added
to the mixture to inhibit pre-ignition. Argon was found preferential
to nitrogen as the higher temperatures attained with the monatomic
diluent lead to a greater electrical efficiency. This factor of

two improvement did not lead to a larger energy output, however, as
the oxygen content had to be increased.

2.7, Electron-Beam Excitation

2.7.1., Hydrogen - Fluorine Rzactants

Hydrogen and fluorine are used directly in many situations
involving sophisticated gas handling, Most of these giant lasers
are beyond the financial scope of small establishments and so they
tend to be found in government research laboratories such as Los
Alamos. Parher and Stephens(ls) report an electrical efficiency
for FZ/H2 of 50-100 times that for SF6/H2. There are a number of
contributory reasons for this result. For a start, the dissociation
energy of F, (1.6eV) is less than that of SFg (3.4eV). Energy is

released in the additional reaction :-

H+F2+HF*+F2 ceeas(2.1)
The reactions :-
F +e—>F-+F+KE .....(2.2)

2

FF +e>F+e+e-345V  ceees 2.3)
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produce a maximum yield of 1.81 x 1018 F atoms/J, which is to be
compared with a maximum 3.9 x 1018 F atoms/J calculated from the

molecular disociation energy. Other reactions producing F atoms,
for example :-

F, +e~F, (1nu) re>F+F+e
may also occur,
2.7.2. Electron-Beam Excitation

Greiner et al(16) describe a 0.2GW system that produces 60ns,
12J pulses from an atmospheric HZ/F2 e-beam initiated laser. The

chemical efficiency was 0.25% and the electrical efficiency ~100%.
Oxygen was added to the gas mixture to aid stability, and SF6 or
Xe added to help e-beam energy deposition.

A 50J, SOMN laser is described by Aprahamian et a1(l7). The
active volume was ~4,21 and. the electrical efficiency was only 6%,

Bashkin et al(l8) have used a 200keV, 0.7-1.0kA, 35ns electron
beam in a H,: ,:0,:He mixture at 1.3 atmospheres to achieve 100J/1.
The electrical efficiency was about 900% and the chemical efficiency
about 4%. However, the active volume was fairly small (0.6651)
sothat the output energy was only 66J.

e-beam initiated HF lasers have a large number of advantages
over the other excitation schemes : these lasers are scaleable.
They do not suffer from the filamentation, inhomogeneities and
parasitic oscillations of TEA lasers or the low electrical efficiencies
of UV pre-ionized lasers (due to low UV photon absorption cross-
sections). For these reasons even larger amplifier chain e-beam
HF lasers are being studied at Los Alamos and elsewhere, but such
work is outside the scope of this review. It is interesting to
note, however, that in 1975 G. Schott of Los Alamos considered the
H2 + F% e-beam HF laser to be scaleable to > 104J and ~TW per
litre( 9). To what extent this has been realised must, unfortunately,

be subject to conjecture.
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2.8. Nuclear Pumped Lasers

Lasing action has been successfully achieved by utilizing the
technique of nuclear pumping. The limitation on scaling conventional
lasers to large diameters is the constraint of uniform energy
deposition in the pumping phase. Even electron-beam excitation is
limited by the electron mean free path. The potential importance
of nuclear pumping is that far larger sizes are possible.

One technique that has been employed involves coating the walls
of the laser chamber with a fissile or nuclear material. If the
chamber is in the vicinity of a nuclear reactor; thermal neutrons
can be used in the ln(lOB,a)7Li and ln(23su;FF)FF reactions(20-24).
This technique is not suitable for large systems as the fission energy
is not uniformly deposited(zs).

Another technique uses a fissile gas mixed with the lasing gas.
The reaction 3He(n,p)SH has been employed(26—28). Although this
aproach can be scaled to very large dimensions, the lasing gas is
heavily diluted.

Kushner(zg) has presented a more direct system which can be

applied to the HF chemical laser. A mixture of 235

used together with the fission reaction ln(ZSSU,FF)FF. Fission

UF6 and H2 1s

fragments dissociate UF¢ to produce fluorine atoms which in turn
react with the hydrogen to form HF. Kushner has used a computer
model to predict peak gains 2 50%/m, In addition this system has

14

a low neutron flux threshold (<10”" neutrons cm-2 s-l) and can be

scaled to extremely large dimentions,

2.9. (O, Laser Pumped HF Lasers
HF lasers have been directly pumped using 10.6um laser
radiation(so-sz). One technique involves employing resonantly

absorbing fluorine donors such as SF6 or N,F,. Initiation of an

HF laser has also been achieved with a (0, laser-produced plasma.
Wood and Silfvast(33) obtained an output power of 500W by cylindrically
focusing the 10.6um radiation onto an aluminium target surrounded by

CF4 and H2°
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2,10, Short Pulse Generation

The production of nanosecond pulses from the HF laser has been
actively pursued at Los Alamos. One technique involves four
essential elements :-

1) A pin-discharge 10mJ multiline oscillator constrained by
apertures to operate on TEMOO. The output pulse is long and
diffraction limited.

11)  An electro-optic switch to transmit a lns segment.

111)  Intermediate amplifier.

iv)  High pressure electron-beam amplifier.

Spacial filtering is employed and the laser windows are made
of saphire,

Details of a possible switching technique are given by
Getzinger et a1(34). Using auxiliary switched laser beams they
were able to deplete the optical gain of the pre-amplifier on
either side of the switched ns pulse, thus achieving minimum
pedestal. This technique, not possible with CDZ Iasers, can be
utilized as the HF gain can be rapidly re-established.

It is possible, however, to produce short pulses without use
of any electro-optic switch., To achieve this, the electrical
discharge should have a rapid rise and decay time. In addition, a
high-loss resonator is desir¢able. To understand these points it
is worth noting that the population inversion is attained when fluorine
atoms react with hydrogen molecules. A fast electrical rise-time,
therefore, produces fluorine atoms rapidly which in turn gives a
rapid inversion. Rapid depopulation requires a cessation of the
production of HF*, as well as its active removal by collisional and
other methods. In particular, the inversion is destroyed by
stimulated emission. A high gain medium (i.e. high pressure gas)
and high F concentration resulting from high field strengths are
therefore required. High-loss resonators require higher inversion
thresholds. The pulse length is therefore reduced as the time above
threshold is decreased.

3ns pulses have been achieved in this mammer by Schilling and
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35
Decker( ) who employed a transversely excited Blumlein laser at a

maximum pressure of 200torr and field strength of 19KV/cm. The low
power "MW pulses were considered suitable for further amplification.
Yet another method commonly used to achieve short pulses involves
mode -locking.  This was first achieved with the HF laser by Simonis(36)
who utilized a diffraction grating to obtain single line action.
An unstable optical cavity, together with an inter-cavity saturable
absorber, were used to passively mode-lock, resulting in a train of
multikilowatt pulses separated by the cavity round-trip time or
simple multiples of this period. The saturable absorber was HF
gas itself at a pressure of ~ltorr. Even without the HF cell mode-
locking tended to occur., Shortest pulse durations were ~5ns and
these occured in trains of ~lys. Although ns interaction experiments
with a mode-locked train are not completely excluded, it is possible

to switch out single pulses.

2.11. 16um Emission

Glrs et alc37) have developed a TE HF laser giving emission
lines of wavelengths 12.7 to 17um originating from pure rotational
transitions. Concentrating on a 16.02um line they presented a
parameter study optimising on a gas composition of He,SF6 and butane
at pressures between 20 and 150mbar. Hydrogen was not a suitable
H donor, as it tended to eliminate rotational transitions (as did
DZ’ HC1, CO and Nz). The 16.02um line had a pulse energy of about
5uJ. This is of potential importance in the laser isotope separation

of uranium from UF6.

2.12, Compact Lasers
one of the major problems in developing compact powerful HF
lasers is the restriction that the system has to be operated at low

partial pressures. This limitation is imposed by the strong electro-

negative nature of the fluorine donor.
Brink and Hasson(sg) have partially overcome this problem,

achieving compact atmospheric operation of a helium-free mixture.



- 43 -

The attachment losses are reduced by using corona (high field) WV
pre-ionization with nanosecond delay before the main discharge.
The corona and discharge electrodes are actually connected in parallel
sothat pre-ionization occurs on the rising edge of the voltage pulse.
Using an active volume ~ lOSmm3 an output energy of 20 x IO-SHJ has
been obtained for a 20ns pulse.

Deutsch(sg), using Rogowski electrodes in SF6:H2:He mixtures,
was able to achieve glow discharge without pre-ionization. This
was accomplished by using resistive graphite as the electrode material.
Gibson(*®) used a 500amm germanium cathode, together with a brass
anode, to obtain the same result. Resistive material tends to limit
transverse currents in the electrodes and thus the probability of
arc formation, Hatch(41) has developed the theme by employing
germanium for both electrodes. With an active volume of 42 x lO3 mm3
a maximum multiline output of 167mJ and 2MW was achieved for a gas

flow rate of 1 1 min-l.
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CHAPTER 3

HE_LASER DESIGN AND PARAMETER STUDIES

3.1, Introduction

The development of a pulsed transversely excited HF laser,
together with a parametric study of the lasing medium and discharge
voltage, is presented. This laser was used in certain target inter-
action experiments presenteq in chapter 4,

3.2, First Design

A 10J TE pin laser system, built at Garching(l), was used as a
basis for the first design. Our discharge chamber consisted of two
80cm modules with active cross-sections 4.5 x 4.5cm2. Both modules
had 1000 Ni plated pins serving as the cathode, resistively coupled
by a saturated copper sulphate solution. An oil emersed voltage
doubling circuit was employed, as shown in Fig.3.l.

With the cavity shown in Fig.3.2., chosen for ease of alignment,
the output characteristics were obtained by sampling energy (with a
Lumonics 20D pyroelectric joulemeter) and pulse shape (with a fast
gold-doped Ge detector), back-reflected from a NaCl beam-splitter.
Parameters varied to obtain optimum output included the charging
voltage, V_, hydrogen donating gas, HX, total gas pressure, P, .,
and relative composition of gases, r = SF6/HX.
HZ’ CH4, C2H6, CSHS’ C4H10 were substituted for HX, V. was
varied up to 70KV and Piot up to 100torr.  In the case of V_ > 60KV
a trace of SF6 was required to hold the spark-gap from self-triggering.
It was ascertained that H2 and CsHg gave the highest output powers,
with energies up to 7J. However, it was apparent that a good fraction
of this was parasitic - as might be expected in view of the high optical
gain of HF lasers(z’s). It is possible that diffuse parasitics(4)
were partly responsible for the parasitic output.

