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Introduction

HE collision processes that play the greatest role in the

excitation and ionization state of a typical thermal plasma
are excitation, ionization, charge transfer, and recombina-~
tion of atoms, molecules, and ions. In this paper, we shall
restrict the discussion to excitation and ionization collisions
involving electrons, atoms, and ions at thermal and near
thermal energies. Denoting an atom or ion by 4, B and an
electron by e, the processes are then

e+ A(r,n) — e+ A(r,n’) (1a)
e+ A(r,n) — (' —r + e + A@', n") r’">r (lb)
A(r, m) + B(s,n) - A(r, m’) + B(s, n’) (2a)
A(r, m) + B(s,n) — A(r', m") + B(s’,n") +
(r"4+ s —r — s

(2b)
r>rs >+ —r—s82>1

r,s, 1,8’ = —1,0,1,2... = charge on atom or ion
m, n, m', n’ = state of atom or ion

Although formally all of the foregoing processes are in-
cluded under (2b), the differences between electron (1) and
heavy particle (2) collisions, and between excitation (a) and
ionization (b) collisions are large enough to require separate
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discussions. It is also usual to distinguish the cases where
at least one atom is neutral (r = 0 and/or s = 0) from the
other cases.

Since “thermal” plasma temperatures are only some few
electron volts, the collision cross sections are needed in
energy ranges determined by Maxwell distributions which,
in many cases, will be declining rapidly with energy at the
threshold for excitation or ionization of the ground state of
typical atoms. However, for excited states of the atoms, the
threshold energies are smaller by factors of 10 to 1000, and
it is now the atomic cross section that is declining in the re-
gion where the velocity distributions peak. These points are
illustrated in Fig. 1. It can be seen that the only part of the
ground state cross section which contributes appreciably to
the excitation rate is the part just above threshold, whereas
for an excited state, the region of the cross section above
its maximum will be most important. As is well known, the
current state of collision theory and experiment tends to give
particularly poor accuracy for the threshold, so that much of
our discussion will be concerned with the accuracy available
for various cross sections in the threshold region.

We begin with a discussion of some of the collision param-
eters for a thermal plasma, with some asymptotic cross sec-
tions used to illustrate typical collision processes. The
following two sections will treat firstly electron collisions
with ground and excited states of hydrogen and then collisions
with other atoms and ions. Finally, there will be a dis-
cussion of heavy particle collisions treated more briefly than
the electron case because the collision rates involved are
usually smaller and therefore play a smaller role in the state
of the plasma.

Effective Cross Sections in a Thermal Plasma

For almost all plasmas of interest, the particle velocities in
the plasma remain in equilibrium, obeying the Maxwell-
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Boltzmann distribution, even when most other quantities,
such as the radiation field, the numbers of atoms in various
excited states, and the state of ionization, depart from
thermodynamical equilibrium. Hence, under these condi-
tions, the effective excitation and ionization collision cross
sections are determined uniquely by the temperature of the
exciting particles and the inelastic cross section for the
i — j processes (including ionization); the effective cross
section relevant to collision rates is expressed as an average
over the Maxwellian velocity distribution f(v)dv:

a.,(T) = J;w IM = W(T) fEO: oij(E)Ee~ElvtdE

0 4

7 = fof@)do G
W(T) = (KT Eqe—B/47) =3

where T is the temperature, v the velocity, E the energy,
v the velocity, K, the energy required for excitation of the
transition 7 — j, and ¢, is the corresponding inelastic cross
section.

To illustrate the way in which different energy regions of
the cross sections become important, the two extremes of
threshold energy, much greater or much smaller than the
mean kinetic energies of the colliding particles, are investi-
gated:

Eo+ AE
Bo > kT #:5(T) ~ h(T)E, f A Byl B
(4a)
B BT ay(T) = W) [ Bou(B > E)esir B
(4b)

Considering first the large-threshold case (4a), we see that
we require the value of the cross section only in the threshold
region Ey to Ey 4+ AE,. Now the cross section shape at
threshold for excitation is known from Wigner’s work! to
have the form

cij(E) = C(E — Ep*

where C, is a constant, and @ = %, 0 for excitation of atoms
and ions, respectively, and & = —%, —1 for superelastic
collisions with atoms and ions, respectively. Unfortunately,
the value of the constant C, is known only for one or two
cases at present, and further, it is not known in general over
what range of energies the threshold law is valid.* In fact,
Seaton? has pointed out that in some cases the threshold
law holds for such a small range of energy that the effective
threshold law for atom excitation may be, e.g., C(E — E;)¥2
rather than C(E — Eg)'/2

Ey < E< E+ AE (5)

*1 am indebted to Kazem Omidvar for reminding me that
Wigner’s threshold law was derived for short range forces and
need not hold necessarily for atomic excitation just above the
threshold; however, in a practical sense, the experimental
threshold measurements will determine which law is valid. See
the discussions by Omidvar?! and by Gailitis and Damburg.®?
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The corresponding threshold law for multiple ionization of
an atom or ion giving an ion of charge ne is believed to be3

ai(E) = C(E — Eg» Ey< E < E,+ AE (6)

Now turning to the case of threshold energies that are
small compared to k7', we require approximate cross sections
at large energies. For allowed transitions, which certainly
dominate the collisional transitions at these high energies,
we have various forms of the Bethe cross section for atom
and ion excitation and ionization

E > E, o(E) = (C/E) In(DE) (7

The cross-section approximations (5~7) enable the effective
cross sections (4) to be evaluated for the large and small
threshold limits. As examples we give some large threshold
effective cross sections for By > kT

Atom Excitation

a=3 & = 1C(xkT)V? (8a)
Ion Excitation
a=0 =0, (8b)
Atom Superelastic
a=—3% G = C(r/kT)'2 (8c¢)
Ton Superelastic
a = —1diverges (8d)
Tonization to Ion ne
a=n 7 = Cinl(kT)» (8e)

The divergence of the ion superelastic collision effective cross
section follows from the Coulomb interaction and the E; = 0
condition. Some illustrative numerical values follow (adopt-
ing ev units for energy and temperature and expressing the
cross sections in terms of ma? = 0.88 X 107 ¢m?, where
ao is the Bohr radius). For electron collisions with hydrogen
C. =~ 0.25 mwap®(ev) V2 for 1s — 2p, C; = 0.078 ma2(ev)?
(adapted from Fite, et al. %), giving

Go ~ 0.22(kT)V2 1ray? (9a)
6: ~ 0.078(kT) wao? (9b)

Thus, even though the peak values of the cross sections are
about mae?, it is seen that, at temperatures of 1072 1, 4 ev,
the effective excitation cross sections are only 0.02, 0.2, and
0.4 wae?, respectively, and the effective ionization values
0.001, 0.1, and 0.3 7a,?, respectively, are even smaller. These
results emphasize once again the importance of knowing the
values of cross sections accurately at low energies.

Electron Collisions with Hydrogen Atoms

Our discussion is divided into three parts: an outline of
the theory of electron collisions as a guide to various approxi-
mate atomic collision theories, the current situation for
electron collisions with the ground state of hydrogen, and
then the situation for excited states.

