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Abstract

Calculations for electron deposition in electron beam generated KrF laser
at atmospheric pressure have been performed. The impact of the Ar/Kr/Fs
gas mixture on the electron energy distribution function, electron density and
mean energy, energy per electron-ion pair, attachment, dissociation, excita-
tion, and ionization rates have been investigated. The Fo abundance controls
the low energy (S 9 eV) component of the distribution function, while both
the fluorine and krypton mole fraction affect the distribution in the mid en-
ergy domain (9 to ~ 25 eV). Consequently, the Fo attachment rate coefficient
varies with the Fo mole fraction (zp,) such that the electron density scales
as 1/ x%; The rate coefficient for direct dissociation of Fg is smaller than for
attachment but the former contributes more to the total power dissipation

(~8% at zg, = 0.01). The excitation-to-ionization ratio for Kr is not con-
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stant, as generally assumed, but increases by a factor of two with a decrease
in either the Kr or Fo abundance. Combining the former and present investi-
gations leads to a set of fitting formulas to be used in beam kinetics codes for
various collision rates as a function of both the electron beam power density

and the composition.
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I. INTRODUCTION

Large aperture KrF* amplifiers at atmospheric pressure, pumped by intense electron
beams, are the most promising laser systems for inertial confinement fusion energy.! ” Un-
derstanding the electron energy deposition leading to the subsequent kinetic reactions is
essential for scaling models of existing amplifiers to those required for a fusion driver. In
a previous article® we developed a detailed model for solving the spatially averaged, time
independent electron Boltzmann equation from the beam energy down to zero kinetic en-
ergy in order to evaluate the ionization and excitation rates in a beam generated Ar-Kr-Fy
plasma. The electron energy distribution function (EEDF), electron mean energy and den-
sity, branching ratios for various energy channels, energy per electron-ion pair, and stopping
power were investigated at different beam powers and beam energies but for a fixed com-
position (68.53% Ar, 31% Kr, 0.47% F;). We concluded that the EEDF is sensitive to the
beam power density but not the beam energy as long as the latter is above 10 keV. At
low power densities (few kW /cm?) the electron density is also low and the distribution is
non-thermal since the Coulomb electron collisions are insufficient to overcome the inelastic
collisions with rare gas atoms. At high power densities (~1 MW /cm?) the electron density
is sufficient to relax the EEDF toward a Maxwellian. Based on the Boltzmann analysis the
calculated excitation-to-ionization ratio for Ar was found to be ~0.4, which is ~25% higher
than the ratio found from the Continuous Slowing Down Approximation.® Furthermore, the
same ratio for Kr was found to increase from 0.54 to 0.8 as the beam power increases. Both
of these ratios are significantly higher than the values (0.28-0.30) used in existing kinetic
models of KrF amplifiers.!0 14

Now consider how variations in the fluorine and krypton mole fractions might impact
the e-beam deposition, particularly the excitation processes. A change of the fluorine mole
fraction alters the EEDF due to the competition between thermal relaxation of the bulk
electrons and inelastic losses with fluorine involving low energy electrons, such as attachment,

vibrational excitation, and impact dissociation. Furthermore, the abundance of Fy controls



the density of electrons through dissociative attachment. An increase in Fy lowers the
electron density and should have a similar effect upon the low energy part of the EEDF as a
decrease in the beam power. For Kr, as its abundance increases over that of Ar, the energy
at which the EEDF is depleted by inelastic collisions with the rare gases shifts from the
first excitation potential of Ar to the corresponding lower one of Kr. This leads to a lower
excitation rate for Kr. It can be surmised that excitation reactions for Fo, Kr, and Ar will
be dependent upon the gas composition as well as the beam power.

The objective of the present study is to investigate the EEDF, the resultant ionization
and excitation rates of Ar and Kr, and the ionization, excitation, dissociation and attach-
ment rates to Fy molecules as a function of the gas composition in an e-beam pumped KrF
amplifier. In the next section the reaction processes are examined in detail as the fluorine
abundance is varied for a fixed Ar and Kr pressure, and a fixed beam power. Section III
follows the same pattern but for the variation in Kr. Section IV generalizes the above partic-
ular results by presenting approximate algebraic relations for the excitation and ionization
rates of Ar, Kr, and F5 as a function of both electron beam power and composition. These
results provide an improved description of the electron beam deposition for use in kinetic

models of KrF amplifiers.

