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CHAPTER I
INTRODUCTION

One of.the most interesting and least understood.areas of plasma
physics is the study of transient, dense plasmas. One method of pro-
ducing a transient, dense plasma for laboratery study is by impacting a
focused, Q—switche&:laser pulse bﬁto the surface of a suitable target
which is located in a vacuum. The following thesis describes the ex-
perimental.work undertaken by the author to modify an éxisting twin ruby
laser so as to produce a.laser capable of reliable operation in the. Q-
switched mode and to measure certain parameters of the transient, dense.
plasmas produced by impacting the Q-switched laser.pulse on to;an
aluminum target located in a vacuum chamber.

The  first part of the thesis describes modifications made on ﬁhe
existing laser facility. The main areas of modification are in optical
component mounting, flashtube triggering, optical alignment and Q-
bswitching, The modified twin ruby laser is capable of producing 15
joules of energy in-a 30 nsec pulse.giving an average power of .500 meta-.
watts, Thg-techniques used to measure. the various'properties of ‘the Q-
switched laser.output 'are described.

The last'partfof;the thesis deals with the experiments performed on.
the laser induced plasma., These experiments were. designed to furnish
data which might be uéed to better understand the phenomena of t;ansiént,

dense plasmas. The -first data ' collection deals withbtarget deformation



and mass removal as a result of laser beam impact., An experiment is
thgn described in which electrical probes are uséd to measure various
parameters of the laser induced aluminum plasma Ultraviolet light from
the plasma is studied and 'a quadrupole mass filter is used to determine.
the presence of varies jion species in the plasma. The  author then de-
scribes an experiment.designed_to obtain a vacuum ultraviolet spectra.

of the laser induced aluminum plasma.



CHAPTER IT
THEORETICAL DESCRIPTION

The terms maser, optical maser -and laser have been used inter-
changeably to describe the quantum electronic devices which generate.
coherent electromagnetic radiation.in the microwave and optical regions..
In the following work, the name laser will be used to describe the de=-
vices which operate in.the visible region of the electromagnetic.spec-
trum. Laser oscillation is characterized»by a narrowing of the spectral
and angular distribution of the spectral and. angular distribution of the
spontaneous emission radiation at-a particular level of excitation,
called the threshold. Although the phenomena of stimulated emission was
advanced by Einstein as early as‘l9l7,‘the first sucecessful application
was made in 1954 by Gordon, Zéiger, and Townes (1) who ‘used the inver-
sion transition of‘ammonia to obtain continuous maser oscillation at 24
Gigahertz. Thg»first to observée spectral narrowing and a reduction in
lifetime due to. an inverted population in the optical. region was Maiman
(2) in 1960. Maiman excited a ruby rod having plane parallel ends coat-

ed with silver with intense pulses of light from a flashlamp.
General . Theory

In considering the theory.of .the laser action, one of the first
problems is to understand, something of the nature of stimulated emis-

sion. Consider ‘the interaction between an electromagnetic wave and a



collectioﬁ of atoms. For this discussion there is no peed to-specify
the kind.-of atoms in detail. - The atoms may exist . in a variety of .energy

states and, for convenience, they are ‘contained in an enclosure. To
further simplify the analysis, imagine that theaatéms may. exist only in

a lower energy state E. or a higher energy state EZ' Transitions be-
tween El and E2 may be caused by an incident electromagnetic,wave whose

frequency, vb,‘is given by

1

"hv,. = E, - E (1)

where h is Planck's constant. This resonance condition is.shown in
Figure 1. Because of. the Uncertéinty-Principle, the energy levels can-
not be perfectly monochromatic: Only a very narrow band of frequencies
satisfy the resonance condition.

If the system is in thermal equilibrium, the number of atoms in.
each energy state‘will.ﬁevconstant,' The transition from the lower to
the upper energy state can occur only by the absorption of a photon of-
energy . from.thée radiation field, At resonance the number of -atoms per.

second’ excited to the upper state is proportional:to the number Nl,"

present in the lower state, to the radiation density p and to the prob-

ability B, of -an absorption per second., For the absorption process

12.
Ny = NBioP (2)

where NA stands for the number of atoms absorbing per .second. This

process is ‘shown in Figuré 2. The-abSorptioQ of -a photon from the

electromagnetic wave causes an upward transition from 1evel‘El, to level.

E, and increases’ the population of level E, above its thermal equilib-

2

rium value, Atoms'in;leVel.EZ

2

are said to be'in an‘excited state.
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Atoms which are already in the upper energy state may make a radiative
transition to the lower state by either one of the two processes that
are shown in Figure 3,

One manner in which an-atom in.the upper-or excited state may emit
a photon and fall to the lower state is by spontaneous emission. In this-
process there is ‘no phase relationship befweenvthe electron motion and -
the wave, therefore, the emission is incoﬁerent. The probability that
an atom in the upper 'state will emit spontaneously does not depend on
the streﬁgth‘of1the incident wave; therefore, the nﬁmber of atoms, N . s

spon .

undergoing a spontaneous emission per second .is ‘given by

Nspon = NZA 7 (3

where A is the transition probability for spontareous emission. .

The other process by which an atom in the upper .state can make a
‘transition to the lower.state is by stimulated emission, When -an eleé—
tromagnetic wave interacts with an atom in the upperstate, the motion of .
the bound electrons are influenced. If the phase of the ‘incident wave
is such as to oppose the.electrdn motion, the atom will lose energy by
emitting a photon. In a group of excited atoms, all those atoms which
experience this phase relation will be affected in .the same way, and so’
all of them will emitéphotbns at the'séme time. When the frequency of
the incident wave corresponds-td’the=frequency of the transition from

E2‘to E

l; which is given in Equation (1), the photons‘produced by stimu-

lated emission have the same frequency as the inéident wave. In this

case, amplification of-the incident'radiatiOn occurs.

The number -of atoms'pfoducing stimulated emission per second, NS ,

tim

is given by
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stim. Né BZl P (4)

Qhere N2 is the number of atoms in the upper energy state,. B21 is‘the
probability for a stimulated transition from the upper.to the lower
energy .state and, as before,‘p, is ‘the radiation. density.

Sincé it is assuﬁed'that'the groﬁp'of.atoms arefenclosed:and are in
thermal equilibrium, it is further: assumed that the~number_of.atoms ab~-

sorbing radiation is equal to the number of atoms emitting radiation;

i.e.y y

= +
NA Nstim Ns‘pon , ()

Substituting Equations (2), (3) and (4) into (5) gives

N, Byyp + N A, (6)

Np Bjp @ 2

The transition probabilities B12 anid B21 for upward and downward transi=
tions have so far been considered different. Sinée.thé phase .of ‘the

incidént wave determines whethér'emiséioﬁ brﬂabsorptiqn'ocqurs.and since..
each phase is equally probable, the transition probabilities are.equal,

or

"B = B = B (7

The quantities A and B are known ‘as the Einstein coefficients.  The
- coefficients A and B.may be. related to‘each'oﬁher either by comparison

with the Planck radiation laws, or, more. rigorously, by quantum mechani-
cal analysis as shown by Singer (3). The ratio B/A is important because:
it represents the ratiorof stimulated to spontaneous emission for the

atomic system., Since the coherent, stimulated emission corresponds to
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amplification at the signal frequency and the incoherent spontaneous’
emission representS.noise,'the'fatio B/A gives'a measure of the signal
to noise ratio from the system. Combining Equations:(6).and (7), an
expression for the radiation density may be written in. the following.

way,

N.Bo =" N B + NA

p(Nl -N,) B = N2A

2
N
2 A
P T T (8)
Nl N2 B
= 1 4
P =X B
23
-1
2

The Planck radiation law gives for the radignt enmergy density, p(v), at

a frequency v,

8th. 1
23 - exp(hv/kT) -1

o) = 9)
where. the wave length XA is ¢/v and k is Boltzmann's constant. Assuming
that the atomic. system is in thermal equilibrium, the distribution of -
atoms between the upper and the lower energy states is governed by
Maxwell-Boltzmann statistics. In thermal equilibrium at a temperature

T

N
2 _ A
T exp (- W) (10)

1



11

Substituting Equation  (10) into. (8) gives,

. = 1 A
1 _ 1 B
exp(—'ﬁ:
(11)
p. = 1 -é.
o
exp(E%) -1 B
Equating Equations (9) and (11) results in,
A _ 8th
N (12)

This shows that in the microwave region, where A® 1 cm, spontaneous’
emission is almost negligible compared with stimulated -emission, In the.
" optical region where A= 5 x 10,5>cm, the noise_contfibution due to
spontaneous emission is increased by a factor‘of,lOl3. From these con-
siderations, it is in the microwave region that low noisé-amplification
is achieved, 1In the opticél region the chief interest is in obtaining
intense. coherent light beams:

In the preceeding discussiqn, it was assumed that each energy level.
has only one state, In*general there are more than one state in an
energy level; so, a degeneracy term g must.be introduced into Equation

(7) which becomes

Big 8 By 8 = B ' (13)

where g = states/énergy level. Boltzmann's Equation (10) becomes,

N. g

: e T S | |

1 1
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The Einstein B coefficients are given as,

2 -2
2 [u, | 87> |y |
. 21 211
By =TTt T3 (15)
o 3h g, 3h g,
' 2 -2
2 fuyyl® 8 |
; 221 21" .
Blp = 2z 7 (16)
3h &1 3h g,
2 2 . g : .
where |u12l = |u21| and u is the total, dipole moment matrix ele-

ment. When a pair of levels are not in thermodynamicé equilibrium, an

effective temperature, Te’ may be defined in terms of the population N

1
and Nz. This effective temperature is given by the following relation-’
ship,

N,.g. : E. - E;
2°1. 2 1
T = exp -~ ( ) an
ng2 kT
where (E2 - El) is positive.. Solving Equation (17) for Te gives,
v - (E, -E)
P = 2l (18)
e N /g,
2 "2
k 1n (N / )
181
NZ Nl ‘
If = > —=, the effective temperature Te is negative. This concept

g2 &1
of negative temperature is often used in discussing lasers.
The Einstein A coefficient is given as,

64Tr4

— |u
21

A = |2 . (19)

Dividing Equation (19) by (15) gives,
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& - S (20)
21 ‘3

As shown in Equation (3),'the spontaneous emission is'a fﬁnction
of N2 (the number of atoms in the u-per ‘energy level) and A (the transi-
tion probability  for spoﬁtanéousfemis510n), . The transition.probability
A is constant for a pérticular<atomi¢ system,

Equation (4). shows that there are two ways to produce'more’stimu~.
lated emission,f'The-fifst is.to increase the radiation density of the
electromagnetic wave .acting Qp the system. This canibé.aqhieved,by
plaéing the collection of atoms in an optical,resonator,“vTﬁe-second
method is to inérease the value of'Nzg This second method creates a
- more fundamen;al diffiéultj‘ﬁegause; as Equation (17) .shows, N2 is
always less than Ni for a system in thermal”equilibrium‘a; any finite-
temperature. At.equilibrium, the number_Of‘phoﬁdns‘absorbed‘will always .

be greater than the,numbéf produced by sﬁimulated'emiSsion,__Asia'gon+
sequency of this effect, the 1aser-will'onlyqueratewhen:theinormal'
population. distribution across}the signal levels is .altered so.as'to.
This précess'ia called population inversion.

make N, greater than N

1°

As stated earlier,‘oné'of$the first solid materials for lasers

2

was 'ruby, C!r3'+ in A1203, ,Thé‘energy levels for ruby are.shown in Figure

4,

The orbital lévels shown,in Figure 4 are determined by the ion,

3+

Cr’", ‘and the lattice Al in the AbsenCe;of‘anybmagnetic field, 1In

203 |
the optical spectra there is a broad band,_4F2, about_17,000-cm-l'above

the ground state, There 1§ also-a pair of sharp flourescent ‘lines, ZE,

which is nearly 15,000 cm_1 above the ground .state, The-aF xband,and

2
the 2E levels are coupled, and phonon assisted transitions may occur be-
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tween them so that any population change occurring in thev4F2 band is
transferred as a corresponding change to the 2E'levels, which have long
lifetimes of about 3 msec. at room témperature. With these levels,

laser operation is obtained by pumping the 4A2 > 4F2 transition with

green light. This sets up an inverted population between the 2E and 4A2
levels, resulting in stimulated emission of radiation from the laser
transitions between the 2Eblevelé and the ground state.. Ordinarily
emission takes-place from the lower flourescent level, E, at a wave-
length of 6943 X'called'the,R1 line.. The flourescent linewidth is about
3A, but laser oscillation can be reduced to as little as about 5 x 10"4
X which corresponds to an extremely monochromatic, coherent light beam.

The wavelength variation for ruby is given by Abella and Cuymmins (4) to

be about
A(T) = 6943.25 + - .068 (T-20) 1)
where T is temperature in degrees centigrade.

Q-Switching -

The  term, 'Laser Q-switching,"

often designates methods of generat-
ing short laser pulses of high peak powers. This term is used because Q
is a figure of performance for a resonatoer. It is defined as the ratio.
of the energy stored to the energy dissipated within.the cavity in a
time.intervall%ﬂ times the period'df'the optical oscillations. The-
latter Q is also referred to aslthevquality factor of the resonator.

It will be recalled that optical pumping enables ground-state laser

atoms to make quantum. transitions to a more energetic, longer lived .

metastable state. When the number of metastable atoms exceeds the num-



16

ber of ground-state atoms, i.e.y N2 >'Nl, the actiye atom population is

said to be inverted and the lasing material exhibits gain. The ratio

AN/N _ is called the inversion or excitation level where

In general, laser oséillation'will occur when the optical gain per light
transit.equals or exceeds the transmission loss per transit in the

resonant cavity. This defines the laser threshold condition as,

R exp [L o (AN/NOt)] 21 . (22)

where R is the overal reflectivity, L is the cavity length,;and-AN/Not
is the threshold inversion level.

The quality factor, Q, which increases with R is given by,

>

Q = 2mL/X(1-R) ’ (23)

where A is the wavelength of the laser oscillations.i'ln_the absence of .
a Q-switch, the amplitude of the laser oscillations depends on the
height at which the population inversion level.can be maintained above
its threSholdfvalue for a given amount.of cavity loss. The height to -
which the inversion lével may be raised depends on the speed at.which
active atoms are-ekcited-by optical pumping and the ability to dissipate
héat before it damages the laser rod. With a ‘Q-swit¢h, lasing is momen-
tarily prevented by inhibiting a laser's resonahce until the laser has
stored up a 1afge amount of -energy. Q-switching can convert a ten kilo-

watt laser in thé normal mode into a gigawatt pulsed laser, Power en-
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hancement is. limited only by .the degree of excitation of the laser
medium, by:the destructive threshold of the laser rod, by the optics
and by the speed of the-Q—switch. |

The most.rapid change in the Q of the cavity is achieved by in-
serting the Q-switch in the optical path of the cavity. Introductién of
the Q4switch-causes optical losses, which decreasés the lasef,medium'sh
Q factor, momentarily. After the laser medium is optically pumped to a
high inversion levél, the Q—switch is opened or becomes transparent thus
festoring the nérmallQ of the cavity and releasing the stored energy all
at once, - An-.ideal Q-switch should, at the proper time in the pumping
cycle, change instantaneously from low light -transmission.to perfect
transparency. Be¢ause of the relative long excitation lifetime, the
laser rod will store energy in the inversion level far beyond the thresh-
old provided that:the self-excitation effect ‘of lasing is suppressed, or
temporarily held off during the pumping phase. In a laser oscillator,
oscillation delay and energy storage . are achieved simply by removing end
reflectance. The Q is‘thereby reduced to its zero - feedback value,
2m1L/ X, as in the case of an open cavity, and lasing is not possiBle.
This is shown in Equations (22) and (23) for R.= 0. There remains, how-.
ever, the self-excitation effect from the laser's ability to amplify itw
own spontaneous emission. If the rod has:an amplification path longer
than about six inches, this effect can severelyblimit‘the inversion
level attained by pumping.

