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I. INTRODUCTION

The role of the Avco Everett Research Laboratory, Inc. (AERL)
Electron Kinetics program in the DARPA/ONR sponsored AERL visible
laser program is to supply relevant electron kinetics data necessary for
modeling and optimizing laser performance specifically in the important
areas of the KrF scaleup, the excimer laser research program and the
area of small-scale discharge studies.

The advent of techniques developed at AERL for scaling electric
gas discharges to large volumes and to high volumetric pumping rates
revealed a considerable lack of electron scattering cross section data
required to model and, hence, understand these discharges. In particu-
lar, since these discharges are often characterized by very high electron
pumping rates in order to achieve laser systems capable of being scaled
to high-average power, then the fraction of excited species is large and
electron collisions with such spccies is known to play a major role in
affecting the overall electron kinetics of the discharge. (3}

Due to the problems associated with the preparation and manipu-
lation of excited atomic and molecular species for the purposes of per-
forming electron collision experiments and also due to the previous lack

of any important practical application of the data, the total data available

(1) "KrF Laser Research," AERL 804, April 1976.




describing such collisions is rather meager. The situation has improved
somewhat recently as a growing recognition of the practical importance of
these processes develops.(z'é)

The AERL Electron Kinetics program was proposed in order to
provide absolute cross section data, particularly, with regard to colli-
sion processes between electrons and excited atomic and molecular species.
The program consists of parallel and complementary experimental ;nd theo-
retical efforts.

The goal of these combined program efforts is to provide reliable
absolute cross section data covering range of electron energies encountered
in the electric discharg‘esAof interest.

In addition to the complementary benefits offered by the experimental
and theoretical efforts, each has certain capabilities not shared by the other.

For instance, the theoretical effort is not restricted to metastable excited

species as is the experimental technique. It can also be applied to allowed

transitions from excited species, which can also reach high densities in the
discharge due to radiative trapping and hence effectively exhibit metastable

properties. The experimental program on the other hand can handle proc-

S

esses in ground state or metastable molecular species for which accurate

wavefunctions are not available and are therefore not amenable to the theory.

(2) Long, D.R. and Geballe, R., Phys. Rev. 1, 260 (1970).

(3) Lake, M.L. and Garscadden, A., 28th Gaseous Electronics Conference,
Rolla, Mo. (1975), Paper C-5.

(4) Mityurwa, A.A. and Penkin, N.P., Opt. Spectrosc. 38, 229 (1975).
(5) Wilson, W.G. and Williams, W.L., J. Phys. B9, 423 (1976).

(6) Tanne, P.D., "Cumulative Ionization and Excitation of Molecular
Nitrogen Metastables by Electron Impact, '" Dissertation (1973), |
School of Engineering, Air Force Institute of Technology. ' 1
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The rare gas monohalide laser systems which have been the subject
of extensive experimental and theoretical inve:tigations at AERL”’ 8,9
have emerged as extremely promising candidates for satisfying certain goals

of the DARPA visible laser program. These studies have identified electron

collision processes with metastable states of the rare gas atom constituents
as playing a major role in both discharge stability and in determining the
equilibrium metastable concentration, which through reaction with the halo-

gen molecule leads to excimer formation.

N o A

Therefore, the specific goal of the AERL electron kinetics program

is to provide absolute cross sections for electron collisions with the first
excited states of the rare gases argon and krypton, both for the metastable ‘
substates and for the substates which are optically connected to the ground
state.
Examples of the transitions of interest are indicated in the partial
energy level diagram of krypton shown in Figure 1 and for argon shown in
Figure 2. The only theoretical calculations available for transitions of the
type shown in Figures 1 and 2 which cover the energy range of interest for
laser modeling are those of Burke et al. (19 for the He atom. The transi-
tions corresponding to those shown in Figures 1 and 2 are shown in Figure 3

they are 2'S - 2'P and 23S - 23P transitions. The important feature of these

(7) Ewing, J.J. and Brau, C.A., Appl. Phys. Lett. 27, 350 (1975).
(8) Ewing, J.J. and Brau, C.A., Phys. Rev. Al2, 129 (1975).
(9) Mangano, J.A. and Jacob, J.H., Appl. Phys. Lett. 27, 495 (1975).

(10) Burke, P.G., Cooper, J.W., Ormande, S. and Taylor, A.J., Abstract
V ICPEAC, Liningrad, (1967).
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cm2 which sup-

cross sections is the extremely large magnitude, ~ 10
ports our contention that the corresponding transitions between the first
two excited states of the other rare gases should be extremely large.

Furthermore, in terms of electronic structure, the first excited
state of krypton resembles the ground state of rubidium. Thus, the elec-
tron impact excitation cross section for transitions between the first two
excited states, 5s - 5p, in krypton should be analogous to the alkali atom
resonance transition which is known to be extremely large, of the order
10714 e,

This value is much larger than the various cross sections involving
ground state excitation processes. Consequently, once significant fractional
populations of the 5s excited state are generated in the discharge then the
58 + 5p excitation process will become the dominant energy loss process
for the electrons and attempts to generate higher densities of the 5s state
will lead to less efficient operation of the laser, and due to the close prox-
imity of this state to the ionization limit will eventually lead to rapid step-
wise ionizat’on and consequent discharge instability.

The experimental apparatus which is described in Section II employs
the crossed beams technique and was originally combined with an electron
apeétrofneter to perform electron enefgy foss analysis and hence provide
the required relative excitation cross sections. For reasons which have
been fully discussed in a previous semi-annual report, i, fluorescence
technique was substituded for the method of electron energy loss spectros-
copy in order to identify and measure the relative excitation funccions for the

transitions of interest.

