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Abstract

The atomic and molecular data involving atomic hydrogens, molecular

hydroger.s and positive and negative hydrogen ions unde†､ electron, photon

and ion/atom/molecule collisions,叫hich are re一evant to the study of

cold edge Plasmas, are surveyed and compiled.
+
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王ntroductiori

Up to now, much, attention has been paid to the understanding of

characteristics and behaviour of hjgh temperature plasmas in order to
叫エ,

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 plasmas, 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

typica一 apparatus are shown jn the fol一owing tab一e.1)

edge plasmas

scrape-off plasma peripheral plasm尋 core pl尋Sma

ne 1010-1013/cm3 1012-1013/cm3 1013-1014/cm3

e l - 100 eV 50 - 1000eV 1 - 20 KeV

General characteristics of such co一d edge plasmas are 1) low

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

1013 /cm3 ). Even at such low temperatures, therefore, the ionization

rates are still high ( 90% ). Then, there are a large number of ions (

main一y protons).
Therefore, the col=sions involving mo一ecular
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hydrogens in the ground and excited states, atomic hydrogens,-positi.ve亨and

negative hydrogen ions, electrons and photons seem to play an important role in

such low temperature plasmas. In order to understand and simulate the

r

behaviour of such plasmas near the edge, A/M ddt.a at low energies are

necessaril, Few compi一ations of such A/M data at low energies are avai一able

presently2主.
In as early as 1975 _ 19763･4), c.mpilati.ns.f 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 col一isions 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 t･ry to eva一uate 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 compi一ation, the sections are divided into 1) e一ectron collisions,

2) photon collisions and 3) ion/atom/mo一ecule co一lisions, each section being

further divided into a number of sub-sections. The r･elevant references are

glVen at the end of each sub-section.

For the convenience, we show the potential energy curves of

hydrogen molecule taken from a paper by Sharp5) in Fig.1.
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トi RutLltional, vibrational and electronic excitation cross sections of H2

and D2 by e一ectron impact

1.Experiment

The selected va一ues of the experjmental cross sections for the

rotational, vibrational and e一ectronic excitations of H2 and D2 by e一ectron

lmPaCt are Shown in Figs. 2-13, together with typical theoretica一 results.
●

The excited states considered and the sour･ces of the cross sections ar･e

一isted in Table 1. Recent experimenta一 and theoretica一 situations in

electron-molecule co=sions were discussed extensive一y by Trajmar et al.1),

csanak et al.2) and Tra)mar and Cartwright.3)

As an illustration, the cross sections are sumarized 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, swam, E3) and Linder and

Schmidt(J=l-3, beam, E4). Their cross sections are shown in Fig.3.

There ar･e many measurements for the vibrational excitation. Almost all

コf the measurements were carried 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)

･3nd A一lan(v=1,2,3,4,5,6, beam, E8). A一lan measured relative cross sections

for various vibrational states and no･rmalized 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 Kaldor4)･

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
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ca一ibration methods employed･ In the excitat10n Processes Of =2 aC･COmPanjed

by VUV photon radiation, the cross sections are ･usu'ally determined by

normalizing the re一ative phot()n intensity to an established Lyman-cL emission

cross,section at a certai'n electron energy or to cross see+J'ons calculated by

the first Born approximation at high electron energleS. Recent一y, Shemansky
●

et al.(巨lo) re-estab一ished the Lyman-α emission cross section (o = 8.18 x

10-18cm2 at lOOeV) as a standard. The cross sections dete,mined by A]ello et

al.(optうcal, E9) are re-normalized to this new Lyman-cL emission cross section

by the present authors. de ‖eer and Carriere(optica一, E12) normalized the

measured relative intensities to the absolute values calculated by the first

Born approximation at 1500eV. Khakoo and Trajmar(beam, Ell) measured the

excitation cross sections by the electron ener'gy loss spectr.oscopy. 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･里(1983) 219

IIElectron Scattering by Molecu一es II. Experimental Methods and DataI1

2. G.Csanak, D.C. Cartwright, S.K.Srivastava and S.Trajmar,

Electron-Molecule lnteractjons and Their App一ications vol.1 (ed. by

L.G.Christophorou, Academic Press, 1984) p.1

3. S.TraJ'mar and D.C.C戸rLtWright, ibid. p.155

4･ A･Klonover and U･Kaldor, J･ Phys. B& (1979)3797
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1able 1. Exper'iltlentar'y eetenTn'ned cross sections for rotational,

vjbratjonal and e一ectronic excitations of Hz･ by electron lmPaCt･

Excited stalteS

Tota一

x
l=g+,

v=o, J=0+2

J=1十3

x
l∑g+,

v=o+1 (J:unresolved)

(AJ=O and J=1+3)

B
l∑+

u

B･ 1∑こ,Bけ1∑こ

c

l
∬
u

DlⅡu, Dl

1
Ⅱ
u

a 3∑J

b 3=.:

c

3
n
u
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2. The()rlV
__.三____

_
三_

=___V

2-1: vibrational excitati_on

Therc are many calculations reported for the vibrational excitation of

hydrogen molecules in lower e･nergy region (below 10 eV). In his review, Lane

discussed extensively those calculations published･ before 1980.1) Further,

he has glVen an additional remark in his recent review talk at the XIII

ICPEAC.2)

The most complete calculation reported so far is that made by Klonover

and Kaldor.3) They treated ab initio the static, electron-exchange and

polarization interactions, but resort to the adiabatic nuclei approximation.

Theiy･ result for the excitation v=0+1 is compared with the experimental

data in Fig. 4. T'ne 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 energleS 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 cros.s sections･ There is a large

discrepancy depending on the scatterlng angles> though a good overall

agreement is seen with the measured data･

Truhlar and his colleague6･7) made the Born anQ modified Born

calculations up to 912 eV. Their valuesl howeverl are much dependent on the

effective potential adopted in their calculation･

References

1. N. F. Lane, Rev. Mod. Phys.壁(1980) Z9

2. N. F. Lane, in Electronic and Atomic Collisions, ( ed. by J. Eichler, I.

v. Hertel and N. Stolterfoht, EIsevier Sci. Pub, 1984) p.127
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3. A. Klonover and U. Kaldor, J. Phys. Big_ (1979) 3797

4･ M･ AI Morrison, A. N. Feldt and B. C. Saha, Phys. Re-v. A迎(1984) 2811

5･ N･-T. Lee and L･ C. G. Freitas, J. Phys. Bi?_ (1981) 4691

6.
D:G. TruhlarandJ. 良.Rice, J. Chem. Phys.壁(1970) 4480や

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

2-2: electronic excitation

ln Table 2, a list is glVen Of the calculations reported since 1970 for
●

the excitation of the electronic states of H2･ A similar list and rather

extensive discussion on the theory (and also the experiment) are presented in

a recent review by Trajmar and Cartwright.1).1Some 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. rThis r占flects the difficulty in七he

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 fed hundreds of electron volts). Their re一iability,

however, is to be confirmed experimentally.