II. PLASMA PARAMETERS VERSUS FLUORINE MOLE FRACTION

For the results presented below the beam power density, beam energy and gas temper-
ature are fixed at Pregm=346 kW/cm?®, Upean=100 keV and T,=300 K. The Ar and Kr
pressures are also fixed at p4,=562.5 Torr and pg,=254.4 Torr. The fluorine mole fraction
is varied to investigate the dependence of the EEDF, and the excitation and ionization rates
on this parameter. Specifically, the fluorine mole fraction zp, = nr,/(nar + nk, + np,) is
varied from 0.1% to 3% of the total density. This composition includes the range used in
KrF* amplifiers.

The EEDF is calculated from the steady state solution of the Boltzmann equation using



a large set of cross sections for inelastic collisions with Ar, Kr, and F,, as well as electron
Coulomb collisions. Details are described in Ref. 8. Results for the EEDF are presented in
Fig. 1a as a function of the fluorine mole fraction in the discharge. The EEDF f(u), where
u is the electron energy, is related to the electron density through n, = [ f(u)du. The same
results, but for the normalized distribution f(u) = f(u)/(n.u'/?), is shown in Fig. 1b. In
this case [ ful/ 2du is unity. This latter depiction is useful for the discussion concerning the
electron reaction rate coefficients presented below. In the low energy region, i.e., below the
excitation threshold of Kr at 9.9 eV, the EEDF f(u) is formed by elastic scattering with
Ar and Kr, and more importantly, by attachment, vibrational excitation, and dissociation
with Fy molecules. For a negligible mole fraction of fluorine, the EEDF is Maxwellian up
to a kinetic energy of ~9 eV (straight line in a log-linear plot of f(u)/u'/?). From the
first paper an increase of the beam power per unit volume for a fixed Fy abundance was
found to increase the degree of ionization, which in turn relaxes f(u) toward a Maxwellian
EEDF. Now we see that a reduction of the fluorine mole fraction also leads to a Maxwellian
distribution of the core electrons due to the increase in electron density. At a mole fraction
of 1%, dissociation and excitation of Fy become more important than the elastic collisions
with the rare gases and the EEDF deviates from Maxwellian. Furthermore, dissociative
attachment to Fy molecules depletes the EEDF and decreases the total number of electrons.
One can see from Fig. 1a that at the high Fy fraction of 3%, the EEDF below ~2 eV even
turns downwards due to attachment. The dissociation of Fy, which has a threshold of 3.16
eV and peaks at ~ 7 eV, also leads to a depletion of electrons in this energy range. In the
mid energy region, between the excitation and ionization thresholds of the rare gases (~9 to
~15 eV), the inelastic collisions of electrons with fluorine are less important than with Ar
and Kr. As the fluorine abundance increases one sees that the flux of electrons into the low
energy region cannot be compensated by electron Coulomb collisions leading to relaxation.
One may then expect a dependence of the Ar and Kr excitation rates on the fluorine mole
fraction. In the high energy region (u 2 15 e€V) the EEDF is formed by ionization of the

target species, Ar, Kr, and F,, and the production of secondary electrons by the energetic
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beam. Due to the negligible fraction of Fy compared to both Ar and Kr, the EEDF is not
affected by variation of the fluorine density. As a consequence, the total ionization rate of
the target gas (R%") is independent of the fluorine mole fraction. One can conclude that the
low energy part of the EEDF, below the ionization threshold, is very sensitive to fluorine,
while the high energy part of the EEDF is not.

