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Abstract

The atomic'and molecular data involving atomic hydrogens, molecular
hydrogers and positive and negative hydrogen ions under electron, photon
and jon/atom/molecule collisions, which are relevant to the study of

cold edge plasmas, are surveyed and compiled.
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Introduction

Up to now, much attention has been paid to the understanding of
characteristics and behaviour of high temperature plasmas in grder to
realize thermonuclear fusions. Therefore a series of atomic and
molecular (A/M) data surveyed in the past have been relevant to mainly
those at high temperature plasmas, such as those of highly ionized
(impurity) ions and their atomic structures.

On the other hand, it has now been realized that, in order to
achieve high temperature p]asmaé, we have to understand the plasma
behaviour near the edge or near the wall of plasma chambers. The
properties of these cold plasmas are quite dependent upon the design of
plasma apparatus. Some characteristics of such cold plasmas in a

typical apparatus are shown in the following tab]e.l)

edge plasmas

scrape-off plasma . peripheral plasma core plasma
ng 1010 - 1013 /en? 102 - 1013 /cn® 1083 - 10t/ o
Te 1 - 100 eV 50 - 1000 eV 1 - 20 KeV

General characteristics of such cold edge plasmas are 1) low

temperature ( 1 - 100 eV ) and 2) relatively high density (1010 -

1013 /emd ).

Even at such low temperatures, therefore, the ionization
rates are still high ( 90% ). Then, there are a large number of ions (

mainly protons). Therefore, the collisions involving molecular



hydrogens in the ground and excited states, atomic hydrogens, positiverand
negative hydrogen ions, electrons and photons seem to play an important role in
such lTow temperature plasmas. In order to understand and simulate the
behaviour of such plasmas neaé the edge, A/M data at low energies are
necessary. Few compilations of such A/M data at low energies are available
present]yzl. In as early as 1975 - 19763’4), compilations of A/M data have
been reported by the Study Group at Institute of Plasma Physics, Nagoya
-University. Since then some new and improved results have been reported.

In this Report, we compile A/M collision data involving hydrogen
atoms and molecules and their ions in collisions with electrons, photons
and ion/atom/molecule themselves which seem to be relevant to
understanding of such cold edge plasmas. After compiling the relevant
A/M data, we try to evaluate them and, instead of plotting all the data
available, show smooth curves for different but similar processes to
make a comparison easy and to show which processes are dominant.

In this compilation, the sections are divided into 1) electron collisions,
2) photor collisions and 3) ion/atom/molecule collisions, each section being
further divided into a number of sub-sections. The relevant references are
given at the end of each sub-section.

For the convenience, we show the potential energy curves of

hydrogen molecule taken from a paper by Sharps) in Fig.l.
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I-1 Rotetional, vibrational and electronic excitation cross seciions of H2

and D2 by electron impact

1.Experiment

The selected values of the experimental cross sections for the
rotational, vibrational and electronic excitations of H2 and 02 by electron
impact are shown in Figs. 2-13, together with typical theoretical results.
The excited states considered and the sources of the cross sections are
listed in Table 1. Recent experimental and theoretical situations in
electron-molecule collisions were discussed extensively by Trajmar et a].l),
Csanak et a].z) and Trajmar and Cartwright.3)

As an illustration, the cross sections are summarized in Fig.2 with the
total cross sections recommended by Hayashi(El).

Measurement of rotational excitation cross sections were reported by
Crompton et al.(J=0-2, swarm, E2), Gibson(J=1-3, swarm, E3) and Linder and
Schmidt(J=1-3, beam, E4). Their cross sections are shown in Fig.3.

There are many measurements for the vibrational excitation. Almost all
»f the measurements were cérried out without rotational states resolved. The
measurement with rotational states resolved was carried out by Linder and
Schmidt(v=0-1, J=0 and J=1-3, Beam, E4). The excitation cross sections for
higher vibrational states were reported by Ehrhardt et al.(v=1,2,3, beam, E6)
aind Allan(v=1,2,3,4,5,6, beam, E8). Allan measured relative cross sections
for various vibrational states and normalized them to the results(v=1) of
Ehrhardt et al.(E6). The vibrational excitation cross sections are shown in
Fig.4 with the theoretical results of Klonover and Ka1d0r4)'

Electronic excitation cross sections are determined usually by optical

spectroscopy and/or electron energy loss spectroscopy. Reliability of the

cross sections determined by the optical measurement depends on the

~-13-—



calibration methods employed. In the excitation processes of H2 accompanied
by VUV photon radiation, the cross sections are -usually determined by

normalizing the relative photon intensity to an established Lyman-a emission
crossr section at a certain electron energy or to cross sections calculated by
the first Born approximation at high electron energies. Recentiy, Shemansky

et al.(E10) re-established the Lyman-o emission cross section (o = 8.18 x

10'18cm at 100eV) as a standard. The cross sections determined by Ajello et

al.(optical, E9) are re-normalized to this new Lyman-o emission cross section
by the present authors. de Heer and Carriere(optical, E12) normalized the
measured relative intensities to the absolute values calculated by the first
Born approximation at 1500eV. Khakoo and Trajmar(beam, E11) measured the
excitation cross sections by the electron energy loss spectroscopy. Those

and some other excitation cross sections are shown in Figs.5-13.

References

1. S.Trajmar, D.F.Register and A.Chutjian, Phys.Rept. 97 (1983) 219
“Electron Scattering by Molecules II. Experimental Methods and Data"

2. G.Csanak, D.C. Cartwright, S.K.Srivastava and S.Trajmar,
Electron-Molecule Interactions and Their Applications vol.l (ed. by
L.G.Christophorou, Academic Press, 1984) p.l

3. S.Trajmar and D.C.Cartwright, ibid. p.155

4. A.Klonover and U.Kaldor, J. Phys. B 12 (1979)3797
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lable 1. Experimentaliy cetermined cross sections for rotational,

vibrational and electronic excitations of H2 by electron impact.

Excited states References
Total El
1.+
X Zg, v=0, J=0+2 E2
J=1-+3 E3, E4
X lz;, v=0»1 (J:unresolved) E2, E5, E6, E7, E8
(AJ=0 and J=1+3) E4
B 125 E9, E10, E11
] 1 + ]. +
B Zu, B! Zu E9, E10

¢ 'n, | E9, E10, E11, E12
0 n, 0 'n, | E9, E10

a 325‘ F1l

b 3zf E13, E14, E15

¢ 1, E1l

—-15-
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E6
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E8
E9
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E12
E13
E14
E15

M. Hayashi, IPPJ-AM-19 (Inst. Plasma Phys., Nagoya Univ., 1981)

R. ‘W. Crompton, D. K. Gibson and A. I. McIntosh, Aust. J. Phys. 22
(1969) 715 swarm
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M. A. Khakqo and S. Trajmar (1986, to be published) beam

F.J.de Heer and J. D. Carriere, J.Chem. Phys. 55 (1971) 3829 beam

S. J. B. Corrigan, J. Chem. Phys. 43 (1965) 4381 beam

R. I. Hall and L. Andric, J.Phys.B. 17 (1984) 3815 beam

H. Nishimura and A. Danjo (1986, to be published) beam
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2-1: vibrational excitation

There are many calculations reported for the vibrational excitation of
hydrogen molecules in lower energy region (below 10 eV). In his review, Lane
discussed extensively those calculations published before 1980.1) Further,
he has given an additional remark in his recent review talk at the XIII
1cpeAC.2)

The most complete calculation reported so far is that made by Klonover
and Ka]dor.3) They treated ab initio the static, electron-exchange and
polarization interactions, but resort to the adiabatic nuclei approximation.
Their result for the excitation v=0+1 1is compared with the experimental
data in Fig. 4. Tne adiabatic nuclei approximation has been examined
recently by Morrison et al. and found to be satisfactory except in the

near-threshold region(below 2 eV).4)
For the energies higher than about 10 eV, relatively few calculations

have been reported. Lee and Freitas5)

applied their incoherent renormalized
multicenter potential model to the vibrational excitation of H2, in which
they took into account approximately the electron-exchange and polarization
effects. They gave only differential cross sections. There is a large
discrepancy depending on the scattering angles, though a good overall
agreement is seen with the measured data.

7) made the Born ana modified Born

Truhlar and his co]leagues’
calculations up to 912 eV. Their values, however, are much dependent on the

effective potential adopted in their calculation.