1. S. TraJ'mar and D. C. Cartwright, in E一ectron-Molecu一e lnteractions and

Their Applications vol.1 ( ed. by L. G. Christophororu, Academic Press,

1984) p.155
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Table 2. Theoreモーical calculations･for electron-impact excitat,ion of the

electronic states of H2 Pub一ished since 1970･

Excited･ states

B
l∑+u

Bl
1=+･u

Bl l1=+u

c

l
Ⅱ
u

D

l
Ⅱ
u

Dl

1
Ⅱ
u

E,F
l=+

H
l=+g

i

l
刀
g

a 3∑;

b
3=+u

References

1, 2,5,7,8, 10,16

1, 2, ll, 16

1, 2

1, 2, ll

1, 2

1, 2

1,2, 10, ll

1, 2

1, 2

3,5, 13

3,4,5,7,9,12,13,14,15,17,18,19

3, 5, ll

3, 5
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References to Table 2 -

method of calculation
-
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●

2 G. P. Ar'righini, F. Biond_i and C. Guidotti, A. Biagl and F. Marinellil,I

Chem. Phys.壁(1980) 133 Born
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Ⅰ-2 Dissociative excitation of H2 by electron impact

e+H2 すPhotons

The cross sections on dissociativ? excitation by electron impact are

ofteh measured through photon detections ( see Fig. 14).

(1) Emission cross sections of Balmer-α, β, y and 8 一ines.

e'H2ヰe+H+H+hv(n:3十2) 臣almer-α (1)
ヽ

(n=4+2) Balmer-β (2)

(n=5ナ2) Balmer-y (3)

(n=6+2) Balmer-8 (4)

A numb昏r of the abso一ute emission･cross sections of Balmer-α, β, y and 6

lines from H2 have been reported･ The agreement among different measurements

seems to be fair一y good except for those by Vroom and de Hee一 whose data at

lower eney9ies (be一ow 150･
eV) show slight一y different b申avior･ A一so these

emission cross sections for D2 Rave been determined･ The cross section

ratios o(H2)/0(D2) for H2 and D2 are Varied with the e一ection energy･ For

examp一e, those for Balmer-α line change from 1.4 at low ener91PS tO 1.1 at
●

high energies (above 100 eV) and those for Balmer-B line change from 1.7 at

low energies to 1.1 at high ener･gies(above 60
eV).

(2) Emission cross sections of Lyman-α and -β
一ines

e+H2+.e'H+H+hv (n=2+1) Lyman-α (5)

(n=3+1) Lyman-β (6)

=u叩a and Zipf5) determined their abso-ute cross sections from ratios of

the cross section for production of the Countable ultra-violet (CUV)

radiations to the帥ss sections for excit8tion of Lyman-α radiations6) which

absolute value is taken from that at 一oo eV･by Long elf al.7).,･taking into

account the contribution of molecular radiations transmitted through a LiF-02

filter8).
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′

lhjs va一ue (1.2 x灯1'/ cm≠十_11ciHat･100･eV){wasoften used aLS-a Standar.id for.

dete†､mTng the cross sect】ions for other col一ision processes for more than 10.

years.9･10) hGbCVer, Very recent一y Shemansky et al.ll) have reexamined

carefully and redetermined the cross sectjon which shou一d be (8.18土1.20) x

iO-18 cm2 at 100 eV, based upon the Born approximation ca-culation for H2

Rydberg system cross sections uslng 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.14 taken from the brlglnal values
●

●

by Mumma and Zip5), A]ello et at.5) and Vr･oom and de Heer,2) have been

coryected in this way.

3) Production cross sections of metastable H(2s) state

e'H2+e+H+H(2s) (7)

vroom and de Heer2) and later M6･hlmann et al.9) measured the production

cr･oss 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 s･tate was also reported by Cox and

smith.12) in their experiment, the abso一ute scale was establjshed on a

purely experimental batsis in contrast to M6hlmann et al.9) whose measured

relative values were normalized to the Munyna and Zipf cross section value at

the e一ectron e肥rgy Of- 100 eV. The method Cox and Smith uti一ized depended

on the application of art 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 M6hlmann et al.9) in the high energy

region. However, a considerab一e, discrepancy lS Seen between both resu一ts in
● ●

the lower e一ectron energy reglOn. The cross sections for produこいo11 Of

H(2s) state, shown in Fig.14, are deduced from the data by Cox and Smith for

-35-



D2 under the assumption that the ratios of rl(2s)from H2 tO D(2s)Jナrom U2 are

the same as observed by Vroom and de Heer2) (1.20) over the energy range

investigated.

4) Cross section for dissociative excitation to high-Rydberg atoms

-

schiavone et al.13) determined absolute exciLtati-on cross section for

production of high-Rydberg(HR) atomic fragments tlo be 2.2 x 10-20 cm2 at the

e一ectron energy of 100 eV from measurements of tota一 HR slgnal and other

experimental parameters. This cross section value was compared with that

obtained by Carnahan and Zipf14) after correcting the radiative decay effect

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

uncertainties was obtained.

5) Emission of the Merner-and Lyman-band systems

e+H2すe+H2☆ (ClⅡu +xl∑g+ ) werner-band (8)

(Bl=u+十Xl=g+) Lyman-band･ (9)

The cross sections for the emissA;ons of these bands were reported.15,16)

Though these processes are not dissociative事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 sumnarized briefly:

i) Many time-of-flight studies of H(A?s) metastable fragments produced in the

dissociative excitation of molecular hydrogen by electron lmPaCt Were
●

reported.14･17･18) Further, the dissociation into two 2p state atoms was

investigated.19)

ii) The kinetic energy d咋tributjonsof fragment atoms were also studied for

the states with short life times by means of analyzlng the Doppler
●

profiles of the Balmer emission spectra20,21).
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iij,'･ Tr-･e 8ngular djstributions of the dissGCjative products were reported by

=isakian a--d Zorn22) for H(2s)., by Takahashi et al.23) for H(n=3), and by

Kurawakj and Ggawa 24) for H(n叫.
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1

J

ト3 Simple ionization and dissociative ionization uf H2 by electrons

The followlng ionizatio'n processes are probab一e in electron lmPaCt On
●

H2 (see Fig･15):

e+H2 十

+

十

+

H2+ + 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 (,ontribution of process(3), to production of protons may not

be negligible and the differen_tiation of these processes (2) and (3) should

be lmPOitant. For a reference, the cross sections for ionization of atomic
●

hydrogens in ground and metastable states are shownこ

e+H + H++2e

e+H(2sい H++2e
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I14 Dissociative attachment to H2 and D2 by e一ectron impact
'-

e+H2十=+H~

The cross sections for dissociative electron attachnlent are Sphown in

Fig･16 whi占h is taken from our previous compilL.ationli3)･ ppact如11y ho

slgnificant change of these data is necessary except fらr one point. Recently
●

it ,has been confirmed experimentally and theoretfically that a small peak near

the lmPaCt energy Of 4 eV is strongly enhanced if H2 targets are in the

excited states (either rotationally o,
vibrationally)4-6).

For example, the

★

cross sections for D2 at the vibrationally excited states (v=4) are four to

five order.s of magnitude larger than those for the ground state (v=0). This

finding is now contr'ibuting to production of intense negative hydrogen beams

for app一ication to fusion research.
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●,.

