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Collisions of H*, H2, H, ArH*, H", H, and H: with Ar
and of Ar* and ArH* with H. for Energies from 0.1 eV to 10 keV
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Graphical and tabulated data and the associated bibliography are presented for
cross sections for elastic, excitation, and ionization collisions of H*, Hf , Hf , ArH",
H~, H, and H, with Ar and of Ar* and ArH* with H; for laboratory energies from
0.1 eV to 10 keV. Where appropriate, drift velocities and reaction or excitation co-
efficients are calculated from the cross sections and are recommended for use in
analyses of swarm experiments and electrical discharges. In the case of H* in Ar,
cross sections for momentum transfer, charge transfer, electronic excitation, and
electron production are recommended. Drift velocity calculations predict runaway
for H* in Ar for electric field to gas density ratios E/n greater than 4.3 x 107%
V m? For Hf in Ar, the cross sections include those for ArH* formation, charge
transfer, electronic excitation, and electron production. Drift velocities and average
cross sections are calculated versus E /n. In the case of ArH* collisions with Ar, only
cross sections for ion molecule reactions are recommended. For H™ collisions with
Ar only collisional detachment data is available. Momentnm transfer, electronic ex-
citation, and electron production cross section data are available for collisions of H
with Ar. Collisions of H with Ar are of especial interest because of the very large
cross sections for excitation of the H atoms at low energies. For H: in Ar cross sec-
tions for momentum transfer and excitation of the Ha and Hf lines are recom-
mended. For Ar* collisions with H;, cross sections for charge transfer and ion
molecule reactions are recommended. Cross sections for proton transfer are avail-

able for ArH* in Ha.

Key words: argon; charge transfer; cross section; data compilation; dissociation; electronic excitation;
electron production; emission; fast neutrals; hydrogen; ionization; ions; momentum transfer; swarm co-

efficicnt.
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1. Introduction

This paper presents graphical and tabulated data and
the associated bibliography for cross sections for elastic,
excitation, and ionization collisions of H*, H, Hf,
ArH*, H~, H, and H; with Ar and of Ar* and ArH* with
H, for laboratory energies from 0.1 eV to 10 keV. Ion
transport and reaction coefficients calculated from these
cross sections are compared with available experimental
data and are tabulated. The results presented here are a
continuation of similar compilations for hydrogen ions
and neutrals’ in Hy, nitrogen ions and neutrals® in N,, and
argon ions and neutrals® in Ar.

The choices of published data for consideration were
guided by their intended use in the modeling of electrical
discharges in weakly ionized, low pressure H; and Ar mix-
tures. Collisions of H with Ar are of special interest be-
cause of the very large cross sections for excitation of the
H atoms at low energies.>> As a result Ar, and other
heavy rare gases,’ serve as indicators of atomic hydrogen
in discharges. The data have been used in models of dc
and transient emission measurements for low current,
low pressure discharges® in H—Ar mixtures. The data are
also needed in models of plasma processing discharges,
such as used for the preparation of diamond-like thin
films.” Green and McNeal,® Tawara and Russek,” and
Tawara'® have reviewed cross section data for H* and H
collisions with Ar at energies above 1 keV. To the best of
our knowledge there are no previous reviews that include
recommended cross sections for hydrogen ions and neu-
trals in Ar or for argon ions and neutrals in H, at energies
between thermal and about 1 keV. This compilation su-
persedes our previous brief review.!

This paper is an effort to provide data of current need
and is subject to revision as new data become available.
The published cross sections have been interpolated and
extrapolated where necessary to provide the data needed
for the models. We have not attempted to assign esti-
mates of accuracy to the recommended data, but we have
indicated areas of greater uncertainty and where extrapo-
lations and interpolations were made. We have not con-
sidered three-body collision processes. Where a series of
references are available, we have cited only those utilized
and the more recent papers. A copy of our working bibli-
ography is available on request.

The cross sections and the transport and reaction coef-
ficients for hydrogen ions and neutrals and for ArH* in
Ar are shown in Figs. 1 through 7 and are listed in Tables
1 through 7. The cross sections assembled from published
experimental data for Ar* in H; are shown in Fig. 8 and
Table 8.

Unless otherwise specified, all energies are laboratory
energies e rather than relative, center-of-mass, or “colli-
sion” energies. The same logarithmic energy scale is used
in all of the cross-section and energy-loss tables because
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of the wide range of energies considered and the resul-
tant simplicity of averages over the ion and fast neutral
energy distributions. Although some entries in the tables
are given to several significant figures, all entries should
be considered uncertain to at least + 5%. Blank entries
in the tables indicate that the cross sections are too small
to be evaluated, or are zero. In general, the curves and
tables are labeled by the experimentally observed or the-
oretically postulated product of the collision.

2. Symbols
The symbols used in this paper are:
A number of atoms and ions in projectile.
A’ number of atoms in target.
Dn product of diffusion coefficient and gas density
inm™sL

E/fn  electric field to gas density ratio in V m?

I(©) differential scattering cross section in m® str™’.

J quantum number of rotational level of H; or H7 .

Lx(X) momentum loss function for ion X in momentum
balance model in eV m?

Ly(X) energy loss function for ion X in energy balance
model in eV m%.

M mass of projectile in atomic units.

M’ mass of target in atomic units.

n gas density in molecules/m®,

Qcr  cross section for charge transfer collisions in m%

QO(e) total cross section for electron production in m2

Q(A) total cross section for production of photons of
wavelength \ in m%

On momentum transfer cross section in m?

O protan transfer cross section in m2

Q(k) cross section for process k in m?

Ry Rydberg of energy = 13.6 eV.

v quantum number of vibrational level of H, or Hf
molecule.

W(H™) drift velocity of H* in Ar in m/s.
W(HY{) drift velocity of Hi in Ar in m/s.

z effective charge of projectile in units of electron
charge.

z' effective charge of target in units of electron
charge.

o/n(k) spatial reaction or excitation coefficient for pro-
cess k in m™*.
€ projectile energy in the laboratory frame in eV,

€(X) drift energy of ion X in eV.