Theory

Electron collisions with atoms are less complicated than
collisions of ions or atoms with atoms because there is no
internal structure to add to the possible variety of reaction
channels. In addition, since the validity of most approxi-
mations depends on the velocity rather than the energy, it
is possible to calculate electron cross sections accurately down
to energies some two or three orders of magnitude smaller
than those for ion or atom cross sections, except for special
cases.
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Referring to the Appendix, we find that the type of collision
theory most studied involves the solution of various approxi-
mations to an infinite set of ecoupled integrodifferential equa-
tions (A11), which for simplicity we can symbolize by

LF£(n') = > [V(n'n'") £ Wn'n')IF£t(n')  (10)
nll

The scattering amplitudes, and therefore the cross sections,
depend on the asymptotic (large electron-atom separation)
forms of F£. In (10) V and W are the direct and exchange-
integral-operator interaction potentials. Massey® has given
a convenient classification of the approximations for the case
where only the hydrogen states with the same principal
quantum numbers as the initial and final states (n, n’) are
considered in (10). The approximations without exchange
all have W = 0: Born approximation has all ¥V = 0 except
V(n'n) = small; distorted wave retains diagonal terms
plus V(n'n); and close coupling retains all terms. The
exchange approximations inelude the corresponding W terms.
As an example, we write the close coupling with exchange
equations:

LFx(n) = [V(nn) = Wnn)|FE(n) +
[V(nn') = W(nn')F£(n')
ey
LFt(n/) = [V(n'n) £ W(n'n)[Ft(n) +
[Vin'n)y £ Wn'n")|Ft(n')

In the case of 1s — 2p, excitation of hydrogen, when all the
degenerate energy states belonging to n = 1 and n = 2 are
included, i.e., 1s, m = 0; 2s,m = 0; 2p,m = —1,0, 41, there
are actually five coupled equations. With the advent of
large computers, it has become possible to handle such large
sets of integrodifferential equations and even add in some
other states.

The most recent survey of electron atom collisions is the
very useful one by Heddle and Seaton'? in July 1963, and we
have used this extensively. We refer the reader to their
excellent bibliography for the period January 1960 to mid-
1963; in the present paper we include some papers published
since that date. We will not attempt to cover the other

theoretical approaches to the scattering problem.!® 1. 2¢ A..
recent review of the experimental measurement of atomic

cross sections has been given by Fite.?s

Ground State of Hydrogen

Despite the vast amount of theoretical work done on hy-
drogen atom collisions, at present it is not possible to calcu-
late accurately excitations or ionizations from the ground
state at energies below several times threshold. Since low
energy collisions bring in most of the complexity of a three-
body problem, it is not really surprising that no theoretical
way has been found to surmount the low energy problem
yet. Fortunately, there are good experimental measure-
ments down to near threshold for some of the important
transitions. In Fig. 2, from the paper by Burke, Schey,
and Smith!? (see also similar work by Omidvar'®), we see
that the close coupling caleulations, including the 1s-2s-2p
states, when compared with the experimental values do not
give much improvement over the Born approximation for the
1s-2p transition. In more recent work, Taylor and Burke!4
have included the 1s-2s-2p-3s-3p states, but find only a small
change in the results for 1s-2p (see also Ormonde and Smith3?).
The results!? for 1s-2s are given in Fig. 3 for 1s-2s-2p coupling;
the addition of the 3s, 3p states, giving one cross section at
16.5 ev after about 10 hr of calculation on the Stretch com-
puter, brought the 1s-2s result down to the Born value at
that energy.

Since the 1s-2p experimental values are believed to be ac-
curate, it is clear that the close coupling method is not ac-
curate near threshold. Since the inclusion of some few
discrete states and exchange terms does not adequately allow
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Fig. 2 Total 1s-2p excitation cross section as a function
of incident electron energy as given by the Born approxi-
mation and by the calculation of Burke, Schey, and
Smith.? Experimental results are those of Fite and
Brackmann, and of Fite, Stebbings, and Brackmann.

for the continuum, which almost certainly strongly influences
the discrete state excitations, it might be expected that the
method would fail. On the other hand, there is no other
theoretical method at present which appears to be better
for inelastic collisions; some of the other methods available
for elastic scattering are difficult to extend to the inelastie
case.

Thus, one adopts the Born approximation for high energies
and the experimental values for low energies for 1s-2g,5 16
1s-2p,* 1s-3.% For other states there do not appear to be
experimental values available, so that we have accurate
theoretical values at high energies from the Born!® 19 or
other approximations,'* ® but at lower energies the results
are uncertain; hopefully they may not be wrong by more
than a factor of 2 in the threshold region. It is tempting to
scale down the Born calculations for 1s-n’l’ transitions in the
same ratio as the experimental to Born ratio for the 1s-2p
transitions; however, there are dangers in such semiempirical
tampering with a theoretical result; note, for example, that,
as n’ increases, the number of levels degenerate with any
given I’ sublevel increases as n’, increasing the complexity to
be considered.

There are experimental values for the ionization cross sec-
tion down to threshold.? 22 Heddle and Seaton!? compare
the adopted fit to the several experimental values with some
of the theoretical values (Fig. 4). It is hoped that the error
in the experimental curve is not more than about 109, even
in the threshold region. Since the experiments are so satis-
factory, theory?, 2. 3. 37 is mostly useful here for determining
the applicability of theory to cases where experimental values
are not available.

Excited States of Hydrogen

There are no experimental results. The basic problem
experimentally is to be able to produce a reasonable concen-
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Fig. 3 Total 1s-2s excitation cross section as a function of
incident electron energy as given by various calculations of
Burke, Schey, and Smith®® and by two sets of experiments.
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Fig. 4 lonization of hydrogen atoms by eleetron impact,
from Heddle and Seaton.??

tration of one excited state, without too much contamination
by other states, and hold this concentration long enough to
carry out slow speed collisions. There seem to be some hopes
of achieving this soon for the metastable 2s state.

In the theoretical work, the basic problem is similar to the
ground-state case. KExcept at high energies, the simple per-
turbation approximation cannot be rigorously justified, and
more complicated types of traditional calculations suffer
from the same defect as the ground-state caleulations to date,
namely, not properly allowing for the continuum. In the
complete absence of experiments, we do not have any criteria
to judge the accuracy of the excited state calculations at low
energies other than ground-state experience and plausibility
arguments. Some plausibility arguments about the ac-
curacy of the Born approximation for excited states are as
follows: 1) in terms of relative energy units, i.e., expressing
the energy in terms of threshold energy units for the particu-
lar transition, we ‘“‘expect’” the cross section to peak at some
few thresholds for excited states in the same way as for the
ground states, and we hope that the accuracy of the theory
will also be comparable at the same number of thresholds;
2) comparing the n —n + 1 and 1 — 2 transitions in thresh-
old units, the other states (. .. n — 2,n — 1, n + 2, n + 3,
... ) are much further away in energy for n — n -+ 1 than

the continuum is relatively further away from n, n 4 1 than
from 1, 2; and 3) on the other hand, it can be argued® hat
since a slow electron spends so much time traversing the large
region “oceupied” by the atom in a highly excited state n,
and is there relatively unshielded from the nucleus, the per-
turbations of the electron wave will be much larger than
for the ground-state case.

Many of the more important cross sections for nl — n'l’,
with n, n’ in the range 1-13, are now available in the first
Born approximation®—3; some of these have also been
treated in more complicated approximations.®?—3* In Fig.