There are, in general, two types. of Q-switches - active and passive. -
The principal active Q-switches include the Kerr cell, the Pochel's cell
and the rotating prism., The principal passive Q-switches are categorized

according to their saturation mechanisms. The materials include thin
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organic dye films, cqlored’filtér glasses, organic solutions and doped.
glass. The organiec .solutions and doped glass undergo réversible switch-
ing in that they are chemically and physically restored to their original
state after saturation. The passive Q-switch is basically a saturatable
absorption process in which the absotrption of laser energy of sufficient
intensity causes the absorption coefficient of the passive eleﬁent to
decrease and to approach a limiting value that 'may.beé nearly zero. Both
active and passive Q-switching has advantages and disadvantages. The
switChiﬁg characteristics of a passive element changes with the degree
of laser excitation. The laser's excitation level. does not, however,
effect the switching speed of'active'Q4switching systems. Switching
efficiency of passive systems depends on the number of availaﬁle laser.
photons per passive molecule»ﬁer second. As a result, passive.Q-switch-
ing is characteristically less efficient than active switching at low
inversion levels. At high inversion levels, the performance of passive
switching is competitive with, if not superior ‘to, that of active
switching. Passive Q-switching is simpler; more convenient and .normally
less expensive than-active switching.

The Q-switch in the laser system that is described in this paper -
was of the passive type and will be described in detail later. A more
rigorous approach to the theory of Q-switching is given by Damon,(S),

Mashkevich (6) and Birnbaum (7).
Twin Ruby  Laser

The laser described in this paper is a twin ruby laser and, as the
name implies, consists of two ruby rods, A theoretical discussion of the

twin ruby laser will not be given here. Basically the theoretical con-
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siderations'are.the same as for a‘single,rod'léserh .Theutwin\ruby.laéer
is shown schematically in Figure 5, Each rod is 0,5 inches in diameter
and 6 inches long. Rod-A’has a TIR (total internally reflecting) prism
cut on one end and the other end is cut and polished at .Brewster's
angle. Rod B is finiéhed with an optical. fldt on one end .and Brewster's
angle on the other .end. All of the surfaces are polished to A/10. The:
sides of both rods have.a matte finish. The rods were grown and . finish-
ed by the Linde Division of Unien Carbide. The-chromium‘dopant level . is
0.05 -percent by weight. The-twoJrubies’are arranged in the«laser'so that
the optical axis are parallel and optically aligned. The-Q—éwitch shown
in. Figure 5 was discussed in the previous section and will be discussed
again in. the next chapter. Without'the Q-cell in place between the
rubies, the twin ruby laser has the same operating characteristics as
the single yuby laser. With the Q-cell .in place, the twin ruby laser
operates -1ike a generator - amplifier, This is especially true when the
Q-switch is active., The amplification in the different sections of the,
twin. ruby. laser is discussed below,

It is to be shown that rod A may be. considered as .the generator .and
rod B as the amplifier°; The proof will be satisfied provided a photon
that starts in rod A has a larger -gain than a photon that starts in rod
B when the photons both travel an equal distance in the stimulated
media. It is also necessary to show that the part of the laser output
which is contributed by the photon starting in.rod A is greater than or
equal to the contribution by a photon starting 'in rod B.

The basic assumptions that-are to be’made“in the .following proof -
are as follows:

1l:  Each time a photon has a collision with.a stimulated atom, two



TIR PRISM

4

: : ’ Q-SWITCH CELL .
- \ Ve :
A
\ .
~ , ) _

)

BREWSTER

’. .
OPTICAL FLAT

" FIG.5 SCHEMATIC OF TWIN RUBY LASER

faV4



21

photons "are emitted.
2. All photons travel parallel to the optical axis of the rubies.
3. There are an infinite numbetr of stimulated atoms.
b There;is a collision each time a photon travels one inch.
5. There is no loss from réflection at the Brewster angles.

The rate equation with the above assumptions is

- w odE"
Nd = N02
where Nd = number-of photons after traveling a distance d,
NO = original number of photons.
d. = distance traveled in inches,
E = number of collisions per inch = 1.0/inch.

As an example, one photon starting at one end of a six inch stimulated
rod will produce the following photons at the other end. Let N0 =1,

d = 6 inches, E = l/inch

N = x2% - m@°

N, = 64

Assume that the losses af the Brewster angles are negligible, the
schematic drawing in Figure 5 may. be furtherisimpiifiéd'as shown by
Figure 6. |

With Figure 6 as the basis, diagrams are drawh to show the photon
gain and.photon output,which'are,produced by ‘a single photon tﬁat starts
in rod A or in rod B. . These diagrams are shown in Figures 7 and 8 fér

the case where the Q-cell is in place but is not.active. The diagrams
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are drawn for a distance equal. to 60 inches>of travel in the stimulated

rod, Table I shows the photon gain éfter traveling a specific. distance

for a photon starting in rod A and a photon starting in rod.B. Table II
shows the photon outputvafter.travelingva.specific distance.for a photon
starting in.rod A and a photon starting in rod B. Here we have assumed

that ‘o= ,16, B =:.84, Y = ,04 and § = ,96. The results of Table I and

Table II are plotted in graphic form in Figure 9. It is shown'that ‘both
the gain and.the photon output is greatest fro photons starting in the,

generator part (rod A) of the laser.

The same procedure may beé employed for the case where the Q-cell is
in pléce between rods A and B and filled with the Q-switching solution..
The same type of diagrams will again be used. The only difference in the
theoretical appreach will be the change in the reflectance and trans-
mittance of the Q-cell as it switches .from the no-pass mode to the pass
mode. The difference is shown in Figure 10. The diagrams for the.
photon gain -and for the photon output when a photon starts in rod A and
in rod B are given in Figures 11 aﬁd 12, The results of these diagrams
are shown in Table III and Table IV. In the calculations, it was
= ,08, o

assumed.that o = .16, 8, = .00, B, = .84, §= .04, & = .96,

1 2

The results from Table III and Table IV are presented graphically in -
Figure 13. These show that for a Q-switéhed twin ruby  laser, .as de-
scribed previously, rod A may be considered the generatbr and rod B the

amplifier.
" Laser Beam and Surface Interaction-

During the past séveral years, there have been numerous investi-

gations, (Ehler, (8); Ready, (9); Gregg and Thomas, (10); Honig and’
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TABLE I

PHOTON GAIN FOR RODS A AND B WITH NON-ACTIVE.Q-SWITCH

d (in.) o Starting;inuA o :‘v'“ : Sfartihg in B:‘
12 4,1 x 10 o 1.6 x 10°
24 4,9 x 10° 5.8 x 10°
36 2.4 x 10° 4.6 x 108
48 1.7 x 10%? 5.6 x 100t
60 2.4 x 1077 : 8.2 x 1004
TABLE IT

PHOTON OUTPUT FOR RODS A AND B WITH NON-ACTIVE Q-SWITCH

d (inn)uJ Startiﬁg:in A - Starting”iﬁ,B
18 2;1 <100 o | i;SA#=103 B
30 1.4 x 108 6.3 x 10°
42 1.9 x 10%t 2.1 x 10%°

'.54 14 13

6.1-x 107
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TABLE ITI

PHOTON GAIN FOR RODS A AND B WITH ACTIVE .Q-SWITCH.

d (in.) | | ‘ Stafting in A : Starting in B
12 4.1 x 103 | 1.6 x 10°
24 1.4 x 10° 2.2 x 103
36 4.4 x 108 2.8 x 10
48 1.4 x 10Mt . 3.6 x 10°
60 1.6 x 10%* 1.8 x 10°

TABLE IV

PHOTON OUTPUT FOR RODS A AND B WITH ACTIVE Q-SWITCH

d (in.) | ‘ Stafting in- A - Starting in B
== . ‘ . : 2‘
18 : : 8.1-x 10
30 . 1,1 x 10%
42 1.3 x 10°
12 6

54 5.7 x 10 3.6 x 10
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Woolston, (11), of the physical phenomena which occur as a result of the
interaction of a focuséd laser beam with a soiid target, The.two physi-
cal results of laser beam and surface interactions which this: paper dis-
cusses are mass removal and plasma production.

A literature search has found very little information céncerning
the amount.of mass which is removed by lasers in the Q-switched mode.
In contrast, there is a great deal of published information about mass
removal with lasers that operate in the normal mode. The number of
publications in the latter case ié probably a conséquence of the appli-
cation of normal‘mode lasers for laser machining, Ehler (8) reported a
mass removal of about .12 x lO“6 grams from a tﬁngSten target by a Q-
switched ruby laser with an output pulse of 25 joules and a 40-nsec’
(FWHM) duration., Ehler (12) reported a mass removal of about .7 x lO'-6
grams from an aluminum target with a Q-switched ruby laser that‘has-an
output pulse of .2 joules and a 40—nseg'(FWHM) duration. Ehler measured‘
the heat transfer to the target by observing the temperature rise of a
small mass target., A thermocouple was embedded in the target. He foﬁnd
that the energy to heat the target was about 5 percent of the,iaser pulse
energy. The laser light that'was reflected and scatteéred by the target
and plasma was measured to be about 1 percent of .the incident energy.
About 3 percent of the laser energy was required to evaporate the ,7 x
10 ° grams of aluminum from the target. He:thus estimates that over 90
percent of the laser pulse energy must be absorbed by the plasma which
is formed about'the impact area.

Similar calculations were made for the laser beam and surface.in-
teractions described in this'paperj These calculations are presented

in Chapter V with the data.
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Before describing the experimental ﬁork_undertaken by the author,“
the present state of knowledge is presenteéd of plasma.production from
the interaction of ‘a focused, Q-switched lééer‘beamﬂwith”a solid target.
Consider a solid target which is irradiated by a shottﬂduratidn,.focused,
laser beam. If the target is metallic, ‘the initial..laser pulse is par-
tially reflected and partially absorbed. - The absorption of the laser
radiation starts at the surface of the target and'decreases exponential-
ly with depth. Ready.(13) obtained high speed photographs of the laser
beam aﬁd target surface interactiom. The photographs showed a bright
spdt of emission on a'carbon target ‘which started about 45 nanosegs after:
the start of the laser pulse. Ready (13), in an attempt to describe a
model for the laser beam and target interaction, states.thaf the suxface
of the metal rises to the vaporization témpefatﬁfelahd begins to vapor-
ize., The vaporized material recoils against the,surface and produces a
high pressure. He further states that this pressure pulse raises the
boiling point of the underlyiﬁg.material.which_becomes‘superheated as
more heat is conducted into the interior... Ehler (8) found that heating.
and evaporation of a tungsten target ocourred at,the-Bééinning of the
laser pulse. Ehler 'also showed, with the.usé of.§7§robe! that electrons
are ejected from the target.during the time that the ldser pulsg was ob-
served and that some time later=ion$'reached the:probe.- This has also
been reported by Basov et. al. (14), Opower and'Burlefingér (15). Namba;
et al, (16) reported that two ion peaks occ¢urred after interaction
started between the laser'beam and the surface, In the above references,
the probes were within-a distance of 3 .cm from the impact area. . Hirono’
and Iwamoto (17) found that a probe at a 'distance of 30 em from the im-—

pact showed. the electrons and ions arriving‘at the same time, indicating -
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a neutral plasma.

Several’investigatofs'have estimated the ion energies from the ion.
velocities that are found by probe measurements. These results are shown
in Table V. Some investigators have also estimated the plasma tempera-
tures by spectroscopic methods. Ehler and Weissler (19) .used a 0.5
meter, normal incidence, vacuum spectrograph and 'a 2 meter,’grazing in-
cidence, vacuum spectrograph to observe the laser .induced plasmas of -
platinum, tungsten, aluminum, beryllium and nickel, Spectra of the above
targets showed that plasmas were produced with temperatures of around
10 ev. - Gregg and Thomas (10) used a monochromator and photomultiplier
to look at the laser produced plasmas of beryllium, lead and.aluminum.
in the wavelength region of 4,000 to 10,500 angstroms., From this data

they calculated the following peak blackbody temperatures;

Beryllium -~ 8 x lO5
Lead -3 x,lO5
Aluminum- - 5 x‘lO5 .

Ehler (8) found a plasma temperature of 30 eV for tungsten by the use of
a grazing incidence, vacuum spéctrdgraph. Fawcett et al. (20) used a
2 metér grazing incidence, vacuum spectrograph to record the spectra
that is produced by laser beam impact. on an.iron target.. Assuming an
optically thin continuum, their specttra showed an electron.temperature
which approached 100 eV,

Possible, particle emission méchanisms are discussed which may
exist when a laser beam and a surface interact, For convenience, these’
mechanisms are summarized in Figures 14, 15, 16, 17 and 18,

Probably, the first particles to be emitted:from an irradiated



TABLE V

REPORTED ION ENERGIES AND VELOCITIES FROM PROBE.MEASUREMENTS

36

‘Ion Velocity

‘Investié;tof: Targét 'wion”Eneféy
Ehler Al.” 1.0 x 10’ 1300 eV
Ehler (8) W 3.2 x 10° 900 eV
Namba et. al; (16) Ta 100 eV
Namba et. al. (16) Ta 1 ev
Basov et. al, (14) Ca 1.6 x 107 1600 eV
Opowef‘and 7
Burlefinger (15) Ca 1.3 x 10 1000 eV
Linlor (18) Al. 6 1000

6.0 x 10

eV
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sufface are electron, - The electrons have a small mass. and.a sho?t time
is required for transition from a bound to an unbound state. According
to Mott and Jones (21), light is  absorbed in metals by internal;photo_
effects which raise the.electrons to higher energy states. in the con-
duction bana.“In:a good conductor, the mean free time between éolli—«

14 to 10‘13.sec£' As a conse-.

sions for electrons is of the order of 10°
quence, for times of the order of lO._-9 to.Jl"‘_O-8 sec, the electrons make
many collisions, among themselves and with lattiég phonons, From the
latter collisions, the'energy of the electrons is distributed apd passed-
to the lattice. . The energy which is absorbed from the.initial part of
the laser beam pulse is regarded as having been,converted almost in-
stantaneously into heat. It appears to be reasonable for the heat of .
vaporization of the target material to be attained within the first-
few nanoseconds of the laser pulse,. The rapid expansion of the vapor
from the transformation from soiid to vapor.will result in some neutral
vapor -being formed above the impact atea. As the neutral vapor above.
the target continues to absorb laser radiation, many of the neutrai o
atomsxﬁill be excited to higher energy levels and’séme’ionization
occurs.

