Lawrence Berkeley National Laboratory
Recent Work

Title
DISSOCIATION OF MOLECULAR IONS BY ELECTRIC FIELDS

Permalink
https://escholarship.org/uc/item/9zc7d4h7]

Author
Hiskes, John R.

Publication Date
1960-05-01

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/9zc7d4h7
https://escholarship.org
http://www.cdlib.org/

ey B .
S -

UCRL 9182

UNIVERSITY OF
CALIFORNIA

Ernest QL owrence
Radiation
Laborator

DISSOCIATION OF MOLECULAR IONS
"BY ELECTRIC FIELDS

TWO-WEEK LOAN COPY

This is a Library Circulating Copy
which may be borrowed for two weeks.
For a personal retention copy, call

Tech. Info. Division, Ext. 5545




DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.



| , . _UCRL-9182
| e YENAL .- m i B an Lol

UC-34 Physics ahd "Mathematics—
TID-4500 (15th Ed.)

UNIVERSITY OF CALIFORNIA
Iavrence Rediation laboratory
Berkeley, California

Contract No. W-TWO5-eng-48

DISSOCIATION OF MOLECULAR IONS BY ELECTRIC FIELDS
John R. Hiskes
" (Thesis - Part II)

May L4, 1960



Printed in USA. Price $1.50., Available from the
Office of Technical Services
U. S. Department of Commerce
Washington 25, D.C.



IIT.

-)

CONTENTS

Abstract . . . . . . .
Introduction ..
The General Equations . . . .+ .+« .+ « « « « .

A. Separation of the Motions

"B. Vibrational Transitions . . . . . . .+ . .

(1) Spontaneous Transitions
(2) Induced Transitions
Applications . .+ + + + . 4 4 e 4 e e e

A. Homonuclear Molecules e e e e e e e e

“+
2 . 3 . . . .

(2) Dissociation of Many-Electron Systems

(1) Dissociation of H

(2) The H, Molecule . . . . . .

(b) Dissociation of Singly Ionized Molecules

(é) Dissociation of Doubly Ionized Mﬁlecules
B. Heteronuclear Molecules e e e e e e e s

(1) Dissociation of HD® . + =« & « « o .

(2) Dissociation of HD s e e e e e e

(3) Dissociation of LiH . . . . . .

(4) Dissociation of LiH'T . . . . . . .
C. Classical Treatment of Dissociation . e e e
Conclusions T
Acknowledgements o e e e e e e e
Appendices e e e e e e e e e e e e

| Appendix A. e e e e e
Appendix B. e e e e s

.11

11

.12
. 12

.12

.13 -

29
30

. 32
. 34

34
3k
37

. 38
- 39

L1

. k2
. L2

JpIte

L5



References

CONTENTS (CONT'D.)
Appendix C. . . . . .

Appendix D. . . . .

- ii -

50

52
5k



-1 -

DISSOCIATION OF.MOLECULAR IONS BY ELECTRIC FIELDS
John R. Hiskes
Lawrence Radiation Laboratory, University of California
Berkeley, California

May 4, 1960
ABSTRACT

A general discussion of the dissociation of diatomic molecules
and molecular ions by electric fields is presented. These calculations
pertain primarily to the ground electronic states of the molecular
systems. The H2+ ion is treated in considerable detail; the required
fields for the dissociation range from lO5 v/cm for the uppermost vi-
brational state to 2 x 108 v/cm for the ground state. The many-electron
homonuclear ions are treatéd in successive charge states. The HD+, HT+,
HD, LiH+, and LiH = heteronuclear ions are considered. The dissoci-
ation of homonucléar-ions and heteronuclear ions exhibit distinctly
different features. The HD+ and HT+ ions are more susceptible_to'
dissociation than is H2+.- The extent to which the dissociation by an
electrostatic field and by the Lorentz force, e? X E, are equivalent
is considered. The rates of induced dipole transitions to lower vi-
brational states can be made negligibly small compared Qith the dissoci-

ation rates. The application of this work to particle accelerators and

to the injection problem for fusion devices is discussed.
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INTRODUCTION

If an atomic or molecular system is placed in a steady electric
field, the Coulomb binding forces are supplemented by an additional
force which tends to éeparate the charges. One would expect that a
sufficiently intense external electric field would lead to a dissoci-

ation of the system. Oppenheimer calculated this effect for a hydrogen

~atom in its ground state and found that the instability of the atom was

inappreciable for field intensities‘much less than 108 volts per centi-
meter (v/cm).l These calculations have been extended to various excited
states of the hydrogen atom by Lanczos.2

- The nature éf the process is such that the presence of the external
field brings about a change in the potential experienced by the atomic
electron in such a way that the bound electron sees a barrier of finite
width through which if can tunnel its way to freedom. A general property
of such tunneling processes is that the»transition rate depends expo-
nentially on the height Qf the barrier. In the atomic problem, this
_barrier height is at least approximately defined by the energy requifed
to excite an electron into th¢ coptinuum,

Consequgnﬁ}yﬂong would expect that the field magnitudesvcalcg-

lated by Oppeppe;peynto be necessary for an observable dissociation
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rate might be markedly reduced in ai‘systém whose pertinent binding
energy is appreciably less than that of the hydrogen atom.

In this paper we consider the electric dissociation of the general
diatomic molecule or molecﬁlar ion in its ground electronic state. The
dissociation of a molecular éystem exhibits distinctive features compared
with the atomic case. The nature of this difference for the two cases
is a consequence of the fact that the only mode of dissociation avail-
able to the atom leads to a transition of the electron into a free state.
For the molecule, however, there aré an infinite number of possible
final states leading to dissociation, corresponding to the successive
bonding and antibonding electronic statesqu the system.

One might expect then that an ion for which the uppermbst vibration-
al states of a particular electronic state are occupied would provide
an example of a system that would dissociate at & reasonasble rate in
the presence of an appreciably smaller field than is fequifed for atomic
dissociation. This mode of dissociation, in which the molecﬁlar system
divides into two atomic systems -- a form of predissociatibn -- appears
to be the principal mode of dissociation for most molecular ions.

Apart from its general physical interest, this mechanism has appli-
cation to particle accelerators and to thé_ihjection Problem for
controlled-fusion devices. The'inspiratién for this‘wofk originated

‘with some remarks by members of the Princeton accelerator group who,

in considering the'poésibility of'aécélerétihé H~ idns in an accelerator
and then trapping theée ions iﬁ‘a”éfoféégﬁffﬁé by chahging their charge
state to H+, recognized that the H_}ioﬁ is dﬁite suséeptible to dissoci-
ation into an H atom and a'f}ee”eiecﬁfon'thréugh the ‘action of the

3,4

. . N a0 . - .
Lorentz force, ev x B. This "Iorentz dissociation™ of H may have

v



- L -

been observed by Lofgren in the l8h-in.vcyclotron.5’6

It was recognized that such a mechanism for changing the charge
state of an atomic system might find application as an injection
mechanism for fusion devices employing large magnetic fields. Such
change-of—charge-statevmechanisms employing atomic and molecular systems
as a means for trapping energetic particles inside a magnetic field
region had previously been proposed utilizing conventional ionization
processes.7’8 | |

The basic requirement of such injection methods is simply that the
‘absolute valué of the ratio of charge to mass of the atomic system must
increase during the respective ionization process. The stripﬁing of
electrons from negative ions by the Ioréntz force is therefore not of
interest. The stripping_of'electrons from the ground state of neutral
atoms is limited by the requirement of intense fields; the Ii atom with
a‘binding energy of 5.36 electron volts (ev) would appear to require
electric fields in excess of lO7 v/em to achieve a useful dissociation
rate. (In latér sections it will be shown- that the neutral molecule is
appreciably more susceptible to dissociation than the corresponding atom. )

These considerations have prompted a study of the dissociation of
the simplest molecular structure, the hydrogen molecular ion. In a first
approximation to the dissociation by a magnetic field, the problem was
replaced by the simpler one of the dissociation by a purely electrostatic
field in the belief that the solution of this latter problem would ex-
hibit the basic features of the dissociation by the lLorentz force.9
The extent to which these two problems are equi?alent is discussed in

Appendix D; in this appendix it is shown that provided one ignores the

Zeeman terms, which are negligibly small compared to the separations of
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the vibrational ievels;‘the'diéSOciation by a magnetic field reduces
to the problem of the dissociation by an; electric field. A preliminary

report of this work on H + has already been given.lo

2

It is conventional in many cyclotron establishments to accelerate
H2+ as a source of protons. As cyclotron energies are increased it is
of interest to inquire into the stability of successive vibrational -
states. The curves included in this work should -be useful in providing
a basis for estimating these successive stabilities. It is interesting
to note that on the basis of an instantaneous Lorentz transformation
into a system moving with the ion, vwhi'ch yield.-,*—g = 7¢x‘§; one concludes
that an ion in its ground vibrational state. is stable for acceleration
up to some 60 Bev in a 20 kilogauss field.

At an early point it was recognized that an accurate treatment of
the dissociation would require a knowledge of the vibrational eigen-
functions.and eigenvalues belonging to the ground electronic state of

+

H2‘. These calculations have been carried out in collaboration with

Dr. Stanley Cohen and Dr. Robert J. Riddell, Jr., utilizing potential
functions calculated in connection with the mesonic-moleucle work.ll
These- - calculations are reported élsewhere.l2
Following the publication of the preliminary report mentioned above,
an additional bound vibrational state lying between what had been thought
to be the uppermost state and the dissociation limit was discovered.
The original paper together with.the later work on H2+ is included in
this paper; a report on this:later work has already been givenel3
The.extension of -this problem- to the many-electron system and to
heteronuclear molecules:-has been: facilitated by the receat work of

Dalgarno and McCarroll,lu and thatiof; Cohen, ‘Judd, and Riddell.15
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In Section II the equations for a general meny-electron diatomic
molecule moving in the presenee of electrostatic field are developed.
Included in SeCtion II is a discussion of the electrbmagnetic transitions
between the vibrational states of the general diatomic molecule.