(11) "Invesfiga.tion of Electron Impact Processes Relevant to Visible Lasers."
Boness, M.J.,, and Hyman, H.A., AERL Semi- Annual Report, March
1977 - Aug. 1977.
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The source of metastable atoms employed is a low pressure dc dis-
charge tube. The source has been fully characterized and the design and
operation optimized for the'production of metastable gas atoms. Using an .
Auger metastable atom detector absolute metastable krypton densities in

the region of the crossed electron and atomic beams have been estimated

to be ~ 10° cm™3.

Experiments are reported using the fluorescence technique to pro-
vide absolute cross sections for excitation from the metastable states for
krypton.

The principal results of the theoretical calculations are: (1) the
electron impact excitation of metastable argon and krypton is dominated
by a single transition (4s - 4p for Ar and 5s -~ 5p) with a large cross
section ~ 100 wai at the peak) and (2) strong coupling effects are dominant

at low energies for the ns -~ np transition. In addition, it has been shown

that the use of the intermediate coupling representation is required to obtain

meaningful results for cross sections between the various substates.




II. EXPERIMENT

A. TECHNIQUE

The experiment employs the crossed-beams technique, the concept
of which is outlined in Figure 4. A low density collimated beam of the
atomic or molecular species of interest is collided at right angles with an

e-beam of the appropriate energy whose energy spread is small compared

with the mean energy. In general, a wide variety of diagnostic techniques

can be employed to measure the electron scattering cross sections. The
merits of the various methods were discussed at length in the original
AERL Electron Kinetics Program Proposal, which concluded that the elec-
tron spectroscopy of the inelastically scattered electrons offered the broad-
est application compared to any other single technique. However, recogniz-
ing that on occasion other diagnostics might be preferred or required for
certain processes, the apparatus was constructed in such a way as to per-
mit the addition of these refinements without major modification to the system.
The experiment was enclosed within a double, differentially pumped,
stainless steel vacuum chamber, bakeable to 200°C and capable of produc-
ing an ultimate vacuum in the 10'8 - Torr range. A schematic of the vacu-
um system is shown in Figure 5. The two halves of the vacuum chamber
communicate via a small orifice through which the atomic beam passes.
Thus the atomic beam source and metastable excitation system are separa-
ted from the electron impact, crossed-beams region and from the electron

spectrometer. Each chamber is provided with an automatic gate valve for

15
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emergency isolation in the event of power failure and also to provide rapid :
recycling of the system. Liquid nitrogen traps isolate the oil diffusion ‘

pumps to prevent oil backstreaming from the pumps and contaminating sensi- .

tive surfaces. Each half of the vacuum chamber is pumped by a 6-inch,
high- speed oil diffusion pump. Figure 6 shows a photograph of the pumping
system and Figure 7 shows a closeup of the stainless steel vacuum chamber.
B. METASTABLE SOURCE

Originally both glow discharge and charge transfer sources were
proposed as techniques which might offer viable schemes for the production |
of beams of metastable rare gases possessing useful intensity. 1

The principle of the charge transfer process leading to excited state
formation is indicated in Figure 8, and the anticipated experimental arrange-
ment is shown in Figure 9.

Charge exchange cross sections for collisions Between rare gas ions
and alkali metals are known to exhibit extremely large cross ections. i :
Since the alkali metal ionization potential is near resonant with the ioniza-
tion potential of the corresponding metastable rare gas, then it is to be ex-

pected and has, in fact, been confirmed(l3)

that these charge-exchange col-
lisions are likely to produce copious amounts of metastable states of the
rare gas,

Both the charge transfer and glow discharge techniques were pur-

sued initially, however, the relative technical simplicity of the glow dis-

charge technique has led to faster development of this source to the extent

(12) Peterson, J.R, and Lorentz, D,C., Phys. Rev. 182, 152 (1969).

(13) Neynaber, R.H. and Magnuson, G.D., J. Chem. Phys. 65, 5239 (1976). .

18
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Figure 7

Photograph of Stainless Steel Vacuum Chamber Showing Side
Access Ports to Metastable Source and Election Spectrometer
Chamber
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67785
30 Figure 8 Charge Exchange Leading to Excited State Formation
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that an optimized design was installed in the system in order to perform

the electron scattering experiments.

1. Glow Discharge Source

The principle of the glow discharge source is to simply create a
low pressure stable D.C. discharge and to allow the discharge products to
effuse from a small aperture located at the end of the discharge tube. The
discharge tube is located in a separately pumped chamber having a pumping
speed of approximately 550 ( /sec. This chamber communicates with the
spectrometer chamber via a 0.050 inch diameter orifice. Various aper-
tures can be placed between the discharge tube orifice and the 0.050 inch hole
separating the two chambers. Bias potentials can be applied to these aper-
tures in order to reject charged particles and to quench high lying, long
lived Rydberg states in the beam. Thus, in principle, it is possible to ex-
tract a quasi - atomic beam through the 0.050 inch aperture which contains
only ground state atoms and the required metastable atoms.

The developmental work leading to an optimized design of glow dis-
charge source has been completely described in a previous semi-annual
report. )

A variety of discharge sources were investigated and the f nal de-
sign adopted is shown in Figure 10. The source consists of a short dis-
charge tube approximately two inches long which is closed at one end by a
glass plate carrying a 0.020 inch diameter hole. The discharge anode was
placed beyond the end of the 0.020 inch aperture so that the discharge was
constricted by the 0,020 inch operature prior to reaching the anode. This

constriction was found to be the key feature for optimizing metastable production.

Maintaining a short discharge length was found to reduce the photon component.

23
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The performance of the various sources was assessed by placing
an Auger detector approximately 10 cm downstream of the source. The
main components of the detector and the operating circuit are shown in
Figure 11.