Fig. 5 Normalized Born cross seciion plotted against the

energy expressed in threshold energy units. A4, 1s-2p;

B, 2p-3d; C, 3d-4f; D, 4f-5g; E, 5g-6h; F, 25-3p; G, 3s-4p;
H, 4s-5p; I, 5s-6p (McCoyd and Milfords).
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5% we compare a number of the Born ecross sections for
allowed tranpsitions., The cross sections are normalized to
equal values at E = o by dividing by

1814 ( L4 1\ (nl, n'l"
B, \21+1 f do

where I(nl, n'l’) is the dipole radial integral.3® The large
n Born cross sections are enormous, as illustrated in Fig. 6.

Similar remarks apply to ionization from execited states;
recent calculations include modified Bethe® for n = 1-15,
Born® for n = 1—5, and close coupling® for 2s and 2p.

In summary, the best that we can do at present is to hope
that, for transitions with threshold energies in the range
0.001-0.1 ev, the cross sections will not be too inaccurate for
energies in the 1-10 ev range.

‘2

F

(12)

Electron Collisions with Other Atoms and Tons

The many body nature of complex atoms and the impor-
tance of spin interactions makes theoretical calculations
difficult in the general case. Simplified wave functions can
be used, but the accuracy of the resulting cross sections is
then difficult to assess. However, in some cases it is possible
to make reasonably accurate approximate calculations. In
general, where experimental values are available, it is prob-
ably best to use them directly if they are absolute measure-
ments, or to use them after normalizing them to the high
energy theoretical curves if the measurements are relative
ones only. Many of the earlier results are quoted in Refs. 7,
10, 12, 23, and 56.

This section is divided in terms of various groups of atoms,
with a final section on collisions with ions. Helium atoms
are considered first. Extensive research has been done on
helium atom collisions, because helium is monatomic and
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Fig. 6 Born (solid curves) and Bethe (broken curves)

total cross sections for the 5-6 transitions of H atoms.

A, 5s-6p; B, 5p-6d; C, 5d-6f; D, 5f-6g; E, 5g-6h. (Milford,
Morrissey. and Scanlon®!).
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chemically inactive (easier for experiments than, e.g., hy-
drogen) and the atom has only two electrons (easier to treat
theoretically than any atom except hydrogen).

Helium Atoms

Experimental cross sections are available for excitations to
many levels and for ionization. Moreover, it has been pos-
sible to use the recently developed electron beams of high
energy resolution, down to 0.06 ev half-width, in some of these
experiments, and it is believed that the experimental results
for helium are quite good even near threshold.

In order to illustrate the effect of improving the electron
beam energy resolution, Heddle and Seaton!? compare the
results obtained with beams of different energy resolutions
(Heddle and Lucas® and Yakhontova,?® 0.8 ev resolution;
Smit,® 0.4 ev resolution) for excitation of 43S (Fig. 7). Itis
to be noted that the initial rise in the cross section, which
occurs just before the threshold for excitation of the 43S
state, is a result of the unwanted spread in energy of the
electron beam due to production by a hot cathode. To a
considerable extent, the energy resolution of the beam can
be inferred from this measured behavior at threshold and also
by the sharpness of the peak.

Recent experimental inelastic results at low and medium
energies are given in Refs. 12, 41, and 42. There are also
recent measurements for collisions with excited states of
helium, in which Robben® finds agreement with the excita-
tion threshold law (5) for the cross sections o, .41 averaged
over the levels with principal quantum numbers n and summed
over the levels with principal quantum numbers n + 1, in
the region Eq to Ey 4+ 0.3 ev:

023 = 110(E — Eo)'mag? (13a)
oss = 830(E — Eo)'*ray? (13b)
05 = 4300(E — Eo)'ray? (13¢)

(It should be noted that the cross sections are not measured
directly, so that some intermediate steps are necessary.)

In general, theory seems to give more accurate results for
helium than for hydrogen excitation,! 12 34 4t although there
are discrepancies that may result partly from inaccurate
wave functions as well as from collision theory approxima-
tions. Unlike the hydrogen case, a comparison between
theory and experiment is possible for collisions with the ex-
cited helium states. Thus, Robben® compares his results
[Eq. (13)] with Gryzinski’s¥ classical cross sections and
finds agreement within a factor of about 3 for the averaged
cross sections. Earlier work!® 4 4 indicated a factor of 5
between theory and experiment for the 218-23S transition.

There is some preliminary work on ionization from the
excited 23S and 23S states,® as well as more detailed studies
of the ground state (there is also work on simultaneous ex-
citation and ionization, e.g., Ref. 51). Experimental ioniza-
tion cross sections have now been measured in detail near
threshold*- 3¢; these and earlier measurements by Fox* con-
firm that the linear threshold law for single ionization [Eq.
(6) with n = 1] appears to hold for several electron volts
above threshold, and the quadratic (E — Eg)? law for double
ionization [Eq. (6) with n = 2] applies for about 20 ev above
the threshold.?* To date, there appear to be theoretical
ionization cross sections for the ground state only.

Rare Gas Atoms

Recent experiments on exeitation'* ** 52 of the ground
states include some measurements near threshold, but also
show structure in the cross sections at energies above 500 ev
when a resolution of 0.5 ev is employed.

For ionization from the ground state, a considerable amount
of work?2 4% 33 guggests that the expected threshold behavior
of (E — Ey)» for n-fold ionization [Eq. (6)] is followed, at
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least approximately, up to about the threshold energy of
the first excited state of the resulting ion. In fact, the ex-
periments suggest that (6) may be valid up to » = 6. Of
course, in this case the experiments give the shape of the curve
resulting from the sum of ionization plus formation of excited
ions, whereas in most plasma calculations we need the indi-
vidual eross sections. The procedure is then to assume the
nth power ionization behavior found just above threshold
and subtract this from the sum to obtain the cross section
for excitation of the first excited state of the ion, and so on.
Actually, the measurements indicate a more complex be-
havior than just outlined; it is possible that autoionization
and Auger transitions due to inner shell ionization may con-
tribute to these complexities. The foregoing remarks refer
to the shapes of the curves; the absolute magnitudes are
not well known.

Alkali Metals Li, Na, K, Rb, Cs

Because of the single valence electron it is possible to treat
these theoretically as hydrogen-like in a first approximation,
although theoretical calculations of varying degrees of greater
complexity have been carried out. In addition to earlier
work,1? 28 there have been recent calculations of Li ioniza-
tion,® Na 3s-3p excitation,®® experimental measurements of
Li, Na, K, Rb relative ionization cross sections,” and inelastic
Cs cross sections.??

Of particular interest is the verification of the (£ — Eo)»
threshold ionization law for production of Na*, Na** and
Na*++ from Na over a considerable range of energy above
the respective thresholds® (see Fig. 8); in this case the first
excited states are far above the thresholds (e.g., 33 ev above
threshold for Na*+).

The comparison of the lithium experimental relative ioniza-
tion cross sections™ and the Born-Coulomb caleulations®

D

h)
Z
ol
&
13}
i
@
a
<]
~
3]
o
2
b=
k=]
)
g:

=)

1 ! 1 1 1 1 ]
23 29

Electron Energy (¢V)

Fig. 7 Excitation functions by electrons for He 43§ — 23P
near threshold; a) Heddle and Lucas,® b) Yakhontova,®
and ¢) Smit.®? Adapted from Heddle and Seaton.!?
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Fig. 8 Ionization probability curves for Na+, Na'™t,
and Na**+ jons. The first power, square root, and cube
root of the respective ion currents are plotted against the
uncorrected ionizing voltage (Dibeler and Reese™).

gives moderate agreement in the threshold region, with
differences of about a factor of 3 in the region between
threshold and maximum.

