Large-bore copper-vapor lasers: Kinetics and scaling issues®
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The scaling characteristics of large diameter (6<d< 12 cm) high repetition-rate copper-vapor
lasers are investigated using a radially dependent laser-discharge model. Results of the model are
verified with experimental data obtained on several devices including an 8-cm-diam 100-W
copper-vapor laser. Two effects, penetration of the applied electric field into the plasma and gas
heating, which we show are the primary considerations in volumetric scaling, are discussed in
detail. Thermal constriction of the discharge resulting from gas heating is prevented by plasma

skin effects that allow stable performance at large diameters. These same effects are shown to
explain the sequential excitation of the laser levels, resulting in both temporally and spatially
dependent behavior of the laser pulse. Projections of output power and light-pulse characteristics

are made for lasers up to 12 cm in diameter.

PACS numbers: 42.55.Hgq, 52.80.Hc, 52.25.Lp, 42.60.By

I. INTRODUCTION

The copper-vapor laser (CVL) is one of a number of
electric-discharge-excited metal-vapor lasers that are char-
acterized by laser transitions from an excited state to a low-
lying metastable state.! These self-terminating lasers typical-
ly produce light pulses that are tens of nanoseconds long at
visible wavelengths. Copper lasers, which have green (510.6
nm) and yellow (578.2 nm) transitions, are distinctive be-
cause of their rather high electrical efficiency (=~ 1%) and
because they have been scaled to high average power oper-
ation (> 100 W).

Since the first demonstration of the CVL in 1966, laser
oscillator power has been increased from 20 mW at 660 Hz
in a 1-cm-diam tube to more than 100 W at SkHz in an 8-cm-
diam tube.?® This improvement in performance is due pri-
marily to increasing the laser repetition rate, greater sophis-
tication in the discharge circuitry and thermomechanical
design, and from volumetric scaling of the discharge region.
Volumetric scaling can be accomplished by lengthening the
discharge or increasing its diameter. Length scaling is
straightforward but rapidly reaches the limits of present
high-voltage pulsed power technology. However, the most
important step for increasing laser power was increasing the
diameter of the discharge tube. Early in the development of
the CVL it was assumed that the metastable lower laser level
was relaxed by diffusion to and subsequent deactivation by
the walls of the discharge tube. Long diffusion times implied
that there was a limited regime of pressure and diameter for
efficient operation at high repetition rates. The realization
that, under suitable conditions, the lower laser level could be
deactivated instead, by collisions with electrons in the plas-
ma, led to the present generation of large-diameter devices
that are actually limited in specific output power by gas heat-
ing rather than diffusion.

Under this assumption a number of studies were
performed to verify scalability in the radial direction for la-

T-11

* Work performed under the auspices of the U.S. Department of Energy by
the Lawrence Livermore National Laboratory under Contract No. W-
7405-ENG-48.

2970 J. Appl. Phys. 54 (6), June 1983

0021-8979/83/062970-13$02.40

sers using pure metallic sources. Unfortunately, the results
of this work, made on lasers less than 4 cm in diameter, do
indeed indicate that even with volumetric deactivation, ex-
cessive heating of the center of the discharge still seriously
limits the ultimate useable discharge-tube diameter by ther-
mally populating the metastable lower laser level. The pres-
ent investigation was undertaken to clarify this issue and to
explore effects particular to large-bore high-repetition-rate
discharges. The experimental work presented in this paper is
based on CVLs, as large as 8 cm diameter, having a maxi-
mum output of 100 W at a repetition frequency of 5 kHz. A
detailed spatially dependent kinetic model is presented and
its results are compared with experimental results. We limit
the discussion to CVLs with diameters greater than or equal
to 6 cm. It is at this diameter we have found that computer
predictions based on ‘““zero-dimensional” modeling'? begin
to seriously deviate from experimental results. The primary
source of this deviation is due to the plasma skin-depth phen-
omenon which is manifested by a radial and temporal vari-
ation of laser excitation. We have found it necessary to spa-
tially model the CVL kinetics, including plasma skin effects,
to obtain accurate predictions for lasers greater than 6 cm
diameter.

In Sec. II, we begin with a description of the kinetic
model called CuRAD. The results of the calculations are
then displayed covering the parameter ranges of interest for
high-repetition-rate lasers. In Sec. III we show the basis for
the important model assumptions, which is derived from
hook spectroscopy and laser-performance measurements
obtained from 6-, 7-, and 8-cm-diam lasers in our laboratory.
Finally, we present scaling predictions to even larger-diame-
ter devices based on the code and experimental work. In
Appendixes A and B, relatively simple models are discussed,
which allow us to bound the magnitudes of the gas heating
and skin-depth phenomena and also provide physical insight
into the nature of these effects.

Il. DESCRIPTION OF THE MODEL

The CVL, like other discharge-excited lasers, depends
critically on external circuit and thermodynamic parameters
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to an extent that an accurate model must include energy
deposition, circuit performance, kinetics, and state variables
in a well-coupled self-consistent manner. Furthermore,
achievement of a quasisteady state of the thermodynamic
parameters and species populations requires that many dis-
charge pulse and afterflow cycles be sequentially calculated
for accurate results.

The model presented here is based on a ‘““zero-dimen-
sional” model'? that integrated the coupled set of differential
equations over several discharge cycles. This simpler zero-
dimensional model has proven to be reasonably accurate for
predicting the performance of small-bore CVLs up to 5-6 cm
in diameter, but then details of the light pulse become inac-
curate. The major revisions in the previously described mod-
el are (a) the addition of the 4P P, ,, and 45 D, states in
copper to include the yellow 578.2-nm laser transition, (b)
revision of certain excitation cross sections, {c) a change in
the buffer gas from helium to neon, and (d) inclusion of ex-
plicit radial dependence of the kinetic and thermodynamic
variables used in the model. This last feature is the key to
developing a mathematical description of this laser, which
allows us to extrapolate to larger-diameter lasers.

