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ABSTRACT

Kinetic and electronic processes in a Cu/CuCl double pulsed
laser were investigated by measuring discharge and laser pulse char-
acteristics, and by computer modeling. There are two time scales
inherent to the operation of the Cu/CuCl Taser. The first is during
the interpulse afterglow (tens to hundreds of microseconds). The
second is during the pumping pulse (tens of nanoseconds). It was
found that the character of the pumping pulse is largely determined
by the initial conditions provided by the interpulse afterglow. By
tailoring the dissociation pulse to be long and low energy, and by
conditioning the afterglow, one may select the desired initial condi-
tions and thereby significantly improve laser performance. With a
low energy dissociation pulse, the fraction of metastable copper ob-
tained from a CuCl dissociation is low. By maintaining the afterglow,
contributions to the metastable state from ion recombinations
are prevented, and the plasma impedance remains low thereby increasing
the rate of current rise during the pumping pulse. Computer models
for the dissociation pulse, afterglow, pumping pulse and laser pulse
reproduced experimentally observed behavior of laser pulse energy
and power as a function of time delay, pumping pulse characteristics,
and buffer gas pressure. The sensitivity of laser pulse properties
on collisjonal processes (e.g., CuCl reassociation rates)

was investigated.
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I. INTRODUCTION TO THE Cu/CuCl DOUBLE PULSE LASER

1.A. The Copper Laser

The copper laser has been the focus of much interest in recent
years as a source of intense, nanosecond optical pulses. The copper
laser oscillates on the green 51062 and the yellow 5782g transitions
of neutral copper. Typical pulse energies are a few millijoules, and
pulse widths are 10-50 nanoseconds. The green line is sufficiently
more intense than the yellow line so that the laser spot appears green.

Metallic vapor lasers in general, and the copper laser in parti-
cular, are members of a class of lasers known as "cyclic" or "self

[1-1]

terminating" lasers This terminology can be explained by
referring to the energy level diagram of copper in Figure I-1. The
upper laser levels (21:’3/2 ]/2) are resonant with the ground state

]
(251/2) and hence have large cross sections for electron impact excita-

[11-2] " 1he 1ower laser levels (205/2’3/2) are metastable and

tion
therefore have small electron impact excitation cross sections. The
laser usually operates with a small partial pressure of copper vapor
(.01- Torr) in a buffer gas (e.g., Ne, He, Ar) of about 2-20 Torr
pressure. When the gas mixture is subjected to a short rapidly rising
current pulse (v2-15 GA/s), the upper laser level is quickly populated.
Laser action occurs, with the atoms making the transition to the

lower laser levels. Because these levels are metastable, a large
population of copper builds up in the %D states. When the pumping

rate to the upper level can no longer sustain the inversion, the gain

turns negative, and the laser effectively turns itself off. Before the
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laser can be pulsed again, the lower laser levels must relax to the
ground state by atom-atom or atom-wall collisions, This usually takes
tens of microseconds, thereby setting an upper 1imit to the repetition
rate.

The copper three-level system is especially attractive for
efficiently obtaining an inversion in an electric discharge. The
resonant excitation cross section is 10-100 times larger than the
excitation cross section to the metastable level, and there are no
other atomic levels less than 1 eV above the upper laser level, This
contributes to high practical efficiencies by minimizing the number

of competing parallel paths for energy loss.

1.B. The Copper/Copper Chloride Double Pulse Laser

In the conventional copper or metallic vapor laser, metal vapor
is obtained by heating the pure metal, thereby requiring tube tempera-

tures in excess of 1000°C [1'1’3].

A low repetition rate laser
requires an expensive external heater, while a high repetition rate
laser may use discharge heating, with the disadvantage that repetition
rate and metal density cannot be separately optimized. The metal-
halide laser circumvents these problems by using a volatile metal
bearing compound, such as copper chloride, as the source of metal.

The metal density is determined by the vapor pressure of the compound.
Sufficient vapor pressure with a metal halide is obtained at tempera-

tures of about 4000, as much as 1100°C less than using the pure metal.

Hence the density of metal atoms can be controlled independent of the
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discharge and at a relatively low and easily maintained temperature.
The density of copper atoms from saturated copper chloride vapor as
a function of temperature is shown in Figure I-2.

To obtain laser action from copper chloride vapor, a minimum
of two electrical discharge pulses are required. The first discharge
pulse (12-20 kV,5-50 nF) dissociates the copper chloride into copper and
chlorine. The second discharge pulse (12-20 kV, 1-15 nF) excites the
copper. Due to the large fraction of copper atoms which emerge from
the dissociation in the metastable lower laser level, there is a
minimum time which must pass before the second or pumping pulse
is applied, in order to allow enough copper atoms to collisionally
relax to permit oscillation. This time (a few to tens of microseconds)
is termed the "minimum time delay". Since copper and chlorine are
continually reassociating to form the parent molecule, there is a
maximum time after the "dissociation pulse" beyond which too much
copper has reassociated to permit oscillation. This time,of the
order of hundreds of microseconds,is termed the "maximum time delay".
Laser pulse energy is optimum at an intermediate time called the
"optimum delay" (tens of microseconds). For sufficiently high
repetition rates, each discharge pulse excites the existing copper
vapor, and dissociates copper chloride for the next discharge pulse.
Hence laser action is obtained for every discharge pulse. A typical
trace of laser energy as a function of time delay is shown in Figure

I-3.
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LG Characterisitcs of the Copper/Copper Chloride Double Pulse Laser

Laser pulse energy in the Cu/CuCl double pulse laser is a
sensitive function of discharge conditions, and tube geometry. As
previously mentioned, there is an optimum time delay between discharge
pulses. For otherwise fixed conditions there are also an optimum buf-
fer gas pressure (e.g., He, Ne, Kr, Ar and NZ),tube diameter, disso-
ciation pulse energy, pumping pulse energy, and tube temperature

j AL

(i.e., copper chloride vapor pressure See Figures 1-2,3,4.

The fact that there is an optimum tube temperature at about 400°C
and hence an optimum copper chloride density has been one of the least
understood aspects of the Cu/CuCl laser. The increase in laser pulse
energy as the tube temperature is increased toward the optimum value
is easily explained in terms of the increase in copper chloride vapor
pressure. The decrease in laser pulse energy at temperatures greater
than optimum has not been satisfactorily explained,

In one attempt to explain this temperature dependence, Sovero,
et al [1-5] measured electron temperatures during the pumping pulse
using a microwave radiometer. He found that as the tube temperature
increased toward optimum, the electron temperature decreased. It
reached a minimum value near 400°C and then increased as the tube
temperature increased away from optimum. When the buffer gas alone
was placed in the tube, the electron temperature monotonically

decreased with increasing tube temperature. Sovero suggested that

increase in electron temperature in the presence of CuCl is due to
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collisions with the buffer gas resulting in Penning ionizations, and
that the decrease in laser energy is a result of these jonizations.
This hypothesis will be investigated in a numerical solution of the

Boltzmann equation (see Section IV.B).

I.D, A History of Copper Halide Lasers

Laser emission from copper vapor was first reported by Walter,
gz_gl_[l-]] in 1966. By heating pure copper in an alumina tube with
an oven to about 150006, peak powers of 1.2 kW on the green 5106R
and 0.4 kW on the yellow 57832 transitions were obtained. The follow-
ing year, Walter improved the laser's performance to 40 kW at a repe-
tition rate of 1 kHz yielding an average power of .5W []'61, and later

[1-71,

to an average power of 11 watts A discharge efficiency (laser

energy divided by discharge energy %-CVZ) of 1.2% was reported.
[1-8]

With the exception of the work by Asmus and Moncur who in
1968 achieved laser action in copper vapor using exploding wires as
the source, little was reported concerning the copper laser until
1972. By this time, it had been realized that despite the encouraging
discharge efficiency obtained by oven heated copper lasers the small
wall plug efficiency would prevent their practical use. In addition,
the elevated temperatures required (1500°C) proved to be an engineer-
ing problem for both electrical and structural components. In 1972,
the first discharge heated pure copper laser was reported in Russia

[1-9] :
by Isaev, et al. An average power of 15 W at a "practical" effi-
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ciency of 1% was achieved at a repetition rate of 15kHz. No external
means were used to heat the tube. Peak power obtained was 200 kW.

Later work by Isaev and Lemmerman L1-10]

in 1977 resulted in an average
power of 43.5 W at 16.7 kHz with a practical efficiency of 1%. In

that report, as well as an earlier work by Alaev, g;_gl_}l']]]

a decrease in laser power and efficiency was documented as the repeti-
tion rate exceeded 20 kHz. In this country, R. S. Anderson, et al
[1-7.12] have been active with the discharge heated pure copper

laser. Their work has concentrated on obtaining high energy pulses

at low repetition rates (200 Hz to 2 kHz). As much as 12 md/pulse

had been reported by 1977, compared to the 2.6 mJ/pulse achieved by

[I-]O]_

Isaev and Lemmerman More recently considerable success in Tow

repetition rate discharge heated pure copper lasers has been reported
in Israel by Smilanski, et-al LI"13]. 1n 1978, smilanski, et a1
reported 9 md/pulse at 1 kHz, but, more important, demonstrated
volumetric scalability with tube dimensions as large as 34 mmx640 mm.

" A number of other schemes began appearing in 1972, all having

the intent to circumvent the inefficiency and problems incurred with
1 [I-14]

oven heated lasers. Russell, et at the Jet Propulsion
Laboratory reported in 1972 a supersonic electric discharge laser.
In that device powdered copper introduced to an arc heated argon-
helium mixture, was vaporized and expanded through a supersonic
nozzle. Excitation was by a multipin transverse discharge 11.5 cm

[1-15]

downstream. Ferrar reported in 1973 a closed cycle flowing

system, where copper vapor from a boiler was allowed to diffuse ther-
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mally across the optical axis, condense and return to the boiler.

The idea of flowing systems is that laser pulses can be lengthened

by sweeping metastables out of the optical path. Using a technique

which later proved very successful for copper ion lasers [1-16,17]

[1-18]_

Fahlen in 1974 reported a hollow-cathode copper laser In

that device, discharge heating and sputtering provided the copper atoms.
Efficiency (0.025%) and peak power (270 mW) were low.

Copper halide lasers were first proposed in 1973 when Liu and

his colleagues at Westinghouse [1-19,20]
0 0

emission at 5106A and 5782A from a pulsed discharge in copper iodide

reported superradiant

vapor. This was the first demonstration of significant copper emis-
sion at low temperatures. Oven heated tubes at temperatures as low as
500°C yielded sufficient Cul vapor for superradiant emission to be

observed. Actual Taser action of copper from copper halide vapor was
y [1-21]

first reported by Chen, et at the Jet Propulsion Laboratory
also in 1973. Using copper chloride as the source and a double
pulse discharge,1.25 mJ pulses (lTuJ/cms) were obtained at 400°C.
An optimum time delay between pulses, and an optimum tube temperature
were also first reported by Chen, et al.

Since that first report, work in copper halide lasers has con-

tinued at gpL L1-4»22-27]

Progress has been made in scaling the

double pulse CuCl laser to 10 mJ, and obtaining 195 W average power
from a continuously pulsed (16.7 kHz) copper bromide laser. Copper
halide research has also continued at Westinghouse [1'28’29'31].

Their diagnostic work has significantly added to the understanding of
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continuously pulsed and burst mode (a packet of about 50 discharge
pulses separated by approximately 100 «s) lasers. The Russian effort
in copper lasers continues to be with discharge heated pure copper
systems. The only reported copper halide ﬁork has been a spectroscopic

[1-32]

study of copper densities and an investigation of excitation

[1—33].

of copper from CuCl by pulse trains The Israeli reports of

copper halide laser research have also been limited to spectroscopic
studies [1'34’35].
There has been recent interest in transverse discharge copper

halide lasers [1"36'37’38].

This work has shown potential to scale
the active volume to large dimensions. The technological difficulties
of constructing transverse devices for operation at high temperature

has been overcome by Piper's segmented electrodes [1'38].

Piper has
also been able to reduce greatly the pulse to pulse variation in laser
energy which is often the result of inhomogeneity in the transverse
discharge. By preconditioning the disassociation pulse with a separate
short discharge pulse, Piper has obtained more uniform excitation [1'39].
Using the transverse discharge, Brandt and Piper (1-40] have been

able to reduce the necessary dissociation energy by a factor of ten

by using a low voltage, long duration dissociation pulse. This technique
can significantly improve laser efficiency.

Although copper halides are to date the most promising low tempera-
ture source of copper atoms for lasers, copper complexes have yielded
laser action at temperatures as low as 120°C. Chakrapani,g&_glﬁl'41] in
1977 reported laser emission from copper acetate (Cu(CH3COO)2-H20)

using a double pulse excitation scheme. Threshold was achieved at
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210°C, and was optimum at 230°c. Gokay, et al [1-42] followed in
1978 with a report of laser action in copper acetylacetonate at a

minimum oven temperature of 120°C, and optimum temperature of 127%.

I.E.. Purpose and Scope of This Wark

The purpose of this thesis is to use experimental diagnostics and
computer modeling to identify the processes which dominate the Cu/CuCl
laser and in turn use those processes to explain, predict and improve
laser performance. The dissociation pulse, post-dissociation pulse
afterglow, pumping pulse and laser pulse are treated simultaneously
in an effort to provide a consistent analysis. As a result of this
work, experimenta11y observed behavior such as the dependence of laser
energy on buffer gas pressure has been explained. Recommendations
are made concerning dissociation pulse efficiency and scaling the laser
to larger dimensions.

The experimental work reported in this thesis includes measurements
of electron densities in a pulsed Ne/CuCl discharge, measurements
of temporal and spatial laser pulse properties, measurements of pump-
ing rates and discharge properties, and the enhancement of laser
energy by applying a continuous glow discharge. The numerical work
provides a complete treatment of the Cu/CuCl double pulse laser. The
dissociation pulse and afterglow are modeled by radially dependent
rates equations. The pumping pulse and laser pulse are described by
rate equations and the scalar wave equation which are integrated in a

three dimensional resonator.
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IT. MEASUREMENTS OF ELECTRON DENSITIES AND LASER ENERGY IN A Me/CuCl
DISCHARGE AND THE Cu/CuC1 LASER

II.A. Introduction

Electron density measurements were made in a Ne/CuCl discharge
and afterglow. Following those measurements, the same discharge tube
was used as a laser. A correlation between extrema in electron
densities and extrema in laser energy was made and is discussed in

the following sections.

II.B. The Laser Interferometer for Measuring Electron Densities

The method chosen to measure the electron density in a pulsed
CuCl discharge and afterglow uses a CO2 continuous wave laser as the
reference source for an infrared interferometer. The technique,
first introduced by Ashby and Jephcott in 1963 [11-1] using a He-Ne
laser at 3.39 um,has been used successfully in a number of experiments
[II-]-?].

The laser interferometer theory can be described by referring to
Figure II-1. A CW laser operates in the interferometer reference leg
of length dz’ formed by the partially transmitting flat mirror Mos
and totally reflecting mirror M] of radius R]. The pulsed discharge
to be studied is placed in the adjoining interferometer leg of length
dp formed by the partially transmitting mirror M3 of radius R3, and

mirror MZ' The resonant TEMmnq modes of the laser cavity are [11-8]
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2dy 1 -1 dp. . 9
7 - F'(I +m+ n)cos” ((1 - R;J(l -ﬁg)) (II.B.1)
2

where ny is the cavity index of refraction, A is the resonant wave-

length and m, n,and q are integers. Since M2 is flat, R2 = », and

(II.B.1) can be rewritten as

24, : g, 24
X7ﬁi =q+7=(1+m+n)cos” (1 - ﬁT_) (11.B.2)

An identical expression can be written for the discharge cavity where

d R3, and np are substituted for dg, R1, and Ngs n being the dis-

p’ P
charge cavity index of refraction. If the cavity length d2 and

mirror radius of curvature R1 are carefully chosen so that

1 -1 2y _ R
—Z-T?COS (1 -ﬁ:‘—* 5 (I1.B.3)
L
where rz‘and s, are relatively prime numbers, then (II.B.2) can be
written as

r
o 1k 2 ”
nd, = 2(q + Sz(]+m+n))

o do (I1.B.4)

= | >

where op = gs, + r£(1+m+n) is an integer. Again an identical expres-
sion to (II.B.4) can be written for the discharge cavity by substituting
dp, o np,and Sp for d), o, nﬁ,and S+ If the wavelength X is held
constant, then from (II.B.4) cavity lengths resonant at A are separated

by a distance
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A
Aln,d ) = 5—
) 2§1

and (I1.B.5)

u

a(nydo) s
P

Returning to Figure II-1, the laser is operated at a wavelength
A, and dp and Ry are chosen so that (II.B.4) is satisfied. Because
the wavelength of the CW laser signal entering the discharge cavity
through M2 is resonant in that cavity as well as the laser cavity, the
laser signal passing through M3 and monitored by the detector will
be large. If npdp is changed monotonically by an amount A/25p,the laser
signal monitofed by the detector will undergo one full cycle of modu-
lation, as the discharge cavity passes from one resonant configura-
tion to the next. For example, if A = 10.6 um, and s = 4 (R3 = 2m,
d_ = 1m), then A(npdp) = 1.3 um. Hence many cycles of modulation are

p
obtained for macroscopic changes in n_d

pp
Note that if dp is held constant, then (II.B.5) can be written
as

= I1.B.6
fn, A/Zspdp ( )

and

An2s

= & i d I1.B.7)
X = an/ n, T Uy ( )

where x is the number of cycles of modulation seen by the detector

for a change in the discharge cavity index of refraction of An.



-22..
The time dependent index of refraction of a gas can be written as
[11-7]

2
n(t) = (1 - fiéflj;+ 2w§Pij (11.B.8)
where
w = 2rc/A (/sec)
‘T = 4wNe(t)e2 5
P My
No(t) = electron density (/em3)
m_ = electron mass (g)
= electronic charge (esu)
Pj = polarizability of the jth species
Nj = density of the jth species (/cm3)

Note that if A = 10.6 um, then wﬁ/mz << 1 for electron densities

Ne << 10]9/cm3. Because this is many orders of magnitude larger than

the electron densities one would expect in a lTow pressure plasma

(II.B.8) can be written

2 .2
w (t) Ae“N _(t)
n(t) = 1 -—P—z—=1 -——Te—— (11.B.9)
2w 2nc me

where the nonelectronic contributions to n(t) have been ignored.

Hence, we see that if the discharge in the discharge cavity is pulsed,
generating an absolute change in electron density of ANe(to,t) during
a time t, to t, the number of cycles of modulation of the laser signal

observed by the detector during the same period is
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An(to,t) Aezs

p i
Anp nczme p e'’o dp
2 | (I11.B.10)
Ae-s
- —ZL ANy (t,,t)
0
mcm,

where L/dp is the ratio of discharge length to cavity length. Therefore,
if the number of cycles of modulation of the laser signal as a result
of pulsing the discharge is x, then the absolute change in electron

density in the discharge is

2
meTm,x

ANe(to,t) " T

(I1.B.11)

L
Ae sp

The number of cycles of modulation are determined by counting the
"fringes" in the output of the detector. This value ANe(to,t) is the
absolute change in electron density and therefore includes the buildup
and decay of electrons in the discharge. These two regimes are easily
separated by observing the temporal shape of the fringes (i.e., a wide
fringe corresponding to maximum electron density) or by an apriori
knowledge of the pulse timing. If the time response of the system
(e.g., detector time response, scope rise time, and light transit
time) is long compared to the discharge pulse length, then only the
afterglow decay of electrons will be recorded.

The sensitivity of the system is limited not only by the time

response of the electronics but by how well the fringes can be resolved.
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In order to resolve one fringe, the half-width of that fringe must

be less than or equal to separation between fringes. That is, [II-9]

G (o]
L Af = (II.B.12)
Q 2dpsp

where f is the fringe frequency and Q is the discharge cavity quality

factor

Q=2 Maximum energy stored
energy dissipated per cycle

If; T2 is the transmission factor of M2, and T3 is the transmission

factor of M3, then

2nd

)i s T (I11.B.13)

3)
Placing (II.B.13) in(I1.B.12) the maximum value of sp for easily

distinguishable resonances is seen to be

™
S, £ (I1.B.14)

Note that in (II.B.13) and (II.B.14) we have ignored diffraction and

scattering losses. Therefore, the maximum number of fringes one can

expect to be able to distinguish for a change in electron density
Ne(to,t) is

e2AL ANe(to,t)
(I1.B.15)

ax &~ >
(1-T2-T3)c Mg

Conversely, the minimum change in electron density which can be confi-

dently detected (i.e., produce 1 fringe) is
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2
) _ (]-TZ-T3)C me
min eZAL

ANe(to,t) (I1.B.16)

For example if T2 = T3 = .25, L=100cm, A = 10.6 um, then

3

ANe(t ,t) i, = 1.7x10"3/cmS.

min
I1.C. Experimental Setup for Measuring Electron Densities

The experimental arrangement used for measuring electron densities
with a CO, laser interferometer is sketched in Figure II-2. (The
labeling of the mirrors is the same as in Section II.B.). The inter-
ferometer was mounted on an optical rail which was secured to 4' x

8' x 18" granite table to reduce vibration.

II.C.1 Optics
Mirror M2 was 1" in diameter and had a 2m radius of curvature.
The mirror was coated with gold in an evaporation chamber. Mirrors

M, and M, had 1" diameter, 3 mm thick ZnSe substrates. Their coatings

3
provided 73% reflectivity at 10.6 um with antireflection coatings on
the second surface. Mirror M2 was flat. Mirror M3 had a 2 m radius
of curvature. The windows on the CO2 laser and discharge tube were
1/10 wave, 2" diameter, 1/4" thick NaCl. A 2" diameter, 1/4" thick

germanium filter was mounted between the discharge and detector

to reduce extraneous signal saturation of the detector.
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II.C.2 The CO2 Laser

The CO2 laser used for the interferometer source was a con-
ventional glow discharge (see Figure II-3). The flowing gas mixture
was COZ/NZ/He at 1/3/16. The discharge tube was 12 mm I.D. with a
water cooled jacket surrounding the discharge region. The electrodes
were separated by 46 cm. Typical operating characteristics of the laser
using mirrors M, and Mz described above can be found in Figure II-4.
During the experiment, normal operating conditions were a current of
10 ma at 4.8 kV, and a gas pressure of 13.5 Torr. The mode structure
was controlled by using an adjustable iris in the laser cavity. The
mode was determined by burning its pattern on a piece of thermally
sensitive paper from an electronic thermal printing calculator, and

was restricted to the TEM00 mode during the experiment.

