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APPLICATIONS OF C(ROSS SECTIONS FOR

ELECTRON-MOLECULE COLLISION PROCESSES

David C. Cartwright

Los Alamos National Laboratory
P. 0. Box 1663, MS E527
Los Alamos, New Mexico 87545

Electron-impact proccesses with atoms and molecules play a
central role in a wide variety of naturally occurring and
laboratory-produced phenomena and, as a result, have been the
subject of considerable research, particularly 4in the last
ten years. The lmportance of electron-impact excitation oro-
cesses Involving ground-state molecules, and molecules 1in
metastable excited states, has been reccgnized for many years
in the study of ionospheric [1] and auroral [2]) processes in
planetary atmospheres. The discovery of high-power
(electron-beam and discharge-pumped) gas lasers has resulted
in an 1increased interest 1in electron collision processes
because of the important role they play in creating the
population inversion [3]. This renewed {nterest in electron
scattering has resulted in the measurement of many of the
electron-impact excitation cross sectioni: of 1mportance
during the past ten years. The need for cross section
information involving targets that are presently ai{ficult to
study experimentallv (eg, molecuiar free radicals, etc), and
1ecent results from electron-photon coincidence measurements
[4) which probe the detalls of the scattering process, have
further stimulated theoretical studies. In spite of this
renewed activity, however, much of the electron-impact
excitation <cross section {information needed to uwudel a
variety of plasma and plunetary processes is still not known
and the absence of these besic cross section data hinders
progress toward 1 more thorough understanding of various
phenomena.

The Earth's lonosphere and Aurora

Electron 1impact processes play a major role {in two
naturally occurring atmospherlic phenomena. In the earth's

©1985 VCH Publishers, Inc.



D.C. CARTWRIGHT

ionosphere, processes asroclated with production and loss of
free electrons (and the related ion-chemistry) determine the
characteristics of the secondary electron distribution and
the ionvspheric emissions. Auroral emissions are produced as
a result of energy deposition by charged pariicles, primarily
electrons, entering the earth's polar atmospheres along mag-
netic field lines. These two atmospheric phenomena involve
electrons of somewhat different energies, but require essen-
tially the samc cross—-section information.

Free electrons in the ionosphere are prcduced by photo-
ionization of atmospheric constituents and the subsequent
cascade-ionizations of these “primary” electrons as they move
through the atmosphere. These electrcns lose thelr energy by
ionization, electronic, vibrational and rotational excitation
of the atmospheric constituents, and collisions with other
electrons, until they thermalize and wultimately recombine
with the positive ioms.

The full range of electron impact processes, elastic
scattering through 1lonization, is possible because the flux
of electrons ranges from 0 to greater than 100 eV. Molecular
nitrogen, however, 1is the only atmospheric constituent for
which extensive results have be2n reported for the differ-
ential and integral cross sections for electronic excitatio:.
and, even for Nz, there remain a number of atmospherically
important 1issues for which the avallable data are in major
disagreement. Two of the leading 1issues 1involving elec-
tronic excitation in N7 has to do with the magnitudes and
shapes of the integral cross sections from threshold to about
25 eV and with the absolute cross sections for disscciation
of Ny into N(4S), N(2D), and N(2pP) fragments. As
illustrated in Figure 1, Z2ipf and McLaughlin [5] have re-
ported integral "apparent” cross sections for excitation of
the dipole-allowed states that are a factor of two larger
than those determined [6]) from electron energy-loss spectra
and the origin of this difference has not yet been ex-
plained. This difference needs to be reso.ved because
nitrogen atoms, in the.,r ground and excited states, play key
roles in the forme'ion of NO and similar constituents in the
ioncuphere and alsioclation of Nz by =»leccron impact
appeiars to be the mujo: mechanism for producing N atoms.