Our laboratory devices are usually operated at about 5
kHz with neon as the buffer gas at about 30-Torr pressure.
Unless noted otherwise, the computed results discussed here
have been optimized with respect to copper density. This
density, typically 10**-10'*/cm?, is a function of the tem-
perature of the discharge tube, where the copper sources are
placed. The discussions below are for lasers with these pa-
rameters. For a detailed discussion of the effect of varying
buffer-gas pressure, tube temperature, and repetition rate,
see Ref. 12. When laser power is discussed, we are referring
to the sum of the power from the yellow and green transi-
tions.

We begin the description of the model by defining the
species whose populations will be calculated as a function of
space and time. " Figure 1 shows the energy levels of copper
and the buffer gas, which in this case is neon. Seven levels for
the copper atom and four levels of the neon buffer gas are
used. The copper levels are the °S, ,, ground state, >D;,, and
’D,,, metastable states (lower laser levels}, 2P, ,, and 2P,,,
(upper laser levels), a pseudostate, and the copper ground-
state ion. The 578.2-nm (yellow) laser transition is between
theP,,, and ?D;, states and the 510.6-nm (green) laser tran-
sition is between the *P;,, and 2D, states. Under optimum
operating conditions, the ratio of green-laser to yellow-laser
power is found to be approximately 2 to 1, which is the ratio
of the statistical weights of the upper laser levels. The pseu-
dostate is an average of higher lying levels and displaced
terms. '* These neutral atomic states and the copper ion were
found sufficient to model accurately the laser while keeping
the number of states to a minimum to make the problem
computationally tractable. The buffer-gas states were cho-
sen in a similar manner.

For cross sections between excited copper states we
used the computed results of Henry.'*!> Cross sections for
the excitation of the laser levels from the ground state were
taken from Refs. 15 and 16, renormalized by Winter and
Hazi."” The cross section for the ionization of the copper
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FIG. 1. Atomic species included in the model and energy level diagrams.
{Note the change in vertical scales.)

ground state came from a calculation by Rescigno.'® Figure
2 summarizes the low-energy excitation rates for the copper
transitions used in CuRAD. These rates were calculated by
averaging the cross sections listed above over a Maxwellian
electron distribution with temperature 7, (see discussion be-
low). Excitation cross sections for the neon buffer gas were
taken from the compilation by Kieffer.'®

In the next two subsections we discuss the six equations
which form the basis of CuRAD. They are broken up into
two groups. Section A includes the electric field, electron
temperature, and electron density equations. Section B de-
scribes the particle density and gas temperature equations.
The electric field and electron equations form the driving
part of the laser model. The particle density and gas tem-
perature equations can be thought of as reacting to this dis-
charge drive.
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FIG. 2. Capper electron impact excitation rates used in CuRAD.
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FIG. 3. Laser discharge circuit.

A. Electric field, electron temperature, and density
equations

Energy flows from the electrical drive circuit to the la-
ser by heating the electrons left over from the previous dis-
charge pulse. These collide with the copper and neon atoms,
creating the desired population inversion and ultimately
heating the gas in the discharge. Subsequent cooling of the
gas by conduction to the walls heats the discharge tube to the
correct operating temperature to maintain the optimum
copper-vapor density. We assume only a longitudinal elec-
tric field is applied. Circuit effects determine the net applied
electric field external to the laser. To maintain self-consis-
tency, we include a detailed circuit model.'? Figure 3 shows
the basic modulator circuit. The electric field in the dis-
charge is self-consistently determined by the circuitry, elec-
tron temperature, and electron density. It is included as a
radial and temporal variable in the system of equations by
Maxwell’s equations in their vector form. The resultant lon-
gitudinal electric field is described by a diffusion-like equa-
tion:

VE=p, > (aE) M)

Because it is difficult to see skin effects explicitly outside the
computational formalism, we refer the interested reader to
Appendix A where a simple one-dimensional treatment mo-
tivates a physical understanding of this important effect.

The electron energy distribution is assumed to be Max-
wellian, described by a temperature T,. The use of a Max-
wellian electron distribution was necessitated by the prohibi-
tive computing time required to solve Boltzmann’s equation
explicitly. By using a Maxwellian distribution, excitation
rates for levels with high excitation energies are likely to be
overestimated.?® In a copper—neon discharge having an aver-
age electron temperatures between 1 and 5 eV, this discrep-
ancy is small for the copper excitation rates. We have veri-
fied this by solving Boltzmann’s equation for the electron
distribution under typical conditions for our lasers. How-
ever, the use of a Maxwellian may overestimate the rates for
excitation of the neon levels. The fraction of discharge ener-
gy that is deposited in the neon excited states and neon ion is
sufficiently small that even if overestimated, has a relatively
small influence on the laser kinetics.

The equation used to solve for the electron temperature
is
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where all of the variables are radially dependent. In Eq. (2),
n, is the electron density, r a rate constant, v,, the electron
momentum-transfer collision frequency, E the longitudinal
electric field, 7, the gas temperature, € energy lost or gained
by electrons, m the electron mass, and M, the mass of a
heavy particle (copper or neon). During the discharge pulse
the first three terms are dominant. The remaining terms
dominate during the afterglow. The first term of Eq. (2)is for
energy gained from the longitudinal electric field, the second
term is for energy loss €, as a result of the jth inelastic colli-
sion with species i, and the third term is the analogous in-
crease in energy due to superelastic collisions. The fourth
and fifth terms in Eq. (2) account for the energy gained as a
result of Penning ionizations and energy exchange with gas
atoms and ions due to elastic collisions. The sixth term of Eq.
(2) is for the change in electron temperature as a result of
convection. The last term in Eq. (2} is the change in electron
temperature resulting from conduction. Electron transport
in the radial direction is assumed to be limited by ambipolar
diffusion, so the convective velocity u is given by
u=u,E, —D,Vn,/n,, (3)
where i, is the electron mobility, E, the radial electric field,
and D, the electron diffusion coefficient. The radial ambipo-
lar electric field is*'

—D,Vn, + 3 Dn;
E, = d . (4)

Moo + Ypiny
In Eq. (4) the sums are over the ionic species.