Fig. 2 shows the electron density n. and mean energy of the bulk electrons (u) versus
the fluorine mole fraction. The electron density, calculated from n, = R /(k*ny,), is
found to vary as 1 /TL‘};27 . The deviation from the simple inverse linear relation commonly
assumed arises from the dependence of the attachment rate coefficient (£**) on the low
energy component of the EEDF, which itself varies with the Fy mole fraction. (u) represents
the average energy of electrons with kinetic energies u <30 eV. The mean energy of these
bulk electrons, related to the effective electron temperature through T, = (2/3)(u), increases
with the fluorine mole fraction. At 0.1% fluorine mole fraction (u) is 2.1 eV, while for mole
fractions between 1.5% and 3% it is 3 eV. This variation reflects changes of the low energy
part of the EEDF resulting from electron-molecule inelastic collisions.

The individual species ionization rates, R%" are determined from the solution of the
steady state, spatially independent, electron Boltzmann equation subject to the given beam
power, beam voltage, gas density and composition. In steady state the sum over all ionization
rates equals the attachment rate: R = R Since fluorine has no impact on f(u) above
the ionization thresholds of Ar and Kr, the ionization rates of both Ar and Kr are not
influenced by the fluorine. Only the ionization rate of fluorine increases due to an increase
of the fluorine mole fraction, though even at the highest mole fraction considered (3%), it
is less than 1% of the combined Ar and Kr ionization rates.

The strong variation of the EEDF and n, with the fluorine mole fraction impacts the
reaction rate coefficients as shown in Fig. 3. The ionization rate coefficient is calculated
from kX" = R /(n.n,), and likewise for the other processes. As the fluorine mole fraction
increases from 0.1% to 3%, the corresponding rate coefficient for valence shell ionization

of Ar increases from 0.19 x 107! to 2.1 x 107!! ¢m®/s, and for inner shell ionization from
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0.46 X 107" t0 5.0x107"® cm®/s. A tenfold increase of the ionization rate coefficient (both
valence and inner shell) is also observed for Kr and Fy. The increase of the lumped electron
impact excitation rate coefficients for Ar, Kr, and Fy with the fluorine mole fraction is
likewise nearly a factor ten. For simplicity all excitation terms of Ar are summed together
and likewise for Kr. For F, the excitations are to stable electronic states above 11 eV. On
the other hand, the increase with xp, of the rate coefficient for direct dissociation, £%°, is
only a factor of two (Fig. 3c). Recall that the energy threshold for this process is ~3 eV.
Note that £%* is almost two orders of magnitude larger than the sum of the excitation rate
constants for both Ar and Kr. The vibrational excitation of fluorine has an even lower
threshold and the rate coefficient decreases as the fluorine mole fraction increases. The
same holds for attachment to Fo, which has a zero energy threshold. Thus the general
trends in the variation of the rate coeflicients with the fluorine mole fraction, observed in
Fig. 3, can be outlined as follows. Increase of fluorine leads to a strong increase of the rate
coefficients for inelastic processes having a large energy threshold. Moderate increase of the
rate coeflicients occurs for processes with an energy threshold of few eV, and a decrease of
the rate coefficients occurs for processes with low or no energy threshold.

The key to understanding the behavior of the rate coefficients is the normalized EEDF,
f(u). While the rates involve the EEDF f(u) shown in Fig. la, the rate coefficients are
evaluated from integrals over the normalized distribution f(u) of Fig. 1b. For kinetic energies
exceeding the ionization thresholds of Ar, Kr, and F, (14 to 15.7 V), f(u) increases as the
fluorine mole fraction increases, and hence so do the ionization rate coefficients. The same
effect explains the increase in the rate coefficients for excitation of Ar and Kr. These latter
processes are susceptible to changes of f (u) for kinetic energies above 9.9 eV. For kinetic
energies between 2 and ~9 eV the normalized EEDF has a complex structure. Whether a
rate coefficient will increase or decrease depends on the process threshold and the energy
dependence of the cross section. For example, the dissociation rate coefficient increases with
the fluorine mole fraction for small z,, passes through a maximum, and then decreases for

zp, > 1.4%. Between zero and 2 eV, f(u) decreases proportionally to the fluorine mole
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fraction as a result of attachment. Thus rate coefficients for kinetic processes whose main
contribution is in this energy region, such as attachment and vibrational excitation of Fs,
decrease as the fluorine mole fraction increases.

