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Cross Sections and Related Data for Electron Collisions with Hydrogen
Molecules and Molecular lons®

H. Tawara, Y. ltikawa,” H. Nishimura,® and M. Yoshino®

National Institute for Fusion Science,” Nagoya 464-01, Japan

(Received July 5, 1989; revised manuscript received November 1, 1989)

Data are compiled and evaluated for collision processes of excitation, dissociation,
ionization, attachment, and recombination of hydrogen molecules and molecular ions
(H ;*, H ;") by electron impact as well as for properties of their collision products.

Key words: electron impact; hydrogen molecule; hydrogen molecular ion; scattering; elastic inte-
gral; vibrational excitation; rotational excitation; dissociation; ionization; photon emission; cross

section.
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1. INTRODUCTION

A number of experimental and theoretical investiga-
tions of collision processes involving hydrogen molecules
and molecular ions in electron impact have been and are still
being performed extensively because they are of the most
fundamental importance in electron-molecule collisions. In-
deed, understanding of electron-molecule collision pro-
cesses is requisite in many applications such as chemistry,
astrophysics, astrochemistry, plasma fusion research, and
plasma material processing. Thus, there are a number of re-
view articles on hydrogen molecule and molecular ion colli-
sions with electrons available presently.’~ The cross sec-
tions for various collision processes such as excitation,
dissociation, ionization or photon emission have to be
known with appropriate accuracies for such applications,
modelling and diagnostics. Also various features, such as
energy distributions and angular (spatial) distributions, of
products, either ions, atoms, molecules or photons, are key
parameters necessary in understanding electron-molecule or
electron-molecular-ion collisions and also in modelling of
molecule-related phenomena such as plasma behavior. For
example, the energy distributions of atomic hydrogens pro-
duced through dissociative processes are decisive in deter-
mining the mean frec path for ionization in media such as
plasmas. As will be seen later, these data with high accura-
cies are still limited. Only very few compilation of such data
are available presently.

Some experimental data, though taken in relatively ear-
ly days, seem to be reliable and are included in the present
compilation and evaluation. If the absolute values seem not
to be certain but to show reasonable (asymptotic) energy
dependence, then, they are renormalized to some, recently
well established or accurate values to get the final cross sec-
tions over a wide range of the collision energy. In particular,
as the measured cross sections of photon emission (see Sec.
2.3. in particular) are strongly dependent upon the accura-
cies of calibration methods of detector sensitivities, reliable
light sources are requisite. Indeed new continuous light
sources (for example, synchrotron radiation source) with
the known intensities over a wide range of photon energy
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duced via?Z and 23 states of H," in dissocia-

tive ionization of H,. ......cccovnvvuinicccnnnniinnninnnnne 632
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23. Cross sections of production of protons with the

energy above 0.25 eV and their fractions. .......... 632
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26. Angular anisotropy of protons with the energy of
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27. Energy distribution of protons from doubly ion-
ized hydrogen molecules in electron impact. ..... 634

have recently become available and the accuracies in related
excitation cross-section data, for example, through photon
observations, are expected to be improved significantly.

Some serious discrepancies have often been observed in
the cross sections for dissociation or ionization products or
their angular distributions or energy distributions because
their collection efficiencies could be hard to estimate accu-
rately or unreliable or even unknown as the products have
their, relatively large, initial kinetic energies.

New theoretical calculations, based upon newly devel-
oped techniques or new approximations, are generally more
accurate than old values and, then, are included.

We show in Fig. 1 some of the important potential ener-
gy curves of hydrogen molecules H, and molecular ions H,"
taken from a paper by Sharp.’

2. Cross Sections for Various Collision
Processes

In the present work, the evaluation of cross-section data
for various collision processes is based mostly upon experi-
mental results as far as they are available. Many of the theo-
retical results seem still uncertain because of inherent com-
plexity of molecular calculations, though some sophisticated
calculations reproduce the observed results quite well. For
comparison, the calculated values are also shown with ex-
perimental data in the following figures. Some experimental
data are excluded because they might include the contribu-
tion of other processes due to the limited resolution of ex-
perimental systems.

The cross sections evaluated for various excitation pro-
cesses as well as the total cross sections and inelastic cross
sections are shown and their magnitudes are compared in
Fig. 2. These numerical data are available upon request.

2.1. Total and Elastic Scattering

Total cross sections are taken from those recommended
by Hayashi,® meanwhile integral elastic and other cross sec-
tions are based upon the present evaluation (see Fig. 2).

Integral elastic cross sections were determined by a
number of workers through measuring the attenuation of
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FIG. 1. Some important energy levels of molecular hydrogen and molecular ion (see Ref. 5).
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electron beam intensities or integrating differential scatter-
ing cross sections and, thus, indicate the sum of elastic cross
sections and rotational excitation cross sections. Those by
van Wingerden ef al.,” Shyn and Sharp,® and Nishimura et
al.® are shown in Fig. 3. The detailed comparison among
other cross-section data'® on elastic scattering has recently
been given by Nishimura et al.®

2.2 Excitation of H,

Excitation processes have been usually studied with
swarm method, electron energy-loss spectroscopy or photon
spectroscopy. In Table 1 are summarized experimental and
theoretical studies where the cross sections have been deter-
mined or calculated. :

2.2.1. Rotational Excitation

The following processes have been investigated experi-
mentally:

TAWARA ET AL.

e+H,(X'2,v=0,J=0)-e+H,(X'Z,,v=0J=2),

21
e+ H,(X ‘Eg,v =0J=1)-e+ H,(X 'Eg,v =0,J=23).