Late in the afterglow, the last term of Eq. (2), the con-
ductive heat flux, is most influential in determining the radi-
al profile of the electron temperature over the cross section
of the discharge. This results from the high electron density
(> 10"3/cm®) and consequently large thermal conductivity®'
that decouples the electron gas from explicit dependence on
the local gas temperature. That is, perturbations in the local
electron temperature by collisions with the gas atoms are
quickly distributed throughout the electron gas. The end re-
sult is that the electron temperature is fairly uniform across
the diameter of the discharge tube beginning tens of microse-
conds after the discharge pulse and continuing during the
remainder of the afterglow.

At the surface of the dielectric discharge tube, a plasma
sheath forms. Since the plasma potential of the afterglow is
very likely to be positive, electrons will be excluded from a
region a few Debye lengths thick adjacent to the wall. Be-
cause the electron thermal conductivity is proportional to
the electron density, this region would act as a layer of insu-
lation with respect to conductive heat transfer to the wall by
electrons. As a result of this argument, we have chosen the
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boundary condition at the wall such that there is negligible
electronic conductive heat transfer across it.
The governing equation for the electron density is

ac;lze =2 rin.N = Y Ninlr, + 1.1,

+ Z NN, —V-un,). (5)

In Eq. (5) the terms are for ionization of species / with rate r,
radiative recombination with ion / with rate r,, collisional
radiative recombination with ion i/ with rate r,,,, Penning
ionization of species i with rate r,, and convective transport
of electrons with velocity «. Extending the plasma-sheath
argument, we choose the boundary condition tobe n, = O at
the wall. In Eq. (5) the first term dominates during the dis-
charge pulse and the remaining terms dominate during the
afterglow.

B. Particle density and gas temperature equations

The local density of excited species is determined pri-
marily by the local electron—atom collision rates. This is be-
cause diffusion is very slow at these relatively high pressure
discharges, e.g., the diffusion loss rate for neutral species is
about 50/s, so during one discharge cycle (200 s at kHz) the
loss of excited-state atoms by diffusion accounts for less than
1% of the total change in density. The time rate of change in
density of neutral species / is given by

AN, ) . i j
— = DN, = rIN e+ 3 AN N, = 5 NN
7 Gk Jik

N dp 6)
P dt’

In Eq. (6) ¥ is the rate for electron-impact excitation
between species j and /. The analogous rate for excitation
between species j and / by collision with heavy body k is ri.
The diffusion constant for species N, is D; and the neutral
species convective velocity u,. The last term accounts for
changes in density due to relaxation of the radially averaged
gas pressure to the reservoir value exterior to the heated re-
gion. Under the conditions of constant number density the
convective velocity is given by

4+ V-D,VN, — V-{uyN,)

N, aT, 1 (R
L A,
Z (i) T T, ot A Jo
aT,
XZ N, TL 8tg 2mrdr, (7)

g
where the integral in Eq. (7) ensures that the number of parti-
cles is conserved.

The gas {neon and copper vapor) temperature, which
controls most of the macroscopic behavior of large-diameter
copper lasers, is an important parameter in our laser-dis-
charge model. However, the detailed kinetic influences of
the gas temperature are numerous and complicated. The
expression we use to describe the time rate of change in the
gas temperature is given by
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5(3 ) 3, om,
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In Eq. (8), E, is the local longitudinal electric field, J the
local current density, M; the mass species j, v/ the collision
frequency of electrons with species j, and 4, the tempera-
ture-dependent gas thermal conductivity. The first term JE
is the Joule heating of the gas due to current flow through it.
The local gas heating due to this term can vary greatly across
the diameter of the discharge, depending on the energy-de-
position profile, i.e., the local longitudinal electric field. The
second term of the rhs of Eq. (8) is a heating term due to
collisions with electrons during the afterglow. The analo-
gous term in Eq. (2) cools the electrons. In this manner dur-
ing the afterglow the gas temperature couples to the electron
temperature and consequently to the deexcitation rates of
neutral species. As will be discussed, this is the mechanism
by which the gas temperature plays a critical role in deter-
mining the population density of the copper metastable low-
er laser levels just prior to the discharge pulse. The third
term in Eq. (8) is for conduction to the discharge walls. Cou-
pled with the heating terms, this conduction term requires
that the gas at the center of the discharge be hotter than that
at the walls. (We assume the gas temperature is equal to the
wall temperature at the wall.) Since conduction is the only
heat-loss process for the gas, varying laser diameter and
power loading can have large effects on the average gas tem-
perature and radial temperature profiles.

IHl. DISCUSSION OF THE MODEL RESULTS AND
COMPARISON WITH EXPERIMENT

In this section, code predictions are compared with data
from 6 to 8-cm-diam CVLs to demonstrate typical kinetic
behavior and to verify the accuracy of the code on several
different laser diameters. The data are obtained from two
sources: time-resolved copper excited-state population den-
sities for 8-cm-diam CVLs?*** obtained with hook spectros-
copy,**?* and output power parameterization for 6-, 7-, and
8-cm-diam CVLs, which has been gathered over the past
several years in our laboratory.”® The hook spectroscopy
data have a systematic uncertainty of + 20% resulting from
uncertainties in the length of the heated region (which is less
than the electrode separation) and the oscillator strengths of
the transitions. In addition, there is a + 5% random error
resulting from timing jitter in the probe laser and the finite
resolution available with the data-reduction technique. Due
to uncertainties in the cross sections and rate constants used
in the model, the computed results have a systematic uncer-
tainty of about + 20%. The experimental data, as well as
the model predictions, will be discussed for lasers operating
at 5 kHz. This value was chosen since average laser power
under our operating conditions is maximum in the 4-6-kHz
range.