The individual power balance terms are plotted in Fig. 4. These terms are normalized
to the beam power deposition Pyen. As above, all the excitation processes for Ar and
Kr are separately lumped. The fractional power deposition for most processes involving
Ar and Kr decreases somewhat with the fluorine mole fraction. As one would expect, the
power deposition in Fy increases with the fluorine mole fraction. Note from Fig. 4c that
this deposition into Fy accounts for 5 to 15% of the total power loss in the target gas,
significantly higher than the fractional abundance of F3. The most important channel in
the Fy deposition is direct dissociation (Fo + e~ — 2F + e7). Attachment accounts for 2
to 3%, and the contribution of each of the other power loss channels (elastic scattering,
vibrational excitation, excitation to electronically excited states and ionization) is less than
1%.

These results for power deposition in e-beam pumped target gas as a function of zp, can
be compared with a similar figure for the fractional power transfer in an e-beam sustained
Ar-Kr-F, discharge presented by Nighan.!® In the beam sustained discharge the power input
by the beam is about one-third of the total power, i.e., resistive heating of the core electrons
is dominant. Nighan calculated that at zr, = 1% the total excitation of the rare gases
accounts for ~50%, elastic losses are ~12%, and F, direct plus attachment dissociation is
~35%. These values are significantly higher than shown in Fig. 4 for the beam pumped
discharge. In this latter case ionization is the dominant power transfer channel due to the

enhanced tail of the EEDF arising from the secondary electrons as the primaries slow down.

III. PLASMA PARAMETERS VERSUS KR MOLE FRACTION

The second parameter to be examined is the Kr mole fraction. In the present section

the total pressure of Ar plus Kr is fixed at 816.9 Torr and the fluorine pressure is kept at



3.9 Torr (z5,=0.47%). The plasma parameters are presented versus the mole fraction of Kr:
Txr = Nir/(Nar + iy +np,). In the NIKE KrF* amplifier Ar is the dominant gas (~70%),
but other experiments have been performed in Kr rich mixtures.'® In this work z g, is varied
from 10% to 90%. Results for the normalized EEDF f(u) in the energy region 0-25 eV are
presented in Fig. 5. The EEDF depends on the Kr mole fraction only for kinetic energies
between ~9 eV and ~25 eV, which is associated with the excitation and ionization processes
of Kr. As zg, increases the EEDF becomes depleted within this energy region due to the
lower excitation threshold and the larger ionization cross section of Kr compared to Ar (see
Figs.2 and 4 of Ref. 8). For energies below ~9 eV the Kr mole fraction does not affect the
EEDF, and consequently, the mean electron energy changes only slightly (from 2.79 eV to
2.71 eV) as zk, increases from 10% to 90%.

The impact of the krypton mole fraction on the rate coefficients is shown in Fig. 6. The
rate coefficients for electron impact excitation and ionization of Ar decrease by ~25% as
Tk increases. The largest variation is in the lumped rate coefficient for electron excitation
of Kr, which decreases by a factor of two (Fig. 6b). This reflects the depletion of the EEDF
between ~9 and ~25 eV as shown in Fig. 5. The excitation and ionization rate coefficients of
fluorine are weakly dependent on the krypton mole fraction, while the vibrational excitation,
attachment, and dissociation rate coefficients are independent of the Kr mole fraction due
to their low energy thresholds.

The individual contributions to the power balance, normalized by the beam power density
Pyeam, are plotted in Fig. 7. Note that as the Kr abundance increases the power deposition
into Kr excitation does not grow as fast as that into Kr ionization. This feature likewise stems
from the depletion of the EEDF near ~9 eV. The power deposition in F is independent of the
krypton mole fraction, except for the electron impact ionization and excitation to high lying
molecular electronic states. As before, the main contributions to the power deposition rate
in fluorine are the electron impact dissociation, attachment to Fs molecules and vibrational
excitation. All of them have low energy thresholds, in the energy region where the EEDF is

independent of the Kr mole fraction.