Measurements at far-field were hampered by atmospheric attenuation

of the HF laser beam, This attenuation is largely due to water
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vapour, and to a lesser extent to carbon-dioxide. A dry-nitrogen
cell was used to determine an absorption coefficient, «, of the
order O0.1/m : EOut = Ein e-Kx, dependent upon atmospheric conditions.
As the windows of such cells were likely to introduce aberrations,
the beam was piped over silica gel,

It is worth noting that the production of fluorine in the
chamber is likely to damage the gold mirror and salt output window,
For this reason, the waste gas is removed from the centre of the
chamber and the optical element positioned well away from the
discharge volume. The waste gas is highly toxic, especially if
water from the CUSO4 resistor has leaked into the chamber; and
appropriate safety precautions must be taken. When SF6 is used
in spark-gaps a highly toxic gas is also produced and such gaps
should be well flushed out before opening.

The chamber was extensivly modified to overcome pin corrosion
(from the resistive solution), parasitics and electrical tracking
down the sides of the chamber wall.

3.3 Second Design
3.3.1., Discharge Chamber
A plastic tube of i.d. 43" was used as the basis for the new

chamber. 300 x 3309/2W solid carbon resistors were used in a
random array to give a discharge cross-section of 5cm x 5cm and
length 70cm.  Solid resistors suffer from the disadvantage that

they occasionally explode or breakdown., Reliable resistors are

very expensive. In this design cheap(Radio-Spares) resistors were
chosen, sothat component failure was experienced every few weeks.
Liquid resistors are self-healing., However, the pins and electrolytes,
as used above, caused serious corrosion problems. Subsequent to the
present construction, it was found that hard-drawn stainless steel
and either ammonium sulphate or potassium carbonate aqueous solutions
would have proved suitable for the pins and electrolyte. This new
combination is worth serious consideration for any future design.

An aluminium electrode 5cm x 71lcm, with rounded commers, was
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engraved to remove the specular surface. Six electrical connections
were soldered onto the lower surface. These were fed through the tube,
to present a vacuum seal. The inside of the tube was covered in two

layers of fibre-glass and the end-plates were sprayed with Nextel
optical matt-black paint,

3.3,2. Electrical Circuit

The electrical circuit was identical with the half of the
previous circuit that fed one module.

35.3,3. Optical Resonator

Initially, the resonator shown in Fig.3.3.,which was designed
for component convenience, was tried. On focusing the output,
using a 4m radius mirror, rings were obtained, although there was
still a small parasitic background originating from the aperture
edges. The output energy was also low (1.2J) and it is clear that
a large fraction of the active volume is not included in this cavity.
The use of infrasil has the advantages of higher optical quality and
is less susceptable to damage, but is more expensive than salt.

In order to decrease aberrations the Brewster output window was
replaced by the cavity mirror, as shown in Fig.3.4. The energy was
also increased by use of the confocal unstable resonator shown in
the same figure. A typical output burn is given in Fig.3.5. The
output energy was found to be in excess of 2J and highly stable.

3.3.4., Operating Parameters
The optimum value for r was found to be 10 for hydrogen and 30

for propane. A marginally higher energy and power were obtained at
V. 2 60KV for propane. The reverse was found to be true for lower
charging voltages. The energy and power outputs for these two gases
at optimum value of r, using the resonator shown in Fig.3.3., 1is

given in Fig.3.6.,3.7.

3.4. HF Parameter Studies

A parametric study of the HF chemical laser described above was
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carried out at room temperature using hydrogen, propane or butane
as the hydrogen donor. Obara and Fujioka(s) give the following
as the main reactions :-

SFg +e” > F +SF. +e” - 71.4 to 75.9 Kcal.mole .

F + HX > HF(V) + X + energy (chemical pumping reaction)

HF(V) + M > HF(V-1) + M

where, HF(V) = vibrationally excited HF

HX = hydrogen donor

M = collisional deactivators of HF(V)
with H, and CH, V ¢ 3, for CiHig V £ 4.

In these studies we define :-

T = partial pressure SF6/partial pressure hydrocarbon

Y = partial pressure hydrocarbon/pressure (hydrocarbon + SFe)
p = total pressure

V. = charging voltage

Vd = discharge voltage

= output energy

out
out _ output power
d = inter-electrode gap spacing
Pgp = partial pressure of SF6
6

In order to determine the optimum value of r, Eo was measured,

using a Lumonics 20D pyroelectric joulemeter, as a fugztion of r,
keeping Ptot and V. constant.  An example for hydrogen, using the
confocal unstable resonator, is shown in Fig.3.8. indicating an
optimum value of r = 10 under the stated conditions. The variation

of r with V_ is indicated for butane in Fig.3.9. The peak of these
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curves is relatively insensitive to V. and also Ptot’ and thus we can
justify the detailed investigations at r = 10 for hydrogen and r = 30
for p?opane and butane. EOut and Pout for various VC are given as a
function of Ptot in Fig.3.6.,3.7. It has been shown by Obara and
Fujioka(s) that a similar plot of peak power versus ptot for various
V4 gives a constant value for the ratio ValPiots  Vg/(pgp -d) is
therefore also a constant, indicating that the mean electrdn - SF¢
collision energy is approximately constant for the maximum peak
powers. As the mean free path (m.f.p.) of electrons in SF¢ gas is

(wrzn)-l, where 712

is the collision cross-section for neutral SF6
and n is the SF¢ gas density (which can be estimated from Loschmidt's
number for a perfect gas), Obara and Fujioka obtain the mean electron
collision energy to be slightly less than the disociation energy

SF6 -+ SF

Dyer(6).

The variation of Eout with ptot and Vd for C3H8 and H, are given

¢ + F. This result has also been verified by Dcka and

in Fig.3.10.-3.13. The variation of peak power with Ptot and Vyq is
given in Fig.3,14.,3.15. for hydrogen, using the pulse lengths shown

in Fig.3,16.,3.17. As expected, the maximum peak power increases

with V.. The output energy depends upon the number of SF¢ disociations,
whereas the output power depends upon the rate of disociation. At

low pressures the electron mean free path is large, giving efficient
disociation. E ut is therefore proportional to pSFG‘ At high
pressures, the short electron mean free path reduces the number of
electrons with the disociation energy, and so E ¢ 1s inversely
proportional to Pgp - The increase in peak power with Vyq gives a
small dependance for the low pressures, in agreement with the results
of Obara and Fujioka, and they explain this as being due to the high
mean electron collision energy. It can be seen that, under conditions
of optimum r, the highest power outputs are achieved at high Vy and

Ptot'

The variation of output energy with y for various Ptot is given
in Fig.3.18. for propane. The peak output energy occurs at smaller

Yy as Ptot is increased up to a limit of 70 torr. Above this pressure
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the output energy fell, and did not peak in the region investigated.

As P, . is increased, the increase in the SF¢ partial pressure
increases the amount of disociation, and thus the output energy.

A low vy means a lack of the hydrogen donor, and therefore an incomplete
chemical pumping process. At high y, the excess of the hydrogen
donor deactivates HF(1) and thus decreases output(s). The optimum

y for energy was found to occur at lower values than for power, in
agreement with Deka and Dyer(6) - the expla/nation being that although
the HF production rate decreases, vibrational relaxation of HF by the

hydrogen donor is reduced, leading to longer duration pulses.
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CHAPTER 4

HF LASER-TARGET INTERACTION STUDIES (VACUUM ENVIRONMENT)

4.1. Introduction

There is an absence of data available on the interaction of
high-power HF laser radiation with solid targets in a vacuum. This
1s to be regretted, as, for this laser, the critical plasma density
is intermediate to that obtained using (0, and Nd:glass lasers :-

e et e e e ¢ et N ———

LASER WAVELENGTH | CRITICAL ELECTRON DENSITY
o ) | on ()
Ruby 0.6943  ©  2.313 x 10%1
Neodymium:glass I.06 9.92 x IOZO
Hydrogen Fluoride ; n2.87 ~vI1L36 x 1()2O
Deuterium Fluoride* | ~3.8 V7073 X 1019

18

Carbon Dioxide 10.6 { 9.92 x 10

* HF and DF lasers are broad-band, the wavelength given

corresponds to the line with maximum energy(l).

TABLE 4.1.

The use of the HF laser thus allows plasma production to be
investigated in a new and potentially interesting regime, It is
hoped that the high power and efficiency of modern HF lasers(z)
might lead to the possibility of preducing very high target
irradiances. This work demonstrates that good beam quality can be
extracted from modest systems and useful irradiances achieved. In
addition, characteristics of plasmas produced by a pulsed unstable-
resonator HF laser are presented and scaling laws for the interaction

established. Soft x-rav emission from an HF plasma is reported for
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the first time, permitting a determination of the plasma temperature.

4.2. Laser Applications

The 2.2J laser system, described on p48, was used primarily to
study specular reflection from tilted plane polished targets, and
to provide ion-velocity scaling data at < 2 x 10:%.cm™2 for a
range of targets., i

A~ 0.7J, SMN high-radiance, unstable resonator HF laser(l)
was employed to irradiate aluminium and carbon targets in a vacuum
(<10-4torr), using the experimental configuration shown schematicallv
in Fig.4.1. This system was used primarily for x-ray and ion-
velocity scaling measurements at 27X IOIOW.cm-z. It is to be
noted that the lower energy laser gave the highest power on target.
To a large extent this was a direct consequence of the focal-spot

radius.

4.3, Focusing
4,3,1. Low Power System (A)
The laser output, Fig.4.2., was directed by a 45° turning

mirror onto a 4'" diameter 22' focal length plano-convex lens. The
appearance of the beam at this stage is shown in Fig.4.3. The

beam was now focused onto the target via a vacuum NaCl entry window
of high optical quality. It is worth pointing out here that the
diffraction limited spot size is ~ 70um (diameter of the first dark
ring), and spherical aberration blurr diameter is n 40um,  This
gives a total theoretical diameter of . 80um, which is to be compared
with the 200um actually measured according to the Polaroid bum spot
(which is likely to give an over estimate) and n 120um calculated
from an extrapolation of diagnostic results from the high power

system (where the spot size was more accurately determined).

