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Graphical and tabulated data and the associated bibliography are presented for cross
sections for elastic, excitation, and ionization collisions of N*, N;*, N, and N, with N,
and for Ar* and Ar with Ar for laboratory energies from 0.1 eV to 10 keV. Where
appropriate, drift velocities and reaction or excitation coeflicients are calculated from the
cross sections and recommended for use in analyses of swarm experiments and electrical
discharges. In the case of N* in N,, cross sections for momentum transfer, charge trans-
fer, electronic excitation, and electron production are recommended. Drift velocity calcu-
lations predict runaway for N* in N, for electric field to gas density ratios E /n greater
than 4.3 X 10° Td, where 1 Td (townsend) = 107" V. m”. For N," in N,, the cross sec-
tions include those for N* and N;" formation, electronic excitation, and electron produc-
tion. Drift velocities and average cross sections are calculated for £ /n>500 Td. In the case
of N in N,, only cross sections for momentum transfer are recommended. I'or N, in N,
cross sections for momentum transfer, electronic excitation, and electron production are
recommended. Collisions of electronically excited states with N, are not included. For
Ar™ in Ar, cross sections for charge transfer, electronic excitation, and electron produc-
tion are recommended. For Ar in Ar, cross sections for momentum transfer, electronic
excitation, and electron production are recommended.

Key words: argon; charge transfer; cross section; data compilation; dissociation; electronic excita-
tion; electron production; emission; fast neutrals; ionization; ions; momentum transfer; nitrogen;
rotational excitation; swarm coeflicient; vibrational excitation.
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1. Introduction

This paper presents graphical and tabulated data and
the associated bibliography for cross sections for elastic, ex-
citation, and ionization collisions of N*, N;*, N, and N, in
N, and for Ar™, Ar;", and Ar in Ar for laboratory energies
from 0.1 eV to 10 keV. Ion transport and reaction coeffi-
cients calculated from these cross sections are compared
with available experimental data and are tabulated. Thc rc-
sults presented here are a continuation of a similar compila-
tion' for hydrogen ions and neutrals in H,.

The cross section data were assembled from published
results. The choices of data for consideration were guided by
their intended use in the modeling of electrical discharges in
weakly ionized, low pressure N, and Ar. The data have been
used in models of breakdown at high voltages and low pres-
sures®in N, and Ar and in analyses of dc and transient emis-
sion measurements for low current, low pressure dis-
charges”™ in N, and Ar. The data are also expected to be
useful in models of the voltage—current characteristics>® and
ion fluxes’ for the cathode fall of N, and Ar discharges at
cathode-fall voltages® above 300 V and in analyses of the
early stages of pseudo-spark discharges.® Studies utilizing
similar data for the ions and neutrals' of H, have been used
to analyze high voltage, low pressure breakdown,®'° ion
sources,'’ and in “pseudo-spark” devices.'? To the best of
our knowledge there are no previous reviews that include
recommended cross sections for nitrogen ions and neutrals
in N, or of argon ions and neutrals in Ar at energies above
thermal. This compilation supersedes our previous brief re-
view, 13

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 extrapo-
lated where necessary to provide the “complete” sets of 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 uncertainty and where extrapolations and

4. Drift velocities W, and W,,, ion “temperature”
T, and average cross sections Q are shown as a
function of E /n for N,* drifting through N, .... 564
5. Cross sections for collisions of N, with N, versus
laboratory energy of the projectile N, for the tar-
o BEE N, ALTESE it see s se e 565
6. Reaction coefficients or average cross sections as
afunction of E /n for N, formed by charge trans-

fer collisions from N, drifting through N, ....... 566
7. Cross sections for Ar+—Ar collisions versus lab-

OTALOTY ENETEY -.covnereirnnerenereraraenesereessareesssrsnnanes 567
8. Transport coefficients and average cross sections

for Ar* in Ar as a function of E /n ................... 569
9. Cross sections for Ar-Ar collisions versus labo-

TALOTY ENETEY cevverrirreniirierienretisiesesstssnesseeeseras 570

10. Average cross sections and fast atom “tempera-
ture” as a function of E /n for fast Ar formed by
charge transfer collisions from Ar* drifting
through Ar ..., 571

interpolations were made. We have not considered gas mix-
tures or three-body collision processes. Collisions at near
thermal energies of electronically excited states of N and N,
with N, and of excited states of Ar with Ar are beyond the -
scope of this paper.

The cross sections and the transport and reaction coeffi-
cients for nitrogen ions and neutrals in N, are shown in Figs.
1-6 and are listed in Tables 1-6. The cross sections assem-
bled from published experimental data for Ar* and Arin Ar
are shown in Figs. 7 and 9 and the associated tables, while
transport and reaction coefficients are given in Figs. 8 and
10. The data and much of the discussion for Ar* in Ar and
Ar in Ar are from an analysis of experiments by Phelps and

Jelenkovié.?
Unless otherwisc specificd, all energics arc laboratory

energies €, 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 of the
wide range of energies considered and the resultant simpli-
city of averages over the ion and fast neutral energy distribu-
tions. Although some entries in the tables are given to several
significant figures, all entries should be considered uncertain
toatleast + 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 experimen-
tally observed or theoretically calculated product of the col-
lision.

2. Symbols
The symbols used in this paper are:
A number of atoms in projectile
A’ number of atoms in target
e electronic charge = 1.602x10~"° C
E/n  electric field to gas density ratio in Td
J quantum number of rotational level of N, or N,
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L, (X) lossfunction forion X in momentum 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*

n* principal quantum number of N atom or N, mole-
cule

Ocr cross section for charge transfer collisions in m>

Q(e) total cross section for electron production in m?

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

o, cross section for “destruction” or loss of ions or fast
neutrals in m?

Q.. momentum transfer cross section in m”

QO(k) average cross section for process k in m’

T, “temperature” characterizing energy distribution
of N," ions in eV

Td unit of E /n such that 1 Td (townsend) = 103!
V m?

v quantum number of vibrational level of N, or N,~
molecule

W, drift velocity of N," in N, or Ar* ionsin Arinm/s

W, drift velocity of an ion calculated using momentum
balance model in m/s

zZ effective charge of projectile in units of electron
charge

A effective charge of target in units of electron charge

a(k)  spatial reaction or excitation coefficient for process
kinm™!

AJ change in rotational quantum number of N, or N,;*

€, projectile energy in the laboratory frame in eV

(€); mean energy loss by projectile per ionizing collision
ineV

€ energy loss in excitation of the k th level in eV

€, ion drift energy calculated using momentum bal-
ance model in eV

un ion mobility normalized to unit density in
(mVs)™!

3. N Collisions with N,
3.1. N"=N; Cross Sections

The momentum transfer cross sections @,, shown in
Fig. 1 and listed in Table 1 for e; <1 ¢V were adjusted to fit
the mobility data given by Ellis et al.'* for E /n <500 Td
using the momentum balance relations given in Ref. 1. These
cross sections are about 30% larger than the cross scctions
calculated using the spiraling radius'® and average polariza-
bility from McDaniel and Mason.'® Since the N' - N, coili-
sion frequency is very nearly constant, ihe cross scctions
shown are in very good agreement with values oblained us-
ing the exact formulas'” for thermal mobilitics" and ¢xtra-
polating to the energies shown.