A. Axial behavior

We begin by examining the laser along its central axis
(r=0). There are two time domains that interest us in the
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FIG. 4. (a) Calculated electric field and electron temperature, 8-cm laser,
r = 0; (b) calculated green laser level populations; (c) hook diagnostic mea-
surement of green laser level populations.

detailed kinetics of the copper laser: the discharge pump
pulse, which lasts for approximately 500 ns and the after-
glow, which lasts for the next 200 us. Plotted in Fig. 4 are
code predictions for various kinetic parameters during the
pump pulse of the CVL. In Fig. 4(a) the longitudinal electric
field and the resultant electron temperature are plotted as a
function of time. Approximately 150 ns after switch closure
(t = 0) the electric field in the plasma reaches a maximum
value of 30 V/cm and the electron temperature is calculated
to be about 4.5 eV. As the electric field diminishes, the elec-
tron temperature decays quickly. In Fig. 4(b) the predicted
laser level populations for the two transitions involved in the
green light output are plotted. Notice the metastable *D;,
level is populated from the previous discharge pulse to a
value of =~ 3X10'? cm~>. When the discharge pulse starts,
the electron temperature increases and the 2D, level in-
creases in density to the high 10" cm™>. The upper laser
level population 2P;, increases simultaneously with the rise
in the D5, population. Notice that the density of atoms in
the 2P,,, state does not exceed the density of atoms in the
2D;,, state. The inversion is partial, a result of the favorable
difference in statistical weights of the two levels. Shortly
after the electric field has decreased to near zero, the 2P,
level decays due to radiation and electron impact deexcita-
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tion. The Dy, metastable level slowly peaks due to contin-
ued electron impact excitation from the ground state.

Plotted in Fig. 4(c) are the hook diagnostic measure-
ments for the D;,, and the 2P, , states. The direct popula-
tion measurements are in good agreement with the code pre-
dictions. The measured prepulse density is ~4 X 10'? cm—?
and peaks to within 30% of the same level as predicted by the
code. The copper levels involved with the yellow laser transi-
tion show behavior similar to the green transition, with the
exception that the yellow metastable population has a lower
value at the beginning of the discharge pulse. This is a result
of its higher excitation energy and therefore lower thermal
equilibrium density.

The afterglow time regime is also important for the
CVL because it sets the initial conditions of the discharge for
the next pumping pulse. Displayed in Fig. 5(a) and 5(b) are
code predictions for the *D;,, density and the electron tem-
perature during this period. Note that the *Dy,, density as-
ymptotically relaxes to its equilibrium value during the
afterglow. This value of about 3—4 X 10'* cm ™ results from
the detailed balance between the electron temperature, the
copper ground state and its metastable level. As seen in Fig.
5(b) the electron temperature decays to the gas temperature.
It is important to understand that the average gas tempera-
ture is the lower limit to which the electron temperature can
decay.
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FIG. 5. (a) CuRAD prediction of metastable density in the afterglow; (b)
electron temperature decay in afterglow; (c) electron density in afterglow.
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As we see in Fig. 5(c) the predicted electron density
during the afterglow does not vary by more than a factor of 2
or 3. This is a consequence of two effects: first, the loss of
electrons by ambipolar diffusion is extremely slow due to the
large discharge tube diameter and relatively high pressure of
the neon buffer gas; second, since the electron temperature
remains greater than 0.3 eV until the very end of the after-
glow period, the recombination rate remains small. (Recall
that collision radiative recombination is proportional to
Te‘ 4.5.)

Data have been gathered in our laboratory over the last
few years on 6-, 7-, and 8-cm-diam CVLs. Nominal operat-
ing characteristics for these lasers, as well as code predic-
tions for laser output power and laser pulse length, are listed
in Table I. Typically the distance between electrodes is 120—
150 cm while the heated region is about 30 cm shorter. The
operating temperature (=~ 1450 °C) yields a copper partial
pressure of about 0.15 Torr in a neon buffer-gas pressure of
25-30 Torr. As indicated in Table I, we have found that as
the laser is scaled to larger diameters, the optimum charging
voltage increases while the input discharge power density
decreases. This issue will be addressed in detail in Sec. IV.
The agreement between the experiment and code predictions
for laser output power and laser pulse length is quite good,
being within 10%-15% in all cases, and gives us confidence
in using the model to predict laser characteristics for devices
greater than 8 cm diameter.

B. Gas temperature effects

The above discussion points out the influence of gas
temperature on electron temperature in the afterglow, em-
phasizing the strong coupling between afterglow electron
temperature and laser inversion density during the succeed-
ing laser pulses. Gas-temperature effects such as this in
small-diameter and transverse CVLs have been discussed in
the literature.?”?® These effects, however, become more im-
portant in large-diameter lasers and therefore warrant
further discussion. In this section we digress to describe the
nature of gas heating in high repetition-rate CVLs and its
influence in large-diameter lasers.

TABLE I. Nominal operating parameters for 6-8-cm large-bore CVLs.

6(cm) 7(cm) 8(cm)

Electrode spacing (cm) 122 122 152
Active length (cm) 90 90 122
Operating temperature (°C) 1500 1450 1450
Neon pressure (Torr) 32 25 25
Copper partial pressure (Torr) 03 0.15 0.15
Nominal repetition rate (kHz) 5.0 5.0 5.0
Charge voltage (kV) 14 16.3 18.5
Storage capacitance (nF) 13 12 10.5
Input power density (W/cm?) 1.85 1.57 1.18
Peak discharge current (A) 1300 1600 2100
Average total power (W) 60 80 100

Code prediction 66 88 115
Light-pulse length (ns) 62 70 85

Code prediction 57 62 75
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During a single pulse of the CVL, approximately 0.1-1
J of energy is deposited in the gas. The corresponding single-
pulse increase in gas temperature, however, is not large for
typical CVLs. It can be estimated from the specific heat of
the buffer gas ¢,

AT = 49 , 9)
PCp

where p is the molar density. The incremental increase in gas
temperature is 4 7°and 4 Q is the energy input per pulse. For
an 8-cm laser operating at 30 Torr neon and 1.2 J/pulse into
the discharge, the temperature rise is 47 = 150 °C, which is
small compared to the average gas temperature of several
thousand degrees. This single-pulse temperature rise does
not significantly influence the kinetics of the laser. Note that
the low partial pressure of copper (0.1 Torr) means that it
contributes little to the heat capacity.