Nitrogen and Oxygen

Because of their importance in atmospheric processes, it
is gratifying that there are recent measurements of ionization
cross sections for oxygen and nitrogen atoms.

The nitrogen absolute ionization cross sections have been
measured from 25-750 ev® and at 2.5 kev,5 for the sum of
single and multiple ionizations; the multiple ionization is
expected to be a very small fraction of the single ionization
so that the total ionization ecurve can be compared with the
theoretical (Bethe type) cross section for single ionization®
(Fig. 9). The agreement is fair but for our present purposes
we hope that the threshold region will be further studied,
and also that the atomic nitrogen beams now available will
be used for excitation measurements.

Oxygen ionization is currently being studied in the threshold
region by Fite and Brackmann,® with their preliminary re-
sults shown in Fig. 10. There is a definite break in the
ionization efficiency curves at 15.2 ev, but it is not yet clear
whether this is associated with ionization of the ground (3P)

Cross Section (ra 2)
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.
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Fig. 9 Cross sections for ionization of atomic mnitrogen
by electron impact (Smith, Caplinger, Neynaber, Rothe,
and Trujillo®).
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Fig. 10 TIonization efficiency for O+ production using a
gas discharge in pure 0., showing the well-defined break at
15.2 ev and a less well-defined downward break at about
16.6 ev. The known thresholds for ionization from given
atom to given ion states falling within the energy range
of the figure are indicated (Fite and Brackmann®).

state or the lower metastable (1D) state. In the latter case,
the cross section measured would be for

e + 0(*D) — 2¢ 4+ 0+(2D)

Measurements? at higher energies of the absolute cross
section for ionization of the oxygen ground state are com-
pared with theoretical values® in Fig. 11. It appears that
we should have accurate, absolute, ionization cross sections at
all energies in the very near future.

On the theoretical side, Seaton and others have studied
transitions between the terms of the p* ground configuration
of oxygen, ete.% 7

Other Atoms

These will not be discussed here. Recent work was sum-
marized at the London and Paris Conferences.12. 6165

Collisions with Ions

Experimental difficulties are such that there are no meas-
urements of the excitation of ions to date; however, in the
last two years there have been measurements of the tonization
cross sections® & for He™, Net, and N+

Fortunately, the theoretical calculations are more ac-
curate for ions (at least for highly ionized ones) than for
atoms because the Coulomb interaction dominates other
perturbing potentials. (The same is true for inner-shell
ionization of atoms.) In faet, for strictly hydrogenic ions,
the Coulomb-Born-Oppenheimer approximation becomes
exact as the nuclear charge Z — « for excitation as well as
for ionization. Among recent caleulationssl: 62 64 €, 8-70 e

2,

Present Experiment

Fite And Brackmann

Seaton

Cross Section (ra

¢
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Fig. 11 Cross sections for ionization of atomie oxygen by
electron impact (Rothe, Marino, Neynaber, and Trujillo®).
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logw(E/I)

Fig. 12 a) C.B.O., z = 50; b) z = 2, experimental results

(Dolder et al., 1961); ¢) = = 1, experimental results (Fite

and Brackmann®); d) C.B.e, z = 2. Adapted from Bur-
gess and Rudge.®

give the results of Burgess and Rudge for ionization of hydro-
genic positive ions in terms of scaled cross sections

Q = (I/In)*(o/nma?)

where I is the ionjzation energy of hydrogen, I the ioniza-
tion energy of the ion, n the effective number of atomic elec-
trons (n = 1 here), and the energy units E; = I are used.
In Fig. 12, adapted from their paper,® it can be seen that the
Coulomb-Born exchange results for He*, Z = 2 are in ex-
cellent agreement with experiment; this is very pleasing for
such a small Z value. The Z = 1 (H atom) experimental®
and Z = 2 (He™) experimental® curves combined with the
theoretical Z = 50 curve give a progression that should en-
able interpolations to be made for other ions of different
Z,1,and equivalent electrons n.

Similar remarks apply to interpolation of cross sections foX
the excitation of ions, except that the Z = 1,2, ... curves are
all theoretical 1% 12

Thus, for large Z, and not many electrons (n small), the
theoretical cross sections for excitation and ionization should
be quite accurate even near threshold.

Heavy Particle Inelastic Collisions

Since most of the heavy particle collisions (we exclude
charge transfer) do not contribute appreciably to the inelastic
collision processes in a thermal plasma, our treatment of
them is correspondingly reduced. The recent reviews by
Dalgarno,” Bates,”? Gerjuoy,?* and Fite? consider various
aspects of heavy particle collisions.

From the point of view of thermal plasmas, the major
experimental difficulty arises from the fact that heavy par-
ticle cross sections reach their maxima at energies where
their relative velocities are approximately equal to the cor-
responding electron collision velocities, so that the energies
involved are of the order of tens of kilovolts, far from the
thermal region of interest here. The resultis that at 10 ev the
cross section will be smaller by some orders of magnitude
than at maximum, making it extremely difficult to measure
it experimentally. Currently, however, with the improve-
ment of experimental techniques, measurements are being
extended down into the tens of electron volts region.

The theoretical situation is almost hopeless for the most
general types of heavy particle collisions in the thermal re-
gion. There are many more possible scattering channels
than in the electron case, particularly when the heavy par-
ticle is not a bare nucleus and can therefore undergo excita-
tion or ionization itself. Perhaps even worse, from the view-
point of thermal plasmas, is the fact that the validity of most
approximations depends on the relative velocity between the
colliding systems being large; a proton of energy 10 ev has
the same velocity as an electron of energy about 5 mev.
There are some particular types of inelastic collisions,
such as heavy particle ionization of inner shells of atoms,
where even the Born approximation gives accurate calcula-
tions down to the threshold region. Also, it has been found
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Fig. 13 Cross section for ionization of the hydrogen atom
on proton impact, comparing the theoretical prediction
of Bates and Griffing and the cross section for charge
transfer (Fite, Stebbings, Hummer and Brackmann™).

that the Born ionization law « ~ (1/E) logE for high energies
holds even at relatively “low” energies (~50 kev).

We consider heavy particle collisions with ground-state
and excited hydrogen atoms, and with other atoms.

Heavy Particle Collisions with Hydrogen Atoms

Most of the - numerous experimental measure-
ments?® 73778, 80, 86, 87 gre at much higher energies than
thermal, and some of these are for molecular hydrogen. The
lowest energies for which cross sections have been derived
appear to be about 7 kev for ionization by protons™; these
results indicate that the theory probably overestimates the
cross section in the few kev region, but it is not possible to
make any definite statements about the threshold region yet.

There have been calculations for ionization™ and for ex-
citation of various excited states of hydrogen by proton im-
pact?® # and by hydrogen or other atom or ion impact.’?

Figures 13 (H atom)™ and 14 (H molecule)® compare some
of the experimental and theoretical ionization curves. It is
not justified to interpolate between the threshold point and
the low energy experimental points!