In Section III the general.equations ef the previous section are
applied:to several particular molecular ions. The H2+ system is treated
in considerable detail, followedvby a general discussion  of the many-
electron homonuclear system in successive charge states. The treatment
on heteronuclear molecules is applied to the HD+, HD, LiH+, and LiH++
systeme. Finally, an elementary classical analogy to molecular pre-

dissociation is derived for comparison with the quantum-mechanical results.

II. THE GENERAL EQUATIONS

A. Seﬁaration of the Motions

In this section we shall discuss the Hamiltonian for a general
many-electron diatomic molecule moving in an eiectrOStaticlfield. The
developmeht given here will follow.closely that of Dalgarno and McCarroll,
and of Cohen, Judd, and Riddell. Insofar as is convenient, we shall
adopt the notapion of the latter.

Consider an n-electron diatomic melecule with nuclei of masses Ma
and Mb and charges ea and eb in the presence of an electrostatic field.
Let'?a, ?", and ?éi represent the coordinates of the two nuclei and the
ith electron, respectively, all measured with respect to the laboratory

system. Take the direction of the z axis along the electric field. The
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Schroédinger equation for this system is written

2 2 2 — 2
A 1 1 1 ;
) FF'KZ * ﬁ; K7 T n 2 v 5
a a b =1 ¢t
- (I1.1a)
- A 3. v
+{Vl+V2}d)—Edi, - T V=EY,
where
n n n
V. = a.be2 _ l’-ae be2 +;_Z Z e2
LoFa T Ty Fa " Tei|  [Fom Tet|] 24 Lnffer” Ted
i=n i=1 ifj J
| (1I.10)
.and : v
v, = -e€ [:a z, + b z, - ;;; Zei]v . (IT.1c)

The cénter-of-mass motion can be separated from thelequation for
the internal motions by introducing n+2 new variablesv-- a center-of-
mass coordinate, ?;, a relative nuclear coordinate, ?n’ and“n additional
coordinates,’?&, measuring the distance of the.ith electron from the

center of mass of the two nuclei. The transformation is written:

Y N RN N )
rc = p, ra + P rb + p;i_l rei .
r =T, -T, . (I1.2)
- — —_ -
Ty T Tey T, Tyt Ty Ty
where:
M
0 = a.
a Ma + Mb + gm \ .
Py M.a + Mb + nm ]
0= m
Ma + Mb + nm
M
a



When this transformation is introduced into Eq. (II.1l), the
Schroedinger equatlon in these new coord:.nates becomes

2 ' , 2 M + - n *' -
'%Ma+]IJLb+anC- Mbv M+Mb %V v

a 1 J

+Ma+-Mb+m 'iv2}w

m, + M) 7Y
+ {Vl + V2} ¥ =Ky,

: n n
V_abee_i a.e2 + be2 +£z Z'ee '
1T . r, -7 F, + £.T 2 r, -1,
i=1 Ii 2 n| ll . ik

In Appendix A it is shown that

' M- b M '

V2=-e£[a+b—ng -eg{M +MbaJ
+ el +(a+b—n)m"nz'
[l Ma+Mb+an_iz=il

The center-of-mass motion can now be separated from the equation

(I1.3c)

for the internal motion by writing
WT,, T, T) = 2E )T, T)
and
E = Ec + W '.
The equation for the'center-of-mass motion becémes '

' . | {—é;E/Ia+Mb+nm]-lv2 -e»vg[a‘r.b-nAJz»c}n:Ec-n.

This equation describes the motion of a particle of mass M+ M+ mm

and charge e(a + b - n) moving in an electrostatic field.
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The equation for the internal motions is written

2 2 1 no,
NI + . L L v )
° N%'Kl” ot 4 L KZ— X% Te £ ‘Z
‘ i A ST o
a e ‘ I v
+{V —eg[Mb } + eg [ Dsla : b '+n31;n1 Zi} ¥ = WY,
' be Lt My J T
(I1.4)
with
M
y . M
noM My
and

o m(Ma + Mb)
e Ma + Mb + m
In the interest of separating the relative nuciear motion from the

electronic motions, we proceed by assuming a solution of the form

WEL B = (B B X@E)
U

Inserting this expansion into Eq. (il.h) multlplylng by w% , and inte-

gratlng over all electronic coordinates, we have

bl aM_ - b\ ‘
V t [b -ei‘(W)zuEﬂrn)-w]xwem

2 n 2 n 2 2
% A ae be
I A s e I
KXK A { 2m ;vl =115 " Tofn) F1 T Tita
n 2
LY
i=1 §#i |74 i .
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M+Mb%fow)\<Z§; wd3 3rn‘.

The electronic functions, ¥, are defined by setting the bracketed

v K
quantity in the integrand of Eq. (II.S)Vto zero. The remaining terms
serve to define the nuclear motion. In a first approximation to the
nuclear motion it is customary to set the eﬁK series to zero. The

various vibrational states belonging to a particular electronic state,

Ek’ are then determined by the equation

v X + abe -ef(aﬁb;z)z +E (r) x}\:o, (11.6)

For homonuclear molecules, the QAK series is a simple correction to the

nuclear potential, the leading term in this series contributing a quantity

of order m/Mn.15

For the heteronuclear one-electron problem in lowest
order, there is a degeneracy at large r for the two distinguishable
cases in which the electron is associated with either mass a or mass b.
It has been shown that in this latter case, in addition to providing a
correction to the potential, the leading terms in GiK also provide a
means for removing.the degeneracy that exists at large ro- The motion
is ndw determined by a set oﬁ coupled‘equations, and the notion of a

15

potential is no longer appropriate.’ In this discussion we shall usually
neglect the effects of these higher-order corrections, since the primary
effect of the electric field is already pronounced in lowest order; the

use of a potential in describing the effects of the electric field for

oth the homonuclear and heteronuclear cases is then valid.
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B. Vibrational Transitionsv

(1) Spontaneous Emission

Here we are concerned with Vib;ational transitiﬁns between the
various vibrational states belonging to the ground electronic state of
the molecule. The lifetimes of these states can play an essential part
in the interpretation of various experiments involving moleéular processes.
There have been conflicting statements in"the:liferature régarding the
nature of these vibrational transitions, particularly with résﬁéct to
‘quadrupole transitions in homonucleér molecules.

In»Appendi# B, the spontaneous-transition rate for dipole tran-
sitions is shown to be

3 2
b2 ViegT [2M - PM)

Ta =3 =3 & M+ M (Xk,?nlxg) :

c

2

In the case of homonuclear molecules,'ﬁhe dipole'transition rate is
identically zero. As an example of these.transition rateslfor hetero-
nuclear molecules, consider the HD" ion for which we héve,thOc=O.22 ev
~rand EhC!QaO. The lifetime of this first excited state is approximately
200 microseconds (usec). For the uppermost states, the lifetimes will
be about two orders of magnitude longer than for this loweést transition.
Since the time of flight of an ion in an electrostatic accelerator is
some tens of microseconds, we conclude that for the purposesvof many
experiments these states are sdfficiehtly long-lived to be considered
stable.

¥ ) - . 3 - 3 . f
For homonuclear molecules, the quadrupole transition rate is given .

2
2 Vk

by - 3 )
T =35 (5] (w2 )
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/ 2

These quadrupole lifetimes are approximately a factor of ( ;L)
‘ : T

n

@

longer than are the dipole lifetimes.

(2) Induced Transitions’

Switching on the electric field has the effect of inducing vi-
brational transitions. One is generally concerned with the rate of
these induced transitions compared with the dissbciation rate. In
Appendix B, it is shown that the induced transition rate is given

approximately by
A 2
T o

e’ 'k ‘
173373 (we’ﬁc

r, r, cos en ’452 Xj)

These transitions have been discussed previously by Condon.16
This transition rate exhibits a simple power dependence on the
electric-field value. The dissociation rate on the other hand is
exponentially dependent on the field value. For any particular level,
therefore, it is poésible to choose a field value»for which the over-all
transition rate will exceed ‘the dissoqiation rate, and vice versa.
III. APPLICATIONS

A. Homonuclear Molecules

Having derived the general equations in the»previous section, we
shall now apply these fesults to several particular‘molecular ions. In
any discussion of the theory of diatoﬁic molecules, thelsymmetry features
of homonuclear molecules lead to a clear disfinction between the proper-
ties of homonuclear and heteronuclear molgculeé. This distinction be-
comes even more evident in a treatment of the diséociation by electric
fields. Accordingly, we shall divide the problem at this point and

consider first the dissociation of homonuclear molecules.
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For homonuclear molecules we have a. = b and y%.; N%;.the coefficient
of z in Eq. (I1.5) vanishes and there is .no explicit dependence on &£
appearing in the equation for the nuclear motion.. We shall see, however,

that an implicit dependence on 8 is contained in the electronic eigen-

-

value, E%(rn).

(1) Dissociation of H2+

The simplest molecule and the one ifor which an exact treatment of
dissociation can be given is the hydrogen molecular ion. We begin the

discussion by considering the electronic equation for this one-electron

system:
2 2 2 2
-h € € it —- i
om V -7 Tt T 7 - Egzl (I EK(rn)z;,K s (III.;)
e 1 |r -5r l |r + =T |
1 2 n 2 2 'n

where £.=[l + (m/2M + mﬂ e .