With our 8-cm CVL operating at typically 5 kHz, near-
ly 6 kW of average power are deposited in the gas. The domi-
nant heat-loss mechanism is conduction to the walls, while
heat deposition is a volume effect. Since the single-pulse tem-
perature increase in the gas is small compared to the average
increase, the radial gas profile relaxes to nearly a steady-state
value. (Appendix B outlines a simple model for estimating
these profiles and the average gas temperature.) Incorporat-
ing the full radial and temporal equation Eq. (8) CuRAD
calculates the axial gas temperature of the 8-cm laser to be
4200 K, decreasing in a parabolic-like manner to 1600 K at
the wall. The electron density in the late afterglow for this
laser is in the low 10" cm ™ region. Consequently, the elec-
tron thermal conductivity is high enough to maintain an al-
most flat radial electron-temperature profile having a tem-
perature determined by the average gas temperature. The
electron temperature and average gas temperature is dis-
played in Fig. 5(c).

There are two macroscopic manifestations of gas-heat-
ing effects. The first issue is observed by parameterizing dis-
charge power in a single laser. For a laser of a given diameter
and constant wall temperature, as the input power to the
laser is increased, laser output power increases until an opti-
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v 30 |- \\ 1
1 |
5 \
£ 7
8 20}~ —
g / Calculation
-
8w S -
/
0 L | L I . | 1 i i
0 2 4 6 8 10

Input power (kW)

FIG. 6. Laser power (experiment and computed) from a 6-cm oscillator asa
function of input power keeping the tube temperature constant. The satura-
tion of laser power is due to an increasingly large fraction of copper atoms in
the 2D level at the beginning of the discharge pulse.
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mum power loading is exceeded, after which laser output
power begins to fall. The increase in laser power that results
from the increased pump rate is offset by an increase in gas
temperature and a subsequent increase in the residual, or
interpulse, metastable density. In Fig. 6 we see both experi-
mental data and results calculated with CuRAD, confirm-
ing this effect for a 6-cm-diam laser. To obtain these experi-
mental data at constant wall temperature, the input power
was rapidly varied relative to the thermal time constant of
the wall but slowly relative to the thermal time constant of
the gas. The good agreement of the code confirms that the
saturation in laser power is due to a higher prepulse density
of copper atoms in the D level caused by heating of the neon
gas.

As one scales to larger laser diameters gas heating ef-
fects are manifested by a decrease in optimum power loading
as the diameter increases. Table I shows this effect for 6-, 7-,
and 8-cm CVLs. For larger-diameter lasers, the more pron-
ounced gas heating at the center of the discharge results in
smaller optimum power loading. Calculations have been
made for optimum power loading with respect to output
power as a function of radius and will be discussed in Sec. V.

C. Radial behavior

As we move away from the axis of the laser and examine
its behavior closer to the walls, we find that as indicated
previously the radial dependence of the energy deposition
becomes important. Large-bore high-repetition-rate CVL
discharges are unusual in that electron densities in excess of
10'3 em 2 exist under steady-state conditions [see Fig. 5(c]].
As a consequence of the conductivity (~1.5042 ~'cm ™ ') of
these discharges, the skin depth associated with the penetra-
tion of the applied electric field can be nearly equal to the
diameter of the discharge tube. The penetration of the elec-
tric field into the plasma results in a radially dependent time-
varying excitation of the gas, which becomes more pron-
ounced as the CVL diameter is increased. As we will show,
this effect smooths the radial energy deposition profile,
thereby allowing large discharge diameters to be thermally
stable.

The reader is referred to Appendix A for a derivation of
the skin-depth parameter § for the penetration of the applied
electric field into the plasma. The depth is found to be about
3 em for our conditions, with a characteristic penetration
time of 7=~2.7 R ? ns, where R (cm)} is the radius of the dis-
charge. For discharges less than a few centimeters (6> R ),
the longitudinal electric field as a function of radius is nearly
uniform. For discharge radii greater than a few centimeters
(6 < R), the longitudinal electric field becomes a function of
radius.

The computed longitudinal electric field as a function
of time and radius for 6- and 12-cm-diam discharge tubes is
shown in Fig. 7. Recalling the skin depth is about 3 cm, one
sees that the electric field is nearly uniform in the 6-cm case,
while there is a delay of almost 75 ns for the electric field to
penetrate to the axis of the 12-cm tube. Since the electron
temperature is proportional to E /N and the steady-state gas
density decreases towards the center of the tube, the electron
temperature has complicated dependence on time and radi-
us. This is shown in Fig. 8 for the same conditions as the
electric field plots. In the 6-cm example, the electron tem-
perature increases first at the walls and later at the center of
the tube, but with a time delay of only 15 ns. In the 12-cm
example, the electric field gradient is more pronounced re-
sulting in excitation rates that differ significantly across the
tube at a given time.