Heavy Particle Collisions with Excited Hydrogen Atoms

The only experiments® are the ones where a 10 mev beam
of hydrogen atoms mostly in states n = 5-9 is passed through
a hydrogen gas cell; excitation cross sections for hydrogen-
excited hydrogen collisions can be inferred for transitions such
as 5-6, 5-7,...,8-9, ete.

—— — Keene
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EE Present results
normalized to Schwirzke

%» at 50 KeV
8 <} Hooper, McDaniel, Martin, and Harmer
'g 3 —— = Thearetical results of Bates and Griffing,
- N as scaled by Hooper et al,
NE a Afrosimov, Ilin, and Fedorenko
<® — -— Gilbody and Hasted
T
= 2r weeneen Fogel et al,
'
g
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Fig. 14 Total ionization cross section for protons in hy-

drogen gas. The cross sections obtained in the Kuyatt

and Jorgensen work are used to connect the low-energy

results of Schwirzke and the high-energy resulis of Hooper

et al. Results of other experiments and theory are shown
for comparison (Kuyatt and Jorgensen®).
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Born calculations have been made for excitation of various
states in the range n = 2-13 by proton collisions'® * and by
hydrogen atom collisions.* For the H 4+ H* collisions the
extrapolation of the available theoretical results® appears to
agree approximately with the experimental results,® but since
the energy is 10 mev the Born approximation would be ex-
pected to be accurate anyway.

It is interesting to note that for collisions with n = 10-30
levels, the electron cross sections may peak near 0.001-0.1 ev,
and the proton cross sections near 1-100 ev, so that in a hydro-
gen plasma the proton collisions may dominate the electron
collisions for many of the upper levels.

Heavy Particle Collisions with Other Atoms

Utterbacks* has carried out experiments of He-He and
He-Ne ionization at laboratory energies down to 40 ev (Fig.
15). As expected, the cross sections are very small at the
lowest energies, ~107* wa,?, and, therefore, are not com-
petitive with electron collisions with ground states, although
for highly excited He and Ne states the situation might be
reversed. '

There is considerable work at higher energies on
collisions of H7*, H, He*, Ne®, A*, Kr* with the
inert gases™ 76 78, 82, 83, 887 (Fjo 16 from the paper by Gil-
body and Lee gives the cross section for ionization of krypton
by protons).

Appendix: Theory of Electron Collisions
with Hydrogen Atoms

Most of the types of approximate theories used can be
illustrated in terms of a rearrangement binary collision such
as (2a). More detailed treatments of inelastic atoriie collision
theory can be found in the books and articles by Massey 58
Mott and Massey,? Seaton,*® and Burke and Smith.!t

Denoting the complete set of internal coordinates (includ-
ing spins) of “atom’” A by a, and its state by m, a general
binary collision can be expressed:

A(m|a) + B(n|b) — C(m'|c) + D(n'|d)

The center of mass system and reduced masses M 45 are used
in the theory, as are the known solutions for the isolated
systems 4, B, C, D:
MiMs
Mq+ Mg

Map = (Ha4 — EAm)IL(AmM) =0 (Al)
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where H, is the Hamiltonian, i the wave function, and E4.,
an eigenvalue for atom A. When atom A is far from atom B,
the system Hamiltonian is

Hsp = Hy+ Hp 4+ Typ (A2)
where
hZ
Tig = — M an V45* (A3)

is the kinetic energy operator for the relative motion in the
center-of-mass system, 7,z being the vector between the
centers of mass of atoms 4 and B.

The scattering can then be calculated from the system
wave equation

(H— E)¥ =0 (Ad)

with the appropriate boundary conditions and using ap-

propriately symmetrized wave functions. Here H is the

Hamiltonian for the interacting system,
H=Hsp+ Hass' = Hep + Hep' (A5)

where Hup', Hep' are the interaction terms. The usual
method of solution is to expand ¥ in terms of the complete
orthonormal set of functions Y(Cm’|c) ¢(Dn’|d):

¥ = 3 Fu'n'|reop(Cn/|)y(Dn’|d)  (A6)

which reduces the wave equation to

(—Ven® = E)F(m'n|rep) =

oM
= f f J¥Cm'| )y (Dn’ | ) Hop'Vdredrn
(A7)
2
B = =2 (B — Eow — Eow)

By introducing the effective interaction
Vim'n'|rep|m'™ ') =
JIEH(Cm! | ) (Dn! | d)Hep v (Cm!! | e)y(Dn'' | d)dredrp
(A8)

the unsymmetrized formulation thus gives an infinite set (all
m’, n') of coupled differential equations:

(=Vep? — B)F(m'n'|rep) =
2M¢p

-
To simplify the discussion, we shall now restrict considera-
tion to electron collisions with hydrogen atoms, with A =

C = electron, B = D = hydrogen atom, and r, and r, the
electron coordinates. Then the unsymmetrized case for the

Z” V(m’n’|rcp\m”n")F(m”n”[rCD) (Ag)

16 2
cm )

o

Cross~-Section (10

L !

il L
0 100 200 300 400

Proton Energy (keV)

Fig. 16 Ionization of krypton by protons. S, Solov’ev

et al.,® cross section for production of electrons o3 -0-,

Gilbody and Lee,”" total ionization cross section o4
(Gilbody and Lee™).
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electron is merely (A9) with m’, m’’, and the m'’ summation,
deleted. The symmetrized case can be derived similarly;
in terms of the exchange operator W defined by

Win|r|n)F(n'|r) =
SYEn|r)[H — ElF (! |rydng(n’|r)  (A10)

the exact solution is given by the infinite set (all n) of coupled
integrodifferential equations

(—=V? = BYFE(n’[r) =
iy [V(n'|r|n') = Wa'|r|a”)JFE@"|r) (AlD)

hz n'’

plus the boundary conditions. Here m is the reduced elec-
tron mass. The asymptotic solutions must be combined in
the correctly symmetrized fashion. In the present case,
F+ corresponds to the electron spins antiparallel and I~ to
the spins parallel. The correct inelastic cross section is then

a(n|n’) = (&' /ka) & {1772 + 3572 (A12)

where 2k,(fk,’) is the incident (final) electron momentum at
infinity.

References

1 Wigner, E. P., “On the behavior of cross sections near
thresholds,”” Phys. Rev. 73, 1002 (1948).

2 Seaton, M. J., “The Hartree-Fock equations for continuous
states with applications to electron excitation of the ground
configuration terms of OI,”” Phil. Trans. Roy. Soc. (London)
A245, 469 (1953).

3 Geltman, S., “Theory of ionization probability near thresh-
0ld,” Phys. Rev. 102, 171 (1956).

4 Fite, W. L., Stebbings, R. F., and Brackmann, R. T,
“Collisions of electrons with hydrogen atoms; Part IV. Execita-
tion of Lyman-alpha radiation near threshold,” Phys. Rev.
116, 356 (1959).

5 Fite, W. L. and Brackmann, R. T., “Collisions of electrons
with hydrogen atoms, I. Ionization,” Phys. Rev. 112, 1141 (1958).

6 Massey, H. S. W., “Theory of atomic collisions,” Handbuch
der Physik, edited by S. Fliigge (Springer-Verlag, Berlin, 1956),
Vol. 36, p. 232.

7 Massey, H. S. W., “Excitation and ionization of atoms by
electron impact,”” Handbuch der Physik, edited by S. Fliigge
(Springer-Verlag, Berlin, 1956), Vol. 36, p. 307.