(2-2)
Rotational excitation cross sections measured by Crompton
et al! (J=0-2: swarm), Gibson'? (J=1-3: swarm)
and Linder and Schmidt!?® (J = 1-3: beam) are shown in
Fig. 4. At low energies, the isotope effects are clearly seen
between H, and D,.

2.2.2. Vibrational Excitation
A number of measurements for vibrational excitation
cross sections have been reported:
e+ H,(X'2,,v=0)-e+ Hy(X 12,0 =123,4,5,6).
(2-3)
Most of the measurements were carried out with rotational
states unresolved. The cross sections of vibrational excita-
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F1G. 2. Comparison of cross sections for various collision processes in neutral H,. Also for comparison, cross sections of ionization of atomic
hydrogen are shown. These data are taken at room temperatures.
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FIG. 3.Cross sections of elastic scattering.

tion with rotational states resolved were determined by
Linder and Schmidt’® (v=0-1, AJ=0, and
J = 1-3:beam). The cross sections for higher vibrational
states were reported by Ehrhardt et al.'® (v = 1,2,3:beam).
Allan'® (v = 1,2,3,4,5,6:beam) obtained relative cross sec-
tions for various vibrational states and normalized them to
the value of Ehrhardt et al.'* for v = 1 state.

Also theoretical calculations were reported for various
vibrational excitation in low-energy region (below 10 eV).

621
LI .l Tr I T T T 1TTT1Tr T ¥ T rrrrr
Rotational excitation in e+H,
o
€ 10° :
£ - > E
e f ]
—
~
e | 4
2
2 o
Q
A 1
[72]
2 107 ]
o - ]
S f ]
L D: ]
L —— Crompton(1963)J=0—2
b

—~ — Gibson(1970)J=1—3
@  Linder(1971)4=1-3

L PR S S WY 2 PRI A

10

Electron Energy (eV)

Fi1G. 4. Cross sections of rotational excitation.

Extensive discussion on theoretical aspects has been given by
Lane.?* The most complete calculation of the cross sections
for vibrational excitation reported so far has been made by
Klonover and Kaldor? who treated ab initio the static, elec-
tron-exchange and polarization interactions but resorted the
adiabatic nuclei approximation. The adiabatic nuclei ap-
proximation has been examined by Morrison ef al.?® who
found that the agreement was satisfactory except in the near-
threshold region (below 2 eV). More recently, Morrison et
al*" have made a detailed calculation of the vibrational cross
sections for the electron energies below 10 ¢V and found a
significant discrepancy between their calculation and swarm
experiment.!! To reconcile this discrepancy, they also reana-

TABLE 1. A list of experimental and theoretical work on rotational, vibrational, and electronic excitation processes.

Excited state

X 'S} u=07J-0-2
J=1-3
v == 0 1 (J:unresolved)
(AJ=0andJ=1-3)

B's}
B: 'E+
=
c'n,
D,
D’''m,
E's}
F'3}
H's;
1'm,
a s}
b3z}

¢,
e 3%}

References
Experiment Theory
11
12,13
9,11,14,15,16 25
13
17,1819 30,31,34,36,37,39,45
30,31,40,45
17,18 30,31
17,18,19,20 30,31,40
30,31
17,18 30,31
30,31,39,40
30,31,39,40
30,31
30,31
9 32,34,42,48
21,22,23 32,33,34,36,38,41,
42,43,44,46,47,48,102
19 32,34,40,48
32,34
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622 TAWARA ET AL

lyzed the previous swarm result. The disagreement, how-
ever, could not be removed and still remains a problem. For
the energies higher than 10 eV, relatively few calculations
have been performed. Lee and Freitas®® applied their inco-
herent renormalized multicenter potential model to the vi-
brational excitation, in which they took into account ap-
proximately the electron-exchange and polarization effects.
They gave only differential cross sections. However, there is
a large discrepancy depending upon the scattering angles,
though an overall agreement is observed with the measured
data. Furthermore, Truhlar et @/.?° made the Born and
modified Born calculations up to 912 eV but their values are
much dependent upon the effective potential adopted in
their calculation. The cross sections for vibrational excita-
tion are summarized in Fig. 5, together with theoretical cal-
culation for the excitation v = 0— 1 by Klonover and Kal-
dor.”

2.2.3. Electronic Excitation

The following electronic excitation processes have been
studied either experimentally or theoretically:
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FIG. 5. Cross sections of vibrational excitation.
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e+H,(X'S})—»e+Hy(B'Z}) (2-4)
(B''2)) (2-5)
(B"'2}) (2-6)
(C'IL) 2-7
(p'Im,) (2-8)
(p''1,) (2-9)
(E'Z;) (2-10)
(F'=H) (2-11)
(H'T}) (2-12)
(I'IL,) (2-13)
(@®z;") (2-14)
(b32}) (2-15)
(c*IL,) (2-16)
(e’=}). (2-17)

Reliability of the cross sections determined through optical
measurements depends upon the calibration methods em-
ployed. In the excitation of H, accompanied with vacuum
ultraviolet (VUV) photon emission, the cross sections are
usually determined by normalizing relative photon intensi-
ties to a well-established Lyman-a emission cross section at a
certain electron impact energy or to the cross sections calcu-
lated with the first Born approximation at high electron en-
ergies. Recently Shemansky et al.’® reestablished the Ly-
man-a emission cross section at 100eV tobe 8.2 X 10~ ¥ cm?®
as a standard. Thus the present cross sections based upon
those recommended by Ajello et al.'” are renormalized to
this value (see further discussion on the newest results on
Lyman-a emission cross section measurements in Sec.
2.3.2.). Similarly those of de Heer and Carriere® are again
renormalized. On the other hand, Khakoo and Trajmar'®
determined the cross sections through electron energy-loss
spectroscopy.