I-5 e+ H collisions

The cros_s se_ct_i.ons for the following proce.s-se§ were
-measured -(.!･e_i2

Fig. 17):
見r_Li

ーe+ H す
e+H(2s)

十
e+H(2p)

す e + H(n=3)

す 2e+H+

(1)

(2)

(3)

(4)

Long et al.1)三meaSured the cross sections for Lyman-α radiation emission

observed at goo. Based upon their data, together with the correction for the

cascading and polarization effects, the cross sections for ls2p excitation

process(2) were established by van Wyngaarden and Malters2) who calculated

thenl uslng 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 effe-tt is estimated to be relative一y small.3) The cross sections

for ls+ 2s
excitat軸prolces岳-(1)

were determined by normalizing to those of

Long et al.1) for Lyman α radiation.4) The calculated values by Callaway5)

uslng the
･pseudo

state method are slightly smaller than the experimental
●

data.

Mahan et al.6)
investigated the Balmer-α line emission process corresponding

to process(3) and determined the cross sections by normalizing to the Born

appr･oximation at 500 eV. The ionization cross sections for process(4) are

taken from our previous compilation7).
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ト6 E-ettrorl ･† H2十colliSions

In electren + H2+ co11is･ions, the cross sections for the fol+lowing

手打oCeSSeS have been measured:

e+H2+◆ H++H+e

+ H++H++2e

す H++H-

★

十 日 + H

dissociative excitation

dissociative ionization

dissociat.ive recombination

dissociative recombination

+ total proton production.

(1)

(2)

(3)

(4)

(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 tha七日2+ beams used in the experiments

include various vibrational states which汀tay fol一ow approximate一y the

Frank-Condon principle and, therefore, the observed cross sections depend on

the actua- "stribution of these states･ If al=2+ ions are in the

vibrationally gf10und 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
processes(2)4) and (3)5)are more than one order of

magn仙de 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

extensive一y by means of the merg千ng-beams technique. Auer･bachret al.7)
have

shown rich structures in the cross section curve plotted as a furlCtion of the

collision energy under high energy resolution experiment. In Fig. 18, these

structures are-not shown, except for a few prpnounced structures observed in

H2+ ions in relatjve-y low vibrational states (v=0･1･2)･ Instead･ t-he

smoothed lines are drawnl both having the E-0･87-dependence over the energy

- 4'･7-



range of 0.01 - 4 eV. These data are roughly ln agreement With those of
●

peart即d Dolde･r8). A一so those叩eaSured using the ion-trapplng teChr,ique9)

are in agreement with other data over 0.1
ll.0 eVt. Recent一y an ana一ysis o･f

this process based on tわe multichannel quantum defect theory has been

reported by Takagi and NakamuralO) who reproduced the observed data7) well.

The dissociative recombination resu一ting in deuterium atoms in higher excited

states

e+D2+ + D+D*(nk=2p)ll) (6)

十 D+D★(n叫)12) (7)

was investigated by observlng the emitted photons. These cross sections are

one order of magnitude smaller than tota一 dissociatl've recombination cross

sections measured by Peart and Dolder13)･●

e+D2+ + D+D*･ (8)

It should be noted that the dominar]t fina一 state resu一ting from the

dissociative recombination process is expected to be n=3 from the

Landau-Ze.ner叩Odel ll).
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ト7 Electron + f13+ collisions

The cross sectjons for, the following processes have been measured:

e+H3十
+ H + H + H : dissociative recombination

H2+

H2十

日++

H : dissociative recombination

+ H : dissociative recombination

+ e

･
. dissociative ex'citation.

(1)

(2)

(3)

(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,

merged-beam, ion trapping or after-glow techniquel-6). comparlng these cross

sections, it should be borne in mind that the cross sections.are strongly

dependent on the internal ene･:gy of H3+ ions･ 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 slgnificant disagreemen･t among different authors who used H3+
=

ions 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. Thi主probably indicates

that H3+ ions うn their beam are almost relaxed to the vibrational ground

state･ through collisions in swarms.

similar results have been reported by Mitchell et al.7) who observed

significan七isotope effect of the cross sections (those for H3+ ions are

about thlree tjmes those for D3+ ions) at low energies and explained this

effect can be due to the lower vibrational frequency of D3+ ions･ 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 reso一ution measur如†ents bere made2).
only significant

oscillations at E～3 eV ar'e ･indicated in Fig. 19.

-5Ⅰ-
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Recently, Mitchell et al.8) differentiated two Channe一s ir, dissociati.ve

recombin8日on processes (1) and (2) and found that process (1) is donlinant

over process (2) by a factor of two to three over the energy range of 0.01 -

o.5 eV. The cross

section;
for process (3) resulting in production of

negative hydrogen ions are
smal14), shown in Fig. 19 multiplied by 103. The

cross sections for proton pr･oduction, mainly due to
process(4), show a clear

threshold around 15 eV
10,ll).

some theoretical aspects on dissociative

recombination in e "3+ co"isions are given by Michels and Hobbs･12)
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Ⅰ_81:～-ie + H- collisions

The cross sections for･single and double electron detachment (ionizaion)

have been measured and shown in Fig.20,.

e+rl + H+2e (1)

+ H++3e.i. (2)

The observed cross sections for process (1) are in general agreement among

different
groups,1-3) except for those by Tisone and Branscomb4) whose data

show behaviour different from others and Born approximation at high energies.
1､

The cross sections for process(2) have been determined by Defrance et al.5)

: whto-found that data by Peart et al･6)
seem to.be apparently too large by

almost one 9rder of mr･jgnitude due to the charge transfer of H~ 1'ons with s一ow

rpositive
ions trapped in the space potential well of the electron beam.

--･-
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II-1 Photo-dissociation of H2

☆

H2十hv 十日(1s)+H (∩) (1)

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

to occur. Instead, at 一east one of them is always in excited states.

Dalgarno and Allisonl) ca一culated the transition moments from the ground

state to the continua of the excited states of H2 ( a l∑J2po, ClⅡu 2pT) and

eva一uated the photo-djssociation cross sections over the photon energy range

(14.8 - 17.5
eV).

Recently Glass-Maujean2) calculated theseつrOSS Sections

for n=2 using the accurate ab initio potential energy and dipole moment

values. Glass-Maujean et al.3) measu/ed the cross sections by observing

Lyman-α photons which are shown jn Fig.21 together wjth his theoretica一

results. The results of Dalgarno and Allison are fairly large. The major

contribution (～70%) seems to come.A from the predissociation of more high一y

excited states like Dlnu3pT and B=1∑u4po･ However, it is rather curious that

the experimenta一 data are in good agreement with theoretica一 va一ues where the

predissociation is total一y neg一ected. In Fig.21 are a一so showrl the

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

photo-dissociation cross sections measured by Mentall and Gentieu5) which are

compared with total absorption cross sections. (taken from IPPJ-D-48 (1975)
′

M-A-Fig.5).