8 Massey, H. S. W., “Theory of the scattering of slow elec-
trons,”” Rev. Mod. Phys. 28, 199 (1956).

® Mott, N. F. and Massey, H. 8. W., The Theory of Atomic
Collisions (Oxford University Press, London and New York,
1949), 2nd ed.

10 Seaton, M. J., “The theory of excitation and ionization by
electron impact,” Atomic and Molecular Processes, edited by D.
R. Bates (Academic Press, New York and London, 1962), p. 375.

11 Burke, P. G. and Smith, K., “The low-energy scattering of
electrons and positrons by hydrogen atoms,” Rev. Mod. Phys.
34,458 (1962).

12 Heddle, D. W. O. and Seaton, M. J., “The excitation and
ionization of atoms by electron impact,” Proceedings of the Third
International Conference on the Physics of Electronic and Atomic
Collisions (North-Holland Publishing Co., Amsterdam, 1964), p.
137.

13 Burke, P. G., Schey, H. M., and Smith, K., “Collisions of
slow electrons and positrons with atomic hydrogen,” Phys. Rev.
129, 1258 (1963); also Omidvar, K., “Electron impact 2s and
2p excitations of atomic hydrogen,”” Rept. X-640-63-54, Godd~rd
Space Flight Center (1963).

14 Taylor, A. J. and Burke, P. G., “The scattering of electrons
by hydrogen calculated by the second born and close coupling
approximations with the inclusion of coupling to the n = 3
states,”” Proceedings of the Third International Conference on the
Physics of Electronic and Aiomic Collisions (North-Holland
Publishing Co., Amsterdam, 1964), p. 324.

15 Lichten, W. and Schulz, 8., “Cross sections for the excita-
tion of the metastable 2s state of atomic hydrogen by electron
collision,”” Phys. Rev. 116, 1132 (1959).

INELASTIC ATOMIC COLLISIONS IN PLASMAS 209

16 Stebbings, R. F., Fite, W. L., Hummer, D. G., and Brack-
mann, R. T., “Collisions of electrons with hydrogen atoms. Ex-
citation of metastable 2s hydrogen atoms,” Phys. Rev. 119,
1939 (1960).

17 Kleinpoppen, K., Kriuger, H., and Ulmer, R., “Excitation
and polarization of Balmer-alpha radiation in electron-hydrogen
collisions,”” Phys. Letters 2, 78 (1962).

18 McCarroll, R., “The excitation of the discrete levels of atomic
hydrogen by fast electrons,” Proc. Phys. Soc. (London) A70,
460 (1957).

19 Murray, F. J., “Inelastic scattering of electrons and protons
by excited hydrogen atoms,” Thesis, St. John’s Univ., N. Y.
(1963).

» Eissner, W., “Calculations for excitation of the M shell of
H near threshold,” Proceedings of the Third International Con-
ference on the Physics of Electronic and Atomic Collisions (North-
Holland Publishing Co., Amsterdam, 1964).

21 Boksenberg, A. and Boyd, R. L. F., “Cross section meas-
urements with crossed beams,” Proceedings of the Fourth Inter-
national Conference on Ionization Phenomena in Gases (North-
Holland Publishing Co., Amsterdam, 1960), Vol. I, p. 529.

22 Rothe, E. W., Marino, L. L., Neynaber, R. H., and Trujillo,
S. M., “Electron impact ionization of atomic hydrogen and
atomic oxygen,” Phys. Rev. 125, 582 (1962).

23 Fite, W. L., “The measurement of collisional excitation and
lonization cross sections,” Atomic and Molecular Processes, edited
by D. R. Bates (Academic Press, New York, 1962), p. 421.

% Gerjuoy, E., “Atomic scattering processes,”” Rev. Mod.
Phys. 33, 544 (1961).

% Geltman, S., Rudge, M. R. H., and Seaton, M. J., “Electron
impact ionization of atomic hydrogen,” Proe. Phys. Soc. (Lon-
don) 81, 375 (1963).

# Veldre, V., Vinkalns, 1., and Karule, E., “Ionization of hy-
drogen by electrons allowing for distortion of incident and out-
going waves,”” Proceedings of the Third International Conference
on the Physics of Electronic and Atomic Collisions (North-Holland
Publishing Co., Amsterdam, 1964), p. 253.

% Bates, D. R., private communication (1959).

% Boyd, T. J. M., “Electron excitation of atomic hydrogen
in the 2s state,” Proc. Phys. Soc. (London) 72, 523 (1958).

28 McCrea, D. and McKirgan, T. V. M., “Electron excitation
of atomic hydrogen in the 2p level,” Proc. Phys. Soc. (London)
75, 235 (1960).

8 Milford, S. N., “Approximate cross sections for inelastic
collisions of electrons with atoms. I. Allowed transitions,”
Astrophys. J. 131, 407 (1960); also Scanlon, J. H. and Miiford,
S. N., “Approximate cross sections for inelastic collisions of
electrons with atoms. II. Forbidden transitions,” Astrophys. J.
134,724 (1961).

31 McCoyd, G. C., Milford, S. N., and Wahl, J. J, “Born
cross sections for inelastic scattering of electrons by hydrogen
atoms. 1. 3s, 3p, and 3d states,” Phys. Rev. 119, 149 (1960);
also Fisher, L., Milford, S. N., and Pomilla, F. R., “Born cross
sections for inelastic scattering of electrons by hydrogen atoms.
1I. 4s, 4p, 4d, and 4f states,” Phys. Rev. 119, 153 (1960);
also Milford, 8. N., Morrissey, J. J., and Scanlon, J. H., “Born
cross sections for inelastic scattering of electrons by hydrogen
atoms. III. 5s, 5p, 5d, 5f and 5¢g states,” Phys. Rev. 120,
1715 (1960); also McCoyd, G. C. and Milford, S. N., “Born
cross sections for inelastic scattering of electrons by hydrogen
atoms. IV. Approximate values for allowed transitions up to
n = 10, Phys. Rev. 130, 206 (1963).

32 Ormonde, S. and Smith, K., “Close coupling approximation
cross sections for the scattering of electrons by hydrogen atoms
(n = 3, 4, 5, 6),” Proceedings of the Third International Confer-
ence on the Physics of Electronic and Atomic Collisions (North-
Holland Publishing Ce., Amsterdam, 1964), p. 274.

33 Milford, 8. N. and Pomilla, F. R., “On the energy range of
validity of the first born approximation for electron-atom col-
lisions,”” Second International Conference on the Physics of Elec-
tronic and Atomic Collisions (Benjamin, New York, 1961); also
Pomilla, F. R. and Shapiro, J., “The 2s-3s excitation of hydrogen
atoms by electron impact,’”’ Proceedings of the Third International
Conference on the Physics of Elecironic and Atomic Collisions
(North-Holland Publishing Co., Amsterdam, 1964), p. 330.

3¢ Seaton, M. J., “The impact parameter method for electron
excitation of optically allowed atomic transitions,” Proc. Phys.
Soc. (London) 79, 1105 (1962).

% Stauffer, A. D. and McDowell, M. R. C., “Ionization of



210 8. N. MILFORD

excited states of hydrogen by electron impact,”” Proceedings of
the Sixth International Conference on Ionization Phenomena in
Gases, Preprint Ia,5 (1963).