Theoretical calculations reported since 1970 for the
electronic excitation are summarized in Table 1. Some elabo-
rate calculations (i.e., by either a distorted-wave method or a
close-coupling approximation) are shown and, where possi-
ble, compared with experimental data. In some cases, the
agreement with experiments seems to be fairly good, yet a
large discrepancy is sometimes observed. This reflects diffi-
culties in the calculations of cross sections of the electronic
excitation processes of molecules. Much work remains to be
done in order to provide accurate theoretical data in the elec-
tronic excitation processes. The Born calculations, in princi-
ple, are thought to be reliable at higher energies, for example
above a few hundreds of electron volts. Their reliability,
however, should be confirmed experimentally.

The cross sections for excitation to various electronic
states are shown in Figs. 6-14.

2.3. Dissociative Excitation of Hz

The dissociative excitation usually results in the emis-
sion of photons. Then the cross sections for dissociative exci-
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(n=4-2) : Balmer-f

(2-19)
(n=5-2) : Balmer-y

(2-20)
(n=6-2) : Balmer-6.

(2-21)

A number of the absolute emission cross sections for
these lines resulting from hydrogen molecules have been re-
ported.**->? The agreement among different measurements
seems to be fairly good except for those by Vroom and de
Heer™® whose data at lower energies (below 150 eV) show
slightly different behavior. These emission cross sections for
D, molecules have also been measured. The cross sections
ratios H,/D, are varied with the electron energy. Those for
Balmer-a line change from 1.4 at lower energies to 1.1 at

higher energies (above 100 eV), whereas those for Balmer-3
line change from 1.7 to 1.1 (above 60 eV). Because these
lines fall in visible region, there are many applications which
are based upon their observations.

2.3.2. Emission Cross Sections of Lyman-a and -R Lines from H,

e+ H,»e+H+H+ h(n=2-1) : Lyman-a
(2-22)

(n=3-1) : Lyman-8.
(2-23)

Mumma and Zipf°?® determined their cross sections
from ratios of those for the production of countable ultra
violet radiations to those for excitation of Lyman-a line’*
whose absolute value was taken from that at 100 eV by Long
et al.,> taking into account the contribution of molecular
radiations transmitted through a LiF-O, filter.>® Their val-
ue at 100 eV had been often used as a standard for determin-
ing the cross sections for other collision processes for more
than 10 years.'”*” However, recently Shemansky et al."®
have re-examined carefully and redetermined the cross sec-
tion to be (8.2 + 1.2) X107 '8 ¢cm? at 100 eV. Thus all the
measured cross sections based upon this old standard value,
should be reduced by a factor of 0.69. Data shown in Fig. 15
taken from the original values by Mumma and Zipf,>* Ajello
etal.'” and Vroom and de Heer’? have heen corrected in such
a way. Note that some recent cross sections for Lyman-« line
emission at 100 eV became available as follows (in units of
10718 cm?):

Shemansky et al.'® 8.2 +1.2

Van Zyl et al.5® 722 +1.36
Woolsey et al.*® 7.13 4 0.59
McPherson et al.®® 6.57 + 0.53.

All these values are still in agreement with each other within
their claimed uncertainties. At the moment, however, it is
difficult to find a particular preference. Therefore we have
chosen the value by Shemansky ez al. as a reference (tenta-
tively). The cross sections shown in Fig. 15 are based upon
the cross section at 100 eV by Shemansky et al.!®

2.3.3. Cross Section for the Production of Metastable H(2s) Atoms
fromH,

e+ H,—e+ H+ H(2s) (2-24)

Vroom and de Heer*® and later MShlmann et al.5” mea-
sured the production cross sections of H(2s) metastable
state atoms by electron impact in the energy range from 50
eV, up to several thousands of eV by means of the electrostat-
ic quenching technique. Another independent determina-
tion of the production cross sections of D(2s) metastable
state was also reported by Cox and Smith.®' In their experi-
ments, the absolute scale was established on a purely experi-
mental base, in contrast to M6hlmann ez al.>” whose mea-
sured relative values were normalized to that of Mumma and
Zipfat 100 eV. The method Cox and Smith utilized depend-
ed upon the application of an rf field at the Lamb-shift fre-
quency to quench the metastable state beams at the point of
excitation. Their results are in good agreement with those by
Mohlmann et al.”’, at a high-energy region. However, a con-
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siderable discrepancy is seen between both results in lower
electron energy region. The cross sections for the production
of H(2s) shown in Fig. 15 are deduced from the data by Cox
and Smith for D, under the assumption that ratios of H(2s)
from H, to D(2s) from D, are the same as observed by
Vroom and de Heer®® over the energy range investigated.