The @, (N™",N,) values shown for 500 < ¢, < 1500 ¢V
are scaled from the @, (H,H,) values obtained previously’
for H* —H, collisions and for H-H, collisions using the rela-
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Fi1G. 1. Cross sections and momentum loss for collisions of N* with N,
versus laboratory energy of N* for N, at rest. The symbols and
collision processes are: (J ¢ slow 10on production by charge transter;
0,,, momentum transfer; Q(N,' ), charge transfer to form N,';
QO(B %), production of excited molecules emitting the N, B*Z
band system; and Q(391), production of the N,' 391.4-nm band.
The curve labeled L,, is the momentum loss function calculated
from these cross sections and appearing in the theory used to calcu-
late the steady-state N'* drift velocity and the nonequilibrium mo-
tion.

tion
0. (X,X")/Q, (HH,) =2(M' + M)>ZZ'AA'/9M*,
(n

where m and M are the masses of the projectile X and of the
target X ', Z, and Z ' are the effective charges of the projectile
and target, and 4 and A"’ are the number of atoms in the
projectile and target molecule. The 9/2 factor is the combi-
nation of mass, charge, and number of atoms from Eq. (1) as
applied to H*-H, collisions. As in Ref. 1, this scaling is for
fixed laboratory projectile energy and is adapted from the
charge and mass dependence for screened Coulomb scatier-
ing'® in which the atoms of the moleculc arc treated as inde-
pendent scatterers and the change in screening length is ne-
glected. Thechoiceof Z = Z* = Sinthe present case is based
on a comparison of differential scattering cross sections for
H-H, collisions'” relative to those for O-0), collisions. '® For
O0-0O,collisions theuscof 7 " 6in Lqg. (1) works well,
e, Zand 7 arc determined by the number of electrons in
the outer shell of the atom and the inner shell of electrons is
not penetrated. The comparison is made for large products
of energy and angle, i.e.. =20 keV degree, where the scatter-
ing is approximately thai for a Coulomb potential'!”'® and
makes the dominant contribution' to Q,,. A limitation of
this scaling should be noted in that for H-O, and H-N,
collisions at large angles the use of Z' equal to the nuclear
charge works better than the use of Z’ equal to the number of
clectrons in the outer shell of the target. The @,, values for
N ' =N, showii by the short dashed curve of Fig. 1 are ob-
tained by an arbitrary interpolation between the low and
high energy Q,, values.

=m
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TABLE 1. Cross sections for N* + N, collisions by product. (Cross sections in units of 10~

Lab. io
energy
eV O(N;") Q(391)
0.1
0.133
0.1778
0.237
0.316
0.422
0.562
0.750
1
1.333
1.778 0.051
2.37 0.068
3.16 0.083
4.22 0.104
5.62 0.164
7.50 0.35
10 1.45
13.33 3
17.78 4.25
23.7 4.9
31.6 4.95
422 4.8
56.2 4.73
75.0 4.7
100 4.65
133.3 4.6
177.8 4.6 0.000 93
237 4.6 0.0015
316 4.63 0.0025
422 4.67 0.0039
562 4.83 0.0061
750 4.95 0.0097
1000 5.17 0.0154
1333 5.44 0.0243
1778 6 0.038
2370 6.5 0.06
3160 7.1 0.094
4220 7.8 0.148
5620 8.4 0.233
7500 9.25 0.365
10 000 10.1 0.555

The measurements of cross sections for charge transfer
collisions of N* with N, fall into three types depending on
which product 1s detected, 1.e., slow 1ons, N,", or tast N. 'T'he
early measurements of N;& production®*! have been ex-
tended by Maier and Murad.?” At low €, collision complex-
es arc formed and much of the available kinctic cnergy is
converted into internal energy of the products. The N,* pro-

_duction data are represented in Fig. 1 by the curve marked
N,* for €, <200 eV. Cross sections measured for slow ion
production by Stebbings, Turner, and Smith** are shown by
the curve marked Q.. Fast N atom production has been
measured™™ for €, > 600 eV and the cross sections are in
general agreement with the results for slow ion production.
Excited states of N* have been shown™ to lead to larger
cross sections for fast N production at €, > 1000 eV, but this
process has not been studied systematically at lower €, . The
fact that cross sections for N," production™?? are consis-
tently lower than those for slow ion and fast atom produc-
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20 ml')

Cross section

O(B*3%) Q(e) Q. L,

112 14.9

97 17.2

84 19.9

73 23.1

63 26.6

55 30.9

48 36.0

41.5 41.5

35.5 47.3

31.3 55.7

27 64.0

23.8 75.3

20.8 81.7

18 101.2

15.7 117.7

13.5 133.0

11.7 156.0

10 177.8
8.6 204
7.3 231
0.004 0.0 6.2 261
0.0063 0.0016 5.15 290
0.0085 0.0054 4.25 319
0.0109 0.0116 3.5 350
0.0137 0.0305 2.9 387
0.0172 0.077 2.3 409
0.0217 0.158 1.8 427
0.0272 0.275 1.36 430
0.0337 0.44 0.98 413
0.0425 0.675 0.68 382
0.053 0.97 0.46 345
0.066 1.34 0.298 298
0.083 1.74 0.19 254
0.103 2.18 0.117 208

0.13 2.74 0.07 166.4

0.167 3.37 0.041 130.2

0.218 4.06 0.0235 99.9

0.297 4.9 0.0135 71.3

0.407 5.87 0.0073 56.9

0.58 6.93 0.0041 445

0.82 8.05 0.0024 37.7

tion>** leads to the suggestion that the collection efficiency
for N," is variable. This effect would account for the differ-
ences in the energy dependence of the derived N," produc-
tion cross sections.?’~*? For our recommended cross section
for the total production of N, and fast N, we have followed
data of Stebbings, Turner, and Smith™ for 30 < €, <5000V
and then extrapolated, as shown by the short dashed curve,
to the low energy results of Maier and Murad.”” Thus, we
have assumed that the collection efficiency for N," ap-
proaches unity for €, < 10 eV. Obviously, much additional
work is necessary in order to obtain accurate cross sections
ate; <1keV.

We have found no information on rotational or vibra-
tional excitation of ground state N, in N*=N, collisions. As
appears to be the case' for rotational excitation in H"-H.,,
we expect the long range charge-quadrupole interaction to
cause the AJ =2 cross sections to rise rapidly with €, at
energies just above the various thresholds for the rotational
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levels of the thermally excited N, molecules.

Cross sections are shown in Fig. 1 and listed in Table 1
for excitation of the B ?Z " state of N,* and for excitation of
the 391.5-nm band emitted in the B 2-X "X, v' =0 to
v” = 0 transition. The only measurements of the cross sec-
tions for €, <10 keV are those of Ottinger and Simonis™®
(solid circles) at 1 keV and that of Sheridan and Clark®’
(solid square) for the 391.4-nm band at 10 keV. The recom-
mended cross sections shown by the short dashed lines
drawn through the points take into account the relative in-
crease of excitation of the higher vibrational levels with de-
creasing €, found in experiment.”®® Excitation of the C *11,,
state leading to emission of the 2nd positive band was negli-
gible in most experiments™ and when observed was attribut-
ed to excitation by secondary electrons.” The cross section
for excitation of the *P-'S transition for N* has been ob-
served by Moore™ to be =107 m* for ¢, =1 keV.

There s very little information available regarding elec-
tron production in N*-N, collisions. We have taken the
electron production cross section @(e) to be equal to that for
1onization 1in N,—N, collisions from Sec. 5.1. Note that we
have not included the low energy electron production (ioni-
zation) process proposed by Maier and Murad™” to increase
sharply at ¢; =35 eV.