IV. IONIZATION AND EXCITATION RATES AS A FUNCTION OF BEAM

POWER AND COMPOSITION
A. Energy per electron-ion pair and ionization rates

In the previous sections the trends in ionization and excitation were examined for a fixed
e-beam power deposition and separately for variations in the Fo and Kr mole fractions. As
reviewed in the Introduction, the first paper® examined the dependence of these processes
on the beam power with a fixed composition. In applications to the kinetics of a beam
generated KrF amplifier it would be useful to have convenient formulas for the ionization
and excitation rates as a function of both the beam power and composition. The relations
presented below are based on fits to the results from a number of calculations and are valid
for a fluorine mole fraction 0.2% < zp, < 2%, any argon and krypton mole fractions, and
an input power density between 100 kW/cm? and 1 MW /cm3.

The energy per electron-ion pair W,; can be approximated with a quadratic function in

the Kr mole fraction
Wei = 25 — 149k, + 0.452%, (eV) . (1)

The previous paper noted that the calculated W,; for pure Ar is ~4% lower than some
measured values, but the results for pure Kr match the data. Within the above limits, the
abundance of Fy does not affect W,; because the ionization potential of Fy is similar to that
of Ar and Kr and the predominance of the latter species control the EEDF above ~15 eV.
Equation (1) is used to compute the total number of ionizations per unit volume, per unit

time:

i P, beam
R = e 2
kBWei ( )

Boltzmann’s constant is present to convert eV to the chosen energy units in Phegp,. The
ionization rate R“"™ of each species a=Ar, Kr, F, is expressed as a fraction of the total

ionization rate R*" = ", R". For o = Ar or Kr the ionization processes include valence

10



shell, inner shell, and Auger ionization. For a = F only valence shell ionization is considered.
We find that R®" is proportional to the species mole fraction and a function depending on

the composition:
R = g, 7o R™™, (3)

where Y4, = 1/(x4r +1.62x,+0.352F,), Yir = 1.674r, and vm, = 0.35v4,. The sum >, ZoVa

equals unity.

B. Excitation-to-ionization ratios

The excitation-to-ionization ratio for species « is specified by

> RSy
o = Rimo:, (4)
(87

For the rare gases the numerator is the sum over excitations to all levels £ enumerated
in Ref. 8 and for Fy the numerator includes excitations to the C'¥} and H'II, molecular
electronic states. Results for 5% are displayed in Fig. 8 for a beam power density of 346
kW /cm3. While the excitation-to-ionization ratios of Ar and Fo are weakly dependent on
both the fluorine and krypton mole fractions, 7%y depends on both parameters. For small
F5 and Kr mole fractions the excitation-to-ionization ratio of Kr approaches unity, i.e. there
is approximately one excitation per ionization. In this case the formation of the EEDF is
predominantly due to collisions with Ar atoms. As a result, the EEDF above the excitation
threshold of Kr and below that of Ar is more populated than it is in the case of pure Kr.
The decrease in the Kr excitation efficiency with an increase in either the Fy or Kr mole
fractions reflects the impact of electron inelastic collisions with these species on the EEDF
near 9 eV.

To account for the dependence of 75*¢ on both beam power density and composition we

have developed a general relation describing our calculations:

beam

ngxc — (Aa + Ba€_3'5wKT) pCe (5)
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Here Asr = 0.412/(1 + 2z5,), Ba, = 0.063¢72%%5: Cy, = 0.03; Ag, = 0.744/(1 + 17z5,),
By, = 0.555¢7%%%r  Cg, = 0.10; and Ap, = 0.464/(1 + 2zf,), Bp, = 0.106e 71195 Cp, =
0.045. Pyegm is in units of MW /cm3. 7%¢ is the most strongly dependent on the beam
power. For instance, n%2¢ increases by about 30% as the input power increases from 0.1
to 1 MW/cm?, while for Ar the increase is only ~5%. The dependence of n¢*¢ on the Fy
concentration arises from the influence of fluorine on the EEDF below ~15 eV (see Fig. 1).

