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Return Current in Large Aperture Electron-Beam
Excited KrF Lasers

MARK J. KUSHNER, SENIOR MEMBER, IEEE

Abstract—In electron-beam (e-beam) excited lasers, the charge in-
jected into the laser chamber must return to the grounded walls. The
electric potential generated by the injected charge drives the return
current to the walls, and results in joule heating of the plasma. In large
aperture inertial confinement fusion class é-beam excited lasers (ap-
erture size > 1 m) the spatial redistribution of power deposition caused
by the return currents is a nonneglible fraction of the total, particu-
larly near the foils where power deposition by the e-beam is low. In
these cases, the e-beam excited laser functionally operates as an e-beam
sustained discharge. In this paper, results from a model for an e-beam
excited KrF laser are presented, and the effects of return currents on
plasma parameters and laser performance are discussed. We find that
the joule heating caused by the return currents, expressed as a fraction
of total power deposition, increases with increasing 'halogen density,
increasing aperture size, increasing pressure, and decreasing power
deposition. The return current electric field causes a decrease in the
rate coefficients for dissociative recombination and attachment, and an
increase in the rate of multistep ionization. As a result the electron
density near the foil increases by >10’s %. The laser intensity in those
regions also increases. These effects are practically important in lasers
having apertures exceeding 1 m.

I. INTRODUCTION

E[I;‘ECTRON—beam (e-beam) excitation is a common
ethod of pumping large aperture gas lasers, and ex-
cimer lasers in particular [1]-[5]. In e-beam excited la-
sers, the charge deposited in the gas by the beam must
return to the walls of the chamber which serve as the elec-
trical ground [6]. To drive the return current 7, the in-
jected charge generates an electrical potential ¢,(7)
within the chamber. The return current electric field due
to this potential E,( 7) results in joule heating of the me-
dium J, - E,. Conceptually, the power deposited by this
joule heating comes from the potential energy gained by
the beam electrons which previously climbed the potential
hill represented by ¢,. The joule heating caused by the
return currents can therefore be thought of as a redistri-
bution of a portion of the kinetic energy carried by the
beam electrons into the chamber. By appropriate choices
of e-beam parameters, gas pressure, and geometry one can
capitalize on the return current heating to provide the pri-
mary pumping of the gas, as has been demonstrated by
Mangano et al. [6] for a KrF laser.
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The presence of E,, and its resulting joule heating, im-
pacts the operation of an e-beam excited laser in at least
two ways. First, the portion of power deposition redistri-
buted as joule heating by the return current may be a non-
neglible fraction of the total power deposited by the beam
electrons. The spatial profile of power deposition may
therefore be affected. The spatial distribution of processes
whose rates depend on power deposition, such as forma-
tion of the upper laser level in excimer systems, will also
therefore change. Second, even if joule heating by the re-
turn current is not significant, the electron energy distri-
bution (EED) of the low-temperature ‘‘bulk’’ electrons
may be altered by E,. This effect will alter electron impact
rate coefficients which have low threshold energies such
as dissociative attachment to, for example, F, in gas mix-
tures used for KrF lasers.

The magnitude of E, can be quickly estimated from [6]

., PL
Jb = 7 = en,pE, (1)
b

where j, is the current density of the electron beam, P(W-
cm™?) is the average power deposited by the beam, L is
the transverse dimension of the chamber, V, is the elec-
tron beam voltage, n, is the bulk electron density, and u,
is the bulk electron mobility. We have assumed that all
of the beam energy is deposited in the gas. Equation (1)
is simply an equality between the injected current density
and that driven by the return current field back to ground.
In attachment dominated plasmas, as used for KrF exci-
mer lasers having F, as the halogen donor, the bulk elec-
tron density can be estimated by

P
- W[FZ]ka (2)

where W is the ‘W value’’ value for ionization [7] by
beam electrons, and k, (cm3-s™!) is the electron impact
rate coefficient for attachment. Since u, = e/(m,v,),
where v, is the collision frequency for momentum trans-
fer and v,, = k, - N (k,, is the rate coefficient for mo-
mentum transfer), we have