In materials which have high melting and boiling points and/or
low work functions, the primary electron emission:mechanism f§r laser
beam and surface interactions is probably  thermionic.emission. The
thermionic -emission electron current density, Jfherm, is given by

Sproull (22) as,

iherm = S£T18) ()2 oyp (=3 W) amps (24)
h3 -kt mz
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where m is the mass of the electron, e'is the charge.an;thefelectron,

h is Planch's-cqﬁstaﬁt,,k is Boltzman's constant, t is..the .surface tem-
perature in degrees Kelvin, and W is the electron work function of the
target. Equation (24) is derived on’the assumption that only those.
eléctrons escape which”have sufficient momentum normal to the surface.
to overcome the surface potential barrier. A :

Intense.electron-emission reéults from the bombardment of the
emitting surface by excited atoms.. This is the usual explanation of
neutralizatidn of ions at a surface., Electron‘emiséion’is further in-
creased by bombardment 'of the surface with electrons to give secondary-
electron emission. It has been estimated fér ion neutralization by
‘0liphant (23) and Dorrestein (24) from experiments and Massey (25) and
Cobas and Lamb (26) from théorefical calculations, that the yeidl prob-
ably lies between .l and 1 electron per incident atom, provided the ex- .
citation energy of .the excited atom exceeds the work function of the
material,

Ion emission from the target surface is probably enhanced whern
atoms near the target surface are excited by electrons or photons emit-
ted from the vapor -above the impact area. It is élso evident that since
the electrons are.accelerated away from the target more, quickly than the
ions, there must.be a negative cloud of electrons which help to acceler-
ate the ions away from the target surface. This ambipolar diffusion may
explain why. probe measurements. taken close to thé impact ‘area show a
distinct separation between  electrons ana ions., Whereas probe measure-
ment$ taken at a large.distance from the impact area show a fairly
neutral plasma. Since thermal‘ions'most”probably have very low ener-

gies, ambipolar diffusion may.also account for the relative high ener-
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gies of the ioms.

As some vapbr, ions and electrons are formed above the surface of
the target, absorption of the laser beam contihues and more ions, elec-
trons and excited atoms are produced.

Eventually, the particle density becomes high enough so that-
practically all of the laser beam is absorbed by>the particles which

had initially been emitted from the target surface.
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CHAPTER IIT
MODIFICATION IN LASER DESIGN

As stated in the introduction, the work presented in this paper is
a continuation of the project started by L..J. Peery (27). Due to slight
changes in experimental objecfives and the lack of reliability which is
inherent in prototype work of this magnitude,; there was the need for
certain modifications in the initial laser facility. This chapter will
describe the modifications undertaken by the author .to improve the re-
liability of the facility and the compatibility to the experiments under-

taken.,
Optical

This section is a discussion of fhe‘laser cavity, consisting of
the rubies, Q-switch and external relector. The laser caviﬁy is shown
schematically in Figure 19 and an actual photograph is shown in Figure
20.

The laser presented in this paper consists of tWo.ruBy rods as the
active element. The generator rod is 6.0 inches long and 0,5 inches in
di_ameter° One end of the generator‘rod was cut and polished in the
shape of a TIR prism for 100 percent reflection. The other end was cut
and polished at Brewster's angle (60‘0 27'), The amplifier rod is also
6.0 inches long and 0.5 inches in diameter. One end of .the amplifier

rod was cut and polished at’Brewster's angle and the other end was cut
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at a right angle to the optical axisbof the ruby. All surfaces are
-polished to A/10 finish except the sides of the rubies which have a.
matte finish.

‘The rubies were originélly mounted as shown in Figure 21.  The ruby
holder was redesigned‘as shown in Figure 22. The main problem involved
in designing a mount for the ruby is that of fhermal expansion. Light
energy and heat absorption from the flashlamps cause thermal expansion
of the rubies. Since the rods are held*vertically, they must be held
fairly rigid to insure alignment and yet they can not.be held too rigid
because of possible damage to the rubies during expansion. The final
design shown in Figure 22 has worked well throughout the experimental
work.

The glass sleeve surrounding the rubies served to protect the
rubies in the event of flashtube failure and to absorb the ultraviolet
radiation from the flashtubes which tends to cause a certain degree of
"bleeching'. The glass sleeve was attached to thé brass holder with
epoxy. Since all epoxies decompose under the influence of u.v. radia-
tion, it was necessary to dismantle, clean and reapply epoxy to the
glass sleeve and sleeve holder after ten or fifteen firings, The glass
sleeves also had a tendency to crack as a result of the differenge in
thérmal expansion of the glass and the brass holder.

Because. of mechanical difficﬁlties encountered during the\alignment
of the Q-switch cell, the adjustable mount which holds the Q-cell was
redesigned. The redesigned Q-cell mount 'is shown in Figure 23. This:
type of mount allows angular adjustﬁent of less than: 1.0 mrod. as can be
seen from the following calculationé,° The adjusting screws have 28

threads per inch. Thus, a turn of l/8brevolution.advances point A a
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Figure 20.

Photograph of Laser Cavities
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distance of approximately .004 inches., Since the ratioc of AB to CB is
about 2:1, point C moves a distance of_appro#imately .002 inches. The
distance from D to C is 1.75 inches, thus; giving an angular adjustment
of 6= s/r where s is the distance peint C moves and r is the disténce

from D to C. The angular adjustment is then given as,

e = -S-; = LQ—O.-Z—“
r 1.75
(25)
8 = 1.1 mrod.

Thus, it is seen. that an angular adjustment of 1.0 mrod is easily ob-
tained.

To increase the gain of the optical cavity an external reflector:
was addeéd to the output end of the amplifier rod. The reflector was in
the form of an optical glass flat having three adjusting screws. The
optical flat and mount are shown in. Figure 24, The reflectance of the
flat is appfoximately 8 percent at 6943 X as measured with a spectro-
photometer., Each adjusting screw has 28 threads per inch. The distance
between adjusting screws is five inches. An adjustment of 1/8 revolu-
tion moves one point of the reflector mount .0045 inches. Assuming the

angular displacement of the refector to be 6

R {n

» we have for @

_ s _ L0045
B = T = = L0009 rod. (26)

8 £ 1 mrod. @27

Thus, an angular adjustment of less than 1.0 mrod. is possible for the
external reflector.

The. di fferential 'screw adjustments used by Peery to position the
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generator ruby served satisfactorily except for a small amount of play
in the differential screws themselves. The play in the differential
screws was. taken out with stiff springs so that the screws were always
under tension. The differential screw adjustment.is :shown in Figure. 25,

The major optical problem encountered with the .laser was that of
optical component. alignment. The following opticél‘cémponents must be
properly aligned to insure maximum delivery of laser energy .to the
target surface,

1. Generator rod

2. Q-Switch

3. Amplifier rod

4, External reflector

5. Focusing lens

Originally, alignment was attempted by Peery using a point source,
collimating lens and reticle. The alignment optics used by Peery are
shown in Figure 26. Although.this method of alignment worke& fairly
weli, the alignment process became very tedious due to the low intensity
of the light source and the light absorption of the rubies. The modi-
fied alignment method initiated by the_author will be described in the
following paragraphs.

The main component in the modified alignment system is a He-Ne gas
laser purchased ffom Electro Optics Assoclates. The gas laser was
operated at an output of approximately 1.4 milli—watté, The modified
alignment system and optical components are shown schematically in.
Figure 27,

The alignment procedure used to obtain maximum laser cutput, in the

sequence they are performed is given as:
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1. With the Q-switch cell (F) nad the external reflector (C) re-
moved, the beam A-B-D is aligned perpendicular to and in the center of
the bottom face of the amplifier rod. This is done by positioning the
beam so that it is reflected back on itself. The adjustment is made
with the alignment beam spliter (B) which hags three degrees of .linear
motion and two degrees of angular motion. The alignment beam spliter.
is shown in Figure 28. Bringing the beam A-B-D back on itself guéren—
tees that the beam is perpendicular to the ruby. face at point D.
Centering the beam guarentees that the beam will travel down the center
axis of the cylindrical ruby rod. As a check, the beam emerging at.
point E should be centered on the Brewster face. Part of the reflected
‘beam D-B-A will pass through the -alignment beam spliter (B) and will be
reflected by the alignment mirror (I) over ta the ground glags screen .
(J). The dot on the screen is a result of the beam A-B-D-C-I-J and will
be called the primary alignment point Pln

2. The generator rod is positioned so that the beam A-B-D-E-G-H
enters the Brewester face of ‘the generator rod (G) in the center and is
réflected at the centér of the TIR prism (H). This beam when reflected

at H will follow the path H-G-E-D~B-I-J and produce a dot P The

2'
optical axis of both the generator rod and amplifier rod is aligned when

Pl and P2 are coincedent.

3. The Q-switch cell (F) is then placed into position between the
generator and. amplifier, A portion of the beam A-B-D~E~-F is reflected by
the Q-switch cell (F) and follows the path F-E-D-B-I=J producing a dot
P3 on the ground glass screen. The Q-switch cell is then adjusted so

that P, and P

1 are coincedent. This insures that the face of the Q~

3

switch cell is perpendicular to the optical axis of the laser rods,
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4., The external reflector (C) is placed into position and adjusted
so that the beam A-B~C is partically reflected along the path C-B-I-J,

At point J the reflected beam produces a dot P,. The .external reflector

40
is perpendicular to optical axis of the 1aserrwhen-pointstl and P4 are
coincedent.
5. Alignment mirror (I) is removed and the beam A~B-C-D-C-B-I-I-L

is focused with the focusing lens (K) on the target (L)«
After the above five steps are completed the laser optics are aligned.
The precision achieved during alignment will now be. discussed in the
following paragraphs. |

Since all of the optical components are aligned with respect to thé
amplifier rod, it is important to calculate first how well beém A—B—C—D
can be aligned to the amplifier rod. The beam A-B-C-D and the reflected
beam D-C-B~-A can be made to coincide at point A to within .015". The
length of the beam A-B-C-D is 23", The perpendicularity is then shown

in Equation 28.-

s .015"
e(D) = r : 23"
(28)
8(@®) = .65 mrod.
The calculations for angular alignment of the generator rod to the
amplifier rod is given below in. Equation 29 assuming that Pl and P, can

2
be aligned to within .015" and that the distance.of the path H~G-D-I-J

is 270". This calculation is given as

_ s _ .015"
6@ = 7 270"
(29)
6(H) = ,055 mrod.



61

Assuming that Pl and R, can be aligned to within .015" and that the

3
distance of the path F-E-D-I-J is 260', the angular alignment of the
Q-switch can be made to within the tolerance shown in.the following cal-.

culation, .

s L015"

8(F) = T = eov
(30)

= ,057 mrod,

8(F)

The optical alignment of the external reflector can be calculated in a
similar manner assuming that’Pl and P4 can be made to coinecide to within.
.015" and that the path length C-I-J is given as 248". This calculation

gives,

_ s _ 015"
) = r 248"
(31)
8(C) = .06l mrod.

The only criteria for alignment of the focusing lens 'is.that the target
to lens distance be equal to the focal length of the lens, that:the beam
pass approximately through the center of the lens andvthat the lens to
approximately perpendicular to the beam.

Although the generally excepted way to. align ruby lasers and their
optical components is through ;he use of a He-Ne gas laser, the author
wishes to make a note of the error . involved. The inherent error found
in using a He-Ne gas laser for aligmnment purposes is due to the differ-
ence in index of refraction of the optical components for the 6328 Z
light emitted from the He-Ne laser and the 6943 K light emitted from the
ruby laser. In the.wavelength region between 6943 X and. 6328 Z, index

for pink ruby is calculated from Levine (28) to be,
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~An . 5.7 ¢ 1070, (32)

The change in index of refraction of quartz for this same region is

given by Jenkins and White (29) to be, .

6

Ao 2 9.7 x107°, (33)

A

e

. o
Given the index of refraction of light. at a wavelength of 6943 A in ruby

' o
to be 1.7637, the index of refraction of light at a wavelength of 6328 A

can be calculated from Equation (32) in the following manner,

A ., -6
- C 3.7 x 10
- -6
An =. - 3.7 x 10 (ax)

" ‘ _6, '_
Neos3 ~ Tg308 © T 3.7 x 10 (6943 - 6328)

. -6
1.7640 — Neaog = 3.7 x 10 (615)
Ry, © 1.7660 (34)

Similarly, the index of refraction in quartz for light at a wavelength of
O .
6943 A is given as 1.4613. The index of refraction in quartz for light

o
at a waveélength of 6328 A is given by Equation (33) to be,

An - . -6
- A}\ = 207x10
- -6
A.n = - 207 X lO (A)\)

N -6 ,
n6943v— Reang = = 2.7 x 10 (6943 - 6328)
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[

~ 2.7 x 1070 (615)

1.4613 - n6328
~ Tg30g & - 1,4613 - .0017
Dea9g & 1,4630 (35)

The optical components ‘effected by the alignment error due to the dif-
ference in refractive index are the generator rod, Q-switch cell and the
focusing lens. Figure 29 shows an.exaggerated view of theA6943~K light
path and 6328 K light path between the amplifier rod and generator rod.
Inorder to minimize transmission losses ‘between the generator and
amplifier rods the bottom.end of the generator rod and the.top end of
the amplifier-ro& is cut'at Brewster's angle. According to Brewster's

law this angle is given as

tan o (2) = D943
! - _ .
a(z) = arctan D943
a(2) = arctan (1.7640)
= 60° 27" (36)

a(2)

where o (2)is Brewster's angle and n is the index of refraction of

6943
o}
ruby for 6943 A light. The angular relationships for the Brewster angle
are shown in Figure 30.-
Referring to Figure 29, it -is seen that the alignment beam from the

gas laser strikes point ‘E (1) ‘at an angle of 29° 33' from the normal.