% Omidvar, K. and Sullivan, E., “Electron impact ionization of
highly excited atomic hydrogen,” Proceedings of the Third
International Conference on the Physics of Electronic and Atomic
Collisions (North-Holland Publishing Co., Amsterdam, 1964),

. 263.
P 37 Burke, P. G. and Taylor, A. J., “Ionization of hydrogen
atoms using close coupling wave functions,” Proceedings of the
Third International Conference on the Physics of Electronic and
Atomic Collisions (North-Holland Publishing Co., Amsterdam,
1964), p. 256.

3 Heddle, D. W. O. and Lucas, C. B., “The polarization of
electron impact radiation in helium,” Proe. Roy. Soc. (London)
A271,129(1963).

3 Yakhontova, V. E., “The part played by cascade transi-
tions in the excitation of helium lines,”” Leningrad Universitet
Vestnik Seriia Fiziki i Khimii 14, 27 (1959).

© Smit, C., “Measurement of optical excitation functions of
helium,” Thesis, Univ. of Utrecht (1961).

4 8. John, R. M. and Lin, C. C., “Absolute electron excita-
tion functions of helium and their pressure dependence’’; also
McFarland, R. H., “The cause of the observed polarization of
electron-induced radiation from helium’’; also Heddle, D. W. O.
and Keesing, R. G., “Excitation and polarization in helium,”
Proceedings of the Third International Conference on the Physics
of Electronic and Atomic Collisions (North-Holland Publishing
Co., Amsterdam, 1964), pp. 163, 169, 179.

4 Kuyatt, C. E. and Simpson, J. A., “Structure beyond the
ionization limit in inelastic electron scattering in the rare gases,”
Proceedings of the Sixth International Conference on Ionization
Phenomena in Gases, Preprint Ia,!! (1963).

43 Neynaber, R. H., Truiillo, S. M., Marino, L. L., and Rothe,
E. W., “Low-energy electron scattering from metastable he-
lium,” Proceedings of the Third International Conference on the
Physics of Electronic and Atomic Collisions (North-Holland
Publishing Co., Amsterdam, 1964), p. 1089; also Phelps, A. V.,
“Absorption studies of helium metastable atoms and molecules,”
Phys. Rev. 99, 1307 (1955).

4 Marriott, R., ““The excitation of helium by electron impact,”
Proceedings of the Third International Conference on the Physics
of Electronic and Atomic Collisions (North-Holland Publishing
Co., Amsterdam, 1964), p. 114,

4 Marriott, R., “The conversion of metastable helium from
the singlet to the triplet state by electron collision,” Proc. Phys.
Soc. A70, 288 (1957); also Marriott, R. and Seaton, M. J.,
“A simple analytic wave function for He|s2s%s,” Proc. Phys.
Soc. A70, 296 (1957); also Moiseiwitsch, B. L., “The 238-
23P, 33P, 33D, 43D excitations of helium atoms by electrons,”
Monthly Notices Roy. Astron. Soc. 117, 189 (1957).

% Robben, F. A., “A spectroscopic study of recombination in a
helium plasma,” Univ. of California, Institute of Engineering
Research, TR HE-150-211 (1963).

4 Gryzinski, M., “Classical theory of electronic and ionic
inelastic collisions,” Phys. Rev. 115, 374 (1959).

# Fox, R. B., “Multiple ionization in argon and krypton by
electron impact,” J. Chem. Phys. 33, 200 (1960).

# Asundi, R. K., “Tonization cross section near the threshold
for the rare gases,’”’ Proceedings of the Sixth International Con-
ference on Ionization Phenomena in Gases, Preprint Ia, 10
(1963); also Asundi, R. K. and Kurepa, M. V., “Ionization cross
sections in He, Ne, A, Kr, Xe by electron impact,”’ J. Electron.
Control. 15, 41 (July 1963).

% Fite, W. L. and Brackmann, R. T., “Electron collisions with
atomic and molecular oxygen,” General Atomic Rept. GA-4313
(1963).

5t Hughes, R. H. and Weaver, L. D., “Excitation of the He
IT A 4686 A line by electron impact,”” Phys. Rev. 132, 710 (1963).

52 Phelps, A. V., “Elastic and inelastie cross sections from elec-
tron transport coefficients,”’ Proceedings of the Sixth Interna-
tional Conference on Ionization Phenomena in Gases Preprint
Ta, 0 (1963).

33 Hutchinson, D. A., “Experimental threshold laws for ioniza-
tion in the rare gases’’; also Burns, J. F., “Auto-ionization and
the ionization efficiency curves for krypton and xenon’; also
Peterson, J. R., “Electron-impact ionization of atoms and mole-
cules using a fast crossed-beam method,” Proceedings of ihe
Third International Conference on the Physics of Electronic and

ATAA JOURNAL

Alomic Collisions (North-Holland Publishing Co., Amsterdam,
1964), pp. 443, 451, and 465.

* Rapp, D. and Englander-Golden, P., “Ionization of atoms
a{ld diatomic molecules by electron impact,”” Proceedings of the
Sixth International Counference on Ionization Phenomena in
Gases, Preprint Ia,9 (1963).

% Peach, G. and McDowell, M. R. C., “Ionization of lithium
by electrons,” Proceedings of the Third International Conference
on the Physics of Electronic and Atomic Collisions (North-Holland
Publishing Co., Amsterdam, 1964), p. 277.

% Massey, H. 8. W. and Burhop, E. H. 8., Electronic and Ionic
Impact Phenomena (Oxford University Press, London and New
York, 1952).

% Brink, G. O., “Tonization of alkali atoms by electron bom-
bardment,” Phys. Rev. 127, 1204 (1962).

% Dibeler, V. H. and Reese, R. M., “Multiple ionization of
?odiur;n vapor by electron impact,”” J. Chem. Phys. 31, 282
1959).

% Smith, A. C. H., Caplinger, E., Neynaber, R. H., Rothe,
E. W, and Truyjillo, 8. M., “Electron impact ionization of atomic
nitrogen,”’ Phys. Rev. 127, 1647 (1962).

® Seaton, M. J., “Electron impact ionization of Ne, O, and
N,” Phys. Rev. 113, 814 (1959).

8t Czyzak, 8. C. and Krueger, T. K., “On the calculation of
electron excitation cross sections for forbidden lines occurring in
gaseous nebulae,” Proceedings of the Third International Confer-
ence on the Physics of Electronic and Atomic Collisions (North-
Holland Publishing Co., Amsterdam, 1964), p. 213,

%2 Burgess, A., “The semi-classical treatment of the excitation
and ionization of atoms and positive ions by electron impact,”
Proceedings of the Third Iniernational Conference on the Physics
of Electronic and Atomic Collisions (North-Holland Publishing
Co., Amsterdam, 1964), p. 237.

% Presnyakov, L., Lobelman, L., and Vainshtein, L., “On one
model for calculation of excitation cross sections for atoms,”
Proceedings of the Third International Conference on the Physics
of Electronic and Atomic Collisions (North-Holland Publishing
Co., Amsterdam, 1964), p. 243.

8¢ Bely, O., Moores, D., and Seaton, M. J., “The quantum de-
fect method for many channel problems,” Proceedings of the
Third International Conference on the Physics of Electronic and
Atomic Collisions (North-Holland Publishing Co., Amsterdam,
1964), p. 304.