. The detector operates or the Auger principle, namely, that metas-

table atoms possessing excitation energy in excess of the work function of

a metal surface may liberate electrons from that metal surface upon im-
pact with it. Usually a highly transparent grid is placed above the metal
surface and biased positively with respect to the surface so that the ejec-
ted electrons are completely removed. If the secondary emission coeffi-
cient for the particular metastable and the particular surface are known
then by measuring the current leaving the surface the metastable flux can
be estimated. The guard plates ensure high electrical insulation since

small currents are normally encountered; the deflector plates are to remove

any remaining charged particles from the beam.

Energetic photons may also liberate electrons from the surface of

the Auger detector and, therefore, once charged particles have been re-

moved from the beam it is essential to discriminate between the photon and
metastable components of the beam both of which contribute to the measured | 3
Auger current. The technique adopted for this purpose is due to Stebbings, (14)
and is based upon the difference in absorption length of the photon and metas-

table components of the beam when a background gas is introduced between

the source and detector. Much of Stebbings' reported data described the ab-

sorption of metastable helium atoms and photons produced in a low pressure

(14) Stebbings, R.F., Proc. Roy. Soc. 241, 270 (1975).
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helium discharge by argon gas contained in a gas cell between the source
and detector. Therefore, for comparative purposes, the performance of
the various discharge tubes was usually determined initially by operating
with a helium discharge and performing attenuation measurements of the
photon/metastable beam at the Auger detector as a function of argon back-
ground gas pressure which could be separately and uniformly introduced
into the path of the beam via an auxiliary gas inlet in the spectrometer
chamber.

A typical plot of current measured at the Auger detector vs back-
ground pressure is shown in Figure 12. This plot is for a helium discharge
using argon as the background gas. Two regimes are clearly discernible
on the ‘plot, an early rapidly attenuated component followed by a much larger
tail. The more slowly decaying component is ascribed to the absorption of
photons in the beam which are removed by photoionization of the argon
background gas. Since the absorption length is known (10 cm) and the gas
pressure is measured, the cross section for this process can be deduced
from the slope of the line at higher pressures. The value obtained viz

i cm2 is in excellent agreement with the value obtained by Steb-

g 2xi10"t
bings and also by other workers, for the photoionization of argon by helium
resonance photons. The photon component can be obtained by extrapolating
the long tail of the Auger current to zero pressure. If the photon component
is subtracted from the total Auger current and the natural log of the residual
current again plotted against background pressure, the cross section for the

low pressure process, ascribed to the attenuation of the metastable com-

ponent can be deduced. Such a plot is shown in Figure 13, the cross section

27




METASTABLE

/‘ ABSORPTION

»
®

Ln (AUGER CURRENT)
H
()

PHOTON

ABSORPTION

2 8 10 X 10-3
ARGON PRESSURE (torr)

Plot of {n Auger Detector Current vs Pressure for a Helium
Discharge Using Argon as the Background Gas

28




Ln (METASTABLE HELIUM AUGER CURRENT)

I 1 | ] I
- 2 4 6 8 10 X 10-4

ARGON PRESSURE (torr)

H2849

Figure 13 Plot of £n Auger Current Minus Photon Components vs
Background Pressure

29

e




obtained from the slope of the plot is

-15 2
cm

oc=5x10
This value is approximately a factor of five lower than the value obtained
by Stebbings. This is of some concern but could be explained by the poor
angular definition employed in this attenuation experiment. Because of the
large angular acceptance of the Auger detector small angle scattering events
still contribute to the beam and hence the decay of the Auger current occurs
more slowly than if these events were excluded, resulting in a low value for
the measured cross section.

Similar experiments were performed using argon and krypton in the
discharge and a variety of background gases and the operation of the source
optimized as described above.

C. ELECTRON SPECTROSCOPY EXPERIMENTS

During the initial contractual periods an electron gun and electron
spectrometer system was designed and fabricated. A schematic of the
crossed beams apparatus employing the hemispherical electrostatic analy-
zer as the diagnostic is shown in Figure 14. A photograph of the electron
gun and electrostatic analyzer is shown in Figure 15. Details of the design,
construction and operation of this system have been fully discussed in previous

semi-annual reports. i fot

(15) "Investigation of Electron Impact Processes Relevant to Visible Lasers."
Boness, M.J., and Hyman, H.A,, AERL Semi-Annual Report, Sept 1975-
Feb. 1976.

(16) "Investigation of Electron Impact Processes Relevant to Visible Lasers."
Boness, M.J., and Hyman, H.A,, AERL Semi- Annual Report, March
1976- Aug. 1976.

(17) "Investigation of Electron Impact Processes Relevant to Visible Lasers."
Boness, M,J., and Hyman, H.A., AERL Semi- Annual Report, Sept.
1976- Feb, 1977.
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Operating the glow discharge with argon, experiments were per-
formed according to the original conception of the measurement. Over the
angular range accessible to the experiment and at a variety of incident elec-
tron energies no measurable electron-metastable scattering energy loss

signals in the vicinity of 1.6 eV corresponding to the transition
Ar (4sj) + e — Ar (4pj') + e

were detected.

This transition is, of course, a strongly allowed optical transition.
It is well known that at high electron energies angular distributions for the
scattered electrons are strongly peaked in the forward direction. At low
energies generalizations are more difficult and several factors such as
resonance phenomena and the limited number of partial wave contributions
to the scattering amplitude complicate the issue tremendously. Thus the
non-isotropic behavior of the angular distribution combined with the signal-
to-noise limitations {mposed by spurious scattering signals and long term
stability which limited the signal averaging periods could be a valid explana-
tion for the absence of the scattered electron signal over the angular range
accessible to the experiment.
D. THE FLUORESCENCE TECHNIQUE

Due to the problems encountered with the technique of energy loss
spectroscopy the possibility of a fluorescence measurement was considered

as a method of observing the process of interest,
viz e + Kr* (58j) - Kr** (5pj') + e

via the fluorescence

Kr#** (5pj') - Kr (5sj) + hv
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A comparison of the relative sensitivities of the fluorescence tech-
nique and the method of energy loss spectroscopy involves many factors.
The near isotropic nature of the fluorescence emission together with the
possibility of employing large f-number extraction optics strongly favors
the fluorescence technique. However, detector sensitivity, intrinsic noise,
and spectrometer transmission efficiency favor energy loss spectroscopy.
After considering each of these factors it appeared that the fluorescence
technique might provide a better opportunity to perform this particular
m easurement.