4,3,2, High Power System (B)
Fig.4.1. shows how a 25cm focal length mirror at an effective

aperture ratio of ~ 6.5 was used to focus the beam in this system.
The calculated diameter of the central lobe of the focused unstable
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Fig.4.2. Output burn on exposed Polaroid, system A.

Fig.4.3. Burn on exposed Polaroid incident on focusing lens 1:5m from

output, system A.

Fig.4.4. Magnified far—field distribution, system B.
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resonator beam was ~ 40um and, based on the known energy distribution

in the focal plane(l), the average 1rradlance ¢ , over the central

lobe was estimated to be 7 x 1010W . The appearance of the
output beam burnt on exposed Polaroid 410 film was uniform, but only
just visible., The far-field distribution of the laser was monitored

using auxiliary focusing optics, as shown in Fig.4.1., sothat any
misalignment of the resonator could be observed and corrected as

necessary during the experiments. The distribution is given in
Fig.4.4,

4,4, Target Chambers
4.4.1. Low Power System

A photograph of the target chamber is given in Fig.4.5. An
ultimate vacuum of lO-6torr 1s achieved by use of a rotary/diffusion
pump combination without a cold-trap. Clement et 31(3) have shown
that higher pressures influence ion measurements by the process of
charge exchange. A fast cycle time{.etter than 20min to lO—Storr)
for a clean system aided experiments that involved change of targets
etc. The vacuum system was built '‘fail-safe' sothat it could be
kept running over-night.

The chamber itself was of internal diameter 60cm and had a
number of side ports which could be used to hold windows, diagnostics
etc., The base of the chamber was designed to take magnetic clamps.
The whole system was made moveable, and diagnostic cables were
triaxially piped into a doubly-screened room to lessen noise pick-up.
The salt entry window was protected by a resistive heater that gave
uniform heating. It also had the advantage of involving no
lighting and of a dust cover. The window was found to suffer far
less damage from the atmosphere than other NaCl optics protected

with a lamp or plastic cover.

4,.4,2, High Power System
A. compact chamber employing high quality optics was used, enabling

a large solid angle for x-ray and streak detection to be achieved.



Fig,4.5, Photograph of the target chamber.
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5

An ultimate vacuum of 10 “torr was achieved using a low capacity

rotary/diffusion pump combination.

4,5, Results

4.5.1., Low Power System

a) Ion Measurements

Faraday-cup charge-collecting probes were positioned in the
target chamber and biased at -70V to collect positive ions. A
typical bias characteristic curve is given in Fig.4.6. As the
ion-signal at large distances was small, especially for low target
irradiances, the laser pulse itself was used as a time-marker in
the determination of the asymptotic ion expansion velocity. Fig.4.7.,
4.8. shows typical ion-probe signals from polyethylene and copper.
Photoelectric signals were not seen under these conditions. The
incident energy was monitored using a Lumonics 20D pyroelectric
joulemeter and the laser pulse-shape obtained with a high-speed,
liquid-nitrogen cooled, gold-doped germamium detector. A typical
pulse-shape is given in Fig.4.9.

The ion-velocity was measured as a function of target irradiance,
material and azimuth - the target itself being inclined at 10° to
prevent specular feedback to the laser system. The target irradiance
10 5 3.5 x 10%W.cn™2 by use of Inconel on

(4,5)

Infrasil substrate attenuators . These give an approximately

was varied from 5 x 10

wavelength independent attenuation. Target materials used were:
polyethylene, carbon, aluminium, copper, silver and lead. These
were in the form of 'Specpure' rods, which were freshly machined,
polished and cleaned prior to use.

Results showing the ion-velocity scaling for the six targets at
15° and 40° from the beam axis, and in the horizontal plane, are
shown in Fig.4.10.-21. 2/9 scaling, as predicted by the self
regulating model, was obtained at 15° for polyethylene, carbon,
aluminium, copper (approximately) and at 40° for polyethylene and
lead. In other cases, a lower scaling was achieved. The higher I
materials tended to give multiple ion species, the predominant ones

being included in the previous graphs.
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top: laser pulse time marker.

bottom: ion signal.

Fig.4.7. Polyethylene ion time of flight oscilloscope trace.

®=1-6x10° W.cm™2 1pus/div.

top: laser pulse time marker.

bottom: ion signal.

Fig.4.8. Copper ion time of flight oscilloscope trace.

®=5-4x10° W.cm™2 Tpsidiv.

Fig.4.9. Laser pulse shape. 100 ns/div.
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Fig.4.22. shows a polar plot of ion-velocity for carbon: it
1s seen to peak in the forward direction as found by Bykovskii et
a1(6) at 1.06um. A polar plot of total number of ions collected
per unit solid angle (dn/de) is shown in Fig.4.23.

The ion number was obtained by manually integrating the ion
signals.  This gives nZ, where Z is the mean charge. 7 was estimated
using the following expression for a coronal ionization equilibrium
(Dick et al(7), Shearer and Barnes(g)) -

3 3

Z =206 {(10”

T) / (1+ 10701 ez N L 4.1

where, Z, 1s the nuclear charge of the element and T, is the electron
temperature in eV. T  was obtained using Puell's energy balance

expression(g’lo) I

Eson =5C+D T, (4.2)

where, Eion is the ion expansion energy.
 Graphs incorporating these expressions for the six targets

have been plotted ; the one for carbon is shown in Fig.4.24,

Ion number scaling for polyethylene, carbon and aluminium at
150, and also carbon at 400, are shown in Fig.4.25.-28. The complex
structure of the signals from high Z materials makes interpretation
of number difficult, It can be seen that a change in slope was
generally observed. The self regulating model predicts a 5/9 scaling
for total ion number. From the results for carbon at 15° and 400,
a much higher scaling was observed - the scaling possibly tending to
5/9 at fluxes slightly higher than those used.

Plots of ion expansion energy versus target atomic weight are
shown for the two angles in Fig.4.29,30. at a target irradiance of
2 X 1OIOW.cm-2. These are seen in general to rise to a maximum

about atomic weights ~ 100,
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A summary of estimated electron temperatures and target irradiance
scaling from these measurements is presented in Table 4.2.

b)  Optical Streak Photography
A John Hadland (P.I.) Ltd. Imacon streak camera fitted with a
type P856 image converter tube (English Electric Valve Co.) was used

to obtain optical streak photographs of the laser-produced-plasma

(l1.p.p.) A 100A/V current probe was connected round one of the two
laser voltage lead-throughs to obtain a positive 60V trigger signal
for streak plug-in type MS146., This plug-in was capable of speeds :
1,2,5,10ns/mm of film, The camera was fitted with a 300um slit

and placed on its side to be normal to the target. Focusing was
carried out using a fine metallic rule. This also gave the magnific-
ation,

Streak photographs were taken for carbon and aluminium targets.
The measured expansion velocity was found to depend upon the camera
aperture, i.e. exposure and depth of field., In general, the
velocities measured were smaller than those obtained using the ion-
collectors, although the maximum velocities obtained are in agreement,
This result is not surprising, as the ions are being emitted into Zw
steradians sothat the projected velocity along the imaged slit will
in general be less than its true velocity. In the optical system
used, the depth of field was fairly large, enabling such ions to be
seen. The angular velocity and number distribution will also affect
the exposure for a given velocity. In addition, the ions are in the
acceleration phase and so have not achieved the asymptotic value.
Boland et al(ll) have also observed that ions in the lower ionization

states are more copious emitters of visible photons,

c) Specular Reflectivity
Specular reflection measurements for the six targets oriented

at 20° to the incident beam are given in Fig.4,31-34. For the metals

the reflectivity is high at low irradiance levels, due, presumably,
to direct reflection from the target surfaceclz). This is reinforced



TARGET ELECTRON TEMPERATURE DERIVED TEMPERATURE
(eV) TRRADIANCE SCALING

(CHZ)ﬁ 167 Te N ¢O.39

c 21 40435

Al 34 d;0.32

Cu 63 30-43

Ag 60 57016

Ph ~ 32 ¢'o.32

+ Using average nuclear charge and mass for (CHZ)n’

Summary of estimated electron temperature and target irradiance
scaling from charge-collector probe measurements at 3 x IOIOW.cm"2 (HF) .

TABLE 4.2,
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by the observation of the spatial distribution on reflection, which
was not fundamentally changed, although some aberration was observed.
The reflectivity decreases steadily as ¢ is increased. Under high
irradiance conditions the reflected and incident laser pulse shapes
were observed to have similar time histories.

4.5.2, High Power System

a) __ X-ray Continuum Emission

Elton(13) has extended calculations of the total integrated
bremsstrahlung radiation passing through absorbing foils, including
beryllium, for a plasma energy range of about 50eV to 100KeV.

Using his calculations, together with ion-velocity measurements,
calculations showed that x-rays could only be observed using thin
foils (g Smg/cmz). Even under these conditions the detection of
x-rays was predicted to be uncertain. Considerable care was
therefore used to obtain optimum target irradiances by using a high
quality beam, The x-ray detector was set at a very high gain, and
signals were collected over a large solid angle., Electrical noise
was reduced by careful screening.,

Using an EMI 9813KB photomultiplier, operated at an EHT of
2.6KV, together with an NE 104 plastic scintillator, x-ray signals
were obtained. Be foils of mass per unit area 4.50 and 2.06 mg.cm-z,
and of areas 0.567 and 0,722 cmz, were employed 6.9cm from the
plasmas to limit the range of x-ray wavelengths detected, and to
remove optical detection. The immmity of the system to stray
light was confirmed by using a laser produced gas break-down spark(s)
as an intense light source at the laser focus.