II.C.3 Ne/CuCl Discharge Tube and Gas Supply System

A schematic of the CuCl discharge tube and gas supply system is
shown in Figure II-5. The discharge tube was made of 2.54 cm I.D.
quartz. The electrode assemblies were separated by 35.5 cm and
consisted of 4 equispaced tungsten post electrodes connected by a wire
ring on the exterior of the tube. This electrode configuration was
found to yield a uniform discharge throughout the discharge volume.
The bottom of the tube contained a shallow trough which served as a
reservcir for the copper chloride. For the interferometer measure-
ments, the windows were 1/4" thick NaCl.

The window assemblies attached to the discharge tube by ground

glass taper joints. This arrangement enabled windows and discharge
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tubes to be changed independently. Each window assembly had two gas
ports. Buffer gas entered the tube by the port nearest the window,
while vacuum was applied to the port nearest the taper joint. This
arrangement prevented CuCl vapor from diffusing to the cooler window
surfaces and condensing. With the same window assemblies on either
side of the tube there is no net gas flow through the tube. This
is verified by the symmetric deposition of CuCl on the discharge
tube interior on either side of the heated region.

The discharge tube was placed in a cylindrical quartz Tiner, and
the liner enclosed by an 18" Tong electrical resistance "clamshell"
heater. The limits of the heater are shown in Figure II-5. A chromel-
alumel thermocouple placed on the exterior of the discharge tube was
used to measure the tube temperature. The tube temperature could be
regulated to +1°C. A typical axial temperature profile is shown in
Figure II-6.

The neon buffer gas was 99.9% research grade. The CuCl was reagent
grade which was distilled and kept under vacuum before being loaded into
the discharge tube. The standard operating procedure was to load the
CuCl powder into the tube, spreading it as evenly as possible along
the trough. The system was then pumped down and heated to well above
the CuCl melting point (:450°C) to enable the CuCl to flow and fill
the trough, thereby ensuring an even axial distribution of CuCl. At
room temperature, the gas system was capable of sustaining pressures

of a few microns.
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II1.C.4 Electrical System

A schematic of the electrical system is shown in Figure II-7.
The discharge was initiated by a single 5 kV breakdown pulse from
the double-pulsed laser power supply (see Appendix A for a discussion
of the power supply). After breakdown, a 60 uF capacitor charged to
1500 V was discharged through the tube. The same trigger signal
(supplied by a pulse generator) that set off the breakdown pulse also
triggered a storage oscilliscope, which recorded the modulated laser
signal from a Au-Ge liquid nitrogen cooled detector.

RF noise proved to be a problem in taking data during and
immediately following the discharge. This problem was in part alle-
viated by enclosing the detector in a large aluminum box with a small
hole drilled in one face to allow the laser beam to enter. Coaxial

cables were wrapped in aluminum foil for additional shielding.

I1.C.5 Experimental Procedure

The interferometer was initially tested without the Ne/CuCl
discharge in the discharge cavity. Instead, a rotatable NaCl flat
was placed between mirrors M2 and M3. By rotating the NaCl flat,
the effective length of the discharge cavity can be changed, as the
distance which the C02 laser beam travels through the NaCl flat is
effectively lengthened by the index of refraction of NaCl at 10.6 um.
The test satisfactorily demonstrated that the interferometer operated

according to theory. (see Appendix B).

The wavelength of the CO2 laser was assumed to be nominally 10.6
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um. In reality, there are 11 P branch lines of the 001-100 transition
spanning the range 10.51 um to 10.71 um which are commonly observed
[IL'11]. This range represents only a 2% uncertainty. The value is
small compared to other experimental error so that the assumed nominal
wavelength of 10.6 um is justified. Vibrational rotational bands
other than the 001-100 have been observed to lase, but these bands
usually require wavelength selective devices (e.g., gratings) to be
seen. This fact combined with mirrors coated for operation at 10.6
um and the near threshold operating conditions would preclude oscil-
lation on bands other than the 001-100.

The standard experimental procedure was to allow the tube to
slowly heat up t6 a maximum temperature (:z475°C) over a period of
60 to 90 minutes. Periodically during the heating, the discharge
would be pulsed, and fringes recorded. Once the maximum temperature
was reached, the heater was turned off, and the tube allowed to cool.
Again during the cooling off period, the discharge was pulsed. In
this way, 35-50 data points were taken covering a range of 150°C

to 200°C. (see Appendix C for a justification of this method).

I1I1.D. Electron Densities in a Ne/CuCl Discharge: Results and Dis-
cussion

The maximum electron densities during a single pulse of a Ne/CuCl
discharge and afterflow at constant buffer gas pressure as a function

of tube temperature are displayed in Figure II-8. Note that there is
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a maximum in electron density at low tube temperatures. This maximum
in electron density is followed by a local minimum at a higher tube
temperature. The tube temperatures at which these extrema appear
shift to higher values at higher buffer gas pressures (see Figure II-16)
The pattern shown in Figure II-9 is suggested. The same behavior was
observed using the double pulse power supply for excitation (see
Figure II-10). Due to extreme noise problems, few data were taken
in this way.

The time dependent decay of electron density from its maximum
values for the discharge in 2.5 Torr of Ne is shown in Figure II-11.
The results are typical for a wide range of pressures. Electron
densities for tube temperatures less than the value at which the
minimum total density was found are on the left side of the figure.
Electron densities for tube temperatures higher than the "minimum"
value are on the right side of the figure. Note that electron density
at higher CuCl densities decays with a rate constant larger than for
low CuCl density. The times at which the electron densities fall
below the detection limit ( 5x10]3/cm3) are also longer for low CuCl
densities. Because a large density of highly electronegative chlorine
is probably present, some electron attachment will occur. In the
1imit of diffusion dominated electron decay, electron attachment to
an impurity manifests itself by increasing the effective ambipolar
diffusion constant [11-11]. Hence for a given initial electron density,
the decay will be more rapid. In the Ne/CuCl system the chemistry

is far more complex. Reactions such as (11-12]
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€1 + CumC]n - CumC1n+l + e

can be expected to occur with rate constants on the order of

10"9-10']0cm3/sec which is comparable to expected electron attachment

[11'11’13’14], and hence will tend to neutralize the effects of

rates
electron attachment.

A qualitative explanation of maxima in electron density as a
function of buffer gas pressure and tube temperature follows. The
charging voltages and tube geometry were not varied, so the maximum
applied electric field can be considered a constant. The quantity
E/N, the electric field divided by number density, is therefore a
function of number density only; E/N . T/P where T is the gas tempera-
ture and P the gas pressure. At lowvalues of E/N, the neon ioniza-
tion coefficient and hence maximum electron density is a monotonically
increasing function of E/N [II"]]]. As E/N increases (i.e., tempera-
ture increases), the ionization coefficient reaches a maximum (at

']SVolt-cmZ) while simultaneously diffusion losses

about E/N = 1.4x10
(D~ T*% 1 <a< 2) begin to become important. The net result is a
decrease in electron density. The sudden increase in electron density
at higher temperatures reflects the exponential increase in the number

04T). The Cu and C1 have lower ionization

density of CuCl (NCuCI ~ @s
potentials than neon (7.5 eV and 13 eV as compared to 21 eV for Ne),
and can be ionized by a Penning reaction during a collision with a
neon metastable. The effective ionization coefficient is larger,

thereby increasing the maximum electron density. (Similar behavior
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has been observed for argon as an impurity in neon [II']]].) This

transition of the dominant ion from the noble gas to the impurity of
lower ionization potential as the impurity level increases was reported
by A. G. Gridnev, g;_gl’[ll']s] for a discharge in neon and pure cop-
per. Spontaneous emission from excited neutral and ionic neon was
observed to decrease as the emission from neutral and ionic copper
increased. Chen, g;_gl_[II']G] have also noted that spontaneous
emission from excited helium decreases as the vapor pressure of CuCl
and the spontaneous emission from copper increase.

The same experiment was performed for a discharge and afterglow
in neon without CuCl. The maximum in electron density was again
observed, but the increase in electron density at higher temperatures
was absent.

Noble gas metastables may play a major role in explaining the
results obtained above as they did in the discussion of electron
temperatures in Section I.C. The influence of metastable Penning
reactions on electron densities in the afterglow of discharges has
been well documented (see for example [II-17]). Electron densities
have been found to reach their highest values during the afterglow
period [11'17}. The cause for the increase was attributed to electrons
produced in Penning ionizations. The maximum in electron density was
also found to occur in the afterglow during these measurements (see
Figure II-11).

A correlation between the measured lifetime of neon metastables

and the experimental results reported here has been made. It was
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determined by Phelps and Molnar [11-18] that the lifetime of noble gas

metastables in a microwave discharge afterglow is given by

D
25+ Ap + Bp?

PA

1
= (11.D.1)

where

T = metastable lifetime (sec)

D = Normalized diffusion constant (cm2 - Torr/sec)
= Diffusion length (cm)

P = Pressure (Torr)

A,B = constants

The terms on the RHS of (II.D.1) represent diffusion, two body reactions
and three body reactions respectively. For neon at 300°K, the values

_ 2
D0 = 150 cm

-Torr/sec, A = 50/sec-Torr, B = 0

were given. Using (II.D.1) and our experimental conditions the 1ife-
times of neon metastables are shown in Figure II-12. Also plotted in
Figure II-12 is the relative number density of CuCl at a function of
tube temperature. Note that over the wide range of temperatures
plotted, the metastable lifetime at 2.5 Torr has no maximum. Meta-
stable lifetimes at 5 Torr and 7.5 Torr show maxima, while that at

10 Torr has just reached its extreme value at the highest temperature
shown. An exact correlation is not suggested here, as this experimental
temperature range is much narrower than that shown in Figure II-12,
and the characteristics of the microwave discharge and capacitor dis-

charge used in the two studies are very different. However, the

sequence of extrema in electron densities measured in the Ne/CuCl
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discharge as a function of pressure and temperature follow exactly
the sequence in extrema in metastable l1ifetimes shown in Figure
II-12, provided the minima are associated with the intersection
of the CuCl population curve and the metastable lifetime curves.
One possible explanation for the experimental results suggested by
this correlation is that a large fraction of the electron density
measured is due to Penning reactions. The longer the 1lifetime of a
metastable due to a non-Penning deactivation, the higher the probability
of an electron being produced due to a Ne*-Ne* or Ne*-CuC1 reaction.

The production of a Penning electron requires the collision of
two neon metastables (or excited neon atoms) or the collision of a
single neon metastable with any other partner whose ionization potential
is less than 16 eV. Hence if the Penning ionization cross sections for
these possibilities are comparable (see Table IV.1), then as the CuCl
"impurity" Tevel exceeds the neon metastable density, the dominant
Penning electron source will become due to Ne-Cu/C1/CuCl collisions.
Neon metastables are continually relaxing by non-Penning processes.
Hence if the observed maximum in electron density is dominated by
Penning reactions, the time at which the maximum occurs should decrease
as the CuCl density increases. This is precisely the behavior that was
observed. Figure II-13 shows the time at which the maximum electron
density was observed for the discharge in 5.0 Torr of neon. The
results are typical for all pressures. In the absence of CuCl, the
time at which the maximum electron density occurs is constant. In

the presence of increasing CuCl (i.e., tube temperature) the time
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decreases.

II.E. Laser Pulse Energy: Experimental Arrangement

Following the electron density measurements, the same discharge
tube was used as a copper laser, and laser energy measurements were
made. To facilitate those measurements, the following changes were
made to the setup. The NaCl windows were replaced by quartz windows.
The excitation mechanism was replaced by a double-pulse power supply
(see Appendix A). The discharge capacitor was 14.4 nF charged to
12.5 kV for both the dissociation and pumping pulses. The repetition
rate was about 8 Hz. The mirrors were replaced by a 99% reflecting
4 mand a 20% reflecting 2 m mirror, dielectrically coated for
5106 R. The gas supply and heating systems remained the same.

Laser pulse energy is a sensitive function of the time delay
between the dissociation and pumping discharge pulses. To display
this dependence and determine the maximum laser energy as a function
of delay (which are the values referred to here), the following scheme
was employed. The first discharge pulse triggered the time base sweep
of a storage oscilloscope whose intensity is controlled by the
"z-axis" input. The second discharge pulse results in a laser pulse
(a delta function for the time scales considered) which quickly charges
a photodiode capacitor. Also with the second discharge pulse, a pulse
generator is triggered. After a few microsecond delay (to avoid

noise problems) the pulse generator sends a signal of a few microseconds
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duration to the oscilloscope z-axis which records the photodiode
capacitor discharge. By multiple exposure, a trace of laser energy

as a function of time delay can be recorded (see Figure II-14).

IT.F. Laser Pulse Energy Measurements and the Correlation with
Electron Densities

For experimental convenience and reproducibility, the laser
energy measurements were made while the tube temperature was held
constant and the buffer gas pressure was varied.Optimum laser energy
as a function of time delay and pressure are displayed in Figure
II-15. Note that in each case the laser energy displays a maximum
at Tow pressure, followed by a local minimum at higher pressure. The
relative magnitude of the minimum increases as the tube temperature
increases. If the local extrema in laser energy, and the local
extrema in electron density are plotted on the gas pressure-tube
temperature plane, the results found in Figure II-16 are obtained.
One may correlate the maximum in laser energy with the local minimum
in electron density, and the local minimum in laser energy with the
Tocal maximum in electron density. A similar correlation has been

[11-19] where Penning

¢ cho +
made in the positive column of the He-Cd laser
jonization is believed to be a major pumping mechanism. (The correla-
tion is much weaker in the He-Se" positive column laser where charge

[11'20].) Again,

exchange is believed to be the pumping mechanism
the similarity between glow discharge characteristics and the results

obtained here force one to consider the afterglow between discharge
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maximum fall on a straight 1ine. The same is true for electron
density maximum and laser energy minimum.
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pulses as a dominant factor in determining laser pulse energy.

If one were to assume a constant electron temperature indepen-
dent of pressure, excitation rates would be directly proportional to
the electron density. Hence the laser energy would be roughly
proportional to the electron density. The opposite behavior has
been observed here for all but the highest pressures and low electron
densities. A monotonic decrease in electron temperature (at constant
temperature and hence CuCl vapor pressure)with increasing buffer gas
pressure is also unsatisfactory. For the range of electron temperatures
measured experimentally (5-20 eV) [11-21] the total ionization rate
for all species, as well as the Ne metastable excitation rate, is a
monotonic increasing function of electron temperature [11'22’23].
Hence, the Tocal minimum in Taser energy would be difficult to ex-
plain. In the absence of a detailed accounting of the afterglow pro-
cesses, one is led to assume that the electron temperature is propor-
tional to the maximum electron density (at constant CuCl vapor pressure).

With the assumption made above, the behavior of laser energy as a
function of gas pressure and tube temperature is explained as follows.
The cross section for excitation to the upper laser level is known

v [II'24]. The cross section for excitation to

to be maximum near 18 e
the lower level is maximum close to 10 eV. The ionization cross
section from the ground state is maximum near 25 eV [11'25]. At Tow
pressures (a few Torr), high electron density (~1O]5/cm3) and high

electron temperature (%420 eV), the ionization rate dominates. There

are less copper ground state atoms available for excitation and laser
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energy is low. As the electron temperature decreases to roughly
15 eV or less, the excitation rate to the upper laser level increases
and the jonization rate decreases so that despite the lower electron
density, the net excitation rate is higher and laser energy increases.
At high pressure (.15 Torr), low electron density (~1O]4/cm3) and low
electron temperature (.5 eV), the ionization rate is small as is the
excitation rate to the upper level. Hence, despite the availability
of ground state copper, the low electron density and excitation rate
combine to keep laser energy small. The presence of extrema in laser
energy is a consequence of a shift in electron temperature through the
regions described above. A quantitative demonstration of the above
will be found in the rate equation analysis, Section III.C.

The dependence of laser energy on buffer gas pressure is most
complex for neon. The local minimum in laser energy has been previously

observed in neon [11'26].

The dependence of laser energy on buffer

gas pressure shown in Figure I-4 for helium is typical for tube tempera-
tures less than optimum. When the temperature exceeds optimum, a

Tocal minimum in laser energy appears, and this minimum deepens as

the temperature increases. This behavior is identical to that ob-

served in neon at lower temperatures.
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ITT. AN ANALYSIS OF THE Cu LASER BASED ON RATE EQUATIONS

ITT.A. Introduction

The copper laser, and cyclic metal vapor lasers in general, are
ideal subjects for an analysis based on rate equations. The system
is modeled nicely by three levels (ground, metastable and resonance
states), and the length of the laser pulse is short enough (nano-
seconds) so that most processes proceeding at thermal speeds can be
ignored.

In the analysis that follows, we will first attempt to reproduce
the experimentally measured laser energies discussed in Chapter II
with rate equations using initial conditions based on the electron
density measurements. with this preparation as a background, other
experimentally observed behavior will be investigated.

This treatment was designed with computational speed and con-
venience in mind, Therefore all quantities are spatially averaged.
For an exact treatment of the electric field in a pulsed copper laser,
see Section VI. (The kinetic rates discussed here are also used in

the exact treatment,)

II1.B. The Rate Equation Model

For the purposes of this analysis, the following assumptions have
been made:

a) The instantaneous electron density is proportional to the
discharge current. The shape of the current pulse is taken to be

parabolic which is a close fit to the experimentally observed shape,.
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The dependence of peak electron density on tube temperature and

buffer gas pressure is given by the experimental results of Chapter
I%.

b) The electron temperature is constant for each current pulse
and is proportional to the maximum electron density. This assumption
is discussed in Section II.F.

c) Recombination processes are ignored.

d) CuCl is completely disassociated, and the chlorine is ignored.

e) Relaxation processes from the Cu metastable state are ignored.

f) Only the 51063 2P3 > 2D5 Tine is considered.

g) Stimulated emissigﬁ is g&eraged over a Doppler lineshape
for intensity and gain.

h) The optical cavity has a 100% reflection mirror and an output
mirror of reflectivity R.

i) Direct coupling to the buffer gas is made by including a. noble-
gas~copper collision term.

The following species were included in the rate equations,

CGl Copper ZS] ground state
o2

CL Copper 205 lower laser level
2

CU Copper 2P3 upper laser Tevel
2

NG Noble buffer gas ground state
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N, Noble buffer gas metastable state
I Cavity intensity (ergs/cmz-sec)

The copper laser rate equations are:

d _
atlu = Ne(t) (rg,y Cg = rustonCy) - (ARG,
D,
- Zr,CyN, - B’I(c L) - - (I11.B.1)
3 9 15
d . _
atCL = Mot rgy Co = mugonCL) * Ay - i”chNz
; 9y D,
+BI(CU-§-CCL) A (111.B.2)
d
d _
datle = Me(t)rgy * Test T ea1on)Cs * Al
D,
- ZrchN£+ 2(c + c ) (I11.B.3)
d D,
HENm =n (t)(rG+m G - m+10NNm) = [? Nm
d

-rme(CG L CL + CU 7 2Nm) (I11.B.4)
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- D
- ne(t)NG(rG+ION i rG*m) * [%'Nm * rme(CG
d

+C, +C, + 2Nm)

L U

g
U
IB(C,, - — C,) s
u 9 L+ A]BCU - T (1-R)I

density of copper level K(/cm3)
density of noble gas level K(/cm3)

rate constant for electron impact excitation from

level J to K (where K may be the ionization con-

tinuum or other levels. See discussion below.)

(cm3/sec)

rate constant for buffer gas collision process £
(cm>/s)

electron density (/em?)
diffusion coefficient (cmzlsec)
diffusion length (cm)

tube length (cm)

geometrical factor

= spontaneous emission coefficient

Py > 7Sy (/sec)

(IT1.B.5)

(I11.B.6)
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B', B = stimulated emijssijon coefficient

(cmz/erg, cm3/sec)
R = output mirror reflectivity
g = level degeneracy

The model s illustrated in Figure III-1,

IIT.B.1 The Optical Model

We have assumed a uniform spatially averaged intensity I. The
rate of loss of intensity from the cavity is given by -If{1—R).
Parasitic Tosses can be included by the additional term -ILa where a

is the fractional loss/cm, or by decreasing R, The laser output

energy density averaged over the volume of the optical cavity is

co

E, = J 1£(1-R)dt ergs/cm? (111.B.7)
0

We have assumed a Doppler intensity profole
Ivdv = Ig(v)dv (I11.B.8)

where Iv is the monochromatic intensity per unit frequency and g(v)
is the Doppler lineshape. If we ignore for the moment spontaneous

emission and assume the intensity to be directed along the z-axis, the

power density per unit frequency is [111 4],
o dI\) 1 C2A1I\) Sy
raal i eas an L TARE LT R (I11.B.9)
8mv gL

where g'(v) is the gain profile. The time rate of change of intensity
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is then
g 7dl, c3A]I\,(C 9y
E = J a.t_ dv s —~—2——8 \) U—-g—-i CL) g(\))d\)
)
3
cTA g
'l 3
-1 [ 9t ey gLy dav
0
. . . . [II14]
The Doppler Tineshape and gain profile are given by
2(2n 2)17/2 2
g(v) = 24020 exp(-agn2(v-v )?/avy)
m AvD
where
2kT 1/2
A\)D =) 2\)0(# &n 2) (/SGC)
Tg = gas temperature (%K)
M = atomic mass (g)
k = Boltzman's constant (ergs/oK)
v, = center line frequency (/sec)
1/2 3 g
- o(2n2) c “u 8an2
Let k = 22— ,» a = = A (C, - C, ), 8§ = =5
wAvD 8mr "1'"U gL I AvDZ

so that (II1.B.10) becomes

© 2
dl _ 1¢%, e-G(V-vo) dv
dt v?

0

(I11.B.10)

(II1.B.11)

(ITII.B.12)

The exponential is highly peaked about the centerline frequency Vg SO

that nonzero values can be expected only for viv_. Hence the v2 in

0
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the denominator of (III.B.12) can be taken out of the integral and

set equal to voz. The integral can now be done, and (III.B.12)

becomes
2 1/2
dI _ Ik"oym
a7 (I11.B.13)
2v
0
The total time rate of change in cayity intensity is then
4
c A g
1 C
dl _ . (— (C, =L C )-=(1-R))
H‘I(321r3/2vg TR
M (I11.B.14)
- 1(B(C, - %) - S(1-R))
U 9 I Ik
where
¢, w /2
B = (
- 5/2 3 kT
327 Wy

Initially I = 0, so to get the pulse started, the term A]BCU is

added to (III.B.14) where B is a geometrical correction factor, ex-
pressing the probabjlity that spontaneous emission will remain within
the cavity and form the basis for stimulated emission. The stimulated

emission coefficient B' in terms of B is
BY = D (I11.B.15)
2ch s

where h is PlanckS constant.
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ITI.B.2 Cross Sections and Excitation Rates

The excitation rate r is defined as

©o

r = J f(v)vo(v) dv
0

where f(v) is the electronic velocity distribution function and o(v)

the cross section. The distribution function is in general non-
Maxwellian (see Section IV.B). Instead, a semiempirical distribu-

tion function was used. Bond [rir-2) found that in neon glow discharges
a strong applied electric field actually shifts the distribution func-
tion in energy rather than merely imparting a drift velocity. Bond

found that

4 4
f(v) = a ve e DV (II1.B.16)

where a is a normalization constant and b is an experimental parameter.