The data situation for Oy, also a major molecular con-
stituent in the fonospi~re, 18 currently wore: than for Nj
because there are relatively few absolute differential and
integral cross sections for excitation of specific states in
03, One of the major reasons for this deficiency 1s
becanse the very strong perturbations present in the excited
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Figure 1. Comparison of recent measurements of the iniegral
cross sections for excitation of theb 'n, state (upper
panel) and c' lx; state (lower panel) of Njs. The solid
curves are from Zipf and Gorman [11] and from Morgan and
Mentall [12]. Tne data points are from Chutjian and

Cartwright [6]. (Composite figures from liikawa et al
1985 [13]).

states of 03 so complicate the electron energy-loss spectra
in 07 that a straightforward analysis of the datsa is not
possible. In the atm‘'spherin sciences, the primary interest
in electron impact excitation of Oy 1is as a source of
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excited-gtate O-atoms because electron-impact excitation of
essentially every electronic state above the b 12* state (at
1.6 eV) results 4in dissociation into O-atom fragments.
Progress has been made recently in understanding the photo-
dissociation of ©Op via the atmospherically important
Schumann-Runge contiauum [7] and the magnitudes of the elec-
tron impact cross sections for excitation of composite (ie,
more than one electronic state in the energv-loss spectra
[8]. However, differential and integral cross sections for
excitation of individual electronic states, and the corre-
lation to excited state fragments, 1s still not available.
Providing this 1information will require a particularly close
collaboration between theorists and experimentalists because
the very strong perturbations in the electronic state of 0
preclude application of existing theoretical techniques omu
the one hand, and make straightforward interpretation of the
energy-loss data impcssible on the other.

As a final comment on molecules for which electron impact
excitation data are useful in the atmospheric sciences, we
mention the molecule NO. This molecule, although not a
dominant neutral species in the earth's atmosphere, 1is of
particular interect because of the key role It plays in the
ion chemistry in the i1onosphere and the aurora [2]. The
excited electronic states of this molecule are also strongly
perturbed and, again, very little data are currently avail-
able on the direct electronic excitation and/or the excited
state and kinetic energy distribution of the dissociation
atomic fragments. As in the case of 03, determination of
the cross sections for electroniz excitation of NO 1is a
fertile area for collaborative theoretical and experimental
efforts becausc of strong perturbatlons in the excited state
spectrun.

Gas discharges/excimer lasers. There 1s considerable
renewed interest in the general properties of gas discharges,
primarily because they serve ar efficlient means to drive gas
lasers. Gas breakdown and the transport of moderate-energy
electrons through gas media are not yet very well understood
and remain the subject of considerabie research. The origin
of the curreut difficulties with modeling these phenowena can
be traced to be a combination of (1) the mathematical and
computational problems in dealing with a non-LTE plasma, and
(2) the general absence of the cross section data necessary
to model the charged-particle interactions in the medium.

Excimers are the class of exciplex molecules formed from
identical atoms or atomic groups (eg, rare-gas excimers).



Exciplex molecules are defined as those which are bound in
their excited electronic states but dissociate readily 1in
their ground electronic state. The general characteristics
of , and detailed processes occurring in, exciplex lasers have
been discussed in a number of excellent review articles [9].
Because of the importance in a wide variety of applictions,
the rare-gas KrF excimer system will be used as the example
to 1llustrate the relevant mechanisms. Figure 2 illustrates
the potential-energy curves for KrF. The upper lasing level
is the B state and is dipole connected to the weekly bound X
ground electronic state.

lz 1 [
10 -
[ AYY 4 .
ok K0P+
— Kr 'Ry e F*
>
X
> SF .
g t ‘B2 .
¥
] a1+ o
H LASER TRANSITION (A=248nm) 4
er -
| A3r2,1/2 ]
(o] o —  KreF( Pm.'./z) ~
X 172
b °

figure 2. Electronic structure characteristics of the
lasing KrF monohalide molecule. The lowest electronic state
is repulsive, or only slightly bound, and therefore the
ground-state (X) molecule 1is thermally unstable against
dissociation into atomic fragments. The wupper laser level
(B) is an ionic electronic state that dissociates intc the
indicated ionic fragments.