References
1. N. F. Lane, Rev. Mod. Phys. 52 (1980) zY
2. N. F. Lane, in Electronic and Atomic Coilisions, { ed. by dJ. Eichler, I.

V. Hertel and N. Stolterfoht, Elsevier Sci. Pub, 1984) p.127
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. A. Klonover and U. Kaldor, J. Phys. B 1z (1979) 3797

M. A. Morrison, A. N. Feldt and B. C. Saha, Phys. Rev. A 30 (1984) 2811
N.-T. Lee and L. C. G. Freitas, J. Phys. B 14 (1981) 4691

D. G. Truhlar and J. K. Rice, J. Chem. Phys. 52 (1970) 4480 -

D. G. Truhlar, Phys. Rev. A 7 (1973) 2217

~ (=) (3,] = w
L] > » -

2-2: electronic excitation

In Table 2, a list is given of the calculations reported since 1970 for
the excitation of the electronic states of Hy. A similar list and rather
extensive discussion on the theory (and also the experiment) are presented in
a recent review by Trajmar and Cartwright.l) *Some elaborate calculations
(i.e., by either a distorted-wave method or a close-coupling approximation)
are shown and, where possible, compared with experimental data in Figs.5-7
and 9-13. In some cases the agreement with experiments is good, but in
others there is a large discrepancy. This reflects the difficulty in the
calculation of electronic excitation cross sections of molecules. Much work
remains to be done to provide accurate theoretical data on this process.

The Born .calculation, in principal, should be reliable at higher
energies (say, above a few hundreds of electron volts). Their reliability,

however, is to be confirmed experimentally.

1. S. Trajmar and D. C. Cartwright, in Electron-Molecule Interactions and

Their Applications vol.l ( ed. by L. G. Christophorou, Academic Press,

1984) p.155



Table 2. Theoretical calculations: for electron-impact excitation of the

electronic states of H2 published since 1970.

Excited states References
B 1z+u 1, 2, 5, 7, 8, 10, 16
B! 12"'u 1, 2, 11, 16
i lot
B+ s’ 1, 2
C 1nu 1, 2, 11
1
D "m, 1, 2
1
o' Mo, 1, 2
E,F gt 1, 2, 10, 11
g
1.+
iz 1, 2
g
1
I 1, 2
Lo
3.+
5 3, 5, 13
a4
b 3z+u 3,4,5,7,9,12,13,14,15,17,18,19
3
¢ %n, 3, 5, 11
3.+
ez u 3,5

— 19 —



References. to.Table 2 - method of calculation -

1 G. P. Arrighini, F. Biondi and C. Guidotti, Mol.Phys. 41 (1980) 1501
Born+0Ochkur '
2 G. P. Arrighini, F. Biondi and C. Guidotti, A. Biagi and F. Marinelli,
Chem. Phys. 52 (1980) 133 Born
3 M. Cacciatore and M. Capitelli, Chem. Phys. 55 (1981) 67 Gryzinski
4 S. Chung, C.C. Lin and E. T. P. Lee, Phys. Rev. A 12 (1975) 1340
Born-Ochkur-Rudge
5 S. Chung and C. C. Lin, Phys. Rev. A 17 (1978) 1874 2CC
6 A. G. Domenicucci and K. J. Miller, J. Chem. Phys. 66 (1977) 3927 Born
7 A. W. Fliflet and V. McKoy, Phys, Rev. A 21 (1980) 1863 DW
8 A. U. Hazi, Phys, Rev. A 23 (1981) 2232 Semiclassical IPM
9 T. K. Holley, S. Chung, C. C. Lin and E. T. P. Lee, Phys. Rev. A g§
(1982) 1852 CC
10 W. Kotos, H. J. Monkhorst and K. Szalewicz, J. Chem. Phys. 77 (1982) 1335
Born
11 M.-T. Lee, R. R. Lucchese and V. McKoy, Phys. Rev. A 26 (1982) 3240 DW
12 T. N. Rescigno, C.W. McCurdy, Jr. and V. McKoy, J. Phys. B 8 (1975) L433
- DW
13 T. N. Rescigno, C. W. McCurdy, Jr., V. McKoy and C.F.Bender, Phys. Rev. A
13 (1976) 216 DW
14 J. C. Steelhammer and S. Lipsky, J. Chem. Phys. 53 (1970) 1445
Born+QOchkur
15 C. A. Weatnerford, Phys. Rev. A 22 (1980) 2519 2CC
16 M. J. Redmon, B. C. Garrett, L. T. Redmon and C. W. McCurdy, Phys. Rev.
A 32 (1985) 3354  Semiclassical IMP
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17 K. L. Baluja, C. J. Noble and J. Tennyson, J. Phys. B 18 (1985) L851
R-matrix |

18 B. I. Schneider and L. A. Collins, J. Phys. B 18 (1985) L857
2CC with optical potential and short-range correlation

19 M. A. P. Lima; T. L. Gibson, W. M. Huo and V McKoy, J. Phys. B 18 (1985)

L865  Schwinger variational
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Cross Section (10~'8c¢mz2)

B’ 5¢,B" Zlexcitation in e+H,

10

| L L

\B' -

| I S S A |

107!

N\B" ¢

B s} Ajello(1984) renormalized to
B It Shemansky (1985)at 100eV

B'SY —=-= Lee(1982)

I N N N I I |

10’

Fig. 6

102

Electron Energy (eV)

—26—

108



E'Sy excitatiqn in e+H,

10°- -
E i /\\
I\O 3 | . il
n - -
= |
c
Q.
t—; ]0 n / -
) - ]
V) N i
w - -]
an — -
o
QO - -

Lee(1982)
10~2 , .
10 20 30 40 50 60

Electron Energy (eV)
Fig. 7

—-27 ~



10°

Cross Section (10~"cm?)
o
|

10~

T | '
-~ a%y excitation in e+H, i
- /, . ‘ .
L. { \\ 7
n / AN ]
R ! N N
[ >
L ! ~ 7]
! o (JT)
- o - 7]
@
i ®
®© Khakoo(1986)
- Rescigno(1986) 7
-~ - - Chung(1978)
1 1
10 20 - 30 40 60
_ Electron Energy (eV)
Fig. 8

—28 —



Cross Section (10~ ""cmz2)

101_ T T T TT 13||
K b2l excitation in e+H,
100+
N ®
- ®
107"
- Corrigan(1965)
- e Hall(1984)
[ | ee-—- Lima(1985)
- ® Nishimura(1986)
-2 1 1 S B I
0™ g 102
Fio 9 Electron Energy (eV)
ig.

- 29 —




et excita]tion in et+H,
5
= \
s "L \ :
- N , i
kel . _
o I i
O
w L -
o \
n
o
O 107': | N
-Chung(1978)| | ;
10 20 30 40
Electron Energy (eV)
Fig. 10

—30—



Section (10~"cm2)

)
<
b

Cros

10

10°

1072

R ' rc317u excitation in etH, ]
- @ ]
- ®
i ® Khakoo(1986) ™
5 Chung(1978) .
..... Lee(1982)
10 20 30 40 50
_ Electron Energy (eV)
Fig. 11

~ 31—

60



Cross Sectjon (10~ "8%cm2)

101_ T T T T T 7171 l'f;}i T T T TT]

_ ‘ \D'Hu 1
‘\D"nu

10—~ .
N Ajello(1984)renormalized to ]
- Shemansky(1985)at 100eV A

]0—1 I | 1 | N | ) 1 1 | I I I |
10 107
_ Electron Energy (eV)

Fig. 12

D77, D' 17, excitation in e+H,

—-32-

10°



€l b4
(A®) ABusuz uo.3o9|q
01 201 01

| T T - N R B R B T | T B B T T —lOF
(¢861)097 —-—
(9861)00%EYy @ -

A®001 1B(5861)Aisueways _
N 01 pazijew.ioudi(yge|)olely

N (LLGL)4e8H 8p = - =~ ]

o0l

‘H+9 ul uoneudxs "1 9
1 I | 1 ___ p 11 1 1 | | A T | | 1

—~33 -

(zw9,,_0]) UONDag SSOID



I-2 Dissociative excitation of H2 by electron impact
e + H2 -+ photons

The cross sections on dissociative excitation by electron impact are

often measured through photon detections ( see Fig. 14).
(1) Emission cross sections of Balmer-o, B, Yy and & lines.
e+H,>e+H+H+ hv (n=3+2) Balmer-o (1)
(n=4+2) Balmer-8 (2)
(n=5¥2) Balmer-y (3)
(n=6+2) Balmer-§ (4)

A number of the absolute emission-cross sections of Balmer-a, 8, y and §
Tines from H2 have been reported. The agreement among different measurements
seems to be fairly goog except for those by Vroom and de Heer whose data at
lower energies (below i50 eV) show slightly different behavior. Also these
emission cross sections for 02 have been determined. The cross section
ratios o(Hz)/c(Dz) for H2 and 02 are varied with the e1eétion energy. For
example, those for Balmer-a line change from 1.4 at low energies to 1.1 at
high energiés (above 100 eV) and those for Balmér-B line change from 1.7 at

Tow energies to 1.1 at high energies(above 60 eV).