The results of Fig. 8 and Eq. (5) are particularly relevant to calculations of the kinetics
within an electron beam pumped KrF amplifier. To date kinetic models'® '* have assumed
n%< to be a constant independent of power or composition and have typically set its value
to that for Ar as found from the Continuous Slowing Down Approximation (7% = 0.28),°
or slightly larger. The excitation-to-ionization ratio for Kr as calculated here is significantly

larger than that for Ar and strongly depends on the gas composition.

C. Rate coefficients for low energy processes with Fo

The rates for Fy ionization and electronic excitation to bound states are given as part of
Egs. (3) and (5). The energy thresholds for these processes are 15.7 and 11.5 eV, respectively.
Other collisional processes involving Fy have energy thresholds below the lowest excitation
level of the rare gases. We have examined three reactions, namely attachment (threshold of
0 eV), vibrational excitation (0.11 e€V), and excitation to the dissociating molecular states
a’ll, (3.2 eV) and A'II, (4.3 V). Rate coefficients for these latter reactions have been
determined from their respective cross sections!” and the calculated EEDF. Fitting formulas
are presented in Table I. The dependence upon the mole fraction of F5 arises from the strong
variation of the low energy part of the EEDF with zr, as shown in Fig. 1. Since the e-beam
power deposition also affects the low energy domain of the EEDF, the power dependence is
included for the rate coefficients of Table I.

The attachment rate coefficient of Table I for characteristic parameters of a KrF amplifier

zr, ~0.003 and Pygm ~500 kW /cm?) gives 1.9 x 1072 ¢cm3 /s, which is in agreement with
2
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the compilation of values by McCorkle, et al.'® This comparison is made against their Fig.3
for an effective electron temperature between 1.4 an 2 eV based on the mean energies in our
Fig. 2. The direct dissociation rate coefficient for the same parameters is 6.4 x 1071% cm?®/s,
a factor of two larger than the value assumed in the KrF kinetics codes of Refs. 10, 14, but
a factor of seven less than that proposed by Kushner and Moratz'® based on the comparison
of a kinetics code with electron density measurements in a beam excited Ne/Xe/F, mixture.
Direct dissociation is an important process in KrF amplifiers as it is the largest contributor
to the power deposition by the fluorine species and it leads to Fy burn-up. We have convolved
a Maxwellian distribution at T, = 2 eV with the cross section data?® use by Kushner and
Moratz and found &% to be closer to our estimate. Furthermore, with the cross sections used
in our present Boltzmann calculations, £%¢ for a 3 eV Maxwellian distribution is 1.8 x 10~°
cm? /s, which is agrees with the experimental value measured at 3 eV by Elyaakoubi and
Ranson.?! Since k%* decreases with decreasing T,, and the effective temperatures computed
for an e-beam pumped KrF amplifier are ~1.4 to 2 eV, we believe our results for k%* are

consistent with the recent data.

V. SUMMARY

The first paper in this series® examined the EEDF resulting from an e-beam deposition
into an Ar-Kr-Fy target gas appropriate to a KrF laser amplifier. The power deposition
was varied and the ionization and excitation rates of the constituent species were calculated
from the EEDF for a fixed composition. The present paper complements the former work
by investigating the EEDF and the consequent inelastic rates for different gas mixtures but
for a fixed power deposition.

The EEDF f(u) is used to evaluate the power deposition of various reactions through the
rates such as ionization R*", attachment R**, etc. Figure 1a indicates that the low energy
part (S 9 eV) of f(u) is sensitive to the Fy mole fraction, while the high energy part above

the ionization thresholds (2 15 eV) is not. Thus the ionization rates for Kr and Ar are
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independent of zp, as shown in Fig. 4, while the rate coefficients for the low energy inelastic
collisions with fluorine are themselves dependent on the F, abundance. Although direct
dissociation of Fy has not been included in most KrF kinetics code, it accounts for most of
the power deposition through the Fy species even though its rate coeflicient is smaller than
that for attachment. Together direct dissociation and attachment account for ~5% of the
total power deposition at only zr, = 0.1%, and rise to ~15% at zp, = 3%. Comparing the
results from Fig.7 of Ref. 8 with the present analysis, we conclude that the effect on the
EEDF of changing zr, is opposite to that of changing Pyegm.