An additional benefit accrued from adopting the fluorescence tech-
nique was the possibility to increase the incident e -beam intensity by using
larger apertures in the diode stage of the gun. This improvement was
not possible when employing the electron spectrometer since the corres-
ponding increase in the angular divergence and space charge spreading of
the e-beam significantly reduced the signal-to-noise ratio due to a very
large increase in electron scattering signals from surfaces.

Once the decision was taken to adopt the fluorescence technique the
experiment was modified accordingly. A schematic of the fluorescence
diagnostic arrangement is shown in Figure 16. Rather than employ an opti-
cal extraction system comprised of lenses which requires careful align-
ment, a light pipe system was employgd as shown. The light pipe was
3/8 inch diameter quartz and subtended approximately an fl ratio at the
collision region. The light pipe was sealed through the wall of the vacuum
chamber using a viton o-ring seal. A stainless steel bellows arrangement
was employed for alignment purposes. The end of the light pipe was focus-

sed onto the entrance slit of a 1/4-meter Jarrel-Ash monochromator using
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a cylindrical lens. A blocking filter which defined the spectral region of
interest was interposed between the cylindrical lens and the entrance slit

of the monochromator. The monochromator was equipped with a 590 lines/
mm grating blazed at 750 nm. The exit slit of the monochromator was
coupled into an RCA model C31034 photomultiplier using another lens, The
characteristics of the photomultiplier are shown in Figures 17(a) ahd (b).
The characteristics shown are actually for the improved 'A' variant of this
model the difference being a factor of two lower gquantum efficiency for the
C31034 model. In order to reduce the dark count the tube was housed in a
refrigerated housing and cooled to -20°C. At this temperature a dark count
rate of approximately 20 cps was obtained. The refrigerated housing con-
tained a built-in pulse preamplifier the output of which was taken to the
standard Canberra Industries pulse counting equipment previously described.
E. FLUORESCENCE EXPERIMENTS

The experimental arrangement finally employed for the fluorescence
measurements is shown in Figure 18,

As with the energy loss spectroscopy considerable problems were
encountered with background noise signals originating in the experiment
itself. The photon background generated by the discharge overlapped ex-
actly the fluorescence signals of interest and was extremely difficult to cope
with. The signal was reduced as much as possible by introducing a com-
plete shield around the collision region as shown and by collecting the major
component of the photon flux inside the Woods' Horn which was open at the
small end in order to vent the box.

Photons emitted from the filament which travelled collinearly through

the collision region with the e-beam and then scattered off various surfaces
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(a) Typical Photocathode Spectral Responsivity Characteristics
of the RCA Model C31034A Photomultiplier

(b) Typical Dark Noise Rate as a Function of Temperature

37

ey Ot

R SRR oy




ELECTRON
COLLECTOR

_ \i
GAS &

ANODE

CATHODE E-BEAM
3 1 AUGER
Kr + Kr §—— METASTABLE

DETECTOR

i’

HV

DISCHARGE
TUBE

WOODS HORN & VENT

N\
LIGHT PIPE

METASTABLE
SOURCE

ELECTRON
GUN

A JELll ]
NTllEi

0
|

Figure 18 Schematic of the Experimental Arrangement Employed for the
Fluorescence Measurement




irto the collection optics were another problem. This was reduced con-
siderably by providing the venetian blind style electron collector which both

monitored the primary e-beam and provided a dump for the continuum em-

¢ ission from the filament.
Initially experiments were performed to measure the Ar (4pj') - Ar
(48j), Kr (5pj') = Kr (5sj) and Xe (6pj') - Xe (6 sj), fluorescence by
exciting the npj' levels directly by electron collisions with ground state

atoms. This served to verify the performance of the system and

also to provide a convenient method of exactly calibrating the mono-
chromator reading for the wavelengths of interest. Naturally, the discharge

was unnecessary for these experiments; the primary e-beamm was simply

crossed with a beam of ground-state atoms. Fluorescence spectra for the

3
4

transitions of interest in argon, krypton and xenon obtained at an incident
¢ electron energy of approximately 20 eV are shown in Figures 19-21,

respectively.

1. Metastable Scattering Experiments

Since the electron-metastable induced fluorescence signals never

exceeded 1% of the background fluorescence noise signal long term signal
] averaging procedures were routinely employed with accumulation periods
| typically averaging 1-2 x 103 sec. In practice, the discharge and electron
gun were operated for several hours prior to data accumulation to ensure
complete outgassing of the discharge electrodes, thermal stability in the ;

electron gun, stabilization of the background pressure and electron gun

B

emission current.

’ i
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Data accumulation was performed by selecting the wavelength of
interest in the 1/4 meter monochromator and then adjusting the e-beam
energy to the required value., The electron-metastable fluorescence signal
was detected as the difference between the signals collected with the e-beam
on and off. Rather than modulate the ¢-beam by reducing the heater current
which would also have slightly modulated the photon noise background due to
filament emission the voltages applied to the electron gun were reduced to
zero. At e-beam energies significantly lower than the energy required to
excite the upper fluorescing level directly from the ground state the differ-
ence signal corresponded to fluorescence from electron-meatastable colli-
sions. However, since the ratio of metastable to ground-state species in
the beam was extremely small spurious signals could, in principle, occur
due to the high energy tail of the e-beam distribution (although orders of
magnitude less than the peak intensity) interacting directly with ground- state
species. In practice, such signals were detected by repeating the e-beam
"on' and "off'' experiments with the discharge tube off but maintaining the
gas flow. Such signals were only detected when the nominal e-beam energy
was within a volt of the threshold energy for direct excitation from the
ground state.