The signals were obviously subject to statistics but other-
wise reproducible. They were displayed on a Tektronix 7844
oscilloscope, time synchronised with the laser pulse. The shot-to-
shot fluctuations were reduced by using a 20Miz bandwidth amplifier
to provide some integration. The strongest emission was obtained
with aluminium, in agreement with results using a CO2 laser as

presented in chapter 7.  With both aluminium and carbon the emission
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intensity decreased rapidly as the target irradiance was decreased,
as predicted from Elton's calculations(13). Fig.4,35, shows tynical
x-ray signals for optimum conditions, together with the incident
laser pulse shapes. The emission durations for Al and C were found
to be ~ 60ns and v 40ns (FWHM) respectively; after allowing for the
transit delays, the emission was found to begin concurrent with the
main- spike of the laser pulse,

Approximate electron temperatures were obtainable using the
two-foil absorber ratio technique(14). However, a more accurate
determination results from a technique based on the absolute sensitivity
of the detectorcls). This method has significant advantages over
the absorber ratio technique, when low temperatures (<100eV) and
weak emission signals are encountered, because of the high sensitivity
of the signal to Te variationscls). To estimate the temperature,
the radiating plasma volume, V, was assumed tobe V = } 7 rz, with
r = 20um, and the average electron density, ﬁe, within this volume,

(0]
half the critical density (ﬁe v 5 X 1017

cm—s). Contributions from
free-free and free-bound transitions were considered when calculating
the radiated power, with a coronal equilibrium model being used to
determine the density of different ionization stages in the Al and C
plasmas(l6). The Te deduced from these measurements are given in
Table 4.3, The limits on temperature given correspond to a factor
of ~ 10 error in the term ni V used to calculate the power emitted

by the plasma, and indicate that the temperature is insensitive to the

precise value of this parameter,

b) Ion Emission

A negatively biased charge collector probe mounted axially in
the vacuum chamber, and located 15cm from the target surface, Fig.4.l.,
was used to determine the asymptotic ion expansion velocity.

For both Al and C targets, ion probe signals consisting of a
single, temporally smooth, pulse were obtained, similar to those
reported previously for ruby(l7) and gain-switched COz(lO) laser-

solid target experiments. Under sensitive conditions a photoelectric



Fig.4.35. Typical x-ray signals for optimum conditions,

together with incident laser pulse shape. 2:06mg c¢cm™?

Be foil, polished Al target.
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signal was clearly obtained, Fig.4.36. The time delay between the
peak of the laser pulse and the peak of the ion pulse was used to
derive the asymptotic ion expansion velocity, V_; results of V
versus the target irradiance, ¢p’ are included in Fig.4.11,13, for
C and Al targets. 1In both cases, a Vﬁ o ¢;/9 scaling law gave a
reasonably good description of the experimental data. An estimate
of the plasma electron temperature, T,, was obtained from the
asymptotic ion expansion energy, Eion’
relationship as before. Electron temperatures derived in this
manner are given in Table 4.3, for ¢p =7 X lOlOW.cm—z, and are seen

to be approximately a factor of two lower than those derived from

using the energy balance

the x-ray measurements,

c)  Streak Camera Measurements

In Fig.4.37. the laser pulse shape is shown together with a time
synchronised streak photograph of the plasma produced from a carbon
target at 7 x 1010w.cm’2. The temporal structure exhibited by the
laser pulse was reproducible and resulted from J-line switching and
vibrational cascading in the multiline HF 1aserC18). The streak
photograph shows that plasma production is initiated by the first,
fast rising, low amplitude, component of the pulse, with a small
step in the luminous front occurring upon the arrival of the main
'spike' on the pulse. During the latter stages of the interaction
(; 100ns), when the laser intensity is approximately constant, the
luminous plasma boundary appears to be stationary and extends to
~ lmm from the target surface. The overall laser pulse width and

the period of luminous emission are seen to be comparable (~400ns).

d) Beam Quality

The presence of the target and focussing optics did not signifi-
cantly change the beam properties from those determined off target.
For example, no noticeable difference in either the laser pulse delay

time or pulse-shape was observed with the target present, indicating low

reflective laser-target coupling., Optical and electron-microscope
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Fig.4.36. Photoelectric signal preceding main carbon ion pulse.
500 ns/div, 0-2V/div.

Fig.4.37. Laser pulse shape time synchronised with a streak
photograph of the plasma produced from a carbon target at

an irradiance of 7 x10'°W.cm?:?



TARGET

EXPERIMENTAL TEMPERATURE (eV)
6 =7 x 10%.cm™2

CALCULATED TEMPERATURE (eV)
6 =7 x lOlo'f\I.c:m_2

Ion Probe X-Ray ¢ < ¢ >
20
C 30 65 + 12 72 34
: 25
Al 38 75 + 15 87 40

Experimental and calculated electron temperatures (HF).

Table 4.3.
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inspection of the laser damage sites on the Al targets showed the
presence cf deep central craters of ~ 40um diameter with peripheral
damage out to diameters of ~ 110um, Fig.4.38,39., which was consistent

with diffraction limited performance of the unstable resonator(l).

4,6, Discusion of the Results from Both Systems
4,6.1, The Interaction

For the irradiance levels and pulse lengths used, the steadv-

state self-regulating mode1(9»19>¢h1)

, should provide a good description
of the interaction. This model assumes that laser radiation 1is
absorbed primarily in the under-dense plasma zone, an assumption

which can be shown to be valid providing ¢p N ¢O, where(g):—

¢, n 1.2 x 10t T, 23/2 Afl/z Arwem?d (4.3)

Here, A (um) is the laser wavelength, T (um) is the characteristic
focal spot radius, and A the atomic weight of the target material.
For the HF laser, with X = 2.8um and r_= 20um, equation 4.3. gives
b, N lOMW.cm-2

the maximum irradiance levels employed. Under steady-state

for Al and C targets, which is somewhat higher than

conditions, the dependences of the electron temperature, Te’ and the

ion velocity, V, on r_, A and ¢ can be shown to be(lg):-

T =a rZ/9 A4/9 ¢4/9 ..... (4.4)
e o]
v, =b ri/g \2/9 29 . (4.5)

where a and b are coefficients depending upon Z and A, which can be
derived from Puell's analysis(g). It should be noted that the
applicability of these scaling laws to our results is supported by
the ion velocity measurements which show good agreement with the

Vp « ¢2/9 dependence predicted by equation 4.5.
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4.6.2, Comparison with Theory

In Table 4.3., temperatures calculated using equation 4.5. are
given for Al and C targets with ¢ = ¢p =7X IOlOW.cm‘Z, 2r = 40um
and A = 2.8um, It can be seen that the temperatures predizted
using the maximum irradiance, ¢p’ are consistently higher than those
derived experimentally from the ion probe data, but are in broad
agreement with the x-ray measurements. Since the x-ray detection
technique provides a measurement of the highest temperature(l7)
achieved (in both space and time) during the laser pulse, it is
reasonable to suppose that this temperature relates to localised heating
produced by the main lobe of the focused unstable resonator beam, which
is characterised by ¢p. In contrast, since the ion probe detectors
yield space and time averaged values for Tos it is more appropriate
in this case to compare the results with predictions based on an average
value for the irradiance, <¢>. This is done in Table 4.,3., where

T, values are given for ¢ = 7 x 109W.cm—2

, which corresponds to a
spot-size of 2rO = 110um, as determined experimentally from the
overall damage crater diameter, and a time averaged (rather than
peak) value for the incident laser power. T, values calculated
in this way agree well with the ion probe measurements.
A comparison of the reflectivity measurements with predictions
(20,21) shows, Tablc 1.1,

that the experimental results are much higher than would be expected.

based on the optical thickness of the underdense plasma

Thus, it is likely that reflection from the target surface dominates
the results over the entire range studied; this explanation would
also account for the significant difference in reflection observed

for Al and C targets.,



TARGET R (%)
$ =10 W.cm™ $ =10""W.cm?

(CH,), < 1.88 0.29

C 0.01 0.13

Al 0.04 0.61

Cu 0.05 1.28

Ag 0.60 1.59

Pb 0.02 0.11

Total reflection coefficient calculatcd(ZI) assuming an isothermal plasma with

linear density gradient.

Table 4.4.
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CHAPTER 5

HF LASER-TARGET INTERACTION STUDIES (GASEOUS ENVIRONMENT).

5.1, Introduction

The interaction of HF laser radiation, with certain solid targets
in a gaseous environment, is briefly studied. Platinum, stainless
steel and aluminium targets are used in air at atmospheric or reduced
pressures. Measurements on thermal coupling, reflectance, plasmotron
threshold, laser supported detonation wave threshold and velocity are
presented, together with transmission studies through a laser-induced

gas-breakdown plasma.

5.2, Thermal Coupling

5.2.1, Introduction

For many industrial and military applications, the optimum transfer
of radiation energy to a surface, in a gaseous environment, is required.

Typical conditions are :-

ambient pressure 0-760 torr.

ambient gas air, sometimes argon

surface (polished) metals, such as steel,
titanium and aluminium alloys

laser COZ, DF, Nd:glass, ruby

focal spot diameter < 5mm

The coupling coefficient, a, is defined as the ratio of the thermal
energy absorbed by the target to the radiation energy incident on it.
o has been measured(l-4) at the CO2 and Nd:glass wavelengths as functions
of target material, ambient conditions, laser intensity and fluence
(energy/spot area), pulse duration, and focal spot size. In this
section, we present measurements at the HF wavelength, using polished

platinum targets in air at an ambient pressure of 0-760 torr.
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5.2.2. Experimental Procedure

The schematic layout for the thermal coupling measurements is
shown in Fig.5.1. The ~ 300ns HF laser radiation intensity was
varied using the Inconel on Infrasil attenuators. Pulse-shapes and
energy were measured using a liquid nitrogen cooled, Au doped Ge
photoconductive detector and a calibrated Lumonics 20D pyroelectric
joulemeter, Chromel-alumel thermocouples were symmetrically spot-
weded on the rear surface of thin polished platinum discs. As 0.1°C
absolute accuracy was not necessary in these experiments, known
calibration data for these pure metals was assumed, and is shown in
Fig.5.2. The output signal was monitored using a D83 Telequipment
oscilloscope with a V3 high-gain amplifier. A typical signal 1is
shown in Fig.5.3. The target and detection system were screened in
a Faraday cage to remove radiative noise pick-up from the laser
system, A time-averaged value of o was obtained using the relation-

ship :-

tr

where, M is the target mass (interaction loss negligible), C the
mean specific heat over the temperature variation, 6 the temperature
rise from room temperature, and E the incident laser energy. In the
case of pre-fabricated targets, the mass was calculated using
dimensions and target density. For some experiments, the target
was positioned in an evacuable cell.