The potential function seen by the electron is illustrated in Fig. 1
Tor the case in which the two nuclei are oriented along the field di-
rection and for some particular'interﬁuclear separation. It is clear
from the figure that the electron may leak out toward the left, away
from the region of the two protons. This would correspond to a complete
dissociation of the:system, i.e., dissociation into a free electron and
two free protons. Although this represents a possible mode of dissoci-
ation, it is not the primary mode. Rather, the primary effect of the
term ale is to perturb' the electronic eigenvalues. This perturbatibn
in turn leads to a disruption of thé hﬁgiear ﬁotion. Before coﬁsidering
this effect, we digress to conéidér Sbmg properties of the ﬁnperturbed
ion.

The unperturbed hydrogen molecular ion has been discussed fairly

extensively in the literature, and we have available several choices
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for the electronic functions, ¢.. The simplest funétion is the linear

K
combination of atomic orbitals (L.C.A.0.) approximation in which the
electronic state is taken as a linear combination of hydrogenic wave
functions centered about the. two protoné. For the ground state andb
first excited state these are explicitly written:

3 l:é(l + Tﬂ'l/E {q,a(ls) + C,Pb(ls)} _

¥

i

. (III.2a)
v = -] 1/2{<p 1s) - <1s)} :
where
- 1
T =T |/a
q:-aus>=,—;e“l #7all%
, 1l - ?i * %'?; /ao
¢é(ls) "me
and

T

n

| 3
b/qwa wb a rl .

The molecular designation for these two states are ZE: and j{; B

respectively. Although'these fgnétions provid¢‘a>good approximation
for large internuclear separation, they aretknown to be poor in the
limit of small separation. However, in a discussion of dissociation
we are interested primarilyAin effects atwlarge internuclear separation,
and these functions are useful.

The Eq. (III.1) for £= 0 is separable in confocal elliptic co-

ordinates g, 7 ®. These coordinates are defined by

N : 1 N 1
- 1?el - ra, + lr 7_f£J:#:,fi - § ?é’ + 'rl + é-rn’ _ r, o+ Ty
[Fa = o] [ "
and c
T + |7 T F o+ L T = r
r = J el ;I, , ~ ral - Jrl 2 rnl " ,rl T2 rn, = D " Ta ,
| [Fa - %ol "n
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where ra and ry measure the distances.of the electron from proton a and
proton b, respectively. These scalar functiohs are.not to be confused
with the vector functions defined previously in connection with Eq. (II.1).

If x”, y”, and z’ are the coordinates oriented with respect to the

<«

internuclear axis and with origin at the midpoint of a and b, these co-

ordipates are related to the £, 7n, @ coordinates by

" 2 2
x” = 2? (&° - 1)1/2(1 -1 )l/2 cos @ ,
r
, 2 1/2 2\1/2 .
y' = 5 (& -0 - B g,
and
rn
2’ = = en (II1.3)

The volume element is
3
r
2 2
dx:—‘é—(g - n°) dt dq dg ,

and the range of the variables is given by 1 < € < o, -1 < <1, and

O<op<en .

Introducing these coordinates into Eq. (III.1), there result three

separated equations -- one trivial, the other two requiring numerical

17,

integration for their general solution. 18,19 These integrations

have also been carried out by Bates, Ledsham, and Stewart fbr.several

electronic states; the results are tabulated over a range O < rn/ao < 10.20

A third set of functions have been given by Cohen, Judd, and

15

Riddell™ using a variational calculation in confocal elliptic éb~

ordinafes. Their variational functipnswargmo§ théqufmﬂuv

a (r )mr, _py(r)er -

¥, = Ay cosh 2 € 2
and : i . ¥ A
' S(r Inr. -py(r )Er
U, = A,(&) sinn % g Dot .2 g -8 (III.2Db)
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Here the variational parameters p(rn) and q(rn), are tabulated for the

r .
interval O 5_;5 < 20. The coefficients Al and A2 are determined by the
o)
normalization conditions
nA12 3 8 T
—Trn EQCO-EOCZ =1
and o -
w2 T :
T rn3 By By - By By =1
- .

The qUantities E, B, and C are defined and gvaluated in Appendix C. In
the limit of large internuclear separation, we have p = ¢ = 1, and
Al = A, =v(2/n)1/2. |

Consider'nbw.the effect of the term 6€zl on the unperturbed
electronic states. For‘large internuclear separations, thg bonding and
antibonding states ﬁi and WQ are degenerate; a perturbation treatment
of the term ¢ £ 215 though adequate for small internuclear separations,
loses its validity for'large internuclear separations. Thié degeneracy
of wi and wé for large internuclear separation sﬁggests that in a first
épproximation we consider diagonalizing the Hamiltonian‘(III.l) but re-
taining only the submatrix formed from these two electronic states. The

matrix to be diagonalized is then

11 - Hpp

- - (IIT.k4)

Hyp Hop

For the evaluation of H we must first transform the term Eéle

12
into the x”, y%, and z”system oriented with respect to the internuclear
axis. .Introducing Eulerian angles A and u, we have

Egzl = ag[x{ sin A+ yi’ sin p cos A + »Zf COS | COS 7\}
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The functions (III.2) are independent of. @, and .upon examining the trans-
formation (III.3) we see that the terms in x”‘and»_.v'.yd” vanish under the ¢
integration. MNoting that cos u cos A = cos '6‘n,v-;}here Gn is the angle
between the internuclear axis and the electric-field direction, the
relevant perturbation is then

egzl =5€zl .

The matrix elements are evaluated by using the functions given in

Eqs. (III.2a) and (III.2b). 1In the former case we have

H . = sz* FH + Egz’: P d3?’/ E, (r.)
11 1 Mo S A B s IR

. -

i

and

— -

— __— Y 3= - AU
H,, —f?LEZ Hy + égzl ?J)2 a7T, Eg(rn.) .

. -

]

Since the term in zi in the integrands is an odd function, the diagonal

terms are unperturbed. For the off-diagonal term

H. = H zbE* 0o+ &€z | ¢ ad2~
21 12 2 0 1 1 1

3.
- —E (g2 6.°) = &Fy (II1.52)
2(1 - T9) a
= + —-—é—é—é—— rn cos @ ,
2(1 - T9) n

where en is the angle between the electric-field direction (z axis) and
the line Jjoining the two nuclei.

In the evaluation of H, , using the functions given in Eg. (I112.D),

the relevant perturbation expressed in confocal elliptic coordinates is
written . P SOHT I o

R
n. _
E,gzl-ég 5 cos. en nl gl .
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The matrix elements are given by

Hy, =B (III.5b)

H22 = E2 , , (III.5c)

and

n 4
H,=Hy =% e€cos 6 A A, [E3 D, - E D3} . (III.54)

The additional terms that appear in the Hll and H22 matrix elements,

(™ A
g-eé’cos 6 A12 rnb' E..C. =E.. C
and
2'r L
2 Tn |32 71 7 F12 f3

.

respectively, are each identically zero, in agreement with the result
using the LCAO functions. 1In the limit as r —w, we have

1
B3

An integral'similar to that occuring in the Hl2 term occurs in the

Egr cos 6 .
n n

theory of photodissoéiation. This integral has been evaluated numerically
by Batés21 using the exact numerical wave functions and a comparison of
this result with the vdlue given by the ICAO approximation. The agree-
ment in excellent for large internuclear separations, significant devi-
ations exist only for ;E < 2.

o]

With these matrix elements, diagonalizationvof Eq. (III.4) yields

two new electronic states, wé and wh, whose eigenvalues are, respective-

ly - L
2 —
E. + E €2€2 T 2 cos2 6 @
Egﬁ"l_a'—é“%me.'El)‘l* 5 5
”(1 -‘T )(E2 - El)
and 1
El + E2 1 4 62 82 rn2 c:os2 Gn 2
E = —=5—+=(E, -E) |1+ - . (I1I1.6a)
u 2 R 2‘” 2 1 (l - TE)(Eé _ El)2
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For small values of r  these reduce to:. .
2 2

62,82 r cos €
1 -.n n
Eg =E -7 2
(L -1 )(E2 --El)
and
1 e €° rn2 cos® 6, )
E, =E, + 5 - s (I11.6b)

and for large values of rn, to

efr ’cos ej
Eg _ El _ n . n

and

E (III.6c)

1!

u E2+

egrhlcos qél
5 .

_ Equations (IIIT6) indicate that the electronic eigenvalue, which in the
unperturbed case was independént of the orientation of the internuclear
axis, now has a value that is dependent on the nuclear orientation and
in addition is a function of the electric-field value. We have seen in
Eq. (II.5) how the electronic eigen§alue éppears as part of the potential
function for the nuclear motion. The nuclear potential which was spheri-
cally symmetric in the unperturbed case becomeé axially symmetric in the
perturbed case, with the axis of symmetry ofiented along the field di-
rection. The nuclear pbtential for the lowest electronic state now
acquires a double-ended épout , the two spouts oriented along the field
direction. The effect of the perturbation goes to zero in a direction
at right angles to the nuclear axis in this approximation. The po-
tential function for the upper electronic state also acquires a double-
ended spout, but for this state the twb spouts are oriented at right
angles to the electric—fie;d direction.

In Fig. 2 is shown"tﬁé dnpertufﬁed nuclear potential for the two

lowest electronic states. Conventionally these potentials are drawn



- 20 -

in a spherical-coordinate system, but for the purposes of this discussion
a cylindrical-coordinate system is mbre appropriate. The vibrational
states are indicated schematically by the light horizontal lines; for

the H2+ ion there are actually 19 bound vibrational states.