The normalization condition is

(o] [ee]

4.4
J f(v)vzdv =1 =4 I vqe'b V' odv (II1.B.17)
0 0
_ 4
a=-"73
F(E)

To solve for b, define the electron temperature Te and require that

oo 7

3 2 2, _ m.
> kT MV f(v)vdyv = 5 E

|
o]
it
Ser——ny

5 =

7 ] £2
b -_-(m F(E) ) 1]/2
: -

3kTe P(E)

(III.B.18)
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Therefore, by specifying an average electron energy, the distribution

is determined.
The copper excitation cross sections were taken from the works
of Trajmar, gL_Ql_EIII'3], Leonard [111-4] and Borozdin, gEAgl_[III'SJ,

Noble gas metastable excitation cross sections were taken from the

[III-G]'

work of Vriens Due to the high electron temperatures during

[111-7] jonization and other

the pumping pulse of the Cu/CuCl laser
electron impact losses from all copper Tevels will be important.
Ionization is included as a quenching mechanism. The ionization rate
may be considered a generic electron impact loss term. Gryzinski
cross sections were initially used for ionization. These were later

revised (see discussion below).

IIT1.B.3 Coupling of Copper to the Buffer Gas

Direct coupling of the buffer gas to the copper is obtained

through the term EerQCu where ro is the rate constant for the kth
L

process and N, is the density of the particular noble gas state. The

L
only direct coupling considered here is Penning ionization, though the
rate of quenching may be considered generic for all noble gas - Cu

collision processes.

II1.B.4 Diffusion

In general, the diffusion terms can be ignored. The self diffusion

coefficient for Ne can be written as [III'B].

D = 2.4x10'5(%—§—0—)Tl'8 (111.8.19)
Torr K
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For a cylindrical geometry, the typical diffusion time is [11I-9]
a2
T (111.B.20)
Dk0

where a is the radius of the tube and k0 is the first zero of the first
order Bessel function. For typical experimental values T = 4x10'4

sec which is long compared to the times of interest.

III.C. Computed Laser Pulse Energy as a Function of Buffer Gas
Pressure

In Chapter II, a correlation was made between extrema in electron
densities and extrema in laser energy for particular discharge condi-
tions. A qualitative explanation given for the behavior stated
that the electron density and electron temperature shifted as a
function of tube temperature and buffer gas pressure in such a way
that either the laser excitation rates or the ionization rates were
dominant (see Section II.F). This hypothesis is put into more quanti-
tative terms by attempting to simulate those results with the rate
equations discussed above.

The rate equations were integrated over a parabolic current pulse
having a full width of 100 ns. The maximum electron density for a
given gas temperature and pressure was given by a fit to the experi-
mental data taken in the neon discharge and afterglow. The electron
temperature was assumed to scale linearly with the maximum electron
density, and was kept constant throughout the current pulse. The

gas temperature and pressure corresponding to the local minimum in
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electron density as given by the discharge and afterglow measurements

were assigned values of n = 1.0x10]4/cm3
max

The upper and lower laser levels were assumed to be empty at the

and Te = 10.0 eV.

start of the current pulse. This estimate is quite good for the upper
level. The untrapped spontaneous emission lifetime of the upper level

to the ground state is 10 ns, while typical optimum time delays are

tens of microseconds. From the work of Nerheim (111-10]

[III-11]

and Tenenbaum
, the metastable state is virtually empty at the optimum
delay.

Using the conditions discussed above, the results shown in
Figure III-2 were obtained for neon at T = 370°c. Optimum laser
pulse energy as a function of gas pressure closely resembles the
experimental values. The dip at 2.5 Torr corresponds to the Tocal
minimum in excitation rate. By increasing the magnitude of the
Gryzinski ionization cross section (while retaining its energy depen-
dence) the fit to experimental results improved (see Figure III-3).
The necessity to increase the Gryzinski cross sections may reflect the
importance of other electron impact quenching reactions (such as
excitation to other levels) or Gryzinski cross sections may be in-
appropriate for ionization out of excited states.

The case shown in Figure III-3 is typical for other temperatures.
The laser energy maxima and local minimum are well reproduced but the
second local maximum is too large and appears at a higher pressure than
observed in the experiment. The decrease in laser energy at high

pressure is also more prominant than that measured. This discrepancy
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Figure III.2. Computed laser pulse energy as a function of neon buffer
gas pressure. The powers indicate by what factor the Gryzinski cross
section for electron impact losses was increased.
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can in part be attributed to the difference in characteristics
between the double pulse laser discharge and interpulse afterglow,and
the discharge which proyided the basis for input data to the rate
equations.

Since the discrepancy discussed above occurs at higher pressures,
the magnitude of the coupling of the copper to the buffer gas was in-
creased. With no neon metastables present at the beginning of the
current pulse, the Penning ionization cross section was varied from

=16 14cm2_

5x10 cm2 to 1.0x10° The change in Taser energy at high pressure

']Scmz, the

was at most a few percent. With a cross section of 5x10
fraction of neon metastables present at the beginning of the pumping
discharge pulse was varied from .001 to .1. The maximum at high
pressure reduced only 5% with the largest fraction. The failure to
match experimental results when the Penning ionization cross section
was increased with no neon metastable initially present is a result
of the rapid appearance of the laser pulse. The laser pulse appears
in the first 20 ns of the current pulse, a time too short for the
neon metastable population to build up. Increasing the initial frac-
tion of neon metastables achieves some level of success in lowering
the second extrema, however, the fractions required are unrealistically
large (see Section VI).

Penning ionization, other quenching collisions(e.g., charge
exchangz), and diffusion proceed at thermal speeds. Hence their
importance during the laser pulse (20-40 ns long) is minimized.

During this short period, atomic processes are nearly frozen. If these
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processes are to be important, their influence must come during the
relatively long afterglow between discharge pulses. The qualitative
agreement with experiment yielded by this analysis is further moti-

vation to study the afterglow more carefully.

III.D. Laser Pulses

Despite the simplicity of the rate equation analysis, a great deal
of insight into the CuCl double pulse laser operation can be obtained
from its use. Many experimental results can now be explained.

Copper densities, output intensity and gain for a typical discharge
pulse at 370°C are shown in FiguresIII-4 and 5 . The initial electron
temperature was 10.0 eV and the maximum electron density was
1.0x1014/cm3. The current pulse was parabolic with a full width of
100 ns. The electron temperature was decreased as a function of time
into the pulse; Te(t) = Te(o)e-t/tm where t is the full width of the
current pulse. (Because the laser pulse appears at the leading edge
of the current pulse, decreasing the electron temperature instead of
holding it constant has almost no effect on laser energy. It does
affect the copper densities late into the pulse.)Thfs time dependence
closely fits experimental measurements of the electron temperature
[III'7]. At the start of the pumping pulse, the excitation rate to
the upper level is five times larger than the rate to the lower level.
The gain reaches a maximum value of .11/cm at which time the cavity

intensity obtains a critical value and the upper level rapidly dumps

to the lower level. The number density of the upper level drops
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below that of the lower level. The gain remains positive for a short
time due to the favorable degeneracy ratio. Because of this gain
switched behavior, laser energy will be determined largely by the
magnitude of the gain at the time the upper level dumps to the lower
level. A major quenching mechanism of the laser pulse is depletion
of the ground state due to electron impact which reduces the rate of
pumping to the upper level. The upper level is also quenched by
electron impact.

Using the assumptions previously discussed for relating electron
density and temperature to gas pressure and tube temperature, maximum
gain, pulse width, laser energy, and peak gain are shown in Figure

ITI-6.

III.E. The Dependence of Laser Energy on Output Mirror Reflectivity
The dumping of the upper laser level to the lower level at
critical field and gain values helps to explain the relative indepen-
dence of laser energy on mirror reflectivity. Experimentally, laser
energy has been found to be nearly independent of mirror reflectivity

for values from zero to 99% for the output mirror [111'12'13]_

By
varying the output mirror reflectivity in the rate equations, the
results in Figure III-7 are obtained. Laser energy is found to be
nearly constant at small reflectivity and diminish slightly high
reflectivity. The maximum gain stays nearly constant, falling

slightly at high reflectivity. The upper level dumps to the lower

laser level at slightly earlier times at high reflectivity. The decrease
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in laser energy at high reflectivity is a result of the critical field

being achieved before gain has been maximized. The relative indepen-
dence of laser energy at low reflectivity indicates the rapidity with
which the critical field is achieved.

In Figure III-8, the laser output intensity for various mirror
reflectivities is shown. Remember that for each case, laser energy is
nearly constant. In the absence of scattering and diffraction losses,
the cavities with high Q values result in wider pulses. This increase
in pulse width as the output mirror reflectivity is increased has been

verified experimentally (see Figure III-9).

III.F. The Dependence of Laser Energy on the Rate of Current Rise
of the Pumping Pulse

Another consequence of the gain switching discussed above can

be found with experimental work by Vetter (111-14]

[III-]S]_

and Bokhan, et al
It was found that by lowering the circuit inductance and
decreasing the current rise time, laser energy increased linearly with
the log of the rate of current rise. To simulate the lowered induc-
tance numerically, the slope of the current rise was increased while
keeping the integrated electron density constant. The experimental

[I11-14] and calculated results are shown in Figure

results of Vetter
III-10. The rate equation analysis has reproduced the experimental
dependence of laser energy on the rate of current rise. A similar
dependence was computed for the maximum gain. The saturation of

laser pulse energy at high current slopes seen numerically was also
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[III-15,16]‘ Once the upper laser level is

indicated experimentally
populated, a finite time is required (due to a finite spontaneous
emission coefficient) for the cavity electric field to build up to
its "critical value"; that value which will dump the upper level. A
current which rises faster populates the upper level during this
small but finite time more efficiently. The saturation seen for very

short current rise times is due to there being a finite amount of

copper to excite.

III.G. Optimum Gain and Scaling the Copper Laser

The implication of the previous discussion is that maximum gain
in the copper laser is always small compared to its value in the ab-
sence of a radiation field. This in part explains the success of

[111-17] where by appropriate

the oscillator-amplifier configuration
delay techniques, the laser pulse from the oscillator can be made to
arrive at the peak gain of the amplifier.

The potential maximum gain of the copper laser may be estimated in

the following manner. The gain is proportional to the inversion density.
a = c(CU -yCL) (ITI1.G.1)

where ¢ is a function of gas temperature only and y is the ratio of
the level degeneracies. If spontaneous emission,cavity intensity and

coupling to the buffer gas are ignored, then the rate equations sim-

plify to

(IT1.G.2)

alQ
s
c

= ng(t)(rg,uCe ~Tus10NCU?
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d . _
G50 = () (rg, Camru1onCL) (111.6.3)
d _
atce = Me(t)rguy * el * Yea10nCq (111.6.4)

For early times in the current pulse, the electron density can be

approximated by
ne(t) = kt

where k is a constant. Integrating (III.G.4) from O to t
2
=pKt"/2
8 I

9 (I11.G.5)

CG =N

where rer = Yesy * Yol + rG>TON® and N0 is the ground state population
at t = 0. By substituting (III.G.5) into (III.G.2) and (III.G.3),

we may integrate the equations to find

2 2
r N -r.kt/2 -r_ kt-/2
_'e=U" v T
CU = T?}?F]ET'(E -e ) (II1.G.6)
quLNo -rIth2/2 -ertZ/a
c, = e -e ) (111.6.7)

1o

The first exponential in (III.G.6) and (III.G.7) represents the
electron impact loss out of the level. The second exponential repre-
sents depletion of the ground state excitation source. The relative
rates of pumping from the ground state are represented by the premulti-

plying factor. The gain is then
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2 2
-rkt/2 v -r ktc/2  Yrgs
6 = tN (e U G ik
(rp-ry) (ry-rp)
2 (111.6.8)
I S YrGrL

(rerpy) © Orperg))

The maximum gain is found by setting the time derivative of (III.G.8)
equal to zero, and solving the resultant transcendental equation for

tmax )

2
L I T . (e U2 Teu" 1y
max EF? GU ] Y'G+L) rTer-rIUj
"% T
2
-V‘Ith /2 YrG—+LrIL
-e - )] (111.G.9)
re(re-ry )

As an example, three discharge conditions are considered from the dis-
cussion in Section III.C; optimum and one on either side of optimum

in electron temperature. The results of (III.G.9) and the rate equa-
tion analysis are in Table III.1. These estimates are admittedly
high, as the terms which were deleted from the rate equations in order
to obtain analytic expressions (i.e., spontaneous emission and noble
gas quenching) would tend to lower the maximum gain. Nevertheless,
this does demonstrate that the maximum possible gain in the copper
laser can be as much as five times that which is actually obtained.

Note also that at the higher electron temperatures and densities,
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TABLE III.1

Max Possible
Gain without Field

Relative Max Computed
Pressure Laser Energy Tg(eV) Gain with Field
(Torr)
12.6 0.62 4.6 .0904/cm @9 ns
2.5 1.00 10.0 .1317/cm @6 ns
(optimum)
3.9 0.89 15.3 .1337/cm @6 ns

T=370°C

.4738/cm @35.5 ns

.3839/cm @18.1 ns

.3537/cm B15.5 ns
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the maximum gain obtained is closer to its potential value. If the
cavity field could be effectively damped until maximum gain is obtained,
more moderate electron temperatures and densities would be optimum.

The discharge energy could then be reduced and efficiency increased.

The implication of the preceding discussion is that large laser
pulse energies cannot be obtained by volumetric scaling. As the opti-
cal depth increases in directions other than the optica] axis,
amplified spontaneous emission will become important isotropically.

This, and the phenomenon of superadiant decay, may help to explain
why the output energy of the laser decreases as the tube temperature
and copper density increases. Hence true volumetric scaling may be
limited to long discharges of narrow cross sectional area where the
optical depth in directions other than the optical axis is minimized.
To insure a uniform discharge under such conditions, transverse

electrodes would be required [111'18’19’20].

Due to the short pulse
duration, lengthening the discharge will result in large diffraction
losses. Hence it will be difficult to increase the output energy of
the laser beyond a few millijoules if a single discharge is used.
Truly large pulse energies (tens of millijoules) may be possible

only with an oscillator amplifier arrangement.
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IV. THE INFLUENCE QF PENNING REACTIONS ON AVERAGE ELECTRON ENERGY:
A NUMERICAL SOLUTION FOR THE BOLTZMANN EQUATION
IV.A. Introduction
In the discussion of the electron temperatures measured in a CuCl

discharge (1v.1]

, it was suggested that Penning ionizations might be
partly responsible for the observed behavior (see Figure IV-1).
Penning ionizations represent a source of relatively high energy
electrons independent of the electron flux. A Penning ionization of
a CuzP atom by a 21 eV He metastable atom results in an electron having
energy as high as 17 eV. In the noble gas-CuCl system, there are
two sources of these Penning electrons. One is a result of noble
gas-noble gas reactions. The second is a result of noble gas - Cu,Cl]
or CuCl reactions. The first source depends on gas temperature and
pressure as (;Jz. whereas the second source varies as (;)eYT.
The ratio ;-arises from the noble gas density; the CuCl vapor pressure
and hence density, varies as e''.

Let the average energy of a Penning ionization (PI) electron from
a noble gas-noble gas collision be €)- Let that from a noble gas-
CuCl collision be €p- The average PI electron should then have an

average energy which depends on the gas temperature and pressure

according to

TV G+ e avan)

where
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U = relative cross section for the particular

PI reaction (cmz)

%E = number density of noble gas (/cm3)
geYT = number density of Cu/Cl (/em®)

The factor of T]/2

represents the temperature dependence of the
collision rate. For example, assume that the CuCl is completely dis-
sociated in neon as the buffer gas, and that all species are in
equilibrium with a Maxwellian electron distribution having a
temperature of 5 eV. Then € = 2.2 eV and €, = 9.2 eV. If it is
also assumed that the cross sections are equal, PI electrons will be
produced with the average energy shown in Figure IV-2. Note the
similarity to Figure IV-1.b. If the average energy of PI electrons
is greater than the average electron energy in their absence, then
they could be partly responsible for the observed electron tempera-
tures.

To examine quantitatively the effect of a flux free source such
as Penning ionizations on an electron distribution function, a numeri-
cal solution to the Boltzmann equation has been obtained. The
calculation is based on similar studies by Judd [IV'Z], Schlie [IV'3],
Rockwood [1v-4] and ETliot and Green [IV'S], but the procedure fol-
lowed here is a variation on the group theory method used in neutron

diffusion calculations [IV'GJ.

IV.B. Theory and Numerical Method

The range of electron energies is divided into k discrete groups.
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The electrons in a particular group are assigned the midpoint energy
of the range covered by that group. Each group is assigned an electron
density "j which represents the integrated energy dependent electron
density over the group's energy range. If each group has width Ae

then
JAe
n, = n(e')de (Iv.B.1)
(j=1)Ae

[ ]

Cross sections and transport coefficients are formulated for each
group, their energy dependence based on the midpoint energy of that
group.

The volume averaged Boltzmann equation can be written as

dn, -D.n. i

wfl ) _K%El -néfm Bm vjc1lm(j) * Z,B<" Ngmvj0e2m+n(j)
J >
(a) (b) (c)

s . i
+ £ N, v.o (39+im Q T N, v.o (k)
%,m>n em'j> L4men K k P em' k™ Amp

(d) (e)
+ 1§ N, vt (k) + = Ngmvkosgm(kg

2 ,m<n am7k™ gmn 2 ,m>n

(f) (9)

i i Jew
+ F (n) + Fgp(n) + Fi(n) - Ryng + S, (1v.B.2)

(h) (1) (3) (k) (1)
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where

n = electron density vector (n],nz,...nk)(/cm3)

gth

N&m = density of atomic species excited to its

mth state (/cm3)

v = velocity of electron in jth group (cm/s)
aagm(j) = cross section for ath process involving atom ({m)
for jth group
Aj = diffusion length for jth group (cm)
Dj = diffusion coefficient for the jth group (cmzls)

The various terms in (IV.B.2) are identified as follows: Losses
from group j occur due to

a) diffusion

b) ionization of sz

c) excitation of Nz from men

d) super elastic de-excitation of NE from m+n
Contributions from group k to group j occur due to

e) ionization of Ngm

f) excitation of Ng from men

g) superelastic de-excitation of Ng from men
Other changes in the population of group j occur due to

h) electron-electron collisions

i) elastic collisions with sz

j) electric field E

k) recombination
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1) sources independent of n

The superelastic cross section °§m+n is expressed in terms of
the excitation cross section Gim+m through the Klein-Rosseland
Formula [1v-7]

+E_-
S (4) = 5 EnEn) G e (k) (1v.8.3)
m=n ej Yom £ n->m
where
E _ th ;
n - energy of m™ atomic level
= = midpoint energy of jth group
J
9y = statistical weight of atom level (%,m)
k = group corresponding to the energy

In any ionization when the incident electron has energy above

n

threshold, there is a probability that some of the "excess" energy
will be imparted to the secondary electron. Term e) above therefore
has the possibility of two contributions: one from the slowed primary
electron and one from the secondary electron. Many attempts have been
made to obtain an expression for the spectrum for the secondary
electron energy given the incident energy and ionization potential.
Unfortunately these studies have been carried out for primary energies

far in excess of those of interest here, or for heavy particle pri-
[1v-8,9] 1 [Iv-10]

maries Opal, et made measurements of differential
secondary electron distributions for a variety of gases, helium being

the only one of interest here. The lowest primary energy was 50 eV.



e

In order that the ionization cross section implicitly included

the secondary electron spectrum, the theoretical form due to Vriens
[1va1] was chosen. The cross section for ionization of a neutral
atom with ionization potential Eiﬁm by primary electron of energy

ej with loss of energy &8¢ is given by

4t

A
2Ly (1V.B.4)

. 4
ol (e.» e, - 6€) = - L % —3
8e)

T (
amtJ iy 1 A 2
(€j+E2m+E2m) (se) 3(
where EQm is the electronic orbital energy given by the Slater's

[IV-]Z]_ By setting & = E) + _ where €_ is the secondary

Formula m . .

electron energy, one can synthesize a secondary electron spectrum.
After normalizing the calculated peak cross section to Opals data
for 50 eV primaries, the calculated cross section for secondary
electron production agrees to within about 7% with his data.

Due to the absence from the literature of cross sections for
excitations between excited states for Cu and C1, a Vriens cross

[IV-]]]. The necessity for

section was used for this purpose also
having heavily populated excited states and hence the cross sections
above is evident when one examines the experimental electron tempera-
ture data. Electron temperatures measured in excess of 10 eV sug-
gest not only excited neutrals but a heavily ionized plasma as well.

In the pressure of an external DC electric field EDC’ the

diffusion length Aj is given by [IV-13]

1. (my2 , (24052 , M5 Focy2 (1.8.5)




=02
where the discharge tube has length %, radius R, and group j has
mobility u..

J
The electron-electron collision term (IV.B.2.h) is due to an

[IV-14]_
[IV-S].

analysis of the Fokker-Plank equation by Rosenbluth, et al
For free electrons with an isotropic velocity distribution
; J+1 ,5-1
J - _ A "-A
Fee(ﬂ) S (IV.B.6)

where

. n,. N, , =N,
A = Zne (i) 2any (L(L- - L) Copny)
e J

2Ae J
kT 1 .
y = ( e)/2 i
41rnTé2 292
B J-1 ; k
= % &N+ 28; X n
e, V2 ga ML T oy T2
J L
j=1
3 J
P = I n
5.1/2 =1 o
J
k
n-= ¥ n

The elastic collision term (IV.B.2.i) is given by [IV-4]

. J+1 Li-1
J e e R
Fez(ﬂ) 2Ae VIV:B.7)
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where

’ kT Ny, ~=N,
J L = e _ +1 -1
B v(nj( 5 ej) kTgej(—J?KEJL—-)

T, = 9as temperature (°k)
2
2e, 1/2 £ oS%(j)
vo= om () o N-%
eme R'M;L
Ml = mass of atom 2

The electric field term (IV.B.2.j) is given by [IV-4]

j gl pd=t
FE(E) = “"%Rre (IV.B.B)
where
. 2e2Ee. n. N - n.
oJ = I (- Jf‘A J‘1)
vaC Zej 20e
2e. 1/2
- el
Ve (me ) E Noo= ()

The volumetric recombination term (IV.B.2.k) can be ignored
in this §tudy. The dominant recombination mechanism in dense plasmas
is collisional-radiative recombination which has an electron tempera-
ture dependence of T; %=[IV-15]. At the elevated temperatures ex-
pected here, volumetric recombination is negligible.