3.2. Drift Velocities and Reaction Coefficients for N™
in N,

The drift velocities of N™ in N, calculated using the
cross sections of Fig. 1 and Table 1 are shown by the solid
curve of Fig. 2 labeled W, where they are plotted as a func-
tion of the electric field to gas density ratio E /n. As discussed
in Sec. 3.1, the momentum transfer cross section Q,, at low
€, has been adjusted to fit the experimental drift velocity
data from Ellis er al'? for E/n<500 Td, where 1
Td = 107?' V m”. The simplified momentum balance theo-

105: T T T (TTII'I T T TT lill‘ T T l‘ll(lb 10‘18
£ Runaway — ] 3
L e Ellisetal Wrn 4
104l — Calculated . 1010
= ! 3
7 f 1 €
2 ] E
E 1 S
g 10% = o® -3 10720 3
@ o ® 3 w
- » ® . a
s F e 1
o] - 2® E S
L2}
102k © Qy =102
10 Ltopraegr! Lo iyl A1t peped 10-22
10 102 10° 10*

E/n (Td)

F16. 2. Drift velocities ¥,

.., and effective destruction cross section Q,, for
N in N. versus £ /5. The points are experimental data irom Ellis ¢r
al."* The smooth curves are calculated from the momentum balance

theory.

TaBLE 2. Calculated drift velocities and cross sections versus £ /nfor N in
N,. (The cross sections are in units of 107 m=.)

E/n w, T

Td m/s % 0,(N*)  0(391) 0(e)

149 1173 0.1

199 1564 0.1778

265 2090 0.316

359 2780 0.562

473 3710 1

640 4950 1.778 0.051

877 6600 3.16 0.083

1177 8800 5.62 0.164

1559 11730 10 1.45
2040 15650 17.78 4.25
2610 20870 316 4.95 0.004
3190 27830 56.2 473 0.0085
3870 37100 100 4.65 0.0137
4270 49500  177.8 4.6 000093  0.0217
4300 57100 237 46 0.0015 0.0272

ry used for these drift velocity calculations is discussed in
detail in Ref. 1. In steady-state limit, this simple model bal-
ances the momentum loss by a monoenergeticbeam of H* in
collisions with H, against the momentum gain from the elec-
tric field. The momentum loss function L, needed for this
calculation is derived from the cross section set of Fig. 1 and
is shown in the uppermosi curve of Fig. 1 and is listed in
Table 1. At E /n near 4.3 X 10* Td the calculated drift veloc-
ity becomes indeterminate because of the phenomenon of
“runaway” in which the energy that the N ions gain from
the electric field is no longer balanced by the energy lost to
collisions with N,. The tabulated drift velocities are given in
Table 2.

Figure 2 shows the total cross section for N* destruc-
tion Q,. In the energy range of interest we assumed Q,
= Q. Table 2 also lists cross sections for excitation of the
391.4-nm band of N,Q(391) and electron production Q(e)
for N* in N.. Because of the simplicity of our momentum
balance model,’ the values shown in Fig. 1 and Table 2 are
the cross sections from Fig. 1 evaluated at the energy of the
drifting N*. We¢ note that measurements of the N* drift
velocity are not reported for £ /n for which the destruction is
significant, although it is not clear that the calculated Q,
values are large enough to account for the apparent loss of
N signal for 600 < E /i < 1000 Td. In applying the cross
section data of Table 2, one miust keep in mind that calcula-
tions using more accurate stcady-state ion energy distribu-
tions would result in a smearing out of the spatial reaction
coefficient versus I£ /u relative to the cross sections versus £ /
i of Fig. 2 and Fable 2.

4. N Collisions with N,
4.1. NJ-N, Cross Sections
The charge transfer section Qe for N, collisions with
N, shown in Fig. 3 and tabulated in Table 3ate, ~1¢eV is
adjusted to fit the measurements of N, drift velocity'™ as
discussed in Sec. 4.2. A smooth extrapolation to these Qg
values from higher ¢, leads us to recommend the results of
Stebbings, Turner, and Smith® and Kobayashi®' from

J. Phys. Chem. Ref. Data, Yol. 20, No. 3, 1991
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Fi1G. 3. Cross sections for collisions of N, with N, versus laboratory
energy of N," for N, at rest. The symbols and collision pro-
cesses are: Q,,, momentum transfer; Qcr, charge transfer;
Q(Vib.), vibrational excitation; Q(N*), formation of N*;
Q(N;t), praduction of N;'; Q(e). electron production:
©Q(300-500), production of radiation in the range from 300
to 500 nm; Q(391), production of the 391.4-nm band of N, .
The short dashed portions of the curves indicate a higher
degree of uncertainty in the recommended cross section.

among the many measurements of the charge transfer cross
section. The charge transfer cross section Q. is not shown
or tabulated for €, < 1 eV because the approach to isotropic
scattering instead of the 180° scattering in the center-of-mass
frame makes the concept of charge transfer questionable.
The cross section for momentum transfer collisions Q,, for
N," with N, shown in Fig. 3 and tabulated in Table 3 is
chosen to approach the spiraling or ‘“Langevin” cross sec-
tion for polarization scattering'>'® at low €, and twice'®**
the charge transfer cross section Qc at high €, . Through
measurements of differential scattering, Friedrich et al*
have shown the importance of collision complex formation
and translational to internal energy exchange ate, = 1.5eV
and of the traditional electron-hopping mechanism at €,
=20¢€V.

We have found no data on rotational excitation in
N,+-N, collisions at low ¢, , but expect that as for H*-H,
collisions thc charge-quadrupolc intcraction will Icad to a
significant cross section near the various thresholds. At €,
= 800 eV, Ding and Richter* find that N;"-N, collisions
result in significant rotational excitation of the fast N,;' but
not of the slow N, produced by charge transfer. Because of
the lack of quantitative data, we have made no recommenda-
tion for rotational excitation in Fig. 3 or Table 3.

The vibrational excitation cross section Q(Vib) shown
in Fig. 3 and listed in Table 3 is the sum of the vibrational
cross sections given by Moran, McCann, and Flannery.*®
The cross sections for Av = 1 excitation of the N," and N,
are comparable at energies up to 2 keV. The Av = 2 contri-
bution to the sum decreases from about 30% at energies just
above threshold to a very small fraction at 2 keV. Ding and

Richter®* find that at €, = 800 eV there is a significant pro-
duction of vibrationally excited slow N," in charge transfer
collisions and little vibrational excitation for the fast N,".
Unfortunately, they do not extract relative rotationally in-
elastic, charge transfer, and vibrational excitation cross sec-
tions and so do not test the theory shown in Fig. 3. In con-
trast, McAfee et al® find experimental and theoretical
evidence for “‘efficient” vibrational excitation of Av up to 4
for forward scattering N;* at €; = 111 eV. The rate coeffi-
cient for vibrational deexcitation of N,~ by N, at 300 K has
been measured®’ to be about 60% of the Langevin value.
Application of detailed balancing'*®* and extrapolation of
this result to energies of a fraction of an electron volt yield
excitation cross sections that are roughly equal to predic-
tions of the theory shown in Fig. 3.