The angle of refraction for this beam is biven by Snell's law as:

sin a (1) sin. o (3)

T6328
1.7660 sin 29° 33'-

sin. a (1)
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sin o (1) = 1.7660 (.4932)
sin-a (1) = .8710
a(l) = 60° 34 (37)

)
where o (1) is the angle of refraction for the 6328 A light and n6328 is
the refractive index of ruby for this particular wavelength, By com-

paring Equation (36) and (37), the angular dispersion of the two beams

is seen to be approximately 7 min. of arc. With the Q-switch cell not

in the optical path,  the arc length would be given as,’

r [a(1) - a(2)]

S . 3
s =. 4,0" [2.1 x 1073 rod. ] (38)
s = 804'}{-~10“3 in..

where r is the center line distance between the ruby. rods.and [a() -
0.(2)] is the difference in the angle of refraction for .the two lighi
rays, given above in radiéns. Trigonometric relations exist so that

the distance from point G(1) to point G(2) can be approximated as shown
in Figure 31. ' This horizontal displacement is calculated to be approxi-
mately. .017 inches. With the Q-switch cell in place, the beam from E(1)
to G(2) is displaced along the path E(1) - F(1) - F(2) - G(3). This

displacement is given.by the following equation as,

(=N
il

cos [a(l) - a(2§]}

t sin [a(l) - 0(2)] {1 - Seots TR

d = .5 (.002) [1 - 755555y

d = 1.0 x 1072 [1 - .0018]

d = .001 inches. ' (39)
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where d is the beam displacement, t is the thickness of .the Q-switch
cell, [a(l) = a(2)] is the angular dispersion of the two beams; and’
o (4) is the internal angle of refraction of  the 6943.K.beam as it enters
the. Q-switch cell. The total displacement along the ruby faée is ap-
proximately ,018 inches from thé'center axis of the ruby.. The 6943 K
beam entering the top ruby is reflected by the TIR prism and emerges at-
point G(4), .018 inches on:the opposite side of”thé.ruby,axis. The
beam then continues on and ‘enters the amplifier‘rubyvét.point E(2),
.036 inches from the optical axis.- Once the alignment,etror is calcu-
lated, the generator rod can be offset from the alignment beam so.the
maximum displacement'of16943'Z‘beam in‘the‘amplifier’rod is only .006
inches. This error is considered small compared .to thé radius of the
rods., In a similar manner the Q-switch cellican.be.offsetws’that the
angular alignment is within .l mrad. of the optical .axis of the laser.
For plasma production, the effect of the difference in.focal point of
the lens due to the difference in wavelength is negligible. Table VI
shows the possible -alignment error of the optiaal‘components’relative
to the 6328 X alignment beam. Table VII shows the possible alignment
error of the optical components due to-the differeﬁce:in index of re-
fraction, Table VIII shows the maximum possible -alignment error of the
optical components with respect to the geometrical axis .of the amplifier, -
In concluding  this section, the author wishes to state ‘that the modified
alignment procedure has Worked'verf‘well,and is a relatively simple way
to achieve laser alignment.

As stated earlier, a passive saturatable. liquid Q-switch is used -
during Q-switched operation of the twin ruby laser. The Q-switching

liquid originally used by Peery was a solution of nitrobenzene dissolved
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TABLE VI

POSSIBLE ALIGNMENT ERROR OF THE OPTICAL COMPONENTS-
-0
RELATIVE TO THE 6328 A ALIGNMENT BEAM . ... ..

Compénent . FMaXy‘Angula?'Error;(ﬁrad) ‘ Max, Liﬁear Error~(ing)
Aﬁplifier‘rod N‘ l“.‘ - '71;65 - . o h.OlS
Generator rod .055 - _ | .015
Q-switch : ' 057 . e e
External refléctor o .n,'06l- - _ —
TABLE ‘VII

POSSIBLE ALIGNMENT ERROR OF THE OPTICAL COMPONENTS
DUE TO THE DIFFERENCE IN INDEX OF REFRACTION

Component Max. Angular Error (mrad) Max, Linear Error (in.)
Amplifier rod - —— | o ——
Generator rod : — S ———
Q-switch ' Coe +100% : —
External reflector — : ——

£
After correction.

TABLE VIII

MAXIMUM POSSIBLE ALIGNMENT ERROR OF THE OPTICAL COMPONENTS
WITH RESPECT TO THE GEOMETRIC AXIS OF THE  AMPLIFIER ROD

_ Component Max. .Angular Error. (mrad)- Max. Linear Error (in.) -
Amplifier rod —_—— ——
Generator rod .71 .036
Q-switch ‘ .81 ——

External. reflector .71 ' ——
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in methyl alcohol. Due to the'poisonqu'nature"of;nitrahenzene'the Q-
switching liquid,was changed to a solution of cryptoéyaniné in methyl
alcohol: The bleaching process in-the cryptocyaninevsofﬁtion is re-
versed after each'giant=pulse;,thus‘allowing thefsolution.ta;be,usedv
for many shots. The absorption cross section of cryptocyanine for ruby.

6 sz per molecule, . The splution

laser radiation at,6943‘z’isv8,i’xvlopl
absorbs radiation in a narrow band/approximately.3ZOMX.(FWHM)~With the
peak absorption at 7040 X;% A‘txansmissioh cﬁrveifor cryptocyanine in.
methyl alcohol is shown. in Figure 32,

Since the speéd=of‘the'Q-switchbdependé on .the pereent absorption
of the Q-switch, it-is important to obtain the preper :concentration of
cryptocyanine. In order ‘to obtain'the propetr cenéent¥ation of crypto-
cyanine, a 50 percent-absorbing solution Was<placedxin.the,Q—cell. The-
laser was then fired—and.the output monitored. The absorption of -the
cell was increased.slightlygbyuincfeasing the concentration of crypto~-
cyanine. The laser was  fired again and thevoutput'mbnitored, . This-
process was confinued"untiltthe’shortest Q-switching time was obtained.
Thg cell was then:placed‘on.a spectrophotometer and the .percent absorp~
tion of the Q-switch 1iquid‘was measured. - The shoftesﬁ*é—switching time
occurred when the concentration of cryptocanine prodiuced an absorptioﬁ
of 71 percent in thé no-pass mode, It was interesting to note that
when the Q-cell was filled;only with methyl alecohol there was multiple -
spiking similar to operation of the laser in the normal mode. As the
concentration of cryptocyanine was increased-the'numbe; of spikes de-
crease, the pulse amplitudes increased and the pulse duyrations decreased.

At about 65 percent absorption the output was observed to consist of a

single pulse with a plse width of about 150 nsec, At-71 percent absorp-
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tion the pulse width decreased;t0‘approxima£ely,30 nsec, . Although pulse
widths of 10 nsec; have been reported for single rod lasers using a
cryptocyaﬁine solution, the author believes that the 30 nsec. pulse ob-.
tained from the twin ruby laser described in this work was.dué to self
excitation in.therlong'caVity;"The"only'problem‘encounterédeith the
cryptocyanine-methyl alcdholfsolutiqn"was that of evapqrafion-chanéing
the concentration of the Q-switch solution. -Tiﬁefpefmitting, this |

problem could have been overcome-with a redesigned Q-cell.
Electrical:

This section will deal with electrical modificatiéns and mechanical
modification that’'were made as a result of electtical problems. . A
general schematic of the entire system is shown in Figure 33, |

One of the. first modifications made by the author was to redesign
the flashtube mounting.- The'flashtubeS'uséd.on theutWinpruby laser for
optical puﬁping'of‘the‘rubieS'Were'helical Xenon .flashtubes built by
Kemlite. The.original'mounting is shown in Figure 34,  With the flash=-
tubes mounted as shown,in.Figure‘Bﬁ, the flashtubes would spontanedusly
fire at around.7 K.V., whereds the self‘firé.ievel.reported\by the
manufacturer was between 12 K.V. and 15 K.V, After extensive testing
it ‘was found that at 7 K.V. the,flashtubes'ﬁere breaking down between
the anode and_the'metal reflector,: This problem was eliminated»by en—.
larging the flashtube feedthrough holes in the reflector and inserting
a cylinder'of.insulgtion as shown in Figure 35. Teflon was origionally
used for the insulation. " It was quickly found, however, that the teflon
decomposed due to the‘rﬁdiation:from the flashtubes. Delrin was then

used for insulation and it worked ve;y well with no visual deterioration.
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Another problem encountered with the flashtubes was that of trigger-
ing both tubes simultaneously with a High degree of reliability. A
schematie of the original triggering circuit is shown in Figure 36. As
seen in the schematic, the primary of both trigger transformers are .in
parallel, With this type of arrangement it is conceivable that a trigger
pulse from one transformer may. travel ;hroﬁgh the flashtube to ground
before the trigger pulse from the other transformer:reaches ground. If-
this occurs, then the primary of the "grounded" transformer will assume
most of the current from the trigger capacitor resulting in an extremely
weak trigger pulse for the other flashtube. This problem coupled with
the high failure rate of the original triggef transformers lead to a .
complete redesign.of the trigger eircuit. In redesigning the trigger
circuit, the author used two automotive type trigger . transformers be-
cause of reliability, higher secondary voltage and.lowervcost._ The new
trigger circuit is shown.in Figure 37. An oscilloscdpe tracing of
trigger output is shown in. Figure 38,

The power supply used to charge the laser capacitor banks was
capable of putting out 10 kilo-volts d.c. at a current rating of 20 ma,
Although this power supply is somewhat limited in its current rating, itE
was readily available for use and.worked very feliably throughout. the
project. Because of the low current 'rating of the power supply it was
necessary to modify the existing charging circuit in favor of a circuit
which would give a.shorter charging time. The original design used a
fixed charging resistor of sufficient value to insure a maximum current
drain from the power éupply of 20 ma at 10 kilo-volts. This type of cir-
cuit is shown in Figure 39. ' The problem with this type.of circuit is

that the current output of the power supply drops as the charging volt-
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age increases. The charge on.the capacitor banks is given by

Q = c.v. (x- e /RG | | (40).

where Q is the charge on the capacitors, VO is the charging voltage, t
is the time, R is the charging resistance and -C is the capacitance, = The-

basic definition of current gives.
1 = B (1)

Combining Equations. 40 and 41 gives the charging current.as a function

of time to be

d d -t .
v
I = 2eHRC | (42)

Figure 40 shows Equation 42 plotted for an equivalent capacitive load of
1080 uf:, an equivalernt charging:resistor-of"SOO kQ and a charging volt=
age of 10 KV, "It can be shown from Equation 42 that . after a time

t = 4RC, the capacitors are charged to 98 percent of the final value.
Thus, the approximate time to charge the capacitor banks is, given as

4RC: = 4 (500 x 103)(1080 x 1070 £)

t
L]

t
L}

2160 sec. = 36 min. , (43)

As seen from Equation 43, it ‘took an extremely long time to charge the
capacitor banks before the charging circuit was modified,

The modified charging circuit is ‘shown in Figure 41. The charging
resistor actually consist of ten 50 KQ resistors mounted on a rotary

switch, By decreasing the charging resistance as the charge on the
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capacitor increased, the charging current‘can be kept fairly constant.
Figure 42 shows the charging current as a function of time for a capaci-
tive load of 1080 uf. As seen from Figure 42, the average charging cur-
rent for the modified circuit is approximately 19 ma. The net charge
placed on the capacitor banks (Q = CVO) is 10.8 coul. The approximate

charging time is then-given.as

= A9
T AT
£t & = lO.S‘fgul .57 x 103 sec
19. x 10 ~ amps
t & 570 sec = 9.5 min. (44)

Comparing Equation 43 and 44 shows that with the modified charging cir- .
cuit, the charging time was cutifrom 36 min. to 9.5 min. Since both
capacitor banks were charged through the same resistor, the banks were
isolated from each other with high voltage silicon diodes. The diodes
were Varo type 7715-10 rated at 10 KV, 25 ma.  The diodes were plahed in
the charging circuit in the event that one capacitor bank discharged
leaving the other bank'charged° A 20 ma., fuse was also added‘tb the
charging circuit to protect the power supply.

Once.the capacitor banks are charged, they may be quickly dis-
charged, without triggering the flashlamps, by using the discharge re-
sistor circuit as shown in Figure 43. The circuit was designed so that
either bank or both banks could be discharged. . Closing the grounded
switch also eliminates charge accumulation when -the laser .is not in use.

Another problem encountered with the initial design was that of
tremendous acoustical shock when the flashtube was first fired, Due to

the fast'rise time of the current pulse through  the tube, the Xenon
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plasma expands rapidly causing an acoustical shock wave to be formeéd,

To decrease the rise time of the currént‘pulse, Pgery inserted an in-
ductor in the circuit between the capac¢itor bank and the flashtube,

The type of inductor used by Peery is shown in Figure 44, This inductor
was modified so that different values of'indﬁc;ance could be tapped off.
The inductance at the various tap off points were measured by an ig—

ductance bridge. The modified inductor is shown in Figure 45.

Vacuum

4

Because of the objectives.involved, mosp‘of‘the experimental work"
described in this paper was done in vacuum. This section will describe
thé two different vacuum chambers,used in the .experimental -work,

The first vacuum chamber designéd-by Peery was .used for the targe
deformation experiment. The vacuum chamber was.constructed of steel’
and was nickel plated to prevent corrosion. The vacuum chamber was
pumped with a 6 inch oil diffusion pump, backed by a ‘fore pump.. The re-
quired vacuum ofle-6 torr was easily obtained with this arrangement.

The only difficulty encountered with this vacuum chamber was the proper
positioning of the focusing lens with respect to the target. The steel
vacuum chamber was modified slightly so that a new target could be.
placed at .the laser -beam focus without breaking vacuum-each time. Figure
46 is a drawing of the steel vacuum chamber. |

For the remainder of the experiment,. a glass vacuum chamber was
used. . The glass chambef was -designed with external laser focusing, ro-
tatable target mount and multiple electrical'feedthrough. : The glass -
chamber accepted the plasma expansion veloéity experiment, the quadrupole

mass filter experiment and the vacuum ultraviolet -speectrograph ‘experi-

i
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ment. The glass vacuum chamber is shown in Figure 47. For the purpose

of shielding, the glass chamber was wrapped with aluminum foil and:
grounded. The glass chamber used the same vacuum pumps as were used

with the metal chamber.
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CHAPTER IV
LASER ENERGY AND POWER

This chapter describes the method used for determining the output
energy and power .of the twin ruby laser. The output.energy is measured
directly with a calibrated calorimeter. The design, construction and
calibration of the calorimeter will be described in the first part of
this chapter. The results of the energy and power measurements will
then be shown. Followed by a determination of the energy and power

density of the focused laser beam.
Energy Measurement

One of the most. inexpensive and accurate methods of measuring the
output from a ruby laser is through the use of a calibrated "rat's nest"
calorimeter. This type of calorimeter was first described by Baker (30)
in 1963 and later by Schmidt and Greenhow (31) ‘in 1967. The calorimeter
described in this paper incorporates some features of both of the.above
references.

The main part of the calorimeter is a ball of fine insulated wire3
appropriately called a 'rat's nest'". The tangled ball of wire is used
as one arm of a bridge circuit. The calorimeter head is composed of
approximately 1450 feet of No. 36 B & S gauge enameled copper wire which
was loosely and randomly.packed into é 50 ml. glass beaker. The total

resistance of the "rat's nest'" was 615 ohms. The-outside of the beaker
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was wrapped with aluminum foil and insulated with a large block of
styrofoam. The entrance window to the "rat's nest' was covered with a
glass plate to reduce convection currents. The calorimeter head is
shown in Figure 48. The calorimetér circuit is shown in Figure 49.

In practice, a small‘percentage of the laser beam is directed into.
the calorimeter head. The glass plate reflects 8 percent of -the normal
\incident beam energy and about 18 percent of the remaining energy is
back scattered from the "rat's nest". That portion of the energy which
is absorbed causes heating of the enamel insulation and the wire. When
the wire is heated, the resistance of the "rat's nest" cﬁanges,' Since
the "rat's nest" is in one.arm of the»Bridge circuit shown'in Figure 49,
a change in resistance will unbalance the circuit and cause a current to
flow through the galvanometer. The galvanometer deflection is then a
measure. of the laser output energy. The "rat's nest' can be calibrated
by putting a certain amount of energy into the wire and observing the
deflection of the galvanometer, The calibration energy. is supplied to
the "rat's nest' by capacitor discharge.