The spot size was defined as follows. The irradiance was
decreased until the threshold bum condition on exposed, uncoated
410 Polaroid film was achieved. The irradiance was now increased by
a factor of two, and the spot size accurately measured. Allowance
was made for the thickness of the Polaroid film.  The single crater
sizes on the targets showed agreement with these values.

The incident energy was recorded for each thermocouple measure-
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ment, and an average of five or more results was taken for each
reading. The laser was fired at regular intervals, and the values

for a given graph obtained in a consecutive run. In each case the
initial result was repeated at the end of the sequence,

5.2.3. Experimental Results

Fig.5.4. shows the variation of o with fluence for three platinum
target and spot sizes. A 20cm focal-length plano-convex NaCl lens
was used to partially focus the beam. In all cases, the target was
on the lens side of the focus, The curves are of the same general
shape as predicted, and as obtained at the CO2 and Nd:glass
wavelengths(2-4). In each case, the peak thermal coupling is
obtained about the LSD wave fluence threshold. Progressive enhanced
coupling is observed below this threshold, and progressive decoupling
1s observed above the threshold. The peak value of the thermal
coupling coefficient obtained was in the range 10.5-16.5%.

Fig.5.5. shows results obtained using a 50cm focal-length,
plano-convex NaCl lens, Consider the following table, which

summarises these two graphs :-

TARGET DIA | FOCAL-LENGTH | SPOT AREA | SPOT/TARGET AREA | PEAK o
3.0mm 20cm 0.010cm? 14.1% 164
3. 5mm 50cm 0.032cm’ 33.3% 115
4.8mm 20cm 0.024cm? 13.3% 10.5%
4.8mm 50cm 0.036cm* 19.95 145
8. 1mm 20cm 0.066cm’ 12.8% 125
8. 1mm 50cm 0.088cm? 17.1% 199

TABLE 5.1.
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For the larger targets, an enhanced thermal coupling is to be
noted with the longer focal-length lens. In both these cases, the

focal spot also covers a larger fraction of the target. Thus, the
enhancement cannot be due to plasma spread outside the spot., In
contrast, the smaller targets indicate the reverse situation. This

can be explained by assuming significant plasma spread beyond the
target in the case of the 3.5mm diameter target. The explanation
for the enhancement with the larger targets is not immediately
apparent.

The peak coupling does not follow an obvious trend with spot
size., Measurements at larger spot sizes were not possible, un-
fortunately, because of the available laser output energy. This
would have been desirable to clarify the situation.

Conflicting results have been obtained at the CO2 wavelength(2’4)’
as the spot size was increased, Marcus et al. observed a marginal
enhancement, but Maher et al. observed the reverse.

The minimum beam intensity required to support an LSD wave 1is

calculated in ref.5.5.,5.6. and plotted as a function of spot radius

in Fig.5.6. Experimental peak coupling values are also indicated to
show their equivalence. The LSD wave threshold for O0.5-lmm radius
spots was found to be v (2-3) x 10%W.cm™2,

The thermal coupling coefficient - fluence dependence was also
measured at reduced air pressure. Fig.5.7. shows the dependence at
760 and 100 torr in the case of a 3mm diameter target and ~ lmm
diameter spot. The two curves are similar, although the increased LSD
wave velocity at 100 torr (see next section) is made apparent by the
slightly reduced coupling. These results are in general agreement
with measurements at the COZ(2’4) and Nd:glass(s) wavelengths.

Peak coupling coefficients presented here at the HF wavelength
for platinum targets, (12-18%), are relatively low when compared with
values for other metals at the CO2 wavelength, (v25-35%). This
variation may be partly due to a target dependence, but the increased
plasma absorption length at ~ 2.8um is likely to be significant.
Breakdown plasma transmission experiments at the HF wavelength are

described in section 5.4. and compared with CO2 results.
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5.3. TIgnition and Propagation of LSD Waves

5.3.1. Introduction

High speed (streak) photography has been employed to determine
LSD wave velocity and threshold irradiance when HF laser radiation is

focused onto metal targets in air. Targets used were polished
stainless steel and aluminium, and unpolished platinum., Ambient

pressure was varied from lO-Storr to atmospheric.  The reflection
coefficient was measured on both sides of the LSD wave threshold

1rradiance in order to investigate the decoupling effects.

5.3.2.  Experimental Procedure

A photograph of the experimental configuration is shown in Fig.5.8.
This is similar to the configuration used for thermal coupling.
Incident energy and pulse shape were monitored as before. In addition
the specularly reflected radiation, from the tilted target, was
collected and partially focused, with a concave mirror, onto another
calibrated joulemeter. The Hadland streak camera, as previously
described, was positioned to view luminous plasma that expanded back
towards the laser, The tilting of the target ensured that specular
'blow-off' was insignificantly observed (because of the camera's depth
of fieldj and reflective coupling, with the laser itself, was minimised.
An observation NaCl side window was incorporated into the vacuum chamber,
to enable the procurement of streak measurements at reduced pressure.

Both stable and unstable resonators were used in these experiments.
For the latter situation, the laser output was regularly checked by
observing the far-field distribution. The distribution also enabled
an estimate of the target irradiance to be made. When operated in the
multi-mode stable configuration, a maximum irradiance of ~ IOQW.cm_2

was possible for spot sizes > lmm. With the unstable resonator,
the maximum irradia ce was ~ lOlow.cn;'2 for a spot size of ~ 10Cum,

5.3.3. Experimental Results

a) Aluminium Target
Fig.5.9. shows a typical streak photograph at an irradiance of
v oy,.6 X 107W.cm'2. This clearly indicates a plasmotron situation, as




Fig.5.8. Photograph of the experimental configuration used for atmospheric high-speed photography.
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Fig.5.9. Streak photograph of an aluminium plasmotron in
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aperture f/22.
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Fig.5.10. Streak photograph of an aluminium LSD wave in
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atmospheric air at an irradiance of ~ 3:5x10" W.cm.
(a) Camera aperture f/22, 10dB neutral density filter.

(b) Camera aperture f/22, 12dB neutral density filter.
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also observed at the CO2 wavelength. At a threshold of ~ 1.6 -

2.0 x 108W.cm-2 an LSD wave was observed. For the given spot size,

this is in good agreement with the theoretical value given in ref.5.6.
Fig.5.10 shows a typical streak photograph at an irradiance of

v 3.5 x 10%W.cm™ 2, This is clearly an LSD wave situation without any

recoupling apparent. The expansion velocity of ~ 1.17 x 106cm.sec-1

is in fair agreement with the predicted value, obtained from 5.2., of

1.46 x 10%m.sec™! (using p = 1.2047 x lO_Sg.cm-S at 20°C and ¢ =

3.5 x lolserg.sec-lcm-z). The difference can be explained by the

decreased irradiance, at the absorption front, due to the cone angle.

For example, at Imm from the surface the irradiance has decreased by

a factor of 1.465, resulting in a theoretical velocity of 1.29 x 10°

cm.sec™t.  Under similar conditions, TEA CO

> laser radiation produces
recoupling, in contrast to these results.

In Fig.5.11, the initial plasma expansion velocity/irradiance
scaling is shown to obey the one third law above the LSD wave
threshold.

The reflection coefficient is given in Fig.5.12. as a function
of irradiance. For very low irradiance values, the surface acts as
a good mirror. As the irradiance is increased the reflectance falls
steadily; above the LSD wave threshold < 10% of the radiation was

reflected.

b) Stainless Steel and Platinum Targets

The plasmotron threshold for polished stainless steel was found
to be ~ 1 x 10%W.cm™%.  This is higher than the threshold for
aluminium. A typical streak photograph of a stainless steel plasmotron

8W.cm_z.

is shown in Fig.5.13. at an irradiance of 1 x 10
.SD wave initiation for stainless steel occured at an irradiance
of v 2.3 X 108W.cm-2, which is at a similar level to that of aluminium.
Typical streak photographs at this threshold irradiance are shown in
Fig.5.14a-b.  The initial LSD wave expansion velocity again obeyed
the ¢l/3 dependence as given in Fig.5.11.  The velocities for stainless

steel and aluminium were very similar.
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Fig.5.13. Streak Photograph of a stainless steel plasmotron in
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Using the unstable resonator configuration, high irradiances
( < lOlOW.cm-Z) at small spot areas were available to study the plasma
behaviour., Fig.5.15. shows a streak photograph taken at an irradiance
of v 4.6 x 108W.cm_2. A rapid, strong decoupling is seen to be
followed by a weaker recoupling ~ 280ns from the initial LSD wave
production.  This behaviour has also been observed at the (0. laser
wavelength(7’8). Above an irradiance of ~ 3 x 109W.cm'2 no iecoupling
was observed. Fig.5.16, shows the initial expansion velocity scaling
with irradiance. In this case a low (m¢o°15) scaling was observed.

It is likely that radial losses are important for the small spot areas
employed here.  Thus, the lowered effective irradiance would decrease
the scaling from the ¢l/3 given by theory.

The plasmotron threshold was found to decrease slightly with
ambient air pressure. For example, with stainless steel, the threshold
8W.c:m_2 above 400 torr, but at
The LSD wave threshold was found

to be approximately constant in the pressure range 20-760 torr.

was approximately constant at 1.1 x 10

100 torr it was ~ 7 x 10'W.cm 2.
Fig.5.17. shows the relationship between the initial plasma

expansion velocity and ambient pressure. Three different irradiance

levels are indicated; as expected the higher irradiance gives the higher

expansion velocity. For low pressures the velocity is independent

of pressure; above ~ 100 torr the velocity was found to scale as

p=0.32 -1/3

shows the expansion velocity as a function of irradiance at ambient
1/3

in good agreement with the P predicted by theory. Fig.5.18.

pressures of 20, 100 and 400 torr. For each pressure, a ¢ scaling

was observed above the LSD wave threshold.
With platinum, the velocity dependence, as shown in Fig.5.11.,5.19.,

was found to be similar to those of stainless steel and aluminium.