€ energy loss in excitation of the kth level in eV.
n dimensionless screening parameter.

pn ion mobility normalized to unit density in

(mVs)~',
3. H* Collisions with Ar

Many experimental and theoretical investigations of
the scattering of H* by Ar have been published.** We
are concerned only with those giving data on large angle
scattering or inelastic collisions at 0.1 < ¢ < 10* eV.
Here e is the projectile energy in the laboratory system of
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coordinates and the target kinetic energy is negligible.
The momentum transfer cross sections Qm shown in
Fig. 1 and listed in Table 1 for ¢, < 1 eV were calculated
using the spiraling radius” and average polarizability
from McDaniel and Mason."” Evidence for the applicabil-
ity of polarization-dominated scattering for low energy
H* in rare gases has been obtained by Orient' for H* in
He and Ne. These data also suggest that the mobility of
H* in the rare gases decreases with increasing ion energy
corresponding to a slowly increasing product of momen-
tum transfer cross section and speed. Here the density
normalized mobility'® un is equal to the ratio of the ion
drift velocity to E/n and is inversely proportional to Q,..}
Relative differential scattering cross section measure-
ments’® at energies near 10 eV are not useful in the
present context. The Qn(H*,Ar) value shown for
e, =1500 eV was obtained from the elastic differential
scattering cross section of Abignoli et al.!® by extrapolat-
ing their data to higher scattering angles so as to merge
smoothly with the diffcrential scattering predicted using
the formulas for screened Coulomb collisions™" and
then integrating over angle with the appropriate angular
weight. This fitting procedure leads to an effective nu-
clear charge of Z' = 2.3 for Ar and to a screening
parameter n = 5 X 1073 Thesé parameters were then
used to calculate Qn, at energies = 500 eV using the rela-
tion

Qu(e) = 2| E2 208 (LMD [ (1m)

1 '
a +'r|)]AA M

where m and M are the masses of the projectile and
target, Z and Z' are the effective charges of the projectile
and target, a0 and Ry are the Bohr radius and the Ryd-
berg energy, ¢ is the projectile laboratory cnergy, and A
and A’ are the numbers of atoms in the projectile and
target molecules. The small value of Z' corresponds to
very little penetration of the outer shell of electrons of
the Ar atom. The On values for H*—Ar shown by the
short dashed curve of Fig. 1 are obtained by a smooth in-
terpolation between the low and high energy Q. values.
Inelastic collisions dominate the large angle scattering for
higher energies so that, for example, at 6 keV the total Qp,
calculated by extrapolating the data of Crandall,
McKnight, and Jaecks'® to all angles using the screened
approximation is 6 X 10~ m?

Although the measurements® of cross sections for
charge transfer collisions of H* with Ar agree reasonably
well for energies above 200 eV, experiments using various
techniques™? disagree by about an order of magnitude
near 100 eV. Very possibly the problem arises because for
€ > 100 eV the probability of large angle scattering, rep-
resented by On, in Fig. 1, becomes larger than that for
charge transfer. At energies below 70 eV we find only the
data of Maier.”

Cross sections are shown in Fig. 1 and are listed in
Table 1 for excitation of the Lyman o (Lya) and Balmer

885

a (Ho) lines of H. For the excitation of Lya we have
adopted the excitation cross sections recommended by
Van Zyl, Gealy, and Neuman.”! For Ha excitation we
show the results of Risley, de Heer, and Kerkdijk® for
€ > 2 keV. Since the only lower energy results are in a
paper® for which the results seem to be seriously in error
for other gases, e.g., H* and H collisions with Ha, we
have extended the higher energy data to lower energies
using the energy dependence from the Lya data. Excita-
tion of higher levels of H has also been observed™* at
energies above about 1 keV. Excitation cross sections for
Ar 1t emission have been reported®” for energies above 2
keV.

Cross section (m?) and loss function (eV m?)

1021}

102

10.23 | .11 nml
107 10

Laboratory energy (eV)

Fic 1.  Cross sections and momentum loss for collisions of H* with Ar

versus laboratory energy of H* for Ar at rest. The symbols and
collision processes are: Q, momentum transfer; Ar*, charge
transfer to form Ar*; e, electron production by ionization of
Ar; Lya, production of Lyman a radiation; and He, production
of the Balmer «a line. The curve labeled L, is the momentum
loss function and that labeled L, is the stopping power for H*
in Ar.

We have taken the electron production cross section
Q(e) zzo be equal to that for ionization as given by Rudd
etal.

Figure 1 and Table 1 also show the calculated momen-
tum loss function L, for use in a momentum balance for
H* drifting through Ar under the action of an electric
field. The momentum loss function L, is to be distin-
guished from the more familiar energy loss function or
stopping power*'® L, used in models of heavy particle
energy loss. It was shown in Ref. 1 that the use of L, in
a momentum balance leads to useful predictions of the
drift velocities and spatial reaction coefficients as a func-
tion of E/n. Such results are shown by the solid curves of
Fig. 2 and listed in Table 2. As predicted® for H* in Ha,

J. Phys. Chem. Ref. Data, Vol. 21, No. 4, 1992
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TaBLE 1. Cross sections and loss functions for H* in Ar tabulated by product. The ion energies are in
eV and the cross sections are in 10~ m? and loss functions are in 10~* eV m?

Process Ar* Lya Ha ~ Toniz. On Total
energy loss® 2.16 10.2 12.09 15.76 L(F)
Lab. energy

0.1 b 69 134

0.133 60 155

0.178 52 17.9
0.24 45 21
0.32 38 24
0.42 33 27
0.56 20 31
0.75 25 36
1.00 21 41
1.33 18.2 47
1.78 15.6 54
24 13.3 61
32 11.2 69
4.2 9.4 78
5.6 79 RA
15 6.5 95
10.0 53 103
133 4.2 110
17.8 0.0002 33 115
24 0.0024 25 117
32 0.0063 1.88 116
42 0.0003 0.00035 0.000035 0.0126 1.36 112
56 0.0029 0.00133 0.000133 0.0205 0.96 105
75 0.016 0.0036 0.00036 0.032 0.65 96
100 0.071 0.0076 0.00076 0.046 0.43 85
133 0.23 0.013 0.00134 0.062 0.28 74
178 0.6 0.026 0.00262 0.081 0.172 64
237 13 0.045 0.00445 0.106 0.106 55
316 2.3 0.089 0.0089 0.137 0.064 50
422 38 0.14 0.0136 0.177 0.038 47
562 59 0.17 0.0172 0.227 0.022 47
750 85 0.21 0.0207 0.295 0.013 50
1000 11.3 0.25 0.0247 0.38 0.0074 57
1334 13.6 0.30 0.0295 049 0.0042 64
1778 15.6 0.36 0.036 0.63 0.0024 73
2370 16.5 0.45 0.0445 0.82 0.0014 84
3160 16.4 0.50 0.0495 1.03 0.00078 95
4220 15.3 0.54 0.0537 132 0.00044 108
5620 13.8 0.55 0.055 1.68 0.00025 130
7500 12 0.57 0.057 212 0.00014 148
10000 10.3 0.58 0.058 2.65 0.000079 177

*The energies cited are in eV and are those used in the calculation of L, and L,.
A blank entry means the cross section is zero or too small to be estimated.

the maximum value of Ly in Fig. 1 is equal to the E/n
value at which the drift velocity and ion drift energy in-
crease without limit for e(H*) < 10 keV, i.e., the E/n at
which the ion runaway' occurs. In weakly ionized gases
ion or electron runaway refers to the nonequilibrium sit-
uation in which an ion or electron gains more energy
from the electric field than it loses in collisions with the
gas and so continues to accelerate throughout the energy
range of interest.