- (205). (5) o

Vo

T

Here we have expressed the return current electric field as
E,-N, where N is the gas density, since this is the com-
mon scaling patameter for excitation rates in electric dis-
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charge excited plasmas [9]. In (3), k, and k,, may be func-
tions of E,~N and the gas mixture, while W is a function
only of gas mixture. The first grouping of terms are fun-
damental values of the gas mixture which cannot be ex-
ternally adjusted. The terms in the second group can be
selected by the operator. E,-N increases with increasing
fluorine density since the electron density scales as
1/[F,]. A lower electron density requires a larger electric
field to obtain a given current density and to convect a
given amount of charge out of the chamber. E,-N in-
creases with increasing chamber dimensions since for a
given P(W-cm™?) there is more charge to convect back
to the walls with increasing L. Finally, E,-N decreases
with increasing V,, (for constant power deposition) since
as V), increases a lower beam current is required to main-
tain a fixed value of P. As discussed below, the return
current electric field is most sensitive to the gas mixture
and size of the chamber.

Using values typical of e-beam excited KrF lasers, we
find that 0.1 Td < E,-N < 3 Td, where 1Td =1 - 107"
V-cm™2. In an e-beam excited plasma, as used for
a KrF laser, the electron temperature is 7, = 1.5 eV [8].
In a discharge using the same gas mixture, this tempera-
ture is obtained with an applied electric field of 3-6 Td.
Therefore one might expect that the return currents in an
e-beam excited laser are large enough to heat the bulk
electrons and therefore perturb the bulk electron energy
distribution. In this respect, large e-beam excited lasers
resemble e-beam sustained discharges. Observations of
“‘hot spots’’ on the foils of e-beam pumped lasers may be
the result of this discharge-like behavior [10]. The change
in the plasma potential caused by E, can be estimated by
integrating E, across L /2. Doing so, we find that in large
aperture lasers (L = 10’s cm) using multiatmosphere gas
mixtures, ¢ can approach 10’s of kV, a value that could
also perturb the trajectories and slowing down of beam
electrons.

In this paper, the effects of return currents on fusion
class e-beam excited KrF lasers (L = 1 m) are investi-
gated. This investigation is performed with the results
from a three-dimensional Monte Carlo simulation for
electron beam power deposition, a Boltzmann analysis for
the bulk electron energy distribution (EED), and a one-
dimensional plasma chemistry model for the KrF laser.
We will find that the effects of return currents on power
deposition and plasma kinetics are greatest near the walls
of the chamber. This results from the fact that power de-
position by the beam, and hence electron density, is usu-
ally low near the walls. The return current, though, must
be continuous so E, increases to maintain that continuity.
We also find that E, increases with increasing chamber
size, increasing halogen density, and decreasing power
deposition. The performance of the laser scales somewhat
linearly with the change in the profile of power deposi-
tion. Halogen burnup, however, is only weakly depen-
dent on E, because the rate constant for dissociative at-
tachment decreases while the density of bulk electrons
increases, effects which are self compensating. In Section
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II, we will briefly describe the model we used in this
study. The effects of return currents on the performance
of fusion class KrF lasers will be discussed in Section III.
Concluding remarks are in Section IV.

II. DESCRIPTION OF THE MODEL

In this section, the model will be briefly described. The
slowing down and deposition of power by the e beam were
calculated using a three-dimensional Monte Carlo simu-
lation (MCS). The MCS is essentially the same as de-
scribed in [8]. It differs in that we collect statistics on the
location of where the beam electrons finally stop. We de-
fine this location as the point where the beam electrons
fall below a specified energy and join the distribution of
bulk electrons. This energy was chosen as 100 eV. Below
this energy, the mean free path for further energy loss is
sufficiently small so that for all practical purposes the
beam electron does not move any further. The rate of and
location where the beam electrons stop yield the local rate
of charge generation, p( 7) coulombs/(cm*—s). Results
from the MCS additionally provide W values for excita-
tion and ionization (energy/event), and the power, P(7)
[W-cm ™3], deposited by beam electrons for use in the
plasma chemistry model.

The influx of beam and secondary electrons, ® (¢) [cm®-
s-eV ]!, to the bulk electron distribution is also obtained
from the MCS. @ (¢) is then used as input to a solution
of Boltzmann’s equation for the electron energy distribu-
tion f (e). We parameterized the calculation and obtained
electron impact rate coefficients as a function of E~N, gas
mixture, fractional excitation, and fractional ionization.
The rate coeflicients were placed into a lookup table for
use in the plasma chemistry model. The method of solu-
tion of Boltzmann’s equation is also described in [8] and
is essentially the same as used by Bretagne, er al. [11].
The cross sections used for this purpose are also listed in
[8].