8 -2
The platinum plasmotron threshold was found to be ~ 1.2 x 10"W.cm =,

Fig.5.20,, at ~ 1.3 X 108W.cm-2, shows a combined LSD wave and weak
plasmotron. Above about 1.5 x 10

8 2

W.cm © only an LSD wave was observed,

for example, as shown in Fig.5.21.
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Fig.5.21. Streak photograph of plasma production from platinum
in atmosperic air. Irradiance ~ 15 x10® W.cm.? Camera aperture

§/22, 25dB neutral density filter.
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>.4. HF Laser Transmission Through a Gas Breakdown Plasma
5.4.1. Introduction

The reduced thermal coupling of HF laser radiation, compared with
CO2 laser radiation, suggests that the plasma absorption length is
large. To investigate this, an argon breakdown plasma was used in
the configuration shown in Fig.5.22. Deka(g) has studied argon
breakdown plasma transmission at the'CO2 wavelength.,  Thus, a direct
comparison was available, Pure argon was chosen, as it gives
reproduceable results; air breakdown thresholds vary slightly according
to composition. Transmitted energy and pulse shape through a break-

down plasma are studied as a function of argon pressure,

5.4.2. _Experimental Procedure

The experimental configuration is shown in Fig.5.22. A~ 1J
unstable resonator HF laser(lo) giving ~ 160ns FWHM pulses was focused
using an £/10, 30cm NaCl lens into the high pressure argon cell.
Transmitted radiation was collected and focused with a second f/10
lens over a H,O- and CO,-free path, produced using flowing dry nitrogen
gas (HZO and @0, are highly absorbing to HF radiation). The pulse
shape was measured, using the liquid nitrogen cooled Au-doped Ge
detector, for the radiation scattered from a ground NaCl plate. The
transmitted energy was measured using a calibrated 'Gen-Tec.' pyro-

electric joulemeter.

5.4.3. Experimental Results
In Fig.5.23. the transmitted energy and pulse duration (FWHM)

are given as a function of gas pressure. The transmission coefficient

1s seen to steadily decrease with increasing pressure, falling from
~ 1.0 below the breakdown threshold to ~ 0.16 at 2460 torr. ‘The
corresponding decrease in pulse width is 160ns to ~ 7ns. At atmos-
pheric pressure the transmission was determined to be o 35%, which
is high when compared with < 10% for air at 10.6um wavelength.

The large absorption length for HF radiation is probably due to
the breakdown plasma density being sub-critical. As the pressure is



30cm FOCAL REMOVABLE MIRROR

LENGTH NaCl LENS FAR FIELD
/ \ NaCl SCATTER PLATE

/

171
UNSTABLE RESONATOR | >< N X ENERGY/
HF LASER < PULSE
1.1

HIGH PRESSURE TUBE

|
ABSORPTION : SHAPE
|
ARGON CELL !

TO
MONOCHROMATOR

Fig.5.22. Experimental configuration for HF transmission measurements through a gas breakdown plasma.



~ THRESHOLD PRESSURE
c ’?
e’ °\

e’
L
3
; -—
> (7]
e’ e
T
z z
Q x
) p 4
3 N »
w -_> -
(7]
[ |
= — X
[- % X X

xx\
10' ~_ ® — 10!
s~..~~.
o -
.Q“~~P°‘
10° L 10°
102 103 104

PRESSURE (torr)

Fig.5.23. Variation of pulse duration and transmitted energy, for breakdown in argon,as a function of gas pressure.



- 75 -

increased, the increased density increases absorption and decreases
the breakdown time; both these factors decrease the transmission.

For pressures > 1000 torr, breakdown occurs on the rising edge of

the incident pulse. Thus, the pulse width is given by 5.9. Indeed,

Fig.5.23., shows experimental agreement with this theoretical scaling.

5.5. _Conclusions

The coupling coefficient for platinum has been investigated as
a function of target and spot size, cone angle, fluence and ambient
pressure using HF laser radiation in air. The maximum coupling
obtained was ~ 15-18%. Peak coupling irradiance was found to be in
the region of the LSD wave threshold in agreement with measurements
at other wavelengths. There was no obvious thermal coupling trend
as the spot size was varied. LSD wave thresholds and velocities for
platinum, stainless steel and aluminium were found to agree with theory.
The weak coupling at the HF wavelength for platinum is likely to be
a direct result of inefficient energy transfer to a sub-critical density
plasma, This is also indicated by the argon gas breakdown studies,
where HF radiation was found to have a high transmittance compared
with longer wavelength radiation. Further studies, using a target-
induced breakdown and a transparent solid target would be desirgable,
although similar results are likely. The plasmotron thresholds for
the three targets were determined. For irradiances above the LSD wave
threshold, rapid thermal decoupling was obtained. In contrast to the
case of CO2 laser interéction, subsequent recoupling was not observed
with the large spots irradiated with the multimode stable resonator.
Recoupling was observed under certain conditions, however, for small
spots using the unstable resonator. Large spot measurements, although

desirable, were not carried out due to the unavailability of a suitable

laser.
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CHAPTER 6

.992 LASER-TARGET INTERACTION STUDIES (VACUUM ENVIRONMENT)

6.1, Introduction

A gain-switched TEA CO2 laser was used to irradiate various solid
targets in a vacuum(l). Target irradiances between 108 and 1.2 x 1011
W.cm—z, with 60ns (FWHM) pulses, enabled ion and X-ray scaling laws to
be deduced and the backscattered laser radiation to be measured. The
results indicate the existence of a high energy electron component in
the plasma and the onset of an instability heating mechanism at

V2 X IOlOW.cm-z.

6.2, Experimental Arrangement
6.2.1. Oscillator
A double-discharge TEA oscillator(z), comprising of eight 48cm

modules with a cross-section of 5 x 5cm2, was operated in two modes.
In the first mode the molecular gas flow ratio y = COZ/(CO2 + Nz),
with 80% helium, was optimised at 0.6 for power and 0.5 for energy(z’s).
This results in a low amplitude (v~ lus) tail following the high
intensity spike(4), Fig.6.1. In the second mode y = 1. Although
this reduced the energy to under a third of the optimum, the tail
amplitude was considerably decreased, Fig.6.l.

An unstable resonator(s) was used to obtain single mode operation

without significant energy loss compared with the multimode output.

6.2.2. Target Chamber
Pulses were focused using a bi-convex NaCl lens designed to

minimimize coma and spherical aberration. The lens had a focal length
of 25cm and was used at f/6. Calibrated Can flats were employed to
attenuate the beam, as shown in Fig.6.2. The craters and bums formed
at low irradiances indicated a focal spot radius of about 200um.
'Spec-pure' target rods of polyethylene, carbon, aluminium, copper,
silver and lead were polished and mounted at 80° to the beam axis to
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signal. Left: laser pulse with tail. Right: single gain switched spike.
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prevent specular feedback to the oscillator. The chamber was evacuated
to < 10> torr.

6.3. Diagnostics

6.3.1. Pulse Shape Measurements

The incident and reflected pulse shapes were measured using Rofin
7411 photon-drag detectors, as shown in the schematic diagram, Fig.6.2.

6.3.2. Charge-Collector Measurements

Ion velocities were obtained by the time of flight technique, as
with the HF system. 1In this case, the probes were separated by 48.7
cm and mounted in the forward direction, inclined at 20° to the optical
axis, sothat they were sighted along the direction of specular reflection.
The solid angles presented by the two probes were made equal. Ion

number was obtained by electronic integration of the ion pulse.

6.3.3. _X-ray Continuum Measurements

The soft x-ray emission from the plasmas under these conditions
is far more copious than with HF, enabling the two-foil ratio technique
(6,7
9813KB and 9814KB) were used, together with a plastic scintillator
(NE104), depending upon the x-ray intensity. The former combination

to be employed. High and medium gain photomultipliers (EMI

resulted in a statistical spread of the signal amplitude, but had far
greater sensitivity. The soft x-rays were filtered through foil
combinations that included 25, 125 and 250um thick light-tight
beryllium. Signals were displayed on a Tektronix 7904 oscilloscone
using a 20Miz limited amplifier to introduce some integration.

It has been pointed out(l) that line radiation was not significant
in our situation in view of the relatively low plasma temperature
deduced from probe measurements, and the probable failure to reach

coronal ionization equilibrium in the plasma.

6.3.4. Backscatter Measurements
The laser radiation reflected and collected by the lens, a solid
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angle of 0.06Sr, was directed onto the pyroelectric joulemeter, using
a NaCl beam-splitter and lens as shown in Fig.6.2. This was normalized
using a second joulemeter to monitor the incident energy.

6.4. Results
6.4.1, Charge-Collector

A strong photo-electric signal was obtained in the majority of
measurements.  This acted as a useful time-marker. Velocities were
therefore obtained using this signal for the two probes in addition
to timging between the probes. In the presence of the low amplitude
tail to the laser pulse, the photoelectric signal overlapped with the
fastest ion signals on the near probe. The tail also produced multiple
ion species, especially for the heavier targets. This will, in part,
be due to the tail interacting with a pre-conditioned plasma. The
ion velocity scaling laws deduced using the initial ion pulse were the
same in both modes of operation, although this was not true if the
largest ion pulse was considered. In order to unambiguously interpret
the scaling, Nz-free gas mixtures were employed. Typical ion signals
for these two situations are shown in Fig.6.1., and presented in ref.6.1.

Fig.6.3-8. show the ion-velocity scaling for the six targets
studied using a Nz-free gas mixture, Velocity measurements were
taken representing the most abundant ion species. The effect of
the residual tail in producing secondary peaks was established. In
general, the scaling was lower than 2/9, except at < lng.cm_Z, with
some further decrease at the higher target irradiances. Multiple
peaks were observed with the heavier targets, in agreement with
Beverly(g) (using low Z targets in two-beam experiments) and Ehler(g)
(in high power, short-pulse experiments). The asymptotic lon-expansion
energy at 8 X IOlOW.cm—2 for the six targets is shown in Fig.6.9.

Table 6.1. gives the electron temperature, calculated as with HF,
The temperature-flux dependence, also given in Table 6.1., indicates
a low scaling.
The ion-number scaling with irradiance for the six targets steadily

changes from~ 1 to ~ 0.5 as ¢ is increased. The self-regulating
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model predicts a scaling of 5/9 and thus this was onlv obtained at the
higher fluxes, in agreement with results using the HF laser.

TARGET | ELECTRON TEMPERATURE (eV) | DERIVED TEMPERATURE TRRADIANCE
6 = 8 x 1010, cm™2 SCALING,
2 x 108 < ¢ < 1.2 x 10Mw.em? |
i 0.37
(CH,) 50 (I
C 70 40+
Al 105 401
Cu 145 6020
N 180 i ,0-25 1
Pb n 160 ¢O.21 i
]

+ using average nuclear charge and mass for (CHZ)rl
++ over the range 2 X 108 <¢2x lolOW.cm_Z.