2.3.4. Cross Sections for Dissociative Excitation of H, to High
Rydberg States

Shiavone et a

L 62

determined their absolute excitation

cross section for the production of atomic fragments in high
Rydberg states at 100 eV. According to their measurements,
the cross sections for the production of H(#) atoms are ap-
proximately given by 0.14 X 10~ '%/x* (cm?) for n = 15-80.
They also reported the energy dependence of the cross sec-
tions which were compared with those obtained by Carna-

han and Zipf ©

after correcting the radiative decay effect

and other apparatus-dependent factors. The agreement was
observed within the experimental uncertainties.

2.3.5. Emission Cross Sections of the Werner- and Lyman-band
Systems from H,

e+ Hy,—»e+H¥(C'Il,-X'2;) : Werner band,

Cross Section (cm?2)

(2-25)

(B': -X'%;) : Lyman band.

The cross sections for the emission of these bands were
reported.®® Though these processes are not dissociative,
they seem to be relevant to comparison with other dissocia-
tive processes which result in photon emission.

Other types of experimental work which may clarify the
nature of dissociative products will be discussed later (see
Sec. 3).

2.4. lonization and Dissociative lonization of H,

The following ionization processes are possible in elec-
tron impact on H, and their cross sections are shown in Fig.
16:

e+H,—»e+e+H, (2-27)
—et+e+H+H' (2-28)
—»e+2e+H*T-H*+HT, (2-29)
-»total ion. (2-30)

The cross sections for Egs. (2-27), (2-28), and (2-30), are
given in the previous compilations.***’” Atomic hydrogens in
Eq. (2-28) may be in the excited states, resulting in photon
emission. Equation (2-30) represents total ion production
including H;* and H*. The differentiation between the two
Eqgs. (2-28) and (2-29) can be made through coincidence
technique. In fact, those for Eq. (2-29), namely, double ioni-

107"

]0—15

10—15

107"

10718

(2-26) zation of hydrogen molecules resulting in dissociation into
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F1G. 16. Cross sections of the production for total ion, molecular hydrogen ions, protons and double protons. Those of
proton production from H and H(2s) are also shown for comparison (see Ref. 125). Note that the short
curves, for proton production at lower energies, correspond to the processes via 22, (near-zero energy
protons) and X, (repulsive state), respectively.
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two protons, have recently been measured over the energy
range 400-1900 eV by Edwards et al.5® who showed the ra-
tios of cross sections of Eq. (2-29) to Eq. (2-27) are of the
order of 102 and decrease with increasing the impact ener-
gy. The energy distributions of the product protons are
peaked at about 9.4 eV (see Sec. 3.3).

For reference, the cross sections for ionization of atom-
ic hydrogens in the ground and metastable states are also
shown in Fig. 16:

e+H-e+e+HT, (2-31)

e+ H(Q2s)-e+e+H™. (2-32)
2.5. Dissociative Attachment to H,

e+H,-H+H". (2-33)

The cross sections for dissociative electron attachment
are shown in Fig. 17, which is taken from the previous com-
pilations.5”%%7° Recently, it has been confirmed experimen-
tally and theoretically that a small peak near the impact en-
ergy of 4 eV is strongly enhanced if H, molecules are in either
vibrationally or rotationally excited states.”"’>"® For exam-
ple, the cross sections for H3 at the vibrationally excited
state v = 4, are four orders of magnitude larger than those
for the vibrationally ground state v = 0. See Table 2. This
clearly indicates that vibrational (as well as rotational) exci-
tation of molecules significantly increases the cross sections
for dissociative attachment to H, molecules and the lower-
ing of the threshold energies results in further enhanced
cross sections near thresholds. This finding does contribute
to the production of intense negative hydrogen ion beams
(known as volume production) for application to, for exam-
ple, fusion research.

20+ .
18 -

T

16 -

14 -
H,

Cross Section (10~Zcm?)

2+ He

o N

! i i
2 4 6 8 10 12 14 16 18
Electron Energy (eV)

F1G. 17. Cross sections of dissociative attachment for HD and D, as well as
H, (see Ref. 67).

TABLE 2. Dissociative-attachment cross sections near thresholds for several

vibrational levels’*.

v E(eV) o(cm?)
0 3.75 2.8(—21)
1 323 8.3( —20)
2 2.75 1.0( - 18)
3 2.29 7.5(—18)
4 1.86 3.8(—17)
5 1.46 1.2(—-18)
6 1.08 2.9( — 18)
7 0.74 4.3(—18)
8 0.42 3.2(—18)
9 0.14 4.3(—18)

2Note:2.8(-21) means 2.8 X 10~

2.6. Collisions of H}

In electron collisions with H.t molecular ions, the cross
sections for the following processes have been determined:

e+H;" e+ H"+H : dissociative excitation

(2-34)
—e+e+HH* : dissociative ionization

(2-35)
-H"+H"™ : dissociative recombination

(2-36)
-H + H* : dissociative recombination

(2-37)
- total proton production.

(2-38)

In these types of collision experiments, the cross-beam or
merged-beam technique is often used. The measured cross
sections for these processes are summarized in Fig. 18. It is
important to note that H;t beams used in experiments in-
clude various vibrationally excited states whose distribu-
tions may or may not follow the Frank-Condon principle,
depending upon the type of ion sources used to produce ions,
and the observed cross sections should be compared with
great care. If all H,* ions are in the vibrationally ground
state, the cross sections should be small and, in fact, nearly
one order of magnitude smaller than those shown in Tig.
18.