The average kinetic energy of H(1s). H(1s) system resulting from the Bl:
'

u

and Clnu states with photon emission was calculated by Stephens and

Dalgarno.6) And the oscillator strengths and transition probabilities from

the v vibrational -evel of Xl=g+

states were given by Allison and

of H2 tO the vl vibrational level of these

Dalgarno.7)
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Ⅰト2 Phoyltら-dissccjative ionization of H2

H2+hv十日+H++e (1)

Ratios of product ions H+ to H2+ by photon lmPaCt On H2, measured by Brownlng

et al.1) and Masuoka2), are shown in Fig.23 together with those obtained by a

fast electron impact method.3) They begin to increase at the photon energy

of around 30 eV which is due to the contribution of two-electron 白xcited

dissociative states of H2･ These ratios are used to obtain absolute cross

sections for dissociative ionization by combinlng With tota一 photo-ionization
●

Cross Sections. Fig.24 show those results based on data by Masuoka (ratio of

H+ / H2+) and by Lee et al･( cross section- )4)･ The kinetic energy

distributions of produc七日+ ions were a一so investigated experimentally5-6)

and theoretically.7)
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Ⅰト3 Photo-ionization of H2

H2(Xl=gいhv十日2T+ e

l

(1)

Tota一 photo-ionization cross sections show'Jlうn Fig.25 seem to be well

established both experimentallyl-9) and theoretically,10-12) though some

detailed structures including resonances are still obscure. Some numerical

data are given in Table 3. Recently Kosarev and Podolyak13) compiled

●

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

them (see Fig.26). One of them has the following form:

o- 5.35x 10-20 ( 100/E )3･228 cm2 (2)

where E is the photon energy ln eV. Mわre slmPly, the cross sections are
● ●

●

glVen aS

¢=3･02¢H

where 0日is the cross section for atomic hydrogen･ More detailed

calculations of cross sections for the vibrationally resolved

photo-1'onization process:

H2(Xl∑g+,vi )+hv+ H2+(X2=g+,vf)+e

(3)

(4)

havebeenmadebyFordetal･14) ( 12･4- 13･6eV; vi =4-14 : vf=0-16)

andFlanneryetal･15) (12･4-27･6eV:vi=0-14:vf=0-18)･ In

Fig.27 are shown the calculated cross sections for different initial

vibrational states v" summed over the final vibrational states vf･ Some
l
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vibrationally resc-ved cross sectio汀SIO･11) at 2,1.2 eV photon energy arel

compared with experimenta一 data16) in Tab一e 4.
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Table 3. Total cross sections (･in 10-18 cm2)

H2(v=0)+hv + H82++e

r.J

photon energy

A(A) eV

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

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

0.25

0.28

0.31

0.33

0.36

0.40

0.46

0.53

0'i【62

0.70

0.78

0.85

0.93

1.0

1.1

1.3

1.4

1.5

1.7

2.0

2.0

2.2

2.3

2.5

2.6

2.8

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)
1.22(323.6)
1.36(335.1)
1.51(345.1)
1.75(358.5)
1.84(362.9)
2.04(374.4)
2.26(387.4)

2.88(428.2)
3.02(434.3)

-+68
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Photon energy

A(A) eV

440
450

460

470
480

490

500

510

520

530

540

550

560

570

580

590

600

610

620

630

640

650

660

670

680

690

700

28.18
27.55

26.95

26.38

25.83

25.30

24.80
24.31

23.84

23.39

22.96

22.54

22.14

21.75

21.38

21.01

20.66

20.33

20.00

19.68

19.37

19.07

18.79

18.51

18.23

17.97

17.71

3.0
3.2

3.3

3.5
3.7

3.9

4.1

4.4

4.6

4.9
5.2

5.5

5.7

5.9

6.2

6.4

6.6

7.0

7.3

7.5

7.7

8.2

8.6

8.8

8.9

9.1

9.3

●cross section

OINei1

2.82

3.20

3.61

4.05

4.53

5.04

5.59

6.17

6.80

7.47

8.17

8.89

9.58

10.04

-69-
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Itikawa(A)

6.201(584)

8.278

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

9.809(736) 9.97



Table 4 Vibrationally:･reso･1ved章CrOSS Sections (in 10-18 cm2)
y-サ

ー

O

at 21.2 eV (.1=584 A ) photon energy

rH2(v)･hv

･

H2て(vl)･e

v = O

vI Pollard OINeil Itikawa

0 0.477土0.006
1 0.907土0.008

2 1.048士0.008

3 0.975±0.007

4 0.7.93土0.006

5 0.598土0.005

6 0.446士0.004

7 0.315土0.004

8 0.223士0.003

9 0.157土0.003

0.4533

0.8639

1.0036

0.9313

0.7656

0.5866

0.4315
0.3105

0.2211

0.1568

10 0.1095土0.0007 0.1113

11 0.0773土q.0005 0.07927

12 0.0543土0.0005 0.05659

13 0.0377土0.0011 0.04038

14 0.026年士0.0003 0.02856

15 0.0179土0.0002 0.01969

16 0.01.11士0.0002 0.01273

17 0.0068士0.0002 0.006933

18 0.002162

19 0.000098

Sum 6.280 6.083

0.5051

0.9454
1.082

0.9915

0.7960

0.6016

0.4382

0.3112

0.2197

☆

6.201

☆
The va一ues of 0.Neil (1978) for v ≧ 9 are added.

-t70
-

v = 1 v
= 2

OINeil
ゝ0(Neil

1.1806

0.8079

0.1968

0.0001

0.0912

8.2441

0.3484

0.3853

0.3724

0.3321

0.2811

0.2301

0.1834

0.1428

0.1082

0.0787

0.0528

0.0295

P.0093
0.0004

5.0741

1.1870

0.0155

0.2873

0.5029

0.3397

0.1174

0.0097

0.0104

0.0609

0.1156

0.1534

0.1698

0.1682

0.1538

0.1315

0.1044

0.0746

0.0433

0.0139

0.0006

3.660
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II-4 Photo-dissociative formation of ion palr in H2
●

H2+hv十日++ H-

f

McCullogh and Walkerl) experimental一y studied the ion pair formation for

papa-H2 and-for no-rmal mixture of H2･ This reaction occurs in very narrow

photon energy region ( 17.3-17.6 eV ), even though the energy region becomes

slightly wider at higher ･temperature. Chupka et al.2) measured the cross

sections with h千gher resolution and determined the ratio of H-/H2+ to be

o.oo4 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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II-5 Photo-dissociation of H2+

H2+(vいhv +H+H+ (1)
r

The photo-diss6cia+･l･8rI Of
H2+ ions叫aS first treated by Batesl) who used

the semiclassical method, i.e., the nuclear motion was assumed to obey the

classical mechanics, meanwhile e一ectron was treated quantum mechanically.