Figure 3 indicates the distortion of the nuclear potentials in the
presence of the electric field; the potentials are drawn along the
electric-field direction. The symmetry of the pbtential.about‘the
origin follows as a necessary consequence 6f the invariance of the
Hamiltonian (II.4) for a homonuclear molecule under inversion of the
nuclear coordinates. Frdm this figure it is clear that as the electric
field increases, the nuclear potential deforms until the uppermost vi-
brational state becomes unstable. The ion will then dissociate into a
free proton and a hydrogen atom according to H2+-+H + p. This mode of
dissociation is a speqial form of predissociation.

At first glance the symmetric potential of Fig. 3 might conflict
with one's intuitive feeling that the poténtial of either electronic
state should fall off approximately monotonically from left to right.
This point can be clarified by examining the new electronic wave

functions appropriate to the diagonalized Hamiltonian. For the per-

turbed electronic states, on finds

- f 2 2)-1/2 ) |
R AR

“and

B 5 N -1/2

¥, = |(Egm Bp)” + Hp, -Hp o o+ (B Ey) Uy -
(III.7a)

Consider first the limit as T becomes large and the nuclear axis

is aligned along the electric field, corresponding to proton a lying
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in the direction of the electric field‘witﬁfﬁééﬁedt,to.proton b.

(since r_cos @ =2z =12 -z
n n

0 a b). In this llmltpwe;have,Eg- E, = -{ngl,

and Hl2/’H12' = + 1. Using Eq. (III.2a), we have

Wé—qu
and

U (III.7b)

Statement (III.6b) is to be interpreted as meaning that in this

limit of large internuclear separation the ground electronic state is
one in which the electron is associated with proton b and proton a is
free, and the excited electronic state is one in which the electron is
associated with proton a and proton b is free. For the lower electronic
state this corresponds to moving thé positively charged proton a in the
positive field direction, hence lowering the potential. For the excited
electronic state, the positively charged proton b is moved against the
field direction, thus raising the potential. The dependencebof the
"ipdﬁential on the right-hand side of Fig. 3 is then understood:
| - If the internuclear axis is rotated 90 degrees to the field di-
‘rrection, the effect of ﬁhe perturbation goes to zero. In this case we
‘have

Vo

[l

(IIT.7c)

and the electron has equal probability of being associated with either
proton. Continue the rotation until the intgrnuclear axis 1s oriented
at 180 degrees with resﬁect to itstbrigiﬁél direction; proton b now lies
in the direction of the field with respect to proton a. For this case
we have Hle/'le‘ = -1, and the gieétroﬁic é#ates bgcome
Vo9, o

and (III.74)



- 22 -

For the ground state, the electron is associated with proton a and
proton b is free. Separating the nuclei corresponds to moving the
charged pfoton b in the positive-electric-field direction, which lowers
the potential.’ For the upper state, proton a is moved against the field
and the potential is faised. This interpretation is consistent with the
variation of the potential on the left-hand side of Fig. 3.

The higher-order effects which were neglected in diagonalizing the
submatrix (III.3) can be estimated by using perturbation theory and
taking as the basis functions the two solutions of Eq. (III.6a) together
with all the unperturbed higher-state functions. In the limit as r
goes to zero, the molecular ion degenerates into_a He® ion in its 1S
state. The Stark shift for this state is |

| _AE=-69E6.03£2.
In the limit of large internuclear separation; the electronic state is
that of a hydrogen atom in a 1S state. The Stark shift for this state
is
AE = -)% a0352. (I1I.6d)
For the range of electric-field values of interest for dissociating the
upper vibrational states, these higher-order corrections are negligible.
For dissociating the lowest vibrational states these corrections, though
not negligible, are not too significant. Their effect on the transition
‘rate is comparable to ignoring them completely and increasing the elec-

tric field value some 5 to 10%.

The potential function for the nuclear motions has been determined,

and we can now consider in detail the nuclear dissociation. The equation

for the nuclear motion is given by

2 2 2
A e
{‘ 2 Vn M €) - le} Xy =0 - (T11.7a)
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The subscript v is introduced-to distinguish the various vibrational
states belonging to the lowest electronic state. lIn the 1limit of large

internuclear separation, the asymptotic form of this equation is

he e - 1 £ ' '
- -2-M—n / +E (r) -3¢ rnlcos 6n| - Wy, Xy, =0 - (III.7b)

In the asymptotic region, the El(rn) is constant and can be absorbed in
the le.
It is clear from Fig. 3 that if the maxima of the potential lie:
above an eigenvalue the proton may leak away from the region of the
" hydrogen atom. This effect of barrier penetfatién is not negligible.
To treat the nuclear dissociation taking into account these effects of
barrier penetration,  we use Oppenheimer's formula for thg transition
rate.l The method consists of solving for the motion of the ioé in the
asymptotic region given by Eq. (III.7b) and neglecting the binding
effects of the molecular forces at small internuclear separation. The
transition is then imaginéd to proceed from the bound discrete vibration-
al state of the ion to the unbound free-state solution, the perturbation
iﬁducing the transition being a function of £ . Specifically, the matrix
element for the transition is written

(%, lavl %),
where

' 1/2
-2 1 1 - 2
AV =5 -3 {(E2 El) + b H122}

le is bound vibrational state, and XA is a solution of Eq. (III.7Tb).
For these calculations, it was found that the primary contributions to
the matrix element come in the range where

arve -Lefyz .
2 . n
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The solutions of Eq. (ITII.7b) in cylindrical coordinates Y Zn’
P, for the classical and nonclassical regions and normalized to a

continuous spectra are, respectively,
M .
_ 293 {E o (oy-1/6 1/3 S
Y . . 3
1Ny |
X e
and
M . .
22/3 3 " (30)7Y/0 32/3 1/3 i @) i)

. /3
1_?\; pn) ¢ ﬁ-} L

Kane T T
xJ (

N

aMr;é

Here we have

2
7="33(7‘l+azn):

 % = %1 + lé s
and
2Mn
A= —=— (W -E)
‘he 1

The Bessel functions are as defined by Jahnke and Emde.22 Note that the
normalization factor differs from that of reference 1 by a factor 21/6.
For well-behaved solutions, we must have A? > 0, therefore we have
N <A
. . . 12
Using these wave functions and the exact bound-state wave function,
the electric fields necessary for dissociating the ion in 1 sec and in

10'8 sec have been calculated for the nonrotating molecule, that is

Jd = {75 = 0. The transition rate is given by

21/3e2€2 y 43
n o

"
16x 43 (30) /3 o’

N(T) =
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where ® ' o -
5 | :
ho = [ il ang
o}
and -
_ 0 1/3.2/3 (@), ..
-

® (r1)
dp(p'Jo (\17\_2 o i

o

b

°

I,/

Here we have

Zn

/

2 = ——
a,
C

.

p a ’
(o]

‘and

= o + 27 ;
xv(r’)/rl is the radial function of the initial vibrational state.
- The functions xv_(rﬁ exist only in numerical form and Hy and ugﬂmust
be integrated numerically. The results of these célculations are
summarized in Fig. 4; .which.is acplot of the binding energies, . y H£g?Tﬂﬁ
expressed in Rydberg units, of the bound vibrational states against the
electriclfield,value. The intersection of_the horizontal lines with
the sloping lines marked 1 sec and 10_8 sec determines the electric-
field values necessary to dissociate the ion in these times. Included
on these graphs is a curve marked "classical”, which would give the
field necessary for dissociation in the absence of barrier penetration.
For this case, the ion would dissociate in a time comparable to its

classical vibration period, i;e;AlO-lu sec.
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The additional term appearing in Eq. (III.7b) for the perturbed

ion, \
E, - E %

B, - ‘El - _2__2___£ - %— [(E2 - El)2 + 1&1122:} :
gives rise to a first-order perturbation that has the effect of lowering
thé unperturbed vibrational states. If we use the curve labeled
"elassical"” to determine the electric-field vélue, the first-order
perturbation of the various vibrational states has been calculated and
plotted in Fig. 5. These perturbed eigenvalues have been used in the
calculations summarized in Fig. &4.

The calculations of the vibrational eigenvalues of the unperturbed
molecﬁlar ion are uncertain by perhaps as much as 5 mv. The range of
this uncertainty for the two upper states is indicated in Fig. 4 by
plotting two horizontal lines for each of these uppef states.

The traﬁsition rate given above is based on the final-state eigen-
functions, which ignore the bonding molecular potential. This rate is
such as to lead to an overestimate of the field required to dissociate
the ion in a particular timé. An underestimate of the required field
can be made by assuming the perturbed potential is spherically symmetric

and using the one-dimensional WKB barrier-penetration formula,

2 r

_2.,7, 3
N(T) = 10%% e ’hf {2 M {wlv - V(rn)]} ar,,
1

2
e
I-'—r-l—+ Eg (rn,g) .

I

where

' V(rn)

The calculations for dissociation in 10-8 sec using this formula
are indicated in Fig. 4 by the dashed curve. The discrepancy between

these two calculations together with the uncertainty in the unperturbed
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eignvalues provides a basis for estimafing the over-all errors in these
calculations.

The calculations summarized in Fig. h'fefer to the transition rates
of non-rotating (J = 0) molecular ions. In the more general case the
effects of rotation must be considered. The rotational state of the
ion will depend primarly on the particular mechanism which led to the
formation of the ion. Under typical laborastory conditions the ioni-
zation process is induced by a 15-100 e.v. electron impinging on an
H2 molecule which is normally at room temperature. The most probable
rotational state of the ion is given by J = (M rn2 kT/zhg)% - 4. For
H» rnc:O.SSOA, and at.T = SOOOC, we have J=~1. The orbital angular
momentum of the impinging electron is approximately one to five units
of A; we cén suspect then that the molecular ions will alsc have a
distribution of J values in this range. ‘The correct distribution of

-these rotational states must come from a detailed study of the ioni-
zation process.