The measured cross sections for proton production
[Eq. (2-38)] are the sum of those for Egs. (2-34), (2-35),
and (2-36).”*7¢ However, those for Egs. (2-35)7” and (2-
36)7® are more than one order of magnitude smaller than
those for Eq. (2-34)."

The dissociative recombination process [Eq. (2-37)]
resulting in two neutral atoms, either in the excited or
ground state, has been extensively investigated experimen-
tally and theoretically. Auerbach et al.®° have shown rich
structures in the cross—section curve, plotted as a function of
the electron energy, under their high-resolution experiment.
These sharp resonancelike structures are understood to be

J. Phys. Chem. Ref. Data, Vol. 19, No. 3, 1990
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FIG. 18. Cross sections of electron collisions with H(v)," ions for the production of atomic hydrogens from all v, atomic hydrogens from v =20, I and 2,
D + D*(n = 2,3,4), total protons, H™ + H+e¢, HT + H™ 4+ 2eand H™ + H™.

due to indirect capture, into high-lying Rydberg states of
neutral molecules.®’** These structures, however, are not
shown in Fig. 18, except for a few pronounced structures
observed in H," ions in relatively low vibrational states
(v = 0-2). Instead, the smoothed lines for H," ions in low
and relatively high vibrational states are drawn, both having
roughly the E~°*" -dependence over the energy range 0.01—
4 eV. These data are roughly in agreement with those of
Peart and Dolder®* (beam) and of Mathur er al.%’ (ion-trap-
ping) in the overlapped energy region. Recently Hus et al.3¢
have measured the cross sections for H," ions in relatively
well-defined low excited states which are found to be a factor
of 2—4 smaller than those in Fig. 18.

J. Phys. Chem. Ref. Data, Vol. 19, No. 3, 1990

The dissociative recombination resulting in deuterium
atoms, in excited states such as

e+ D; -D + D*(nl =2p)¥,
D + D*(n :4)88,

(2-39)
(2-40)

was investigated by observing the emitted photons (Lyman-
a and Balmer-£ lines). These cross sections are one order of
magnitude smaller than total dissociative recombination
cross sections measured by Peart and Dolder:*

¢+ D; »D 4 D*. (2-41)

It should be noted that the dominant final-state atomic hy-
drogen product resulting from dissociative recombination
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process is expected to be n =3 from the Landau-Zener = Thesum of the cross sections for Egs. (2-42) and (2-43) was
model.?’ measured with the crossed-beam, merged-beam, ion-trap-
ping or flowing-afterglow technique.®®*>*%% Comparing
these cross sections, it should be borne in mind that the cross

2.7. Collision of Hy’ sections are strongly dependent upon the internal energy of

The cross sections for the following processes involving the parent H;" ions, as in H;" ions (see Sec. 2.6.). Particu-

H;" ions have been measured: larly, the distributions of vibrationally excited states of H;"
ions influence significantly the observed cross sections. This

e+H ->H+H+H :dissociative recombination, is clearly seen in Fig. 19 where the observed cross sections

(2-42) are in significant disagreement among different authors who
used H;' ions, produced in different types of ion sources [see

-H,+H :dissociative recombination, :
(2-43) curves (1) and (2) of Fig. 19].

+ - L Lo Recently, Hus er al.>* checked the cross sections depen-

~H idissociative recombination, dent upon the initial electronic states of H;" ions and found

(2-44) that ions produced in an rf ion source have the largest cross

-e+H"4+H+H :dissociative excitation. sections, similar to those shown in Fig. 19, whereas the cross
(2-45) sections of ions produced in a trapped ion source are smaller

by an order of magnitude, compared with those in rf ion

Tn Fig. 19 are shown the cross sections for these processes. source. Similarly, the cross sections obtained using the flow-
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FI1G. 19. Cross sections of electron collisions with H;+ ions for the production of total atomic hydrogens (rf-ion source and trap-ion source), total
protons and H;* + H~. It should be noted that the difference between curves (1) and (2) in the production cross sections for atomic
hydrogens is believed to be due to different electronic states of H;" ions produced in different ion sources. See the text for more detailed
discussion.
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ing-afterglow/Langmuir probe method®® were found to be
fairly small, compared with those obtained with the merged-
beam method, shown in Fig. 19. These facts probably indi-
cate that H;" ions in their beam are almost relaxed to the
vibrationally ground state, through collisions in swarms.

On the other hand, Amano® has recently determined
the rate constant for dissociative recombination of H;" ions
with a particular rotational level (J=3, K=3) in the
ground vibrational state (1.8 X 10~7 cm?/s at 210 K) which
is larger by an order of magnitude than that of trapped ions
by Hus et al.®* (2X 1078 cm?/s) mentioned above. At liquid
helium temperatures, the rate constant is found to be ex-
tremely small, being less than 10~ "' cm?/s, suggesting that
H;' ions in the ground vibrational state do not react with
slow electrons. Thus significant discrepancies remain to be
investigated.