The stopping power L, for H* in Ar is calculated as
described in Ref. 1 and is shown by the curve and entries
marked L, in Fig. 1 and Table 1. The energies cited in the

J. Phys. Chem. Ref. Data, Vol. 21, No. 4, 1992

second row of Table 1 are the energies in eV used in the
calculation of L, for the hydrogen. Note that the energies
cited for simultaneous charge transfer and excitation do
not include the difference in ionization potentials for H
and Ar, since this energy loss is already assigned to the
total charge transfer cross section. Although the experi-
mental stopping power value of Phillips® for e = 10 keV
is in good agreement with this calculation, such a com-
parison is not a valid test of our cross section set because
the hydrogen spends only about 20% of its time as H*
while traveling through high densities of Ar.
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TasLe 2. Drift velocities, energies, and reaction coefficients for H* and H3" in Ar. The spatial reaction coefficients a/n (ArH*) and o/n(Ar+) are

for Hi collisions with H,

Ein W(H*) «(H*) W(H:) e(Hy) a/n(ArH*) a/n(Ar*)
10-2'Vm? m/s eV m/s eV m? m?

150 4900 0.125 NA® NA NAa* NA
200 6300 0.22 NA NA N4b NA
300 9400 0.50 3300 0.17 LB -19° 0.0
500 16800 15 5100 041 9E - 2(¢ 0.0
700 25000 33 6900 0.72 5.0E-20 0.0
1000 41000 8.6 9300 135 49E-20 1E—-22
1100 50800 13 10300 1.6 44E-20 2E-21
1170 runaway runaway 10800 18 4.2E-20 SE~21
1500 13700 3.0 3.2E-—20 1.6E - 20
2000 19000 5.6 22E-20 29E-20
2500 27000 115 1L1E-20 3.0E-20
2780 runaway runaway runaway runaway

*NA means not available from this calculation because e is below 0.1 eV.

bSee Villinger ef al. for rate coefficient data.%®

“Here 1.7E—19 means 1.7 X 10~°. These two entries are calculated from rate coefficients of Villinger et al.* and our drift velocities W and drift
energies £, while aur madel gives 7ero far these Fi/n . The discontinuities in the variation of a/n (ArH*) values with E/n abave Efn = § % 10~V
m2 indicates that our monoenergetic-beam, momentum-balance model' underestimates the spatial reaction coefficients at these lower E/n. This

problem is also discussed in Sec. 5.2 of Ref. 1.

105: ™7 lllrﬂ'r LB AL | ™ rTrere 102
; W(H® H)
i /
i W(H,"
g 10* 3 10 g
C >
§ - 8
g 2
= | £
s 0°F LS
- .n".‘
b ".'. € (H"'H‘)
N
‘ - 1
10210 10? 108 wjo-

E/n (102 vm?)

Fi6 2. Drift velocities W and energies ¢(X) for H*, H™, and Hy" ions
in Ar. The solid curves are for H* and H™, while the dashed
curves are for Hy'. Note that the H* and H~ drift velocities
and energies are identical in the present set of cross sections.
The dotted curve is an interpolation between the experimental
points and the model for Hs".

4. H3 Collisions with Ar

Figure 3 and Table 3 show and list reaction, excitation,
and electron production cross sections for H in Ar. The
low energy behavior® is dominated by the proton transfer
reaction leading to the formation of ArH* and has a cross
section of about 80% of the polarization limit."”> At ener-
gies above 6 eV we have adopted the rapid decrease in
this cross section found recently by Liao et al.,” rather
than the slow decrease found for Df + Ar by Smith et

al.® Liao et al 2 find this cross section to be approxi-
mately independent of the vibrational level of the HY, al-
though Houle et al ® found cross sections for v = 0 to be

- much smaller than for higher v levels. For energies above

about 5 eV the charge transfer reaction®* leading to Ar*
formation dominates and varies slowly with the vibra-
tional level of the incident HF . At energics below about
2 eV the cross sections for this reaction are a maximum®
for the v = 2 level of Hf. As the H energy approaches
zero the charge transfer cross section is taken to be ap-
proximately equal to the difference between that for
ArH* formation and the polarization cross section.

The cross section for collision induced dissociation® in
the 1-10 eV range increases rapidly as the vibrational
level of the H7 increases, e.g., the dissociation cross sec-
tion peaks at e = 6 eV at 1.3and 2.7 x 10" m*forv =
1 and 2, respectively. At energies above 2 keV we use the
data of Williams and Dunbar,” but this leaves the range
from 10 eV to 2 keV with a large uncertainty. The cross
sections shown in Fig. 3 and listed in Table 3 are for the
v = 0 level of Hf. One reason for the interest in vibra-
tionally excited Hy is that electron impact jonization pro-
duces a range of vibrationally excited levels.®® At the
higher energies charge transfer results in small angle col-
lisions, i.e., Q (Ar*) > Qu, and so produces fast H,.* We
have found no information on the production of fast H in
HF + Ar collisions.

The cross section for electron production shown in
Fig. 3 and Table 3 is from Gordeev and Panov* at ener-
gies near 10 keV and from Gilbody and Hasted™ for en-
ergies below 1 keV with a linear interpolation at
intermediate energies where the experiments disagree by
a factor of 2.5. The cross section for Lya excitation is
based on Ottinger and Yang¥ for ¢ < 900 ¢V and on
Van Zyl et al * for higher energies. We have found no in-
formation on the excitation of Ha in Hf + Ar collisions.

J. Phys. Chem. Ref. Data, Vol. 21, No. 4, 1992
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10 1 10 102 10° 104

Laboratory energy (eV)

FiG 3. Cross sections for collisions of Hf with Ar versus laboratory

energy of HY for Ar at rest. The symbols and collision pro-
cesses are: ATH™, proton transfer to form ArH*; Ar* + fast
H,, charge transfer to form Ar* and fast H,; H*, dissociation
to form H*; Lya, production of Lyman « radiation; and e, pro-
duction of electrons by ionization.

The concept of ion drift velocity has no significance for
Hj in Ar because of the rapid destruction of Hi by reac-
tions to form ArH* or H# . We therefore have no ion mo-
bility data that can be used to obtain the momentum
transfer cross section at low energies. At energies above
about 500 eV, Eq. (1) leads to a momentum transfer cross
section only slightly larger than that for H* + Ar colli-
sions as shown in Fig. 1. It is important to keep in mind
that for drift tube experiments® at E/n > 107" V m? the
energy gained by the Hy between collisions with the Ar
is large enough, i.e., (E/n)/2Q(e) > 10 eV, so that the
product of a collision of H with Ar is Ar* rather than
ArH*. Here 3Q(e) is the sum of all Hf-Ar cross sec-
tions.