Referring to Figure 49, switch S1 is placed in the "Read" position
and capacitor C.is charged through. the resistor R8 to a voltage V.,
Switch S1 is then placed in the "Calibrate" position and the capacitor
discharges through the resistor's R7 (rat's nest) and R6 to ground. Re-
sistor R6 is used to monitor the current pulse through the 'rat's nest".
The switch S1 is then placed in the "Read" position and the galvanometer
deflection D is read. Since the deflection D is proportional to the
energy E put.into the wire and since the energy E of the capacitor is
proportional to the voltage V squared, the relationship between D, E

2
and V  is given as,
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D = oE = Lk aCV ‘ (45)

where o is a proportionality factor. By plotting E against D for various
values of V, a calibration curve can be produced for the "rat's nest".
This is shown in Table IX and Figure 50 which also gives the proportion-.
ality factor o. Figure 51 shows how o' changes with Vz.

In -actual use only a small portion of the laser beam is directed
into the calorimeter due to the damage threshold of the "rat's nest".
The damage threshold of the 'rat's nest" is estimated to be about
W4 j/cmz. The energy levels at different points in the optical system
are shown in Figﬁre 52, Referring to Figure 52, -the following equations

can be written,

TABLE IX

CALIBRATION FACTORS FOR CALORIMETER

\Y \'A ' E D )

50 2,500 .020 <34 17.1

60 3,600 .029 .53 18.2

70 4,900 .039 .78 20.0

80 6,400 .051" 1.07 20.9-

90 8,100 .065 1.393 21.5

100 10,000 .080 1.760 22.0
110 12,100 .097 2.159 22,3
120 14,400 . .115 2.615 22.7
130 16,900 .135 3.137 23.2
140 19,600 .157 3.685 23.5
150 22,500 .180 4,284 23.8
160 25,600 .205 4,936 29.1
170 28,900 .231 , 5.618 24,3
180 32,400 .259 6.376 29,6
190 36,100 .289 7.162 24.8
25.0

200 40,000 - - - .320 8.00
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3

Il = .007610 = 7.6 x 10 IO » (46)

I = .76 = 7.6 x 1011 ‘(47)

2 0 0 ‘
where I0 is the energy output of the laser, I1 is the energy measured by
the calorimeter and I2 is the. energy delivered to the target. Solving

the above equations simultaneously gives,

_ 2 - |
I, = I,x10 (48)

Figure 53 shows the energy output of the laser as a function of the
calorimeter deflection. Figure 54 shows the energy delivered to the
target as a function of the calorimeter deflection. The maximumzenérgy

output measured with the calorimeter was 15 joules.
Power Measurement -

In order to determine the power delivered by the twin ruby laser it
is necessary to know the energy output of the laser and the pulsé dura-
tion which is the full width of the waveform measured at half maximum
(FWHM). To measure the waveform of the laser pulse it is necessary to
use a photometric device which exhibits a fast rise-time and has good
spectral response at 6943 Z; The above criteria were met with an RCA-
7102, ten stage photomultiplier with an .S~1 photocathode. A schematic
of the photomultiplier circuit is shown in Figure 55. The photocathode
was protected from laser damage by attenuating the laser beam. The ex-
perimental arrangement is . shown in Figure 56. An optical filter was
used to get rid of unwanteéd flashtube light. The optical filter had a

) )
narrow bandpass of 25 A and peaked at about 6943 A, A transmission
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curve of the filter is shown 'in Figure 57.

The waveform was measured with a Tektronix, Model 585 oscilloscope
using 10,000 ASA Poloroid film. With a sweep speed of 50 nsec/cm, the .
pulse width at half maximum was 30 nsec. A typical pulse shape is given"
in Figure 58. With a 15 jouie,energy output and a pulse width (FWHM) of
30 nsec, the power output is calculated to be 500 megawatts, It might be
mentioned at this point ‘that the output energy can be measured using the
RCA 7102 photomultiplier by integrating the output waveform with a
capacitor of 5 pico-farads. However, this type .of detector must first be

calibrated against a known energy monitor.
Laser Beam Divergence

In order to determine laser energy and power densities of the
focused laser beam, it is first mecessary to determine the divergence of
the laser beam, ' The divergence can be.calculated if the diameter of the
laser beam is measured at two positions along the optical path as shown
in Figure 59. Referring to Figure 59, we can write the following equa-

tions,

tan ¢ L S (49

y = T (50)

where ¢ is half of the angular divergence, y is half the‘vertical dis-

placement, x is-the horizontal displacemernt, d2

a distance X, and dl,is the beam diameter at a distance Xy Substituting

is the beam diameter at

(50) into (49) gives,

tan ¢ = —p—= (51)
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T

Figure 58. Typical Q-Switched Pulse Shape From
Twin Ruby Laser. Horizontal
Scale: 50 nsec/cm.
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d2 - dl
Now if T << 1, Equation :(51) can be written as
d, -~ d
2 1 (rad).
o = (2 (52
Since the angular divergence is equal to twice ¢
d, - d.
_ _ _2 1
6 = 2¢ = -
d, - d :
5 = 2 — 1 (rad.) (53)

Equation (53) then gives the angular divergence of the laser beam simply
by measuring the beam diameter at two points along the optical path.
Experimentally, photographs of the laser beam were taken at two
different points and the beam diameters were measured from the photo-
graphs. The experimental éetup is shown in Figure 60 and the experi-
mental results are shown in Figure 61, The diameter-dlvwas measured to
be .5374 inches, diameter d2 was measured to be .5511 inches and the
distance x was measured to be 34.5 inches. However, due to the cameras
used, the actual image size and image size at the focal plane of the
camera is in the ratio 1:.9. The actual diameter dl is then given as
.597 inches and diameter d, is given as .612 inches. Putting these

2

values into Equation (53) gives the divergence as,

d =
g = 2 Y
X
o o 612" - .597"
34.5"
o o 015"
34,5"

8 £ .43 mrad : (54)
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Figure 61. Laser Beam Spot Size
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Energy and Power Densities

Once the beam divergence is known it is a simple matter to calcu-
late the focused spot diameter and 'from the spot diameter thle energy and
power density.

The spot diameter at the focus of a lens is given as
d = 1. (55)

where d is the spot diameter, f is the focal length of -the lens and 8 is
the angular divergence of the laser beam, For a 17 cm focal length lens

and a beam divergence of .43 mrad, the spot diameter is calculated to be,

d = £8 =.17 em (.43 x lO-_3 rad)
' -3 (56)
d & 7.3 x 10 cm
This diameter gives a cross sectional area of
o - 1dh 3.4 (53.29 x 107 en®)
4 4 (57)
A = 4.2 x 107 em

Where A is the cross sectional area and d is the spot diameter. The

energy density I is then given as,

s = E 15 joules
A 4,2 x-lO“5 cm2
5, 2
£ = 3.5 x 107 joules/cm . (58)

And the power -density m is given as

500 x 106 watts

4o2 'xlO—5 cmz

3

o=
A

1.2 x iOl watts/cm2 . (59)

3
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CHAPTER V
TARGET DEFORMATION IN- Q-SWLTCHED MODE

As previously stated at the end of Chapter 1I, there have been
several studies made of the target deformation caused by a focused laser
operating in the Q-switched mode. Experimental data from similar work
will now be presented.

The metal vacuum chamber was used in the following experiment. The
targets used in the experiments were small aluminum slabs; One set of
targets were approximately 1.5 cm long, 1.0 cm wide and .031 em thick.
The other set of targets were approximately .8 cm long, .8 cm wide and
.25 cm thick., Before the targets were submitted to laser beam impact,
they were thoroughly cleaned with soap and water and then rinsed with
high purity methyl alcohol. The targets were then weighed and one set
of the targets was placed on a rotatable table in the vacuum chamber.
The vacuum chamber was then pumped down to. 2.5 x 10"6 torr. All but one
target -in the vacuum chamber wasvtﬁen irradiated with one laser shpt of
30 nsec. duration. This set .of targets was then removed and replaced by
the other set of targets. The same experimental procedure was. carried
out ' for tlie new set of targets. The small aluminum targets were then
measured to obtain the mass loss. One target.in each set was.not sub-
mitted to laser impact in order to measure the amount of contamination
to the targets and to determine the measuring error. In both cases

there was no measured difference in mass of the control target before
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and after the expériment; ‘Table X shows thewresults obtained from the
experiment, The experimental points shown in Table X are plotted in
graph form in Figure 62. The results show that as the impact energy
increases, the amount of mass removed.decreases. This result can prob-
ably be explained by the fact that as the peak energy to the target in-
creases, the rate of energy input increases and the temperature. of
vaporization is reached quicker. Thus, the target is shielded from thé
laser radiation sooner, resulting in less mass removal but a more ener=
gefic plasma. The results also showed that the difference in thickness
of the two sets of targets had no bearing on the ‘amount of mass removal,
This result indicates that the laser beam and target interaction takes
place very close to the surface.. .

Goldsmith, Waterman and Hirschhorn (32) report that the heat of
vaporization of aluminum is approximately 11.4 x lO3 joules/gm. Knowing
the heat of vaporization, the laser energy incident on the target and
the mass removed as a result of laser beam arnd . target. interaction; the
percent of incident energy needed to bring about a certain mass removal
can be calculated. The amount of .energy required to vaporize a given

mass of aluminum is shown as

E. = H M (60)

where Hv is the heat of wvaporization and EV is the energy needed to.
vaporize a mass Mv' Table XI shows the energy incident on the target
(Et), the amount of mass removed from the target (MV)’ the calculated
energy needed to vaporize the amount of mass removed (Ev)’ and the

ratio R of EQ to Et' The quantities MV and EV are plotted in Figure 63,

the slope of which is equal. to Hv' The ratio Ev/Et,and the quantity Et
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TABLE X

ENERGY TO TARGET VERSUS MASS REMOVAL

Energy to Target (joules) Mass Removed (gm x 107%)
6.0 . 46
4.9 .33
7.0 ' .56

10.9 .69
4.2 .20
9.0 .64
7.0 : .59
4.9 .25
4.9 +25
3.8 .14

5.7 «39
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are plotted in Figure 64. From the analysis of Figure 64, it is ap-
parent that the percent of incident energy required to vaporize a given
amount of target material is not.constant nor is it a linear function as.
might be expected. - In plotting the ratio Ev/Et as a function of-Et, it
has been assumed that the heat ‘of vaporization remains constant. It is,
however, posSiblé that the heat' of vaporization does not remain constant,

in which case Equation (60) may be written

E, = H (T,P)M (61)

where T is the temperature of the impact 'area and P is the pressure on
the impact area. From Table XI we have.defined the quantity R to be

given. as

R = EV/Et . | ' (62)

Combining Equations (60) and (62): gives,
RE
H = —&, (63)
- M
v

If R is assumed to be constant, Hv can be calculated fqr‘different ex-
perimental values of.Et and Mv-as shown in 'Tables XII through XX. The
heat of vaporization as a function of incident energy is plotted in
Figure 65 for different walues of R. |

Assuming, as stated in Chapter II, that 5 percent of the incident .
energy toes’into'heating of the target.and 1 .percent of tHe incident .
energy is reflected or scattered from the surface, the following equa-

tion can be written,

B, = L.0-E -F -R (64)
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TABLE XI

PARAMETERS  INVOLVED WITH MASS REMOVAL

Et (joules)> MV (gm x 10—4) Evi(jOuies) .R =. Ev/Et
3.8 . 15 | L040
4.2 .20 .22 ,052
4.9 .25 .28 .057
5.7 .39 .43 .075
6.0 46 .51 .035
7.0 57 .63 .090
9.0 | .64 ' .70 .078

10.9 - .69 .76 .070
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where Ep is the percent of energy absorbed by the plasma,‘.Eh is the per-
cent of energy that goes into heating the target, Erbis the reflected -
and scattered energy and Ev is the percent of energy that goes into
vaporizing the target material. With the assumed values given above,
Equation (64) becomes |

B = 1.0-.05-.01-R

. (65)
E = 094 - R.
1%

For the case where Hv is assumed to be constant, Ep varies from 90 pér-
cent to 85 .percent as R varies from .04 to .09. For the case of a con~
stant R but varying va E# is constant ‘with a value dependent on R..

Figure 66 shows typical photographs of the impact area,



EXPERIMENTAL VALUES OF MASS REMOVAL PARAMETERS FOR R = .02

TABLE XII
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ET

R EV M
. = —= =]
.02 5.8 .076 14 540
——— 6,9 .098 .25 .380
— 6.0 .120 .46 .260
— 7.0 .140 .57 245
-— 9.0 .180 .61 .280
_— 10.9 .218 .69 . .315 -
TABLE XITT
EXPERIMENTALvVALUES\OF"MASS REMOVAL PARAMETERS FOR R = .03
R ET EV M H.
.03 38 114 14 815
-— 4.9 .148 .25 .590
_— 6.0 .180 46 .390
S 7.0 .210 .57 .370
— 9.0 .270 .64 L 420
_— 10.9 .69

.328

475
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TABLE XIV-

EXPERIMENTAL VALUES OF MASS REMOVAL PARAMETERS FOR R = .04

R ET o EV | Mo W
o 38 s a4 L.os
—— 4.9 o190 .25 | .76
— 6.0 .240 .46 .52

- 7.0 .280 .57 49
— 9.0 .360 .64 .56
—_— : 10.9 435 .69 .63

TABLE’XV

EXPERIMENTAL VALUES -OF ‘MASS REMOVAL PARAMETERS FOR R = .05

R ' ET- | EV | Mo H.