The electron impact rate coefficients and p were then
used as input to a one-dimensional electron kinetics and
plasma chemistry model for an e-beam excited KrF laser.
This model is essentially the same as that described in
[12] for an electron-beam sustained discharge excited KrF
laser. The model contains a full accounting of the perti-
nent electron impact, ion molecule, excitation transfer,
and photo-physics reactions occurring in KrF lasers. The
model used here differs from that in [12] in that the elec-
tric potential in the plasma is obtained from solution of

V- o(7)Ve,(¥) = p(F) (4)
where ¢ is the plasma conductivity. Equation (4) was
solved by the method of successive over relaxation [13]
subject to the boundary condition that ¢, = 0 at the
grounded chamber walls and d¢,/dx = O at the center of
a symmetrically-pumped plasma. E, is obtained by differ-
entiating ¢,. Electron impact rate coefficients were ob-
tained by consulting the lookup table previously con-
structed by supplying the instantaneous mole fractions of
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the gas species and electrons, and the local value of E,.
Once obtaining ¢,, we can use it as input to the MCS to
evaluate the change in beam, power and charge deposition
resulting from the return current potential.

III. THE EFrFecT OF RETURN CURRENTS ON LARGE
E-BEaM ExcITED KrF LASERs

Our interest in the present paper centers on the effect of
return currents on large -aperture electron-beam excited
KrF lasers, as being developed for inertial confinement
fusion, and conceptual designs for larger systems [1], [3],
[14]. A model system is the AURORA laser facility at
Los Alamos National Laboratory, described in detail in
[1]. The AURORA system consists of a chain of laser
amplifiers including a front end oscillator, a small aper-
ture module (SAM) (10 X 12 X 100 cm), a power am-
plifier (PA) (20 X 20 X 300 cm), an intermediate am-
plifier (IA) (40 X 40 X 300 cm) and a large aperture
module (LAM) (100 X 100 X 200 cm). The SAM, PA,
and IA are pumped from one side of the chamber. The
LAM is symmetrically pumped from both sides. The
LAM has delivered in excess of 10 kJ configured as an
unstable resonator. Its specifications form the basis of our
reference device for this study.

A. Double-Sided Pumping

In this section, we will discuss the effects of return cur-
rents in large aperture e-beam excited KrF lasers which
are symmetrically pumped from both sides of the cham-
ber. Single-sided pumping will be discussed in the follow-
ing subsection. E-beam power deposition and the depo-
sition of charge as a function of position is shown in Fig.
1 for the LAM using single-sided and double-sided pump-
ing (the usual configuration). The e-beam voltage is 650
keV, gas pressure is 1350 torr and the gas mixture is Ar-
Kr-F, = 0.94-0.05-0.005. Although the LAM is usually
operated at lower pressures (=700 torr) there is only a
weak pressure dependence of return currents on pressure
due to the inherent scaling on E-N (see discussion be-
low). Note that there is no direct correlation between the
spatial distribution of power deposition and of charge
deposition. With double-sided pumping, the power de-
position is fairly uniform as a function of position except
near the foil, however the space charge is deposited with
a profile suggesting its loss is dominated by diffusion. This
is more clearly shown in the profiles for single-sided
pumping. The power deposition is peaked close to the foil
and falls off as the beam is depleted. The charge is de-
posited with a profile which closely resembles that for
double-sided pumping. These profiles for power and space
charge deposition will be used in the following examples
unless noted otherwise. The rise time of the current pulse
in these examples is 100 ns, and is constant until 400 ns,
falling to zero in another 100 ns. Results are shown for ¢
= 200 ns unless noted, which are quasi-steady-state val-
ues.

The fraction of the total power deposition in the LAM
which results from the return current heating <y is shown
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Fig. 1. Typical deposition of power and charge in an e-beam excited KrF
fusion class laser. The aperture is L = 100 cm. These results were ob-
tained with a Monte Carlo simulation. The squares show the statistical
scatter. (a) ‘‘Double-sided’’ pumping by e beams from opposite walls.
The deposition is therefore uniform over the midplane of the chamber.
(b) Single-sided pumping.