The cross section for formation of N™ in N, (X 23)-
N, collisions shown in Fig. 3 is based on the data of Maier>”
for €, <45 eV and that of Moran, Wilcox, and Abbey*® for
650 < €; <5 keV. The apparent cross sections vary with the
encrgy of the electrons used to produce the Njt becausc of
the presence of long-lived excited electronic and vibrational
states in the N, beam.?**° The data shown are for electron
energies less than the experimentally ohserved threshold of
22-24 eV so as to eliminate® the electronically excited state
component of the N;* beam, e.g., that component responsi-
ble for N* production at €, < 15 eV. One of the referees has
suggested that the large change in the apparent cross section
between 45 and 650 eV results from a change in the fraction
of fast N+ with €, caused by the decreasing importance of
complex intermediates.>® Measurements of the angular dis-
tributions of the products are not available to verify this sug-
gestion. Moran, Wilcox, and Abbey*° give cross sections for
N+ production from N, in 4 *II1(v) state which vary from
3.5 and 1.1 times the values shown in Fig. 3 as €, increases
from 650 eV to 5 keV. There is very little quantitative infor-
mation regarding the cross section for N* production in
A 2T1(v)-N, collisions at lower values of €,. Maier*® finds
that the apparent cross section for N* production from an
unidentified excited N," state, possibly the 4 M1(v) state,
increases with increasing €, at €, < 15 eV, but does not give
the magnitude. Also, he does not attempt separation of the
excited state contribution at higher energies. The very large
cross section for N' formation found by Leventhal and
Friedman®! is very difficult to reconcile with the more recent
measurements.>>*

The cross scction for formation of N3* in ground state
N, -N, collisions shown in Fig. 3 is from Maier.*® Several
experimenters®>***? obtained evidence that N;" production
at €; < 10 eV is caused by N;" in an unidentified, long-lived
excited state. The apparent cross section for formation of
N," from excited N,;& increases with decreasing €,. Most
experiments*>* find that the threshold for production of
this excited state by electrons is near 21 eV. Again the experi-
ments of Leventhal and Friedman*! are very difficult to re-
concile with the later experiments.*

The excitation cross sections for the N;* B—»X (0,0},
first-negative band at 391.4 nm presented in Fig. 3 and Table
3 are an average of the experimental data.**~*® The cross
sections for excitation of emission at wavelengths between
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TABLE 3. Cross sections for N, + N, collisions by product. (Cross sections in units of 107" m*.)
Lab. ion Cross section
energy Q(Vib) Q(N*) O(N;') 0(391) ©(300-500)
eV (0.29)" Ocr (15) (15) (18.8) (18.8) 0., L,
0.1 177 14.3
0.1333 159 17.20
0.1778 143 21.0
0.237 132 25.8
0.316 123 322
0.422 114 40.0
0.562 107.5 50.6
0.750 1.75 101 63.9
1 3.7 96.5 82.1
1.334 3.8 92.5 104.6
1.778 3.73 89.3 134.1
2.37 3.6 86 173.7
3.16 3.53 45 84 225
422 3.52 433 81.3 289
5.62 3.55 41.0 79.3 379
7.50 3.62 40.5 77.5 491
10 3.7 38.7 75.5 635
13.34 3.74 375 0.0034 0.0034 74 820
17.78 3.82 36 0.037 0.035 72 1079
23.7 3.87 35 0.31 0.09 70 1400
31.6 392 34 1.01 0.0215 0.0122 69 1823
422 395 33 0.99 0.0042 0.042 67.5 2390
56.2 3.95 32 0.89 0.0895 66 3100
75.0 39 313 0.75 0.101 64.5 4050
100 3.8 30.6 0.61 0 0.1 63.3 5240
1334 3.65 29.7 0.49 0.007 0.098 62.3 6830
177.8 3.4 29 0.40 0.008 0.097 60.7 8930
237 3.16 28.3 0.34 0.0107 0.097 60 11 630
316 2.85 27.7 0.30 0.0137 0.1 58.7 15190
422 2.5 27 0.29 0.0175 0.1045 57.5 19 830
562 2.14 26.3 0.29 0.0227 0.12 56.3 25900
750 1.72 26 0.34 0.0295 0.143 55 33 600
1000 1.22 254 0.435 0.0387 0.18 54 44 000
1334 0.8 24.8 0.55 0.051 0.228 52.7 57 700
1778 0.51 24.2 0.695 0.067 0.292 51.3 74 700
2370 0.345 23.8 0.90 0.091 0.374 50 97 800
3160 0.238 23.3 1.16 0.123 0.484 49 127 800
4220 0.17 229 1.53 0.165 0.635 47.7 167 100
5620 0.124 22.7 2.00 0.227 0.83 46.7 217 000
7500 0.095 22 2.64 0.317 1.13 45.7 288 000
10 000 0.076 21.4 3.4 0.44 1.48 44.6 372000

“The numbers in parentheses are the threshold energies in the center-of-mass frame.

300 and 500 nm are from measurements by Liu and Broida*®
after renormalization to the scale used for the 391.4 nm
emission. About 80% of this emission appears to be from the
v =0 level of the B3 state of N~ with the excitation
shifting to higher vibrational levels of the B state as €, de-
creases.*>*® This shift is similar to that observed for N*-N,
collisions. The cross sections for emission by lines of Ni1 at
wavelengths near 500 nm is observed*® to be about 5% of
that due to the first-negative system and is not shown or
listed.

We have found no information on the production of
electrons and either N* or N, ions in N,' —N, collisions,
and so have adopted the cross section for N.—N, collisions™’
from Sec. 5.1. This cross section is shown by the short dashed
line, where the short dashes indicate a high degree of uncer-
tainty.

4.2. Transport and Reaction Coefficients for N} in N,

Figure 4 and Table 4 give the drift velocities and reac-
tion coefficients for N,' in N, calculated from the cross sec-
tions of Sec. 4.1 using the theory outlined in Ref. 1. Because
of the large values of the charge exchange and momentum
transfer cross sections for N,' in N,, it is often a good ap-
proximation to assume that in drift tube experiments the
N." 1ons are in equilibrium with the applied field, i.e., that
the energy gained from the field is balanced by energy lost in
collisions. We have therefore calculated the drift velocities
W, theion “temperature” 7', , and the reaction coefficients
assuming that the energy distribution of the ions is the equi-
librium distribution at the applied E /n value."'>** As indi-
cated in Sec. 4.1 we have chosen charge transfer cross section
values such that the calculated drift velocities are in good
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F1G. 4. Drift velocities W, and W.,, ion “temperature” T, , and average
cross sections Q are shown as a function of E /n for N,& drifting
through N,. The points are experimental data from Ellis ez al.'* The
average cross sections are calculated from the cross sections of Fig. 3
using theoretical equilibrium energy distributions for N,* in N,.

agreement with the experimental values from Ellis ez al.'
Thus, the solid curve labeled W in Fig. 4 was calculated
from the Q. values of Fig. 3 using Eq. (7) of Ref. 1. We
note that the drift velocities W,, calculated using the mo-
mentum transfer cross sections Q,, of Fig. 3 and shown by
the dashed curve are in rather good agreement with experi-
ment and with calculations of W_,_ using Q. The calculated
values of the ion “temperature” 7", which characterize the
one-dimensional energy distribution of the N, ionin N, are
shown in Fig. 4. Since the velocity distribution of the ions is
one dimensional, the average ion energy is equal to k7", /2.
We know of no experimental data with which to make a
comparison of ion energies.

Evidence for rotational excitation of N;¥ in N;*_N,
collisions under swarm conditions has been obtained by Bor-
ysow and Phelps.*® At E /n = 110 Td they find an increase in
the N, rotational temperature of 60 K above the gas tem-

perature of 300 K. As yet, no cross section information has
been derived from the data.

We know of no experimental vibrational excitation co-
efficient data for N, in N,;* —N,, collisions under swarm con-
ditions, although rate coefficients have been measured for
N, -N, deexcitation collisions®’ as discussed in Sec. 4.1.

Figure 4 and Table 4 show the calculated spatial reac-
tion coefficients or average cross sections Q(N*) for the
dissociation of N;* to form N* and Q(N;" ) for the reaction
to form N;" as a function of E /n. As discussed in Ref. 1,
when charge transfer collisions dominate, the reaction coef-
ficients are equal to the averages of the corresponding cross
sections over the ion energy distribution. We take advantage
of this special situation to use the compact notation Q for the
average cross section, rather than the conventional and more
cumbersome notation of a/n for the spatial reaction coeffi-
cient.>?