High energy electrons resulting from Penning ionizations were

included as the flux free source term (IV.B.2.1). The source electron
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was assumed to have energy Em - E;m where Em is the metastable

energy, and Eim is the ionization potential of atomic species sz'
When the iontributions to each energy group are summed, one

can write

9

g M +M () -n+s (IV.B.9)

b=

where Eh is a square matrix independent of n and gz is a square matrix
which is a function of n. Letting gq be the value of n at the jth

time a step, (IV.B.9) can be written as

= (- My o) # y(nd)at)nd + sat) (1v.8.10)
where At is the time step and L is the identity matrix. The inverted
matrix is calculated only once for a given atomic state distribution.
To obtain the steady state distribution n, equation (IV.B.10) is
solved by iteration until a given order of convergence is reached.

The matrices !: and 22 may be revised at intervals greater than the

basic time step for iteration.

IV.C. Calculated Electron Spectra, Average Electron Energies,
and Excitation Rates

For the examples which follow, the discharge conditions are

Tube radius 1.0 cm
Discharge length 50.0 cm
Electric field 200 Volts/cm

Convergence criteria .01 - .001
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None of the required Penning ionization cross sections have been
reported in the literature. Based on the values of typical Penning
ionization cross sections which have been reported and are listed in
Table IV.1, the metastable-metastable cross section was fixed at

-]scmz. The value of metastable-nonmetastable Penning ioniza-

1.0x10
tion cross sections was parameterized.

As a calibration or "control" for each case, the average electron
energy was computed with Penning ionization ignored. For the examples
which follow, an atomic state distribution in equilibrium with a
Maxwellian plasma with a temperature of 5 eV was chosen. In each case,
the calculated source free average electron energy was nearly 6.0 eV.
The slope of population vs energy at high electron energies indicates

a Maxwellian temperature of 4.2 eV (an/aTe ~ 1/Te) requiring an

averaging energy of 6.3 eV to be actually Maxwellian.

IV.C.1 Average Electron Energies

Average electron energies for a Ne (5.0 Torr) discharge are
shown in Figure IV-3. The metastable-nonmetastable cross section for
Penning ionization was taken to be 1.0x10_15cm2. The average electron
energies for a Ne/CuCl discharge are shown in Figure IV-4. Compare
Figures IV-3 and IV-4 with the experimental data of Figure IV-1. The
decrease in electron energy measured experimentally for the pure neon
discharge as the gas temperature is increased is larger than that
calculated here, but the decreasing trend is reproduced. The top curve of

Figure IV-4 closely resembles the experimental measurements, suggesting
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TABLE IV.1

Penning Ionization Cross Sections

Metastable Atom Collision Cross Section Reference
Partner 10-16 2 (Chapter 1V)
cm
Ne Ar 4 21
50 22
14.5 23
2.6 24
In 41.8 25
cd 46.1 25
0,+0+0 23 26
He (235) He 23s 140+ 20 27
(23s) He 2's 340+ 40 27
Ar 11.7 * 23
0.97 24
(23s) 7.6 36
(235,215) 9.0 28
: 6.6 29
(235) 4.0 29
(2°S) (Theoretical) 8.0 30
3 Hg 140 24
(275) 90 31
. 0.8 32
(2's) 0 124 33
(23s) } a4 33
N, 20* 23
3 Zr 29 25
(27s) | ~10 18
cd 45 25
3 } =10 18
(2°S) Pb 14.8 34
(23s.2's) H ~100 35
Ar In 52.8 25
t Cd 65.4 25
Kr In 92.8 25
t cd 108 25

* Extrapolated to thermal energy.
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that the metastable-nonmetastable cross sections are at least equal

to that for metastable-metastable reactions.

IV.C.2 Electron Energy Spectra

The electron energy spectra for the cases discussed above are
found in Figures IV-5 and IV-6. The increasing contribution of
Penning ionization electrons from Ne*-Cu/Cl collisions as the tube
temperature is raised emphasizes electrons with energies near 10 eV,
thereby depressing the normalized distribution at the lower electron
energies. The largest energy a source electron may have is 16 eV
(equal to the neon metastable energy). The enhanced distribution
at energies greater than 16 eV as the tube temperature increases is

in part due to electrons being accelerated by the electric field.

IV.C.3 Excitation Rates
Using experimental cross sections for excitation of the copper

2 2 [Iv-16]

D and “P states , and a Vriens cross section (1v-11] for

ionization, the excitation and ionization rates for the electron dis-
tributions corresponding to I.0x10'15cm2 Penning ionization cross
sections were calculated (see Figure IV-7). Note that the greatest
relative change occurs in the ionization rates. The threshold energy
for jonization occurs at higher values than for excitation, and hence

jonization rates will be more sensitive to excursions of the average

electron energy to higher values.
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IV.D. Summary

The analysis discussed above has demonstrated that Penning
ionization may in part be responsible for the electron temperature
behavior measured experimentally. The analysis is at best an approxi-
mation to the actual conditions, but nevertheless emphasizes the
importance of considering noble gas-CuC1/Cu/Cl reactions when dis-
cussing the Cu/CuCl laser. This concern is far from unreasonable,
as an entire class of metal ion lasers rely on Penning ionization

[1V-17,18,19,20] " ay¢nough

and charge exchange pumping mechanisms
the metal ion lasers operate continuously, the afterglow period

between the dissociation pulse and pumping pulse in the Cu/CuCl double

pulse laser is similar to a Tow energy glow discharge plasma.

Because the pumping discharge pulse (for which the electron tempera-
ture data was taken) is a sensitive function of its initial conditions,
the conditions provided by the interpulse afterglow, processes nor-
mally associated with CW or quasi-CW discharges,will greatly influence
the pulsed laser characteristics. The possible importance of Penning
jonization demonstrated here, and the inherent coupling of the pump-
ing pulse to the interpulse afterglow, emphasize the importance of
examining all three discharge domains (dissociation pulse, afterglow,

and pumping pulse) in the Cu/CuCl double pulse laser.
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V. PUMPING PULSES AND LASER PULSES AS A FUNCTION OF TIME DELAY:
THE INFLUENCE OF THE INTERPULSE AFTERGLOW
V.A. Introduction

It is clear from the experimental results discussed in Chapter II,
from the analysis by rate equations given in Chapter III, and
numerical solution to the Boltzmann equation given in Chapter IV that
the complex dependence of laser energy on discharge conditions, time
delay, and buffer gas pressure cannot be explained on the basis of the
pumping discharge pulse alone. Because the laser pulse is tens of
nanoseconds wide, and it appears at the leading edge of the pumping
pulse, processes whjch occur at thermal speeds cannot influence
significantly laser energy during that discharge pulse (see Figure
V-1). In order to explain the observed laser characteristics, an
understanding of the processes occurring in the afterglow between
the two discharge pulses is required. These processes provide initial
conditions for the pumping pulse and hence 1imit (or enhance) laser
energy.

The interpulse afterglow has been the subject of several spectro-

scopic studies[Iv']'SJ. The general consensus of these studies is that

the density of ground state copper is maximum at times tens to hundreds

of microseconds into the afterglow. In contrast, the densities of the
metastable states are usually many times smaller,and are maximum at up
to tens of microseconds into the afterglow. An explanation offered for
this behavior is that the increase in copper ground state density is due

to ion recombination while the long delay decrease in copper density
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[1v-2]

is due to reassociation to form the parent molecule The

complicated time dependence of the density of ground state copper

during the afterglow [1v-3,5]

, and the complicated dependence of laser
energy on time.delay require that more processes than these be present.
Figure V-2 is an example of the complicated dependence that laser
energy can have on time delay. Laser energy as a function of time
delay and helium buffer gas pressure are plotted for constant tube
temperature (385°C). It appears that there are three separate regimes
to this behavior. The first process has a time scale of about 20 pus
and dominates the laser pulse at early delays. Beginning at 4.0 Torr,
and about 70 pys into the afterglow, a second process dominates, raising
the laser energy to a maximum value at 9.0 Torr. This second process
has a time scale of about 50 ps. The third process can be seen from
2.5 to 24.0 Torr as a slight increase in laser energy past the maxi-
mum value. It has been suggested that the wavy appearance of the

laser energy at high pressure is due to acoustic oscillations.

V.B. The Pumping Pulse and Laser Pulse as a Function of Time Delay
V.B.1 Introduction

In Section III.F, the sensitivity of laser pulse energy to the
current rise time for the pumping pulse was discussed. For otherwise
constant discharge conditions, by increasing the rate of current rise,
laser pulse energy can be increased. The dependence is quite strong,

(v-6]

and for one set of discharge conditions was found to be
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Even though charging voltage and capacitance for the pumping pulse,
tube temperature, and gas pressure are all constant as a function
of time delay, the pumping pulse itself cannot be expected to remain
unchanged as the time delay is varied. At short delays, the electron
density is high during the early part of the afterglow so that the
pumping pulse need not break down the gas. At long delays, the after-
glow electron density is low and the density of molecular CuCl is
large compared to shorter delays so that average electron energy will
be smaller.

With the above motivation, the characteristics of the pumping

discharge pulse and laser pulse were measured as a function of time

delay.

V.B.2 Experimental Results and Discussion

The experimental arrangement for these measurements was es-
sentially the same as that shown in Figure II-14. The venue of the
experiment was changed from the Jet Propulsion Laboratory to Caltech,

with the following equipment changes.

Pulse Generators: Data Pulse #101, Hewlett Packard #8012A
Vacuum Pump: Welch #1400
Oscilloscopes: Hewlett Packard #181/AR with

#1801A Dual Channel Amp and
#1821 Time Base
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Hewlett Packard #1722B
Voltage Divider: T & M Research 1005:1
Gases: Helium; Gardner Cryogenics

Research Grade

Argon; Big 3 Industries Research

Grade

In order to measure the current and laser pulse on nanosecond time
scales, the oscilloscope was isolated in a screen room. The discharge
tube used for this and the remainder of the experimental work pre-

sented in this thesis is shown in Figure V-3.

V.B.2.a The Pumping Discharge Pulse

The rate of current rise for the pumping pulse and peak current
as a function of time delay and buffer gas pressure is shown in Figure
V-4. (The dissociation and pumping pulse capacitors were .005 uF
charged to 15 kV.) Note that as the time delay increases, both the
rate of current rise and the peak current decrease. For constant
time delay, increasing the pressure decreases the rate of current rise
and peak current. The decrease in these quantities with increasing
time delay must in part be due to the decrease in afterglow electron
density and increase in plasma impedance. The decrease with increasing
pressur2 is in part due to dependence on E/P, and in part to the more
rapid rate of electron cooling (and hence recombination) exverienced

at higher pressures. Note that at very short delays, the rate of cur-
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rent rise is nearly the same for all pressures.

The peak voltage across the discharge tube during the pumping
pulse as a function of time delay is shown in Figure V-5. Also shown
is the pre-peak voltage at which the current begins to rise. At short
time delays, the ambieﬁt electron density is high so that breakdown
need not be initiated. Hence the current flows with the onset of the
voltage pulse. As the time delay increases, the ambient electron
density decreases, impedance increases, and the voltage required to
initiate the current increases. At the maximum delay shown, the peak
voltage coincides with the onset of the current pulse, characteristic
of breakdown. Therefore at short delays, more of the discharge energy
is channeled into the electron gas, and hence the electron temperature
will be higher. Because the pumping rates are proportional to the
current, rate of current rise, and electron temperature, these rates

decrease with increasing time delay and pressure.

V.B.2.b The Laser Pulse

The dependence of laser pulse energy on time delay has already
been discussed; it can be rather complicated. The shape of the laser
pulse, and its relation to the current pulse is also a function of
time delay. Figure V-6 shows laser pulse energy, peak power and full
width at zero height (FWZH) as a function of time delay. The behavior
is typical for a wide range of pressures. Note that peak power occurs
at an earlier time delay than does optimum energy. Optimum energy

is a result of a longer pulse of less than optimum peak power.
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We have already seen that the rate at which the pumping pulse
current rises decreases as the time delay increases. Figure V-7
shows typical laser pulses computed with rate equations as a function
of the rate at which the pumping pulse current rises (see Section III.F).
Note that as this rate decreases, the peak power decreases and the
pulse width increases. This is precisely the behavior seen experi-
mentally. If the rapid rise in current seen at short delays could
be maintained in order to coincide with the optimum densities of
ground state and metastable copper, then peak power and laser energy
would be improved. This is discussed further in Section V.C.

The time at which the Taser pulse appears during the pumping
current pulse is a function of time delay and pressure. Figure V-8
shows the time after the initial current rise that the laser pulse
appears. At short delays, the laser pulse does not appear until
late into the current pulse. As the time delay increases, the laser
pulse moves towards the start of the current pulse, reaches some
minimum value, then moves back into the current pulse. The delay at
which the pulse appears the earliest increases with increasing buffer
gas pressure, and the time of this earliest appearance decreases as
the buffer gas pressure is increased. At short time delays, there
is still a significant population of metastable copper which must be
overcome, so that a long pumping period is required to reach threshold.
As the time delay increases, the metastable population decreases,

requiring less pumping to reach threshold, so the laser pulse moves
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forward in time. At long time delays, despite the lack of metastables,

the pumping rates and copper densities are sufficiently small that a
long pumping period is again required to reach threshold. The
decrease in time of appearance as the pressure is increased may be
due to more rapid collisional deactivation of the metastable level.
Note that the minimum time required before the laser pulse
appears is actually negative for given discharge conditions. On a
coarse oscilloscope scale, the laser pulse appears to arise before
the current pulse. If the vertical scale is expanded, one finds a small
leading edge to the current pulse of about 15 amps for about 20 ns
duration. This is very small compared to the hundreds of amps in the
actual pumping pulse. Despite their few numbers, these "prepulse"
electrons will be relatively hot compared to the primary pulse elec-
trons as the voltage is at or near its peak value at this early
time. The fact that the laser pulse can be produced before the
primary current pulse emphasizes the necessity to shorten the pumping
pulse for maximum efficiency. The 80-90% of the pumping pulse subse-

quent to the laser pulse constitutes wasted energy.

V.C. Continuous Discharge Enhancement of Laser Energy
V.C.1 Introduction

The afterglow period between discharge pulses is of interest
primarily for two reasons. The first is that during this period
thermal collisional processes occur (e.g., reassociation, charge

exchange, collisional deactivation) which determine the availability
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of ground state copper. The second is that initial conditions are
provided for the pumping discharge pulse. It has been shown that for
otherwise fixed discharge conditions, the optimum laser pulse energy
is proportional to the rate of current rise of the pumping pulse
[V-G], and that the rate of current rise is a function of time delay
(see Section V.B.2.a).

A continuous discharge should maintain the interpulse afterglow,ard
eliminate the necessity for the second pulse to break down the gas.
Consequently, the rate of current rise in the pumping pulse should
be increased. We have studied the influence of a continuous glow
discharge sustained in the laser tube simultaneously with the double

discharge pulse excitation. The results of that procedure are re-

ported here.

V.C.2 Experimental Results and Discussion

The change in optimum laser pulse energy as a function of glow
discharge current in 4.0 Torr of helium and CuCl at its vapor pres-
sure at 385°C (= .04 Torr) is shown in Figure V-9. The power supply
used to sustain the glow discharge was connected between the high
voltage electrode and ground. It was homemade using a Hippotronics
#25C transformer. Note that the optimum laser energy is increased
by as much as 6%, and that the glow dischage current at which this
enhancement occurs is less than 1 mA. The glow discharge current
is that value going to ground through the anode. The current

delivered by the power supply was approximately twice as much. The
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and the optimum delay as a function of glow discharge current.
There is an optimum glow discharge current for the increase in
laser energy while the minimum and optimum delays decrease mono-
tonically with increasing glow discharge current. The results

are typical for a large range of buffer gas pressures and tube
temperatures.
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remainder went to ground through the gas system. Note also that the

minimum and optimum time delays monotonically decrease as the glow
discharge current is increased. The results shown in Figure V-9 are
typical for a large range of buffer gas pressures and tube temperatures.
Figure V-10 shows the laser output pulse energy, optimized with re-
spect to time delay and glow discharge current, as a function of helium
buffer gas pressure. Note that at low pressures the enhancement in
laser energy is as much as 35%, but this decreases as the optimum
buffer gas pressure is approached (= 8 Torr). The glow discharge
became unstable as the optimum pressure was approached with helium so
that the enhancement could not be confirmed at pressures greater
than optimum. For the tube geometry and discharge conditions de-
scribed above,the optimum buffer gas pressure for argon was low
enough so that the glow discharge remained stable above the optimum
pressure. Enhancement in output pulse energy was observed at and above
the optimum argon pressure. The increase in laser energy was about
3.5% at the optimum pressure (see Figure V-11). This enhancement
is not due to discharge heating. The optimum output energy is increased
in the presence of the glow discharge at temperatures both less than
and greater than the optimum temperature (= 400°C).

The decrease in optimum and minimum delays, and the increase in
optimum laser energy observed with increasing glow discharge current
is consistent with the results obtained by increasing the rate of

[v-6].

the rise in pumping pulse current But the rate of rise in-

creased only a few percent for the experiments reported here, much less
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than the value required to cause the observed change in output energy
according to earlier work [V-6,8]. The decrease in minimum and opti-
mum delays are also large for the observed change in the rate of rise
of pumping pulse current. The rate of current rise and peak current of
the dissociation pulse were essentially unchanged by the glow dis-
charge.

During "double pulsing" in the presence of a glow discharge,
the electron temperature during the interpulse afterglow will tend
to a value determined by the glow discharge and not by the gas tempera-
ture. Without the DC discharge, collisional radiative recombination
is dominant, varying with the electron temperature as T;9/2 [V'7].
With the glow discharge, this channel of ion recombination is
effectively eliminated and is replaced by ambipolar diffusion. The
time delays of interest here are short compared to the diffusion time
required for neutral copper to return to the center of the tube after
recombination at the walls. Hence in the presence of a glow discharge,
contributions to the neutral copper population by ion recombination
are eliminated. The fractional ionization caused by the dissociation
pulse is large compared to that caused by the glow discharge (see
Section II.D). Despite this loss of neutral copper, the optimum laser
energy increases. This can only occur if the population of metastable
copper is reduced by an even larger fraction. After the electron
temperature falls from its peak value, and the dissociation rate of
CuCl becomes small, the only sources of metastable copper are cas-

cading from higher 1ying levels and ion recombination. By eliminating
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this second source of metastable copper, the ratio of ground state

copper to metastable copper is increased. The optimum laser energy
is therefore also increased. In order for this explanation to be
valid, ion recombination without the glow discharge, which populates

the lower laser level, must be significant. The work of Gridnev,

indicates that this may indeed be the case.

To determine how the laser energy depends on the ratio of meta-
stable (ZD) to ground state (25) copper present at the time of
the pumping pulse, the rate equation analysis discussed in Chapter
III was used. For otherwise fixed discharge conditions, the ratio of
metastable and ground state copper densities was varied. The results
are shown in Figure V-12. Note that a change of only a few percent
in the ratio of densities can produce a large enhancement of laser
energy.

A second effect which may be important in explaining why the
output pulse energy is enhanced by a glow discharge is dissociation
of copper chloride at relatively low electron energies. From the

theory of Dorgelo, Alting and Boers LV-9:10]

, the electron temperature
in the glow discharge is of the order of an electron volt (see Figure
V-13). Hence some dissociation of copper chloride will still occur
late in the afterglow. But unlike dissociation at high electron
energies which occurs during the dissociation pulse, the energy
excess will be small. Therefore the fractional yield of metastable

copper from the dissociation will be smaller. The rate of dissociation

due to the glow discharge will be small compared to that during the
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dissociation pulse but the rate may be large enough to compensate
temporarily for the loss of copper due to reassociation. Figure V-14
shows laser pulse energy as a function of time delay and glow discharge
current. Note that as the glow discharge current increases, the pulse
energy at long delays increases relative to the optimum value,
creating a plateau appearance. This suggests that a quasisteady
condition has been produced between reassociation and dissociation
of CuCl at low electron energies.

The results and discussion above are consistent with the results

of Brandt and Piper [v-11]

who investigated the effect of dissociation
pulse shape and energy on laser energy. They used a low voltage (500V)
quasi-CW (= 10 ps duration) dissociation pulse and contrasted it with
the standard high voltage (18 kV) dissociation pulse in a transverse
discharge. They found that comparable laser power was obtained with
the low voltage dissociation pulse for only a tenth of the energy
input (1 mJ/cm3 of active volume) of the high voltage pulse. Of equal
interest is that they observed that the minimum and optimum delays
shifted to smaller values in the lTow voltage mode. The cause was
attributed to a smaller fraction of copper metastables obtained in the
Tow voltage discharge as compared to the high voltage discharge.

In summary, the laser pulse energy from a Cu/CuCl double pulse
laser has been enhanced by as much as 35% at low buffer gas pressure

and 3.5% at optimum conditions by the application of a continuous glow

discharge. This increase may be due to three causes: 1) increasing
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Figure V.14. Laser energy as a function of time delay and glow dis-
charge current. Note that laser energy at long delays increase
relative to the optimum delay as the glow discharge current increases.
The plateau appearance suggests a quasisteady condition between re-
assoctation and dissociation of CuCl,
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the rate of current rise of the pumping pulse; 2) eliminating contri-
butions to the metastable lower laser level due to ion recombination;
and 3) dissociation of CuCl at low electron energies, yielding a
smaller fraction of metastable copper. The energy input of the glow
discharge is negligible compared to the energy input of the high vol-
tage discharge pulses so that the increase in laser energy is nearly
free of charge. The results discussed above, along with those of
Vetter [V-G]’ and Brandt and Piper [v-11] indicate that ideal discharge
conditions for the Cu/CuCl double pulse laser comprise dissociation
of CuCl by lTow energy electrons; small rates of collisional radiative
recombination of ionic copper; and sustained afterglow electron densities
during the afterglow to reduce the impedance of the discharge and to

increase the rate of rise of current during the pumping pulse.