.05 “ 3.8 .190 L1 T 1.6
o 4.9 \245 .25 .98
— 6.0 300 46 .65
— 7.0 .350 .57 .61
—_—— 9.0 .. 450 .64 : .70

— : 10.9 .545 .69 .79




TABLE XVI
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EXPERIMENTAL VALUES OF MASS REMOVAL PARAMETERS FOR R =.,06

R ET. EV -
.06 3.8 .228 .14 1:628
— 4.9 .294 .25 1.176
— 6.0 .360 46 .783
— 7.0 420 .57 .737
— 9, 0 .540 .64 , 844 -
-— 10.9 654 .69 948
TABLE XVII
EXPERIMENTAL VALUES OF MASS REMOVAL-PARAMETERS FOR R = ,07
R ET | EV M H
.07 T 266 .14 1,900
— 4.9 .343 .25 1.372
— 6.0 .420 46 .913
— 7.0 490 .57 860
— 9.0 630 .64 .984
- 10.9 .763 .69 1.106




EXPERIMENTAL VALUES OF MASS REMOVAL PARAMETERS FOR R = .08

TABLE XVIII
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BV,

R ET H
.08 3.8 .304 14 2,171
— 4.9 .392 .25 1.568
— 6.0 . 480 46 1.043
— 7.0 .560 .57 .982
—_— 9.0 .720 .‘64 1.125
— 10.9 .872 .69 1.264

TABLE XIX
EXPERIMENTAL VALUES OF MASS REMOVAL PARAMETERS FOR R = .09

R ET EV M H
.09 3.8 342 14 2.443
— 4.9 441 .25 1.764
— 6.0 .540 .46 1.174
— 7.0 .630 .57 1.105
_— 9.0 .810 .64 1.266
— 10.9 .69 1.422

.981L




EXPERIMENTAL VALUES  OF MA

TABLE XX

SS REMOVAL PARAMETERS FOR R =

127

R ‘ET EV M H

.10 3.8 .38 14 2.70
— 4.9 .49 .25 1.96
— 6.0 .60 .46 1.30
—_ 7.0 .70 57 1.22°
—— 9.0 .90 .64 1.40
— 10.9 1.09 1.58

69
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Figure 66. Photographs of Target Deformation



CHAPTER VI
PLASMA PRODUCTION

One of the more interesting aspects of impacting a focused_laser
beam onto a solid aluminum. target ‘is the plasma produCed as a result of
this interaction. . The ruby laser has proven to be an ipvaluable.tdol
for high temperature, high density plasma production. One very promising -
example of its application is in producing a high temperature'plasma‘that,
can attain fusion temperatures, From.the manner in which the laser pro-
duces a plasma, the plasma itself.is very transient, . This transient
nature offers many_eXperimental challenges to the research scienﬁist
and has pushed thé,state—of—the—art in high speed measurements. This
chapter will describe several experiments. that were undertaken by the.
author to gain an insight into the properties of a transient, laser-

produced plasma.
Introduction

After performing the mass removal experiment that is described ‘in
the previous chapter, the.question arose és to the. symmetry.of -the plasma
about the axis of fhe;laser beam. In order to investigate the possi~ ‘
bility of non-symmetry, and to determine the velocity.ofiplaéma,expané
sion, a probe was designed. Before describing the experiments with the
probe, the author wishes to give -some background information on probe

measurements.

130
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Any conducting probe that is connectéd so as. to pass current from
one position in the plasma to a circuit that provides a'referenée po-
tential will collect a current. The amount of current is a function of .
the characteristics of the plasma at the position of the probe., This
phenomena was discovered early in this century. The first theory on the
use. of probes in glow discharges.was published by I. Langmuir. and H. M.
Moth-Smith (33) in 1923. Langmuir.showed that measurements with probes .
could be employed to obtain the potential at the point of the probes in-
sertion into a rarified discharge and that the ionization density could .

be determined at ‘that ‘point.
Kinetic Theory Concepts

By the application of the kinetic theory of gases, additional meas-
urements could be obtained, such as the effective electron temperature.
of the plasma and the density of -the pos%tive ions in the plasma at the
position of the probe., Assuming that-the energy distribution of elec- .

trons in the gas are Maxwellian, the following equation may be written:

k Te- = eV (66)

Nof o

Ym v = %-n kT =-

where m, is the electron mass, v is the electron velocity, n is the
Townsend Multiplier to express the electron energy as a multiple of the.
molecular energy at the gas temperature T, k is Boltzman's constant, Te
is the equivalent electron temperature and eV is the electron. energy
expressed in electron-volts. - There is also a similar set of relations

which expresses conditions for the positive ions.
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" Probe Measurements

The theory of the Langmuir probe, as outlined by Loeb (34), will be
presented with frequent reference of Figure‘67, which schematically de~-
‘ picts a glow-discharge plasma. . When a probe is used it is usually in-
serted into the plasma which exists betweén,the anode. and cathode. 1If
the cathode is grounded and the anode is "at.a potential, Va’ there must.
be a decrease in the potential from the.anode to the cathode, Assume
that a plane parallel probe electrode (P) is placed into the plasmé-
with its surface parallel to the axis of the tube and its center at 'some
point (B) in the plasma which is at a potential (Vb), called the '"space
potential," with respect to the grounded cathode. By means of the
voltage supply (C) and the voltage divider (R), the probe can be made.
negative with respect’ to the anode by the amount.Va’- Vp‘so the potential
V= Vp - Vb may be made ﬁositive or negative by an amount equal to the
voltage of the voltage supply (C). The galvonometer, .or microammeter,
(G) permits one to measure the current, i, to the probe as the potential
V is changed. 1In soﬁe cases, the current density; j, will be evaluated.
Since a space.charge sheath surrounds the probe, the effective surface

area of the probe is difficult 'to determine,
Strongly Negative Probe

If the potential, Vp, on the probe is very negative with respect to
potential, Vb’ of the plasma ‘at the point B, i.e.,y, V = Vp --VB << 0, the
electrons in the plasma are repelled by the plate, P, - As a coénsequence.

a positive-ion space-charge-limited current, i+, flows to the plate, P,

This is evident since the. fastest electrons in the plasma have suffic-
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ient energy to reach the probe with its high negative potential., This
negative potential is evidence of the -presence of‘é positive-ion space .
charge sheath. The thickness, d, of ‘the positive ion sheath is a func-
tion of the ratio of the negative potential of the_probe, Vp, to the
average density and energy of the electrons in the plasma. This is true
since the velecity of the -electrons determines their closest approach to
the probe before the electrons are.repulsed.by the high electric field.
For practical purposeé, the outer -area of the space charge sheath may be.
taken as the effective electrode area. Outside of the space—~charge
sheath, F, the ion density is N+. The electron probe current, ip, is
equal to the ion probe current, if, which flows through the space charge
sheath, F, provided no ionization by impact occurs Within the . sheath’
and no’electronsﬂafe liberated by any action from the probe.

Because of the random motion of the ions, the ions diffuse into the
sheath across the area of ‘the space-charge sheath,\F. This positive

probe current ‘is described by the equation

.- .

i+t = EIL_iilﬁt_ (67)
A

where i+ is the ion probe current, F is the area of the sheath, e.is

the charge of an electron, Nt is;the'ion'depsity~and”;+ is the mean.ion

velocity. - The current demsity is deterﬁined by dividing equation 67 by

the area of the sheath ‘and thus gives the equation,’

N+ e vt
A

i = (68)

where.j+ is the ion current density. Equation 68 can also be. written
in terms of the voltage, V, and the thickness, d; of the space-charge.

sheath ‘in the following form,
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- 3/2 -
o= L 28 ¥V _ Nt e vt
i+ = 97 . mt 2 4 (69)

where M+ is the ion mass. For strongly negative values of V, the ion
current j+, is constant and.d varies as V3/4; It is therefore, possible
to calculate d if j+, Mt and V- are known. In addition, the ion density,
N+, may be calculated for this condition.

A similar argument can be followed for a cylindrical probe and a

spherical probe rather.than a plane probe. - The theory of the -spherical

probe and cylindricai probe is given by Langmuir.and Blodgett (35).
Enérgy Distribution and Electron.Témperature

As the negative veltage, V, is reduced, VP becomes. less negative

with respect to V The ion current .is constant ‘at first and.only the

b!
value of d decreasés.. When V becomes sufficiently léw, the faster
electrons with normal incidence to the probe are able to penetrate the
distance, d, and to reach the probe surface. This penetration of the

probe sheath produces an electron current, i-, which reduces the probe

.current ip = i+ to a value given by

i - - (70)

He
]

where i- is the electron cu-rent that-reaches P. If it is assumed that .
the molecules inside the sheath do not influence the .electrons, .then
the éhange of electron current with a decrease in V would give a clear
picture of the energy distribution of the electrons,

In a Maxwellian energy distribution, the number of electrons which

are incident on the area, A, of electrode per second with:a velocity
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component normal -to the surface between v, and vn.+ dvn, is given by.

] .
Nn = exp (- ——EO dvn. (D)
ayn a
The current i- will then be givén as-
v v z
i~ = Aol ;B- exp (- 4359 dv (72)
4\/;- ' a
v
)
v 2
i- Ae N-‘ a exp - (- _r_1__2_) | (73)
2 a-
wherejvo is defined by the expression
2 -
L om- v
Tme vy >V (74)

Assuming a’ = 2kT~/m=~ and v, = L mﬂ'voz, the current of :electrons i-

reaching the probesis given as

k T-

i- = e AN- T

exp (ﬁ—f (75)

where T- is the electron temperature in degrees K,‘and m- is: the elec~
tron mass, For non-Maxwellian velocity‘distributions, the quantity Nn
iﬁ Equation 71 must be changed to N—f(vn)dvn where f(vn) represents the
form of the energy-distribution functionﬂ

Assuming a Maxwellian energy distribution of the electrons and that
the electron temperature and electron density are independent of V,

Equation 75 may be written in logarithmic. form as’
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i- e _ kT . Ve
n ) In j- = 1ln (e N zTrm_) T
i-o T
1n CK—) = 1n j = B e (76)

If Equation 76 is plotted:logarithmically against‘V,'ln=j—.yields a
straight line, with its slope equal to Ve/kT- and it$ intercept with the

j- axis given by B. From Equation 76 it is possible to write

ddnj-) _ d0nj=) _ . _ e
an~ T ey TR (77)

Since the constants e and k are known, the slope yields the valué of T-,

the electron '"temperature."
Wall Potential

If V is decreased further, a point will be reached when ip = 1+
- i- = 0. The potential V at which the above condition ocecurs is called
the "wall potential" and is designated Vw' When i- = 1+, thé random
electron electron current from diffusion is equal to the positive space-
charge limited current from the potential, VW. Since.the electrons,apd
the ions have the same energy when they are in equilibrium, the electrons
have a higher random velocity and will reach the probe even against a
negative potential Vw. The electrons will reach the probe 'in.greater
numbers then the slower ions and thus cause V to have ‘a momentary nega-
tive value. The negative value of V& is then enough to»draw in the
positive space~charge-limited current to a point where ‘i~ = i+, so that
no net current flows and‘ip = 0. At the surface of the probe, or wall,

the electrons and ions moving over the surface.in two dimensions readily
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recombineQ-giﬁing their heat of combination to the wall, This diffusion
to the walls of a discharge tube causes-a loss of carfiers from the
plasma to the walls. As this mechanism is basically one of diffusion
involving both electrons and ions, it is called ambipolar diffusion.

The»ﬁrocess of ambipolar 'diffusion has been studied in detail,
primarily in plasmas where the‘conditiohs'afe relatively simplé. The
effects of'ambipolar.diffusion.are more pronounced for electrons in
gases where v- . >> §+,'but oceur wherever 'the electrons and dons have
different mobilities,

If the wall potential is given.as

Vv =V -V (78)

when i- + i+ = ip = (0, theoretically

when 'V =1V,
- W

o - - -e V
, . eNMvt e N-v- . Wy oo sl
i+ = 7 T eXp GT?ﬁ;ﬁ i- (79)
If M = N-, then Equation 79 simplifies to
_ kT .. V- _ kT- T— M+
VW -— e. 1n __ v . "2"ef_"' ln _"_""T+ M— .« . (80)

Space or Plasma Potential

If the potential ‘is made more negative by decreasing VW to 0,

V -V_=0 and'Vp =V This indicates that the center :of the probe is

p. B B’
at the same potential as the surrounding plasma and that there is no re-
pulsion of either the eléctroms or the ions. Thus,.the electrons and

ions reach the probe in proportion to their normal rates of diffusion.’



139

As a consequence of their greater mobility, the electrons will diffuse
to the probe more rapidly than the ions and thus the electron current i-
is greater than the ion current i+. This excess.of i~ drives the plafe'
potential lower than the wall potential. The negative value of ip~be-
gins just. below Vw and becomes more negative as V goes from thto zero,
In theory allelectrons can diffuse to the pfobe at V = 0 because

exp (-Ve/kT) becomes unity and the electron current density becomes

jm o= eN- = (81)
The ion current density becomes’

i+ = eNt . 12‘—% - (82)
The net current density is given as

j.o= j+ - i- . (83)

The Positive Probe

As the . probe potential is made .positive, the ions are repelled and
electrons are attracted by positive values of V. Since T+ for ions is
usually low, the potential V needs to be only slightly,poSitive;to repel
all of the ions and to give a negative space charge sheaéh; The absence
of positive ion contribution to the probe current and the fact that
electrons are being drawn to the probe by the positive wvalue of V,
causes an increase in negative probe current. The rate of increases
will, however, be slower than the previous rate since the electron cur-

3/2

2,
rent is now space-charge-limited and changes as V /d” instead of ex-

ponentially. With the negative values of V, which was discussed pre-
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viously, the negative current was increasing exponentially, while with
positive values it should only increase proportionally to the three- -
halves power of V. From this conclusion, the electron current for posi-

tive values of V is given as

.= ' - o3/2
. _ e FN—v- _ _ /k T-_ 2F f2e 'V __
i- = 7 v e ‘FN '\ 2mm= 9 n~ ‘d—,z (84)

Similarly, the current is given.as

: ’ 3/2 '
= _ [kT- _ 2 [2¢ ¥
j- = eNX v/zwm_ 9\ m- d—2 ’ (85)

It is therefore seen that a plot of the current density against the

VB.

potential V, will undergo an abrupt'change in slope at Vu? 0 and Vp
A curve of 1n iP V.S, VP which was taken from the data of bfuyvesteyn
(36), is shown. in Figure 68a, ' This curve shows two lines of different
slope. The slope of the lower line is given by Equation 75 which was
derived for a Maxwellian velocity distribution. The slope of the upper
line is given by Equation 84. |

As -stated previously, Equation 75 is only vgiidw%gr a Maxwellian

energy distribution. For a non-Maxwellian energy distribution, Equation

71 must.be changed to

Nn = N=- f(vn)dvn. (86)

Druyvesteyn. (36) found that in a low voltage arc, the slope of the lower
line does not stay constant since.the energy distribution of the eléctron
is not Maxwellian, Figure 68b shows how the Druyvesteyn energy distri-

bution differs from the Maxwellian energy distribution. If the energy
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distribution is of the Druyvesteyn form, the negative probe current is

given as -

' 2
X - N _ eV PR
i~ = e AN Srms ©XP [ (EE) 1. (87)

Thus the current—potential relationship is given as

_ oy 2
ln j= = B' -(ﬁ). - (88)

This relation should be comparéd with Equation 76 for the Maxwellian.

energy distribution.
Laser Induced Plasma

All of the discussions in this section has assumed a steady state
discharge. The laser produced plasma 'plume' is not in a steady state,
It is a transient plasma from its production to its disappearance. As a
consequence of this lack of steadiness, the variations in the probe
current ‘are probably'véry much influenced by Both the density pﬁlsations
and the potential. Loeb (34) and Medicus (37) discuss the difficﬁltiES'
involved in probe measurements on plasmas in equilibrium. These diffi-
culties and inaccuracies are compounded many times over for transient
plasmas. Because of the transient nature of the laserrproduced‘plasma,
the use of a probe to ascertain.the energy spectrﬁm of the carriers is
completely out of the question. Instead of using probes, a quadrupole
mass filter is employed to measure. the velocity distribution of the ions.
that escapé‘from the plasma., . The use of the quadrupole mass filter will
be discussed again later on in this chapter.