Applications of the average cross sections of Fig. 4 are

subject to the considerable uncertainties regarding the excit-
ed state of the incident N;* ion discussed in Sec. 4.1. The
only swarm experiment reporting the apparent dissociation
of N;* toform N+ is that of Fletcher and Blevin.*® An expla-
nation of this experiment in terms of collisional dissociation
of N,~ would require an average cross section O(N™) thatis
~1072' m? at E /n near 700 Td and which increases rapidly
with E /n. This value is many orders of magnitude larger
than that obtained by the calculations shown in Fig. 4 and
Table 4. It remains to be seen whether models will predict a
sufficient population of the as yet unidentified excited states
of N;© to explain these results.

The average cross section for the production of elec-
trons O(e) in Fig. 4 is shown as a short dashed curve to
emphasize the uncertainty in this coefficient resulting from
the use of the measured ionization cross section for N,~N,
collisions in the absence of data for electron production in
N,+-N, collisions. The calculated reaction coefficient for
the excitation of 391.4 nm emission in N;" —N, collisions is
quite small and generally results in negligible excitation
compared to that produced by electron excitation 3

Note that mass spectrometer and drift tube experiments
are more sensitive to ion-molecule reactions involving excit-
ed states than are the beam experiments of Sec. 4.1 because

TABLE 4. Calculated transport coefficients and average cross sections for N,™ in N.,.

E/n O T, W, O(N*) 0(391 nm) O(N; ) 0Ote)

Td m? eV m/s m? m? m?

500 5.70E~19° 0.877 1387 4.06E-29 L.b 4.04E-29 e
1000 4.90E-19 2.04 2120 3.47E-25 e 2.65E-25 1.10E-31
2000 4.30E-19 4.65 3190 6.35E-23 2.04E-34 1.86E-23 5.95E-27
3000 3.90E-19 7.69 4110 4.28E-22 1.34E-29 6.91E-23 2.21E-25
5000 3.60E~-19 13.89 5520 1.66E-21 1.39E-26 1.36E-22 3.20E-24
10 000 3.48E-19 28.7 7940 3.78E-21 1.27E-24 1.57E-22 3.91E-23
20 000 3.24E-19 61.7 11 640 5.07E-21 1.29E-23 1.14E-22 2.96E-22
50 000 3.00E-19 166.7 19 100 4.80E-21 6.14E-23 5.45E-23 1.92E-21
100 000 2.76E~19 362 28 200 4.33E-21 1.42E-22 2.72E-23 5.46E-21

*5.70E-19 means 5.70X 10~ '°.
*Too small for accurate calculation.
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the higher gas densities and shorter time delays between pro-
duction of the excited ion and collisions with N, increase the
probability of reaction relative to radiation. In addition, the
generally lower values of €, in mass spectrometers and drift
tubes mean that they are especially sensitive to excited state
processes.

5. N+ and NJ Collisions with N,

The only data we have found on collisions of N;* with
N, are measurements of the drift velocity'* of N5t in N, for
2 < E /n <240 Td, corresponding to ion energies up to 0.7
eV. The momentum transfer cross section required to fit the
drift velocity data is about 40% larger than that for N*
collisions with N,. Ate; > 500 ¢V scaling factor given by Eq.
(1) results in a predicted cross section for N;" with N,
which is =~ 8 times that for N* with N,. In view of the accu-
mulating uncertainties, we have not shown or tabulated
these estimates of Q,,. The situation is even worse for the
potentially important reaction of dissociation of N;' in colli-
sions with N,. Ilere the drift tube experiments yicld no cvi-
dence®'"*? for dissociation for E /n < 100 Td and some evi-
dence™ for dissociation from the anomalous behavior of the
ion current waveforms for E /r > 300 Td. Discussion of the
data®>*'~>* regarding the formation of N;" in three-body
collisions of N* with N, is outside the scope of this paper.

All of the data we have found on collisions of N,” with
N, are from measurements in drift tubes for 10 < £ /n <200
Td, corresponding to ion energies up to 0.6 eV. The momen-
tum transfer cross section required to fit the drift velocity
data® is about 10% larger than that for N* collisions with
N,. At e, > 500 ¢V the scaling factor given by Eq. (1) results
in a predicted cross section for N;' with N, which is =16
times that for N * with N,. In view of the accumulating un-
certainties, we have not shown or tabulated the estimates of
Q,,. Drift tube experiments yield dissociation rate coeffi-
cients increasing from ~10~'° m*/s for E /n = 100 Td to
~107 " m?/s for E /n = 200 Td. Discussion of the data®*-*
regarding the formation of N in three-body collisions of
N,t with N, and of the N," -N, bond energy is outside the
scope of this paper.

6. N Collisions with N,

Since there are no data on which to base estimates of the
momentum transfer cross sections Q,, for N with N,, we
recommend that one use 60% of the values for N, + N,
collisions. This scaling factor is approximately that found'
for H + H, collisions as compared to H, + H, collisions and
is consistent with the scaling factor given by Eq. (1).

Vibrational deexcitation in N-N, collisions has been
investigated theoretically by Lagana, Garcia, and Ciccar-
elli.”® They find that the cross sections arc very small excepl
for very high initial vibrational states. We have not shown or
tabulated their results.

7. N Collisions with N,
7.1. No=-N, Cross Sections

The momentum transfer cross sections @,, shown in
Fig. 5 and listed in Table 5 for €, <1 eV were calculated
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F1G. 5. Cross sections for collisions for N, with N, versus laborato-
ry energy of the projectile N, for the target N, at rest. The
symbols and associated cross sections are: (0, , momentum
transfer; Q(e), electron production; and Q(2nd Pos.), pro-
duction of the 2nd positive system of N,. The shorter
dashes indicate a greater uncertainty in the cross section.

from temperature dependent diffusion coefficient measure-
ments®’ as outlined in Ref. 1. The Q,, values for €, > 500 eV
were scaled from Q,, (H,H,) and Q,,(0,0,) values using
Eq. (1) as described in Sec. 3.1.

Vibrational excitation and deexcitation in N,-N, colli-
sions has been observed experimentally™ to have very small
rate coefficients for gas temperatures below 6000 K. Al-
though we have not done so, the procedures of Ref. 1 could
be used to derive the vibrational excitation cross section at
energies near threshold. The available theory™ appears to be
limited to the same energy range as the experiments.

The energy dependence of the cross section for excita-
tion of the 406 nm band of the C*II, — B *1l, 2nd positive
system of N, for 500 < €, <200 eV shown in Fig. 5 is from
Sheridan and Peterson.®® The magnitude corresponds
roughly to that required to fit the drift tube data of Jelenko-
vi¢ and Phelps® for the 337-nm band of the 2nd positive sys-
tem. Note that the 337 and 406-nm bands have the same
upper vibrational state, i.c., 0 0. We have therefore labeled

the cross scction ¢ (2nd Pos.). The cross section has been
extended to lower ¢, as indicated by the short dashed curve
so as to approach zero at the expected excitation threshold.

Cross sections for negative charge production, 1.e., elec-
trou production, in N. N, collisions from Utterback and
Van Zyl'" are shown in Fig. 5 and Table 5.

7.2. N,~N, Average Cross Sections

Since the fast N, molecules found in drift tube and elec-
trical discharges are usually produced by charge transfer
collisions of N,' with N, the fast N, has an initial energy
distribution which is the same as the equilibrium N,". We
therefore find it convenient to describe the reactions of N,
with N, in terms of reaction coefficients or average cross

J. Phys. Chem. Ref. Data, Vol. 20, No. 3, 1891
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TABLE 5. Cross sections for N, + N, collisions tabulated by product.