V.D. Spatial and Temporal Dependence of Laser Energy Density during
the Afterglow: Laser Spots
V.D.1 Introduction

Just as the total laser energy is a function of time delay, the
shape of the laser spot (the laser energy density as a function of
radial position) is also a function of time delay. Curious behavior
has been reported for laser spot shapes in continuously pulsed (15-30
kHz) and in the "burst" mode (10 kHz in packets of tens of pulses
having an average pulse rate of .7 kHz) copper lasers. Using
the continuously pulsed mode, Nerheim, et al [v-12] reported that

annular laser spots were observed at low laser power in neon buffer gas.
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As the power was increased (CuCl density raised), the ring filled in.
In helium, the annular appearance was barely detectable. Liu, et al
[V-4], using the "burst" mode, made radial measurements of copper
ground state and metastable densities (CuBr in neon). They obtained
high resolution using dye laser absorption spectroscopy. Ground state
densities were found to be depleted by as much as a factor of two
at the center of the tube relative to an annular region halfway to
the tube wall. Again the effect was most severe at low CuBr density,
where an annular laser spot could be observed. They suggested that the
axial depletion is due to thermal diffusion driven by a temperature
gradient established by discharge heating and charged particle diffu-
sion out of the region of maximum current. Liu, g&_gl_[v']3] have
calculated that for their tube geometry with an average power loading
of 78 W/cm, a temperature rise of 1300°C is possible at the center
of the tube relative to the wall, resulting in gas density being
reduced by a factor of 3.5 at the center of the tube.

For the laser pulse durations considered here (tens of nanoseconds)
resonator optics should play a secondary role in determining the spot
shape. From the work of Fox and Li [v-14] it is known that hundreds
of resonator passes requiring nearly a microsecond are required to
establish a single TEM mode. Double pulsed copper lasers will usually
lase over the entire tube or mirror area whichever is smaller. Hence

spot shapes should first be explained kinetically (see Section VI.D).
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V.D.2 Experimental Results and Discussion

To measure laser spot shapes, the experimental setup was the
same as discussed in Section II.E. The neutral density filter and
focusing lens were removed, and the photodiode mounted on a microm-
eter controlled translator with motion perpendicular to the
optical axis. A flat black shield with a 1 mm hole was placed over the
photodiode entrance lens. The photodiode entrance hole was plaeed
as close as possible to the output mirror (=8 cm). The spot center
was assumed to be the very small spot observed at maximum time delay.

Laser spot profiles for various helium buffer pressures are
found in Figure V-15. The "rear" mirror had a 2m radius of curvature
dielectrically coated for 99% reflection at 51052. The output
coupler was a quartz flat (=4% reflectivity). The spot size (radial
dimension at which laser energy falls to 1/e of maximum) decreases
near and past the optimum time delay and increases with buffer gas
pressure. The maximum 1/e spot size occurs 10-30 us before the
optimum delay. The absolute spot size (the radial distance at which
laser energy can no longer be detected) behaves differently. Except
for delays very near the minimum delay, the absolute spot size remains
constant at the tube radius until the optimum time delay is reached.
For time delays greater than optimum, the absolute spot size recedes

with speeds of a few times 104

cm/sec. This speed increases as the
time delay increases. The speed of recession decreases with increasing

pressure.
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Based on the description above, one might conclude that the
dependence on pressure of the speed of spot recession is dominated
by diffusion. The average diffusion speed is Vdif =~ Dug/a [V'TSJ,
where a, is the first zero of the zeroeth order Bessel function and
a is the tube radius. For copper in helium, the diffusion constant
1/2/P {V—]G].

tions of Figure V-15, Vdif ~ 3900/P cm/sec. Hence neutral species

D can be estimated by 12.86 T cm2/sec For the condi-

Torr
diffusion is too slow to account for the spot recession. A volumetric
process must dominate. The constant absolute spot size before optimum
delay would tend to support volumetric deactivation of copper meta-
stables as being the dominant relaxation mechanism. With similar
reasoning, one can argue that volumetric reassociation of copper should
dominate over wall -reassociation.

Due to the larger ambipolar diffusion constant, diffusion will
dominate the radial discharge pulse electron distribution, yielding
a profile which resembles a first order Bessel function. Hence the
distribution of copper from dissociated CuCl initially has this pro-
file, as does the distribution of excited Cu. Hence despite the
apparent dominance of volumetric atomic and molecular processes, the
laser spot shapes will appear to be diffusion Timited.

With higher resolution, Figure V-16 shows the laser spot as a
function of radius and time delay with helium at 4.75 Torr. Note
that laser energy appears at the walls of the tube at the minimum
delay. Note also the shallow dip in laser energy at the center of the

spot. As the time delay increases, this dip decreases from a maximum
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of about 12% until it finally disappears after the maximum time delay.

Figure V-17 is a laser spot with argon at 4.75 Torr. The dip is more
severe. The behavior of this defect is consistent with the hypothesis
that the gas is heated very rapidly on the axis by the dissociation
pulse, cooling and equilibrating as the time delay increases. For
constant energy deposition, the increase in the axial gas temperature
relative to the wall temperature is inversely proportional to the
thermal conductivity. Hence gas with the smaller thermal conductivity
should have the larger laser defect if the defect is due to thermal
depletion. The thermal conductivity of argon is about 1/8 that of

fv-171

helium The defect in argon is as much as 29% compared to the

12% maximum in helium. This is consistent with the previous discussion.
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VI. COMPUTER MODELS FOR THE DISSOCIATION PULSE, AFTERGLOW, AND LASER
PULSE IN A Cu/CuCl LASER
VI.A. Introduction

A computer model of the dissociation pulse and afterglow in a
Cu/CuCl laser has been written. Together with the rate equations dis-
cussed in Chapter III or the laser pulse model presented in Section
VI.D, a complete numerical description of the Cu/CuCl double pulse
laser is possible.

The afterglow model was written to have spatially averaged quanti-
ties, or to have a radial dependence. Rate equations were used for the
laser pulse for spatially averaged results. The laser pulse model was
used for the radially dependent results. Due to the computational
expense of the radial codes, the majority of the results which follow

are spatially averaged.

VI.B. Description of the Dissociation Pulse and Afterglow Model

The dissociation pulse and afterglow model begins att = 0 with
CuCl present at its vapor pressure for the specified tube temperature,
and the buffer gas at a selected pressure. Breakdown is assumed to
have occurred, so that a small electron density and ion population are
also present. The dissociation discharge pulse is simulated by
specifying that the electron temperature is constant for a given length
of time, after which it is allowed to decay as described below. The
electron distribution at all times is assumed to be given by a

Maxwellian at temperature Te'
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The following species are considered:

N Noble gas (buffer ground state)
Nm Noble gas metastable state

Nt Noble gas ion

Cu Copper ground state

Cum Copper metastable state

Cu+ Copper ion

CuCl Copper chloride diatomic molecule
Na Electrons

Since the afterglow time scale is tens to hundreds of microseconds,

N and Cu excited states, except for the metastable states, are assumed
to rapidly relax to the ground state, so only the metastable and

ground states are considered. Although CuCl can be present as the
dimer and trimer, only the monomer is considered. Although chlorine

is explicitly ignored, it is assumed at all times that the number
densities of Cu and C1 are equal. The effect of including chlorine

is examined in Section VI.C,2. In Section V.D. it was shown that dis-
charge heating is detectable in laser spot shapes. The effect, though,
is on the average small and is therefore ignored.

The molecular noble gas ion, N2+ was initially included in the
model, but was later deleted. Although the majority of noble ions
exist as molecular ions under some conditions, at the pressure and
time scales considered here, they turn out to be unimportant. Molec-

ular noble gas ions are formed by the process
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Nt + 2N - N2+ +N

with a rate constant of 4.4x10 cm6/sec for neon
-31 [vI-2]

-32 [vI-1]

and

1.0x10 cm6/sec for helium They recombine very rapidly

by dissociative recombination, and neutral assisted dissociative

recombination

N2+ +e > 2N

N2+ +te+M>2N+M

-7(Te -.43 3

with rate constants for the first process of 1.8x10 300 cm~/sec

1
[VI-3] £or neon and GXIO-Q(%%ﬁo_ﬁ'Cm3/sec OVI-3] for helium, and
for the second process 2.0x10'27(%%5)'2 cm®/sec (VI-2,4] ¢

helium. Hence ignoring recombination, the time scale for helium

molecular ions to be as abundant as single ions at room temperature

] _ 2.2x10% sec
is 1.0x10"3]N2 - PzTorr ~ 900 us at 5 Torr. This is long compared
to times of interest.

VI.B.1 Processes and Reaction Rates

The major processes included in the dissociation pulse and after-
glow model are shown in schematic form in Figure VI-1, and listed
below. (Diffusion terms are discussed separately.)
Electron Impact:

a) Ionization

a (: ) >N  +e+e- (VI.B.1a)
m

e f"(E: ) > Cu+ +e+e - Aez
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b) Metastable excitation

N
e+ (3,) (cﬂm) te - Aeg

c) Molecular dissociation

e + CuCl » aCum +(1-a)Cu + [+C£]+E-Ae4

d) Superelastic deactivétion
e+t (M) e+ (N4
Cum Cu 5

e) Elastic
Electron recombination:
a) Collisional radiative
e+e+N e+ 6N, + (1-8)N + dey + hy

e+e+Cut >e+ aCum + (1-a)Cu + Aea + hv

b) Radiative recombination
e+ N - SN+ (1-8)N + hy

e+ Cu > aCum + (1-a)Cu + hv

(VI.

(VI.

(VI

(vI.

(vi

(VI

B.1b)

B.1c)

.B.1d)

B.le)

.B.2a)

.B.2b)
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Penning ionization (PI):

Cu +
Nm+(Cu)->N+Cu +e+Aeg

Dissociative Penning ionization:

(V1.

N, + CuCl » cCut + (1-z)(aCu_ + (1-a)Cu) + [Cal+ze+he
R 10

Charge exchange (CE):
+ Cu +
N +(Cu)+N+Cu
m
Dissociative Charge exchange:
N* + cucl > cut + [C1] + N
CuCl1 reassociation:

(E9 ) + [C1] + M > cuCt + M
um
Collisional deactivation:
N
m N
(Cum) W (Cu) M

where

(VI.

(VI.

(vI.

(VI.

(VI.

o = fraction of metastable Cu resulting from a CuCl

. . + 2 . 3 .
dissociation or Cu recombination (see discussion

Section VI.C.2.e)

.3)

.4)

5)

.6)

.8)

in
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Aei = energy contribution to electron temperature for
the ith process
8 = fraction of Nm resulting from Nt recombination
C = fractional ionization in a dissocative Penning collision
M = neutral atom density

The rate equations for the above reactions and species follow.
Diffusion terms and the equation governing electron temperature will

be discussed separately.

dN

= nelryy * rynIN * N+[(1-5)ne (e ¥ )

#
(rCE(Cu + Cum) + r'CE(CuC1)] (VI.B.9a)
+ Nm[(rPI(Cu + Cum) + r'PI CuCl + r;INm)

S
+ Mlrepp + repaM) + neryy]

dN
Efm'= e "NmV + SneN+(rr * Nley) - Nm[('r'PI(cu + Cup)
] " s + r I)]
+ rPICuC1 4 ZrPINm) + M(rED2 + reD3M) + ne(rNm Nm
(VI.B.9b)
dnt

+
at ne(rNIN ? erINm) - N ["e(rr * "ercr) * (rCE(CU+C“m)

+

réECuC1)] ¥ Nnﬁmrsl (VI.B.9c)
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dCu

n

. +
ne[-(rCUI + rcum)Cu - (1-a)(rDCuCI + Cu (r;

dt
] s ]
+ nercr) + rcumCum] + Nm[(l-c)(l-a)rPICu61 - rPICu]
+
- N'Curgp - rCACu(Cu + Cum)M + réDZCumM (VI.B.9d)
dCum .
T = ne[rCuCu - (r'cu I+ r‘cu)Cum +arp, CuCl
m m
+ 1 1 (]
+ aCu (rr + "ercr)] + Nm[(1-c)arPICuC1 - rpICum
+ '
- N CumrCE - rCACum(Cu Cum)M - rCDZCumM (VI.B.9e)
deu’

- + ' ]
dt ne[rthCum + royty - Cu (rp, + Neley)]

+ N+[rCE(Cu + Cum) + r._CuCl] + Nm[rﬁl zCuCl

CE
+ rPI(Cu + Cum)] (VI.B.9f)
1 i ]
gguc = realCu + Cup)(Cu + Cu M = (N'rep + Norpy + ngrp)CuCl
(VI.B.9g)
d

n + +
dte - gﬂ * ggu (VI.B.9h)

where r denotes the rate constant. The superscript s denotes the in-

verse superelastic rate calculated using the Klein-Rosseland Formula

[VI'SJ. The subscripts are as follows:
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XI = electron impact ionization of X(cm3/sec)
X = electron impact excitation of X from the ground
state (cm3/sec)
D = electron impact dissociation (cm3/sec)
r = electron-ion radiative recombination (cm3/sec)
Cr = electron-ion collisional radiative recombination
(cmG/sec)
PI = Penning ionization (cm3/sec)
CE = charge exchange (cm3/sec)
CD2 = two body collisional deactivation (cm3/sec)
CD3 = three body collisional deactivation (cmﬁlsec)

CA = CuCl reassociation (cm6/sec)

VI.B.2 The Electron Temperature
The rate equation for the electron temperature, exclusive of dif-

fusion effects, can be written as

d 31 y--3 (-'2-"1%)3(T-T)-zzr N
dat'2 e iveiMi Fk(Tq g ran A Hh

3 + s
* ?‘Emi'ﬁkTe) rpliNiNm/ne * ? rrineNiAEri+§riEiNmi

where
ve = elastic collision frequency (/sec)
me = electronic mass (g)
M = atomic/ionic mass (g)
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-
L}

collisional radiative recombination rate (cm3/sec)

T
rS = super elastic relaxation rate (cm3/sec)
iy = excitation/ionization rate (cm3/sec)

rpy = Penning ionization rate (cmslsec)

E = excitation/ionization energy (ergs)

E = energy released to electron in PI (ergs)

Ae = energy liberated in electronic recombination (ergs)

The first term on the RHS of (VI.B.10) describes the fractional loss

of energy (Egg) incurred by an electron during an elastic collision

with an atom or ion. This is the major contributing term of (VI.B.10)

at high electron temperatures. The second term describes the loss in
energy due to inelastic collisions (excitations and ionizations).

The third term represents the source of energetic electrons due to

Penning ionizations. The fourth term denotes "recombination heating".

The last term of (VI.B.10) represents electron heating due to superelastic
collisions. The terms are discussed individually below.

Despite the small fractional energy loss experienced in an elastic
electron-atom/ion collision, the large collision frequency makes
elastic collisions the major sink of electron energy. At low electron
energy (<leV)the collision frequency in helium is a function of gas

pressure only (due to the large threshold for excitation) and can be

written as [vi-6]
1 :'Mr VI.B.11
Ve ¥ 6.9x10 2% /sec (vi.B.11)
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For a wider range of energy, one must return to the definition of

collision frequency.

Bk, 172
Ve = =5) o ,N (VI.B.12)

e Me, eL

For helium, and Te in eV, (VI.B.12) can be written as [vi-7]

P
Ve T 3.4x10]](TI95£)T ]/2/sec. For elastic collisions with ions, the

gas °©
Landau formula can be used [v1-7]
4e4neNI RVE:
vel =-—~————§ (fﬁ) L (VI.B.13)
3(kT,)?

where L = 5.7 is the Coulomb logarithm. For heljum (VI.B.13) is

. 8.zax10'6[He+]/Te3/2. It was assumed that (VI.B.13) is appli-

Ver
cable to all ions. For elastic collisions in neon, Sol,et al

report a collision frequency of [VI-8]

v
eL 1/2 3/2 273
—g=0.99 T, +13.27T, +0.78 T, (JLnTe - 0.95) PTorr(Tr——ysec
10 gas
(VI.B.14)

The rate of loss of electron energy due to inelastic collisions is
a threshold event, and hence is a sensitive function of the electron
distribution function. For this study, the electron distribution was
assumed at all times to be Maxwellian so that with the cross section

oi(e) for process i, the rate constant is given by

T /KT

ry =<ov> = __ 2m J 2e\1/2 1/2.°%"e

1 BTty o:(e) (=) e ‘e de
("kTe) E.1 Me
o 1
= 6.69x10° T /2 J o(x)xe ™ dx  cm¥/sec (VI.B.15)
. e

E./T
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where x = e/Te, and the electron temperature Te and threshold energy
Ei are expressed in eV. When estimating a rate one must determine
the fraction of electrons with energy greater than the threshold

value which is able to participate. This fraction is given by

E;
£5(TeEy) = 10— JE”Z . g
(ﬂkTe) o
3 3 &
=1.0 - P(i'Ei/kTe) = 1.0 - tanh(7 '—(-.-r-;)
X
where P(a,x) = r] I e'tta'1dt is the incomplete gamma function.
a

)

In a Penning ionization (the third term of (VI.B.13))a "new"
electron is injected into the distribution, so the contribution to the
average electron energy is proportional to the difference in energy
given to the Penning electron and the average electron energy. The
Penning electron energy is not simply the energy excess Em'Ei’ as
the final state involves three bodies, and the electron energy can
range from zero to the total energy excess. Ingraham and Brown
[vi-6] have considered the joint probability of producing each of the
particles with momentum vectors terminating in prescribed volume
elements in momentum space. They found that the average Penning

electron has an energy of 5/8 E This value was used in (V.B.10)*

excess’

* The factor 5/8, was not included in the earlier numerical treatment
of the Boltzmann equation in Chapter IV. It is within the uncertainty
of the estimated Penning cross sections, and is included here for
completeness only.
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Electron heating due to collisional radiative recombination (the

fourth term of (VI.B.10)) is a consequence of the "third body"
electron carrying off collisional energy which enables the recombining
electron to "fall into" an atomic orbital. This energy can be

written as

AEF = Té _ (Te . EI « E y & EI - E (V1.B.17)

where EI is the ionization potential and Eex is the excitation energy

c
of the atomic orbital into which the electron falls prior to radiative
relaxation. For lack of a measured value for Aep.s it was assumed that
those electrons not recombining into the metastable state, end up in

a state halfway between the metastable state and the ionization level.

Hence if a fraction & recombine into the metastable state,

de, = 5(1-8)(E; - E,) + 8(E;- E_)

r
(VI.B.18)
= H{1+8)(E; - E)
The electron heating due to recombination is then
16,0 (E; -E_In N, " (VI.B.19)
zry 2{1-8; {Ep =B I, -B.

The electron heating due to superelastic heating (the fifth term
of (VI.B.10))is simply the rate at which the event occurs times the
energy carried off by the electron. The superelastic rate was cal-

culated using the Klein-Rosseland formula and the metastable excitation
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cross section. The energy dependent cross sections calculated in
this manner were found to be somewhat larger than the average rates
cited in the literature (see for example [VI-9]). Hence, the cross

section was reduced while retaining its relative energy dependence.

VI.B.3 Diffusion

The discussion up to this point applies either to the spatially
averaged or to the radial dependent treatments. The differentiation
is now made in the diffusion terms. Binary diffusion through the
buffer gas is assumed. Charged particle diffusion is ambipolar.

The ion ambipolar diffusion constant Da can be approximated by

[vi-10]
2 2 kT
~ V- _VuwM_"g 2
D, = o, e & M cm”/sec (vI.B.20)

where the momentum transfer collision frequency Ve is defined in

terms of the mobility u by

=&
Ve "o /sec (vi.B.21)
and
(L) (169 _en? (V1.B.22)
= He\273/ VP Vosec . L
-4T Oy 2
where u_ is the STP mobility. Hence D_ = 2.4x10 Y. cm-/sec.
2 2 PTorr 9

This expression is valid when ions and electrons are in thermal
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D |
equilibrium. For Te # Tgas’ Da can be approximated by ?g(1+—g— )

z
[VI-11] gas

Values of ionic mobility are listed in Table VI.1. Since
during an afterglow, there is no applied electric field, the mobili-
ties in Table VI.1 were found by extrapolating to zero field.

When a published value for the neutral binary diffusion con-

stant could not be found, it was approximated by expressions given

by Hirschfelder, Curtis and Bird [VI—12]. The binary diffusion con-
stant is given by
5
T M.+M, L €
D= 1.452 (M1 ) ;J (VI.B.23)
Torr "1 2 o LJQ

where

Mi = mass of atom/molecule i

Q = hard sphere correction factor
g g = Leonard Jones well depth goK)
ULJ = Leonard Jones well width (A)

Binary diffusion coefficients are listed in Table VI.2.

VI.B.3.a Spatially Averaged

For the spatially averaged treatment the rate of diffusion
losses to the walls are given by D/A2 where A is the container dif-
fusion length. For tube length L, and radius R,

: [

5= (M7 + (2202)2 (VI.B.24)

=



Ion

He
Ne

Cu

Species

3
Hem (27S)
He (2's)
m
Ne

m

Cu,Cum

CuCl
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TABLE VI.1

Ionic Mobilities with no Electric Field

Mobi]ity/pb _cm”
V-sec

in Ne in He

- 10.7
4.0 =h

7.0 21.0

TABLE VI.2

Binary Neutral Diffusion Coefficients

Cm2

sec
in Ne in He

----- 1.19 T/P

----- 1.45 T/P

Reference
(Chapter VI)

10

54

10

Reference

12

12
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At the wall, all ions are assumed to recombine. A specified fraction
of the metastables deactivate, and a specified fraction of neutral
copper reassociates to form CuCl. The "products" return to the

plasma (see Figure VI-2).

VI.B.3.b Radially Dependent Diffusion

The diffusion equation for species with number density n is

%% = ¥ +(D¥n) (VI.B.25)

For a radially independent diffusion constant, and azimuthally sym-

metric circular geometry

Q

(rS0) (VI.B.26)

=

n=
a3t - Dy

Q

Radial dependent diffusion is added to the rate equations by simul-
taneously integrating each rate equation with respect to time at
selected radial points, and handling the spatial diffusion derivatives
with a finite difference technique. Referring to Figure VI-3, the
discharge tube is divided into IRAD-I annular regions, and one cir-
cular region at the center. Each region has width Ar and midpoint

at Py = (i-1)ar. The finite difference representation for (VI.B.26)

at the radial point i is [vi-13]
ny - D ((2(i- )
(5¢)5 = ST ((2(i-1)*1)ng,q - 4n,

(v1.B.27)
+ (2(i-1)-1)n; )
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CuCl’
Cu' =

Cu !
m

N, N_, cucl, cu’, Cu, Cu
m m
]
N = (T-6NT + yN_
N
m

' = §NT + (1-9)N_

Fraction
Fraction
Fraction
Fraction

Fraction

Figure VI.2.
indicate species returning to the volume from the wall,

Figure VI,3,

='aCu+ + (l--;fi)Cu!n + (l1-n)Cu ee———i

-161-~
= CuCl + n(Cu + Cu ) e«
m

(1-ajcat + BCu_ + (1-n)Cu

m

of Cu+ recombining to form Cum
of Cum deactivating to form Cu
of Nm deactivating to form N

of Nt recombining to form Nm

of Cu and '.’.?.ul_n which reassociate to form CuCl

Reactions for species diffusing to the wall. The primes

ar
2

— L

Geometry for calculation of radially dependent diffusion.
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At i =1 (r=0), 28 =0, and n.,; = n,_; so that
(3, = 2— (ny=ny) (V1.B.28)
(ar)

For the radial position i = IRAD adjacent to the wall, the density

at n, is set equal to zero, so that the diffusion loss to the wall

i+l
can be written as

-D(2(IRAD-1)+1)
(25 SR n (VI.B.29)
at’ IRAD to wall 2(IRAD-1)Ar IRAD

The same boundary conditions for diffusion loss to the wall as dis-
cussed for volume averaged diffusion hold for the radial region ad-
jacent to the wall.