(2) Emission cross sections of Lyman-a and -8 lines
e+H,>e+H+H+hy (n=2+1) Lyman-o (5)
‘ (n=3+1) Lyman-8 (6)
Mumma and Zipfs) determined their absolute cross sections from ratios of
the cross section for production of the countable ultra-violet (CUV)

radiations to the cross sections for excitation of Lyman-o radiationsﬁ)

which
absolute value is taken from that at 100 €V by Long ot a1.772*taking into
account the contribution of molecular radiations transmitted through a LiF-0

2
Filterd).
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This value (1.2 ¥ 10'17 cm-2 +11% at '100.eV). was often used as a standard for
determing the cross sections for other collision processes for more than 10
years.g’lo) However, very recently Shemansky et a].ll) have reexamined
carefully and redetermined the cross section which should be (8.18 + 1.20) x
10'18 cm2 at 100 eV, based upon the Born approximation calculation for H2
Rydberg system cross sections using the measured excitation function. Thus,
all the measured cross sections which are used this standard should be
reduced by a factor of 0.69. Data in Fig.1l4 taken from the original values

5) 5)

by Mumma and Zip~’, Ajello et at.”’ and Vroom and de Heer,z) have been

corrected in this way.

3) Production cross sections of metastable H(2s) state
e+t H,>e+Ho> H(2s) (7)

2) and later MohImann et al.g)

Vroom and de Heer measured the production
cross sections of H(2s) metastable state by electron impact in the energy
range from 50 eV up to several thousands of eV by means of the electrostatic
field quenching method. The independent determination of the production
cross sections of D(2s) metastable state was also reported by Cox and

smith.12)

In their experiment, the absolute scale was established on a
purely experimental basis in contrast to Mohimann et a].g) whose measured
relative values were normalized to the Mumma and Zipf cross section value at
the electron en2rgy of 100 eV. The method Cox and Smith utilized depended
on the application of an rf field at the Lamb-shift frequency to quench the
metastables at the point of excitation. The Cox and Smith results are in
good agreement with the recent work by Mohimann et al.g) in the high energy
region. However, a considerable discrepancy is seen between both results in

the lower electron energy region. The cross sections for produciion of

H(2s) state, shown in Fig.14, are deduced from the data by Cox and Smith for
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2
the same as observed by Vroom and de Heerz) (1.20) over the energy range

02 under the assumption that the ratios of H(2s) from H, to D(2sy trom D2 are

investigated.

4) Cross section for dissociative excitation to high-Rydberg atoms
“Schiavone et a1.13) determined absolute excitation cross section for
production of high-Rydberg(HR) atomic fragments to be 2.2 x 10"20 cm2 at the
electron energy of 100 eV from measurements of total HR signal and other
experimental parameters. This cross section value was compared with that

14)

obtained by Carnahan and Zipf after correcting the radiative decay effect

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

uncertainties was obtained.

5) Emission of the Werner-and Lyman-band systems
e+Hy,>et HZ* (Clnu +Xlzg+ ) Werner-band (8)
(Blzu+ +Xlzg+) Lyman-band. (9)

The cross sections for the emissions of these bands were reported.15’16)

Though these processes are not dissociative, they seem to be relevant to

comparing with other dissociative processes which result in photon emission.

Other types of experimental work which clarifies the nature of
dissociative products are summarized briefly:

i) Many time-of-flight studies of H(Zs) metastable fragments produced in the
dissociative excitation of molecular hydrogen by electron impact were
reported.l4’17’18) Further, the dissociation into two 2p state atoms was
investigated.lg)

i1) The kinetic energy gaistributions of fragment atoms were also studied for

the states with short Tife times by means of analyzing the Doppler

profiles of the Balmer emission spectra20’21),
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iii} Tre engular distributions of the disscciative products were reported by

22) 23)

Misakian and Zorn for H(2s}, by Takahashi et al. for H(n=3), and by

Kurawaki and Ggawa 24) for H(n=4).
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I-3 Simple ionization and dissociative ionization of HZ by electrons

The following ionization processes are probable in electron impact on

Hy (see Fig.15):
+

et+H, = Hy + 2e (1)
> H+H +2e (2)
> H+H +3e (3)

> Sum (1)+(2)+(3) (4),

These cross sections are given in our previous compilationsl’ 2)

. It should
be noted that the contribution of process(3) to production of protons may not
be negligible and the differentiation of these processes (2) and (3) should
be important. For a reference, the cross sections for ionization of atomic

hydrogens in ground and metastable states are shown.

e+H + H +2 (5)
e + H(2s) » HY + 2e (6)
References
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I-4 Dissociative attachment to H2 and D2 by electron impact
e + H2 +H+H
The cross sections for dissociative electron attachment are shown in

1=3)  practically ho

Fig.16 which is taken from our previous compilation
significant change of these data is necessary except for one point. Recently
it has been confirmed experimentally and theoretically that a small peak near
the impact energy of 4 eV is strongly enhanced if H2 taréets are in the
excited states (either rotationally or vibrationa]]y)4'6). For example, the
cross sections for DZ* at the vibrationally excited states (v=4) are four to
five orders of magnitude larger than those for the grdund state (v=0). This

finding is now contributing to production of intense negative hydrogen beams

for application to fusion research.
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I-5 e + H collisions

The cross sections for the following processes wereAmeasuredr(‘spg Fig. 17):

e+ H = e + H(2s) (1)

+ e + H(2p) (2)
+ e + H(n=3) (3)
> 2+ H (4)

Long et a].l)'measured the cross sections for Lyman-a radiation emission
observed at 90°. Based upon their data, together with the correction for the
cascading and polarization effects, the cross sections for 1s2p excitation

process(2) were established by van Wyngaarden and Wa1ter52)

who calculated
them using the pseudo state method and found their values are in good
agreement with the experimental data over the energy range of 12.2-54.4 eV.
The cascade effect is estimated to be relatively sma11.3) The cross sections
for 1s+>2s excitaéion probe%s(l) were determined by normalizing to those of
Long et a].l) for Lyman o radiation.4) The calculated values by Ca]]aways)
using the pseudo state method are slightly smaller than the experimental
data.

Mahan et a1.6) investigated the Balmer-a 1ine emission process corresponding
tp process(3) and determined the cross sections by normalizing to the Born
abproximation at 500 eV. The ionization cross sections for process(4) are

taken from our previous compi]ation7).
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I-6 Electron '+ H," collisiors
In electron + H2+ collisions, the cross sections for the following

nrocesses have been measured:

e+ H2+ > H+ +H+e ¢ dissociative excitation (1)
+ H +H +2e : dissociative ionization o (2)
> H + W : dissociative recombination (3)
+ H+ H* : dissociative recombination (4)
+ total proton production. (5)

In this type of experiments, the crossed-beams or merged-beams technique
is used. The measured cross sections for these processes are summarized in
Fig. 18. It is important to note that H2+ beams used in the experiments
include various vibrational states which may follow approximately the
Frank-Condon principle and, therefore, the observed cross sections depend on
the actual distribution of these states. If all H2+ jons are in the
vibrationally ground state, the cross sections should decrease significantly,
for example by one order of magnitude. The measured-cross sections for

proton production are the sum of those for processes (1), (2) and (3)1'3).

However, those for procesges(2)4) and (3)5)are more than one order of
magnitude smaller than those for process (1)6).