If the molecule is rotating the potential function deforms in
such a way as to reduce the binding energy of any particular vibration;
al level. This effect is clearly in the direction of reducing the re-
quired‘field for dissociation. On the other hand; the potential
function for dissociation is.now deformed in such a way that depending
on component of angular momentum along the Z-axis, the dissociation
can be inhibited. If m is the component of orbital angular momentum
along the Z-axis, we have, upoh examining the asymptotic solution,

XAC’ the selection rule, m = {XT;Q- Examining the matrix element for
the transition we see that the primary effect toward reducing the tran-

sition rate is contained in the J (q%épﬁ )factor in X, .. The minimum

m AC
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of the saddle for the non-rotating molecule will occur‘at'ph = 0. For

m = O we have

Jo (\l 4% pn) =1
p, =0
n
for m > 0, we have , v
, m
Jm (‘D-\; pn) - (47\_2 pn) )
pn->-0

Hence for large m the wave function is suppressed in thé region of
the pétential where the saddle exists for m = 0; it is élear that the
transitionlrate is reduced as m increases. For m = O.there e#ists only
one saddle at either end of the bound'region.of the nuclear potential,
and located on the Z-axis; for m>0 these point saddles become fing shaped
and located Symmetrically about the Z-axis, the distance from the Z~axis
and the height of the saddles increasing as J increases.

As an illustration of the significance of‘thesé ro£ational effects
let us compare the fields required for dissociation in 10-8 secs. -for
an ion in the v = 15 vibrational state and for the rotational states
J=4, m=0, k4, with the‘fiei&s required for dissociating an ion in
the same vibrational state but ina J = 0 rotational state. For m = O
vae electric field necessary for dissociation is approximately thirty
percent less for J = 4 than for J = 0. The effect of the rotation in
raising the vibrational eigenvalue is the dominating factor here. For
J =14, m =4, the required for dissociation field is aﬁproximately forty
percent larger than for J = 0. We conclude that the présencevof rotation
has the effect of lowering the threshold fields necessary for dissociat-

ing a particular vibrational level.
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(2) Dissociation of Many Electron Systems

Turning our attention to the many electron problem, we find rela-
tively little quantitative information in the literature on potential
functions for many-electron molecular ions. Only for the He2+ ion and
the Li2+ ion has there been any atfempt to calculate the ground-state-
potential functions, and here the emphasis has been primarily on deter-
mining equilibrium internuclear separations and potential minima.23’ 2k
Aécordingly, our treatmeht of these many-electron ions'cannot be as
precise aé for the one-electron systems, and quantitative éstimafés of
thé fields necessary for dissociation will have to be made lé;égi§ on
the basis of extrapolating the properties of theacorrespondiﬁé ﬁéﬁfral
molecules.

The many-electron problem is treated by usiﬁg the molecular-orbital
approximation. In this approximation the many-electron molecular system
is constructed by filling the successive two-centered;orbifals of the
hydrogen molecular ion. In its most primitive form, the interaction
between the electréns is iggored, and the molecule is construcfe& by
using the unperturbed groﬁnd-state and excited-state orbité.ls° Fdf this
work we shall require only that the orbitals possess the propér s&mmetry
features and have the correct asymptotic form. The wave function for
the éntire’system is to be expressed in determinantal form.

For the evaluation of the matrix elements, we have recourse to
standard theorems on matrix elements between determinantal wave functions.

The general form of the perturbation with which we shall be éoncerned

occurs in the electronic Eq. (II.5) and has the form

_] n - n

_ (a + b - n)m| - _ ‘n

R = ef,{g + TR n?j ) 2y = e€ 5 Cos Qﬁ n gi o (III.8a)
i ‘ S i=1

25
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Let wi represent a determinantal function describing the ith elec-

tronic staté and ak a particular spin orbital in wi, We have then

(¥Rl )= 0

if Y, and wi differ by more than one set of quantum numbers, and

J
(wlel "’i) = tfak*(l) R (1)a,(1) & r, (IIIF.9a)

where the values of ay and aZ’ differ by no more than their spin
functions or their orbital quantum numbers. For diagonal elements we

have

(Il v) = > }i*u) RWa Wdr . (1IL%)
i=1 : :

We shall also uée the first of Hund's rules to determine the lovest
state of several possible spin étates. According to this rule, we
choose the maximum value of spin consistént with the Pauli principle.
These theorems and rules are adequate for a general discussion of the
many-electron problem.

(a) The H. molecule. For the ground state the lowest orbital is

2
1
occupied by two electrons with spins opposed to give a E state.
' g
The wave function for this ground state is given by
W Wa@ oy (@ a©@
1
Wi @ | .
v (1) e (1) ¥ (2) B (2)

The o's and B's are the conventional spin functions, and the v,
function is of the form given in Eq. (IIT 2,b). Asymptotically this
electronic state goes into H2-—+ H+ H.

For the first excited state, which asymptotically is degenerate

with the ground state, the ground-state orbital Wi and the first excited
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orbitsl WQ are each occupied. Hund's rule calls for a spin-one state.

3—+
The wave function for this :E: ~antibonding state is given by
. - u’L St e -
¥ (W a@ v (2) a (2)
1.
YLt i
v, (1) o (1) ¥ (2) o (2)

Following the procedure for H2+, we again diagonalize the appropriate

2 by 2 submatrix. The matrix elements are now

r
n . - . —
Hi, = (Wlfef —5 cos 6 (ql él + Tbi§2)l wl) +E =0+E =E,

r ‘ )
- n . : -
Hy, = (Welei. 5 COos 6. (ql él-+ U= 52)[ Wg) +E,=0+E, =&,
'and
Hjp = Hy = (Wzleg_e' cos 6 ["1 SR gz} ' 11’1) =0

For homonuclear molecules the diagonal terms will always be un-

perturbed, since the perturbation is an odd function. The le term

vanisheé both because of the orthogonality of the spin functioﬁs and
the cance;lation of the orbital integrals. This result could have
been obtained immediately by noting that wz_and ¢i differ by two sets
of quantum numbers and invoking the first of Eq. (III.9a). The ground

state and first excited state of H2 are therefore unperturbed in this

approximation. The asymptotic potential in the presence of the field
is illustrgted in Fig. 2; predissociation of the H2 molecule will
therefore not occur.

For the H2 méleéﬁle{'the mode o% dissociation is one in which an
electron is stripped off, as is‘suggésfed in Fig. 1. If we use

Oppenheiner's result that ho appreéiablé.disédciatibn“of the H atom
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occurs unless the field value is of order lO8 v/cm together with the
general observation that the necessary field for dissociation is roughly
proportional to the electronic eigenvalue, we can estimate the field
required to dissociate the molecule in terms of the value required to
dissociate the atom. In the atomic case, the appropriate origin of the
electronic potential function is the nucleus, whereas for the homo-
nuclear'molecule, the appropriate origin is at the center of the two
nuclei. The effect of the electric field in inducing electron stripping
is therefore magnified foi the molecular case over ﬁhe atomic case. If
roe is the outer ciassical turning point of a barticular moleculai -
vibrational state of the molecule in question, the electric field required
to strip an electron irom the molecule compared with the atom is reduced
thfmmqic%(mﬂqg%Eiﬁﬁﬂ.

Note that an uppermost vibrational level of sufficiently small
binding enérgy may become unstable prior to electron stripping because
of the higher-order effects [Eq. (III.6di].

The above argument for H2 is readily generalized to any neutral

1 +
homonuclear molecule that has a E ground state, corresponding to a
g

molecule with closed shell orbitals. The first excited state will be
occupied by one electron, which according to Hund's rule will couple its
spin with the last electron in the unfilled orbital to give a spin-one

state. Using the first part of Eq. (III.9a) we have our result. For

1+
those molecules that do not have a E ground state, similar arguments
g

together with successive Hund's rules lead to the same conclusion.

(v) Dissociation of singly ionized molecules. In the limit of large

internuclear separation, the ground electronic state of a general singly

s + . oy
ionized molecule A2 goes over into a state consisting of a neutral atom
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and a singly icnized atom, accbrding tQ_A2+—%A7+ A+. . The molecular ion
will have an odd number of electrons, with the last electron unpaired
in its respective orbital. The first excited state will consist of a
state in which the unpaired electroﬁ occupies the next higher orbital.
However, since it remains unpaired, Hund's rule is inapplicable, and

our result is given by the second part of Eq. (III.%9a). This matrix

(1) (1)
k

spatial symmetries. The result is analogous to the H2+ case illustrated

element is always nonzero since a and aAi will have different

in Fig. 3, with the asymptotic potential varying as

1
-Egérnl cos en l .
+

.ion. Here
2 ‘ B

It is interesting to apply these conclusions to the Li

the equilibrium internuclear separation is three times as large as for

H2+ (i.e., 3 angstroms) and the potential depth is one-half that of H2+.