Measurements were attempted at wavelengths corresponding to the
various peaks in the fluorescence spectra shown in Figures 19-21, however
the very large background photon flux, extraneous noise problems and limits
to long term stability of operation interfered considerably with data accumula-
tion. Data corresponding to fluorescence from electron-metastable and
electron-ground state collisions is presented in Figures 22-25. For kryp-

ton reliable electron-metastable collision signals over an extended energy
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range were reliably detected for the combined 8104 £ and 8113 & wave-
lengths corresponding to fluorescence from the Py~ S5 and Pg ~ S5 transi-
tions. The threshold for direct excitation of the Pg and Pg levels directly
from the ground state occurs at 11.44 eV and a large increase in fluorescence
due to this process is observed at this energy. The only other transitions
for which electron-metastable fluorescence signals were detected were at
locations in the fluorescence spectrum corresponding to the combined
7587 R and 7602 & (P —~ 8,4, Py — 55) and 8263 R, 8281 R and 8298 X (p, ~
S4r P3—~ 8, and Py~ sz) transitions, The signal-to-noise statistics for
these transitions were significantly worse than for the 8104 & and 8113 &
transitions and due presumably to the combined reduction in e-beam inten-
sity and cross sections at low energies the statistically significant data
points were restricted to those shown. Once again near the thresholds for
direct ground- state excitation large increases in fluorescence intensity

were observed which restricted measurements of the electron- metastable

fluorescence signal to energies below these threshold.

Similar difficulties affected the electron-argon metastable collision
measurements and only signals corresponding to the combined 8104 R and
8115 & (p7 ~ 84 Pg~ 35) transitions shown in Figure 25 could be detected.

a. Cross-Section Normalization {

In order to place the cross-section measurements on an absolute
scale and to establish upper limits for the weaker undetected transitions,
the following normalization procedure was adopted. First, the direct |
ground- state excitation cross section for the transition of interest was |
normalized with respect to the He 7065 R 33S- Z3P. This cross section I

has been measured absolutely by a number of authors and good agreement s
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exists between the various measurements. This transition was selected
because it falls within the spectral range occupied by the transitions of in-
terest in krypton and argon and therefore does not introduce additional un-
certainties due to variations in the spectral response of the photomultiplier.
The value of

-18 2
c

o=l.lx10 m

for the peak cross section obtained by Jobe & St. John, 18 and which occurs

close to threshold was employed for the normalization. The energy depend-
ence of the He S3 - 23P clearly indicating the resonant nature of the thresh-
old behavior is shown in Figure 26. Absolute measurements of the ground

state line excitation cross sections have been made by Zapesochnyi and

i At P 3 5 A it i A

Feltsan, (19) however normalization of the present measurements via the

helium excitation function was preferred since the helium data has been sub-
stantiated within 20% by three independent groups of authors and, therefore,
provided a more reliable basis for the normalization. It also provides a
basis for comparison with the Zapesochnyi & Feltsan data and which is in-
dicated «: rigures 22-25, Since the published data includes all transitions
from the sarious p states to all final s states excluding the ground state,
these cross sections had to be adjusted according to the appropriate ratio

of oscillator strength to account for those transitions not included in the
present measurements. For this purpose the appropriate transition proba-

(20)

bilities recently calculated by Lilly were employed.

(18) Jobe, J.D. & St. John, R.H., Phys. Rev. 164, 117-121 (1967).

(19) Zapesochnyi, I.P. and Feltsan, P.V., Optika i Spectrosk (USSR), 20,
521 (1966) English translation in: Optics & Spectrosc (USA) 20, 29TT1966).

(20) Lilly, R.A., J.Opt. Soc. Am. 66, 245 (1976).
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Finally, in order to place the electron-metastable line excitation
cross sections on an absolute scale, it was necessary to determine the
ratio of metastable to ground-state species in the atomic beam.

Knowing the secondary electron emission coefficient (y) for the meta-
stable species in question on the surface of the Auger detector, then abso-
lute metastable densities at the detector location could be determined from
the magnitude of the metastable component of the Auger current deduced
from attenuation measurements similar to that shown in Figure 12. This
value was extrapolated back to obtain the absolute value of the metastable
density at the collision region defined by the interception of the electron and

atomic beams.

The value of y for argon metastables incident on a gold plated sur-

(21)

face (y =0.5) was taken from the work of Dunning et al., the value of

o ki i S5

y used for krypton was 0. 25.

The absolute value of the ground-state atom density at the collision

e A o s K

was determined from measurements performed with the electrostatic elec-
tron energy analyzer system described in Section II.C.

As previously described for the electron spectroscopy experiments
the collision volume defined by the acceptance angle of the electrostatic
analyzer acceptance optics was designed to be invariant with respect to an-
gular location as illustrated in Figure 27 in order to provide accurate rela-
tive angular distribution measurements. For purposes of determining the
ground- state atom density (performing the fluorescence measurements) the

angular divergence of the atomic beam was increased so that the cross-

(21) Dunning, F.B., Rundel, R,D., Stebbing, R.F. Rev. Sci. Inst. 46,
697 1975.
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sectional area exceeded the area intercepted by the acceptance angle defined
by the electrostatic analyzer acceptance optics and the e-beam for 90°
scattering as shown in Figure 28,

Using this geometry the metastable source gas flow rate was adjusted
to yield the usual optimized background pressure conditions and the elastic
electron scattering signal through the electrostatic analyzer as measured by
the channeltron count rate was measured. The atomic beam was then turned
off and gas introduced into the spectrometer chamber through a separate
large diameter (3/4") orifice remote from the collision region until the
scattering signal measured by the channeltron count rate was equal to that
obtained with the atomic beam operating. Under the latter conditions the
pressure is uniform throughout the chamber and was measured on the ion
gauge, Since the collision volume is invariant under the two conditions as
illustrated by comparing Figures 28(a) and 28(b), then the background pres-
sure measurement determines the atomic beam density and, thus, yields
the absolute value of the ground- state atom density required to provide the
ratio of metastable-to-ground state densities necessary for the metastable
cross-section normalization procedure.