% Beigman, I. and Vainshtein, L., “On excitation and ioniza-
tion of atoms and ions by electron impact,”’ Proceedings of the
Sixth International Conference on Ionization Phenomena in
Gases, Preprint 1a,4 (1963).

% Dolder, K. T., Harrison, M. F. A., and Thonemann, P. C.,
“A measurement of the ionization cross section of helium ions
by electron impact,” Proc. Roy. Soc. A264, 367 (1961).

 Harrison, M. F. A., Dolder, K. T., and Thonemann, P. C.,
“A measurement of the cross section for the ionization of N+
to N*+* by electron impact,” Proc. Phys. Soc. (London) 82,
368 (1963).

% Burgess, A. and Rudge, M. R. H., “The ionization of
hydrogenic positive ions by electron impact,” Proc. Royal Soc.
(London) A273, 372 (1963).

8 Trefftz, K., “The cross section for ionization of O5* by elec-
tron impact,”” Proc. Royal Soc. (London) 271, 379 (1963).

" Burke, P. G., McVicar, D. D., and Smith, K., “The scatter-
ing of electrons by He*,” Proceedings of the Third International
Conference on the Physics of Electronic and Atomic Collisions
(North-Holland Publishing Co., Amsterdam, 1964), p. 339.

™ Dalgarno, A., “Heavy particle inelastic collisions,” Pro-
ceedings of the Third International Conference on the Physics of
Electronic and Atomic Collisions (North-Holland Publishing Co.,
Amsterdam, 1964), p. 609.

2 Bates, D. R., “Theoretical treatment of collisions between
atomic systems,” Atomic and Molecular Processes, edited by
D. R. Bates (Academic Press, New York and London, 1962), p.
550.

3 Treland, J. V. and Gilbody, H. B., “Experimental study of
proton-atomic hydrogen collisions in the energy range 60-500
kev,” Proceedings of the Third Inmternational Conference on the
Physics of Electronic and Atomic Collisions (North-Holland Pub-
lishing Co., Amsterdam, 1964), p. 666.

™ Gilbody, H. B. and Lee, A. R., “Ionization by protons in
the energy range 100 to 450 kev, [H., He, Ne, A, Kr],”” Proc.
Roy. Soc. (London) A274, 365 (1963).



FEBRUARY 1965

% Solov’ev, E. 8., IVin, R. N., Oparin, V. A., and Fedorenko,
N. V., “Ionization of gases by fast helium atoms and singly-
charged helium ions, [He, A, N, Hyl,”” Proceedings of the Third
International Conference on the Physics of Electronic and Atomic
Collisions (North-Holland Publishing Co., Amsterdam, 1964),

. 692.
P 6 Gilbody, H. B., Hasted, J. B, Lee, A. R., Ireland, J. V,,
Thomas, E. W., and Whiteman, A. S., “Charge transfer and
ionization in the energy range 60~450 kev, [H+, He+, Net, AT,
and Krt in Hs, He, Ne, A and Xr],”’ Preceedings of the Sixth
International Conference on Ionization Phenomena in Gases,
Preprint Ib,7 (1963).

7 Fite, W. L., Stebbings, R. F., Hummer, D. G., and Brack-
mann, R. T., “Tonization and charge transfer in proton-hydrogen
atom collisions,”” Phys. Rev. 119, 663 (1960).

% Rudd, M. E. and Jorgensen, T., Jr., “Energy and angular
distribution of electrons ejected from hydrogen and helium gas
by protons,” Phys. Rev. 131, 666 (1963).

9 Pretzer, D., Van Zyl, B., and Geballe, R., “Lymen alpha
production in proton-rare gas collisions, [He, Ne, A, Kr, Xe],”
Phys. Rev. Letters 10, 340 (1963).

8 Kuyatt, C. E. and Jorgensen, T., Jr., “Energy and angular
dependence of the differential cross section for production of
electrons by 50-100 kev protons in hydrogen gas,” Phys. Rev.
130, 1444 (1963).

81 Mittleman, M. H., “Excitation of atomic hydrogen by fast
protons,”” Phys. Rev. 129, 190 (1963).

82 Jones, P. R., Costigan, P., and Van Dyk, G., “Resonant
electron capture and stripping in Ne™ — Ne collisions at several
kev,” Phys. Rev. 129, 211 (1963).

83 Van Eck, J., de Heer, F. J., and Kistemaker, J., “Excitation
of Ne, A, and Kr induced by H+* and He™ impact (5-35 kev),”
Phys. Rev. 130, 656 (1963): also Proceedings of the Third Inter-
national Conference on the Physics of Electronic and Atomic
Collisions (North-Holland Publishing Co., Amsterdam, 1964),
p. 624.

8¢ Utterback, N. G., “Ionization cross sections for neutral
helium atoms on helium, neon and nitrogen,” Proceedings of the

INELASTIC ATOMIC COLLISIONS IN PLASMAS 211

Third International Conference on the Physics of Electronic and
Atomic Collisions (North-Holland Publishing Co., Amsterdam,
1964), p. 661.

8% Martin, D. W., Langley, R. A., Hooper, L. W., Harmer,
D. 8., and McDaniel, E. W., “Production of slow electrons and
positive ions in He, Ne, A, Hs, Nj, O; and CO by energetic
helium ions,”” Proceedings of the Third International Conference
on the Physics of Electronic and Atomic Collisions (North-Holland
Publishing Co., Amsterdam, 1964), p. 679.

8 Solov'ev, E. 8., II'in, R. N., Oparin, V. A., and Fedorenko,
N. V., “Ionization of gases by fast hydrogen atoms and by
protons, [H,, N,, He, Ne, A, Kr},” Soviet Phys. JETP 15, 459
(1962).

8 Schwirzke, F., “Tonization and [charge] exchange cross-
sections of hydrogen atoms and ions of 9-60 kev in hydrogen
[gas],”’ Z. Phys. 157, 510 (1960).

% Berkner, K. H., Hiskes, J. R., Kaplan, 8. N., Paulikas,
G. A, and Pyle, R. V., “The excitation and Lorentz dissociation
of 10 Mev hydrogen atoms,” Proceedings of the Third International
Conference on the Physics of Electronic and Atomic Collisions
(North-Holland Publishing Co., Amsterdam, 1964), p. 726; also
Hiskes, J. R., “Cascade processes in energetic neutral beams,’’
Proceedings of the Sixth International Conference on Ionization
Phenomena in Gases, Preprint Ib,9 (1963).

8% Carew, J. and Milford, S. N., “Born cross sections for selected
inelastic collisions of protons with hydrogen atoms in states up
to N = 10,” Astrophys. J. 138, 772 (1963).

% Bouthilette, D. B., Healey, J. A., and Milford, S. N., “Double
inelastic collisions of hydrogen atoms with excited hydrogen
atoms in 2, 3, 4 states,” Proceedings of the Third International
Conference on the Physics of Electronic and Atomic Collisions
(North-Holland Publishing Co., Amsterdam, 1964), p. 1081.

$1 Omidvar, K., “2s and 2p electron impact excitation in
atomic hydrogen,” Phys. Rev. 133, A970 (1964).

82 Gailitis, M. and Damburg, R., “The influence of close
coupling on the threshold behavior of cross sections of electron-
hydrogen scattering,” Proc. Phys. Soc. (London) 82, 192, 1068
(1963).