.Busch
and Dunn2) measured the absolute cross sections for photo-dissociation

O

over the photon energy range from 2472 to 13013 A･ Their H2+ ions were

produced thy.ough bombardment with electrons with the average energy of 128 eV

but were not in therma- equilibriur･ ( the average temperature of H2 gas being i

100 C). The distribution of the vibrational states of ions was determined

experimentally･ from the photon energy dependence of photo-dissociation cross

section of H2
I("observed"

column in Table 5) and also culculated using the

empirical e-ectronic transition moments of H2 + e + H2+(v) + 2e

("calculated" column in Table 5). Assuming this distributio.n of the

vibrational states, the cross sections for photo-dissociation of H2+ 7･ons

were calculate_d,尋S Shown in Fig.29 togetheyI With experimenta一 data. The

agreement between calculation and experiment seems to be fair一y good.

similar method was used by Argyros3) to calculate the photo-dissociation

cross sections for H2+ ions in thermal equilibrium･ In his calculation,

the cross sections were averaged over rotational states as we一l as over

vibrational states, assumlng the Boltzmann distribution. In Fig.30 are shown

the calculated cross sections as a function of photon energy from thresho一d

●

to 250OO A with the temperature-dependent parameter. It is noted that in the

[∃

photon energy range over 500-1200 A the dissociation via the repulsive 2p甘u

state is dominant. In this wavelength range, Saha et al.4) cal占ulatedthe

excitation cross
sections-tO紳u s印e from ls?g ( v=-P1-18,J=1 ) state
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resu-ting in a maximum va-ue of 6.89 x･ 10-18 cn12 at around 800 A, after

O

averaglng Over the vibrational states.
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Tab-e 5 The distribution of the vi-brational states in H2+ ions used inE, ･

taking data in Fig.29.
r

v observed

0

1

2

3

4

5

6

7

8

9

10

0.119

0.190

0.188

0.152

0.125

0.075

0.052

0.037

0.024

0.016

0.0117

11
■

0.0082

12

13

14

15

16

17

18

0.0057

0.00374

0.00258

0.00175

0.00109

0.00056

0.00012

calculated

0.11916

0.18994

0.18791

0.15173

0.11097

0.07732

0.05270

0.03564

0.02411

0.01638

0.01121

0.00773

0.00536

0.00374

0.00258

0.00175

0.00109

0.00056

0.00012
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II-6 Radiative association of H and H+

H+H+ + H2++hv

P

This is the inverse process of photo-dissociation of H2+ and was studied

by Batesきemic-assicallyl)･A quantum mechanical calculation was done by

鮎maker and Peek2). The rate coefficients of the molecular ion formation are

shown in Fig.31 for both tr.eatnlentS. 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 calcu･L-ted

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

radiation field.

References

1. D.RI Bates, Mom. Not. Roy. Astr.Soc. iii (1951) 303

2. D.E･ Ramaker and J.M･ Peek, Phys. Rev. Aii (1976) 58

3. D.E. Ramaker and J.M. Peek, J. Chem. Phys. Zi (1979) 1844

-81-



(

≧∠
ヽ_..′

q)
ゝ_

コ
+J

田
｣

①

a

≡
q)

ト

甘-■

Eii]
■

.≡)u_

Lno

t■一一

vt3
I-

匡司
苦======

Fir:ii<

~
■

て芦==-

⊂⊃
▼l■■■■

▼■■■一

u u I

:i

｣=

-■■

lヨ
U

■●■■■l■

∽
∽

+ Eヨ
+～

=

T
+

=

+
=

/u

∈′
コ
+一

⊂

lヨ
コ

∩ l
I

⊂⊃

L;i_声-'S一撃
(〇es/cLij〇)ale臼

-82-



Ill Ion/atom/molecule collisions
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ⅠⅠⅠ-1 Vibrational excjtation of H2 by
･proton -mpact

H+ + H2(v=0) -+ "2(v･) - AEvt

The vibrational energ-es AEvJ are given as follows:
●

v( l

AEv.(eV) 0･516 1･003 1･461 1･890

(1)

Several investigations on this process were made. The absolute cross

sections are reported only by Herrero and Doeringl) who claimed, by

●

considerlng the angular distribution of the inelastically scattered

particles, that the measured values ay･e interpreted as the integral (or

total) cross sections at above E ≡ 100 eV, meanwhile they are only the

partia一 cross sections in the forward direction within the acceptance ang一e

of I 1.9. at lower energies (see Fig.32).

The classical tr'ajectory calculation based on the ab initio potential

surface of H3+ ions were made by Gentry and Giese2)･ Kruger and Schinke3)･

uslng the same interact■亨on potential, made the quantum c∂lculations. 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 grJOd agreement with re一ative differentia一 cross sections

determined by Hermann et al･61 Though the theoretical results from different

approaches agree fairly well with each other, serious discrepancy,

particularly at lower ener'gleS, is clearly seen between experimental and
●

theoretical values. This is partly due to the limited acceptance angle in

the exper-iment, resulting in smaller cross sections.
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ⅠⅠⅠ-2 Lyman-a -ine emissions in H+ + H2 COl-isions -･-

One of theやOSS･1'ble processes †､esulting in the- e舶ision of Lyman-α

一ine in the col一isions is the charge-capture into Projectiles.'

pH'･
H2

･･HJ(2s･
2p) ･[ H2'] :Op

and the other is the dissociatlve eXCitation of targets:

･*

胡++H2十日++H(2s,2p)+[H] :op

(1)

(2)

Here [ ] indicates the inclusうon of a一l the possible processes including the

ionization, excitation and so on.

The Tota一 cross sections (op +
ot) for the line emissions for processes (1)

and (2) were measured by Dunn et al.1) and van Zyl et al.2)
In these

measurements, the oxygen-filters were used to select Lyman-α emissions and

the detectors were set at 90 with respect to the projectiles so as to

minimize the Doppler shift. In both measurements, no electric field to

quench the metastablc state atoms H'(2s) was used. Therefore, their data can

be assumed to correspond to total H*(2p) production cross sections.

Bayfield3) set his Lyman-α detector far from the collision region to quench

the projectiles in the metastable 2s state and, then, determl'ned the cross

sections for capture into 2s projec+ils state op(2s)(see Fig･33)･

on the other hand, Birely and McNea14) observed photons emitted at 54.7o

O

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(1) into projecti一es. They applied the quenching electrl'c field to

*

observed the emissions from H (2s) state. The measuyled emission cross

sections include the cascading effects. For example, the 2p state is formed

directly by collisions and also by cascading from the 3s and 3d states after

the Balmer-α emissions. Consi.derlng the life 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(2s),

一ess

一~

ー~~■~■L
▼

thar1 5:% forr
op(i2p)rand ot(2s)

and less than 15% for
ot(2p)･ The measu-r･ed

cr品s,sectionsop(2p), ot(2s) and ot(2p) decrease sharply with decreasing

the collisi-bn_ energy. Thus, the cross sections below a few key observed by

Duりnet al･1) a∴d-van
Zyl et al･2) are interpreted to be mainly due to the

charge c,apture into 2p state of projectiles.
A shoulder of the cross

sections at around 1-2 key 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 projecti一es
become 一argest there. However,

further investig阜tions are necessary to understand this shoulder.
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ⅠⅠト3 Lyman -

α line emissions jn H + H2 COllisions

ln this collision system, two processes contribute to Lyman - o!