The values of the metastable excitation cross sections are indicated
in Figures 22-25. The vertical bar on the figures indicates one standard
deviation for the statistical variation imposed by the background signal

counting rate and represents the statistical accuracy to which the metastable

scattering signal could be determined. Incomplete suppression of extrane-

ous signal interference would reduce the accuracy determined by statisti-
cal fluctuations. These interferences were rountinely & periodically veri-

fied to be absent during data accumulation.

53




ATOMIC BEAM
PRESSURE
P

ACCEPTANCE

CONE

ANALYZER ENTRANCE |4
OPTICS !:"
1 =\ |

(a) f
1
b
s e UNIFORM
RHCLEEL s £ T BACKGROUND
. . °. * " . PRESSURE
‘ RS e Rafiban P ;

ACCEPTANCE
CONE

ANALYZER ENTRANCE
OPTICS

j' i H4032 (v)

Figure 28 Diagram of the Collision Chamber Geometry Employed
. for Determining the Atomic Beam Density for the
E | Fluorescence Measurements

] ‘ (a) Atomic Beam Scattering Measurement

(b) Background Gas Scattering Measurement Note the
Identical Interaction Volumes Defined by the
Analyzer Entrance Optics

54

7 e Se " ees nvesan i betaliahe Cidlias

|
|
|
{
|
E




b. Energy Scale Calibration

' The 33S - 23P transition in helium which was used for normalization

of the cross sections was also employed to provide a calibration for the elec-
tron energy scale, This transition which has a resonance at threshold as

. shown in Figure 26, exhibits a vertical onset at 22.72 eV and was used to

1 calibrate the energy scale to an accuracy determined by the e-beam energy

distribution which was approximately 0.4 eV,
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III, THEORY

A, INTRODUCTION

There has been considerable recent interest in rare-gas monohalide
lasers, due to their potential for high power, high efficiency performance.
This bas led to an increased understanding of the physics of rare-gas/halogen
discharges. In particular, a detailed uwdy(zz’ of the KrF laser discharge
has shown that electron impact excitation of the rare-gas metastables strongly
affects the electron energy distribution function and the efficiency of producing

the KrF" upper laser state. The relevant processes are

e + Ar' (3p°4s) - e + Ar' (3p°no)

e + Kr' (4p°58) - e + Kr® (4p°ni)

where n{ represents higher-lying states. The pss state is split into four
levels: J = 0, 2 which are truly metastable, and two levels with J = 1,
which can radiatively decay to the ground state. Under typical laser oper-
ating conditions, {22) however, the J = 1 states are radiatively-trapped and
therefore long-lived. Consequently, all four levels are effectively metastable
for the conditions of interest. Calculations have been carried out for the above
processes and results for the various cross sections are given in the present
report.
B. BASIC FORMULAS

The first Born approximation(23) has been used for the present cal-

culations [although an approximate treatment of strong coupling effects has

(22) Jacob, J,H., and Mangano, J.A., Appl. Phys. Letters 28, 724 (1976).
(23) Moiseiwitsch, B, L., and Smith, S.J., Rev. Mod. Phys, 40, 238 (1968).
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been includeu for the dominant s-p transitions (see Section II.D)]. The
Born cross section, in units of 1ra°2, for a transition from initial state i to
final state f is given by

max

S fg®aunxk (1)

K
min

Qi =

k AE

where ki2 is the incident electron energy, AE = Ef - Ei is the transition
energy, and K =| l-c’1 - l-c} I is the magnitude of the momentum change of the

incident electron. The quantity fis (K) is the generalized oscillator strength(23)
(GOS), and is given by

flf(K)--—l(\IffIZ exp(lK'r)l\I’ >| (2)

where \Ifi and ¥ ¢ are the initial and final wavefunctions,of the N-electron
atom, respectively.

We start from a single configuration intermediate coupling (IC) wave -
function(24) for the rare-gas excited states. Expanding the IC-state in terms

of pure LS-coupled basis states, we obtain

PP nATIM) = E |p5 CP)neSLIMYCSLI| r1> (3)

In the absence of external fields J (the total angular momentum) is a rigorous
quantum number in any representation. The expansion coefficients {SLJ I D
are elements of a unitary matrix, and in general are obtained by dia.gona.lizing'
the spin-orbit Hamiltonian in the LS-basis states. i Transformation matrices

between various pure coupling schemes are given in Ref. 25,

(24) Condon, E. U., and Shortley, G.H., The Theory of Atomic Spectra,

Cambridge Univ. Press, Cambridge, England (1964).