5. H3 Collisions with Ar

Figure 4 and Table 4 show the cross sections for Hy
collisions with Ar. The estimated momentum transfer
cross section Qn at low ¢ is based on the mobility
measurements of McAfee, Sipler, and Edelson.”® Their
mobility value for Hf in Ar at low E/n corresponds to a
significantly higher On than calculated from the polar-
izability of Ar.® We have shown two limiting forms for
On(e) by the long dashed lines in Fig. 1, i.e., constant O,
and constant vQn(e). Here v is the ion speed. At € > 500
¢V we have used the scaling of Eq. (1) to estimate the
contribution of elastic collisions to Q.. We have no infor-
mation regarding the inelastic contribution correspond-

J. Phys. Chem. Ref. Data, Vol. 21, No. 4, 1992

TaBLE 3. Cross sections for H3" collisions with Ar tabulated by product.
The ion energies are in eV and the cross sections are in

10-% m?
Process ArH* Art H* Lya e+Ar*
Lab. energy
0.1 58 8.6
0.1334 50 74
0.1778 43 (X
0.237 37 5.65
0.316 317 4.95
0.422 215 4.45
0.562 23.6 4
0.750 203 3.67
1 175 3.38
1.334 151 3.19
1.778 13 3.1
237 11.2 3.09
3.16 9.6 31 0.14
4.22 8.15 33 0.33
5.62 6.4 3.6 0.47
7.50 4.55 4.05 0.55
10 2.57 4.9 0.58
13.34 115 59 0.595
17.78 0.36 6.9 0.6
23.7 0.066 1.7 0.6
31.6 0.001 8.4 0.6
422 8.95 0.6 0.01
56.2 9.3 0.6 0.07
75.0 9.7 0.6 0.185 0.027
100 9.9 0.605 0.287 0.037
1334 10 0.61 0.35 0.051
177.8 10 0.625 0.395 0.066
237 10 0.64 0.435 0.099
316 10 0.66 0.465 0.138
422 10 0.69 0.5 0.19
562 10 0.72 0.523 0.264
50 10 0.75 . 033 0.365
1000 10 0.805 0.575 0.5
1334 10 0.86 0.6 0.69
1778 10 0.92 0.61 0.95
2370 10 1 0.62 1.29
3160 10 113 0.625 1.78
4220 10 1.35 0.625 245
5620 10 1.64 0.62 3.36
7500 10 2.03 0.615 4.65
10000 10 2.6 0.6 6.3

ing to that found®® to be dominant at high energies for H*
in Ar. At intermediate energies we have interpolated be-
tween the low and high energy cross sections.

The cross sections for the formation of ArH* in Hf +
Ar collisions shown in Fig. 4 and Table 4 have been esti-
mated from reaction rate coefficients calculated from
equilibrium coefficients and from rate coefficients for the
reverse reaction of ArH* with H; measured by Villinger
et al ® The energy dependence at € > 10 €V is based on
the measurements of Prokofev et al.* for Di collisions
with Xe and on the ArH* formation data for Hf + Ar
of Sec. 4.
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Fic 4. Cross sections and momentum loss for collisions of H* with Ar
versus laboratory energy of Hi' for Ar at rest. The symbols and
collision processes are: Q,,, momentum transfer; AtH*, proton
transfer to form ArH*; Ar*, charge transfer to form Ar*; H*,
dissociation to form H*; H3", dissociation to form H3'; and e,
production of electrons by ionization. The curve labeled L, is
the momentum loss function.

The charge transfer cross section for formation of Ar*
shown in Fig. 4 and Table 4 is from Prokof'ev et al.*® for
¢ < 40 eV and from Gordeev and Panov* for e > 1keV.
The latter authors report cross sections for electron cap-
ture in HY + Ar collisions for € > 1 keV, but the product
neutral is unknown and so is not shown in Fig. 4. The
cross sections for dissociation of Hi into H* and H# for
€ > 3 keV are from Williams and Dunbar.” The excita-
tion of Lya or Ha does not appear to have been observed
for ¢ < 10 keV. The cross section shown for the produc-
tion of electrons in collisions of Hi with Ar is also from
Prokof'ev et al *

The Qn(e) estimate shown in Fig. 4 and Table 4 is used
to calculate the loss function Ly(€) and the Hi drift ve-
locities W and ion drift energies e(Hi) shown by the
dashed curves of Fig. 2 and listed in Table 2. At low E/n
we show that the calculated drift velocities extrapolate via
the dotted curve to the low E/n limit of the data of
McAfee, Sipler, and Edelson.® At E/n = 2.8 x 1078V
m? runaway occurs when L, for Hi in Ar passes through
a maximum. We have no experimental data at such high
E/n and, in the absence of more accurate transport calcu-
lations, can only suggest the onset of runaway. Note that
once the Hi encrgics reach about 40 eV (E/n > 2.8 107"
V m?), ion destruction by charge transfer exceeds large
angle elastic scattering and the concept of drift velocity is
no longer usefnl.

We recommend the rate coefficient data of Villinger
etal.” for the Hf + Ar — ArH* + H, reaction as ob-

889

tained from measurements of the rate coefficients for the
reverse reaction and of equilibrium constants versus E/n.
However, it should be noted that there are serious, unre-
solved discrepancies between the equilibrium constant
data measured by Villinger ef al.* and the equilibrium
constants we derive from the dependence on fractional
H, concentration of the mean ion drift velocity found by
McAfee et al ®

6. ArH* Collisions with Ar

Ton mobility measurements for ArH* in Ar have been
reported by McAfee ef al * and by Rakshit and Warnek.*!
Since Villinger et al.* have suggested that the interpreta-
tion of the latter data is in error because of neglect of the
back reaction of H with H,, we base our Qn(€) recom-
mendation at low energies on McAfee ef al.® Further
support for this concern is provided by noting that the
much higher apparent mobility of Hf in Ar found by
Rakshit and Warneck! compared 10 that of McAfee
et al ® is just about what one would expect for the frac-
tional H, concentration and E/n used by Rakshit and
Warneck* and for the equilibrium constants for the for-
ward and reverse reactions of H¥~ArH* in Hx-Ar mix-
tures derived from McAfee etal.® As indicated by
Lindinger and Albritton® the mobility of ArH* in Ar at
low E/n is 70% of the value calculated using the polariz-
ability of Ar. Thus, if we assume vQ,, is constant then
Qu(e) = 4.4 x 107" 2 m? for ArH* collisions with Ar,
where ¢ is in eV,

We have not found any other data for the collisions of
ArH"* with Ar. Reactions of potential importance for ac-
curate modeling of low pressure, gas discharges in Ar-H,
mixtures are the dissociation of ArH* in collisions with
Ar and the charge transfer of ArH* with Ar to form Ar*.
Claims of measurement of the rate of relaxation of inter-
nal energy* of ArH" in Ar are suspect as discussed above
for the mobility.