The dissociative recombination process(4) resulting in two neutral atoms,
either in the excited state or ground state, has been investigated
extensively by means of the merging-beams technique. Auerbach et a1.7) have
shown rich structures in the cross section curve plotted as a function of the
collision energy under high energy resolution experiment. In Fig. 18, these
structures are not shown, except for a few pronounced structures observed in
H2+ jons in relatively low vibrational states (v=0,1,2). Instead, the

smoothed lines are drawn, both having the E'0'87-dependence over the energy
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range of 0.01 - 4 eV. These data are roughly in agreement with those of
Peart and Do]der8). Also those measured using the jon-trapping techniqueg)
arevin agreement with other data over 0.1 -1.0 eV. Recently an analysis of
this process based on the multichannel quantum defect theory has beén

10) 7)

reported by Takagi and Nakamura well.

who reproduced the observed data
The dissociative recombination resulting in deuterium atoms in higher excited
states

e+ DS + D+D (nz=2p) 1) (6)

> D40 (n=4)!? (7)

was investigated by observing the emitted photons. These cross sections are
one order of magnitude smaller than total dissociative recombination cross
sections measured by Peart and Do]der13):

e+ D, » D+D, - (8)
It should be noted that the dominant final state resulting from the
dissociative recombination process is expected to be n=3 from the

Landau-Zener modelll).
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1-7 Electron + H3+ collisions

The cross sections for the following processes have been measured:

e + H3+ +> H+H+H : dissociative recombination (1)
> H2 + H : dissociative recombination (2)
> H2+ + H : dissociative recombination (3)
> W+ 2H* + e : dissociative excitation. (4)

In Fig. 19 are shown these cross sections. The sum of the cross
sections for processes (1) and (2) was measured by the crossed-beam,

1'6). Comparing these cross

merged-beam, ion trapping or after-glow technique
sections, it should be borne in mind that the cross sections are strongly
dependent on the internal ener-gy of H3+ jons. Particularly the distribution
of the vibrational states of H3+ ions influences significantly the observed
cross sections. This is clearly shown in Fig. 19 where the observed cross
sections are in significant disagreement among different authors who used H3+
jons produced in different type of ion sources. For example, the cross
sections obtained using the after-glow/Langmuir probe method were found to be
fairly small, compared with those shown in Fig. 19. This probably indicates
that H3+ ions in their beam~are almost relaxed to the vibrational ground
state through collisions in swarms.

7) who observed

Similar results have been reported by Mitchell et al.
significant isotope effect of the cross sections (these for H3+ ions are
about three times those for D3+ ions) at Tow energies and explained this
effect can be due to the lower vibrational frequency of 03+ jons. But this
difference almost disappears at high energies (> 0.5 eV). It should also be
noted that there are rich structures in the cross sections at higher energies
when high energy resolution measuréments were madez). Only significant

oscillations at En3 eV are -indicated in Fig. 19.
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Recently, Mitchell et a].g) differentiated twc channels in dissociative
recombination processes (1) and (2) and found that process (1) is dominant
over process (2) by a factor of two to three over the energy range of 0.01 -
0.5 eV. The cross sections for process (3) resulting in production of
negative hydrogen ions are sma114), shown in Fig. 19 multiplied by 103. The
cross sections for proton production, mainly due to process(4), show a clear

10,11)

threshold around 15 eV Some theoretical aspects on dissociative

recombination in e + H3+ collisions are given by Michels and Hobbs.lz)
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I-8. e + H  collisions

The cross sections for-single and double electron detachment (ionizaion)
have been measured and shown in Fig.20.
e+ H + H+ 2 (1)
+ H 43¢l (2)
The observed cross sections for process (1) are in general agreement among

1-3)

different groups, except for those by Tisone and Branscomb4) whose data

~ show behaviour different from others and Born approximation at high energies.
* The cross sections for process(é) have been détermined by Defrance et a].s)

. who found that data by Peart et a1.6) seem to'be apparently too large by

- almost one order of magnitude due to the charge transfer of H™ ions with slow

positive jons trapped in the space potential well of the electron beam.
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II Photon collisions







1I-1 Photo-cissociation of H2
Hy + hv > H(1s) + H (n) (1)

No photo-dissociation resulting in both atoms in the ground state is expected

to occur. Instead, at least one of them is always in excited states.

1)

Dalgarno and Allison™‘ calculated the transition moments from the ground

1

state to the continua of the excited states of H2 (B 1zu+ 2po, C Hu 2prm) and

evaluated the photo-dissociation cross sections over the photon energy range
(14.8 - 17.5 eV). Recently Glass-Maujeanz) calculated these <ross sections
for n=2 using the accurate ab initio potential energy and dipole moment
values. Glass-Maujean et a].3) measu.ed the cross sections by observing
Lyman-c photons which are shown in Fig.21 together with his theoretical
results. The results of Dalgarno and Allison are fairly large. The major
contribution (~ 70%) seems to come: from the predissociation of more highly

1

excited states like D Hu3pn and B"12u4po. However, it is rather curious that

the experimental data are in good agreement with theoretical values where the

predissociation is totally neglected. In Fig.21 are also shown the

experimental data for n=3-6 measured by Lee and Judge4). Fig.22 shows total

photo-dissociation cross sections measured by Mentall and Gentieus) which are
compared with total absorption cross sections. (taken from IPPJ-D-48 (1975)

M-A-Fig.5). '

1

The average kinetic energy of H(ls) + H(ls) system resulting from the B Zu+
1

and C I, states with photon emission was calculated by Stephens and

Dalgarno.a) And the oscillator strengths and transition probabilities from

the v vibrational level of Xlz * of H2 to the v' vibrational level of these

9
states were given by Allison and Da]garno.7)
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I1-2 Photo-disscciative ionization of Hz'

Hy + hu> H+H +e (1)

2

Ratios of product ions H* to Hz+ by photon impact on HZ’ measured by Browning

1)

et al.”’ and Masuokaz), are shown in Fig.23 together with those obtained by a

fast electron impact method.s) They begin to increase at the photon energy
of around 30 eV which is due to the contribution of two-electron éxcited
dissociative states of H,. These rat?os are used to obtain absolute cross
sections for dissociative ionization by combining with total photo-ionization

cross sections. Fig.24 show those results based on data by Masuoka (ratio of

Ht / H2+) and by Lee et al.( cross section )4). The kinetic energy
distributions of product H* jons were also investigated experimental]ys's)

and theoretica]iy.7)
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II1-3 Photo-ionization of H2

Hy xlzg) + hv7> HZ* + e (1)

I

Total photo-ionization cross sections shown in Fig.25 seem to be well

1-9) and theoretica?]y,lo—lz) though some

established both experimentally
detailed structures including resonances are still obscure. Some numerical
data are given in Table 3. Recently Kosarev and Podolyale) compiled

experimental data above 20 eV and found simple functional forms for fitting

them (see Fig.26). One of them has the following form:
o = 5.35 x 10720 ( 100/€ )3-2%8 2 (2)

where E is the photon energy in eV. More simply, the cross sections are
given as

o = 3.02 oy (3{

where oy is the cross section for atomic hydrogen. More detailed
calculations of cross sections for the vibrationally resolved
photo-ionization process:
1. + + 2
Hz( X'2q s Vs ) + hv > Hy ( Xz

+’ Vf)+e (4)

g g

have been made by Ford et a1.14) ( 12.4 - 13.6 eV; Vi = 4 - 14 : Ve = 0 - 16)
and Flannery et a].ls) (12.4 - 27.6 eV: Vi = 0 - 14 : Ve = 0-18). In
Fig.27 are shown the calculated cross sections for different initial

vibrational states v,, summed over the final vibrational states Ve Some

— 66 —



vibrationally resclved cross sections

compared with experimental data

10311) at 21.2 eV photon energy are

16) in Table 4.
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Table- 3.

~-Total cross- sections ( in:IO’la cmz)

H2 (v=0)+hv » H

r

photon energy

A(A)

180
190
200
210
220
230
240
250
260
270
280
290
300
310
320
330
340
350
360
370
380
390
400
410
420
430

eV

68.88
65.26
61.99
59.04
56.36
53.91
51.66
49.59
47.69
45.92
44,28
42.75
41.33
40.00

38.75

37.57
36.47
35.42
34.44
33.51
32.63
31.79
31.00
30.24
29.54
28.83

Cross section

Lee

w o1 00

NN NNN R R EOOO
O NNWNOONNPEPRWHROWON

+ e

Samson(A)

0.266(209.3)

0.402(234.2)
0.439(239.6)
0.494(247.2)
0.579(260.5)
0.638(266.3)
0.790(283.5)

0.949(297.6)
1.02(303.1)
1.12(314.9)
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Photon energy

A(A) eV

440 28.18
450 27.55
460 26.95
470 26.38
480 25.83
490 25.30
500 24.80
510 24.31
520 23.84
530 23.39
540 22.96
550 22.54
560 22.14
570 21.75
580 21.38
530 21.01
600 20.66
610 20.33
620 20.00
630 19.68
640 19.37
650 19.07
660 18.79
670 18.51
680 18.23
690 17.97
700 17.71

,._
)
©®

w
o

. - 3

WG OONNNNOO OO OICITOTOIBELELELWOWWWW
e o o o s & ° 8 e 8 s ® e s s e = « o o s o o
WHOOOANNNWORRANONUITINORADRRONTITWN

"Cross Section
0*Nei] Itikawa(A)
2.82
3.20
3.61
4.05
4,53
5.04
5.59
6;17 6.201(584)
6.80
7.47
8.17
8.89
9.58

8.278

10.04 9.809(736)
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Samson

3.16

3.48

3.94

4.43
5.02(522.1)
5.54(544.7)
5.88(558.5)

7.00(596.7)
7.59
8.30(641.3)
9.08(664.9)
9.64
9.97



18 12 .