(25) Cowan, R.D., and Andrew, K.L., J. Opt. Soc. Amer. 55, 502 (1965).
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To evaluate the matrix element in formula (2) we use the well-known

expansion of the plane wave in spherical harmonics:

- - \
exp (iK * ) = 47 Z it (Kr) Yl:(k\) ¥, ) 4)
Ap

with j)t (Kr) the spherical Bessel function. Substituting expressions (3) and
(4) into (2), summing over final degenerate states and averaging over initial

degenerate states, we obtain

fry., 3. ® =73 3771 (rgle | S¢LeJ?
i1t K i
r |81, 5L

x <p° CP) gt S L33y (ko) v, @] 0% Py migysinia>

2
x {8,L.J, ‘ I‘iJi>\ (5)

The reduced matrix element is evaluated by two applications of Eq. (7.1.8)

of Edmonds(26) to give

/\
<P°(*P)ng 4,5 LeT, ”jx REuEL Xy (r’” p°(*Phn 4,8, L,J, >

= (-1)

Jf-l'Si+Li+Lf+2i+2f+16 (23, +1)(2T A1 )(2L; +1)(2L+1 )(22i+l )(Zlf+l )(2A+1)
Si’ Sf 47

LedeSif | Qe Le L[/ 42 &
x R, (K) (6)

JiLik' Lilih 0 00

(26) Edmonds, A.R., Angular Momentum in Quantum Mechanics, Princeton
Univ, Press, Princeton, New Jersey (1960).
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Rh (K) = / Pnflf(r) jh (Kr) Pn.l. (r) dr (7)
o

11

and where Pn ¢ (r) is the radial part of the wavefunction, We have assumed
that the various levels of a given configuration can be described by a single
radial wavefunction,

For ns - np transitions, only the A = 1 term provides a non-
vanishing contribution, and for this case it is straightforward to show from

Eqgs. (5) - (7) that

2
(=1 A TIE®

(K) = J(r L)

fr'iJi, ot K2 2, F1 3 e 5

= f Pnfp (r) r Pnis (r) dr (9)

o

and with ithe optical line strength. (a4) Equation (8) can be used to cir-
cumvent the spin-orbit diagonalization procedure for cases where either
experimental data or intermediate coupling calculations exist for the line
strength,

Finally, for various applications it is useful to consider an average
excitation cross section between two configurations, which we define as the
sum over final l“fJ ¢-states and the average over initial nJ j-states. The

average GOS is then given by

£ & 1
fnili. nele K) = 13 (zli +1) E 2 (23, +1) friJi' rfJf(K) (10)
191 Ji I‘f Jf
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Using Eq. (5), together with the unitary property of the expansion matrix
(25)

and the orthonormality relations for the 6-J symbols, we obtain

= _ZE 2 2
Fot, ot K =235 @ +1) E (21 +1) (1f A 2i) |, |2 ()
. 0 00

where AE is the average transition energy (see Sec. III,C), This is a

1-electron formula, independent of coupling, as expected.

C. RADIAL WAVEFUNCTIONS
The radial wavefunctions are determined from a semi-empirical
method, (27) in which the radial Schrodinger equation for the active electron

is written in the form

2 i‘.
d 200 +1 2 r ~ - | 4
[_2 . _(_:2_) + 2 g(_.__)+ Enﬂ] P () =0 (12) E

dr %ne

gnl is taken to be the statistically-averaged experimental binding energy of

(27)

the configuration, { (p) is the '"effective charge' of the atomic core, and
ag is a radial scaling or distortion parameter and is the eigenvalue of Eq.
(12) subject to the boundary conditions Pnl (0) = Pnl () = 0. The function

{ (p) is given by

L) = (Z-N) + S /(1 -gT)pjz(p')dp- (13)
j=lp

with Z the nuclear charge, N the number of core electrons, and Pj(p) the
radial wavefunctions of the core electrons. For the present calculations,

the undistorted core wavefunctions were taken to be the analytical Hartree-
(28)

Fock functions of the relaxed ion. In the excited state, the active electron

(27) Vainshtein, L. A., Opt. Spect. 3, 313 (1957).

(28) Clementi, E., and Roetti, C., Atomic Data and Nuclear Data Tables 14,
177 (1974).
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is fairly far-removed from the core and sees primarily a Coulomb field.
The above method should thus give a good representation for the wavefunction

in the relevant region of configuration space.

The average experimental binding energies were calculated from the

Enl =1 - Z (2] + D E_, ; E (27 + 1) (14)
3

with T the average ionization energy and En 03 the excitation eneryv of each
’

formula

level; all experimental energies for Ar* and Kr* were taken from tne NBS
tables. (29) The values for Enl’ in units of Rydbergs are given in Table I
for the states included in the calculation. The average transition energy
(AE) between two configurations is simply the difference between the values
listed in the table. The scaling parameters, obtained from the numerical
solution of Eq. (12), are given in the last column of Table I. The fact that
all of the values of a g are close to unity and that the total variation is only
1.18 £ a. < 1.27 provides additional support for the use of the distorted
core approximation for the rare-gas excited states.
D. RESULTS AND DISCUSSION

For metastable argon and krypton, transitions of the type p5 ns -
p5 ne P, with ne = n,, are by far the most important (see below), and both

experimental and accurate IC theoretical results for the optical line strengths

(29) Moore, C.E., Atomic Energy Levels, Vols. I and II, Circular of the
National Bureau of Standards 467, U.S. Dept. of Commerce, Washing-
ton, D.C. (1949).




TABLE I

BINDING ENERGIES AND SCALING PARAMETERS

Atom State

FOR Ar AND Kr

Average Binding
Energy, |E_, | (Rydbergs)

Scaling
Parameter, a, ¢

Ar 3p74s

4p
3d

5s

4d
Kr 4p553

4d
6s

5d

0.30627
0.19464
0.12740
0.12376
0.09183
0.07174
0.29700
0.18593
0.13321
0.12006
0.08867

0.07312
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1.2718
1.2343
1. 2490
1.2512
1.2204
1,.2383
1.2245
1.1915
1.2228
1.2012
1.1796
1.2104




exist in the literature for these cases. {39-39) Equation (8) has therefore

been used to obtain a large number of Born cross sections for the Ar” (4s -

(34) The effect of choosing different

4p) and Kr" (5s - 5p) transition arrays.
coupling schemes to represent the excited states is shown in Figures 29 and
30. Referring to the Ar* (4s - 4p) array, Figure 29 shows the Born cross
section vs incident electron energy for the ls,- 2p, transition (see Ref. 29
for ncotation) obtained with the e#perimental line strength;(?_m and with line
strengths calculated in intermediate, LS-, and jl-coupling;“” Figure 30
shows the corresponding results for the 195 - Zp8 transition. In both cases,
the IC results are very close to those obtained using the experimental 4
values. In the ls, - Zp4 case, the pure j{-coupling cross section is in rea-
sonably good agreement with the IC curve, while the LS-coupling cross
section is in very poor agreement. For the ls5 - 2p8 transition, however,
just the opposite’ is true. Furthermore, again with respect to the Ar”* (4s -
4p) array, the lsz - 2p6 transition is completely forbidden in both j¢- and

LS-coupling, \31)

while the IC calculation gives a large cross section with a
peak value of 36 ra OZ. The cross section clearly can be very sensitive to the
choice of coupling scheme, and intermediate coupling should be used to obtain

reliable results.