Mitchell et al.® observed a significant isotope effect in
the cross sections (those for H;' are about three times those
for D;t ions) at low energies and explained that this effect is
due to the lower vibrational frequency of D;" ions. But this
difference almost disappears at energies above 5 eV. It
should also be noted that there are rich structures in the
cross sections at higher energies when high-energy resolu-
tion measurements were made.*® Only a significant oscilla-
tion at =3 eV is shown in Fig. 19.

Recently Mitchell ez al.”” distinguished two channels in
the dissociative recombination Eqs. (2-42) and (2-43) and
found that Eq. (2-42) is dominant over Eq. (2-43) by a
factor of 2-3, over the energy range 0.01-0.5 eV. The cross
sections for Eq. (2-44), resulting in the production of nega-
tive hydrogen ions, are small,®® as shown in Fig. 19 (multi-
plied by 10*). The cross sections for proton production,
mainly due to Eq. (2-45), show a clear threshold around 15
eV.9%1% Some theoretical aspects on dissociative recombina-
tion in e + H;" collision processes at low temperatures, are
given by Michels and Hobbs. """

As mentioned above, it is quite important to note that
the dissociative recombination cross sections depend strong-
ly upon the internal energy of molecular ions and, when they
are used, great care should be exercised if molecular jons are
in different electronic states such as those in plasmas.

3. Characteristics of the Products from H,

3.1. Hydrogen Atoms from Dissociative Excitation/
lonization of H,

A number of data involving production of atomic hy-
drogens, either in the ground state or the excited states, have
been obtained. Characteristics of atomic hydrogen can be
understood qualitatively through the potential energy dia-
gram of H, (see Fig. 1).

3.1.1. Hydrogen Atoms in the Ground State

Total cross sections for the production of two atoms,

both in the ground state H(1s), via dissociative excitation

process through the lowest repulsive b >2;* state
e+ H,—e-+ H(1s) + H(l1s),

are known (see Figs. 2 and 12)222>2

(3-1)
and this process oc-
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curs dominantly at low-energy region. In addition to this
process, with increasing the electron energy, hydrogen
atoms in the ground state are produced through a number of
singly excited (or ionized) states. From the lowest excited
states of H,, two kinds of H(1s) atoms with different ener-
gies are produced: one is the near-zero energy atoms from
the attractive lso 22;’ state, resulting in dissociation into
H* 4+ H(1s) and the other relatively high-energy atom
(=7 eV) from the corresponding repulsive 2pc, *Z ' state.
In between there are a series of different channels contribut-
ing to the production of H(1s) through H(1ls) + H*(nl)
excitation. Only little is known on the behavior of H(1s)
atoms produced through dissociation of H, molecules. In
fact, because of difficulties in detecting atoms in the ground
state, their energy distributions and angular distributions
have not yet been investigated in detail, though their average
kinetic energy of both atoms is roughly estimated to be ~ 2~
3 eV each from the electron energy-loss spectrum or the po-
tential energy diagram of H, shown in Fig. 1 and atoms pro-
duced are expected to be isotropically distributed. Very re-
cently, a technique has been developed for measuring the
energy distributions of the dissociated ground state hydro-
gen atoms based upon the deflection in nonuniform magnet-
ic fields, due to the magnetic moment.'®

3.1.2. Atoms in the Excited States

If the product hydrogen atoms are in the excited states,
they can decay into lower states with the emission of pho-
tons. By observing the Doppler profiles of photons from
these atoms, the kinetic energy distributions can be
known'® (see Fig. 20). At low electron energies, only the
unshifted peak is observed, meanwhile the combined peak
composed of two types, one being the unshifted and the other
broadened, is seen at higher electron energies.

The energy distributions of the metastable H(2s) atoms
from the process

e+ H,—e+ H¥*—e+ H*(2s5) + H*(nl), (3-2)

were investigated by Leventhal ef al.'% who observed three
components with the average emergy of 0.21 4 0.02,
2.3 + 0.5 and 4.4 + 0.9 eV at the impact energy of 60 eV at
13° with respect to the electron beam direction. They found
that the slow component does not change with the observing
angle, meanwhile the fast components do change with the
angle. Thus at 90° only a single peak corresponding to the
encigy of 4.7 &+ 0.7 ¢V, could be observed. More detailed
analysis was made by Spezeski et al.!% The slow component
is understood to originate from the attractive, singly excited
states such as B 'S5, B’ 'S}, e’3, E'S} and a2} .
On the other hand, the fast components are found to origi-
nate from repulsive, doubly excited states. It is inferred from
their results that at least two repulsive states, with different
symmetries such as (2po), (2s0) 327 states, contribute to
the fast component. The angular distributions of H(2s)
atoms have also been reported.'%’

The following particular process:

e+ H,»e+e+HY + H*(2s), (3-3)

has been investigated through coincidence technique



CROSS SECTIONS FOR ELECTRON COLLISIONS WITH HYDROGEN 631

E.=
80eV

40eV

30eV

Relative Intensity

25eV

1 1

-1 0 +1
Wavelength (A)

F1G. 20. Doppler-shifted spectral shapes of Balmer-£ line as a function of
the electron impact energy (see Ref. 104).