The gas Joule heating rate, P = JE = oE?, is linked to
the electric field. Consequently, the radial penetration of the
electric field also affects the energy deposition in large diam-
eter lasers. As shown in Fig. 7, the electric fields tend to peak
near the wall. This increases the relative amount of energy
deposited in the gas near the walls as the discharge diameter
increases. As a result, the relatively cool dense gas near the
walls receives the most energy deposition. This tends to
smooth out the per atom excitation of the gas, providing a
mechanism to stabilize the discharge. Asillustrated in Fig. 9,
taking skin effects into account, as the diameter of the dis-
charge tube increases, energy deposition changes from being
peaked at the center of the discharge to being nearly uni-
form, thereby providing a thermally stable discharge. With-
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FIG. 7. Computed electric field as a func-
tion of radius and time during the dis-
charge pulse for discharge tubes of diame-
ter {a) 6 cm and (b) 12 cm. The electric field
is relatively uniform as a function of radius
in the smaller tube but has significant gra-
dients due to skin-depth effects in the larg-
er tube. The time =0 was arbitrarily
chosen as the time at which the electric
field first appears across the tube.
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Electron temperature {eV)
Electron temperature (eV)

{b)

FIG. 8. Computed electron temperature
as a function of radius and time for the
conditions of Fig. 7 in discharge tubes of
diameter (a) 6 cm and (b) 12 cm. Note the
severe radial gradients in temperature in
the 12-cm case.
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out skin effects, the low-density core of the discharge would
receive aggressive pumping by the electric field (coupled
through the electrons) and quickly overheat, driving the den-
sity down even more. This would lead to the familiar thermal
instability seen in constricted discharges. Inspection of Fig.
9(b) illustrates this effect by comparing the case of a large-
diameter laser with skin effects accurately accounted for and
the case where we have deliberately forced the longitudinal
electric field to have no radial dependence.
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FIG. 9. (a) Radial energy deposition in 6-12-cm-diam CVLs; (b) energy de-
position in a 10-cm CVL with and without skin effects (electric field is uni-

form with respect to radius). Skin-depth effects help maintain uniform de-
position.
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A second consequence of the electric field having to
diffuse into the interior of the discharge tube is that excited
states of copper and neon are sequentially populated, start-
ing first at the edge of the discharge tube and moving into the
center of the tube. Figure 10 presents experimental measure-
ments for the density of the ?P, ,, upper laser level as a func-
tion of time and radius. The densities were measured using
the hook method in a discharge tube 8 cm in diameter. There
is a 50-ns delay in the initial excitation of the upper laser level
between the wall and the axis. The density at the edge of the
tube peaks earlier and falls faster than the center of the tube.
Computed results for similar conditions are shown in Fig.
11. The agreement with respect to timing is very good. A
delay of 50 ns for the initial excitation is indicated while the
peak values have a smaller relative delay. Threshold for laser
oscillation occurs at a density that is approximately 30%-
50% of the peak value.

2P/, density (102 /cm3)

Time (ns)

FIG. 10. Hook method spectroscopy density measurements of the 2P, ,,
(5782 A) upper laser level as a function of time during the discharge pulse at
three radial positions in an 8-cm-diam discharge tube. The delay in excita-
tion between the edge and center of the tube is about 50 ns.
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FIG. 11. Computed densities of the ?P,,, (5782 A) upper laser level, for
conditions similar to those of Fig. 10.

The sequential excitation of the laser levels as a function
of radius has two important effects on the laser pulse. First,
laser threshold is sequentially achieved as a function of radi-
us (assuming a resonator consisting of two flat mirrors). This
effect results in the laser pulse initially being annular and
changing to a nonannular spot when the inner portion of the
tube is excited. Computed laser spot profiles as a function of
time in a 12-cm CVL showing this behavior are plotted in
Fig. 12.

Experimental and computed results for the time at
which the laser pulse turns on as a function of radius in an 8-
cm laser are shown in Fig. 13. The excellent agreement con-
firms that the skin-depth effect accounts for the observed
time delays. Note that the time delay for threshold at the
center of the tube with respect to a region near the wall is not
the same as the time delay required to obtain equal upper-
state densities (see Figs. 10 and 11). This is due to the differ-
ence in the density of the copper ground and metastable lev-
els and hence the pumping requirements to reach threshold
at different radii. For otherwise constant conditions, the ab-
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FIG. 12. Laser intensity computed as a function of radius for various times
after switch closure in a 12-cm laser where discharge energy has been opti-
mized. Note the radial collapse (in time) of the laser pulse from an annulus to
an axial spot.
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FIG. 13. Experimental measurements and computed values for the time at
which the laser pulse turns on as a function of radius in an 8-cm-diam CVL.
Also shown are computed results under conditions optimized with respect
to input power (power loading about 60% of the experimental conditions).

solute density of atoms in the upper level required to reach
threshold will be smaller at the center of the tube than the
wall, thereby reducing the relative delay. Note also that the
differential time delay (change in delay with respect to radi-
us) is smaller near the walls than at the center of the tube.
This is a result of the conductivity being lower near the wall,
which increases the local diffusion constant for the electric
field, thereby decreasing the time required by the local elec-
tric field to penetrate into the plasma.

The second important effect is that the total laser pulse
length (integrated over the diameter of the tube) increases as
the diameter of the discharge tube increases. This is a result
of the sequential excitation of the medium as discussed

120 1 T
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FIG. 14. Experimental and computed values for the total length of the laser
pulse as a function of the discharge-tube diameter. Most of the elongation in
time of the laser pulse is due to skin-depth effects.
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above. In effect, the spatially integrated laser pulse consists
of a stack of individual laser pulses coming from annuli with
different radii, each delayed by an increment of time. The
result is a longer total laser pulse approximately equal to the
inversion time plus the penetration time. Computed and ex-
perimental results for the total length of the laser pulse as a
function of the diameter of the discharge tube are shown in
Fig. 14. The agreement is good although the experimental
results indicate a somewhat more pronounced effect.

There are two design tradeoffs that will reduce the time
delay in excitation from wall to axis. Both involve decreasing
the conductivity of the plasma without adversely affecting
laser output power. First, by decreasing the average power
loading of the laser, the electron density will decrease while
the on-axis gas density increases. The resulting decrease in
average conductivity can reduce the edge-to-center delay of
the laser pulse by as much as 15 ns in an 8-cm laser (see Fig.
13). The decrease in gas heating obtained by decreasing the
average power loading has other advantages such as in-
creased electrical efficiency, which will be discussed below.