(30) Wiese, W.L., Smith, M.W., and Miles, B. M., Atomic Transition Pro-
babilities, Vol. II, NSRDS-NBS 22, U.S. Dept. of Commerce, Washing-
ton, D.C. (1969).

(31) Garstang, R.H., and VanBlerkom, J., J. Opt. Soc. Amer. 55, 1054
(1965).

(32} Murphy, P.W., J, Opt. Soc. Amer. 58, 1200 (1968).

(33) The authors of Refs. 31-32 give transition probabilities or Einstein
A-factors in intermediate coupling. The corresponding line strength,
in atomic units, is obtained from the relation £ = 4.95 x 10-19 g A3A,
with g the statistical weight of the upper level, A the transition wave-
length in &, and A the transition probability in sec-1.

(34) Hyman, H.A., (unpublished).
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: The average Born cross sections, calculated from Eq. (11), are
shown as the soiid curves in Figures 31 and 32, for the cases Ar* (4s - nf)

s and Kr* (5s - n¢). As indicated «arlier, the s-p transition with no change
in principal quantum number is the dominsant process. This is due to the

long-range dipole interaction, which causes the s and p states to be strongly

coupled and which in turn causes a breakdown in the Born approximation in
the low to intermediate energy range. Seaton has introduced a2 simplified

impact parameter theory, L33

which accounts approximately for both the
weak coupling and strong coupling regimes. The method requires a know-
ledge of the oscillator strength, f and of the cut-off radius, (35) Ro' The

average oscillator strength was determined from Eq. (11), together with

the wellknown relation

fnsn
i% OgP

i Gl Sl

£ lim ¥ (K) (15)
K-0 "% "

while the cut-off radius was chosen so as to give agreement with the Born

theory at high energies. The parameters used in the calculations were: for :
Ar* (4s - 4p), T = 1.068 and R = 4.572a_; for Kr" (5s - 5p), T = 1.121
and Ro = 4,723 a_. The results of the impact parameter theory are given by ]
the dashed curve in Figures 31 and 32, Strong coupling effects are dominant

at incident energies Ei < 20 eV, and the resulting cross sections are seen

to differ significantly from the Born theory both in shape as well as in mag-

nitude,

Finally, we consider the average optical excitation cross section, (36, 37)

PSRy

Qp, for the Ar” (4s - 4p) and Kr' (Ss - 5p) transitions. This quantity, defined ;

(35) Seaton, M.J., Proc. Phys. Soc. 79, 1105 (1962).
(36) Chen, S.T., and Gallagher, A.C., Phys. Rev. Al4, 593 (1976).
(37) Chen, S.T,, and Gallagher, A, C., Phys. Rev. A (to be published).
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TR T

Cascade

by QT s QDi.rect +Q

» is useful for estimating the validity and

range of application of the Born approximation. 6Ca e

from the cross sections given in Figures 31 and 32; the maximum cascade -

can be evaluated

contributions to 6.1. in the Born approximation are found to be 17% and 18%

for argon and krypton, respectively. In Figure 33, we have plotted the re-

(36,37) =
Qp

duced quantities (E)z/? vs Ei/ﬁ. These curves are very

similar to the analogous Born curves for the resonance transitions in the

alkalis, (37)

which is not surprising given the similarity between the elec-
tronic structure of the alkalis and that of the rare-gas metastables. It
should be pointed out that we have neglected the complicated branching ratios
for the excited states in determining the cascade contribution [for example,
the J = 1 components of the pss and p5d series can decay to the rare-gas

ground state as well as to the np5 (n +1) p state]. This leads us to over- .

estimate Q

Cascade’ but is compensated for by the fact that we have neglected

the additional small contribution due to still higher-lying states not included
in the present calculations., Considering these two effects, we estimate that
the curves of Figure 33 are uncertain by ~3%. Based upon measurements
of a number of optically-allowed electron impact excitation cross sections,
Chen and Gallagher(36’ b have suggested an empirical universal relation

of the form.

Q (observed)
T AE
QT(ﬁorn) o2 -f;- (16)

which would imply that the Born theory is no worse than a factor of 2 in

error for incident energies as low as E, ~ 6 eV for the present case. Fur-

thermore, Seaton's method(ss) appears capable of removing ~ 3/4 of the

discrepancy between the observed and Born cross sections in this energy

range. 70
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Electron impact excitation processes for metastable argon and kryp-
ton atoms have been considered. General formulas for the Born cross section
in intermediate coupling have been given, from which various special cases
were obtained (i.e., for s-p transitions and for the average cross section
between two configurations). The importance of using intermediate coupling,
as compared to various pure coupling schemes, has been pointed out., Strong
coupling effects were shown to be dominant at low to intermediate energies
for the Ar* (4s - 4p) and Kr* (58 - 5p) dipole transitions, which were found
to have large cross sections with peak values ~ 100 waoz. Finally, the
validity of the Born approximation was estimated from an empirical point of

view through a consideration of the optical excitation function,
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