The KrF excimer 1laser 1is wusually produced f{rou an
atmospheric-pressure mixture of Ar-kr-Fy having varlous
percentage proportions of the componait gases. Usu:ally, the
constituents that form the lasing molecule are diluents in a
carrier gas,

The production and 1loss of the active excipler media
Involve a large number of electron and heavy-particle
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collision processes. A thorough analysis of che basic colli-
sion processes that take place Jn an electron-beam stabilized
electrical discharge in atmospheric Ar-Kr-7j; mixtures has
been provided by Nighan [10], and Figure 3 is an adaptation
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Figure 3. Schematic diagram of the primary reactions for
formation of KrF by electron-impact excitation of
atmospheric-pressure mixtures of Ar-Kr-Fp (Adapted from
Nignan [10]).

of his schewmatic summary cf the primary collision processes
contributing to KrF molecule which, as shown in Figure 3,
occurs via elther {ion-molecule reactions or reactlons
involving metastable rare-gas atcus. Although nv single
mechanism completely dominates the production of KrF,
Nighan's analysis shows that two- and three-body pcsitive and
negative 1lon recombination is most important for electron-
beam excitation (lowest path in Figure 3), while rcactions
between F, and metastable rare-gas atoms are most important
in the case of gas-discharge pumping (upper two peths in
Figure 3).

A key factor 1in achieving high efficiency for these lasers
is the efficient production of rare-gas atoms in metastable
states. Analysis shows [10] that there 1is a substantial
vlectron energy loss to electron—-impact dissociution of
Fo.  Vibrational excitation of Fp 1is not an important
energy loss mechanism (because the energy lost per collision
18 relatively smali) Lut is very important in the formation
of KrF hecause of Jts possible effect on dissoclative attach-
ment. Accurate assessmeats of these loss mechanisms are,
unfortunately, not yet possible because there are currently



very few data avallable on the electronic and vibrational
excitation of Fy, and these deflciencies hamper the assess-
ment of the rvle of electron-F) processes in the KrF laser.

As shown schematically in Figure 3, F~ plays a central
role in the forwation of KrF but the role of excitation to
electronic states of Fy that dissociate into F* + F~
could not be determined because the relevant cross section
data are not avallable. Theoretical sork suggests that
icnic-character states that dissociate into F* + F~ are
abuadant {n F2 and, consequently, tlie electron-impact
excitatio. of t'ese states should be stulled to determine 1if
this source of F~ 1s important in the KrF laser. In the
short term, theoretical techniques may be the best way to
obtain this information.

Iable 1 1is a summary of the key physics issves that need
to be aidressed in order to better unierstani the KrF laser.
One of the most important is the determination of electron
impact <cross sectliouns involving molecules in excited
electronic states.

Table 1. UNRESOLVED PHYSICS ISSUES
- RELATED TO K-F

OELECTRON CRCSS-SECTION FOR GROUND
AND EXCITED STATE SPECIES

OTEMPERATURE DEPENDENCE OF RATE
CONSTAKNTS

ODETAILED VIBRATIONAL STATE-TO-STATE
KINETICS

OPHNTO~ ABSORPTION BY KryF AND OTHER
SPECIES

Tabie 2 18 & summary of the kinds »f electron-impact
crcss section data that are needed ton better understand
cer-zain aspects of atmospheric and discharge processes.

able 2 ELECTRON-MOLE"ULE [ATOM! COLLISION
S aer o PROCESSES PL. Y A MAJOR ROLE N
UNDERSTANDING A NUMBER OF
PHENOMENA
BUT MANY MORE CROSS SECTION DATA
ANE NEEDED
PARTIALLY IONIZED
ATMOSPHERES PLASMAS
O N, (E, S 30 ev) @ FXCITED STATES —
o N; (DIPOLE STATES, EXCITATION & 1ONIZATION
£, 2 100 oV) ® DIELECTAONIC
® 0, (BR CONTINUUM )
®NO (ALL STATES. ArL E,)  RECOMRINATION
v C (TOTAL SCATTEHING]  © TRANSIENT SPECIES
O EXCITED BT .TES
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