Secondly, one can also decrease the electron density by
dropping the repetition rate and compensating the average
power by increasing the discharge pulse energy. The domi-
nant electron-loss mechanism is three-body recombination,
which has a rate proportional to T',”** (electron tempera-
ture). One can take advantage of this highly nonlinear pro-
cess by extending the afterglow period (lower repetition
rate), giving the electron temperature a chance to decay fully
to the gas temperature. This increases both the recombina-
tion rate and the time that the electrons have to recombine,
yielding lower electron density and smaller light time delays.

IV. SCALING TO LARGER DIAMETERS

In Sec. II1 we made detailed comparisons between the
model and laser operating parameters for devices up to 8-cm
diameter. Here, we extend our range of modeling to 12-cm-
diam devices and examine their optimization and predicted
performance. Calculations with CuRAD on large diameter
lasers indicate that laser power can usually be optimized by
operating at high charging voltage rather than at high circuit
capacitance (see Fig. 15). Since at a given radius the electron
temperature must be elevated above a critical value to reach
laser threshold, there is a critical electric field that must dif-
fuse into the interior of the tube to reach threshold. As the
diameter increases, the applied field (charging voltage) must
increase in order for this critical field to be seen on the axis.
This consideration leads to increased voltage and smaller
storage capacitance to keep the specific energy loading con-
stant as the diameter increases.

The radial gas-temperature profile is a function of the
input power density. Clearly, there is an optimum input
power density above which thermal effects decrease laser
power and below which the laser levels are not sufficiently
excited. Due to the increase of thermal effects as the dis-
charge-tube radius increases, the optimum input power den-
sity decreases. In the limit of small tubes (d<4 cm), thermal
effects are small since the center of the tube is in good ther-
mal communication with the walls. Maximum laser power is
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FIG. 15. Computed laser power as a function of discharge-tube diameter
where the discharge power per unit volume is constant. The two cases are
for increased voltage with increasing diameter (solid line) and increased
storage capacitance (dashed line).

obtained in small diameters by pumping as much discharge
power into the tube as possible, providing the tube tempera-
ture can be specified. The thermal design of the small-bore
self-heated CVL need not be efficient.

For large-diameter lasers we try to make the laser high-
ly thermally efficient. This permits the laser to be run at the
correct copper density and the optimum power loading.
Computed optimum discharge power as a function of diame-
ter is displayed in Fig. 16. The trend towards lower optimum
input power as the diameter of the discharge tube increases is
clearly shown. A 12-cm laser optimizes at 1/3 the power

Z.O—I%N T T

Present devices

1.6 — —

Calculated
optimum

Input discharge power (W/em3)
-
o
T
|
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FIG. 16. Discharge power per unit volume optimized with respect to laser
power computed as a function of discharge-tube diameter. The actual pow-
er deposited in the gas is about two thirds of these values. Also shown is the
discharge power per unit volume that is used in present experimental de-
vices.
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FIG. 17. Computed laser power (oscillator) as a function of discharge-tube
diameter. The solid line is for constant discharge power per unit volume (1.5
W/cm?). The dashed line is laser power optimized with respect to discharge
power per unit volume, illustrating the severity of gas-heating effects in the
larger lasers. The typical range of output power in present devices is also
shown.

density as a 6-cm-diam CVL. Excitation of the large-bore
lasers with the optimum input power results in improved
average power output and higher efficiency (see Fig. 17). The
computed results shown in Fig. 17 are based on 5-kHz repe-
tition rate and increased laser voltage with increased diame-
ter. Two curves are shown: the higher (dashed line) laser
output is a result of optimized power loading, while the low-
er curve (solid line) is for constant input power density (1.5
W/cm?). (Also shown is the experimental range of data for
present 6-, 7-, and 8-cm lasers.) Our code predicts 180 W of
output power for a 10-cm-diam CVL and 210 W from a 12-
cm device when thermally optimized. Efficiencies are from
1.5% to 2.0%. These performance predictions maintain vo-
lumetric scaling of the CVL to 12 cm diameter, a factor of 2
in output over present 8-cm lasers.

Our calculations indicate another benefit to optimized
power loading besides the 10%-20% increased output pow-
er. The time delay in the light pulse between the outside
diameter and the axis is reduced when power loading is opti-
mal. For a 12-cm CVL, light delay time is approximately 80
ns for the 1.5-W/cm? case. Decreasing the power loading in
this laser to 0.6 W/cm? decreases the delay time to approxi-
mately 40 ns. (The kinetic origin of this change is discussed in
Sec. II1.) Figure 12 displays the computed intensity of the
510.6-nm transition as a function of radius and time after
switch closure for the 12-cm laser at 0.6 W/cm?®, This behav-
ior is similar to that of our present 8-cm laser in both shape
and time dependence.

V. SUMMARY AND CONCLUSIONS

We have developed a comprehensive laser kinetics code
that models both spatially and temporally the kinetics of
large-bore CVLs. It includes a circuit model, discharge kine-
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tic equations, and specific models for gas-heating and plas-
ma skin effects. We can predict laser-output characteristics
of both the yellow and green transitions along with detailed
kinetic parameters, including population densities during
both the pump pulse and the afterglow of the laser. Predic-
tions of output power for 6-, 7-, and 8-cm devices operating
at 5 kHz have shown good agreement with those measured in
the laboratory. Both average output power and light pulse
length are within 20% with measurements for typical oper-
ating regimes. Our confidence in the code CuRAD is par-
ticularly high due to the good agreement shown between the
hook measurements of copper population densities and the
predictions of CuRAD.