●

emlSSIOnS :
F

B+ H2+H*( 2s, 2p ) + H2
Op:Projectile excitation (1)

*

十旦+H( 2s,2p)' H ot:dissociativeexcitation (2)

In their experir.一ent, Birely and McNeall) produced the neutral projectiles by

neutralizlng Protons PaSSlng through an Ar-filled chamber and deflected away
=

protons by the condenser plates which also quenched the metastable atoms

produced in the chamber. Then, on一y the gro･･nd state hydrogen atoms H(1s)

are contained in projectiles (see Fig.34).

similar technique was used by Morgan et al･2) to determine op(2p) and

ot(2p)･
The'ir data are normalized to those of Birely and McNeal at 15 keV･
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ⅠⅠⅠ-4 Lyman-a line emissions in H2+ + H2 COllisions

1
7 L

I

A number of processes should be r甲PqnSible for production of the
l

Lyman-α line in this collision. The followlng two Processes are typica一.･
●

*

旦2++ H2+_H (2s, 2p) +亡旦]+ [ H2+] : dissociativecharge capture

into projectil

･拝

す旦2+
+ H (2s, 2p) + [H] : dissociative excitation

of target

(1)

(2)

●

At higher energleS, these processes are coupled together. The sum of the

croミS Sections leading to productior-f Lyman-α, ∑o (2p)'was measured･1,2)

∩ata by van Zyl et al.2) are normalized to that by Dunn et al.1) at 3 key

(see Fig. 35)･ The errors of the abso一ute cross sections are土55%. It

shou一d be noted that, at the same collision energy, these cross sections for

production of Lyman-a line in H2+ ion lmPaCt are about a factor of two larger
●

than those in H+ ion lmPaCt, indicating that two hydrogens in H2+ ion behave
●

independently.
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ⅠⅠⅠ-!-)countable UV emissions in H3+ + H2 CO…sions
S

The cross sections for the countable uv 一ine erpjssions in this
I

collisions system were measured by Dunn et al.1) (see Fig. 36).
P

Unfortunnately, no cross^ sections for the state-specified line emissions are

reported.
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ⅠⅠⅠ-6 Balmer-α line emissioT･-n H+ + H2 CO--isions

The Balnler-α line ( n : 3 + 2 tmisltion) ･and'Balmer-β 一ine (nゴ･!'e4ヰ2)

are produced either by the charge transfer into pro3'ectile protons
一

日++H2+H*(n:3,4+2)+･H2+
･･･LOぅ (1)

or the dissociative excitation of targets

H++H2+ H++H*(rl=3･4+2)-･
･･ot

(2)

The experimental methods are essentia一ly the same as those used for the

Lyman-α measurements : The Doppler shうft is used to separate the emissions

from
projectiles and those from targets. Using the differe.lee in the

life-times of those states produced by collisions, the st･ates can be r.esolved

●

by setting the detectors at different positions from the collision reg10n.

The branching ratios in 3s+2p and 3d+2p transitions a-･e both unity⊥J9

nleanWhile that in 3p.+2s tr.ansitiohs resu一ting in the Balnler-α line 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(3d), 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 estim''ition of

the cascades is done by Williams et al.2) who show that their contribution is

less than 2Mor op(3s)･ less than 9Hor op(3p
+ 3d) and less than 15[Hor

ot･ The data shown in Fig･37 are based upon mainly those by Williams et al

.2)
It is clearly seen that at lower energies the charge capture into 3p and

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

dominant at higher energies･ Data by Loyd and Dawson3) for op(3s)

agreement with those shown. On the other hand, data by Dawson and

●

are ln

Loyd4) for

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

the resu.ts by, Hess for

o,5!:.are
by aifact∂r Qf=30,40 sma‖er･than tho?e by

･
r

･

:■.,. ､

williams et al., the energy dependence seems to be very simil畠r.~ Then, data A

■
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by りess at 0.5 - 2 key are shown by normalizing to that by Milljams et al. at

1.き keV.
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ⅠⅠト'/ Balmer-α and -β
line emissions in H + H2 CO川sjons

The Balmer-∝ and -β
一ines can be produced through either excitation

process of projectiles
*

旦+H2+也(n:3,4+2)' H2‥

or the dissociative excitation process of targets

op (1)

旦+H2+旦+H*(n:3･4十2)+ H･ : ot (2)

These neutral gr'ound state hydrogen atonl PrO3'ectiles are provided either by

the neutralization + electric quenching technique or by the photo detachment

technique from H- beam. As van Zyl et al.1) observed the Balmer-α and -β

emissions at goo only, they could not separate the emission lines from

projectiles and those fr.om targets. But they determined t[Je Cross Sections,

∑o (total), op(3s) and op( 3p+ 3d ) +ot over the energy range ofO･05
- 2･5

key. Based upon these observed values, total cross sections for projectiles,

op, and for targets, ot, can be deduced and are shown in Fig･38･ These data

are in fairly good agreement with those by M川iams et al.2) (1.5 - 100 key)

at the overlapped energleS. Thus, the main contribution to the observed
●

Balmer-B line emissions at low energleS Comes from the excitation of
●

projectiles into 3p and 3d states･ op(3s) is 一ess than 20o/-nd ot lS Only a

few percent. On the other hand, at higher energleS, all the cross sections

become comparab一e.

Similar situations are seen in the Balmer-β 一ine emissions, though no

estimation of otl which may be small contribution to total cross sections,

can be made. It should be noted that, as the branching ratio for 4Sヰ2p

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

to 58% of the excitation cross sections･ oE(4s)･ of projectiles･ Similarly･
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o(4p '4d) is equal to O･12 oE(4p) ''0･74oE (4d)･ The cascade contribution to

the Bal~mer-α and -β
ll'nes is -estimated to be not too 一arge, accordi･ng to the

analysis by van Zyl et al.1)
th.ugh the branching rati.s f., nf.3d and nf.4d

transitions are not negligi･ble.

Note that data by Hughes et al.3) (10-35 keV) seem to be too small

because the energetic excited atoms (for example H(3s)) arising from the

dissociation of H2 may emit the Balmer line photons outside the

detector-viewip.g region2).
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ⅠⅠⅠ-8 Balmer-α and -β
line emissions in H2+ + H2 COllisions

In
,these

collisions, the followlng Processes are responsible for'Balmer
●

一ine emissions; dissociative charge transfer into projectiles:

*

旦2++H2→･旦(n=3,4+2)+坐+H2+ op (1)

dissoc■iative excitation of targets:

･一

旦2++H2+世2++H(n:3,4+2)+H･ ot (2)

w川iams et a-･1) measu-led op(3s), op(3p
+ 3d) and ot over the energy range

2-100 key. Based upon these data, the cross sections for total cross

sections for Balmer-α, op(3s), op(3p
+ 3d) and ot are shown in Fig･39･

As expected, the dissociative excitation of targets becomes dominant at

higher energleS. Also this process again becomes dominant at lower energleS.
■ ●

In contrast to the Ralmer-α 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-α line emissions were reported by Hat field and

Hughes2) whose values ar占consistently smaller by a factor of 2 or more and

by Hess3) whose va一ues are a factor of about 30 smaller than the data shown.

The cross sections for Balmer一β line 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-α line emis'sions. The contribution from the

dissociative excうtation of targets becomes slgnificant at higher energleS,
● ■

meanwhi一e the dissociative charge transfer pmcesses into projectiles are far
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dominant at low energleS.
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ⅠⅠⅠ-9 Ba-mer-α -ine emissions in H3+ + H2 and H2 + H2 COllisions

Similar to other col一ision processes, the Balmer-α line emissions

origfnate
･either

from pr63.eCtile (op) or from target (ot)･ The emission cross

sections were measured by W川iams et al.1) over the energy range 0.67-3.3

key/叩u･ Tota一 o,
op(3s), op(3d

+ 3p) and ot are shown in Fig･40･ Ratio of

these va-ues to those by protons and by H2+ ions cha叩eS in complicated

manners･ Thus, H3+ ions can not be equivalent to three independent protons

in these collうsions.