Summary of estimated electron temperature and target irradiance

scaling from charge-collector probe measurements (COZ) .

TABLE 6.1.

The ion number, N, was observed to decrease rapidly with increasing

11 2

atomic weight at an irradiance of 10 W.cm ©. For the lightest
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elements, a scaling of N n m, was achieved at irradiances of 109

and 101y cm_z. This was also observed with HF radiation at lng.cm'z.

For the intermediate mass elements, the scaling was in the order of
4/9. The self-regulating model predicts (1. 29a) that N ~ (m;C) 2/9

As C 1s roughly proportional to M., an approximate -4/9 scaling is to

be expected. Dyer et al(l ) have, however, warmed that the continuum
fluid mechanics used is only valid for scale lengths much greater than
the mean free path. For hydrogen, the thermal conduction length is

only 4 Aes and possibly this accounts for the high scaling in the
region of polyethylene. 1In the region of lead, at the lower irradiance
only, a slightly lower scaling was obtained. This is possibly due to the
neglect of the ionization energy dependence in the simple model. At
the higher irradiance a -4/9 scaling was, however, achieved, in
agreement with the model.
With nitrogen in the gas mixture, the ion data was complicated
by the appearance of additional peaks due to the significant laser
tail. Over the target irradiance range 2 x lO8 to 2 x IOMW.cm'2
the scaling laws are given in Table 6.2.
With the exception of copper and lead, the first-pulse scaling
and the ion energies are comparable with the y = 1 situation. It
is possible that the high ion energies for copper and lead are a direct

result of the tail interacting with a preconditioned plasma.

6.4.2. Soft X-ray
The soft x-ray continuum emission gave an electron temperature

which was either considerably in excess of that determined from the
ion-probe measurements or was strongly dependent upon the foil absorhber

combinations used to filter the x-rays.
Table 6.3. gives a summary of the results for the six targets

11 -2

W.cm The equivalent electron

at a target irradiance of 1.2 x 10
temperatures are in the kilovolt range, and are a function of the foil

combinations. The electron temperature exhibits only a weak flux
scaling; in contrast, the x-ray signal intensity is highly flux depend-
ent, as shown in ref.6.1. The equivalent electron temperatures are
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TARGET ION PULSE SCALING
(CHZ)n 1st ALY ¢O‘22
C 1st ¢O'24-O'16
ond ¢O .50-0.19
Al 1st ¢O'21
ond ¢O.24
cu 1st ¢O.24
ond ¢O.13
e Lot 20417
nd ¢O.21
" Lot ,0+23
dominant,
$ 2 x 108 - 5 x 1019 6007
¢ 25x 1010w.cm‘2 ¢O'24

+ plus a new 'hot' group > 101w .em™2.

Ion velocity scaling for 2 x 107 < ¢ <

8

TABLE 6.2,

2

2 X lOllw.cm' .

2




TARGET Be FOILS Be FOILS Be FOILS
25um/50um 25um/125um 25um/250um |
(CHy) v 0.5 KeV v 1 KeV v 1.5 KeV
C vl | v
Al 0.23 0.34 0.39
Cu 0.17 0.44 0.6 é
Ag 0.28 0.90 | 1.1
Pb 0.17 0.82 1.1
|

Electron temperature (KeV) from soft x-ray measurements using
the three Be foil combinations indicated, at a target irradiance of

1.2 x 10Mw.cm2,

TABLE 6.3.

calculated assuming a bremsstrahlung plasma. Any variation in this
temperature with foil combination indicates deviations from this distri-

bution. Our results, therefore, indicate the presence of a non-thermal

electron distribution at high irradiances.

Under most conditions, the x-ray emission from the plasma was
found to be associated with the main pulse of the laser. However,
at high irradiances (» 1011w.cm‘2) there appeared to be considerable
interaction between the target and laser, as shown in ref.6.1. The
spiking in the tail appears to be due to induced mode-locking and may

give significant x-ray production, as shown in the same reference.
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The interaction between laser and plasma is particularly strong for
some targets and seems to correlate with the fraction of energy back-
scattered by the plasma. This plasma mirror effect has been observed
using a Nd:glass laser(ll).

The x-ray emission duration varied only slightly with atomic
weight, being ~ 50ns for all targets except lead, which was slightlv
longer (v65ns). The x-ray signal amplitudes are given in ref.6.1.

As with HF, aluminium gave a signal which was an order of magnitude
higher than for carbon.

6.4.3, Backscatter

The backscattered laser radiation energy is shown in Fig.6.10.
for the six targets using the two modes of laser operation. The
significant difference for these two modes with silver and lead is
to be correlated with the plasma mirror effect, which was particularly
strong for these targets. The large amplitude spikes results in
higher plasma reflectivity, which is consistent with the observation
that the nonspecular backscattered radiation increases with target

irradiance in the case of polyethylene(lz).
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CHAPTER 7

DISCUSSION

7.1, Target Interaction (Vacuum Environment)

7.1.1.  Ton Measurements

Low Z targets were found to follow the self-regulating model
scaling for both HF and CO, laser wavelengths in the relevant flow
regime indicated in Fig.l1.5. For high Z targets, a lower scaling is
to be expected when the effects of ionization are included in the
simple model. This expectation was confirmed in the case of silver
and lead. Although the simple self-regulating (and indeed, the
deflagration wave) model was primarily developed for Nd:glass laser-
plasma interaction, this result is indicative of a more general
validity. In agreement with Montes et al(l), even at the more extreme
wavelength of the CO2 laser (10.6um) the simple self-regulating model
was obeyed over the same irradiance band, although departures weges)

This weaker scaling at high irradiances and long wavelength may be

observed from the deflagration wave model at higher irradiances

explained by including a correction term to take into account thermal
conduction broadening of the plasma. This effect is insignificant for
Nd:glass in the irradiance band considered here, and also for short
pulse (% ns) CO2 interactions(4’5) at the irradiance range considered
in ref.7.2.,7.3.

It is of interest to compare the temperature scalings, as deduced
from the ion measurements, given in Tables 4.2. and 6.1. Very similar
scalings are achieved at these two wavelengths for the lighter targets,
copper and lead give a much higher scaling with HF, whereas the reverse
is ttue in the case of silver. Of special note is the low temperature
achieved by lead with HF.

The low scaling at 10.6um of electron temperature with target
irradiance (v ¢O’20'O'37) has been verified in part by Dick and Pepin
The simple self-regulating model predicts a scaling of Te N ¢4/9,

: 2/3
whereas the deflagration wave model predicts T, ~ ¢ / . The latter

(3)
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would not in any case be expected here, as shown by the regime diagram,
For the heavier targets, good agreement is obtained with theory if
thermal conduction broadening of the plasma is considered(é). Thermal
conduction broadening occurs when the conduction scale length approaches
or exceeds the characteristic laser spot size. This occurs at about
Te ~ 1KeV for Nd:glass(7) and ~ 100eV for COZ‘ In the limit where
thermal conduction broadening dominates the heating process, simple
steady state modelling(6) predicts a scaling of Te " ¢2/11. The
simple model does not take into account ionization energy, which may
be relevant for the heavier targets.

Measurements made by Skipper(4) (using 5ns pulses), and Ehler(s)
(using 1.5ns pulses), with low Z materials irradiated at 10.6um, gave
a somewhat high ion irradiance scaling. This is consistent with a
decreased importance of thermal conduction. Skipper has found that
the energy carried by the total number of ions produced in the inter-
action accounts, within accuracy of measurement, for the laser pulse
energy absorbed. No fast ions were observed in the measurements
presented here, or by Skipper for 5ns pulses at an irradiance of

1.2 x 10%w.cm™2. Ehler, on the other hand, obtained a high energy
ion current for irradiances above 5 x 10

2

12W.cm-z. At 2 X 1014W.cm—

90% of the total ion energy was due to fast ions.

7.1.2. X-ray Measurements
X-ray emission at the HF wavelength was, as expected from Elton's

calculations(S), less copious than with COZ laser radiation. Bleach
and Nagel(g) have measured the x-ray emission versus atomic number
12 -2
W.cm =,

using a Q-switched 20ns ruby laser at an irradiance of ~ 10
Peaks in this plot were obtained for elements with atomic numbers such
that shell ionization energies were 20-30 times the average electron
energy in the plasma(lo). Bleach and Nagel argue that the lower
critical density of o, radiation compared with that of ruby and Nd:glass
is partially offset by the higher temperature attainment with (O, for
x-ray production. (There are less electrons available to carry the

absorbed energy). The situation with HF radiation is, of course,
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intermediate.

Thus, x-ray peaks are likely to be observed, although thevy may
well be increasingly weaker as the laser wavelength is increased.
Pepin et al(ll) observed x-ray peaking at an irradiance of 7 x 10121\’.cm-2
using Ins CO2 pulses. However, to achieve this, oxide-free targets
were necessary. The x-ray yield was found to scale approximately as
N ¢2'5 for carbon, aluminium, iron, tin and lead. This is consistent
with the approximately ~ ¢3 scaling achieved in the previous chapter
with 60ns pulses and a lower irradiance. Unfortunately, the available
HF irradiance was too small to observe peaking or irradiance scaling.
In view of the results at spanning wavelengths, it is, however, very
probable that peaking occurs and that the x-ray signal amplitude remains
strongly dependent upon the target irradiance at higher irradiances
(as predicted by Elton's calculations). Nagel et al(lz) showed that
the x-ray peaks are due to transitions to the principal atomic shells.
The results here are not inconsistent with those of Pepin, although,
unfortunately, six points are not adequate to indicate the trend.

Above about 1012W,cm™?
consistent with the onset of the parametric decay instability, are

non-thermal x-ray and fast ion production,

to be expected. Although our irradiances with HF were too low to

observe this, the theoretical expectation is backed up by observations

using Nd:glass(ls) and COZ(11 and for example 14,15) lasers.

The high-energy tail to the non-themrmal electron distribution at
high CO, irradiances 1is probably due to a laser-driven instability.
The most likely instability is the parametric decay instability, which
has a threshold above 10%W.cm™? for COZ(16’17).