The results presented here make it clear that diameter
scaling of CVLs can be implemented to provide large single
aperture output powers. We believe that we now understand
how to achieve the optimal balance between radially depen-
dent energy deposition and radially dependent gas-heating
effects. The hook spectroscopy results confirm the radial ex-
citation of the laser transitions and indicate edge to center
time delays that are very close to those predicted by
CuRAD.

We have found by changing the operating parameters
of the laser we can increase or decrease the time delay for the
lasing by factors of 2 or 3 in 8-cm-diam lasers. Skin effects
are not likely to be seen in smaller CVLs since the penetra-
tion time varies as R 2. However, the penetration time is like-
ly to go up for larger high repetition-rate lasers.

Gas-heating effects are found to be important in large-
diameter lasers. It is found that the neon temperature on the
axis in an 8-cm device is likely to be high as 4500 K and is a
cause for the saturation of output power with input power at
about the 1.4-W/cm’ input level. Further increases in input
power degrade the efficiency of this laser from its nominal
0.95% value. Scaling lasers to sizes larger than 8 cm is found
to require a lower average power loading to somewhat
smaller than 1 W/cm?.

We have used CuRAD to parameterize the output of
lasers with 10 and 12 cm diameters and lengths similar to
those we now operate. In doing so we found some interesting
operating regimes. We found that by dropping the average
power loading, increasing the voltage instead of capacitance
to increase average power, and running at slightly lower re-
petition rates, average outputs on the order of 200 W are
feasible in 12-cm-diam CVLs.
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APPENDIX A: ELECTRIC FIELD PENETRATIONDUE TO
PLASMA SKIN EFFECT

Here, we estimate the skin depth and associated pene-
tration time of an electric field into a CVL type discharge.?
We begin with Maxwell’s equations:
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fo+—(2£=0, (A1)
at

— - Jd =
VxB = poJ + 1o > 6L . (A2)
By taking the curl of Eq. (A1) and substituting into Eq. (A2)
we obtain

™ 2 aJ 52
VIVE) = VE +po 5+ o5 6oF - (A3)

Assuming quasineutrality (V-E = 0) and dropping the dis-
placement current term [J /9t (€,E ) €J = oF ] resultsinadif-
fusion-like equation for the longitudinal electric field:
9
ot
A characteristic skin depth & for field penetration of an
oscillating electric field into a slab is found by assuming a
solution of the form

VE — g < (0E)=0. (A4)

E(x,t) = Epe %" . (A35)
Substituting into Eq. (A4) and solving for § yields
2 172
5= ( ) , (A6)
Opo

where w = 277f is the oscillation frequency of the electric
field and the conductivity is
e’n,

o= , (A7)
mevm

and v,, is the electron heavy-particle momentum-transfer
collision frequency. Just before the excitation pulse in a high-
repetition rate 8-cm-diam CVL, n, ~2< 10"* cm —>. Conse-
quently, 0~1.52 ~' cm™'. The excitation pulse of the CVL
has the characteristic frequency of f~2.5x 10° Hz (200 ns
half-sinusoid). These values lead to a skin depth of 6 = 3 cm,
well within our range of interest. For discharges less than a
few centimeters in radius (6 > R ), the longitudinal electric
field as a function of radius is nearly uniform. For discharge
radii greater than a few centimeters (6 < R ), the longitudinal
electric field becomes a function of radius.

To obtain an estimate for the time required for the elec-
tric field to penetrate to the center of the cylindrical dis-
charge, we return to Eq. (A4) and make the assumption that
o is constant during the excitation pulse (accurate within a
factor of 2). This results in a diffusion equation for E:

pvE-S%p_o, (A8)
ot

where the diffusion coefficient is D = 1/u40. Solving Eq.
(A8) for cylindrical geometry and radially inward diffu-
sion,*® the characteristic time for the axial electric field to
reach 1/e of the applied boundary value is found to be

2
720._15_15_ =0.15R %40 . (A9)

Using the quantities discussed above, the time constant for
electric-field penetration for an 8-cm CVL is 7 = 43 ns. Be-
cause of the R 2 dependence of 7, we expect skin-depth effects
to become important as the diameter of the laser increases.
In CuRAD, skin-depth effects are calculated directly from
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FIG. 18. Gas temperature (neon) as a function of normalized radius (/R )
for various discharge tube radii (R ) as calculated with Eq. (B2). The input
power deposited per unit volume is constant at 1| W/cm® and the wall tem-
perature is 1475 °C.

Eq. (A4), using a temporally and radially dependent conduc-
tivity.

APPENDIX B: SIMPLE MODEL FOR GAS HEATING

The expected average temperature and profile of the gas
can be calculated with certain simplifying assumptions: (1)
the average power input is considered uniform in the dis-
charge tube—no radial or longitudinal variations in power
density are considered; (2) the wall temperature is assumed
to be constant.

The steady-state heat conduction equation has the form

VAVT, = — P, (B1)
which has the solution

P(m + 1)(R2_r2) 1/(m+1)'
44,

In Egs. (B1) and (B2), P is the discharge power deposited in
the gas per unit volume, 7, the wall temperature, R the
radius of the discharge tube, and the thermal conductivity is
A =A4,T7. For neon, m~0.5 and A,=2.5%x10"°> W/
cm OKS/ 2‘

For the average power deposited in the gas for our con-
ditions, the temperature can be several thousand degrees.
Figure 18 shows the radial temperature profiles for general
laser radii as calculated from Eq. (B2) for a constant 1.0 W/
cm’ of power deposited and neon buffer gas (typical large-
bore laser pump conditions). Notice that the center gas tem-
perature for an 8-cm-diam CVL rises to approximately 4300
K. The average gas temperature is found by averaging Eq.
(B2) over the radius of the discharge tube:

= 44,
Ty=——"—
P{im +2)R
where the temperature at 7 = 0 is T, and can be calculated
from Eq. (B2).

T =|T3" "+ (B2)

(T;"0+2~T$+2), (B3)
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