Table 4 Vibrationally.resolved. cross sections (in 10°°° cm
at 21.2 eV ( A=584 A ) photon energy
+
er (v) + hv » Hy' (v') +e

v=20 v =1
v' Pollard 0'Neil Itikawa 0'Neil
0 0.477+0.006 0.4533 0.5051 1.1806
1 0.907+0.008 0.8639 0.9454 0.8079
2 1.048+0.008 1.0036 1.082 0.1968
3 0.975+0.007 0.9313 0.9915 0.0001
4 0.793+0.006 0.7656 0.7960 0.0912
5 0.598+0.005 0.5866 0.6016 0.2441
6 0.446+0.004 0.4315 0.4382 0.3484
7 0.315+0.004 0.3105 0.3112 0.3853
8 0.223+0.003 0.2211 0.2197 0.3724
9 0.157+0.003 0.1568 0.3321
10 0.10954+0.0007 0.1113 0.2811
11 0.0773+0.0005 0.07927 0.2301
12 0.05431+0.0005 0.05659 0.1834
13 0.0377+£0.0011 0.04038 0.1428
14 0.0264+0.0003 0.02856 0.1082
15 0.0179+0.0002 0.01969 0.0787
16 0.0111+0.0002 0.01273 0.0528
17 0.0068+0.0002 0.006933 0.0295
18 0.002162 0.0093
19 0.000098 0.0004
*
Sum 6.280 6.083 6.201 5.0741

* The values of 0'Neil (1978) for v 2 9 are added.

—~70 —

w OCOOO0COOCOOOOO0OOOOO0OOO0OO



| (E861)A98sSEY ----- l
_ (€86l)emedn] e

(8L61) I'BN.O — v «vux/ﬁa )

-71 -

($961)%00D  x S
" (g961)uoswes v «Wﬂm .
— (9L61)997 o . Xg -
A \'4
- W e
f&« ]
o4 fHe AU+ (0=N)°H o -
_ _ ! _ ! T I B
(121 00v 005 009  00L 008 006 000!

(V) yiBusjanepn

-

0l

cl

(zWdg_0l) UOO8S SS0.)



A>% ABiau3j uoloyd

Syz B4

0!

01
[

I N _

v

(G961 )uoswes g1
(1L61)319999y ¢

(€) boae——.
(z) 'bo

-0l

— ¢-0l

(€61 )aussoy ()

(9L61)997
(2961)9°97
(L961)®qusH

o

v

(0L6l)suusg =
————  ($961)3000 —x

-0l

] To,_

(Ge61)uordwo)

A:.m,—vum::mm +
 (2861)Nopianely A
I T Y N | |

l |

1 1 i ] | |

9+ He AU+ (0=N)H

(zWdg,_0}) UOI108S SSOUI)

-T2 -



1

(A8) ABisu3z uoloyd

Lg 614

=

0€ 14 0¢c
]

T 11 T 1T T [ 17 71

©O = NI N

% Iat? L]
94 (AT’ 5T X) IH— AU+ (N5 X)'H

R I B R T R I B

| | _
| ElY | 96¥ 029
Qo\v yibuajanepn uoloyd

I
9¢8

cl

(zWdg,_Q]) uonio8g SS0.19

~T3~



II-4 Photo-dissociative formation of ion pair in H2

Hy + hv W+ W

t

McCullogh and walkerl)

experimentally studied the ion pair formation for
para-H2 and -for normal mixture of H2' This reaction occurs in very narrow
photon energy region ( 17.3-17.6 eV ), even though the energy region becomes

2) measured the cross

slightly wider at higher temperature. Chupka et al.
sections with higher resolution and determined the ratio of H'/Hz+ to be

0.004 at 714.20 A ( the most intense peak position for H+ production ) the
cross section being estimated to be 4 xlO"20 cm2 at the peak, as shown in

Figure 28.
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I11-5 Photo-dissociation of H2+

Hy' (v) + v > H+ W (1)

The photo~dissdciaticn of H2+ ions was first treated by Batesl) who used
the semiclassical method, i.e., the nuclear motion was assumed to obey the
classical mechanics, meanwhile electron was treated quantum mechanically.
Busch and Dunnz) measured the absolute cross sections for photo-dissociation
over the photon energy range from 2472 to 13012 A. Their H2+ ions were
produced through bombardment with electrons with the average energy of 128 eV
but were not in thermal equilibrium ( the average temperature of H2 gas being
100 C). The distribution of the vibrational states of ions was determined
experimentally. from the photon energy dependence of photo-dissociation cross
section of Hz-("observed“ column in Table 5) and also culculated using the
empirical electronic transition momemts of H, + e - H2+(v) + 2e
("calculated" column in Table 5). Assuming this distribution of the
vibrational states, the cross sections for photo-dissociation of H2+ jons
were calculated, as shown in Fig.29 together with experimental data. The
agreement between calculation and experiment seems to be fairly good.

Similar method was used by ArgyrosS) to calculate the photo-dissociation
cross sections for H2+ jons in thermal equilibrium. In his calculation,
the cross sections were averaged over rotational states as well as over
vibrational states, assuming the Boltzmann distribution. In Fig.30 are shown
the calculated cross sections as a function of photon energy from threshold
to 25000 A with the temperature-dependent parameter. It is noted that in the
photon energy range over 500-1200 A the dissociation via the repulsive Zpﬁu

4)

ctate is dominant. In this wavé]ength range, Saha et al. calculated the

excitation cross sections to Zpwu state from lsog ( v=0-18, J=1 ) state
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resulting in a maximum value of 6.89 x 10~ cm2 at around 800 ﬁ, after

averaging over the vibrational states.
References
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Table 5 The distribution of the vibrational states in H2+ ions used in= .

taking data in Fig.29.

v observed calculated
0 0.119 ° 0.11916
1 0.190 0.18994
2 0.188 0.18791
3 0.152 0.15173
4 0.125 0.11097
5 0.075 0.07732
6 0.052 0.05270
7 0.037 0.03564
8 0.024 0.02411
9 0.016 0.01638
10 0.0117 0.01121
11 0.0082 0.00773
12 0.0057 0.00536
13 0.00374 0.00374
14 0.00258 0.00258
15 0.00175 0.00175
16 0.00109 0.00109
17 0.00056 0.00056
18 0.00012 0.00012
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I1-6 Radiative association of H and H'

v

This is the inverse process of photo-dissociation of H2+ and was studied
by Bates §emic1assica11y1). A quantum mechanical calculation was done by
famaker and Peekz). The rate coefficients of the molecular ion formation are
shown in Fig.31 for both treatments. The quantum effect turns out to be
quite apparent for T < 500 K, where T is the temperature. For T > 500 K, the
quantum calculation seems to be less reliable than the semiclassical, but the
difference between them is within 5 %. Ramaker and Peek3) also calcuiuted

the rates for this process due to the induced emissions under intense

radiation fig]d.
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1. D.R. Bates, Mon. Not. Roy. Astr.Soc. 111 (1951) 303

2. D.E. Ramaker and J.M. Peek, Phys. Rev. A 13 (1976) 58
3. D.E. Ramaker and J.M. Peek, J. Chem. Phys. 71 (1979) 1844

—81—



() eianiesadwa |

01 701 01 01 01 I

T I I
[eoisse|n Joz-01

KT
o\
wniuenp a0l
-a-01
/
n-01
/ 1a1-01
| AYy4 ‘H—,H+H

(0es/cwi0) 81ey

— 82—



III Ion/atom/molecule collisions
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III-1 Vibrational excitation of H2 by proton impact

+ +

H™ + Hy(v=0) » H" + Hy(v') - AE (1)
The vibrational energies AEV. are given as follows:

v! 1 2 3 4
AEV.(eV) 0.516 1.003 1.461 1.890

Several investigations on this process were made. The absolute cross
sections are reported only by Herrero and Doeringl) who claimed, by
considering the angular distribution of the inelastically scattered
particles, that the measured values are interpreted as the integral (or
total) cross sections at above E = 100 eV, meanwhile they are only the
partial cross sections in the forward direction within the acceptance angle
of + 1.9° at lower energies (see Fig.32).