(Cross sections in units of 1072° m?,)

A.V.PHELPS

Lab. molecule Cross section
energy 0(2" Pos.) QO(e)
eV (18)° (15.6) Q.
0.1 11.5
0.1333 39.2
0.1778 343
0.237 30.2
0.316 26.8
0.422 24.2
0.562 21.8
0.750 19.7
1 17.9
1.334 16.6
1.778 15.2
2.37 14
3.16 13
4.22 12.1
5.62 11.3
7.50 10.6
10 9.8
13.34 9.25
17.78 8.7
23.7 0.0 8.2
31.6 0.01 0.0 1.75
42.2 0.03 0.0016 7.25
56.2 0.06 0.0054 6.75
75.0 0.0955 0.0116 6.23
100 0.131 0.0305 5.6
133.4 0.153 0.077 5.03
177.8 0.163 0.158 4.33
237 0.167 0.275 3.65
316 0.162 0.44 2.93
427 0153 0.675 235
562 0.14 0.97 1.63
750 0.131 1.34 1.08
1000 0.151 1.74 0.68
1334 0.203 2.18 0.405
1778 0.31 2.74 0.237
2370 0.5 3.37 0.137
3160 0.75 4.06 0.077
4220 1.13 49 0.043
5620 1.58 5.87 0.0235
7500 2.13 6.93 0.013
10 000 2.72 8.05 0.0072
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FIG. 6. Reaction coefficients or average cross sections as a function of E /n
for N, formed by charge transfer collisions fiom Nj° drifting
through N,. The curves show the average cross sections for momen-
tum transfer §,,,, of electron production Q(e), and for production of
2nd positive system of N, @(2nd Pos.). The latter curve is only
roughly normalized to swarm experiment. The curve labeled T is
from Fig. 4 and shows the theoretical temperature of the N, formed

from charge transfer collision between N;* and N.,.

TABLE 6. Reaction coefficients for N, + N, collisions.

E/n T 0(2nd Pos ) 0(e) 0.
Td eV m> m? m?
500 0.877 -eeb 2.03E-19°

1000 2.04 .- 1.73E-19
2000 4.65 3.21E-25 oee 1.44E-19
3000 7.69 4.92E-24 2.70E-27 1.28E-19
5000 13.89 4.06E-23 6.33E-25 1.11E-19
10 000 28.7 2.08E-22 2.71E-23 9.39E-20
20 000 61.7 5.65E-22 2.78E-22 7.75E-20
50 000 166.7 1.06E-21 1.91E-21 5.63E-20
100 000 362 1.32E-21 5.43E-21 3.98E-20

“T'he numbers in parentheses are the threshold energies in the center-of-

mass frame.

“"L'oo small for meaningtul calculation.
©2.03E-19 means 2.03-107"°.
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sections as a function of the E /n which determines the N,'
in N, energy distribution. The average cross sections for
collisions of N, with N, calculated using the cross sections
of Fig. § and Table 5, are shown in Fig. 6 and listed in Table
6.

The average cross section for momentum transfer colli-
sions @,, shown in Fig. 5 is useful in modeling because it is
the probability per unit distance at unit gas density that a N,
molecule will lose a large fraction of its kinetic energy and so,
in many situations, become incapable of excitation or ioniza-
tion. The average cross section for the 2nd band system of
N, Q(2nd Pos.) shown in Fig. 6 is calculated from the
Q(2nd Pos.) values of Fig. 5. The lower E /n portion of the
curve is shown as short dashes because of the necessity for
extrapolation of the corresponding cross section to low €, .

The average cross sections for electron production for
N,-N, collisions shown in Fig. 6 are calculated from the
experimental cross sections.*’

8. Ar* Collisions with Ar
8.1. Ar—Ar Cross Sections

The cross section sets that we have assembled from the
literature for Ar™ collisions with Ar are shown in Fig. 7 and
are tabulated in Table 7. In Fig. 7 the charge transfer cross
section Qcr for Ar* with Ar at low energies is from Heger-
berg, Elford, and Skullerud,®' where agreement with trans-
port data is more important to use than is agreement with
beam data.'%* At higher energies we have used an average
of the somewhat scattered experimental and theoretical re-
sults as given by McDaniel.'® The cross section for momen-
tum transfer collisions @,, for Ar* with Ar shown in Fig. 7
and tabulated in Table 7 is chosen to approach the spiraling
or “Langevin” cross section for polarization scattering'>'®
atlow €, and twice'®* the charge transfer cross section Qer
at high ¢, .

Note added in proof. Recent modeling of ion fluxes ex-
tracted from plasma processing discharges shows the impor-
tance of large-angle differential scattering data for Ar*-Ar
collisions [see Thompson, Sawin, and Fisher, J. Appl. Phys.
63, 2241 (1988)]. Such absolutc mecasurements have been
made by Aberth and Lorents [ Phys. Rev. 144, 109 (1966) ]
and Vestal, Blakely, and Futrell [Phys. Rev. A 17, 1337
(1978)]. We thank H. H. Sawin for pointing out the latier
reference. Note that these two sets of differential scattering
cross sections differ by about a factor of 2 in magnitude and 2
eV in energy. The charge transfer cross sections derived
from the differential scattering data by Vestal, Blakely, and
Futrell average to about 60% of the values recommended in
Fig. 7 and Table 7. We recommend the use of their energy
scale and that their magnitudes be increased by a factor of
1.6. The data of Aberth and Lorents would then be shifted up
in energy by 2 eV and multiplied in magnitude by a factor of
0.8. It appears to be the more useful at low angles.

Figure 7 also shows cross sections for excitation of the
UV radiation @Q(UV) emitted by the resonance states of Ar.
The sum of the cross sections shown for excitation of the
resonance lines of At by Ar™ are from the unpublished re-
sults of Isler and Murray.** Excitation of metastable Ar in
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Fi1G. 7. Cross sections for Ar*—Ar collisions versus laboratory
cnergy. The symbols and collision process: Qcr, charge
transfer; Q,,, momentum transfer: Q(e), production of
electrons; Q(488), Arn 488-nm line excitation; Q(UV),
Ar1 UV resonance line excitation; and Q(811), Ari 811-
nm excitation. The cross section for excitation of the Ar
lines near 811 nm is estimated from the Ne 614.3-nm line
excitation in Ne*—Ne collisions.

Ar*-Ar collisions has been observed only at energies below
50 eV,* but the derived cross sections are too small to show
in Fig. 7. These cross sections are much smaller than one
would expect if the curve crossing model® used to describe
resonance state excitation by Ar™ also applies to the meta-
stable states of the Ar 1s, configuration (Paschen noia-
tion®®). We suggest the cross sections for resonance linc pro-
duction Q(UV) as an upper limit to cross seciions {or
metastable production.

The strongest lines in the near visible emission spee-
trum arc cxpccted to be those between the 2, and 2s ) fovels
(Paschen notation®). These lines, especially the lines near

811 nm, are easily observed in drift tube cxpertments” and
the question arises as to whether they arc excited in Ar' - Ar
collisions. We find no references to emission iron these tian-
sitions as the result of Art—Ar collisions.”” " We will as-

sume that the 811-nm excitation cross section Q(811) for
Ar™ on Ar is equal to the cross scctions for excitation in
Ne*~Ne collisions of the corresponding Ne transition,* i.e.,
the 640.2-nm line. At 2.5 keV the measured®’ 640.2-nm cross
section is within 109 of the cross section lor excitation of the
614.3-nm line of Ne by N¢ ' We will assumie these two Ne
excitation cross sections (o he equal at all encrgies, so that
Q(811) equals the mcasured cross section® for the Ne
614.3-nm line.