[}

as a function of position in Fig. 2(a) for double sided
pumping. The gas mixtures are Ar-Kr-F, = 0.94-0.05-
X, X = 0.0025, 0.005, 0.01 at a total pressure of 1.75
atm. The e-beam power deposition is shown for reference
and has a maximum value of 132 kW /cm™>. The results
are symmetric across the midplane so only half of the
chamber is shown. vy (x) is zero on the midplane where,
by symmetry, E, = 0. y(x) increases as one approaches
the foil, and increases with increasing F, density, reach-
ing a maximum fractional value of = 6%. The increase
in v when approaching the foil results primarily from two
causes. The first is the decrease in the e-beam power de-
position, and hence electron density near the foil, which
then requires a higher electric field to drive the return cur-
rent. The second is from the need to drive an increasing
amount of return current from the volume as one inte-
grates the deposition of charge from the midplane to the
foil.

The normalized return current field, E,(x)-N, and
plasma potential ¢ (x) are shown in Fig. 2(b) for the same
conditions as above. E,~N exceeds a few Td near the foil,
values typically associated with electric discharge lasers.
E-beam excited lasers operating with these conditions ean,
in a sense, be.described as e-beam sustained discharges.
The space charge generated potential has a maximum
value as high as 18 kV. As this value is small compared
to the maximum beam voltage (650 keV ), the decelerat-
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Fig. 2. Pumping parameters for a 1 m aperture electron beam excited KrF
laser. The laser has double-sided pumping, the gas pressure is 1.75 atm
and results are shown for gas mixtures of Ar-Kr-F, = 0.94-0.05-X, X
— 0.0025, 0.005, 0.01. The spatial dimension is distance from the
e-beam foil located at x = 0. The noise in the figures results from the
scatter of the Monte Carlo method used to obtain power deposition. (a)
Power deposition by the e beam and fraction of total power deposition
resulting from the return currents. (b) E,~N (return current electric field-
gas density) and plasma potential. (c) Bulk electron temperature. Due to
the decrease in bulk electron density at higher F, mole fractions, a larger
E, is required to return the current. This results in higher 7, and more
power deposited by the return current field.

ing effect on beam transport is not dramatic. Beam elec-
trons which penetrate only as far as the midplane, where
| ,(x)| is a maximum, are decelerated. Those beam elec-
trons which survive to penetrate beyond the midplane,
however, are accelerated by the return field, now pointing
in the direction of their net transport.

The bulk electron temperature T, is shown in Fig. 2(c)
as a function of position for the same conditions as above.

(For non-Maxwellian plasmas, we define 7, = 2. ¢er)
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Heating of the bulk electron distribution by the return cur-
rent field increases the electron temperature by as much
as 20-25% from its nominal value of 1.5 eV. The frac-
tional change in power deposition, however, is much
smaller than the increase in electron temperature. This re-
sults from the fact that power deposition is still dominated
by the slowing of beam electrons, and not by return cur-
rent heating. The increase in E, causes a change in the
electron energy distribution (EED) near the foil relative
to the center of the chamber. The EED at these two lo-
cations are shown in Fig. 3(a). Due to this change in the
EED, rate constants for electron impact processes by bulk
electrons also change. Low threshold processes, such as
dissociative attachment to F, and dissociative recombi-
nation, have rate constants which decrease near the foil,
as shown in Fig. 3(b). Higher threshold processes, such
as ionization of the rare gas metastables, have rate con-
stants which increase near the foil.

The differences in electron density n, and laser intensity
I caused by the return currents are shown in Fig. 4. The
conditions are the same as in Fig. 2. The maximum power
deposition in each case is =130 kW-cm ™. These results
compare cases where the return currents are included and
ignored in the calculation. The quantity plotted is, for ex-
ample, (I1(x) — Iy(x))/lp(x), where the subscript de-
notes the case without including the effects of return cur-
rents. The electron densities at the midplane are 2.3 X
10 cm?, 8.4 x 10° cm™3, and 3.9 x 10" cm™ in
increasing order of F, fraction (Ar-Kr-F, = 0.94-0.05-
X, X = 0.0025, 0.005, 0.01). The electron density in-
creases by as much as 5-30% near the foil, albeit in a
region of low electron density, as shown in Fig. 4(b). The
increase in bulk electron density near the foil results from
two factors. The first is that some additional amount of
ionization results from the increase in T, in that region,
primarily from collisions with metastable Ar and Kr at-
oms (e.g., e + Kr(5s) = Kr* + 2e¢). The rate constants
for these processes increase near the foil as shown in Fig.
3(b). The second cause is that the rate constant for dis-
sociative attachment of electrons to F,, the dominant elec-
tron loss mechanism, is a decreasing function of E-N.
Therefore as E,~N increases near the foil, the rate con-
stant for attachment decreases. [See Fig. 3(b).] The rate
constant for dissociative recombination of dimer ions, the
secondary source of electron loss, also decreases with in-
creasing electron temperature (~T, 5y near the foils.
The combined effect is that the electron density increases.