between proton and quenched Lyman-a radiation.!®® The
kinetic energy of H(2s) atoms is estimated to be ~4-8 eV
with a maximum at 5.8 eV, in agreement with the work of
Leventhal ez al.'% and it was concluded that these H(2s)
atoms originate mostly from 250, with a slight contribution
of 3po, state. No absolute cross section for this process,
however, was determined. The state-selective dissociation
process

e+ D,—~e+ D*(2p) + D*(2p) (3-4)

has been studied through coincidence between two Lyman-a
radiations. These atoms in the 2p state originate from the
doubly excited states via dissociation. The cross sections for
the process is estimated to be 5X 10™?° cm? with the uncer-
tainty of a factor of 2 at 200 eV.'* This small cross section
can be undcrstood from the fact that there arc other compet-
ing exit channels such as autoionization and singly excited
Rydberg states. Hydrogen atoms in the n = 3 states pro-
duced through the process

e+H,»e+Hf*se+H*(n=3)+H*(nl) (3-5)

are found, by observing Balmer-a radiations, to have two
components in their energy distribution''’: one is the near-
zero energy with the average energy of 0.2 eV produced
through predissociation of vibrationally excited states such
as 1so,, state or Rydberg states which are directly dissociated
and the other one relatively high energy of 7 eV which is
produced through the repulsive doubly-excited states such
as 2po, . Itis interesting to note that these Balmer lines origi-
nate mainly from 3s and 3d states.'!! However, no quantita-
tive measurement of this process has been reported. By ob-
serving Balmer-f radiations, similar investigations on the
production mechanisms of H(n = 4) atoms

e-H,—e+H¥*-e+H*(n=4)+H*(nl) (3-6)

can be made and it is found that there are three components
at =0, 4 and 8 eV, whose threshold energies are 17.1, 24 and
27 eV, respectively.''? Their production mechanisms are
very similar to those of H(»n = 3) atoms. The situation is
also quite similar in the production of H(n = 5) atoms

e+ H,—»e+ H¥*we+H*(n=>5) + H*(ul) (3-7)

where three components are observed at the energy of =0, 4
and 7-8 eV, with the threshold energies of 17.5, 26 and 26
eV, respectively. A peak of high-energy component shifts
from ~d4 eV to & eV with increasing the electron energy,!!3
suggesting that many channels contribute to the production
of atoms. In principle, the angular distributions of their in-
tensities and of their energy can be inferred from measure-
ments of Doppler profiles of photons, as a function of the
observing angle.''* In fact, the Doppler profiles are found to
be dependent not only upon the kinetic energy and angular
distributions of these atoms but also upon the polarization of
the photons.''*

3.2. Protons from Dissociative lonization of H;

Proton production from the dissociative ionization of
H, can be understood qualitatively from Fig. 21 where only
some relevant potential-energy diagrams of H,, H;" and
H3* are shown.""® Looking at Fig. 21, the expected energy
distributions of protons from the process

e+H,—e+e+Hf*—se+e+H+H*(nl) (3-8)

can be inferred as shown on the left-hand side of Fig. 21.
There are two main components: one is protons from transi-
tion of 2£;+ of H;" and has peak intensity at ncar-zcro encr-
gy and the other is protons from a number of the repulsive
states of the excited H," * ions as well as from the repulsive
23 * state of H;* and therefore has broad energy distribu-
tions peaked at the energy of ~8 eV.

At the collision energy lower than the threshold of tran-
sitions to 22+ state, protons come mainly from 22" state.
Crowe and McConkey''® determined ratios of protons to
H;* ions which increase roughly, linearly with the electron
collision energy from zero at the threshold of 18 eV up to
0.015 at 25 ¢V, approaching ratios in photon impact which
sharply increase and become flat above the threshold (see
Fig. 22).

Rapp et al.''” determined fractions of protons having
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dissociative ionization of H, (see Ref. 115).

the energy higher than 0.25 eV by applying the retarding
potential and found that these high-energy protons (E,
> 0.25 eV) consist of roughly 7% (maximum) of total ions
(mainly H," ) at the collision energy of 120 eV, decreasing

-

0.015

0.010

Ratio H*/HF

0.005

Electron Energy (eV)
FiG. 22. Ratios of H* /H;* in electron impact. The solid curve shows these

ratios in electron impact whereas the dashed curve represents those
in photon impact (see Ref. 116).
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with increasing the collision energy (see Fig. 23 and Fig.
16).

The angular distributions of the zero-energy protons
are essentially isotropic up to the electron collision energy of

lone with KE™>0.26 oV in H,

Cross Section (107 '"%cm?)
% of total lomzation

1 ]0

700 1000

a0 70 100 200 400

Electron Energy (eV)

FIG. 23. Cross sections of production of protons with the energy above 0.25
eV and their fractions (see Ref. 117).
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25 eV, with a forward-backward asymmetry due to momen-
tum transfer ( + 20% at 22.3 eV with respect to that at 90°),
agreeing with the Dunn prediction for 2;* — 22 transi-
tions.!!® As the energy of protons from 23" state is of the
order of rotational energy of H, molecules (=0.02 eV), the
observed angular distributions of the zero-energy protons
could be smeared out and become isotropic, even if initially
anisotropic. As their energy is also comparable to thermal
energy of H, molecules, again the initial anisotropy, if any,
tends to be smeared out.