Before discussing the probe, experiment on the plasma plume, it is
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desirable to present our pfesent understanding of the laser produced
plasma. The available information from the Oklahoma State University
plasma group, headea by Dr. F. C. Todd, consists of an approximate‘
analytical solution for the phenomena by Peery (38), who was one of this
group. Bruce (39) proved that a cold shell forms about a plésma that
expands into a vacuum and the experimental observatlons of Brown (40)
have confirmed the existence 6f this shell. The solution assists in the
interpretation of the measurements by Willis (41) with a quadrupole mass
filter on the ions that escape from the plasma.

Although the probe measurements made by the author on an unstable
plasma do not offer significant hope for a major extension of the infof—
mation on the subject, it is essential to theé overall understanding of
the conditions in the laser "plume" that these results be correlated with
the existing experimental results from all other sources.

A tentative interpretation by Todd (42) of the preliminary measuré—
ments made by Willis with the quadrupole mass filter indicate that
individual, dense plasmas cohere éufficiently.so‘that»they react with
each other as different bodies and dq not inter—-diffuse into each other
under all conditions. Thus, two plasmas do not necessarily merge into
each other, but instead they tend to bounce off of each other 1like
elastic bodies. The force required fo.make them merge has not been
measured but is estimated to be a function of their ionization density
and physical density.

In the discussion of the mechanical‘properties of plasmas by Todd,
there are several references to the work by Willis: To assist in this
discussion, two figures arg“included. The ordinate for the curve in

Figure 69 is given. in voltage drop across a resistor-through which the
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current from the electron multiplier flows, As plotted, the voltage 'is -
proportional to the relative intensity of Al+3 ions that escape from
tﬁe laser produced plasma and reach the electron multiplier. The dotted
lines represent the actual data that was”collecfed during the experiment,
The solid lines represent groups of ions which were obtained by resolving
the humped curve into separate peaks. The- appearance of the separate
peaks was not’e#pected before the data was obtained. Their.appearance
is attributed to the exponential absorption of energy in the plasma and
to the coﬁerence of dense plasmas. The giant pulse from the laser is
incident on the aluminum target and the resulting plasmas for approxi-
mately 30 nsec. The basis for the hypothesis is presented -in Figure 70.
When the radiation of the surface is initiated, the radiation pene-
trates a predictable distance into the metal surface and gives energy to
atoms in the volume that is under the radiated surface, The emitted
vapor is ejected as a high pressure shock that propagates away from the
surface. The shock is confined to the emitted vapor and is about a
megabar, or more in pressure. A second shock is generated by the re-
action to the ejected vapor and this second shock propagates in the
opposite direction from the gaseous shock; i.e., it propagates intd the
metal of the target., This is illustrated by the sketech in Figure 70a.
The ejected vapor continues to absorb radiation from the giant.
pulse. Since the vapor; or plasma pulse is essentially separate from
the base and since the absorption decreases exponentially with depth into
the plasma; plasma sections (a) and (b) separate from each other., This.
is indicated by the sketches in Figure 70b., The separation mechanism
for this relatively isolated gas pulse has the characteristics of sepa-

rating masses inasmuch as momentum must be conserved. Since the most of
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the energy is absorbed in the side of the plasma that is nearest to the.
impinging laser beam, this requires that plasma in (a) have greater
energy and move faster than the partially shielded portion of the plasma
that is nearest to the metal of the target., This part is designated as
plasma (b). This explanation requires that the mass in (a) always be
less than the slow moving plasma (b). Since the plasma coheres, con-
siderable energy must be expended to produce the new plasma faces be-
tween the adjacent faces of plasmas (a) and (b).

Turbulence in the gas plasma may result in an apparent violation of
the conservation of momen tum inasmuch as the advanced peak (a) will be
much smaller than predicted by the conservation of momentum. In order
for the consgrvation of momentum to fail, turbulence must produce pockets
in the plasma which have a radically different elasticity than the plasma
as a whole. As a consequence, the plasma may not be consideéered to be a
relatively homogeneous body. Failures of this type will always result
in the material in the faster plasma (a) being less than expected, By
this mechanism, there can never be a larger peak that is moving faster
than the initial peak.

The plasma in the advance peak (a) is still absorbing radiation
from the giant pulse so there may be another separation of the plasma (a)
into two smaller parts, (b) and (c). The peak (b) will never be larger
than peak (c) by the requirements of the conservation of momentum,

In the preceding section, the discussion is concerned Qith the .
hypothesis that the humps in the curve of ion density vs arrival time
may be explained by a separation of the plasma into smaller plasmas,

This consequence was attributed to the recognized cohesion of a dense

plasma, the exponential absorption with depth of the incident.energy in
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the laser beam and the application of the conseérvation of momentum.
There is another basic mechanism that could produce a break in the con-
tinuous development of the plasma. This second mechanism will be con-
sidered in this section.

An incident, monochromatic beam of light will enter a plasma, or
will be reflected from it, depending on the natural frequencybof the
plasma oscillations. Plasma oscillations are an oscillation of the
electrons with respect té the ions. The frequency of these oscillations
are so high that the ions may be considered as fixed in space., The ions‘
serve to neutralize the charge of the qscillating»electrons. The condi-

tion for light penetration into the plasma is

(89

where v, is the frequency of the monochromatic light from the laser and -
wp is . the natural frequency of the oscillation of the electrons in.the

plasma. The condition for total reflection eof light from the plasma is

ng‘ << qu (90)

There is a changé from absorption to reflection if the natural frequency
of the plasma changes from below to above the frequency of the incident
light from the laser,

Some considerations are given to the consequences of the occurrence
of a variation of the plasma.frequency from above to below the frequency
of the laser light, These considerations are introduced to ascertain
the possibility that reflection at the plasma surface may occur, If re-

flection ocecurs, it is desired to know the phenomena that might be ex-
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pected in order to search for this phenomena in the observations‘and

surements ume.
measurements on the laser '"plume."

The strongest evidence against the
occurrence of reflection is from the computer program of Peery. The
computer program for the production of a "plume' of plasma was programmed
to calculate the plasma frequency and to show reflection if it should
occur. Instead of reflection, the program indicated that the plasma
became more and more penetrable by the laser:light as the ionization in-
creased and the plasma expanded. This evidence would be sufficient if
the computer program were completely satisfactory. There is still some
question about the program so other information must be considered.

To add to the hint from the computer program that reflection does
not occur, it is necessary to investigate the structure of the '"plume"
and attempt to predict the effect of reflection of the laser beam., The
first step is to consider the significant structure of the "plume." A
double layer of charge forms at the surface of every plasma. If local
thermodynamic equilibrium exists, the electrons move.so much faster
than the ions that they form a negative space charge outside the boundary
of every plasma. Positive ions are attracted from the plasma to form a
positive space charge on the.boundary of the plasma that neutralizes the
charge of the electron cloud, This positive charge prevents the escape
of most of the electrons in the negative space charge sheath. This
double layer exists on the outside of the plasma on both the irradiated
and non-irradiated surfaces. In addition, the expansion of the non-
irradiated surface into the vacuum results in the formation of a cold
shell at the surface of the plasma. If the consequences of this obser-
vation is considered, the cold plasma surface will allow ions and elec-

trons to escape from the plasma with about the same velocity and inten-
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sity in all directioné.' The "cold" surface cannot occur on the surface.
of the plasma that receives radiation.

If total reflection of the incident laser pulse occurs, it will be
from the irradiated surface of the plasma which will be from -the portion
of the plasma which is directly below the double layer at the surface of
the plasma. The enérgy input to the plasma is a maximum,af“that position
and the density of iodmization must also be a maximum, The frequency of.
the plasma oscillations is the greatest where the :density of electrons
is the greatest. This is shown by the equation for the natural fre--
quency of the plasma which is

L
4 qez 2k

T m,
In this equation, W? =.2rf, where f-is the frequency of the plasma, n,
is the number of free electrons per cm3, 9 is the ‘charge on an electron,
c is the velocity of light and‘megis the mass of an electron, If there
is total reflection in the substrate, only the atdﬁs and ions in the:
double layer will receive energy to escape. from. the plasma.: These ions
will be fairly uniformly scattered in all directions from the elevated
central core of the radiated surface. The geometry -of .the situation
will insure uniforﬁ scattering,

The radiated core should be higher, physically, than the partially
irradiated rim which surrounds.it. The radiation which is outside of the
theoretical image will decrease rapidly to zero. The rim of.vapor about
the central core cannot be as hot, or extend as far above the base plate
as the core. Radiation pressure from the laser beam is not expected to

7

produce much effect on ions which are moving at roughly % to 1 x 10" cm.

per second.
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In contrast, consider that-total reflection of the beam of light
from the plasma surface néver occurs. All of the laser radiation pene-
trates into the laser 'plume" where it is absorbed exponentially with
depth, Since the period of radiation is only 30 nanoseconds in dura-.
tion, the vacuum-metal vapor interface-can only be irregular on a micro-
scopic scale. With exponential absorption of the radiation with depth -
of penetration into the plasma, most high speed ions will come from be-
low the surface. The escape of these ions at right angles to the direc- :
tion of radiation would be a practical impossibility. The escaping high
energy ions should be primarily in a cone that is centered about the
vertical axis. This assumed mechanism for the production of the ions..
below the surface of the irradiated region of the plasma Would.produce:

a fairly well defined cone in whic¢h light from the recombination is to
be expected. As indicated by Figure 71 there does‘appear,to be. a well
defined cone. With reflection from the surface of the plasma, only a
cold, high rim of dense gas could give the observed effect. This high
rim of a cold gas does not appear top be a mechanism that total -reflec-
tion could produce. 1It:is also not feasible for the irradiated region
to be depressed by light pressure, particularly when the energy of the‘
ions is considered.

The photograph in Figure 71, which covers the period of production,
development and decay of the plasma "plume" was taken with the camera
lens opened before the experiment and closed after everything ié over,
The laser.produced "plume" projects upward from the base plate with a
slightly converging column and then expands into a less dense plasma
which finally fades out at the top. There is, however, a faint‘back—

ground of illumination with the more intense illumination above the
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Figure 71. Photograph of Laser Induced Plasma Plume
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clearly defined edge of a cone that is indicated on the sketch. Below
this boundary, the radiation background is léss dense than it ié above..
This clearly defined boundary does not intersect the edge of the plasma
on the target plate. It is-not’cléar whether the plasma has expanded
and the intercept is with the original plasma-plate edge, .or whether it
actually intercepts the plasma column at a position above théitarget”
plate. Either could be possible and would require no additional dis-
cussion. The irradiated area is about 1 mm. in.diameter. The light
from the giant pulse is directed vertically down. in Figure 71.

The preceding discussion is intended to indicate that total re-
flection of the incident giant pulse by the highly ionized plasma is not
probable. The photograph presents evidence which -appears to confirm
continuous absorption and which would be very difficult to explain on
the basis of occasionél periods of total reflection. . The appearance of
added, faster peaks in the ion velocities that are measured by the quad-
rupole mass filter also appéars to require an exﬁlanatién'of the basis’

of continuous absorption during the entire period of radiation.
Probe Experiment.

An experiment was performed. in which probes were mounted so .the
expanding plasma would pass the probes. At a minimum, the experiment
was expected to show the average rate of expansion of the plasma. It
was hoped‘that it might “show some of.the structure.of -the plasma. Both
of these expectations were fulfilled. It does not give significant in-
formation on the temperature and density according to the Langmuir
theory. It does indicate something about the temperature for it shows

the arrival time of the expanding plasma-at the probe.. ’
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The experiment'employed'four probes,  Each probe was. designed.as
illustrated in Figure 72. The four probes were symmetrically arranged
around the giant pulse impact area as shown in Figure 73. The direction
of polarization of the incident laser beam and.the elliptical shape of .
the target roughenéd'area~are also shown in the last figure. The object
of the experiment was to monitor, with an oscilloscope, the probé po~
tential as a function of time. The schematic for thé electrical circuit
is presented in Figure 74. The power source that supplied a*pétential
to the probe was reversible in polarity and variable in voltage. The
energy from the laser was kept at approximately 8 joules for each pulse
during the experiment and the experiment was carried:out in a vacuum of
approximately 5 x 10»_6 Torr. After each shot, the target was rotated by
means of a vacuum feedthrough so that -a fresh surface could be used for
the next probe measurement. The data, the probe measurements is shown
in Figures 75-91.

In analyzing the data in Figures 75-91, it is interesting to note
that practically all of the curves exhibit three major peaks. It is
also interesting to note that the first peak occurs at -about the same
time, regardless of the angle between the probe and the target face.
Only electrons which approach close to the probe, or are collected by
the probe could cause a negative .peak, regardless of the probe potential.
For this reason, the first peak is thought to‘be caused by electroné
that form the front edge of the plasma from the target. The electron
péak‘is always followed by peaks from the neutral plésma., The data
indicates a most probabie average velocity of  the plasma front of‘about
1.6 x 107 cm/sec.

The emphasis on the plasma front is explained in this manner. A



155

VACUUM

EPOXY .
-
NICKEL
WIRE e 1)
2.60"
‘GLASS
TUBE _Z__a |
10"
KN
—_ g<__.ozo"

FIG.72 EXPERIMENTAL PLASMA PROBE



156

TOP VIEW

SIDE VIEW
Y //°
' Wl S, = 2.7cm
2)~_{ S, = 2.3cm
m 7T o
'(l)/\'/’T /] T 6, = /45
/ / . g,= 70°
LASER / I
e
C —
TARGET

FIG. 73 EXPERIMENTAL PROBE ARRAY



LASER BEAM
FILTER

OSCILLOSCOPE

PROBE == VARIABLE

— VOLTAGE T T
v | SOURCE = O

| TARGET T
é 4

F1G. 74 SCHEMATIC DIAGRAM OF PROBE EXPERIMENT

1 £~T



158

+2
wn
50 1 [ | 1 1 { : | S|
o L. | ¥ T 3 Bl ] ¥ it L
>

-2 L

....4\..

FIG.75 PROBE NO.2, Vp= 0.0 VDC

4 r : - .5psec _,l fe—

+2
%
E)J 0 W—i—'ﬁ_ﬁ
>

...2 ad

.-..4 -

FIG.76 PROBE NO.2, Vp=+5.0VDC



159

+2 T
w
5 0 14 L4 L) 4 t L 1 { %
o
>
-2
-4 L

FIG.77 PROBE NO.2, Vp=+10.0 VDC

VOLTS

o .
-an<.
q

FIG. 78 PROBE NO.2, Vp=—50 VDC



VOLTS

VOLTS

w2 |
Ov;l|"ill;:
sk
4 L

FIG. 79 PROBE NO.2, Vp =—10.0 VDC

+2 | |
0 V‘“’""'\//"J”””‘ H
-2 b ' : ‘

FIG. 80 PROBE NO.3, Vp=+50VDC =

160



VOLTS

VOLTS

161

+4 r - Busec—>|  je—
+2 F |
O pt—+—+————
. ) ‘\V_/__——J-“
-4 i |

+2
O R B B e e ey e o S B |
- L
-4 L

FIG.82 PROBE NO.3,Vp=-5.0VDC



162

+4 i | Spsec—s  je—
+2 |}

e 0 I i o S

o .