The cross section Tor excitation of the 488-nm line of
Arti Q(488) is from Isler.”?

The clectron production or ionization cross section for

Ar' on Ar Qe is froms Sluyiers el @l
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TABLE 7. Cross sections for Ar*™ + Ar tabulated by product.
Product
Lab. ion
energy Q(e) Q(UV) Q(488) Q(811)
eV Ocr (15.8)* (11.8) (22) (13.1) O,
0.1 157
0.133 352 148
0.177 827 142
0.237 137 134
0.316 227 128
0.421 696 124
0.562 341 61 120
0.749 894 60 116
1 58.5 113
1.333 521 57.3 110
1.778 279 57 108
2.371373 55.5 106.5
3.162 277 54 104
4.216 963 53 102.5
5.623 413 51.5 101
7.498 942 50 98.5
10 48.7 94.2
13.33521 47.7 92.5
17.78279 46.3 90.5
23.713 73 45 0.002 88
31.62277 43.7 0.001 0.08 85.7
42.169 65 42.3 0.02 0.17 83
56.234 13 41 0.05 0.29 80.5
74.989 42 39.7 0.12 0.41 0.0012 71.5
100 38 0.23 0.53 0.000 07 0.003 75
133.3521 36.9 0.38 0.615 0.000 16 0.0059 72
177.8279 353 0.58 0.68 0.000 39 0.0097 69
237.1373 34 0.78 0.72 0.000 83 0.014 66.5
316.2277 32.6 1.07 0.75 0.001 56 0.0177 63.5
421.6965 31 14 0.76 0.002 68 0.0202 60.3
562.3413 29.7 1.75 0.775 0.0041 0.022 57.7
749.8942 28 2.05 0.775 0.005 75 0.0235 55
1000 26.7 23 0.75 0.007 55 0.024 52
1333.521 25 2.5 0.72 0.0094 0.024 49.5
1778.279 234 2.6 0.68 0.0109 0.0233 46.5
2371.373 21.8 2.75 0.63 0.0123 0.0227 43.5
3162.277 204 2.85 0.59 0.0134 0.0217 40.4
4216.965 18.7 29 0.55 0.0143 0.0207 37.6
5623.413 17.2 2.95 0.52 0.015 0.0202 34.8
7498.942 15.6 3 0.48 0.0154 0.0198 31.8
10 000 13.9 3 0.44 0.0157 0.019 28.8

2The numbers in parentheses are the threshold energies in the center-of-mass frame.
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8.2. Transport and Reaction Coefficients for Ar™ in
Ar

Figure 8 shows calculated and measured drift veloc-
ities, energies, and excitation and ionization coefficients for
Ar™ in Ar. The procedures used for the calculation of trans-
port coefficients for Ar* in Ar at high E /n are discussed in
detail by Phelps and Jelenkovié.? They make the assumption
that the ions are in equilibrium with the applied electric field
and so have a one-dimensional Maxwellian energy distribu-
tion determined by the £/ value and the charge transfer
cross section shown in Fig. 7. The spatial excitation and ioni-
zation coefficients in Fig. 8 and Table 8 are then averages
over the respective cross sections from Fig. 7 and will be
referred to as average cross sections Q.

Direct comparisons with experiment can be made only
for the drift velocity of Ar™ in Ar. Thus the points of Fig. 8
show measured drift velocities,' **' while the solid line shows
the values calculated using the charge transfer cross sections
of Fig. 7 and the simple theory appropriate to a slowly vary-
ing charge transfer cross section.'>* The agreement in the
overlapping range of E /n is expected since the cross sections
in this energy range are those derived from drift velocity
data.®' Again, the one-dimensional ion velocity distribution
means that the average Ar™ energies are equal to one half the
ion “temperature.”

The dashed curve of average cross section for the pro-
duction of the 811-nm lines is calculated from the dashed
curve of Fig. 7. Note that this average cross section is much
smaller than the average cross section for 811-nm produc-
tion in Ar—Ar collisions. See Sec. 9.2.

The average cross section for electron production
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FiG. 8. Transport coefficients and average cross sections for Ar* in Arasa
function of E /n. The symbols and calculated quantities are: i, , ion
drift velocity; T, ion temperature; Q(UV), Ar UV excitation;
Q(488), Arll excitation at 488 nm; Q(e), electron production;
@(81 1), estimated Ar 811-nm excitation. Experimental drift veloc-
ities are indicated by B from Ref. 14 and @ from Ref. 62. The Ar811-
nm excitation curve is shown dashed because of the uncertainty in its
estimate from the Ne 614-nm excitation cross section.

shown by the solid curve of Fig. 8 was used by Jelenkovié and
Phelps® in models of measured breakdown voltages in Ar at
very high E /n. However, the Ar™ flux densities were too
small compared to the fast Ar flux densities to provide a test
of the Ar™* ionization coefficients.’

TABLE 8. Calculated drift velocities, steady-state energies and reaction coefficients for Ar* in Ar.

E/n Ocr T, w, O(e) Q(uV) 0(488) 0(811)
Td m’ eV m/s m? m? m? m*
500 5.8E-19* 0.862 1150 Leub
1000 5.7E-19 1.754 1641 8.22E-31 1.67E~-28 e e
2000 5.4E-19 3.70 2380 1.28E-26 5.13E-25 1.00F_35 113K 3
3000 5.2E-19 5.77 2980 4.40E-25 8.55E-24 1.05E-31 106l 28
5000 4.9E-19 10.20 3960 9.45E-24 9.10E~23 1.23E-28 205K 20
10 000 4.6E-19 21.7 5780 1.32E-22 6.08E-22 1.85E-26 LOSE 24
20 000 4.2E-19 476 8550 8.02E-22 1.91E-21 3.62E-25 LO6E 23
30 000 4.0E-19 75 10730 1.73E-21 2.92E-21 1.27E-24 2501 23
50 000 3.7E-19 135.1 14 400 3.81E-21 4.26E-21 4.67E-24 S9E 23
100 000 3.3E-19 303 21 600 8.48E-21 5.75E-21 1,741 23 1ok 2

“'T'oo small for meaningful calculation.

>5.8E~19 means 5.8 X 1071,
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9. Ar Collisions with Ar
9.1. Ar-Ar Cross Sections

The cross section set for fast Ar collisions with Ar is
shown in Fig. 9 and listed in Table 9. The momentum trans-
fer cross sections shown for Ar—Ar collisions at €, > 10 eV
were calculated by Robinson’' from differential scattering
data. The cross sections for €, < 10 eV are chosen to make a
smooth transition from Robinson’s values to cross sections
calculated from experimental®’ and theoretical’® diffusion
coefficients at thermal energies.

The sum of the cross sections for excitation of the 104.8
and 106.7-nm resonance lines’® are shown in Fig. 9. Since
this sum is fortuitously equal to the ionization cross section
to within the scatter only one entry is given in Table 9. A
significant fraction of the resonance line production is attrib-
uted by Kempter ez al.” to cascading from higher levels.

The excitation of radiative transitions from the 3p, and
2p,, levelstothe 1s, levels of Arin Ar—Ar collisions has been
reported by Neuman’ and by Kempter et al.”® The only
energy dependent cross section given’® for the Ar 2p,, lines is
that shown in Fig. 9 for the 795-nm line. The point shown for
the combined 811.5 and 810.4-nm lines at 900 eV was ob-
tained by multiplying the 795-nm cross section by the ratio
of the 811 to 795-nm intensities measured by Kempter et
al.”® The curve designated by Q(811) in Fig. 9 is that ob-
tained by Phelps and Jelenkovié? by adjusting the lower en-
ergy portion of the 811-nm cross section to yield excitation
coefficients consistent with their experiment while passing
through the point™ at 900 eV. -

Estimates of cross sections for excitation of metastable
Ar in Ar-Ar collisions have been obtained for €, <32 eV
from beam techniques.”” These cross sections are too small
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FI1G. 9. Cross sections for Ar—Ar collisions versus laboratory ener-
gy. The symbols and collision process are: Q,,,, momentum
transfer cross section; Q(e), electron production; Q(UV),
UV excitation cross section; Q(811), excitation cross sec-
tion for 811-nm line of Ar; and Q(795), cross section for
production of the 795-nm line of Ar. The point @ is from
Refs. 74 and 76.