.For the ground vibrational state, the necessary field for dissociation
is therefore approximately one-sixth that required for dissociating the

ground state of H From Fig. 4 we see that the required field for

+
5
dissociating an H2+ ion in its ground vibrational state is approximately

2 x lO8 v/cm; therefore we estimate the required field for dissociating

7

the ground state of Ii.' to be approximately 3 x 10' v/cm. The potential

2
function for large internuclear separations is not known, but for a

vibrational state near the top of the potential well a field of one-third
to one-fourth that required to dissociate a corresponding uppef level in
H," is estimated. The alkali ions -- Ii_"

2 2

apparently relatively susceptible to dissociation, since their respective

s Na2+, Ké+, etec. -- are all

neutral niolecules are characterized by large equilibrium configurations

26

and shallow potential minima.
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(¢) Dissociation of doubly ionized molecules. The ground electronic

state of the doubly ionized molecule:disssciates'according to A2++—+A++ A+.
For these molecular ions the argument is similar to that for the neutral
molecules. The first excited state contains an electron in the next
higher orbital which couplss its spin with the remaining unpaired electron
such that the first theorem of Eq. (III.Oa) applies. The asymptotic
potential is uﬁperturbed as in Fig. 2.

We conclude this section with the general observation that, for a
homonuclear molecule with an even charge state, predissocilation will not
occur, and the ground electronic state is as illustrated in Fig. 2. In
the case of an odd charge state, predissociation will occur, and the
electronic states are as illustrated in Fig. 3, with the potential fall-
ing off s.symptotically as - ';—'6 gr"nl cos Gn | .

B. Heteronuclear Molecules

For heteronuclear molecular ions the invariance of the Hamiltonian
(II.4) under inversion of the nuclear coordinates is no longer a restraint
on the problem. As a consequence the dissociation of heteronuclear
molecules exhibits essentially distinct features compared with the homo-
nuclear case. The nuclear potential is now affected both by the implicit
dependence on<€ contained in the electronic eigenvalue and the explicit
term - etgg%N% - bMa)/(Ma + Mbi] z contained in the nuclear Eq. (II.5).

(1) Dissociation of HD'

We begin the discussion by considering the‘one~electron HD+ system.
In the general discussion of the heteronuclear problem, we shall take
Ma to be the mass of the lighter nucleus and Mb to be the mass of the
heavier nucieus, Before considering the ahalytic form of the electronic

wave functions, we note that the origin of the electronic coordinate
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system ha'Ls been taken at the center of mass of the two nuclei, wheresas
the origin of the confocal elliptic coordinate system is taken at the
center of the two nuclei. For the heteronuclear case, the Eulerian
transformation A , Hmust be followed by a translation along ’;he
internuclear axis.

The Eulerian transfprmation 7\1, # of the perturbation egzl into the

x', y’, z’ system oriented along the internuclear axis is given by
_ ’ . )\ ’ . . / ..
{le = EfEl sin A+ y) sin p cos A+ z] COs y cos 7\] .
If Z4 is the position of the center of mass with respect to the origin
Y ” ”, ; - - '
of the x’) y”, z”system, we have z, = (rn/2) EMa Mb)/(Ma+ M.b)] The

perturbation in the x’) y”, z” frame is then
é{zl =eéf Ei’ sin A+ yJ’_’ sin p.cos A+ (z” - zO) cos A cos u:] .

The terms in x” and y” will vanish under the ¢ integration as before.
- Our relevant perturbation term expressed in the n; &, @ coordinates is
now written as
€£zl = %— égrn cos 6 : §l - (H) .
_ a
In the limit of large internuclear separation, the ground electronic
state of the unperturbed H.'D+ ion goes over into a state in which the

electron is associated with the deuteron, and the first excited state

goes over into a state in which the electron is as'sociated with the

proton. The appropriate wave functions are given, respectively, by15
o Qn -P&/2 Qn -PE/2
\Izb—A.b cosh—E—-e -s:.nh—z—e ]
(III.10a)
Qn -Pl§/2 Qym -P2§/é7
wz:i:A cosh—g—-e +sinh-—-2—-e .
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i
S
'

- : 1l
In the llmlt. as r ~goes to oo, we have Ab 0 = and
‘ - 1 e-rb .
b (S ?
and
' 1 -ra |
= . .10b
o= e (III.10b)

Although these two states are not degenerate, in the limit of large

internuclear separa_tion, these eigenvalues El and E2 are sufficiently
close to suggest that in a first approximation we proceed as with H2+
and diagonalize the submatrix analogous to matrix (III.4). The matrix

elements are now:

H . = »'effﬁ'éose g-M—-——-——-a-Mb v |+ E
117 (% 5 n b T\ )| %) TR
a
r )+ ’
n
=ef cos 0 (A S T By Cp - Fyp O3 -2 (D) Byyp - Dy Bypp)
M- M
+E,_B -B_ E :I - | =) + E
3271 7 73 12 (Ma n Mb> 1
I‘n o 2 r n)+ '
65'2"“’5 6 \% 3 E3 Elip - 312] (M ¥ I + B

;'rn Ma_Mb
oo = | Va|eC -5 cos 6 Thgl"(M Ty
. ), a

_wa + E2

=
I

2 n

r
n
= ﬁg? cos € (A~ —— 31 l - E, C3 + 2 (Dl E312 - D3 Ellz) +
M-
+E_ F =-F E] - (—a———-> + E
32 "1 3 712 Ma.+Mb 2
a in
r r M -Mb
n 2 'n a )
= 55-—2- cos Gn Aa. - E)l.E312 - D3 Ell;_l - (M———-——-—-—a " ) + E2 H
' r M - Mb
n a ,
Hp=Hy (“’a e€5cos g |ny & - <M T Mb> "‘n)
a
grn : r ‘
= & 2 ‘ - - - = 0.
5 cos Gn Aa Ab I E3l Cl Ell C3 + ]332 Bl B3 ElE] 0]

(f11.11a)



_37_

In the limit Qf large T Hll and H22 reduce to

r
l egn ,
H, = - 3 e 5 cos 6 +E ,
and
H, - +2¢8Rcos 6 + . . (III.11b)
22 3 2 n 2 .

If we combine Eq. (III.llb) with the term - dq£?Mb - bMa)/(Ma + Méﬂ z
which occurs explicitly in the nuclear Eq. (II.5), the asymptotic po-

tentials for the nuclear motion are given by

- -2
Eb = - 3 affrn cgs Gh + El,

and
1
+ =

Ea 3

.

afr cos 6. + B
n n 2

These potentials are illustrated in Fig. 6. It ié clear that, in the
"classical” limit, the HD' ion is more susceptible to dissociation than
is H.'. One can readily show that, for the HT' ion,. the coefficients in

2
the asymptotic nuclear potential are - 3/L and + 1/4, respectively.

(2) Dissociation of HD
The electronic wave function for the ground state of this two-

electron system is taken to be
W& |y e (@) 8 (2)
G {75 a v a
% (1) o @) % (@8 (2] -
The pertinent matrix element is written
*n N% } Mb
By =(‘”gi55?°°s eﬁ' - TR Vg ) * B
According to Eq. (III.9b), this reduces to
. rn
“’a) * (‘“b'eg—e"cos %™ gll %

1
3

n

rn
Hyy = (‘*.’a 5€"2‘°°S ]

+ €€rncos Gn+E

, -



- 38 -

If we use the results obtained for HD+,;the first tWo.terms cancel.

Combining H.. with the explicit term - % efon appearing in the nuclear

11
equation we have
The nuclear potential is as illustrated in Fig. 2.

One can readily show that had we chosen for our ground -state wave

function a Heitler-Iondon function,

1o = 5 [0 @) + v Q)] [ s0) - a@) 8 )] ,

an identical result would have been obtained.-

(3) Dissociation of ILiH

The ground state of the LiH molecule has a'large'eqﬁilibrium sepa.-
ration and a relatively shallow potential minimum. - No data exist on the
properties of LiH' ions, but we can suspect that these ions also wili
be loosely'tound structures and hence relatively susceptible"fo dissoci-
ation. |

The correiation diagram given by Herzberg indicates that the ground
state of Li H+ consists of two occupied Wb orbitals and one Wé orbité.l.27
In the limit of large rn, .'LiH+---)Li+ + H. Our ground-state wave function
is
W Da@ w@a@ ¥ (3)ald)

W (1) 8 @) w (@ p((@ ¥ (38 (3)

LWal v @a@ v ()
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The matrix element becomes

r
n ; ] .
Hll = (Wg‘¢€? cos Gn [gl n o+ &2 n ot 53 713

M -
'3<M +DB:Z>}IW * B
= €3 cos 9n{2 Cogley b w) + (ol nplyy) + }+El;

5 N
Hll - 8—5€rn cos eﬁ + El .

Combined with the term - %—eg ZIl in the nuclear equation, the asymptotic
nuclear potential becomes

R L

Eg =8 egrn cos en + El

(4) Dissociation of IiH «

"It is not known whether this ion possesses a stable ground state,'
however a comparison of the asmptotic potential of this case w1th that
of L1H illustrates the sen51t1ve dependence of the prébl(emuon the charge
states of the ion and its dissociation products. The . LlH dlssoca.ates

according to LiHJr+ —_—)Li+ + H+. The wave function is now
- L : : .
Tl (1) a 1)y (@) a()
¥ (1) 8 1)y (@B ()],

and the matrix element is

H o =£€-—2— cos 8 {2 (\chlgl nllwb,) + §}+ El.

In the limit of large r., ve have

1 .
Hll = - H-E_grn cos en + El .

Combining Hll with - 1/2 eon term in the nuclear equation, we have for

the asymptotic potential

E =-%e€r cos 6. + E
n fal

g 1°
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The Li'H++‘ion is appreciably more susceptible to dissociation than is
Li H+. A comparison of the potentials for these two cases is indicated
schematically in Fig. 7 in which the asymptotic potentials are drawn for
the same electric field value.