7. H™ Collisions with Ar

The momentum transfer cross section shown for H-
collisions with Ar in Fig. 5 and listed in Table 5 is the
same as that for H* in Ar discussed in Sec. 1. Since there
appears to be no relevant experimental data, this choice
is based on the assumed dominance of the polarization
interaction at low energies and of a Coulomb interaction
at high energies. It should be pointed out, however, that
calculations® for H™ in He show that at low energies
there is a decrease in the effective product of speed and
Q. for increasing energy caused by a repulsive interac-
tion, such as calculated® for H- interaction with both He
and Ar. Thus, the energy dependence of @ for H™ in Ar
may be rather different than that for the attractive inter-
action for H*-He.

For e above about 10 eV the dominant collision process
for H™ in Ar is collisional detachment of the electron as
shown in Fig. 5 and Table 5. Experimental data have
been tabulated by Tawara' and tabulated and reviewed

J. Phys. Chem. Ref. Data, Vol. 21, No. 4, 1992
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TaBLE 4. Cross sections and loss functions for Hi" in Ar tabulated by product. The energies are in eV and
the cross sections are in 102 m? and loss functions are in 10~ eV m?

Process ArH*+H, Ar*+H H*+H, Hf +H e Om Ly
Energy loss® 0.6 4.6 6.4 4.4 13.6
Lab. energy

0.100 118 22
0.133 105 26
0.178 93 31
0.237 83 37
0.316 74 43
0422 65 51
0.562 58 61
0.750 3 51 72
1.000 54 45 84
133 4.9 0.01 40 99
1.78 4.25 0.39 35 115
2.37 3.64 1.03 30 134
3.16 312 1.88 26 155
422 2.6 2.6 23 177
5.62 216 29 19.1 200
7.50 172 3.0 16.0 223
100 13 3.0 131 244
13.3 0.9 3.0 0.008 10.5 261
17.8 0.475 31 0.013 83 273
237 011 31 0.0225 63 278
316 0.01 31 0.034 4.7 274
422 31 0.051 33 262
56.2 3.1 0.075 23 242
75.0 31 0.112 1.54 218
100 31 0.163 1.00 190
133 32 0.227 0.64 163
178 32 0.318 0.39 138
237 32 0.435 0.24 117
316 32 0.563 0.142 100
422 32 0.005 0.715 0.084 87
562 32 0.015 0.89 0.049 80
750 3.2 0.005 0.035 1.07 0.028 76
1000 33 0.02 0.074 1.23 0.0162 5
1334 34 0.057 0.12 1.39 0.0092 76
1778 35 0.12 0.198 1.62 0.0053 83
2370 3.6 0.21 0.287 1.93 0.0030 95
3160 - 38 0.35 0.385 2.26 0.00169 111
4220 4.0 0.55 0.49 273 0.00095 135
5620 4.3 0.78 0.62 3.26 0.00054 165
7500 4.7 1.05 0.735 4 0.00030 208
10000 51 135 0.83 49 0.00017 263

* The energies cited are in eV and are those used in the calculation of Ly, and L.

by Risley.* We have adopted the cross section data of
Champion, Doverspike, and Lam® for ¢ < 100 eV and
the results of Risley and Geballe* for ¢ > 200 eV.
The production of electrons by double electron strip-
ping and ionization to form 2e + H* in collisions of H~
with Ar has been investigated by Williams*’ and the cross
sections are shown in Fig. 5 and Table 5. The excitation®
of H(2s + 2p) and of Ha in collisions of H™ with Ar are
shown in Fig. 5. Since this excitation process is only re-
ported for energies above 1 keV, it would appear that
there is no low energy peak in the cross section for exci-
tation of H atoms. See Sec. 8. We have therefore ex-
tended the cross sections for excitation to lower energies
using the energy dependence for excitation of Lya in H*
+ Ar collisions. The excitation of very high lying® levels
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of H at ¢ > 3 keV and the energy losses corresponding
to excitation® of Arin D~ + Ar collisions at € = 57 eV
have been reported.

We have found no transport data for H™ in Ar. Subject
to the uncertainties in the Qn, values discussed above, the
drift velocities of low energy H™ in Ar calculated using I,
will be similar to that for H* in Ar shown in Fig. 2. In the
calculation of L, we have used the energy losses given in
the second row of Table 5. Again the concept of an equi-
librium drift velocity fails fore > 10eV (E/n > 5 x 107"
V m?) because of detachment and because of runaway.
The large cross section for detachment relative to that for
large angle scattering Qm means that for € > 100 eV, de-
tachment will result in the production of a fast H atom
moving in the electric field direction.
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FiG 5. Cross sections and momentum loss for collisions of H~ with Ar
versus laboratory energy of H™ for Ar at rest. The symbols and
collision processes are: O, momentum transfer; e + H, elec-
tron detachment transfer to form H; 2e, production of elec-
trons by detachment and ionization; 2¢ + 2p, sum of
production of H atoms in the 25 and 2p states; and He, produc-
tion of the Balmer a line. The curve labeled L, is the momen-
tum loss function for H™ in Ar.

8. H Collisions with Ar

The momentum transfer cross section Qn for low en-
ergy H atoms in Ar is determined from the measured dif-
fusion coefficient™ at room temperature of Dn = 3.4 X
10* m~'s™!, We have not found any temperature depen-
dent experimental data and so are not able to establish
the energy dependence of O at low energies. In princi-
ple, theoretical differential scattering cross sections™
could be integrated to obtain energy dependent Qn val-
ves at ¢ < 0.1 eV. The long dashed lines in Fig. 6 show
possible extrapolations of Qu(e) consistent with the ther-
mal results to energies of interest here. Unfortunately,
the elastic differential scattering cross sections of Gao
et al *? do not extend to large enough angles to allow one
to calculate Qm. We have shown by the solid line of Fig.
6 and have listed in Table 6 values obtained using Eq. (1)
for QO at energies above 500 eV with the parameters used
for H* in Ar in Sec. 3. Alternatively, we can readjust the
1(©) calculation of Van Zyl et al.* at 0.5 degree to fit an
interpolation between values of 7(0) for 500 and 1000 eV
from Gao etal. for 0.5 degree, extrapolate the I(©) of
Van Zyl e al * to larger angles using screened Coulomb
theory,”? and integrate the appropriately weighted 7 sﬁ)
to find Un. This procedure gives On = 1 X 1072 m? at
1000 eV, or about 50% larger than that obtained using

g 3§ 3 3
1 3
2 8 © ®
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Fic 6. Cross sections and stopping power for collisions of H atoms
with Ar versus laboratory energy of H for Ar at rest. The sym-
bols and collision processes are: O, momentum transfer; Lya,
production of Lyman « radiation; He, production of the
Ralmer a line; e, production of electrons by ionization to form
Ar*; e, production of electrons by ionization to form H*. The
curve labeled L, is the stopping power for H in Ar,

Eq. (1) and shown in Fig. 6 and Table 6. The dashed por-
tion of the Om(€) curve is a smooth interpolation between
the low and high energy results. The recommended data
are given in Table 6.