An electron distribution whose average energy has been lowered
because fast electrons are lost by diffusion to the walls at a greater
rate than slow electrons is said to have been "diffusion cooled".

The phenomenon has been observed experimentally by a reduction in the
Te y [VI-55]

gas
with the diffusion equation VI.B.25, the change in electron tempera-

ambipolar diffusion constant Da = {1 * By starting

ture as a result of diffusion can be written as

O Y ‘*)( 2ealys ke PR
9 r ne ar or
T, on aT, aT, an
ner are } are ar n % ﬁg'§J; (¥E.8.30)
e g e e

The derivation of Equation (VI.B.30) can be found in Appendix D. The
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diffusion cooling term (VI.B.30) is included in the expression for
oT

sfg-at each grid point by formulating the spatial derivates with finite

differences.

VI.C. Dissociation Pulse and Afterglow Model:
Results and Discussion

The rate equations discussed in the previous section were inte-
grated using a Runge-Kutta-Gill scheme with Adams-Moulten corrections.
The integration routine is a modified version of MODDEQ, a Caltech
Computer Library subroutine IVI']4].

The numerical results which follow are exclusively for a dis-
charge in helium. Rate constants for most of the atomic collisional
processes had to be estimated. Rate constants for similar processes
in helium are fairly well established for a variety of metallic vapors
and diatomic molecules. Therefore more accurate approximations could
be made for He-Cu and He-CuCl collision rates. Reaction rates and
cross sections are listed in Table VI.3. The results which follow
should be considered typical for a discharge in a noble gas and a
metallic halide. The major difference between an afterglow in helium
and a heavier noble gas will be the rate of elastic-collision cooling.
Since the rate of cooling. is inversely proportional to the atomic
mass, a helium discharge afterglow will cool more quickly than one in

neon. Standard initial conditions and parameters are listed in Table

¥1.5.
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TABLE VI.3
REACTION RATES AND CROSS SECTIONS FOR THE AFTERGLOW MODEL

PROCESS RATE/CROSS SECTION REFERENCE
etxox +ete 2.186x]0']0TeoKu Y(u )cm3/sec
u =E 1'on1'zat1on/kTe
-u
e 4 1 1
Y(u ) = ey (20+u +£n(].25(1+a))) 39
a 3
e+Cu+Cum+e <gV> cm™/sec 40
a 3
e+He+Hem+e <gV>" cm”/sec 41
e+CuC1*uCum+(1—a)Cu ------- b
e+et+He >Hetethy 7.1x10'20(§%9f4'3cm6/sec 4
e+et+Cu +Cu'+e+hy 7.1x10‘20(§$gf4'5cm6/sec (estimate) 4
e
e+He " >He+hy 4.2x10" 12 (3007 Ten/sec 4,42
e
e+Cu’>Cuthv 8.05x10"13(§%9)—}'05cm3/sec 43
e
He +Cu, \*Cu'+Hete 4.2x107'°cn? d
m - (m) . =
+ -9_1/6 3
Hem+Hem+He +Hete 0.71x10 Tgas cm”/sec 7
L F R
He++Cu(m)*>He+Cu+ 3.2x10 ]0(336) cm3/sec c
+
He+CuC1-tCu +(1-%)
4 -16_ 2
cm d

(aCum+1—a)(Cu) 10
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T 1/2
He+CuCl=Cu'+ He 8x10']0(§%6) cm3/sec 34,c
+ +M=
CU(m) CU(m) M+CuC1 _53 z
+M 1.0x10 cm /sec (estimate) 18,19
T 1/2
-15, gas 3
Hem+M~He+M 6x10 (300 ) cm™/sec 4
T 1/2
Hem+M+MﬂHe+M+M 2.5x10'34(§%%§) cmslsec 4
Cu_+M=Cu+M 2.0x107 12 cn/sec (estimate) 21,44
a) Cross section for the process given in the reference is averaged

b)

c)

d)

e)

over a Maxwellian with electron temperature Te.

The CuCl dissociation was estimated to be twice the jonization rate
of etxex +ete if the dissociation energy is substituted for the
jonization potential.

Estimate. For typical charge exchange cross sections, see Table
V1.4, .

Estimate. For typical Penning ionization cross sections, see
Table IV.1.

Cross section taken to be the same as for zinc,




Ion

He
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TABLE VI.4

Typical Charge Exchange Cross Sections

16cm2)

Target Cross Section (10~ Reference
(Chapter VI)

cd 37 45

I 3 46

Hg 130 47,48
He 35 49

Pb 4.0 50

Xe 10 51
NN+ 53 52
C0-C+0 36 52
NO-+N" +0 32 52
0,~0"+0 32 52

Ne 32 49
HyH+H 2.3 53

Cu 190 49
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TABLE VI.5

STANDARD INITIAL CONDITIONS AND PARAMETERS FOR
THE DISSOCIATION PULSE AND AFTERGLOW MODEL

Buffer Gas: He

Buffer Gas Pressure: 5.0 Torr

Tube Temperature: 400°cC

Tube Radius: 0.5 cm

Tube Length: 50.0 cm

Dissociation Pulse Electron Temperature: 50 eV
Dissociation Pulse Length: 250 ns

Fraction of He Metastables from Recombination: 0.2
Fraction of Cu Metastables from Recombination: 0.2
Fractional He Metastable Deactivation at Walls: 1.0
Fractional Cu Metastable Deactivation at Walls: 0.5
Fractional Cu Metastable Reassociation at Walls: 0.5

Fraction Cu Ground State Reassociation at Walls: 0.5

Component Densit cm3
Ne 1.0x1012
He 0.0
i 16
He 7.17x10
He' 1.0x10'2
Cum 0.0
Cu 0.0
Cu+ 0.0
CuCl 1.21x10'°
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VI.C.1 Spatially Averaged Results

VI.C.1.a A Helium Afterglow

The calculated afterglow for a discharge in 5.0 Torr of pure
helium at 400°C is shown in Figure VI-4. Note that the electron
temperature falls rapidly after the dissociation pulse is over, and
that the electron density is maximum well after the pulse is turned
off. The slowing of electron cooling at t = 2 us is due primarily to
superelastic relaxation of metastable helium and secondarily due to
Penning ionization heating*. The heating is temporary as the meta-
stable helium is soon depleted. Note that the ion density does not
fall appreciably until the electron temperatuse becomes asymptotic
to the gas temperature, indicative of the Te-zhtemperature dependence
of collisional radiative recombination. The ion decay after ~ 80 us

is exponential with an 1/e decay time of =~ 95 us.

VI.C.1.b A Helium/CuCl Afterglow and Laser Pulses as a Function of
Time Delay

Using the same conditions as above but including CuCl at its
vapor pressure at 400°C (=.08 Torr) the results in Figure VI-5 are
obtained. Note the difference in the populations of He+ and Hem as
compared to the afterglow in pure helium. Charge exchange and Penning

jonization quickly deplete these populations. Ion and electron den-

* Superelastic and Penning ionization heating in helium afterglows
have been observed experimentally by Ingraham and Brown [VI-6].
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Figure VI.4, A discharge and afterglow in 5.0 Torr of pure helium
at 400°C,
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sities rise faster and peak at higher values than in the pure helium
example. The ion population is virtually all copper by 5 us *. Note
that in the absence of Hem superelastic heating, the electron tempera-
ture becomes asymptotic to the gas temperature at = 8 ps (compared to
=~ 35 us in pure helium) thereby allowing ion recombination to become
important much earlier. The increase in atomic copper after the dis-
sociation pulse is due primarily to continued CuCl dissociation by

electron impact. Maximum CuCl dissociation is 47%. This value is
1 [vi-15]

comparable to the 44% reported by Tenenbaum, et
In order to obtain laser energy as a function of time delay, the
copper and helium densities from the results above were placed in
the laser rate equations (see Section III.B). Recall from the dis-
cussion in Section V.B.2.a that pumping rates during the pumping
discharge pulse are a function of time delay and are for the most part
determined by the density of afterglow electrons remaining when the
discharge is triggered. To simulate this behavior, the following
scheme was used to obtain discharge conditions for the rate equations.
It Ny is the density of afterglow electrons, then the peak pumping

pulse electron density was simply

where Ny is the long delay value. The electron temperature was chosen
to be

* This transition of the dominant ion from the noble gas to the metal
has been seen experimentally. See the discussion in Section II,D.
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Te,max

i <
aTe,rmn, o w
T =
R Te,max
>
Teomax, * T _min

where a = np/no. For the examples which follow, By ® 7.0x10]3/cm3,
Teomin = 5.0 eV, and Te,max = 15.0 eV.

When the densities from the "standard case" (Figure VI-5) are
placed in the laser rate equations, the results of Figure VI-6 are
obtained. Note that the optimum time delay is =10 us while the copper
ground state population is maximum at = 3.5 us. At the time of maxi-
mum copper ground state density, laser energy is only 28% of optimum,
while at the optimum time delay, ground state copper is only 79% of
its maximum value. The factor responsible for this behavior is the
fraction of metastable copper still present.

In Section V.B.2.b, the laser pulse characteristics as a function
of time delay were discussed. The same characteristics computed from
the afterglow calculation and rate equations are plotted in Figure
VI-7 (compare with Figures V-6 and V-8). Note that the calculated
time after the start of the current pulse that the laser pulse appears
reproduces the experimentally observed behavior. The same is true
with the peak power occurring at a shorter time delay than the optimum
energy. The FWZH which falls to small values at long delays experi-
mentally, does so only fractionally in the calculation. The explanation

for the behavior of Figures V-6,7 and 8 found in Section V.B.2.b
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is consistent with the calculated results presented here.

VI.C.1.c. Dissociation Yield of Metastable Copper and Laser Pulse
Energy

The majority of metastable copper comes from dissociation of CuCl-
rather than electron impact excitation of copper ground state.
Hence the fraction of metastable copper obtained from a CuCl dis-
sociation is a sensitive parameter effecting optimum laser energy.
This fraction, o, was varied with the results shown in Figures VI-8,
9 and 10. The optimum and minimum time delays decrease and optimum
laser energy increases with decreasing a.

The electron temperature and density during the afterglow are
virtually unchanged by the change in o so the amount of CuCl dissociated
is independent of o. Since the metastable copper relaxes to densities

below 1012/cm3

by 35 us in each case, the long delay laser energy

and the maximum time delay are independent of a. Although the maximum
density of metastable copper scales nearly linearly with a, the time

at which that density is maximum, (about 1.9 ps) is nearly constant.
The decrease in minimum and optimum delay with decreasing o is a
consequence of the critical fraction of metastable copper to ground
state copper, above which oscillation cannot occur, being breached

at earlier times. The increase in optimum laser energy with decreasing

o is seen to be a result of the optimum time delay moving closer to

the time at which ground state copper is maximum rather than the small
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absolute change in that maximum value. The available ground state

copper is used more efficiently.

VI.C.1.d Collisional Relaxation of Metastable Copper and Laser Pulse
Energy

The rate of collisional relaxation of metastable copper, B, was
varied with the results shown in Figures VI-11, 12 and 13. Again the
effect on discharge characteristics is nominal so that the same amount
of CuCl is dissociated in each case. The long delay laser energy is
therefore independent of B. With decreasing B, the minimum and
optimum delays decrease and optimum laser energy increases. Over
the range of B, the density of ground state copper increases by only
11% while optimum laser energy increases by 144%. Again one sees
that the increase in maximum ground state copper density alone cannot
account for the increase in laser energy. Rather it is the shift in
optimum time delay toward the time of maximum ground state copper
density,which allows a more efficient use of dissociated copper, that
accounts for the increase in optimum laser energy.

It is clear that the "worth" of a copper metastable at the time
of the pumping pulse is greater than that of a copper groundstate.
Since gain is proportional to CU - %CuL. gain at the start of the
pumping pulse is in general negative, and for given discharge con-
ditions, there is a specified fraction of Cum/Cu above which

gs
positive gain cannot be achieved. This value was found to range from
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Figure VI,11, Copper ground state and metastable densities as
a function of the rate of collision relaxation of metastable

copper,
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5% to about 20%. -180-

VI.C.1.e CuCl Reassociation and Laser Pulse Energy

Since copper chloride vapor exists primarily as the trimer at
the temperatures and pressures of interest EVI'16], the approximation
that copper chloride is present only as the monomer is weakest when
one considers reassociation. By allowing copper chloride to exist
as CunCIm, where n and m can take the values 1, 2 or 3, a large
number of reassociation channels open up, and a variety of parameters
are introduced which have been used to great advantage in fitting

[VI*]?].

experimental data For simplicity, and to avoid the arbitrary

selection of reassociation channels one would have to make with
CunCIm, only the monomer was considered. The standard reassociation

rate was estimated by examining the reassociation rates of similar

[vI-18,19]

molecules and comparing those values to experimental rates

[VI-20,21]T

of copper halide reassociation The monomer reassociation

rate, a,, was varied with the results shown in Figures VI-14,15 and 16.
As expected Taser energy and copper densities are inversely

proportional to 5. For the case of a5 = 5x10'26cm6

/sec (see

Figure VI-17), the reassociation rate is sufficiently fast so that
copper ground state density falls below the ion density. The change

in slope of Cu ground state at about 15 Hs is due to the rapid increase
in Cu+ recombination as the electron temperature becomes asymptotic

to the gas temperature. Compare Figure VI-5 to VI-17 and note that

the electron temperature for the larger reassociation rate becomes

* The experiments measured the rate at which ground state copper is
removed due to all processes.
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asymptotic to the gas temperature at a later time than for the "stand-

ard case" and that metastable helium persists Tonger for the larger
reassociation rate. Because the Penning ionization rate for copper
was estimated to be larger than the dissociative Penning collision rate
for CuCl, if less Cu is present due to a large reassociation rate,

then more metastable helium is available to relax in some other fashion.
The electron heating seen for large Gz is due to superelastic relaxa-

tion of this surplus metastable helium. Once the helium metastables and

ions have relaxed to the ground state, the only loss mechanism for
ground state copper is reassociation. Metastable copper, though, is
always collisionally relaxing. Hence for large 0y, the time at which
the metastable and ground state copper densities are maximum nearly
coincide, while for small Oy s the time at which ground state copper
density is méximum occurs at times longer than those for metastable
copper. This trend tends to move the optimum time delay to larger
values. For very large values of Qs s reassociation dominates all other

processes, and the trend in optimum time delay reverses.

VI.C.1.f Buffer Gas Pressure and Optimum Laser Energy

It has already been discussed that for constant tube temperature
and discharge conditions, there is an optimum buffer gas pressure.
The dependence of laser energy on time delay is also a function of
buffer gas pressure (see Figure V-2). Before buffer gas pressure

could be varied in the afterglow model in order to illuminate some of
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the processes responsible for this behavior, a consistent representa-

tion of the electron temperatures during the dissociation pulse had to
be chosen. Appendix E summarizes the procedure which one may use to
obtain consistent electron temperatures for the dissociation pulse.

Electron temperatures for the dissociation pulse calculated in
the manner described in Appendix E were used to obtain optimum laser
pulse energy as a function of buffer gas pressure and time delay as
shown in Figure VI-18. Examples of Taser pulse energy as a function
of time delay are found in Figure VI-19. Note that at low pressure,
laser pulse energy as a function of time delay displays structure simi-
lar to that found in the experimental examples of Figure V-2,

The behavior of copper and copper chloride densities illustrated
in Figure VI-20a for a discharge and afterglow in 1.0 Torr of helium
can be explained as follows. The electron temperature is initially
high (about 6.3 eV) so that during its relaxation from its dissocia-
tion pulse value, the CuCl dissociation rate and copper ionization
rates remain large. The CuCl dissociation rate dominates, resulting
in a net increase of copper. The CuCl is soon depleted, removing
the source term for the copper metastable and ground states. This
produces the decline in copper density at about 2 us, as the copper
jonization rate remains high. Large densities of metastable and ionic
helium also contribute to this decline through charge exchange and
Penning ionization. About this time the electron temperature falls to
a sufficiently small value so that volumetric ion recombination becomes

important. But of even more importance is ion recombination at the
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walls, enhanced by the low pressure, The increase seen in copper
densities after 4 us is due primarily to the diffusion of ions to

the walls and their subsequent recombination, The flattened appearance
of metastable copper at about 8 us is something of a balance between
collisional relaxation and contributions from ionic recombination.

As the ionic copper is exhausted, the source of metastable copper
disappears, and the remaining metastable copper is lost to colli-
sional relaxation and reassociation, Similarly, ground state copper

is Tost to reassociation.

The processes at 2.5 Torr (Figure VI-20b) are essentially the
same as at 1.0 Torr, but are somewhat subdued, as the dissociation
pulse electron temperature (5.5 eV) is smaller, and diffusion rates
are held back by the higher pressure.

The maximum value of copper ground state density at 1.0 Torr was
computed to be 6.6x1014/cm3 which is 92% of the value computed at
3.75 Torr, the pressure at which laser energy is maximum. The
optimum laser energy at 1.0 Torr is 1.16 mJ/cmz, only 70% of the
optimum value at 3.75 Torr. Despite a large copper ground state
density, laser pulse energy at low pressure remains small. Con-
tributions to the metastable copper density from diffusion-
recombination prevents the laser pulse energy from becoming large.
The Beutler states of ionized copper (excitation energy = 7.74-10 eV)
are coupled more strongly to the 2D lower laser levels than the
higher excited states. Hence a large fraction of recombinations

can be expected to reach the metastable level [VI'QZJ.
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At 10.0 Torr (Figure VI-20c),excitation and dissociation rates
are relatively small due to a low dissociation pulse electron tempera-
ture (4.3 eV), while collisional relaxation rates arelarge due to
the high pressure. The high pressure inhibits diffusion so recombina-
tion at the walls is negligible. The electron density changes
little until the electron temperature becomes asymptotic to the gas
temperature at about 15 us. The main reasons for low pulse energy at
higher pressures are the low CuCl dissociation rate, and the low
pumping rate resulting from small electron densities during the after-
glow.

In view of the previous discussion, the ideal dissociation
pulse is one which maximizes the amount of CuCl dissociated but
minimizes the ionization of neutral copper, as the metastable copper
formed during their recombination is detrimental to laser energy.

This would correspond to a long, low energy dissociation pulse
where the average electron temperature is well below the copper
jonization potential but comparable to the CuCl dissociation limit.
This is consistent with the dissociation pulse studies conducted by

VI-23] 414 the discussion in Section V.C of con-

Brandt and Piper
tinuous discharge enhancement of laser pulse energy.

The mechanism responsible for the local minimum in optimum
laser energy as a function of buffer gas pressure seen experimentally
and discussed in Section II.D has not been found in this analysis.

Such behavior, most dramatic in neon,has been observed to occur in
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helium for tube temperatures in excess of 400°C. The calculated
optimum energies of Figure VI-18 resemble the experimental results
of Figure I-4, which are typical over a wider range of conditions.
A more accurate description of the electron temperature during the

dissociation pulse is necessary to reproduce the behavior,

VI.C.2 Chlorine and the Negative Chlorine Ion

In the previous analysis, chlorine was explicitly ignored. For
purposes of computing the CuCl reassociation rate, its density was
assumed to be the same as for copper. The weak point of this argu-
ment is the exclusion of the chlorine negative ion. The decision
to exclude chlorine was based on two premises. The first was the
belief that chlorine (halogen) does not significantly perturb laser
performance since comparable laser energy and power can be obtained
with a copper halide laser as with a pure copper laser. The second
was the lack of any measured rate constants for electron attachment
and detachment processes in a metallic halide system. The degree of
guesswork required discouraged extending the model to include chlorine.

Despite the difficulties cited, an attempt was made to include
chlorine in the model. The formulation, and results which are dis-

cussed below, must be considered typical for a metallic-halide system,

and not necessarily particular to chlorine.
In addition to the species and reactions discussed in Section

VI.B, three chlorine species were included in the extended model
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Cl Neutral chlorine

C1~ Chlorine negative ion

c1* chlorine positive ion.

With the exception of reactions (VI.B.1.b), (VI.B.l.c) and (VI.B.8)

which are particular to the metastable level of copper, all of the

electron impact, recombination, diffusion, reassociation and noble

gas impact processes included for neutral and ionic copper were also

used for neutral chlorine and its positive ion.

The following pro-

cesses involving the negative ion were included.

Electron Attachment:

e+ Cl -»C1

{V1.Cs

e + CuCl » Cu + C1~

& CuCT & G + L1" + & = Beq

Electron Detachment and Neutralizing Collisions:

e+Cl" »Cl+e+e -~ Ac

(VI.c.
LVIE.

(VLB

N+

+
- cl Cl
o (i)-a
N

C1” + Cu » CuCl + e

c1™ + cut + cucl

12
(vi.c.

{VI.1s
(vV1.C.

Appropriate revisions to the rate equations (VI.B.9) to include the

processes above were made.

Each process, as well as necessary revi-

sions to diffusion and wall reactions, will be discussed below.

2)
3)
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The attachment process (VI.C,1) has the rate hUE where vc

is the electron collision frequency, and h is the probability for

attachment per collision. Typical values for h range from 10'3 to

1074 [vx-qo,za]_ The electron collision frequency was computed

from the electron-chlorine total elastic cross section measured by

[vI -25].

Cooper and Martin The attachment probability was estimated

to be 5x10'4.

The attachment collision (VLC.2) is a resonant process., Typical

peak cross sections for the resonance collision to produce 0

from 02, NO, CO2 and CO are 10"]8cm2 with a full width at zero height

v [VI.26 -&)].

of about 4 e The threshold energy for the reaction is

Episs~Ega Where Epog is the molecular dissociation energy, and Egp s

the chlorine electron affinity. For CuCl and C1, E..cc=3.8 ev[VI"16]44

DISS
EEA=3.6 eV[VI'37]. The resonance cross section was estimated to have a

peak value of 1.0x70'18cm2,a base of 4 eV, and threshold of ,2 eV.

The third attachment process (VI.C.3) has a cross section typical
of threshold excitation. The threshold energy is EDISS+EION'EEA
where EION is the copper ionization potential. Typical values for
the peak cross section to produce 0 are a few times 10"19¢m2 [V1.26 0]
The energy dependence of this cross section was chosen to be the same
as that for an ionization with threshold EDISS+EION'EEA=7‘95 eV (see
Table VI.3). The peak cross section was chosen to be 3.0x10'19cm2.
The cross section for electron detachment by electron impact

(VI.C.4) was assumed to be the same as measured by Tiscone and
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0" [VI-32].