AIso the Balmer-o( line emission cross sections were determined in

H2 + H2 COllisions ∩ver the energy range 5-50 key/amu･2) At 5 keV/amu,

(･ tota一 ≡ (7･7土2･5) x 10-18cm2･
¢p(3s)

≡ (2･9土0･8) x 10-18 cm2 and

op(3a
+ 3･p) : (4･8土2･1) x 10-18 cm2, decreasing with decreasing the

collision energy.
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Ilト10 Charge transfer and stripplng Of H+, HO and H- ions in co=sjons
●

with H2 molecules

f

The cross sections for the following processes have been surveyed and

compiledl)(see Fig.41).･

■■

H++H2 すHO+H2+

すH-+2H+

HO+H2 +H++e+ H2

+H-+H2+

H-+H2十日O+e+ H2

すH++2e+ H2･

(1)

(2)

(3)

(4)

(5)

(6)

These cross sections are generally determined through direct observation of

the charge-changed projecti一es. However, because of difficulties of

collecting a一l these projectiles at very 一ow energies, the cross sections

are often estimated by mean? of the measurement of secondary electrons

and/or second･ary ions.

Reference

1. H. Tawara, At. Data and Nucl. Data Tables里(1978) 491

-Ti:08
-



10~1

10-1

こi

NE

U
ヽー

!=

.9ヰー

U
0

∽

∽

∽

0
｣

U

Fig. 41

4

5

6

l7

l8

L9

20

2ー

-Tl‥" 一llI‥‥ ･.l~l=■

⑤
I!

① ⑧

@

@

H''H2→i:o-芸②

HO'H2→(:二霊
H-+H2)(:0.@i

.'LltJ''[..I..lL
l■llI1一1_

101 柑2 柑3 柑4

Co"ision Energy (eV/amu)

-'109-



Ill-ll Electron capture by H2+ ions from H2 molecules

r

旦2+(v)+ H2(v=0ト旦2… + H2+(v‖)

The appa'rent charge transfer cross sections using H2+

(1)

ions of the unspecified

states were measured by a number of peoplel-5) and a recomendation for these

cross sections was made by Barnett et a-･6)(see Fうg･42)･ The projectile H2+

ions used were mostly produced by electron lmPaCt. Therefore, the
●

vibrational states (up to v:18) of pro3.eCtiles ar･e considered to be populated

according to the Franck-Condom principle. These cross sections show the

character of the resonant-charge transfer up to about E=500 eV and, then,

begin to intrease with increaslng the col=sion energy. This increase is
●

interpreted to be due to the opening of the non-r'esonant charge tranfer at

higher energleS. On the other hand, a steep decrease of the cross sections
●

below a few eV is due to the openlng Of the competing Ton-molecule
● ●

rearrangement collisions:

H2++ H2◆H3++ H･ (～)

The dependence of these cross sections on the vibrational states

ions was also investigated theoretica11y7) and experimentally.4･9･10)

of H2+

1n a recent experiment by Liao et al.10), their vibrationally state-selected

H2+ ions were created by photoionization and theiy. cross sections were

normalized to those of Barnett et al.6) For normalizaion, they selected the

O

wavelength of photons ( 688 A ) to produce H2+ ions･ whose vibrational

population was assumed to be the same to that for H2+ ions produ(led by

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

transfer for the lowest vibrational states, v=O and v=1, over the energy
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range 8-400 eV have their maximum at●around 10-20 eV, meanwhi一e those for

higher excited states, v<18, increase wit.h decreasing the energy, similar to

the resonant charge transl-er. Generally speaking, the vibrational state

dependence of the cross sections seems to be 110t too 一arge.

The final vibrational states(v") of the product H2+ ions were also

investigated, with the result that about 90% of the product

energy range are in the ground state.
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ⅠIl112 Charge transfer事eXCitation and ionization in H+ + H collisions

H++H 十日+H+

☆

十日(2p)+H+

すH☆(2s)
+ H+

+ H+ =☆(2p)

+H+ + H★(2s)

+ H+ + H★(∩-2)

+ H+ + H★(∩-3)

+H++H++e

A一l the cross sections for these processes have been
compiltdl)(see Fig.43)｡

Clear･ly at'lower energies the symmetric charge transfer process (1) is far

dominant overt other. processes.

Reference

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

All the crdss s､ections for the fo一lowing processes have been

compiledl)(see Fig.44):
Y

H+目すH+

十日★(2s)

十日★(2p)

ナH-+H+

(1)

(2)

(3)

(4)

Reference

1. H.
･Tawara,

I. Kato and Y. Nakaj, IPPJ-AM-30(1983)
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ⅠⅠⅠ-14 Stripp-,-g of H- ions
=

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

already compiled in our pre'vious compilationl)(see Fig.45):
r

. H~+H 十日+H+e

+H+H++2e

十日+.

At low energies, pure single electron stripping process (1) is dominant,

meanwhile sing一e electron stripping + target ionization process (2) becomes

●

dominanl: at i■igh energleS. Further it is noted that at higher energleS

double electron st･ripping process (3) overcome pure single electron

●

stripplng Process.

Reference

1. H. Tawara, T. Kato and Y. Nakai, IPPJ-APT.-30 (1983)
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Ill-15 Ionization of H2 molecules by H+, H2+ and H3+ ions

H+-2+ H･丁+H2++e

H2++H2+ H2+ +H2

日3++=2十日3+ +H2

●

The cross sections of pure ionization of H2 rnOlecules by ion lmPaCt are

determined through measuring the secondary electrons.1) so the ionization

●

through charge transfer into projectiles is excluded. At lower energleS 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 energleS

(see Fig.･46).

Reference

1. M. Sataka, T. Shirai, A. Kikuchi and Y. Nakai, JAERI-M-9310

(1981)
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Ill-16 H3+ ion production

H2+(vいH2 + H3+ +

This'process is important in

processes contr伽te to H3+

_旦2++
H2+旦2+H+

_u.2++
H2+旦 +

The H3+ ion

H (1)

formation of H3+ ions･ THe followlng two
●

ion production:

H (atom transfer) (2)

H+H2 (protontransfer)･ (3)

formation cross sections were measured uslng Various experimental
●

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

electr-on-secondary ion coincidence method4) , radio-frequency beam-guide

technique.5) The measured cross sections are found to follow the

theoretical一y expected E-1/2 dependence be一ow i eV(see Fig. 47). The steep

decrease.of the cross sections above a few eV is due to the competing charge

transfer process :

左

目2++ H2+トー2+ H2+･
(4)

The cross sections are found to be dependent upon the internal states of H2+

ions. For examp一e, only the first four vibrationally excited states are

expected to play a ro-e, the contribution of the ground state of H2+ ions

being dominant.6) In fact, the observed dependence of the cross sections on

the initial vibrational states4･5) in atom transfer process(2) seems to

follow 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 we一l

understood. It should be noticed that the cross.sections sho叩in Fig.47
I

we,e obt-aimed using tph-emerging-be占ms technique2) where the v'ibrational sttte
.

′ー

./;喜一,.