The Lya and Ha excitation cross sections shown in Fig.
6 and Table 6 are very large at low H atom energies. The
high probability of such collisions in discharges is the
principal reason for our interest in the Hz-Ar system. The
cross sections for Lya and Ha excitation shown arc from
the experiments of Van Zyl etal.* and Van Zyl and
Gealy.’

The charged particle production cross sections, i.e.,
those for formation of H™ + Ar*,e + H* + Ar,and e
+ Ar* + H, shown in Fig. 6 and Table 6 are from the
measurements and analyses of Van Zyl ef al *® The cross
sections for ion pair formation, i.e., H + Ar » H™ +
Ar*, are extended to € = 22 eV using the relative cross
sections of Aberle, Grosser, and Kriiger.®* At intermedi-
ate energies we have interpolated between the curves
shown by Van Zyl et al.

The long dashed curve of Fig. 6 shows the stopping
power for H atoms traversing Ar calculated from the
cross section set of Fig. 6 and Table 6. This energy loss
function or stopping power L, is calculated using the en-
ergy losses given in the second row of Table 6. Most of
these encrgics are approximate minimum values in cen-
ter-of-mass for reactions involving the potential energy
curves of the ArH molecule. The energies for Lya and
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TABLE §. Cross sections for H™ collisions with Ar tabulated by product. The ion energies are in
eV and the cross sections are in 10~ m? and loss functions are in 10~% eV m?

Process e+H+Ar 25+2p 2e+H*+Ar O Total
Energy loss® 0.754 10.2 12.09 16.6 Ln(E)
Lab. energy

0.1 68.9 13.44

0.1334 59.6 15.50

0.1778 5135 17.88
0.237 44.5 20.6
0.316 385 23.7
0.422 332 273
0.562 28.7 314
0.750 24.7 36.1
1.000 1.82 212 42.8
1.334 217 18.20 49.0
1.778 244 15.56 558
2.37 267 13.25 63.3
3.16 2.89 11.22 714
422 3.10 9.44 80.0
5.62 331 7.87 88.9
7.50 3.52 6.49 97.7
10.00 3.73 5.28 105.9
13.34 394 422 112.8
17.78 4.15 0.0008 3.31 1179
23.7 4.36 0.0031 2.53 120.3
316 4.56 0.0054 1.884 119.8
422 4.76 0.0009 0.00009 0.0080 1.362 1158
56.2 494 0.0035 0.00033 0.0111 0.955 108.8
75.0 5.11 0.0004 0.0009 0.0148 0.650 99.4
100.0 5.28 0.0199 0.0019 0.0194 0.429 88.3
1334 543 0.0351 0.0034 0.025 0.275 76.8
1718 5.58 0.0686 0.0066 0.032 0.1724 65.7
237 575 0.1166 0.0111 0.040 0.1056 55.8
316 5.95 0.233 0.022 0.051 0.0636 482
422 6.19 0.356 0.034 0.063 0.0377 423
562 6.50 0.451 0.043 0.079 0.0221 376
750 6.91 0.542 0.052 0.099 00128 45

1000 742 0.647 0.062 0.123 0.0074 33.0

1334 8.05 0.773 0.074 0.154 0.0042 332

1778 8.82 0.943 0.090 0.191 0.0024 352

2370 9.73 1.166 0.111 0.237 0.00137 39.2

3160 10.79 1.297 0.124 0.295 0.00078 43.3

4220 12.02 1.407 0.134 0.366 0.00044 48.6

5620 13.43 1.441 0.138 0.455 0.00025 54.6

7500 15.03 1.493 0.143 0.565 0.00014 62.7

10000 16.84 1.520 0.145 0.701 0.000079 727

* The energies cited are in eV and are those used in the calculation of Ly, and L..

Ha are obtained by extrapolating the excitation cross sec-
tions*’ to threshold. As pointed out in Sec. 3, a hydrogen
nucleus with energies below 20 keV spends most of its
time as H rather than H* so that the measured stopping
power” for H* in Ar, shown by the point in Fig. 6 for ¢
= 10 keV, should be compared with that calculated for
H atoms in Ar. The discrepancy is about 60% and its
source is unknown.

9. H. Collisions with Ar

Our recommended momentum transfer cross section
for H; by Ar (or Ar by H;) at low energies is obtained
from the rather extensive measurements of the tempera-
ture dependent diffusion coefficients.” For temperatures
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from 240 to 1100 K, the density normalized diffusion co-
efficient is given to within 5% by Dn = 5.3 x 10 (T/
1000)** m™'s™', where the temperature is in degrees
Kelvin. When substituted into transport integrals,™ this
yields Qm(e) = 1.17 x 107 (¢)~"* m’. At higher energies
we again have little choice but to use Eq. (1) with the
parameters derived for H* collisions with Ar and appro-
priately modified masses. A smooth interpolation be-
tween these limits gives the empirical relation that Qn(e)
=117 x 107 (e)™ (1 + €/47.4)7".

Rate coefficients for vibrational relaxation of H; by Ar
have been measured®” for temperatures from 300 to
2700 K and the results can be written in the form k = 4
x 107 X exp(— 120/T ~**) m%s. Theory*® has been used
to obtain thermally averaged cross sections for this pro-
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TABLE 6. Cross sections for H collisions with Ar tabulated by product. The atom energies are in ¢V and the
cross sections are in 10~?" m? and loss functions are in 10~ eV m?