Branscomb for detachment in Neutralizing collisions

(VLC.5) are exothermic if the ionization potential of C1~ is less
than the electron affinity of the positive ion, a condition which
holds for all species here. The thermal reaction rates for neutrali-

zation of H, 0, 02', N02' and N03' with a variety of collision

7 and 8.1x10-7cm3/sec

- +
2 s NOT,

and 02+ has an average thermal rate constant of 3.0:1.5x10'7cm3/5ec

[VI~32].

partners all have values between 1.0x10~

[VI'32]. The neutralization of 0° with N+, 0+, Na+, H

This value was used for all neutralizing collisions
(VI.C.5).

The detaching reassociation reaction (VLC.6) is exothermic by
.2 eV. It was estimated to have a thermal rate constant of

4.0x10-10cm3/sec based on similar reactions of 0° with 0, N, H

33,34] .

o»
NO, CO, and N,; H™ with H; and C1™ with H (vt The neutrali-
zing reassociation reaction (VLC.7) was assigned the same rate con-
stant.

In the absence of the negative chlorine ion, the ambipolar
diffusion coefficient has a temperature dependence of %{1+Te/TgaS).
In the presence of the negative chlorine atom, the diffusion coef-

ficient can be written as

1 1 -
D, ~ 5(1 + = «(Tn_+T__C1)) (vi.c.8)
a"~2 Tgas(ne+c1 ) ee gas

In the 1imit of a negligible electron density, the ambipolar diffusion

rate is thermal. In the limit of a negligible negative ion density,

the temperature dependence is given by the previous expression.
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A1l negative ions diffusing to the wall were assumed to react

with a positive ion. The negative ion wall reactions are

s ¥
8c14C17 + €17 » C14CT
" +
6Cu+C1 + Cu - CuCl (VI.Cc.9)
-
N+
where
+
D X
a_+
S+ = X

+ +
% (Dac]+C1+) + (Dag,+Cu’) + (Day+N")

The calculated densities for a discharge and afterglow in 5.0
Torr of He with C1 and C1+, but excluding C1~ is shown in Figure
VI-21. Comparing this result with Figure VI-5, the calculated after-
glow for the same discharge conditions but without C1, the copper
ground state, metastable state, and CuCl densities are nearly identical
for the two cases. The helium ion and metastable state densities
having the additional chlorine collision partners, peak at smaller
values. The chlorine positive ion density remains small, never
exceeding 9x10]3/cm3. The electron temperature approaches the gas
temperature more gradually so that the electron density is higher
for times longer than 7.5 us. This increase in electron density
for the case with C1 relative to the case without C1 results in
larger pumping rates. The final result is that by explicitly in-
cluding C1 and C]+, the minimum delay decreases fractionally, the

optimum laser energy increases by 5,5%, and the maximum time delay
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increases fractionally.

By including the negative chlorine ion, the results of Figure
VI-22 are obtained. Neutral copper densities are nearly identical to
the previous case, as are the helium densities, CuCl densities and
the electron temperature. The chlorine negative ion begins to sig-
nificantly reduce the electron density as early as 5 us, becoming the
dominant negative charge carrier 50 us later. This charge transfer
sTows down the Toss of ions due to diffusion, thereby extending their
Tifetime. The reduction in electron density results in lower
pumping rates. The net effect is that the characteristic time delays
remain virtually the same, but laser pulse energy is reduced frac-
tionally (see Figure VI-23). In the presence of the negative chlorine
ion, optimum laser energy decreases by 4.7%.

The change in calculated laser energy by including C1~ resulted
from its effect on electron density and subsequent pumping rates,
and not from a change in copper density. Gabay, et al [vI-35] found
that for optimum conditions, laser energy with CuBr was larger than
for CuCl, and CuCl yielded larger laser energy than Cul. These
results may in part be explained by different rates of electron
attachment providing different initial conditions to the pumping

pulse and hence different pumping rates.

VI.C.3 Radially Dependent Afterglow

For the conditions listed in Table VLS, the results for the radial-
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ly dependent afterflow, can be found in Figure VI-24.* Examine first
the electron temperature (Figure VI-24a). During the dissociation
pulse, the electron temperature is held radially constant. After the
dissociation pulse, cooling is mainly due to neutral atom elastic col-
lisions and is therefore radially uniform. Near 1 us, the electrons
at the center of the tube heat relative to those near the wall. This
is due almost entirely to the larger number of helium metastables
superelastically relaxing at the center of the tube (see Figure
VI-24c). The electron temperature profile reverses itself at about
3 us and becomes hotter near the wall than at the center of the tube.
The temperature at this time has fallen sufficiently low so that the
rate of formation of helium metastables by electron impact is small.
The only source for helium metastables is as a result of ion recom-
binatiqn. Since the electron temperature is still too high for
collisional-radiative recombination to be important, diffusion to the
walls is the dominant recombination process. Hence the relative
population of metastables near the walls increases , and superelastic
relaxation and heating become important near the wall, This in part
accounts for the heating seen at about 10 us in Figure VI-24a.
Another equally important factor is the rate of eTectrgn-ion elastic
collision cooling. This rate is proportional to ne/Téz. Hence in

regions of high electron density and low electron temperature, the

* Note that this case 1is without the diffusion cooling terms,




-200-

z T 11||m| T ;nlrru[ T IIIIIIII T IIIIHII T[T
S Te o
v £
=
weo | <
~ o
Qa.
- =
=1 -
- ™
(o= ]
Ee
gl k
ol
wl
ol =]
g Lilllllll l._LlJ.l.LU.!_ L lllllll 1lll J_1 Jlllll
1072 10! 109 10! 102 107
TIME AFTER BREAXOCWN (S)
a) Te
s = T Ill’lllll | IIIIUr T lrlnul T rllnul T 1111'11
t ng
ION —
w E
u -
U -
= B
> 101 —
= =
7] =
= =
i L
a
©o10m
’Oll
1072 107! 100 10! 102 102
TIME AFTER BRERKDOWN C(US)
b) Ne

Figure VI.24, A discharge and afterglow at 400°and 5,0 Torr heljum
as a function of radius,



-201-

1013

1ow

101

"DENSITY ¢/CC)

’oli

[ | l[lllll IJ_llllll[ 1 ll[ll!t[ 11 lllj

1041 L4
1072 1071 10! _ 102 10?

100
TIME AFTER BREAKDOWN (K4S

c) He
) m
10Y5 =177 T T T]TTIT T T T T T[T L
& ! T | l E
- He* ]
10— ==
. E
§ B r=0.0cm =
> 10" — r=0.16cm —=
— 3 =
% F ¢
& -
= -
1012 —
1ot 1 LLIllllI = 1_11111:] unl LJ_lllllll Lo lun
1072 1074 o! 102 10?

109 1
TIME AFTER BREAKDOWMN (US)
d) He+



CENSITY (/CC)

DENSITY (/CC)

-202-

108 —1— |||ji- T ..lr...l ' rlln..l T rﬁ.m[ T
Cu
1015
r=0.0¢em
r=0.16cm
1om \_—fwm\
r=0.48cm
1013 s
10‘2 1 11 lllllll | BT lllllll L1 lllll.ll | Lll]lll
1072 101 100 10! 102 10?
TIME AFTER BREAKDOWN (US>
e) Cu
1018 ;_!‘I"ITTTTTI‘_T_T1T‘I’HT]"
1015 =
10 =
C
1043 —
C r=0.48cm
lolz L lillj_Ll_[ 1llll:ll 1 llllllll ' lLLl I llllill

102 107! 102 10°

109 10!
TIME AFTER BRERKOOWN (}JS)
£) cu’



-203-

10'5= T lIIITI]. 1 I]lllll T 1T]I'I]I ‘rrlluul TN
= . ‘3‘
i Cum p
10N p— r=20.0cm -
~ E_ i)
[&8) - -
(8] -~ o
~ - r=0.32 cm —
A4
> 103 — —_—
: = r=0.48cm =
73] = =
- - -
w e E
o
5 10!2 e —
101 f luu.l 1 Lllnul (O nlunl LN uul aoaali
1072 107! 109 10! 102 103
TIME AFTER BRERKDOWN (HS)
q) Cu,
10'S 1177 L R UNLIRE ALY mTT] T T
E Y | | l k-
C CuCl .
= [-"0.3280‘!\ [-r-o.4acm =1
tors E= YT E
4 - r=0,16cm r=0.0cm =
O B ]
< L. .
> 100 — 3
- = =
bt —— -
2 3
wi 1 -
o
103 — —
3 =
- -
1012 1 1[llul_ o) llnul L1 1luul "R | ||||u| Lo lan
102 107! 10! 102 10°

109
TIME RFTER BRERKDOWN (HS)

h) CuCl



-204-

process is more important. Near the walls, (3 us < t < 20 ps) the
electron density is Tow and the electron temperature is high relative
to the center of the tube. Hence cooling by electron-ion elastic
collisions near the walls is small compared to the center of the tube.

There are few deviations from the expected behavior of the
remaining species. Densities are in general a monotonically decreasing
function of radius. Note in Figure VI-24b for the electron density
that collisional radiative recombination sets in at a slightly
later time near the wall due to the higher electron temperature found
there. The centerline electron density appears Tittle affected by
diffusion and heating effects near the wall. Note that the copper
ground state density (see Figure VI-24e) peaks at a later time near
the tube wall, a result of ion recombination contributions at the wall.
The behavior of copper metastable densities is similar to that of
the helium metastable densities (see Figure VI-24g). Densities near
the wall become higher late in the afterglow due to diffusion re-
combination at the wall.

With the same initial conditions as used above, terms to des-
cribe diffusion cooling were included with the results shown in
Figure VI-25. At times immediately following the discharge, cooling,
as much as .5 eV is observed relative to the "uncooled" case. The
same phenomena described above for the electron temperature occur,
but radial gradients are less severe. The reversal in the gradient
of the electron temperature occurs at later times as does the time

at which the electron temperature becomes asymptotic to the gas
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temperature. Note that after the time at which the electron tempera-
ture gradient reverses, the electron temperature is higher at a given
radial position than in the "uncooled" case. This is due to the change
in the sign of aTe which was previously negative. Since at this time in
the afterglow gFE and g;g have opposite signs, previously positive
terms in gfg(r) (see equation D.2 of Appendix D) are now negative.
The contributions of those terms denote a diffusion of energy in a
direction opposite to that of the electron flux.

The remaining species behave essentially the same as they did
without diffusion cooling. Their maximum values are in general lower
due to the reduced reaction rates resulting from the "cooled" elec-

trons. These extreme values also occur a few microseconds earlier

than in the "uncooled" example.

VI.D. A Model for the Laser Pulse
VI.D.1 Introduction

A numerical model was developed to describe the three dimensional
time dependent electric field in an optical resonator with coupling
to the laser medium and discharge. The laser cavity is divided into a
three dimensional grid. The scaler wave equation is integrated
at each grid point within the laser cavity. The spatial derivatives
are handled by a finite difference technique. The time derivatives
are integrated using a Runge-Kutta-Gill scheme with Adams-Moulton

*
corrections.

* The integration routine 1E a moiified version of MODDEQ, a Caltech
Computer Library subroutine LVI-14],
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VI.D.2 Description of the Laser Pulse Model

Start by considering the scaler wave equatijon

2 2
2 1 o7& _ 4m 3P
V€ - v i (VI.D.1)
C atz C23t2

Assume cylindrical geometry and azimuthal symmetry. Write the

polarization as
P(r,z,t) = x(r,z,t)&(r,z,t) (V1.D.2)

where y is the complex susceptibility. Let the electric field be

written as
&(r,z,t) = E(r,z,t)ei(wt'kz) (VI.D.3)

where w = ck is the angular frequency and k = 2n/)A is the wavenumber
(real and constant). The susceptibility x and E are assumed to be
slowly varying functions of time compared to w. Place (VI.D.2)

and (VI.D.3) in (VI.D.1) and obtain

v2(ee™K2) + [(14amy) (kPE-21k 25

(VI.D.4)
'Bik. EX "ﬂ(Z:
= e E at] 3 0
2 2
2 ) 9~ , (VI.D.4) becomes
a

: 1 3
With ¥ % = ==% +
o L2 =
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2 Z
9 E BE o E . 1 B8E 2 .
az—z - 2ik 3z —8;7 5 r or + 4nxk"E - 21_5((]*‘4‘")()% (v1.D.5)
= i 8mk QX =0

The envelope function is in general complex. Hence let

E(r,z,t) = B(r,z,t)elA(rsz,t) (VI.D.6)

where B and A are real. Place (VI.D.6) in (VI.D.7) and obtain

2 2 2
"B . dA 3B 3A . 9°A ; aB dA
-2 == - () B-1i%5B - 2ik (£ - i £ B)
822 9z 3z ¥4 az2 9z 9z
2 2 2
2B . oA 3B 9A . 9°A 1,9B
+ ;:E-— 2i B = (SF) B - 14 ;—ia r(ﬁF - ——B) (VI.D.7)
r
2.n _ 2k1 3B _ . 9A _ ; 8mkp 3x _
+ 41k XB (1+4 )(at 1 3t B) 1 ‘—C'“B 3t 0

The real and imaginary parts of y can be written as

2
Re(x) = 2(Ak) ,» Im(x) YE— (VI.D.8)

where Ak is the delay in phase shift per unit length, which is the source
of "mode pulling", y is the gain "constant" and n is the real index of
refraction. Because this treatment is monochromatic and taken at line
center, Ak=0. For the expected electron densities, n =~ 1. The gain

is a function of the population inversion density AN (see Section

TIT.B. 1)



-209-

4
¢ A] M 1/2

Yy = BAN, B =
5/2, 3 KTy

(VI.D.9)
327

Place (VI.D.8) in (VI.D.9), set the real and imaginary parts separately

equal to zero and obtain

2
9A _ 4mdy , y 3By _ c_, dA 3B
a3t ~ k (st T B 3t m((az)B';?
. (VI.D.10)
A "B A 1 3B
Pt Tt Gl B p 5
3B _ 4ncBy k _ 1 Ay _c_20A 3B
9 k 2 c 9 k' 3z 9z
. " (VI.D.11)
3°A 9B . 23A 3B , 2°A; . 1 3A
* g;ﬁB + 2 3z T or ar T arEB tr 5?8)

Finally solving the simultaneous Equations (VI.D.10) and (VI.D.11) for

the envelope amplitude time derivative,

2 2
Bt eag- 3 S’ - 2
2k(1+5M ) .
‘ 2
2
A, _ 9°B . (9A 198 _ 23A 3B
MR Tl A T TR
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The envelope phase time derivative is obtained by placing (VI.D.12)

in (VI.D.10). The derivatives for the envelope function amplitude

and phase are separately integrated at each cavity point for a right
traveling and left traveling wave. Coupling to the laser medium is
obtained through the gain constant y. The rate equations, discussed in
Section III.B, are simultaneously integrated at each cavity point.
(Only the three rate equations for the ground state, lower level and
upper laser level are used.) The inversion density calculated from

the rate equations is placed in (VI.D.9) to obtain the gain. The
intensity required for the rate equations is obtained from the field

amplitude by
(V1.D.13)

The laser cavity (see Figure VI.26a) is formed by two circular
mirrors of radius Rm and separated by a distance L. One mirror is
totally reflecting, while the other has field reflectance Rf. They may
have arbitrary radii of curvature (handled by introducing radially
dependent phase delays at each mirror) but are assumed to be flat here.
The cavity is composed of a set of grid points identified by (i,j),
denoting axial position z; = (i-%)Az and radial position rj=(j-1)Ar.

Numerically, having a right and a left moving field is clumsy.
Consider alternately the geometry of Figure VI-26b. Here only a right-
hand field is necessary. For 1 < i < IZ, the field corresponds to the

RH field of Figure VI-26a, for IZ < i < 2*IZ, the fields correspond
to the LH field of Figure VI-26a. Consider a field packet starting
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at the "output" mirror M, at i=1. It propagates to the right until

it reaches i=IZ. This is the virtual location of the 100% mirror.
Instead of being reflected and propagating to the left, it proceeds
to the right, but the amplitude of the field at any point r; > Rm

is set equal to zero. (That portion of the field at a radius greater
than the "mirror" is not "reflected".) Appropriate phase delays due
to reflection are introduced at i=IZ+1. The "reflected" field con-
tinues to propagate until it reaches M2 at i=2*IZ, a distance 2L from
M]. But the field, having propagated a distance 2L should be back at
M], the"output" mirror. .Hence (1-Rf)_of the field arriving at M2

is taken as output. The field at points rj > Rm is set equal to zero.
The field amplitude at points rs E.Rm is reduced by the factor

(1-Rf), appropriate phase delays are added for reflection, and the

field is translated to i=1, thereby completing one round trip of the

cavity.
Given the conditions above, the spatial derivatives of (%%)ij and
(%% i take on the finite difference form
X .= X ;
X _ 1+1 .3 i-1,3 VI.D.14
(5243 5(57) (VI.D.14a)
52 Xip 3 = X5 ¥ X5 4 4
(*~%) = 1+, J »J (VI.D.14b)

3z% ij (t\z)2
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% 3 - X .
axy 1,341 Td,3-]
(3r)1j T (VI.D.14c)
2 ) S = e s P W
(2 ;)i. Wl % 5al 213 14d=1 (V1.D.14d)
arc 1J (ar)

At t=0, the field is initialized as having zero amplitude and ran-
dom phase. (Spontaneous emission, which starts the laser pulse, occurs
with random phase). The phase of the incident field is retained during
stimulated emission. The initial values for the copper and electron
densities are obtained from the radial afterglow model. Since the model
gives only a radial distribution, the initial values are assumed to be
distributed uniformly along the axis. ALorentz approximation is used

for the gas.

VI.D.3 Results and Discussion

Pulse propagation codes of the type described above are costly to
run because the characteristic time step must be shorter than the Tight
travel time between grid points, and the grid points must be close
enough together so that spatial derivatives remain small. When optimum
initial conditions were chosen, the laser pulse was long and the inten-
sity high. As a result, unphysically large spatial derivatives devel-
oped. The solution, decreasing the grid size, proved to be too costly.

In order to reduce the length of the pulse, non-optimum initial condi-
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tions were chosen (a near minimum time delay). These conditions are

charactg(ized_by_gmlarge fraction of metastable copper.

VI.D.3a A Typical Laser Pulse

The calculated laser output pulse for the conditions of Table VI.G
and Figure VI-27 is shown in Figure VI-28. Figure VI-29 shows the
cavity intensity along the axis of the tube. The integrated laser
pulse energy density is shown in Figure VI-30 (R?= 0.5). The laser
pulse totaled 1.00 mJ (1.27 mJ/cmz) for an average energy density of
50 uJ/cm2 of active medium. The initial fraction of metastable copper
decreased from a maximum of 21% at the center of the tube to 19% near
the wall. Despite the gain initially being most negative at the center
of the tube, the laser pulse is initially highly peaked at the center
of the spot. After only 2ns, the laser pulse has a nearly flat profile
with the intensity falling off by only a factor of two at the edge.
This profile remains fairly intact until late into the pulse (about
7ns) when the intensity at the center of the spot falls sharply while
the intensity at the edge of the spot remains relatively large.

The relative complexity of the laser pulse can be understood by
inspecting Figure VI-31. This figure displays radial gain at the
middle of the cavity. Plotted above the midplane is log (positive
gain). Below the midplane is log (- negative gain). Note that the
gain is initially negative and most negative at the center of the
tube. As the discharge pulse progresses the profile reverses, and

at 3ns reaches a maximum of .03/cm at the center of the tube. At this
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TABLE VI.6

STANDARD INITIAL CONDITIONS AND PARAMETERS
FOR THE LASER PULSE MODEL

Tube Radius = 0.50 cm (6 radial grid points)

Mirror Radius = 0.50 cm (16 field axial grid points)
Field Radius = 0.60 cm

Resonator Length = 25.0 cm

Qutput Mirror Field Reflectance (Rf) = 0.50 (Reflectivity=0.25)
Initial Electron Density at Tube Center = 2.5x10M/cm3

5.0x104/cm®

Maximum Electron Density at Tube Center
Pumping Pulse Rise Time = 40 ns
Electron Temperature = 15.0 eV

Electron Distribution = Maxwellian
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point, the upper level "dumps" to the lower level. As seen in Figure

VI-31, this gain switching occurs first at the center of the tube

where gain was the highest and spreads to the edges as long as 2ns
later. This is reflected in Figure VI-28 where the center of the pulse
reaches its maximum value a nanosecond or more earlier than at the

edge of the pulse. Gain remains positive until 8ns, but then falls
quickly negative at all points except those adjacent to the wall of

the tube. The transition to negative gain is due to depletion of the
ground state, and a large metastable copper density. The "hollow"
appearance of the laser pulse is due to absorption. The decay of the
pulse envelope is due to output coupling.

The axial and radial differentiation in gain can be coupled to the
intensity distribution. Axially, the positive gain is always largest
near the rear mirror, and smallest near the output mirror (see Figure
VI-32). The difference is as much as 50% at the time just after gain
is maximum. The axial intensity displays the opposite behavior.

For periods of positive gain, the sum of the intensities of the right
and left moving waves is in general largest at the output mirror and
smallest at the rear mirror. Clearly the higher intensity at the
output mirror saturates the gain, preventing it from becoming large,
while the Targer gain at the opposite end of the cavity feeds the

small but growing'field amplitude.

VI.D.3b Laser Pulses and Mirror Reflectivity

In Section III.E, experimental and numerical data concerning
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the insensitivity of laser pulse energy to output mirror reflectivity
were discussed. This phenomenon was again investigated here with
the results shown in Figure VI-33. The laser pulse energy remains
nearly constant over a wide range of reflectivity. The pulse length
increases with increasing mirror reflectivity in a manner similar to
that shown in Figure III-9.

Qutput intensity, radial gain and axial gain for mirror field
reflectancesof 0.2 and 0.9 (reflectivities of .04 and .81) are shown
in Figures VI-34, 35 and 36. Note that as the mirror reflectance
decreases, axial gradients in gain increase sharply. The maximum gain
obtained during the laser pulse decreases as the mirror reflectance
increases, the change being about 10% for the range .2 to .9. The
behavior of the gain at times later than the peak gain is a sensitive
function of mirror reflectivity. First note that the axial gain for
Rf = 0.2 is as much as an order of magnitude higher at the rear mirror
than at the output mirror, while the axial gain for Rf = 0.9 is es-
sentially flat. Also note that the R = 0.2 gain is modulated in the
plateau region with a period equal to the cavity round trip light
travel time. This modulation is 180° out of phase with the modulation
in intensity.