The classical trajectory calculation based on the ab initio potential
surface of H3+ ions were made by Gentry and Giesez). Kruger and SchinkeB),
using the same interaction potential, made the quantum calculations. After
calculating more accurate potential surface, the cross sections have been
evaluated using the infinite-order-sudden method.4’5) These results are
found to be in good agreement with relative differential cross sections

determined by Hermann et a].G)

Though the theoretical results from different
approaches agree fairly well with each other, serious discrepancy,
particularly at lower energies, is clearly seen between experimental and
theoretical values. This is partly due to the limited acceptance angle in

the experiment, resulting in smaller cross sections. ;)
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III-2 Lyman-o 1line emissions in H+ + H2 collisions
One of the possible processes resulting in the emissicn of Lyman-a

line in the collisions is the charge-capture into projectiles:

H' + Hy > B {zs, 2p) + [ H,'] A (1)
and the other is the dissociative excitation of targets:

HY + H, > HY + H (25, 2p) + [H] ‘5

n 2 7 I s P A “Op (2)

Here [ ] indicates the inclusion of all the possible processes including the
ionization, excitation and so on.

The Total cross sections (o_ + ct) for the 1ine emissions for processes (1)

P
and (2) were measured by Dunn et a].l) and van Zyl et a].z) In these
measurements, the oxygen-filters were used to select Lyman-o emissions and
the detectors were set at 90 with respect to the projectiles so as to
minimize the bopp]er shift. In both measurements, no electric field to
quench the metastable state atoms H*(Zs) was used. Therefore, their data can
be assumed to correspond to total H*(Zp) production cross sections.

Bayfie1d3)

set his Lyman-o detector far from the collision region to quench
the projectiles in the metastable 2s state and, then, determined the cross
sections for capture into 2s projectils state op(25)(see Fig.33).

On the other hand, Birely and McNea]4) observed photons emitted at 54.7°
and 125.3° to separate the unshifted lines due to the dissociative excitation
process(2) of targets and the shifted lines due to the charge capture
process(1l) into projectiles. They applied the quenching electric field to
observed the emissions from H*(Zs) state. The measured emission cross
sections include the cascading effects. For exampie, the 2p state is formed
directly by collisions and also by cascading from the 3s and 3d states after

the Balmer-o emissions. Considering the T1ife times of these states and their

excitation cross sections, Birely and McNea14) concluded that the
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corrections due to the cascading effects are less than 2% for op(ZS), less
‘fﬁénré% fok‘ébéépj,and ct(és) and less than 15% for ot(Zp). The measui-ed
créés~sggtions op(2p), ot(25) and ot(2p) decrease sharply with decreasing
the collision energy. Thus, the cross sections below a few keV observed by

Dunn et a].l) ahd'van Zyl et a1.2>

are interpreted to be mainly due to the
charge capture into 2p state of projectiles. A shoulder of the cross
sections at around 1-2 keV is explained to be due to the coupling between the
ground (1s)state and excited state (2p)2). In fact, the cross sections of
capture into the ground state of projectiles become largest there. However,

further investigations are necessary tc understand this shoulder.
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III-3 Lyman - o line emissions in H + H2 collisions
In this collision system, two processes contribute to Lyman - ¢
emissiong : ‘
H+H, ~ ﬁf( 2s, 2p ) + H, op:projectile excitation (1)

X
+H+H(2s,2p )+ H ct:dissociative excitation (2)

In their experiment, Birely and McNea]l) produced the neutral projectiles by
neutralizing protons passing through_an Ar-filled chamber and deflected away
protons by the condenser plates which also quenched the metastable atoms
produced in tne chamber. Then, only the gro'nd state hydrogen atoms H(1s)
are contained in projectiles (see Fig.34).

Similar technique was used by Morgan et a1.2) to determine cp(Zp) and

ot(Zp). Their data are normalized to those of Birely and McNeal at 15 keV.
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I11-4 Lyman-a line emissions in H2+ + H2 collisions

A number of processes should be responsible for production of the

Lyman-a 1ine in this collision. The following two processes are fypical:

*
52+ +Hy ~H (2s, 2p) +[H] + [ H2+] : dissociative charge capture

into projectil (1)
L3 -
-> ﬁ2+ +H (2s, 2p) + [H] : dissociative excitation
of target (2)

At higher energies, these processes are coupled together. The sum of the
cross sections leading to production of Lyman-a, Zo (2p}, was measured.l’z)
Nata by van Zyl et a].z) are normalized to that by Dunn et al.l) at 3 keV
(see Fig. 35). The errors of the absolute cross sections are + 55%. It
should be noted that, at the same collision energy, these cross sections for
production of Lyman-o line in H2+ ion impact are about a factor of two larger
than those in H+ ion impact, indicating that two hydrogens in HZ+ ion behave

independently.
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ITI-5 Countable UV emissions in H3+ + H, collisions

' The cross sections for the countable uv line emissions in this
co]lisiops system were measured by Dunn et a].l) (see Fig. 36).
Unfortunrately, no cross sections for the state;specified line emissions are

reported.
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I111-6 Balmer-c line emissions in H+ + H2 collisions

The Balmer~a Tine ( n = 3 » 2 transition) and Balmer-g8 Tine {n =44 & 2)
are proguced either by the charge transfer into projectile protons

+ * = + . -
H+H2+H(n-3,4+2);l'.H2 "‘U{') (1)

or the dissociative excitation of targets

H 4+ Hy» W+ H (n=34-2)+ H o, (2)
The experimental methods are essentially the same as those used for the
Lyman-o. measurements : The Doppler shift is used to separate the emissions
from projectiles and those from targets. Using the differeace in the
life-times of those states produced by collisions, the states can be resolved
by setting the detectors at different positions from the collision region.
The branchipg ratios in 3s+2p and73d+2p transitions are botn unity'’,
meanwhile that in 3p»2s transitions resulting in the Balmer-a Tine emissions
is 0.12. Therefore, the measured cross sections o(3p + 3d) correspond to the
sum of the cross sections for the excitation to the 3d state, o(2d), and 12%
of those to the 3p state, o(3p). The cascade contribution must be taken into
account because the branching ratio for 4f+3d is unity. The estimation of'

2)

the cascades is done by Williams et al.”’ who show that their contribution is

less than 2% for op(3$), less than 9% for o _(3p + 3d) and less than 15% for

p
O~ The data shown in Fig.37 are based upon mainly those by Williams et al
.2) It is clearly seen that at Tower energies the charge capture into 3p and

3d states of projectiles is dominant, meanwhile that into 3s states becomes

3)

dominant at higher energies. Data by Loyd and Dawson”’/ for o _(3s) are in

_ P
agreement with those shown. On the other hand, data by Dawson and Loyd4) for

op(ap + 3d) are by a factor of about two smaller than those shown. Though

the results by Hess for o 5) are by aifactor of 30-40 smaller than those by

. p - L
Williams et al., the energy dependence seems to be very similar. Then, data -
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by Hess at 0.5 - 2 keV are shown by horma]izing to that by Williams et al.

1.5 keV.
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IT1-7 Balmer-a and -8 Tine emission§ in H + H, collisions
The Balmer-a and -8B lines can be produced through either excitation
process of projectiles
H+ H2 - ﬂ*( n=3,4 » 2 ) + H2 : o (1)

or the dissociative excitation process of targets

H+Hy»H+H (n=3,4>2)+ H. : o,  (2)
These neutral ground state hydrogen atom projectiles are provided either by
the neutralization + electric quenching technique or by the photo detachment
technique from H™ beam. As van Zyl et a].l) observed the Balmer-a and -8
emissions at 90c only, they could not separate the emission lines from
projectiles and those from targets. But they determined the cross sections,

Zo (total), cp(35) and o ( 3p +3d ) + o, over the energy range of 0.05 - 2.5

p
keV. Based upon these cbserved values, total cross sections for projectiles,
op, and for targets, Gys Can be deduced and are shown in Fig.38. These data
are in fairly good agreement with those by Williams et a1.2) (1.5 - 100 keV)
at the overlapped energies. Thus, the main contribution to the observed
Balmer-B line emissions at Tow energies comes from the excitation of
projectiles into 3p and 3d states. op(3$) is less than 20% and Oy is only a
few percent. On the other hand, at higher energies, all the cross sections
become comparable.