Process LyAlph Bal Alp H- + Ar* e + H* e+ Art Qy L,
Energy loss® 15 16 15 13.6 15.76
Lab. Energy
0.1000 17.3
0.1334 15.0
0.1778 129
0.237 11.2
0.316 9.7
0.422 84
0.562 7.2
0.750 6.3
1.000 54
1334 4.7
1.778 4.0
237 35
3.16 3.0
4.22 25
5.62 22
750 1.83
10.00 1.55
13.34 0.0002 0.0002 1.29
17.78 0.004 0.004 0.0001 1.07
23.7 0.034 0.034 0.01 0.87
316 0.2 0.16 0.014 0.0013 0.70 28
42.2 0.59 0.39 0.008 0.0073 0.55 6.2
56.2 0.89 0.58 0.03 0.024 0.42 10.1
75.0 1.04 0.67 0.045 0.056 0.0011 032 12,6
100.0 1.08 0.65 0.027 0.11 0.0026 0.23 13.1
1334 1.01 0.58 0.019 0.2 0.0056 0.160 13.8
177.8 0.91 0.5 0.019 0.3 0.012 0.110 15.6
237 0.82 0.46 0.026 0.43 0.022 0.074 19.6
316 0.8 043 0.028 0.57 0.04 0.048 25
422 0.82 0.42 0.022 0.73 0.07 0.030 31
562 0.88 0.41 0.02 0.89 0.11 0.018 39
750 0.96 0.38 0.0215 1.03 0.17 0.011 48
1000 1.02 0.34 0.03 1.2 0.25 0.0066 59
1334 107 0.29 0.052 1.32 0.37 0.0039 72
11778 1.08 0.24 0.125 14 0.56 0.0023 88
2370 1.02 0.20 0.22 141 0.85 0.0013 108
3162 0.93 0.16 0.32 1.37 1.23 0.00074 132
4220 0.77 0.14 0.36 13 1.72 0.00043 159
5620 0.67 0.12 0.33 14 227 0.00024 197
7500 0.58 0.11 0.27 1.7 2.88 0.00014 250
10000 0.52 0.1 0.21 2 35 0.00008 308

*The energies cited are in eV and are those used in the calculation of L, and L,.

cess. Observations of energy loss caused by vibrational ex-
citation have been reported® for center-of-mass energies
from 37 to 150 eV, but cross scctions arc not given.

Cross sections for excitation of the Ha and HB lines of
the Balmer series of H in collisions of fast H, with Ar, or
its equivalent fast Ar with H,, have been reported by Gu-
sev et al.* and are shown in Fig. 7 and Table 7. Although
not as large as for H + Ar, these cross sections rise
rapidly at low laboratory energies and may be of consid-
erable importance in low pressure gas discharges. Note
that even though Qn(e) is an order of magnitude larger
than the Ha excitation cross sections at, for example, 100
eV, the large mass ratio means a small (= 10%) energy
loss per elastic collision and a moderately high probabil-
ity of excitation before energy relaxation.

We have not found cross section data for electron or
ion production in collisions of H, with Ar for energies be-
low 10 keV.

10. Ar* Collisions with Hz

Figure 8 and Table 8 show and list reaction, excitation,
and electron production cross sections for Ar* collisions
with H,. The low energy behavior is dominated by the
exothermic proton transfer reaction leading to the forma-
tion of ArH*. For € < 4 eV we have based our recom-
mended cross section Q,: on a power law fit to the drift
tube-flowing afterglow reaction coefficient k. data® for
temperatures T from 20 to 5000 K that yields k;; = 1.45
x 107 (kT)** m*/s to within 10% and Qp(e) = 4.2 X
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Fic 7. Cross sections and momentum loss for collisions of H,
molecules with Ar versus laboratory energy of H, for Ar at rest.
The symbols and collision processes are: O, momentum trans-
fer; Ha, production of the Balmer o line; and HB, production
of the Balmer 8 line.
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Fic 8. Cross sections and momentum loss for collisions of Ar* with

H, versus laboratory energy of Ar* for H; at rest. The symbols
and collision processes are: ATH*, H atom transfer to form
ArH*; HF, charge transfer to form HF; H*, dissociative
charge transfer to form H*; Lya, production of Lyman « radi-
ation; Ha, production of the Balmer « line; and HP, produc-
tion of the Balmer B line.
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TaBLE 7. Cross sections for H; collisions with Ar tabulated by product.
The molecule energies are in eV and the cross sections are in

102 m?
Process Ha HB Om
Lab. energy
0.1 232
0.1334 21.3
0.1778 19.5
0.237 17.8
0.316 16.3
0.422 14.9
0.562 13.6
0.750 124
1.000 11.3
1.334 10.2
1.778 9.2
2.37 8.3
3.16 14
4.22 6.6
5.62 5.7
7.50 5.0
10.00 4.2
13.34 35
177 0.00005 2.9
23.7 0.001 0.000095 23
316 0.0036 0.00045 1.74
422 0.0087 0.0013 1.29
56.2 0.0155 0.00285 0.92
75.0 0.025 0.005 0.64
100.0 0.036 0.0078 0.43
1334 0.047 0.0105 0.28
177.8 0.055 0.0125 0.174
237 0.059 0.014 0.108
316 0.059 0.0135 0.065
422 0.052 0.0115 0.039
562 0.044 0.009 0.023
750 0.037 0.0065 0.0132
1000 0.036 0.005 0.0076
1334 0.039 0.0047 0.0044
1778 0.043 0.005 0.0025
2370 0.048 0.0056 0.00142
3160 0.055 0.0066 0.00080
4220 0.065 0.008 0.00046
5620 0.078 0.0097 0.00026
7500 0.095 0.0122 0.000145
10000 0.114 0.0153 0.000082

10~ ¢7%% m?, Here k is the Boltzmann constant and kT
is in V. At energics above 6 ¢V we have adopted the
rapidly decreasing cross section found by Ervin and Ar-
mentrout.” Note that because of the large mass of the Ar
ion relative to that of the target Ha, the region of polar-
ization and proton transfer dominance extends from ther-
mal energies up to laboratory energies € of about 40 eV,
i.e., center-of-mass energies of = 2 eV,

The cross section for the formation of Hi is usually
based on a measurement of the cross section for slow ion
formation.® The assignment to H formation rather than
ArH* formation is based on the lack of persistence of ve-
locity expected of the heavy ArH*, ie., the ease with
which the ions are collected. Since there is a very large
spread in the measured cross sections, we have shown in
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TABLE 8. Cross sections for Ar* collisions with H, tabulated by product. The ion energies are in eV and the cross sections are in 1020 m?