>__2 R '
_4 L.

FIG. 83 PROBE NO.3, Vp=-10.0VDC

ta . o v.5/.1.sec_.>|, fe—
+2 7 " ’ ,
n ‘
> ' .
-2 L
...4 b

FIG. 84 PROBE NO.I, Vp=+50 VDC.



163

t4 T -5,u.sec—>| je—
+2

m: ]

g’o W“ 1 1 1 | 1 1 {
-2 r .

FIG.85 PROBE NO.I, Vp=~10.0 VDC

+4 .5,1{.sec ._>|’< ~
+2 N | , .
w' 1 1 1 ) P VD S | 1 f
'—_Jro ‘F\' I I 1 | 1 ]
S o

-2 2

-4 L

FI6. 86 PROBE NO.I,Vp=—50VDC



VOLTS

VOLTS

+4 r 5/.1.sec_>i e
+2 |

0 T@n#' —
_.2 L

—4q L

+4 - - usec f  je—
+2 F o ‘
o Hrk—t—t—t——t—f———t—t—
-2

4 L

FIG. 88 PROBE NO.4,Vp=+5.0 VDC = -

164



VOLTS

VOLTS

+4 - BpuseC—n|  je— .
+2

R e et S R
L

-4 L

FIG. 89 PROBE NO.4, Vp= +10.0VDC

2t
0 fA—t—t——t—t—t—t—t—
-2 P

FIG.90 PROBE NO.4,Vp=-50 VDC

165 -



166

FIG.91 PROBE NO.4, Vp = —10.0 VDC
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cloud of electrons cannot leave the plasma because of the electrié
field between‘the electrons and the ions that they are trying to leave.
The electfons travel so much faster than the ions that the.electrons
are always on the front edge and they are followed by positive ions
that neutralize the charge of the electrons. The net result‘is a
double layer of charge with a negative charge in front that is followed
by a positive charge. The double layer exists in a vacuum and -in a gas,
The propagation of the double layer was recognized many years ago. In
gases, it is called ambipolar diffusion and its explanation was pro-
posed by Cobine (43) in 1929.

The second and third peaks are found to occur at different times.
and thus have an average velocity which is dependent on -the probe' posi-
tions with respect to the impact of the laser beam on the tadrget. The
second and third peaks were, at first, thought to be a result of posi~’
tive ions. If this were true, these peaks would not be reversed'in,f
polarity when thevprobe voltage is reversed. It would also. not be
logical that these peaks would diminish in size as the probe voltage
became more positive. As a consequence of the performance, it is be-~
lieved that the second and third peaks indicate the charge that is
drawn from a neutral plasma that may be fluctuating in deﬁsity, The
plasma is conducting and extends from the‘laser "plume'" to the probe
so charge of either sign may be extracted from the plasma and may be
made to flow through a closed ¢ircuit by an appropriate source of e,m.f.

It is interesting at this point to calculate the threshold wave-
length for which photoelectrons could be emitted from the surface of .

the probe. The equation to be used. is given as

A o< De

L: = (92)
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where AO is the threshold wavelength, h is Planks constant,.c is the.
speed of 1light and W is the work function of nickel,  Equation 92 be-

comes,

< .(4912 X lO_16 eV - sec)(3 x lOlO m/sec)

Yo = (4,34 V) ©3)
v < 12.36 % 10°%ev-n 94)
o — 4.34 eV
o
Ao S 2847 A (95)

Therefore, light emission from the plasma which falls in the region be-
low 2847 K could’ cause photoelectron emission.from the probe. However,
it is the author's.conviction that'the amount of photoelectron emission
from the probe is negligible since there is no'indicatiOn of a positive.
peak ‘at the beginning of the trace. Similar calculations show that there
are probably photoelectrons emitted from the target surface aléo, These
are also considered negligible.

It is evideﬁt,fromvthe probe. data that theielectrOnndensity.of the
laser induced plasma varies considerably with time.and most likely,
space. As a consequence, the laser induced plasma.can be described as
a rarified plasma with "lumps' or regions of high electf¥on and ion
densities.

The important features of -the probe curves are summarized in Table
XXI. The probe curves definitely show that the laser induced plasﬁa is
not. symmetrical about the pqint of laser beam impact. Thgﬂaverage.maxi—
mum.velocity for the different probes is given in Table XXIT. 6K Notice
that for the first peak, thg average maximum velocity for probes 1 and .
4 is greater than for probes 2 and 3. The two main differences between

probes 1, 2, 3 and 4 are that probes 1 and 4 are farther away.from the
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Probe No.
Probe voltage (V)

Voltage, lst peak (V)
Start, 1lst peak {sec)
Velocity, lst peak (cm/sec

Voltage, 2nd peak (V)
Start, 2nd peak (usec)
Velocity, 2nd peak (cm/sec

Voltage, 3rd peak (V)
Start, 3rd Peak. (usec)
Velocity, 3rd peak (cm/sec

Probe No.
Probe voltage (V)

Voltage, lst peak (V)
Start, lst peak (usec)
. Velocity, lst peak (cm/sec

Voltage, 2nd peak (V)
Start, 2nd peak (usec)

' Velocity, 2nd peak (cm/sec.

Voltage, 3rd peak (V)
Start, 3rd peak (usec)

Velocity, 3rd peak (cm/sec.

Probe No.
Probe voltage (V)

Voltage, 1st peak (V)
Start, lst peak (sec)

Velocity, lst peak (em/sec’

Voltage, 2nd peak (V)
Start, 2nd peak @sec)
Velocity, 2nd peak (cm/sec

Voltage, 3rd peak (V)
Start, 3rd peak (usec)
Velocity, 3rd peak (cm/sec

Probe "No,
Probe voltage (V)
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TABLE XXI (Continued)

Voltage, lst peak (V) -1.1
Start, lst peak (usec) ‘ 0.1
Velocity, 1lst peak (em/sec x 10 ) 2.7

Voltage, 2nd peak (V) ' -0.2
Start, 2nd peak (sec) 0.35
Velocity, 2nd peak (cm/sec.x 10 ) 0.77

Voltage, 3rd peak (V) -0.3:
Start, 3rd peak (usec) - 1.00
Velocity, 3rd peak (cm/sec x 10 ) 0.27
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TABLE XXII

AVERAGE MAXIMUM VELOCITY FOR DIFFERENT -PROBES

Velocity, lst Peak Velocity, 2nd Peak  Velocity, 3rd Peak

Probe No.
2 2.3 x 10’ .96 % 10 .19 x 10/
3 2.3 x 10’ .69 x 107 .16 x 107
1 2.7 x 10’ .57 x 10 .19 x 107
4 2.7 x 10’ 7 .27 x 107

.77 'x 10"
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target area and they are at a lower éngle to the target face: This then.
may indicate that the velocity of the electrons, which caused the first
peak, is dependent on the angle of ejection., The average maximum veloc-
ity for the second peak is shown in Figure 92, Along the +y=axis, the
velocity of the plasma is greater at -an angle of 70 degrees thap it is "
at 45 degrees. While along the +x-axis, the welocity of the plasma is
greatest at an angle of 45 degrees,. The average maximum velocity for-
the third peak is shown in Figure 93. 1In all caseés the third peak is
considerably slower than the second peak, Along the +y-axis, the veloc-.
ity of the plasma is about the same for Both the 45 degree and 70 degree
probes. However, along the +x—axis the plasma velocity is greatest at.
an angle of 45 degrees. This also occurred along the +x-axis for the
second peak, Besides the velocity of the peaks being non-symmetrical
about the impact area, it is also interesting to note‘the differences.

in the shape and amplitude of the probe curves., The third pesk of
probes 2 and 3 are similar and are characterized by a rather fast rise-
time and all-time compared to the third peak of probes 1 and 4 which
have a rather slow rise~time and fall?time. The amplitude of third peak
for probes 2 and 3 are approximately the same, whereas the third peak

for probes 1 and 4 are considerably different.

Light Emission From the Plasma .

In order to obtain more information about the lasér induced plasma,
the light emitted from the plasma was monitored. One experiment which
was carried out in conjunction with an ekperiment'performed'by H, W.
Willis, ‘was to monitor the light emission from the laser induced plasma

with a 10 state electron multiplier, The experiment was set up. to
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measure both the light emitted from the plasma and the relative number
of ionic species produced in the plasma. The different ionic species

are measured with the aid of a quadrupole mass filter that was con=-
structed by H. W, Willis. The expefimental layout is shown 'in Figure

94, The electron multiplier for the detection of ions has a cathode
that is normally used to increase the number of electrons by secondary
electron emission. This cathode surface also emits electrons when
photons of high energy are incident on it. By means of a cut-off filter,
it has been proved that the cathode will not réspond to photons with an
effective wave length that is longer than 3900 Z. Repeated measure-
ments with the electron multiplier have shown that there is an inﬁénse
burst of ultra-violet lighty the light decays’to-zero'in‘very close to
2% microseconds with relatively small deviations from experiment to ex-
periment. This light comes.from the transitions:from ions;of all charges
to ions with less excitation, or to neutral atoms. It is a little sur-
prising that this process terminates within 2)5 microseconds. Figure 95
shows a typical trace of the light intensity of the plasma as a function
of time,

Another experiment was designed to obtain the:vacuum uitra—violet
spectra of the laser produced aluminum plasma. The experimental layout
is shown in Figure 96. The experiment was carried out at a wvacuum of.
10"~ torr.with a one meter, grazing incidence spectrograph that was
built in our laboratory by Payne (44) and was used by Carpenter (45)
for aluminum spark discharge experiments. The specttrograph is cépable
of recording lines in the wavelength region from 100 Z to 1400 Z; A
spectra was obtained by Carpenter for which the source was an aluminum

spark discharge. The film was exposed approximately 150 times to the
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laser induced plasma before the film Qas developed. After developing
the film it was found that there were no lines visible on the f£ilm.
The experiment was then repeated with the same results. It was. then
theorized that the reason for failure was that the light emitted from
the laser produced plasma had to travel too great a distance to reach
the film. A solution to this problem might be to move the entrance slit
of the spectrograph closer to the plasma and to use a faster film, i.e.,
Kodak Pathe SC.7 which is reported to be approximately ten times faster
than the Kodak for ultra-violet film used in the experiment. Another
solution would be to use small detectors in place of film. With the
recent development of small u.v. detectors such as those built by Bendix
Corporation, this approach seems quite applicable., The use of a de-
tector would also enable the investigator to look at the intensity of a
single line as a function of time.

The measurements with the probes do not provide significant new
evidence. At the same time, they provide much information that tends
to confirm the hypothesis that is proposed to explain the concept that
has been developed from the available evidence. Additional measurements

with different equipment are necessary and desirable.



CHAPTER VII
SUMMARY AND CONCLUSION

This final chapter is written in an attempt.to summarize the im-
portant points of the experimental work completed by the author, and to
suggest some possible improvements which could be made to the experi-

mental equipment and to the method of data collection,
General Summary

The first important aspect of the experimental work was the modi-
fication of the twin ruby ldser to produce a reliable experimental in-
strument. Reliability was achleved after the optical pumping, trigger-
ing and aligning methods were evaluated and modified. ‘Introduction of
the passive Q-switch element ‘enabled the twin.ruby laser to produce giant
pulses having an energy of 15 joules and a duration of 30 nsec. Along
with the modification of the laser came the design and.construction of
the energy and waveform measuring instrumentation. Energy measurements
of the attenuated, Q-switched laser pulse were done with a calibrated
"rat's nest" calorimeter. The waveform was recorded with a filtered
photomultiplier and an oscilloscope..

In general there were five experiments performed on the aluminum.
plasma prodﬁced by impacting the Q-switched output of the twin ruby
laser onto an aluminum.target in vacuum. The first experiment was to

investigate mass removal and target deformation as a result of a'Q-
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switched laser pulse interacting with a solid aluminum target. This
experiment gave an approximate figgre to the amount of energy given to
the expanding plasma by the laser pulse. It was also noticed that the
deformation left on the target surface was elliptical in shape. The
next experiment was to investigate the aluminum plasma with electrical
probes. The experimental results indicate that shortly after laser beam
impact, a cloud.of electrons are emitted from the impact area followed
closely by a cloud of ions. The éxpansion velocity of the plasma front
was calculated to be about ‘1.6 x"lO7 cm/sec. Data from the probe ex-
periment also indicated that -the expanding plasma was not symmetrical,
The third experiment 'undertaken was an attempt to obtain the vacuum
ultraviolet spectra of the aluminum.plasma. This experiment failed to
produce the desired spectra. The fourth experiment was to measure the.
relative ultraviolet light emission from the plasma as a function of
time. The experimental data indicated that maximum emission occurred
approximately 250 nsec after laser beam impact ‘and decayed to zero in
very close to 2.5 psec, The last ‘experiment, which was carried out in
conjunction with the light emission experiment; was the plasma analysis
using a quadrupole mass filter. The quadrupole mass filter was con-
structed by H. W. Willis to analyze the relative ionic species present

in the laser induced plasma.
Suggestions for Future Improvements

This section can be divided into two parts. The first part which
will be discussed is improvements which could be made to the existing
equipment. In the second part, improvements in data collection will be

discussed.
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One of thé improvements which should be made in the equipment is
to design a pulse forming network for the capacitive diséharge into the
flashtube. This type of discharge circuit produces much more efficient
energy conversion and much less acoustical shock toc the flashtube.
Another improvement needed to speed up data taking is the design and
construction of a huskier power supply for charging the capaéitor banks.
Also, more energy could be oBﬁained if the laser were operated in a true
generator—amplifier mode as shown in Figure 97, And if the time and’
money existed, use of a pockel's cell for Q-switching. Another possible
improvemen£ is to use a photodiode or phototransistor tdé monitor the
laser pulse waveform so that there is no uncertainty due.to photomulti-
plier broadening -of the output pulse as measured on the oscilloscope.
This is especially important when using a pockel's cell for Q-switching
because because of the relatively short pulse duration, i.e., 10 nsec.

As far as the experimental data taking is concerned, a possible
improvement of the ultra-violet spectra of the plasma could be reaglized
by using the Kodak Pathe SC.7 film. Also an extremely valuable experi-
ment could be performed using ultra-violet detectors in place of film in
the vacuum ultra-violet spectragraph. A good choice for the detector
would be the Bendix Model 4219x Spiraltron or the Bendix Model 4010
Channeltron. These detectors have a spectral response from 1500 K to
below 2 Z and a gain of up to 108. These detectors coupled with the new
sampling oscilloscopes made by Tektronix and Hewlett—-Packard, which give
2 mv/cm vertical sensitivity and .5 nsec/cm horizontal sweep, would
enable the investigator to look at relative line intensities as a fﬁnc-
tion of time. Although there are probably more improvement which could

be made, it is felt that the above mentioned improvements will go a long
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way toward producing better experimental results.

It must be kept in mind that we are entering a new era of plasma
production, an era in which the. laser will most certainly play an. im-
-portant part both in the experimental production of‘plasma for sc¢ien-
tific analysis and possible as an economical method of producing con-

trolled fusion,
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