Similar situations are seen in the Balmer-g line emissions, though no
estimation of o> which may be small contribution to total cross sections,
can be made. It should be noted that, as the branching ratio for 4s + 2p

transition is 0.58, the measured emission cross sections, o(4s), correspond

to 58% of the excitation cross sections, cE(4s), of projectiles. Similarly,
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o(4p + 4d) is equal to 0.12 oE(4p) +'0.74oE (4d). The cascade contribution to
the Balmer-o and -8B lines is estimated to be not too large, according to the
analysis by van Zyl et a].l) though the branching ratios for nf+3d and nf+4d
transitions are not negligible.

Note that data by Hughes et a1.3) (10-35 keV) seem to be too small
because %he energetic excited atoms (for example H(3s)) arising from the
dissociation of H2 may emit the Balmer line photons outside the

detector-viewing regionz).
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III-8 Balmer-a and -8 Tine emissions in H2+ + H2 collisions

In these collisions, the following processes are responsible for Balmer

line emissions; dissociative charge transfer into projectiles:

HY +H, » H (n=3,8-2)+ H+ H' o (1)

=2 2 - ’ - 2 p
dissociative excitation of targets:

Hot +H, »HY+H (n=3,48>2)+ H 5 (2)

=2 2 -2 > ) t

Williams et a1.l)

measured op(3s), ap(3p + 3d) and o, over the energy range
2-100 keV. .Based upon these data, the cross sections for total cross
sections for Balmer-o, op(Ss), op(3p + 3d) and o, are shown in Fig.39.

As expected, the dissociative excitation of targets becomes dominant at
higher energies. Also this process again becomes dominant at lower energies.
In contrast to the Ralmer-o line emissions, the ratios of the cross sections
for H2+ impact'to those for H' impact are not a factor of two but change with
the collision energy.

Similar data for Balmer-a line emissions were reported by Hatfield and

Hughesz)

whose values are consistently smaller by a factor of 2 or more and
by HessB) whose values are a factor of about 30 smaller than the data shown.
The cross sections for Balmer-g Tine emissions by Hatfield and Hughes
are also shown in Fig.39. It should be noted that these values might be too
small, as noted in the Balmer-o 1ine emissions. The contribution from the
dissociative excitation of targets becomes significant at higher energies,

meanwhile the dissociative charge transfer processes into projectiles are far

—-103—



dominant at low energies.
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III-9 Balmer-o line emissions in H3+ + Hy, and H, + H, collisions

Similar to other collision processes, the Balmer-a line emissions
origfnate either from projectile (o ) or from target (°t)' The emission cross
sections were measured by Williams et a].l) over the energy ranye 0.67-3.3
keV/amu. Total o, cp(3s), op(3d + 3p) and o, are shown in Fig.40. Ratio of
these values to those by protons and by Hz+ ions changes in complicated
manners. Thus, H3+ ions can not be equivalent to three independent protons
in these collisions.

Also the Balmer-o line emission cross sections were determined in
H2 + H2 collisions nver the energy range 5-50 keV/amu.z) At 5 keV/amu,

¢ total = (7.7 + 2.5) x 10718 cmz, op(3$) = (2.9 + 0.8) x 10718 cn? and

18

cp(3a +3p) = (4.8 + 2.1) x 10” cm2, decreasing with decreasing the

collision energy.
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ITI-10 Charge transfer and stripping of H+, H” and H™ ions in collisions

with H2 molecules

The cross sections fdr the following processes have been surveyed and
compi]edl)(see Fig.41):

-

+ 0 +

HY + Hy > 1+, (1)
> H + 20" (2)

+

H0+H2+H te+ H (3)
+H'+H2+ (4)

H‘+H2+H°+e+ H (5)
+ H + 2 + H,. (6)

These cross sections are generally determined tnrough direct observation of
the charge-changed projectiles. However, because of difficulties of
collecting all these projectiles at very low energies, the cross sections
are often estimated by means of the measurement of secondary electrons

and/or secondary ions.
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I1I-11 Electron capture by H?+ ions from H2 molecules

[4

Hy (V) + Hy(v=0) > Ho(v') + H,"(v") (1)

The apparent charge transfer cross sections using H2+ ions of the unspecified

1-5) and a recommendation for these

states were measured by a number of people
cross sections was made by Barnett et a].a)(see Fig.42). The projectile H2+
jons used were mostly produced by electron impact. Therefore, the
vibrational states (up to v=18) of projectiles are considered to be populated
according to the Franck-Condon principle. These cross sections show the
character of the resonant-charge transfer up to about E=500 eV and, then,
begin to increase with increaéing the collision energy. This increase is
interpreted to be due to the opening of the non-resonant charge tranfer at
higher energies. On the other hand, a'steep decrease of the cross sections
below a few eV is due to the opening of the competing ion-molecule
rearrangement collisions:
Hy' + Hy > Hy' + H. ' (2)

The dependence of these cross sections on the vibrational states of H2+
ions was also investigated theoretica11y7) and experimenta11y.4’9’10)
In a recent experiment by Liao et a].lo), their vibrationally state-selected
Hz+ ions were created by photoionization and their cross sections were
normalized to those of Barnett et a].ﬁ) For normalizaion, they selected the
wavelength of photons ( 688 A ) to produce H2+ jons, whose vibrational
population was assumed to be the same to that for H2+ ions produced by

electron impact. Their results show that the cross sections of charge

transfer for the lowest vibrational states, v=0 and v=1, over the energy
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range 8-400 eV have their maximum at around 10-20 eV, meanwhile those for
higher excited states, v<18, increase with decreasing the energy, similar to
the resonant charge transier. Generally speaking, the vibrational state
dependence of the cross sections seems to be not too large.

The final vibrational states(v") of the product H2+ jons were also
investigated, with the result that about 90% of the product H2+ ions at their

energy range are in the ground state.
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I11-12 Charge transfer, excitation and ionization in HT + H collisioens

A1l the cross sections for these processes have been compiled

W+ H »

>

R

- >
R

R

R

>

H+H

H'(2p) + H*
H(2s) + H'
W + W (2p)
HY + H'(2s)
i+ W (n=2)
HY + H'(n=3)

HY + HY + e

(6)
(7)
(8)

1)

(see Fig.43).

Clearly at ‘lower energies the symmetric charge transfer process (1) is far

dominant over other processes.

Reference

1.

H. Tawara, T. Kato and Y. Nakai, IPPJ-AM-30 (1983)
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ITI-13 Stripping, excitation and charge transfer between neutral hydrogens

”.

A11 the cross sections for the f011ow1ng proéésses have been

coﬁbi]edl)(see Fig.44)i

. H+HoH (1)
> H(2s) (2)
> W' (2p) (3)
T (4)

Reference

1. H. Tawara, T. Kato and Y. Nakai, IPPJ-AM-30(1983)
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I1I-14 Stripping of H™ ions

The cross sections for H™ ions in collisions with H targets have been

a]ready'compi1ed in our previous compi]ationl)(see Fig.45):

H +H »H+H+e (1)
> H+H + 2 (2)
> H . (3)

At low energies, pure single electron stripping process (1) is dominant,
meanwhile single electron stripping + target ionization process (2) becomes
dominani. at nigh energies. Further it is noted that at higher energies
double electron stripping process (3) overcome pure single electron

stripping process.

Reference
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II1I-15 Ionization of H2 mo]ecq]es by H+, H2+ and H3+ jons

. + + +
H +Hy, > H +H, +e (1)
+ + +
Hy' + Hy > Hy” +Hy +e (2)
+ + +
Hy" + Hy, » Hy' +H, +e (3)

The cross sections of pure ionization of H2 molecules by ion impact are

determined through measuring the secondary e]ectrons.l)

So the ionization
through charge transfer into projectiles is excluded. At lower energies the
ratios of the cross sections for H2+ and H3+ ions to those for H' ions are
more than 2 and 3, respectively, and tend to become small at high energies

(see Fig.46).