Process ArH* +H H,* +Ar v=0-1 Lya H,(UV) H* +H Ha Hp
Lab. energy
0.1 98 14.8
0.1334 89 134
0.1778 81 12.2
0.237 735 111
0.316 67 10.2
0.422 60.5 9.45
0.562 54.5 8.8
0.750 49 8.25
1.000 44 1.75
1.334 395 7.4
1.778 35 7.2
237 32 7
3.16 28.7 6.9
422 25.7 6.95
5.62 23 7.05
7.50 203 74
10.0 18.2 7.6
13.34 16 178
17.78 13.8 7.8
237 11.6 8.1
31.6 9.1 85
422 6.6 9.2
56.2 4.6 9.75
75.0 3.15 10.25 0.1
100 1.86 104 0.203
1334 0.76 10.6 0.25
177.8 0.22 10.7 0.235
237 0.123 10.9 0.0037 0.00005 0.195 0.00013
316 0.079 10.95 0.021 0.00031 0.155 0.00122 0.0003
422 0.047 10.95 0.061 0.00042 0.113 0.0042 0.00047
562 0.0275 10.95 0.137 0.00059 0.08 0.0099 0.00074
750 0.0155 10.9 0.25 0.00102 0.054 0.0178 0.0014
1000 0.0085 10.75 4.7 0.39 0.00215 0.035 0.0278 0.0029
1334 0.0047 10.7 41 0.55 0.022 0.0387 0.0047
1778 0.0025 10.6 3.6 0.72 0.0133 0.05 0.0068
2370 0.0013 10.4 3 0.93 0.008 0.059 0.0091
3160 0.00067 10.25 24 114 0.0047 0.065 0.0103
4220 0.00035 10.1 14 0.0027 0.0675 0.011
5620 0.00019 9.95 1.65 0.0015 0.0657 0.0106
7500 0.0001 9.8 1.95 0.00084 0.059 0.0095
10000 9.6 227 0.00045 0.048 0.0075

Fig. 8 and Table 8 values calculated assuming statistical
equilibrium among the Py, and P;, states of Ar* and us-
ing cross sections from the state-selected measurements
by Liao ef al.* These authors measured the dependence
of the cross section for Hf formation on the spin state of
the Ar* and have determined the vibrational distribution
of the product Hi ions at energies from 50 to 400 eV,
They find that there is a strong preference for excitation
ofv' = 2 by Py, ions at € < 150 eV and forv’' = 0 for
Ps; ions at e < 5 eV, but that as the energy increases the
vibrational state distribution spreads with a peak forv’ =
1 to 3. Similar broad, but displaced, vibrational distribu-
tions have been predicted theoretically by Hedrick ef al .
for Ar* + H, collisions at energies of 1 to 3 keV and have
been found® for electron impact ionization of Ha.

The cross sections for charge transfer and dissociation
leading to H* are based on Liao et al* for € < 200 eV
and on Gustafsson and Lindholm® for energies up to 900

eV. This cross section increases rapidly at energies above
its threshold at about 50 eV and peaks near 150 eV. We
do not find data on electron production in collisions of
Ar* with H; in our energy range.

The cross section shown in Fig. 8 and Table 8 for Ly«
cxcitation is bascd on Ottinger and Yang®” for e < 700 eV
and is extrapolated smoothly to higher energies. The
cross section for the production of UV emission from the
H., b’S state from Brandt and Ottinger® is too small to
show, but is listed in Table 8. Both of these cross sections
rise rapidly near their thresholds. Cross sections for the
excitation of the Ha and HP lines in Ar* + H; collisions
have been reported by Gusev et al.® and are shown in
Fig. 8 and Table 8.

The concept of ion drift velocity has no significance for
Ar* in H, because of the rapid destruction of Ar* by re-
actions to form ArH* and Hf. We therefore could only
estimate the cross section for large angle scattering from
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the formulas for polarization scattering. It is important to
keep in mind that for drift tube experiments® at E/n > 4
x 10~ V m? the energy gained by the Ar* between col-
lisions with the H; is large enough, i.e., (E/n )/2Q(€) > 40
eV, so that the product of a collision of Ar* with H is HY
rather than the ArH* formed in drift tubes at more lower
Ein.

11. ArH* Collisions with H;

The only experimental cross section or rate coefficient
data we have found for collisions of ArH* with H; are for
the reaction to form IT¥ + Aur. Villinger ez al.* obtained
rate coefficients for this reaction for mean center-of-mass
energies from 0.09 to 0.3 eV for ArH* ions drifting
through Ar. As pointed out in Sec. 5, acceptance of these
data requires that we discard the apparently conflicting
equilibrium constants we derive from the pressure depen-
dent mobility data of McAfee et al 3 Neglect of the back
reaction, i.e.,, HY + Ar — ArH" + H, has caused seri-
ous errors in the interpretation of data.®®* Studies of the
dynamics of ArH* + H; — Hf + Ar collisions have
been reported by Blakely, Vestal, and Futrell®® for 2.5 «
€ < 100 eV.

Of potential importance for analyses of discharges in
Hx-Ar mixtures at low pressures and high E/n are the re-
actions of ArH* with H, to form Hy and H* at energies
over 100 eV. No information on these reactions is avail-
able.

12. Discussion

The wide range of processes and of energies for which
cross sections are compiled in this paper illustrate the
complexity of “complete” atomic models of laboratory
and atmospheric plasmas. Assembly of the cross section
data is only the beginning of the modeling process and
must be followed by systematic algorithms for handling
the large amount of data, for determining the energies of
the particles, and for expressing the results. We have
tried to make use of all sources of data ranging from
swarm, ion cyclotron resonance, and flow tube techniques
at energies below about 10 eV through beam techniques
that now extend from fractions of an electron volt to arbi-
trarily high energies. The intermediate energy range of 1
to 1000 eV is still rarely studied, possibly because very
few theoretical calculations of cross sections are avail-
able. It is to be hoped that more investigations will be
made of the intermediate energy range, including tests of
the usefulness of relatively simple theories such as the
Born approximation'? and simple molecular models.

As an illustration of the extremely wide variations in
cross sections found in the Ar-H, system, we show in Fig.
9 cross sections for Ha excitation taken from this compi-
lation and from Ref. 1. Also shown for comparison is the
cross section for electron excitation” of Ha. The most
striking feature of this data is the larger values of the ex-
citation cross sections for neutral-neutral collisions, such
asH + Ar,H; + Ar, and H + H,, compared to ion-neu-
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tral collisions, such as H* + Ar and H* + H; While .
is dangerous to generalize on the basis of so little dat:
such a behavior is consistent with the other systems w.
have examined.!” We suggest that the larger cross sec
tions for neutral-neutral collisions result from the abilit
of the neutrals to penetrate to small internuclear dis
tances where there are more favorable potential curve
crossings, while most of the potential energy curves fo
the ions are repulsive at moderate to small internuclea:
distances. The large excitation cross sections for H + A1
collisions leads to relatively intense Ho emission from low
voltage, low pressure discharges.

In our cffort to provide “complete” cross scction scts
needed for modeling, we have sometimes made arbitrary
choices, interpolations, and extrapolations. It is to be
hoped that the necessity for estimates of many of the
cross sections in critical energy ranges will encourage ex-
perimentalists and theoreticians to carry out further work
in this area. A “floppy disk” containing the tabulated
data is available from the author. Please inform the au-
thor of errors, omissions, or new data.
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Fi6 9. Cross sections for excitation of Ha in collisions of H, Hy, and
H* with Ar and H> versus laboratory energy. Also shown is the
cross section for excitation of Ha by electron collisions with H,
versus electron energy, ¢ + Ha.
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