=

distributionsうn neutral血1etul-es ar'er -fi肘y b'road･､, becatuse they are

prepared using the charge-transfer reaction･ H2+(v) + H2 -20(v･) + H2+･

･-12l
-



I1-

Data of Giese and Maier seem to be 'faiy'ly large, p串rticularly at low

energies. Douglass et al.3) estimated the vibrational state distribution in

their neutral beam by convoluting the Franck-Condom distribution for the

ionization H2(0) -2+(v) by electrons and again with the Franck-Concon

distribution for the charge-transfer process･ H2+(v) + H2(v･)･ The average

vibrational energy lS 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

Douglass et al.3) can be fitted to the following form over the energy range

of 0.01 to 8eV ( shown in Fig.47with solid lines ):

logiOO=(Bl+ B2 loglOEi) F(-∫) +(83+B4 loglO Ei) F(y)I

where

y:(loglOEi -B5)B62

and

F(∫) -

ey / (1+ey).

The adjustab一e parameters Bn corresponding to the center-of-mass energleS Ei

in eV 2 are given in the followlng table for the measured processes.
● ●

initial

final

HD++D2+ D2++HD十

HD2++D D3++日 日D2++D D3++H

1.2438 0.7703 1.0719 0.6294

-0.4146 -0.5242 -0.4249 -0.5232

-1.6950 -0.2259
1.0529

-0.0260

-8.1470 -2.8924 -6.1341 -2.1136
1.4972 0.8912 1.1622 0.5060

1.5638 1.6516 1.4880 1.7555
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++

f[(ーfHf

■
2

D

H
2'+HD)HD2++D
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Ill-17 Destruction of H3+ ions

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

crosg sections for the f611owing processes have been determined(see Fig.48):

H3++H2十日++2日2

+H2++H2十日
O

十日3 +H2+

すtOtal destruction.

(1)

(2)

(3)

(4)

The measurements at low energies were reported by Lange et al.1) and

Huber et al･2) who noticed that the isotope effect between H3+ and D3+

becomes clear at energies lower than 100 eV/amu because of the difference in

the inter･nal energy (at 30 eV/amu･ the cross sect.Ion for D3+ 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 Milliams et al.3) who found that the

cross sections can be varied with the ion source condition.

References
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ⅠⅠⅠ-18日2+･
H{ and H{

･ H3'collisions

The fo"owing processes are possib-e in H2+ + H2+ co…sions:

H2++H2+ +H+H++H2+ :¢1

+H+H++=+H十･ :o2

According to the calcu一ation based upon the sudden approximationl), these

cross sections are given as fol一ows over the energy range 10 - 100 eV ( with

the uncertainties of I 50%)･･

¢1
≡ 1･2 x 10-16 E-1/2 (cm2)

¢2
≡ 6･9 x 10-16 E-1/2 (cm2)I

where the collision energy, E, is given in eV. Thus,叶this col一ision

system, i) the simultaneous dissoci?tion process (2) of both particles is
■

most likely･ to occur, ii) a;s o is i'nversely prop9rtional 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 Coulom)b repulsl'on between iops become Sign･:ficant at low

energies (< 20
eV),

the cross sections are reduced.

A preliminary experimenta- resu-t for H2+ + H2+ co--isions shows the

cross sections for proton formation to be (0･87 i O･51) x 10-16 cm2, at 7･3
●

ev-wh･ich is compared with theoretical values of 3-.4 x 10-16 cm2o

simil;8rly in H3+ + H3+ collisjpns, the fol-owlngS are脚bable:
●

- 1a7-
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H3++H3+ + H3+; H2+ H+ :o3

すH2+H++H2+=+ :¢4

The above calculations result in the cross sections for each process:

d3=3･3x 10-17 E-1/2 (cm2)

o4=4･8x 10-16 E-1/2 (cm2)

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

simultaneous dissociation Process (4) is likely to occur.

Reference

1. V.A. Belyaev, M.M. Dubrovin, L.Ⅰ. Menshikov and A.N. Khlopkin, IAEA

Report川DC(CCP) -224/GA
(1984)
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Ill-19 Collisions between ions

H'+H1 . H(nL)'H(nL)

+ H+十日+e

十 日-+H+

+ H2T+e

(1)

(2)

(3)

(4)

The cross sections for single electron transfer (1) between positive and

negative tons (mutual neutralization) have been investigated over a wide

range of the collision energy. Data shown are in Fig.49 based upon recent

experimentall-3) and theoretical results.4･5) They are found to follow their

El/2-dependence at very low energies where electron is transferred dominantly

to ∩-3 state.5)

Previous一y 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.8･9) The recent calculation by Shingal et

al.10) using two-center atomic expansion method with travelling atomic

orbitals show more rapid decrease of the cross sections at higher energleS
●

(above 10 key), compar･ed 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

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

found to be in agreement with recent r.alculationll). 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

by Poulaert et al.14) and examined theoretically by Urbain et al.15) over the

- 129-



1

energy range of 10-3 - 5 eV｡ The agreement between experinlent and calcu一ation

●

is found to be good, partictularly at low energleS Where cross sections

decrease roughly with E-1.
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ⅠII-20 Molecular formation through three-body collisions

H'H'M + H2'M (M=H･H2) (1)

D'D+M + D2'M (M:D,D2) (2)

The rat-e coefficients for these processes were usually determined with

shockJ吋aVe tube technique. Data shown in Fig.50 are taken from other

compilationsl) which are mainly based on experimenta"ata2)･ Those for M:H2

and D2 Seem tO roughly follow the TO･67 dependence if data over the

temperature range 77-300 K are
used.2) (It should, however, be noted that,

because of difficulties in data analysis, discrepancies amo叩eXPerimental

data are often large. The rate coefficients for M=H and D s6em to be fairly

larger (by a factor of 10) than those for M:H2 and D2 Shown in Fig･50･

Theoretical calculations are still few and not well established yet.3)
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IIl-21 Thermal dissociation of H2

The thermal dissociation process

M+ H2 + M+H+H

F

has been investigated through shock wavte tube experiment. The rate

coefficients measured by Breshears and Birdl) are shown in Fig.51 (solid

lines) -and
the following analytic formulas can be used to express these data

in (cm3/mol.s) over the temperature range of 3500-8000 K:

==H2 : 5･48 x灯9 exp(-53013/T)

M-H : 3.52 X 10-9
expト43900/T).

For comparison, the compi一ed data by Kondratiev2) are expressed by the

●

followlngS:

M=H2 : 4･90 x 10-7T-1/2トexp(-6000/T) expト51980川

(for 300-3500 K)

2.99 x 10-4T-3/2exp(-51980/T)

(for 3000-4500 K)

M=H : 2.00 x 10-6Tl/2 exp(-51980/T)

(for 3000-4500 K)

and also shown in Fig.51 (dashed 一ines).

Refer･ences

1) M.D. Breshears and P.F. Bird, 14th International Symp. on Combustion

(Pittsburgh: Combustion lnst., 1973) p.211

2) V.N. Kondratiev (trans一ated by L.J.Holtschlag and ed. by R.M. Fristrom)

Rate Constants of Gas Phase Reactions - Reference Book

(office of Standard- Reference Data,. NBS,` 1972)
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