C. Classical Treatment of Dissociation

We conclude Section III with an,elemeﬁtary discussion ofvthe
classical dissociation of two charged deies. let eA and eB be the
charges of two dissociation ffagments of masses MA and MB’ respectively.
Let f(rA - rB) be a function describing the equivalent of the molecular
binding forcgs and van der Waals forces. In the limit of large rA - Tps
choose f to be zero. The forces on the bodies A and B are

.MAY'A=f(rA'rB)+eA€
and
My fB = - f (rA - rB) + e BE.
Multiplying the first equation by MB,and the second by MA and subtract-
ing the secqnd from the first we obtaih the equation for the relative
motion:
e Vi NS 3 e e ¥
MA + MB n n MA + MB
In the limit of large T the relative potential is given by
. V(rn) = - el ﬁﬁ@_;_?gé L
h * g

This relative potential is in agreement with the aéymptotic po-~-
tentials found in the previous sections. It is quite intereéﬁing that
tﬁe correctfclassical asymptotic potential is obtained in the gquantum-

mechanical problem through contributions from both the electronic equa-

" tion and the nuclear equation. The parameter (A - BM)/ (M, + M)
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provides a useful criterion for estimating the stability of various ions.
IV. CONCLUSIONS

The primaiy mode of electric dissociation of molecular ions is
predissociation. Neutral molecules and homonuclear molecular ions with
an even charge state dissociate via electron stripping. The asymptotic.
nuclear potential for homonuclear ions with an odd charge state varies
as - 1/2 efilznl. For heteronuclear molecular ions the asymptotic de-
pendence of the nuclear potential and hence the susceptibility to elec-
" tric dissociation is a function of the masses and charge states of the
dissociation products.

The transition rate for dissociation is a sensitive.functibn of
the initial vibrational state of the ion. The necessary fields for

dissociating the H * ion range from 105 v/cm for the uppermost. vi-

2
brational state to 2 x 108 v/em for the ground state. The HD' and HT'
ions are more susceptible to dissociation than is H2+.

The acceleration of H2+ ions in cyclotrons and other circular
accelerators can be extended into the Bev range. Since the lower vi-
brational states of the H2+ ion are generally more densely populated
than the upper states, no significant beam losses from predissociation
will occur in conventional circular accelerators at energies below one
Bev.

In the application of this workiﬁo the injection problem for
controlled-fusion experiments, effective electric fields of the order
- of 106 v/cm can be considered. For those molecular ions in which pre-~
‘dissociation is the primary dissociation mode, several of the uppermostv
vibratioﬁal states are suscepfible to dissociation for fields within

6

this range. For an electric field of 10 v/cm the required time for
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inducing transitions between the upper vibra.ional states is of order
10-3 sec; these induéed ‘ransitions will nol interfere with lhe more
" rapid predissociation. The recgnt experiment of Anzerson et al. has
shown thgt most of the vibrational states of the H2+ ion rémain populated
when such ions are accelerated in Van De(}raaffmachines.28 The practical
utilization of the injection method considered here will require fufther
demonstration that the uppermost vibrational states can be populated.
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APPENDICES
Appendix A
ﬂere we consider the transformation of.the term V2 in Eq. (11.1)

into a function of the n + 2 new coordinates which are defined in Eq.

(I1.2). We have:
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n
1
Vv, = az_ + bz, - ; Zoy = W (Maf Mb+ nm) (aza+ bzb)

n
- (Ma+ M, + nm) Z ze;l'
i=1
1
= W {aMa Za+, bM, z, + bMaZa+ asza+ nm (aza+ bzb)

+ (b -n) (Maza+ mz zei) + (a - n) (szb+ mz Zei)
+ an Z o4
i=1
- Eb - n)(Maza+ mZ Zei> + (a - n) (szb+ mZzeiil - nm Zl Zoy
i i i=

- (Ma+ M+ nm) izei}

i=1

. 1 .
= M————————a+ T {(a +b - n)(Maza+ M 7, + m Z Zei)

n
i=1
+ BM z+ aM z + nm (aza+ bzb)
n ' .
- Eb - n) (Ma.za+ m Zl zei) + (a - n)(szb+ mizeiﬂ _
i= A i

, n
- (Ma+ M+ 2 nm) ; Zos

n
aza+bz-Zze.=(a+b-n) z, +

1
b =1 i Ma+ Mb+ nm {D
n n
- Eg -n) (Maza+ m ;Zei) + (a - n) (M.bzb+ m ; Zei)_J
- (Ma+ M+ 2 nm) il Zei} .
i=

Note that

nm
mn(aga+ bzb) = W (aMaza+ bM z, + aM z + bMaZb)

Mz, + aM z + nm(aza+ bzb.)
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and

(ly- D) (1 g )(20m 2p) = (M2, - Mz, - alozyr B2 ) (1 + )
a _ a

Inserting these expressions in the above and expanding some terms, we

obtain

1
M + N% + nm

Vé =(a+Db ~n) z, +

bN%zb + aN%za +

+ -

(aM z, + bz, + aM z  + bM z )

M + Mb
+ (aN% - bMa)(l + EET:TEQ?(Za - zb)

- (asz - bM z, - aM z, + bM z. )(l + nm )

[%Maza -nMz + (b -n) m ;i: e;}
Eszb - Mz o+ - n) mZzeg

(a
(N% + Mo+ 2 nm) ?ﬁ: Z;

If we collect terms, this reduces to

7/
v, = (a + b - n) z, +

M + Mb + nm (aMb - bM )(l + NT‘?‘M;

+

n (1 + é?—%—%%gé (MaZa + Mz ) - (a + b)m :{: Zgs
a i=1

n n
2anzei - (Ma+Mb+2nm)Z Zei}
i=1 i=1

+

=(a+b-n)z

+

e T | (@ T PO ) 2

| Mz + z
<Ma+_Mb>E<l+,‘;;f3;j> ST
-Gy S

Ja i=1

+

*
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aMb - bM
M + Mb
Mo+ M o+ (a+ b)m (M z, +_szb) o
. . Sl

= (a+ b -n) Z, +

+ n
Ma + N% + nm | N% + Mb -
Finally, we have ‘
4 — n
az_+ bz, - z . = (a+b-n)z + (iﬁg:—gféQz - |1+ (at+b-n)m . .
a b el c M+ M ""n M + M+ nm i
i=1 > & i=1

Appendix B
In this appendix we consider the electromagnetic transitions of
the general diatomic molecule. We shall be concerned both with spon-
taneous electromagnetic transitions and transitions induced by switch-
ing on the electrostatic field.

A. Spontaneous Transitions

The Hamiltonian for the general diatomic molecule in the presence

. : -
of an electromagnetic field described by the potential A is given by

n
1 2 ea=>.\2 1 ,,~ eb— A e > 2 ‘ A 9
2M(pa"c_Aa)+2Mb (Pb'cAb X(I)ei toBe) VTt
a
i=1
where
S B SN
Aa = AO e r , etc.

If we expand the brackets, use A -

S
and neglect terms of order A2, this reduces to

& YETTREDVAR
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0

~ Introducing the transformation given in Eq. (II.2) and writing H. for

the Hamiltonian when A = O , we have

b

.

n

) S
AR
i

b

’
i

(¢}

RIS ATS)

and

b

which gives

b
eh[%Fs By np. > -
E)-:—'L?(Ma Aa+—WA’b-.?n— Aei vc
e/ﬁ(a . b = =
- [=— A - = .
[¢] Ma a Mb ) vn
n .
f bf
ek 8l 2 b 1 >\, A3
T Z(M_ Awwb*%'a‘*el) V]‘”—'lat
o Ve i

We are concerned with transitions between the various vibrational

states belonging to the same electronic state and, in particular, with

those of the lowest electronic state. The initial state is given by

- S = -
W = n(rc) Ec) \{/l(rn, ri, El) ‘le(rn} WJ‘))

and the final state by

- ~> - -
V.= ﬂ(rc) EC) "!rji(rn’ ri) El) »ﬁk(rn’ wk) ¢

-—

In a dipole approximation we set elk "T - 1. The contributions

fromv and V vanish. Upon examining Heitler's"® formulae (2) and
c i .
'(12) and dividing formula (12) ‘by'ﬁvkj wme have for the transition

3 2 2
?E Vies (aM_b - bM,
03){1 Ma * Mb |

Td=

EAERED

“'AUUH-?’
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For homonuclear molecules this transition rate is zero and we
require the quadrupocle terms. For homonuclear molecules we have, from

transformation (II.2),

m) ¥ [, o) om)
2+—M—) l+ﬁ>rn+(2+ﬁ“)rc'
am\| (. nm)= om)=> m Y
o (“‘M) -(lm)rw(zw)rc-ifw

i

(l T N
+2M I'i+rc .