The normalized distribution f(u) of Fig. 1b is used to calculate the rate coefficients
for inelastic processes. The variation of f(u) with zp, is not uniform, but rather exhibits
different behavior depending on the electron energy domain. For instance, the attachment
rate coefficient, which is sensitive to the low energy component of f (u), varies with zp,
because the latter controls the electron density which in turn effects the thermalization of
the EEDF. As a result we find n, < 1/n% instead of an inverse linear relation.

While the ionization rate due to e-beam deposition can be evaluated from the measured
energy per ion-electron pair,?? the excitation-to-ionization ratio 7°*¢ must be determined
from theoretical calculations. This value is important in KrF kinetics since there are channels
leading to KrF formation through excited Ar and Kr. The use of a constant rate coefficient in
a KrF kinetics model for, say, Kr excitation (see Ref. 14), could not reproduce the behavior
presented in Fig. 3. Even an Arrhenius form with a temperature dependence (see Ref. 13)
would be inaccurate as the effective electron temperature from Fig. 2 changes only slightly
above zp, ~ 1%, unlike the calculated rate coefficient for Kr excitation as a function of z,.
Figure 8 indicates that at a fixed power the excitation-to-ionization ratio for Ar and Fy vary
weakly with gas composition, but 7% decreases significantly with an increase in either zp,
or rg,. This arises from the depletion of electrons in the EEDF above the first excitation
threshold of Kr.

Finally the results of the first paper are combined with the present analysis to develop

analytic fitting formulas for the energy per electron-ion pair, ionization rates, and excitation-
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to-ionization ratios as a function of both the gas composition and input power per unit vol-
ume. These formulas can be conveniently incorporated unto KrF kinetics codes to properly

describe the power input by an electron beam to the internal energy of the target gas.
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TABLES

TABLE I. Rate coeflicients for attachment, vibrational excitation, and dissociation. zp, is the

number mole fraction of Fa. Pheqr, is the electron beam power density in units of MW/ cm?®.

process k (10710 cm® s71)
attachment k%¢ 3.6 27, Pyl
vibrational excitation kv (18+12¢~1%%12) P, ;;2£6
direct dissociation k% (2.84192%2) Ppor’
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FIGURES
FIG. 1. EEDF for fluorine mole fraction varying from 0.1% to 3% for p4,=562.5 Torr,

Prr=254.4 Torr, Pyegrn =346 kW /cm3 and Upe,,,, =100 keV. (a) The distribution function in density

units and (b) normalized to unity.

FIG. 2. Electron density and mean energy versus fluorine mole fraction. The rare gas pressures

and beam parameters are the same as in Fig. 1.

FIG. 3. Rate coeflicients for various processes in Ar (a), Kr (b), and Fy (c) versus fluorine mole

fraction. The rare gas pressures and beam parameters are the same as in Fig. 1.

FIG. 4. Fractional power loss in electron collisions with Ar (a), Kr (b), and Fy (c) versus

fluorine mole fraction. The rare gas pressures and beam parameters are the same as in Fig. 1.

FIG. 5. EEDF for Kr mole fraction of 10%, 50% and 90% for pa, + pxr + pr,=820.8 Torr,

pF,=3.9 Torr, Pyeqm=346 kW /cm3 and Upeam=100 keV.

FIG. 6. Rate coeflicients for Ar (a), Kr (b) and Fo (c) versus Kr mole fraction. The gas

pressures and beam parameters are the same as in Fig. 5.

FIG. 7. Fractional power loss in electron collisions with Ar (a), Kr (b) and Fo (c) versus Kr

mole fraction. The gas pressures and beam parameters are the same as in Fig. 5.

FIG. 8. Total excitation to ionization ratio for Ar, Kr and Fy versus Kr mole fraction at different

fluorine mole fractions. The beam power and energy are Pheq,, =346 kW /cm? and Upeq,,, =100 keV.
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