TABLE 9. Cross sections for Ar+ Ar collisions tabulated by product.
(Cross sections in units of 1072° m2.)

Cross section
Lab. atom Q(UV) and

energy Q(e)(11.6) Q(811) Q(795)
eV and (15.8)* (13.1) (11.6) (o8
0.1 385
0.1334 332
0.1778 28.8
0.237 24.9
0.316 21.7
0.422 18.7
0.562 16.1
0.750 14.1
1 12.2
1.334 10.6
1.778 9.1
2.37 7.9
3.16 6.85
4.22 5.9
5.62 5.2
7.50 4.63
10 4.07
13.34 3.65
17.78 3.27
23.7 2.94
31.6 2.67
422 0.003 0.006 2.42
56.2 0.03 0.033 2.26
75.0 0.13 0.085 0.0025 2.09
100 0.37 0.14 0.0063 1.95
133.4 0.63 0.185 0.0111 1.81
177.8 0.88 0.235 0.0189 1.7
237 1.12 0.285 0.0305 1.59
316 1.33 0.315 0.0467 1.49
422 1.54 0.34 0.0605 1.4
562 1.74 0.355 0.0673 1.32
750 1.96 0.365 0.0725 1.23
1000 2.14 0.37 0.075 1.15
1334 2.33 0.38 0.0775 1.07
1778 2.5 0.38 0.08 0.98
2370 2.64 0.385 0.0825 0.895
3160 2.8 0.385 0.0845 0.807
4220 29 0.387 0.0865 0.735
5620 3.03 0.39 0.0887 0.645
7500 3.13 0.395 0.0905 0.57
10 000 3.2 04 0.092 0.49

*The numbers in parentheses are the threshold energies in the center-of-
mass frame.

to be shown in Fig. 9. Values inferred from the growth of
jonization in shock tubes are questionable.”®”® Low angle,
high energy resolution measurements®® of the scattering of
Ar by Ar demonstrate the dominance of excitation to the 1s
and 2p configurations of Ar at high energies, but neither
experiment nor theory®*™®' gives information as to the ratio
of cross sections for metastable and resonance-line excita-
tion. As for Ar™, we estimate the cross sections for excita-
tion of Ar to the metastable states by fast Ar to be less than or
equal to those for resonance-line excitation in Ar-Ar colli-
sions.

The electron production cross section for Ar-Ar colli-
sions Q(e) has been measured by several authors’®”"->7%
and is shown in Fig. 9 and listed in Table 9.
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FiG. 10. Average cross sections and fast atom “‘temperature” as a function
of E /n for fast Ar formed by charge transfer collisions from Ar*
drifting through Ar. The symbols and calculated quantities are 7,
ion and initial fast atom temperature; Q( UV), Ar UV excitation;
O(811), Arl excitation at 811 nm; Q(e), electron production;

Q(795), Ar 795-nm excitation.

9.2. Reaction Coefficients for Arin Ar

The spatial reaction coefficients or average cross sec-
tions for ionization, excitation, and destruction in Ar-Ar
collisions in Fig. 10 and listed in Table 10 were calculated
using the energy distributions versus E /rn calculated for Ar ™
in Ar.” As discussed by Phelps and Jelenkovié? this approxi-
mation is appropriate for experiments where the fast Ar are
produced in charge transfer collisions of Ar* with Ar. The
destruction coefficient curve shown is calculated assuming
that any collision of fast Ar with Ar results in sufficient ener-
gy loss to remove the fast Ar from the group of atoms in the
beam that are able to cause excitation or ionization. More
accurate models would take into account details of the elas-
tic, excitation, and ionization collisions which occur as the
fast Ar lose energy.

The average cross section O(811) shown for excitation

TaBLE 10. Reaction coefficients for Ar + Ar tabulated by product.

E/n T  Q(e),Q(UV) Q(811) 0(795) 0.

Td eV m’ m? m? m’
500 * 0.862 : 1.51E-19°
1000 1.754 1.22E-19
2000 3.70 1.46E-27  2.61E-27  247E-31  9.29E-20
3000 5.77  1.03E-25  1.46E-25  2.23E-28  7.81E-20
5000 1020 4.90E-24  4.65E-24  449E-26  6.21E-20
10000 21.7 1.41E-22  7.76E-23  2.20E-24  4.61E-20
20000 47.6 LI3E-21  4.13E-22  2.17E-23  3.44E-20
30000 75 2.44E-21  7.72E-22  5.53E-23  2.94E-20
50000 135.1 4.96E-21  137E-21  1.39E-22  2.44E-20
100000 303 9.56E-21  2.22E-21  3.16E-22  1.93E-20

*Too small for meaningful calculation.
1.51E-19 means 1.51 X 107",

of the 811-nm lines of Ar is calculated from the cross section
shown by the dashed curve of Fig. 9, which is chosen to fit
the drift tube experiments of Phelps and Jelenkovié.?

10. ArS Collisions with Ar

The only data we have found on collisions of Ar," with
Ar are from measurements of drift velocity® for 50 < E /
n < 100 Td, corresponding to ion energies up to 0.04 V. The
momentum transfer cross section required to fit this drift
velocity data is about 15% larger than the “Langevin” cross
section calculated from the polarizability of Ar. At e, > 500
eV the scaling factor given by Eq. (1) results in a predicted
cross section for Ar,” with Ar which is =16 times that for
N with N, shown in Fig. 1. In view of the uncertainties, we
have not shown or tabulated these estimates of Q,,. Mea-
surements of the dissociation of Ar," in collisions with Ar at
3 keV have been reported by Stephan, Stamotovi¢, and
Mirk.* Discussion of the data regarding the formation of
Ar,;" in three-body collisions of Ar* with Ar®® and of the
Ar'—Ar bond energy®’ is outside the scope of this paper.

11. Discussion

The cross sections compiled in this paper demonstrate
the wide range of processes and of experimental and theo-
retical techniques that need to be considered in order to be-
gin to assemble the “complete” sets needed for modeling. At
energies below 10 eV transport and reaction measurements
utilizing swarm, ion cyclotron resonance, and flow tube
techniques provide much of the available experimental data.
At energies above 500 eV beam scattering techniques yield
detailed data such as differential scattering cross sections.
The intermediate energy range is only beginning to be stud-
ied. Very few theoretical calculations of cross sections are
available for the energy range of interest here. It is to be
hoped that more investigations will be made of the interme-
diate energy range, including tests of the usefulness of rela-
tively simple theories such as the Born approximation and
simple molecular models.

The cross sections presented in this review provide the
basis of modeling of electrical discharge in weakly ionized
N, and Ar. To serve that purpose the cross scctions must be
“complete.” It is hoped that the occasional somewhat arbi-
trary choices and the necessity for estimates of many of the
cross sections in critical ranges will encourage experimen-
talists and theoreticians to carry out further work in this
area.

In most cases we have cited only the publications con-
taining data ac¢tually uscd. A “floppy disk™ containing the
tabulated data is available from the author. Please inform
the author of crrors, omissions, or new data.
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