The spatially dependent change in laser intensity is sim-
ilar in shape, but smaller in magnitude, than that for the
electron density, as shown in Fig. 4(c). The increase in
laser intensity near the wall results from a real increase in
the rate constants for ionization by electron impact pro-
cesses. This portion of the increase in electron density
leads directly to Kr*, a reactant in the ion-ion neutral-
ization which forms the upper laser level (e.g., Kr™ +
F~ + M — KrF(B) + M). The difference between the
relative increase in the electron density and in laser inten-
sity indicates how much of the increase in electron density
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Fig. 3. The effects of E, on (a) electron energy distributions and (b) elec-
tron impact rate constants as a function of position in the laser chamber
normalized by their values at the center of the chamber. The values in
parenthesis are the rate coefficients (cm® — s~') at the center of the
chamber. The gas mixture is Ar-Kr-F, = 0.94-0.05-0.01. E~N = 6
Td at the edge of the chamber.

results from a decrease in the rate constant for electron
loss (attachment and recombination), as opposed to an in-
crease in the rate constants for ionization. Any increase
in electron density resulting from a decrease in the rate of
losses does not result in an increase in the rate of produc-
tion of precursors to the upper laser. The increase can,
however, result in additional electron collision quenching
of the upper laser level (e + KrF(B) = Kr + F + e),
thereby depressing the laser intensity.

The dependencies of fractional power deposition by the
return current y(x) and the local electric potential ¢,(x)
are shown in Fig. 5 as a function of e-beam power de-
position. These values were obtained by changing the
beam current so that the spatial dependence of power de-
position by the beam is essentially unchanged. The cases
in Fig. 5 are for maximum power deposition of 65, 130,
and 260 kW-cm >, The times these profiles represent are
slightly different to account for differences in the rate of
burnup of F, resulting from the different power deposi-
tions. The scaling law discussed in the introduction (3)
implies that the magnitude of the return current should be
independent of power deposition. This results from the
assumptions that the rate of ionization is directly propor-
tional to power deposition by the beam, and that the elec-
tron loss is solely by attachment. The implication is that
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increasing power deposition linearly increases the rate of
deposition of charge, but also increases the conductivity
of the bulk plasma by the same relative amount, so these
effects compensate each other. There is, however, a weak
scaling of the effects of return currents on power deposi-
tion. As shown in Fig. 5, large return current electric
fields are obtained at lower power deposition. This is
shown by the larger amount of fractional power resulting
from E, and larger plasma potential obtained at lower
power deposition. This behavior results from the fact that
the effective W value (energy-ion pair) of the plasma de-
creases with increasing power deposition below that value
given by the slowing of the e beam alone. This is a result
of the increase in ionization obtained from multistep elec-
tron impact processes (see above). The conductivity of
the bulk plasma therefore increases at a faster rate with
increasing power deposition than does the deposition of
charge. The electric field required to drive the return cur-
rent is therefore smaller.

Our simple scaling [(3)] also implies that the effects of
the return current fields should increase with increasing
aperture size since the volume integrated charge which
must be returned to ground increases. Therefore a higher
E, is required to drive the larger current if the conductivity
is not changed. The effects of the size of the aperture on
laser parameters are shown in Fig. 6, where results are
plotted for L = 75, 100, and 150 cm. The conditions for
these cases are otherwise the same as in Fig. 1 using the
Ar-Kr-F, = 0.94-0.05-0.01 mixture. To eliminate the
effects associated with differences in the spatial distribu-
tion of power deposition, P(x /L) is the same in each case
with a maximum value of 130 kW-cm™>. The normalized
return current field, E,(x) /N, and plasma potential ¢, (x)
reach 4-5 Td and 40 kV in the large aperture laser (L =
150 cm) as shown in Fig. 6(a). These values are <1.5
Td and <5 kV in the small aperture laser (L = 75 cm).
The electric fields cause proportional changes in the elec-
tron temperature and in the fractional power deposition
by the return currents, as shown in Fig. 6(b). The tem-
perature of the bulk electron distribution is raised by only
0.1 eV near the foil for the small aperture laser, and the
fractional power due to the return currents is less <1-
2%. The effect increases with increasing aperture size at
a greater than linear rate. The heating near the foil for the
large aperture (L = 150 cm) increases the electron tem-
perature to >2 eV and accounts for >12% of the power
deposition.