/j\/J\\OOeV
J\/\ 100eV
Af[\_/\ 50eV

1.0
0.5
ol
1.0$
0.5+
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0.5 J\/\ 29eV
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lon Energy (eV)

L

Relative lon Intensity

=

33eV

| 1|

T

FIG. 24. Proton energy spectra at different electron impact energies. Note
that the spectral shapes change with the electron impact energy
(see Ref. 119).
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The energy distributions of high-energy protons from
H, were measured by Crowe and McConkey!'® who re-
vealed a number of peaks at the energy of 1, 2, 4, and 8 eV.
The spectrum, where all the peaks seem to have shoulders,
suggests that a number of channels located between >, and
23+ states might contribute to the production of protons.
The intensities of these peaks change significantly, with the
electron impact energy (see Fig. 24). At the energies higher
than 50 eV, the peak at 8 eV becomes dominant, though the
detailed energy distributions of protons depend on the ob-
serving angle. It should be noted, however, that these struc-
tures in the energy spectrum observed by Crowe and
McConkey were not confirmed either by Kallman'* or
most recently by Khakoo and Srivastava.'?! Also, it is noted
that protons with near-zero energies are very much sup-
pressed in measurements of Crowe and McConkey.

As mentioned above, the angular distributions of pro-
tons are dependent upon the electron collision energy and
also the proton energy itself (see Fig. 25).'*° Generally
speaking, at low electron energies, the distributions show the
forward-backward enhancement with a minimum at 90° and
at the energy ~ 100 eV become nearly isotropic and, then,
the intensities become maximum at 90° with a slight for-
ward-backward reduction at further higher energies. Some
examples are shown in Fig. 25, where the angular distribu-
tions of protons with the energy of 8 eV are given for differ-
ent collision energies over 50-1500 eV.!'* These observed
distributions can be understood well by the Born calcula-
tions of Zare.'*? According to his calculations, the anisotro-
py is found to be large for high-energy protons and con-
firmed experimentally, as seen in Fig. 26.'?° This is
supported by van Brunt!?* who observed the variation of the
angular distributions in proton energy at different angles,
suggesting that the peak at 8 eV should have stronger anisot-
ropy, compared with those of lower energy protons. Similar

(3]
.
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1

s
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—

1500eV
i 1 ] 1
20 40 60 80

Relative Numbers of Protons

100 120 140 160 180
Angle (deg)

FIG. 25. Relative angular distributions of 8.6 €V protons produced from H,
in various electron impact energies (see Ref. 115).
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F1G. 26. Angular anisotropy of protons with the energy of 3, 4, 5, 6 and 7 eV at the electron impact energy of 40 eV (see Ref. 120).

observations were also reported by Crowe and McCon-
key,'!'® whose spectra indicated that peaks with lower ener-
gies (2 and 4 eV) are relatively isotropic.

3.3. Protons from Double lonization of H,

Doubly charged molecular ions H," are promptly dis-
sociated through the repulsive 2po state:

e+H,»e+2e+H™

-H*4+H". (3-9) = (2-29)
Then, two resultant protons are emitted into the opposite di-
rections with high initial kinetic energy. Coincidence mea-
surements between two protons provide information on this
process. The measured energies of these protons range from
6 to 14 €V peaked at 9.4 eV, as shown in Fig. 27,'** and are
found not to change very much over the collision energy of
0.5 to 1.0 keV, as expected. The cross sections of double
ionization of H,, already shown in Fig, 16,%® are found to be
roughly three orders of magnitude smaller than those of sin-
gle ionization.
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FIG. 27. Energy distribution of protons from doubly ionized hydrogen mol-
ecules in electron impact (see Ref. 124). The open circles denote
the observed data, meanwhile the solid line represents the calculat-
ed distribution.



CROSS SECTIONS FOR ELECTRON COLLISIONS WITH HYDROGEN 635

4. Concluding Remarks and Comments on
Future Work

We have shown important data related with hydrogen
molecules and molecular ions in colliding with electrons
which have been taken mostly from our previous re-
ports!?>126 with the addition of new data reported recently.
Generally, a large body of data are now available, yet some
are still not reliable or not available even though they seem to
be the most elemental for understanding collisions involving
hydrogen molecules or molecular ions. Among the many
items to be determined, some of the most important are list-
ed in the following:

(i) Cross sections for the collisions of the state-selected
molecules are very limited presently and systematic mea-
surements should be performed.

(ii) Cross sections involving molecular ions are strong-
ly dependent upon and varied, sometimes, orders of magni-
tude with their internal energy. Therefore, collisions of mo-
lecular ions, with the fully specified internal energy states
should be investigated.

(iii) Energy distributions of protons and ground-/ex-
cited-statc atoms produccd in various processcs are still not
reliable. Systematic measurements of their energy are need-
ed. Itis particularly important to note that the precise energy
distributions of the ground-state atoms, one of the most basic
data involving molecular dissociation, have never been mea-
sured yet.

(iv) Information on angular distributions of the prod-
ucts, protons, atoms or photons, are still scarce.

In many applications, information on electrons scat-
tered or produced is also important. In particular, in under-
standing the exciting or ionizing phenomena of matters such
as those in radiation research, not only total cross sections
but also energy distributions, as well as angular distributions
(so-called singly or doubly differential cross sections) of
electrons are essential.'2”!?8 These differential cross sections
are known to depend upon a number of collision parameters,
such as collision energy or types of collisions, and are indeed
given in most of the cxperimental as well as theoretical stud-
ies discussed above. Because they have too many variations,
they are not included in the present work.
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