Reference
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III-16 H3+ ion production

+ +
H2 (v) + H2 - H3 + H (1)
This "process is important in formation of H3+ ions. THe following two
processes contribute to H3+ ion production:
) ﬂz+ + H2 > ﬂ2+ H+ H (atom transfer) (2)
+
Hy” + H

+ . . . X .
The H3 jon formation cross sections were measured using various experimental

o *H 4 W H, (proton transfer). (3)

methods: tandem-mass spectrometerl), merging beams technique,2’3) threshold

4)

electron-secondary ion coincidence method™’, radio-frequency beam-guide

technique.5) The measured cross sections are found to follow the
-1/2

-

theoretically expected E dependence below 1 eV(see Fig. 47). The steep
decrease .of the cross sections above a few eV is due to the competing charge
transfer process :

Hy' + Hy > Hy + Hy' (4)
The cross sections are found to be dependent upon the internal states of H2+
ions. For example, only the first four vibrationally excited states are
expected to play a role, the contribution of the ground state of H2+ jons

6)

being dominant. In fact, the observed dependence of the cross sections on

the initial vibrational states®*5)

in atom transfer process(2) seems to
fo]]ow this expectation. This also seems to be true in proton transfer

| process(3) at low energies. However, the situation for proton transfer at
higher energies is reversed. The reasons for this difference are not well

“understood. It shou]d be noticed that the cross sect1ons shown in Fig.47

were obtained using the merg1ng beams techn1que2) where the vibrational state

distributions in neutral molecules are fa1r1y broad because they are

prepared using the charge-transfer reaction, H, (v) + Hy » Hzo(v ) + H2+.
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Data of Giese and Maier seem to be ‘fairly large, particularly at low

3)

energies. Douglass et al.”’ estimated the vibrational state distribution in
their neutral beam by convoluting the Franck-Condon distribution for the
jonization HZ(U) -+ H2+(v) by electrons and again with the Franck-Concon
distribution for the charge-transfer process, H2+(v) > Hz(v'). The average
vibrational energy is estimated to be 2.5 eV. To distinguish two processes'
(2) and (3) from each other, the isotope ions are often used. The results of

3)

Douglass et al.”’ can be fitted to the following form over the energy range

of 0.01 to 8 eV ( shown in Fig.47 with solid lines ):
109100 =(81 + B, 10910 Ei) F(-y) + (83 + By 10910 Ei) F(y),
where

- - 2
y = “0910 E'i Bs) BG
and

Fly) = & / (1Y),
The adjustable parameters Bn corresponding to the center-of-mass energies Ei

in eV 2 are given in the following table for the measured processes.

initial ot + D, ~+ 02+ + HD -

. + + + +
final HD," + D D" + H HD," + D D3* + H
B, 1.2438 0.7703 1.0719 0.6294
B, -0.4146 -0.5242 -0.4249 -0.5232
B -1.6950 -0.2259 1.0529 -0.0260
B} -8.1470 -2.8924 -6.1341 ~2.1136
B 1.4972 0.8912 1.1622 0.5060
B 1.5638 1.6516 1.4880 1.7555
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I11-17 Destruction of H3+ ions

-

H3+ ions can be destructed through a number of processes. Only the

cross sections for the following processes have been determined(see Fig.48):

+ +
Hy' + Hy, = H +2H, (1)
+
) *Hy,” +H, +H (2)
° +
+ Hy +H, (3)
+ total destruction. (4)

The measurements at low energies were reported by Lange et a].l) and

Huber et a].z)

who noticed that the isotope effect between H3+ and 03+
becomes clear at energies lower than 100 eV/amu because of the difference in
the internal energy (at 30 eV/amu, the cross section for 03+ ions are about
a half those for H3+ ions.)

On the other hand, total destruction cross sections of H3+ ions at
higher energies have been determined by Williams et a1.3) who found that the

cross sections can be varied with the ion source condition.
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I11-18 H," + Hy" and H3+ + H3+ collisions

The following processes are possible in H2+ + H2+ collisions:

¥

+ + + +
Hy" + Hy” + H+H + H, oy (1)

> H+H +H+H. t g, (2)
According to the calculation based upon the sudden approximationl), these
cross sections are given as follows over the energy range 10 - 100 eV ( with

the uncertainties of + 50%):

1.2 x 10716 E"I/2 (cmz)

%

6.9 x 10”10 g=1/2 (cm?),

%

where the collision energy, E, is given in eV. Thus, in this collision
system, i) the simultaneous dissociation process SZ) of both particles is
most likely to occur, ii) as o is fnverse1y proportional to the square root
,of-the dissociation energy of molecular ions, these cross sections for the
vibrationally excited states become larger than those for the ground state,
and iii), as the Coulomb repulsion between ions becbme significant at Tow
energies (< 20 eV), the cross sections are reduced.

A preliminary experimental result for H2+ + H2+ collisions shows the

16 2

cross sections for proton formation to be (0.87 + 0.51) x 107" cm“, at 7.3

eV which is compared with theoretical values of 3.4 x 10—16 cm2°

Simitarly in H3+ + H3+ collisions, the followings are probable:
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The above calculations result in the cross sections for each process:

03 = 3.3 x 107V gl/2 (cmz)

4.8 x 10716 g-1/2 (cn?)

9

over the energy range 20-100 eV. Similar to H2+ + H2+ collisions, the

simultaneous dissociation process (4) is likely to occur.
Reference
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III-19 Collisions between ions

H + H - H(nz) + H(ne) (1)

' ' > H +H+e (2)
> H +H (3)

) > HzT + e (4)

The cross sections for single electron transfer (1) between positive and
negative ions (mutual neutralization) have been investigated over a wide
range of the collision energy. Data shown are in Fig.49 based upon recent

experimenta]l'B) and theoretical resu]ts.4’5) They are found to follow their

El/z-dependence at very low energies where electron is transferred dominantly

to n=3 state.s)

Previously observed structures at the energy of a few tens of eV to 200 eV
have not been confirmed.6’7) Data by Gaily and Harrison and by Rundel et al.

are fairly larger than those shown.a’g) The recent calculation by Shingal et

10)

al. using two-center atomic expansion method with travelling atomic

orbitals show more rapid decrease of the cross sections at higher energies
(above 10 keV), compared with data shown in Fig.49.

The cross sections for process (2), electron detachment from H™ ions, have
been determined by subtracting the mutual neutralization cross section from

total cross sections for formation of neutral atoms from H ionsl) and are

11)_

found to be in agreement with recent calculation The experimental cross

sections for double electron transfer process(3) show some structures or

oscillations at the energy of around 100 eV.12’13)

The cross sections for the associative ionization process (4) were measured

14) 15)

by Poulaert et al. and examined theoretically by Urbain et al. over tne

-129 -



energy range of 10"3 - 5 eV, The agreement between experiment and calculation
is found to be good, particularly at Tow energies where cross sections

decrease roughly with el
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I1I1-20 Molecular formation through three-body collisions

H+H+M = H2 + M (M=H,H2) (1)

D+D+M > D2 + M (M=D,DZ) (2)

The rate coefficients for these processes were usually determined with
shock-wave tube technique. Data shown in Fig.50 are taken from other
compilationsl) which are mainly based on experimental dataz). Those for M=H2

-0.67

and 02 seem to roughly follow the T dependence if data over the

temperature range 77-300 K are used.z)

(It should, however, be noted that,
because of difficulties in data analysis, discrepancies among experimental
data are often large. The rate coefficients for M=H and D seem to be fairly
larger (by a factor of 10) than those for M=H2 and 02 shown in Fig.50.

Theoretical calculations are still few and not well established yet.3)
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III-21 Thermal dissociation of H2
The thermal dissociation process
M+ H, > M+H<+H

has béén investigated thrdugh shock wave tube experiment. The rate
coefficients measured by Breshears and Birdl) are shown in rig.51 (solid
lines) -and the following analytic formulas can be used to express these data
in (cm3/m01.s) over the temperature range of 3500-8000 K:

MeH, : 5.48 x 107 exp(-53013/T)

M=H : 3.52 X 107 exp(-43900/T).

2)

For comparison, the compiled data by Kondratiev™’ are expressed by the

followings:

MeH, : 4.90 x 107772 1-exp(-6000/T) exp(-51980/T)
| (for 300-3500 K)
2.99 x 10”%13/2exp(-51980/T)
(for 3000-4500 K)

M

H: 2.00 x 10°87"1/2 exp(-51980/T)
(for 3000-4500 K)

and also shown in Fig.51 (dashed lines).
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