The spatial distributions of the relative changes in elec-
tron density and laser intensity scale similarly with aper-
ture size, as shown in Fig. 7. In the large aperture laser,
the electron density increases by 45-50% near the foil as
a result of the return currents compared to the case where
the return currents are ignored, as shown in Fig. 7(a).
More than half of this increase is due to a decrease in the
rate coefficients for attachment and dissociative recom-
bination resulting from the increase in electron tempera-
ture. The remainder is due to more efficient ionization due
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to multistep processes. The relative increase in laser in-
tensity, though is smaller than the change in electron den-
sity, an effect discussed above. The laser intensity in-
creases by only 8-10% near the foil in the larger aperture
laser, as shown in Fig. 7(b). The increase in laser inten-
sity is due to the more efficient ionization which occurs
from the multistep processes. This increase in efficiency
results in a small real increase in the total laser energy
(2-5%) obtained from the system.

In spite of these large changes in electron density and
rate coefficients resulting from E,, the change in the
burnup of F, is only nominal in all cases (a few percent
more burnup near the foil). This results from the fact that
E, causes a decrease in the rate constant for dissociative
attachment, and an increase in the density of bulk elec-
trons, which are self-compensating.

To determine the effects of the return currents at differ-
ent gas pressures under ‘‘realistic’’ conditions, we varied

the gas pressure, e-beam voltage and e-beam current so -

that the spatial distribution of power deposition was ap-
proximately the same. The resulting power deposition
profiles are shown in Fig. 8(a) for 1 atm (¥, = 450 kV),
1.75 atm (¥, = 600 kV), and 3 atm (V,, = 900 kV) for
L = 100 cm. The electron temperature and return current
field are shown in Fig. 8(b). There are only nominal dif-
ferences between these cases, with 7, and E, increasing
in magnitude with increasing pressure. This effect is due
to the decrease in electron density obtained at the higher
pressures, shown in Fig. 8(c). The decrease in n, results
from the faster rate of ion dimerization, followed by rapid
dissociative recombination, which occurs at higher gas
pressures.

There is interest in using Ar-Kr-F, gas mixtures having
high concentrations of Kr (10-100% ) due to improve-
ments in laser efficiency that may result [4], [15]. To in-
vestigate this parameter space we repeated the previous
calculations for Kr concentrations of 10 and 30%, which
bracket the optimum concentration in terms of laser en-
ergy efficiency [15]. When keeping the power deposition
and pressure a constant, we found only a small influence
of Kr concentration on the return current electric field. E,
increases only a few percent over the range of Kr concen-
trations studied (5-30% ). One would expect that increas-
ing the Kr concentration would also increase E, since the
cross section for electron momentum transfer to Kr is
larger than that for Ar. The W value for ionization by beam
electrons though decreases as the fraction of Kr increases.
Therefore with a fixed power deposition, the rate of ion-
ization, and hence electron density, increases. The in-
crease in electron density and rate of momentum transfer
experienced with increasing Kr fraction are compensating
effects which result in keeping the conductivity of the
plasma nearly constant. As a consequence, E, does not
have a strong dependence on Kr concentration.