7.1.,3.  Backscatter Measurements
The specular reflectivities of the metal targets at the HF wave-
length were shown in chapter 4 to fall from nearly 100% at low irradi-

loW.cm—z.

Lead was an
to ~ 0.4% at

ances to a much lower value (v 30%) at 10 c )
exception, however, falling from ~ 2.5% at 10°W.cm

1olow.cm'2. Both polyethylene and carbon had very low specular

reflectivities, amounting to only a fraction of a percent, solely
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measurable at the highest irradiances achieved. These results can

be compared with those at the spanning wavelengths of CO, and Nd:glass
Dyer et al(ls) measured a higher coefficient for a CDZ r;diated carbon
plasma which was fairly constant at the measured values between 10°
and lOlZW.cm'Z. Weak reflection has also been observed at all angles
by Martineau et 31(18) using a deuterium target and a 60ns, 300MY CO,
TEA laser. Mitchell et al(lg), using a slab polyethylene target )
irradiated at 10.6um at the high irradiance range of 1013-1015W.cm'2
obtained a backscatter of < 5%. Slightly higher reflectivity has
been observed at 1.O6um(20’21). Ripin observed the reflectivities

and angular distribution of radiation at the high irradiances of
1015-1016W.cm_2 and found the process to be highly complex. Donaldson

et al, using a 50ns CO2 laser, havestudied the reflectivity of a carbon
target over the intensity range 1011-1013W.cm_2. Total reflectivity

was found to be < 8%, In agreement with Dyer et al(z), the absolute
reflectivity was found to be insensitive to target material and irradiance
over the range 3 X 1011-101%w .en72.

Yamanaka et al(zo), using 10.6um radiation, observed a 60% peak
reflectance at 4 x lOlOW.cm-z, and this has been verified by Hall and
Negm(zz). This peak is interpreted as indicating the on-set of the
parametric decay instability. As this instability occurs at higher
irradiances as the laser wavelength is decreased, no reflection peak
is to be expected for the HF measurements given here. This expectation
has been verified.

Apart from instability indication, the reflection data is important

in determination of radiation coupling to the target.

7.2. Target Interaction (Gaseous Environment)

7.2.1. Thermal Coupling
Thermal deposition experiments presented in 5.2. and in ref.7.23-

26. were carried out at normal or near normal beam incidence. Mc Kay
et al(27) using 10us CO2 laser pulses on sheet aluminium targets in
air, measured the thermal coupling as a function of target angle, 6.
They found that the plasma ignition was only dependent on the beam

’
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intensity, IO, whereas the coupling varied as I cosf. Walters et
al(28) explain plasma ignition as being due to ghe surface defects
rapidly attaining thermionic emission temperatures. The thermionic
electrons then gain energy by the process of inverse-bremsstrahlung.
These two steps depend on the fluence and flux respectively. The above
experimental results suggest that the second criterion dominates the
overall process,

Mahler et 81(29) have performed multiple-pulse thermal-coupling
experiments in air using a photo-initiated DF laser.  Aluminium targets
were methonal cleaned and irradiated with a 1.9 x 1.9cm2 focused beam
at a fluence of 67J.cm-2, the plasma ignition threshold being 317.cm 7,
Under these conditions the absorbed fluence was a maximum of 5-7T.cm 2
for a first exposure, rising to a value of approximately 13.5J.cm™ >
after multiple exposures. As the time between laser pulses was long,
being several minutes, the target attained ambient temperature before
subsequent exposures. This increase in thermal coupling has not vet
been observed using higher wavelength lasers. It is believed that the
effect is due to the increase in surface damage with multiple exposures.
Such damage is expected to enhance both direct absorption and shorter-
wavelength re-radiated energy from the plasma.

7.2.2. Ignition and Propagation of LSD Waves
When comparing pulsed interactions at the HF/DF wavelengths with
those at the (0, wavelength, it is important to consider the effects

of the different pulse shapes.

With 10.6um interaction an air plasma may be formed by the high
intensity gain-switched spike at the leading edge of the pulse. At
this stage in time the surface has not attained the vaporization (28.30)
temperature; ignition has originated from surface defect vaporization*™ '/,

In the case of aluminium at an intensity of IO—SOMW.cm-z, the threshold
fluence for this prompt ignition is about I.7J.cm"2 (31). Following
the formation of a surface plasma, the high energy, low intensity laser
tail interacts by forming an LSC or LSD wave - the LSD wave threshold

being about 8MW.cm"2 (32’33). In the absence of prompt ignition,
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absorption is by the process of inverse Bremsstrahlung. This occurs
at the target surface in the case of metals, but for many non-metals
absorption 1s integrated over a finite depth.

The HF/DF laser pulses lack the gain-switched spike and rapid
rise time of the CO, laser pulse. In consequence, plasma ignition
occurs in the middle of the pulse(34-36). The initial direct surface
absorption is much larger than with (0,, sothat the surface temperature
rapidly rises. This increases the absorption coefficient and intro-
duces the possibility of mass loss. Plasma ignition is possible by
two mechanisms: bulk surface evaporation or from surface defects as
before. The former process is more likely than with COZ’ as the bulk
heating rate is larger; the latter process is less likely, as the
inverse bremsstrahlung absorption increases with AZ. Higher intensities
are needed to maintain LSC waves than with CO,, thus hot, high pressure
plasmas are formed. Radiative transfer to the target is therefore
much larger. The LSD wave threshold fluences are, as expected,
ordered inversely with wavelength - the threshold for HF being much
higher than with Co,, the threshold for DF being intermediate.
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CHAPTER 8

CONCLUSION

8.1. Summary

Characteristics of plasmas, produced by a pulsed unstable-resonator
HF laser, with a range of solid targets in a vacuum have been presented.
For this laser, the critical plasma density (neC N lozocm'3) 1s inter-
mediate to that obtained using CO, and Nd:glass lasers, allowing plasma
production to be investigated in a potentially interesting new regime.
Measurements employing soft x-ray detectors, charge collector probes
and high-speed photography, together with the results of specular
reflectivity, have been reported for target irradiances in the range
10° - 10Mw.cm™2,

established and in general found to agree with established theories

Scaling laws for the interaction have been

and other experimental work. However, lack of data at 2.8um has
necessitated frequent references to experiments carried out at other
wavelengths., To aid comparison and to establish wavelength scaling
data, a gain-switched TEA CO2 laser was used to study the interaction
by employing the same diagnostic techniques as with the HF laser.

11W.cm—2, the

Using 60ns FWHM pulses and irradiances upto 1.2 x 10
existence of a high energy electron component in the plasma was

noted, probably as a result of the onset of a laser driven instability
such as the parametric decay instability.

The formation and propagation of laser supported detonation waves
has been studied for various targets in a gaseous environment using
high speed photography. Measurements on plasmotron threshold, thermal
coupling, reflectance and transmission through a laser-induced gas-
breakdown plasma have also been performed and the results compared

with existing theories and data.

8.2. Other Important Plasma Diagnostics

Measurements have been obtained elsewhere using ion mass spec-
(1-4) UV(Z,S—IO) (8,10-13)
’

trometry , optical and x-ray spectroscopy
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(2’5'8’14-18), interferometryclg-zs), X-ray pin—hole(14’l7’26’27 and
zone-plate photography(27), impulse measurements(ZS’Zg) and thin-foil

. .. (20,30~32 . .
transm1551on( ’ ). These investigations have been used to
characterize various plasmas in order to study the interaction mechanism.
Only for the very high irradiance situation are neutron(33-37) and

alpha(37) emission an important diagnostic.

8.3. Suggestions for Future Work

8.3.1. Vacuum interaction focal-spot size

The focal-spot dimension affects the hydrodynamic flow of the
laser produced plasma. Plasma spread from very small areas resembles
point source expansion. The resulting steep plasma density gradients
in the under-dense region are likely to suppress instabilities(38).
Hot electrons rapidly escape from the very localized heating zone.

Donaldson et a1(39) note apparent inconsistencies between the
temperature and reflectivity measurements of several workers at 0.694,
1.06 and 10.6um laser wavelengths. They point out, however, that the
focal spot size is an important variable that should be considered.
Using large focal spot diameters and 35ps 1 .06um laser pulses focused
onto plane Perspex targets, they obtained temperatuze andzreflect1v1ty
1 . The

reflectivity results were consistent with classical inverse bremsstrah-

scaling at irradiances between 2 X 10ll and 2 x 107 "W.cm
lung absorption, and their one-dimensional code predictions of the
coronal electron temperature. The x-ray emission results were
interpreted as giving the temperature of the cooler overdense plasma
(the emission from this region dominates because of 1its n dependence) .
Donaldson et al conclude that their large-spot results are consistent
with a plane isodensity surface interaction; small spot interactions
are expected to involve curved surfaces, where both refraction losses
and resonance absorption are significant.

Unfortunately, the scaling laws obtained here were limited by the
size of the lasers to small spot areas. It is suggested that, as
higher power lasers are now becoming available, the scaling laws at

the HF and CO2 laser wavelengths be measured as a function of spot size.
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This should clarify the situation and aid direct comparison with other
workers' results.

8.3.2. Extension of Data

In the interest of extending the available data on HF and DF
laser interactions, it is advisable to extend the measurements carried
out in this thesis and elsewhere. The diagnostic methods emploved in
section 8.2, can be utilized and the target irradiances extended into
the non-linear regime. In order to understand more fully the conflict
between atomic number and shell ionization energies in x-ray production,
it would be valuable to investigate a wider range of target materials
and surfaces. X-ray emission peaking with HF and DF radiation is
expected to occur at irradiances an order of magnitude higher than
employed here. Ion spectroscopic measurements, together with bond
energies, are necessary to clarify the irregularities in the ion scaling
reported here.  For the gaseous environment, the effects of varying
the background gas should be more fully investigated. It would also
be instructive to measure thermal coupling as a function of target
angle. Two processes are important for plasma ignition at a surface:
thermionic emission from surface defects followed by inverse-bremsstrah-
lung absorption. These two stages depend upon the surface fluence and the
radiant flux respectively. With microsecond CO, laser radiation in air,
the flux criterion has been found to dominate even at oblique incidence
(40). This situation needs clarifying for HF radiation and other
parameters such as pulse length, ambient gas and target.
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