The plateau appearance of the post optimum gain diminishes as
the reflectance increases. The time at which the gain falls off this
plateau and turns negative decreases as Rg increases. For the low
reflectance cases, non-radiative processes contribute heavily to the

abrupt decline in gain. For the high reflectance case, radiative
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Figure VI.34. Output laser pulse intensity as a function of time an
radius.
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Figure VI.35. Gain as a function of time and radius at the middle of
the laser. Plotted above the midplane is log (positive gain). Plotted
below the midplane is log 7 = (- negative gain).
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Figure VI.36. Gain as a function of time and axial position at the
center of the tube.
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processes dominate the behavior. Although the average intensity is

lower for the high reflectance case, the pulse length is longer so
that the field continues to feed on the inversion,reducing it until
nonradiative factors become dominant.

As the output mirror reflectance is increased from .2 to .9, the
spatial radial FWHM of the Taser spot increases by 10% (see Figure
VI-30). This behavior was also observed experimentally. Figure VI-37
shows the measured FWHM of the laser pulse for mirror reflectivities
of 0.04 and .20 (field reflectances of .2 and .45) as a function of
the time after minimum delay. For all time delays, the FWHM for the
higher reflectivity exceeds that of the smaller reflectivity.

Comparing the calculated spot shape obtained here with the experi-
mental spot shape for comparable discharge conditions, one obtains
the results of Figure VI-38. The radius at which the energy density
extrapolates to zero has been normalized to the experimental value.
The agreement with experiment is very good for the earliest delay for

which data could be taken. As the delay increases, the match degrades.

(Remember that the initial conditions chosen for the calculation are

for a near minimum delay.)

VI.D.3c The Influence of Radiation Trapping
The upper laser level in the copper laser is resonant with the

ground state. Hence absorption of resonant spontaneous emission ("rad-

5 5 VI-36

iation trapping") can be important in excited copper vapor [ ].
0

The 2P3 - 205 5106 A laser transition has a spontaneous emission co-

2 2
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near minimum time delay.

The calculated laser spot compared to experiment for a

The match between the calculation and experi-

ment -degrades as the time delay increases.
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0
efficient of 1.275x106/sec while the resonant 2P3 - 251 3248 A tran-

2 2

sition has a spontaneous emission coefficient of 1.025x108/sec [VI-56].

Since the absorption coefficient B -~ A3A, then exclusive of degeneracy

B osonant! Daser © 20. To one observing the spontaneous decay of the

2P3 state, the effect of radiation trapping would be to decrease the
2
effective resonant spontaneous emission coefficient. Resonant spon-

At win

taneous emission from isolated atoms observed to decay as e~
decay from an ensemble of atoms as e’sAt where g is a function of line-
shape, density, and geometry. Values of g as low as a few times

1073 [vI-37,38]

are not unreasonable
Although radiation trapping has been observed in the spontaneous

decay of an ensemble of excited atoms, its importance during the pump-
ing and laser pulse can be questioned. During the pumping pulse

and laser pulse, the density of the upper laser level can be approxi-

mated by

d . 2
€ = -IB(Cu - §CL) L Cg-rynm

TiCy Cy - (A +A)C,  (VI.D.15)

e
where
C. = density of upper laser level (/cm3)

CL = density of lower laser level (/cm3)

CG = density of ground state (/cm3)
I = laser pulse intensity (ergs/cmzsec)
re = upper level electron impact excitation rate (cm3/sec)

ry = upper level ionization rate (cm3/s)
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A

Ne

A] 5A2

electron density (/cm

spontaneous emission rates to the lower laser level
and ground state (/sec)

Inserting typical values into (VI.D.15)

7 7

u . -3 2
— = -1.3x10 I(CU-ECL) + 4x10 CG - 8x10 Cu - (A1+A2)Cu (VI.D.16)

Without radiation trapping, an intensity of only 10]] ergs/cmz-sec

is required for the electric field to dominate in (VI.D.16). With a
"g" factor of only .3, the electron impact terms will dominate in the
absence of electric field. Hence radiation trapping, so important in
spontaneous decay, probably has 1ittle effect during the pumping pulse
and laser pulse.

Because radiation trapping has been mentioned in connection with
the copper laser, its effect was investigated. Two methods were con-
sidered. The first was to calculate explicitly the flux of resonance
radiation at each point in the cavity and use this value in conjunc-
tion with the resonance radiation absorption cross section to determine
the change in ground state and upper level densities. For typical

ground state densities of = 10]4/cm3

section of = 3x10']3cm2, the photon mean free path is = .3mm. Because

, and a resonance absorption cross

the cavity grid spacing was greater than this value, no contribution
could be recorded from adjacent grid points.

The second method was simply to decrease the resonance spontaneous
emission coefficient in accordance with the treatment by Holstein

[VI'BBJ. For a Doppler broadened transition in a tube of radius R,
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Holstein showed that the effective spontaneous emission coefficient

can be written as

4 _  1.60A

2
2 . (VI.D.17)
effective k_R(menk R)1/2
0 0
where
3
kK = Yo A Su
0 gp3/2y 2 9g
v = atomic thermal velocity (cm/s)
g = level degeneracy
A, = resonance wavelength (cm)
For typical conditions, A :1.6x10'3A2.

effective
Using the discharge conditions in Table VI.6 and Figure VIi-27,

the inclusion of radiation trapping yielded a nominal change. The
total laser pulse energy was lower by .1% which must be considered
within the numerical roundoff error of the calculation. The peak
power increased by .5%, again a small change. The length of the
laser pulse (FWHM) increased by 2%.

Based on this analysis, the trapping of resonance radiation in
the copper laser is not important for cases in which the cavity inten-
sity becomes large ( =10 kw/cmz) within nanoseconds of the start of
the pumping pulse. For other conditions where the pumping rates
are small and the laser pulse does not appear until late into the
pumping pulse, radiation trapping may play an important, but temporary

role.
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VII. CONCLUDING REMARKS

The Cu/CuCl double pulse laser was investigated experimentally and
numerically. Because of the short duration of the laser pulse, and
because the laser pulse appears at the leading edge of the pumping
pulse, processes which occur at thermal speeds cannot significantly
effect laser energy during the pumping pulse. For a given density
of ground state and metastable copper present at the beginning of the
pumping pulse, laser pulse energy is determined by how rapidly the
upper level can be populated before the cavity intensity dumps the
upper laser level. This gain switching explains the dependence of
laser pulse energy on the rate at which pumping pulse current rises,
and the relative independence of laser pulse energy on mirror reflecti-
vity. This behavior also helps to explain the difficulty encountered
in trying to scale the copper laser to larger dimensions. Small in-
homogeneities in the discharge and dimensions becoming large in
directions other than the optical axis will trigger this gain switching
prematurely. As a result, an oscillator amplifier arrangement is
probably the only practical means of obtaining more than a few milli-
joules per pulse from the copper laser,

The characteristics of the pumping pulse (e.g., peak current,
rate of current rise) are a sensitive function of time delay, This
behayvior is believed to be due to the initial conditions (principally
ambient electron density) provided by the interpulse afterglow. The
numerical model, which incorporated this assumption, reproduced the

experimentally observed relationships between the laser pulse,time
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delay and pumping pulse,

The interpulse afterglow not only provides initial conditions for
the pumping pulse but also determines the ratio of ground state copper
to metastable state copper. Therefore "conditioning" this period for
optimum initial conditions and copper density ratios is the key to
more efficient laser performance. The necessity to provide optimum
initial conditions is emphasized by the fact that peak power is ob-
tained at a shorter time delay than optimum energy; a delay when pumping
rates are larger. From the numerical model, we have seen that the
ground state copper density is often maximum at times prior to the
optimum delay, and that metastable copper densities as small as 5%
can prevent laser oscillation, Hence to improye efficiency, one must
increase the rate at which metastable copper relaxes, or decrease the
rate at which the metastables are created. The latter can be accom-
plished by maintaining the interpulse afterglow so that contributions
to the metastable state from collisional radiative recombination are
eliminated. A second alternative is to minimize the energy excess
in the dissociation of CuCl by tajloring the dissociation pulse to
be Tong and Tow energy. The smaller electron energy excess during
a dissociation will result in a lower rate of forming metastable
copper. The ideal dissociation pulse would have a long tail lasting
tens or hundreds of microseconds. By using a hollow cathode or a set
of closely spaced transverse electrodes, the Faraday dark space and
the negative glow will dominate the gquasi-cw discharge, Average

electron energy is low, and the electron density (negative charge
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carrier) is high, providing suitable initial conditions for the pump-
ing pulse.

The results of the computer models confirmed that processes which
directly effect the density of metastable copper (e,g., collisional
relaxation) have a greater effect on laser energy than indirect
processes such as the reassociation of CuCl. As a result, Penning

jonization and charge exchange reactions during the aftérglow may be

beneficial. We have already seen that cross sections for the disso-
ciative Penning and charge exchange reactions are large, Let ry be
the Penning or charge exchange rate for a reaction with atomic copper,
and et r, be the rate for the reaction with CuCl, Assume that on

the average, half of the reactions with CuCl ionize a copper atom.

If o, 1s the fraction of metastable atoms obtained from a CuCl
electron impact dissociation and O the fraction obtained from a
Penning or charge exchange reaction, then the noble gas reactions are
beneficial provided that

N

"2
zr; (1-02) >

cu *2

cuCl *

During the time that the densities of noble gas ions and metastables
are large NCu/NCuC1 < 1.

The presence of the negative ion is beneficial in that neutrali-
zing collisions can consume a positive copper ion which would other-
wise recombine and contribute to the metastable state, It is detri-

mental in that the electron density is reduced and the initial condi-
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tions for the pumping pulse are less favorable, Because the negative
ion is lost primarily by diffusion, its presence js not beneficial.

The experimental work, and in particular the numerical results must
be considered generic for metallic halide systems. Rate constants
and cross sections are not known well so that differentiating between
CuCl and CuBr on the basis of dissociation energy is not justified,
The fact that many experimental results were reproduced with the
model assures us that the appropriate processes were included, For

more definitive results, the rate constants must be known more ac-

curately.
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APPENDIX A. THE DOUBLE-PULSE POWER SUPPLY

A schematic of the double pulse power supply is shown in Figure
A-1. The power supply consists of two identical circuits (with the
possible exception of component values). Each circuit can operate
independently, thereby allowing an arbitrary time delay between
pulses. Note the use of two thyratrons 1in each circuit. The hold-
off thyratron isolates the second discharge circuit from the broken
down laser tube, preventing the switching thyravron from firing. The
charging resistance RC] is typically .9 - 1.0 M@, while R{:3 is
typically .1 MQ. The resistance RCZ is nominal (30Q ). The bias
capacitor is 500 pF while the discharge capacitors C1 and C2 are
typically 1-20 nF.

Examining the first pulse, the high voltage power supply charges
C1 to a preselected voltage (10 - 20 kV). A trigger signal is sent to
the thyratron trigger power supply thereby firing the switching thyratron
S1. C1 begins to discharge through the nominal resistance RC2 and
the grid bias capacitor. The voltage drop across RC2 is seen by the
hold-off thyratron grid thereby firing the thyratvon. The voltage on
C1 is now seen by the laser tube, initiating breakdown. A preselected
time later, the process is repeated for the second pulse.

The optional inductance L1 is sometimes required to slow the
charging of Cl1, thereby enabling the hold off thyratron to shut off.

Repetition rates of 200 Hz are conveniently handled by this circuit.



"2081/22€L# 9893 °43M suojeuadyy 3y) -Aiddns uamod as|nd a|qnop ay3} 40 dLjewdYdS L'y d4nbL4

WM =
H- A
e n
WU i =
s ﬂur
blite uool -
4 el 1 __" NOLYIAHL
J..l > It . —. -
ir
_ %
o
<
?—- = -
3 T
¥BIVI0L uu‘.mm_o Lu
— -5
AN
NEVIIvA
—S _
¥OLIVIVD )
$VIE QIS
pli1e noYuL
p __ - NOUIYIAHL "
's @ K A14d0S
BNOd
UL AN 3 WAI0
-u IH n _Uu. +
§ A
23y 3 . —
) ) NOUIVIAHL
330-q10H TN OIS 1I00MNL -




-243-
APPENDIX B. THE CO, LASER INTERFEROMETER
In this appendix the testing criteria for the CO2 laser inter-
ferometer will be derived. It was shown in Section II.B that the num-
ber of cycles of modulation experienced by the CO2 laser signal for a
change in effective discharge cavity length of Ad in a time

At = t-to is

X=Ad-§i (B.1)

Consider a disc rotating at angular speed & of thickness b, and index
of refraction n placed in the discharge cavity. The CO2 laser beam
is incident off axis. (See Figure B-1). The rate at which the laser

beam path length through the disc changes as the disc rotates is

o
a

t t‘cosa cosza t

L __( b ) = b sina da (B.Z)

where the instantaneous path length

- _b

~ cosa (B.3)
From Snell's law sina = sin 6/n so that (B.2) becomes
d? _ wbn sin26 ‘
e (B.4)
it Sy - sin%e)3/2
where
do. _ d8 cos® _ wcosé (B.5)

t ~ dt ncosa  ncosa

For a rotation from -00 to eo, the effective cavity length will change

by an amount
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5 0
Ad = jobnsinze %bsin2e

~—3 .7 3 do - | =272
< (n _51.”28)3/2‘ OI (1-51‘n28)3/2

where the second term in (B.6) is the "empty cavity" contribution.

de (B.6)

For 10.6 um radiation in NaCl, n = 1.5 [B-1]. For b = .64 cm,

= a X
s = 4, and 60 = from (A.6)
Ad = .01 cm
so that

x = 80

For an angular speed of w = 10n/sec, "fringes" should be produced at
the rate of 400/s. This was the approximate rate observed when a
NaCl1 flat was rotated in the discharge cavity of the CO2 laser inter-

ferometer.
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NLASER BEAM
AXIS OF

ROTATION

Figure B.1. A disc of thickness b and index of refraction n is rotated
-in the discharge cavity at angular frequency w. The CO2 laser beam is
incident off-axis.
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APPENDIX C. JUSTIFICATION OF THE ASSUMPTION THAT THE DISCHARGE TUBE

IS IN QUASI-EQUILIBRIUM DURING HEATING AND COOLING

In this appendix we will show that during the interferometer
electron density measurements, the discharge tube was in thermal
equilibrium. Electron density measurements were made periodically
while the discharge tube slowly heated up and cooled down. The tube
temperature was measured with a thermocouple on the exterior surface
of the discharge tube and was assumed to be the instantaneous value.
This assumption is justified as follows.

The thermocouple was placed in a length of quartz tubing which was
in contact with the discharge tube itself. The thickness of the two
tubes were comparable, so the temperature indicated by the thermocouple
can be assumed to be nearly equal to that on the inside surface of
the discharge tube. The initial radial temperature profile of the
discharge tube was uniform at room temperature and can arbitrarily
be set equal to zero. The temperature in the discharge tube (diameter

d) at a given radius r and time t is given by [C-1]

(D28 4 = -alt 3 (roy)
T-elt —pg—*+a L° o R
L “nJi(?an)
where k = thermal diffusivity of the gas (cmzlsec)
Ji = Bessel function of order i
27
@, =_n
d

<
=
1l

nth zero of the Jo Bessel function
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The tube temperature at the inner tube surface is assumed to vary as
ct. Since there is no net gas flow through the tube (see Section
I1.C.3) a purely conductive approximation has been made. Constant
thermal conductivity has also been assumed. For neon at 400°C and
5.0 Torr, k = 240 cm2/sec [C-2,3]. The discharge tube heats up 400°K
in an hour so that ¢ = .1%K/sec. Hence for a tube diameter of 2.54

cm, (C.1) becomes

-3 r? -4 J (r g N
T=.1(t-1.68x10"" + ===) + 1.6x10 Z exp(- 240a t) (C.2)
960 "3, d
n=1 oy J (32.)
1'2"n
Clearly for times greater than a few seconds, the temperature is
independent of r and (C.2) can be written as
T= .1t = ct (C.3)

Hence a quasi-equilibrium approximation is justified.
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APPENDIX D, DIFFUSION COOLING

In this appendix, an expression for the time rate of change in
electron temperature due to ambipolar diffusion will be derived.

Let n = n(e,r) be the density of electrons with energy in
(e,etde) with radius in (r,r+dr). Let N = nT(r) be the total
electron density with radius in (r,r+dr). Let D = D(g,r) be the
energy dependent diffusion constant at r for the average electron
energy €. The time rate of change in n due to diffusion (assuming

azimuthal symmetry) is

2
an _ g, =D3n, 59°n , 3D an
ot = V- (DVn) = ¥ ar2 3r or (D.1)
Let
n(e,r) = f(e,r) ny(r) (D.2)

where f(e,r) is the electron distribution function so that (D.1) becomes

an an
on _ of 1 B D, 3D
- Mt (“Tar 5 Tl + 50
2
an 2 9 nr
T of 2°F
+ DT o~ ok nTarz + f - 1 (D.3)
Solving (D.3) for 2F
an an
of _ f T, f f " TyD,
9t *nT 3t | ( r ¥ s or )( r )
D ,. °"T af 32 32"T
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The electron distribution function is assumed to be Maxwellian at all

times. Expressing energy e and temperature Te in eV,

1/2 -E/Te

f'(e) oc—372 e .

where o =
‘;TVZ

For constant e, differentiating (D.5) yields

2

!
—-f=f[( 88 (E JEE 18y e 3
2 T 3 4T 2 ar,2 2 2T

e e e e

The average energy at r is defined as
=(r) = Jef(e,r) de
0
so that

oo

3e(r) _ J e%%(e,r) i

ot

0
Therefore using (D.6) and (D.7) in (D.4),multiplying by €, an

integrating from 0 to «,

3€=‘£[1__(DanT_ anT+anTD )
t nr ar2 ot or
2
2
_331«;_2_[13 4D, 20 3 e 1SD(Te)]
2T 37 'np 3 r 5? ﬂ?— 2 4T ar

(D.5)

(D.6)

(D.7)

(D.8)

(D.9)
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5/2 -e/T
2D D fe e
2

oo

T 2 f E7/2 5E:5/2 -E/Te
(=]

+ Da[(—a?e- (T—TT/_Z - }—97-2——) e de
e e

——77§'E ¢ dEJ (D.]O)

Remembering that € = %-T and

;
e ‘e ®de _ (2p—;)--5-3-'|_fr—rsz+?'
2

(D.10) becomes

7D , 3D
e ¥ 5l (D.11)

D T
The diffusion constant D = §3(1 + Te ) where Da is the ambipolar dif-

gas
fusion constant at thermal equilibrium. Assume a constant gas tempera-
D. oT
ture so that D L. The final expression now becomes
ar 2Tg or
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2 2
3T D T 93°n 2°T
SRR A I s
9 T T or or
T oT, T, T, an T oan
e T 1 e T e i}
£ rng or 7t T"S?T{ar ﬁ;'5F‘)1 R (D.12)

With the spatial derivatives expressed in finite difference form,
(D.12) can be placed in equation VI.B,10 to represent the change in

electron temperature due to diffusion.
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APPENDIX E. OBTAINING CONSISTENT ELECTRON TEMPERATURES FOR THE
DISSOCIATION PULSE

In this appendix, consistent electron temperatures for the dis-
sociation pulse will be derived for a given change in buffer gas
pressure. This will be done by considering a discharge through the
pure buffer gas.

We have the setup depicted in Figure E-1. A capacitor of capaci-
tance C, initially charged to voltage V, discharges through a noble
gas in a discharge tube of length 2 and radius R. The gas is at a
pressure P and temperature T. Assume that breakdown is instantaneous.

The voltage across the discharge tube will obey

dv _ 1
il (E.1)

where I is the current. Assuming negligible thyratron resistance,

I:!:—g._.VA
R 2
where
ne2
o= - 9as conductivity

c
n = electron density

e = electron charge
m = electron mass

U ™ electron collision frequency

For an average electric field E = g-, (E.1) becomes
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dE _ -EAne’
dt cﬂmvc

(E.3)

At Tow electron temperatures, the collision frequency in a noble gas
is often a function only of gas number density [E.1]. Therefore,

writing Ve =SB, (E.3) can be written as

dE _ -EAneZT (E.4)
dt ceméP =
The ionization coefficient o 1is defined as
N = an (E.5)
For the range of E/N of interest, o can be written as [E.1]
_ P BP
a=ra exp(-TE . (E.6)
where a and B are constants. Therefore
_ _P BP
dn = ondx = 7a exp(-TE)dx (E.7)
writing
_dxdt oo dt
dx = 9% d4F dE = Vy g dE (E.8)

where Vd is the drift velocity and is a function of E/N, (E.7) becomes
aPZcV gom

d 7

n=— exp (-%E) dE (E.9)
e“AET

To include losses due to diffusion note that



-D.n D.n cP2D_6&m
= @ 44 - @ (dt _ a
Iprepuston = 2 4t = 2 (gE) 4 = o g o (E.10)
LOSS
where
D. = ambipolar diffusion coefficient

diffusion length

To a first approximation, the ambipolar diffusion coefficient [E.1,2]

_\Ie
0, = Vv (E.11)

where the average electron energy e = e(%). Therefore integrating
from an initial field EO, to some arbitrarily small final field Ef,

the maximum electron density rp can be written as

E

0 [ap2caV sm

Ay = By = J —7———79———-exp('%20 - Chyes dE (E.12)
r T"AEe Ee AQ

f

Assume that the fractional ion population remains small so that
the neutral atom density, N, is approximately constant during the dis-

charge pulse. The time rate of change of electron density can be

written as

dn FINt

a4t = rInN , n(t) = n,e (E.13)

where Y is the ionization rate constant. If we ignore diffusion

losses, then (E.12) and (E.13) can be combined to yield
g Eo aP?chv m _Bp

no(e
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The ionization rate constant can be written as a function of electron
temperature and ionization potential (see Table VI.3). By solving

(E.14) for res
E

1 1 oachlvdém -BP
Y‘I(Te) = R—t—ln o [ . . exp( ﬁ) dE + 1 s (E.15)
o T“AEe
f

one has an expression for Te in terms of discharge parameters. Te is

solved for by iteration of (E.15).

EXAMPLE: For helium, and the standard discharge conditions used in

Section VI.C,

. . " Mm%k
a-= 3/cm;Torr 2 = 50 cm . | § = 7.11x10 Yore ot
_ _ V “K
hw T an B = 10200050 o E =300 &
0 cm
_ — _ 0
C = 5nF Vd =I5 T = 400°C
t = 250 ns

The constant Z in Vd is left as a parameter for appropriate normalization.
The normalization chosen was Te = 5eVat P =5 Torr. The results are

shown in Figure E-2.
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Figure E.1. Setup for derivation of electron temperatures during the
dissociation pulse.
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Figure E.2. Electron temperature during the dissociation pulse as a
function of helium buffer gas pressure using (E.15).