B. Single-Sided Pumping
Based on our previous discussion, one would expect that
return currents will have a greater impact on large aper-
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ture e-beam excited lasers which are pumped from only
one side, as compared to double-sided pumped systems.
This expectation results from the fact that in single-sided
pumped systems there is usually a weakly excited region
near the opposite wall from the foil. In this volume, the
local charge deposition may not by proportionally small
[see Fig. 1(a)]. To investigate the effects of return cur-
rents on the characteristics of large aperture e-beam ex-
cited plasmas using single sided excitation, we used the
power and deposition profiles shown in Fig. 1(b). This
study may be considered something of a worst case since
the nonuniformity of the power deposition shown in Fig.
1(b) is somewhat severe. This degree of nonuniformity,

' though, is unaveidable if one desires to stop the e beam

and deposit all of its power in the gas. By operating with
a gas pressure and mixture which has a lower stopping
power, the beam will more uniformly deposit power in
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Fig. 9. Plasma parameters for the LAM using single-sided pumping. The
beam enters through the foil at x = 0. The gas mixture is Ar-Kr-F, =
0.94-0.05-X, X = 0.0025, 0.005, and 01 at 1.75 atm. (a) Fractional
power deposition by the return currents, and total power deposition. (b)
E,/N and plasma potential for [F,]/N = 0.01.

the gas, but it will also traverse the chamber and strike
the opposite wall.

Fractional power deposition resulting from the return
current for the standard LAM conditions (1.75 atm, Ar-
Kr-F, = 0.94-0.05-X, X = 0.0025, 0.005, 0.01) using
single-sided pumping is shown in Fig. 9(a). For refer-
ence, the profile of power deposition by the e beam alone
is also shown in the figure. The maximum power depo-
sition near the foil is 160 kW-cm ™. Greater than 0.15 of
the power deposition near the far wall results from the
return currents for the case with high halogen fraction,
albeit in a region of low total power deposition. E,-N is
=5 Td in this region and the maximum plasma potential
is in excess of 20 kV. Note that the peak in the plasma
potential is offset from the centerline and occurs far from
the maximum in power deposition.

The increase in E,-N near the far wall results in an
increase in the rate coeflicients for ionization, and reduc-
tions in the rate coefficients for electron loss by dissocia-
tive attachment and recombination. The result is a large
fractional increases in electron density near the far wall,
as shown in Fig. 10. The electron density in the absence
of the return currents is nearly linearly proportional to the
local power deposition, with maximum values of 3.0 X
10, 1.1 x 10" and 4.3 x 10'* em™3 for [F,]/N =
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by =0.76 eV.

0.0025, 0.005, and 0.01, respectively. The fractional in-
crease in electron density near the far wall exceeds 0.45
for [F,]/N = 0.01. The increase in electron temperature
in this volume is nearly 0.75 eV. The large fractional in-
creases in power deposition and electron density resulting
from the return currents, and the high E,-N near the far
wall leads one to suggest that large aperture e-beam ex-
cited lasers functionally operate as e beam sustained dis-
charges in volumes which are poorly pumped by the beam.

IV. CONCLUDING REMARKS

The effects of return currents and electric fields have
been studied in large aperture (L > 75 cm) electron beam
excited KrF lasers. The joule heating resulting from the
return current redistributes power into regions which are
weakly pumped by the e-beam electrons, such as near the
foil in double-sided pumped systems and near the far wall
in single-sided pumped systems. The return current elec-
tric field in these regions may be a few to 10 Td in the
large apertures (L = 150 cm). The result is that the bulk
electron distribution is heated, raising the electron tem-
perature by as much as 0.5-1.0 eV. The higher bulk elec-
tron temperature has two important effects. The first is
that the rate constants for dissociative attachment of elec-
trons to F, and for dissociative recombination decrease.
The second is that the rate constants for multistep electron
impact ionization of rare gas metastable atoms increases.
Ionization by the latter process is highly efficient com-
pared to ionization by beam electrons. The result is that
the bulk electron density increases in those regions weakly
pumped by the beam and laser power increases. Due to
the more efficient ionization caused by the return currents,
there may be a real, but small ( < 5% ) increase in the total
laser energy as a result of the return current fields. The
dominant effect, though, is to redistribute the power dep-
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osition, and hence laser power, to a more uniform spatial
distribution.

The effects of the return currents increase with increas-
ing F, fraction, increasing aperture size, increasing gas
pressure, decreasing power deposition, and increasing
nonuniformity of power deposition by the beam. The ef-
fects, however, are only important in large aperture la-
sers. Large aperture lasers having poorly-pumped vol-
umes functionally operate as e-beam sustained dis-
charges. These effects should be considered in the analysis
of fusion class lasers having apertures >75-100 c¢m, but
may be ignored in conventional lasers having apertures
<10’s cm.
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