Neglecting terms of order nm/M compared with unity, these reduce to

i

N
r
a

=i
H-l\/lb
els

=]
i

1]

N
r
e

n
- 1 A m S
To "2 ™ T~ §ﬁ'§;: ¥y
n
- _ l_\ —_ m _
rb'ern+rc-2M§ri’
and
— - -
rei ri + rc .
We have then
R E-7 -L) F-F
ik T * Te = o ¢ Pyl 4 égkj- r
K = K e a ~'K e i=1 e 2 n
a 0 o) ' ?
- — mn._\.A
L . 1E-% ik T -aﬁivk'ri)-léf-?
- A e b - K e i=1 e 2 n
Ab 0] 0 ?
R N ik - rei itk - ri + k rc
A . =A_¢e =A_ e .
ei 0] 0

The contributions from the terms ixii] and.‘] in the matrix element
c i

will again vanish. Writing

i%—i’?
e n_ 1+

O
=l
)

el
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L

we have for the term in

n ©
. N — . — _ —IEZA . —_— .
ed (aiz = \-= l(k Yo T W i=lk ri) =
'ilvxné;'<2k ) rn)Aoe vn

The factor el( )cancels with its complex donjugate in the evalu-
ation of the matrix element, and using Heitler's formula (22), we have

for the transition rate for gquadrupole transitions
2

o v. 3
5 =
03 ’ﬁ

, .
T, - %‘ kJ %) (&l?n(l_;" ;‘n) | xJ)

B. Induced Transitions

In the presence of the electrostatic field, the electron cloud
is polarized. This polarization is a function of the internuclear
separatidn. As the mdlecule vibrates this variable polarization can
induce a transition between the vibrational states.
For values of the internuclear separation close to the equilibrium
separation, the electronic eigenvalue is given approximately by
g 1 E2 - El

The electronic wave function corresponding to this state is:then

o

A A
g 1 E2 - El 2
The initial state of our molecular system is now given by

EC) ﬁ‘g‘(rn: rii El) )S-“J'(rn) WJ) >

LY
r

V= “( e’

and the final state by
Y= “(rc: Ec) ‘l’g(rn: T El) xlk(rn’ Wk) .
Using these wave functions, we proceed as in the previous section;

the transition of interest is given by the electronic terms inK]
i
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in dipole approximation. Neglecting terms of order m/M compared with

unity, we write the interaction term
n

e,ﬁ - -
Lot ® ™ Ime Aes KZ )
‘ i
i=1
Using previous theorems on determinantal wave functions and taking Wl

and ¢2 as the first and second electronic orbitals, respectively, the

pertinent matrix element is written

(Wlxk‘lHint | “’_lxj"

| Hp
(“’g)ixlﬂintl*'ng) * (El - E, '“"'2>3<|Hintl‘”"1xj

H
12 -
i | 2 x
int El - E2 ¢2 J>

(%

+
H q
12 12
b2 wx |m | —22— V> )
<El - E, % B g -5, 2%

The first and fourth terms vanish in the electronic integration;
the second and third terms are equal. For the evaluation of the

electronic integral, we write

V.

i(
im
i

The transition rate becomes

- (E2 - E

. 1
)21 = 1V, (ry)py =1 T) (r)py

2 2

2 v E -E
he™ "i3 2 2 1 :
33 7% <E2 - El> ( 5 ) (“’2Xk |71 g ‘lej) '

For homonuclear molecules in the upper vibrational states, we have,
approximately, H12 = 1/2 e<£ rn cos Qn; the transition rate then re-

duces to

L v, 62 ' 2
_ke” JK
T, = 33 .3 (¢2Xk Irl r  cos ql‘ le5)‘ .

The transition rate given in reference 10 is in error. The selection

rules for these transitions have been discussed previously by Condon.
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Appendix C
In this gppendix various integrals encountered in Section III are

defined and evaluated as follows.:

® )
E = e PnE dt = L e_Pn
On - Pn

Vi

® -Pné e-Pn
Eln=f§e dg=P2 (P + 1)
1 n
(o 5] -Pn "2
e
Eenfg = =3 Pn+2(Pn+l)}
P L
n .
"P —
E —en p 3 P26 (@ + 1)
3n - §e —P_h_ n 3% n
. 'n et
. 1 ‘
® P2) §(P+P) ) .
Ell2 I §e -2—(P1+P2)+l
l:(P +P):]

. @ (P + Bo)¢ '§(P1+P2)
E._ §3 ag = &
312 E lM : 4
Eé' (P + 'Pez]

x [g (e, + 2,)> +.z3: (B + 2)% + 6 (5 (B, + B)) + 1)J

+1
B =f n:sioh Q—TI cosh’: 9‘-11 dn = é— (cosh.. Q = ;—: sinh Q)
-1 -

+1
133 =f 'q3 sinh’ Q—én cosh. . %ﬂ dn
-1
= f&(?%cosh.Q —l%- Q2 sinh,Q,+% Q cosh: @ '%Sinh' Q)
+1
Cl = n:cosh. @ %‘ dni= O

1



C2 =f cosh®. 9—‘23712 d"l"‘é‘ (2'sinh %cosh g‘—+ Q)
J-1 S .
2 2 ' 2 .
- =~ =cosh Q + = sinh Q
3 Q,2 _Q,3
+1
- 3 Qq 4. _
C3—f n° cosh 5 dn'=0
-1
+1
Qs Q. n Q Q
. 2 1 . 2
Dl =f 1 sinh —2—cosh -—2—(3.7]’:14-Ql sinh E-Sinh"E—l
-1
Q Q 8
-4 q cosh.—200sh_ —_
2 2 2 2 2 2 2
. Q Q
x [(ng + Q22) sinh -§2— cosh -—= .2 Ql Q, cosh - 52— sinh
D3 =f 17 sinh > cosh. > dny
-1
v (a9 -2 e ke Q, Q
= 5 5 5 sinh 5 sinh . =
Q-% L G -9
- 5 -
L Q2 (Ql - Q2) + 24 Q2 Q2 Ql
- 5 5 5 cosh 5 cosh CH
G o-% [ @ -9
- 5 -
o (% (& -9)" v 129, 4 1
- %) > 3 sinh -2—cos 3
Ql = Q2 L (Ql - Q2)
[ 2
(Q, - Q)" + 12 Q Q
+ 224 ) Q2 3 Q2 cosh —52— sinh E-J-‘-
Ql - Q2 _ (Ql - Q2) .
1
B . .2.Qn
Fl _f n.sinh 5 dn =20
-1
1
=0 .
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Appendix D
In this appendix we consider the equations of motion of an H2+
ion moving in a uniform magnetic field. Our purpose is to inguire to

what extent the dissociation of the ion by the Lorentz force is equi-

valent to dissociation by an electrostatic field.

Let H be the intensity of the magnetic field which is taken in

- A A

the z direction. The vector potential for this field is A = Aq,CP = (H/2) (SN
where p = ('x2 + y2)2. The form of the Hamiltonian for this system is

given in part A of Appendix B. Expanding the terms as before, we have

—

4 [~ = = £ = .5
Ho—ﬁ(Aa.v+A'b.vb)+%rﬁ-g Ae V

a

2 2
e 2 2 e 2 - A
(Aa + Ab ) + 5 Ae | Y= - T

+
.2Mc'2 2me

The x and y components of K are given by

in oo - B
Ax--Acpsz.ncp— 2y
and
H
Ay—AcpCOSCP—é'X~

Using the expressions for ?a’ ?b’- and ?e given in Appendix B, we

can write the various terms:

e .S = . &\ _ edi o )
I=-i_M—c-(Aa Va”b b)'eiMc (yc dxc‘.xcayc)
. d d 3 3\, m [, 2 d
o Ty, " Ve 3x )" \Ya Bx T 3y )t Am \M1 By "1 By,
.. o o
eM(ylé?l' *1 3y,



e > 2 eHA (m o e S 5
I =1 A e 2imc [%M (Xl Eyé 4 th>'+ ( c ayi BRL )
o o ) m ( d Pe}
X -y, = )+ X -y — |-
(loyl laxl 2M\c<jyc c ox,

Combining these expressions and neglecting terms of order m/M compared

with unity, we have.

B {1 & O 1 & . 9
2wei |2 3%, " s T2 \"1 3y, 1 3%,

I+ 1I1-=

N eHA | © + x o o
2mic 5@1 c oy, Ve 3x '
Considering the A2 terms, we note that we have rn<< r, and rl<< r,-

. A, - — 2 :
If we write P Por L™ Pus and P =Ly the A~ terms reduce to

e2 2.2
A T~ 0.
2mc2 €

2.
e

<2M02

(Aag + Ab2> +
The second term in I + II is the Zeeman term in the nucleaf
coordinates and is equal to §§§~ﬁ (J(J#l))%; where J is the rotational
quantum number. The fourth term is the Zeeman term in the electronic
coordinates. These Zeeman terms are usually small compared with fhe
separation of the vibrational levels; and for the purposes of this
‘problem can be neglected. For tbe fifth term, we use‘ﬁ/iﬁ( v&) = Vi,
where vl is the expg;tation value of the internal electron velocity.
This term can be éombined with the first term and is negligibly.small
when the center-offmass vleocity isalarge compared witﬁ vi.
The third term is the term of interest. If we write‘ﬁ/2iM(K7) = (vc),
c

and take the center-of-mass motion to be a classical circular trajectory,

this term becomes

Eﬂé_ L X o - E = fgiE. X, sin wt - cos wt)
2Wei 2 \"1 Iy, 4 3x | T T2 1 R4 '~
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where w = eH/2Mc.

Consider next a transformation into a rotating coordinate system:

7 _ s
xl = xl cos wt + yi sin wt
! — v oeoe it - :
yl = yl cos wt xl sin wt
s
S S|
and
x/ =x cos wt + y sin wt
n n n
s _ .
yn = yn cos wt yn sin wt
z! =2 .
n n

The third term becomes - eH/2c Vo yi. The electronic and nuclear

equations are now written, respectively:
2 _to 2 2

A e e eH AY

T 2m K7 S Bkt S 1o 1 1o T2 e Y = 0
1 ﬂr - =7/ ﬂr + 5T l
1 2 n 1 2™n .
2 2 2

4 v e /
- + +E(r) -W X = 0

2M.n n jrn K''n K

If we set E:=_ch/c, these equations have the same form as those con-
sidered in part 1 of Section III.
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Electronic potential

V(z)
b ;
T v Ze
Eo A
MU=-20332
Fig. 1. The electronic potential for a diatomic molecule

in the presence of an electric field and for some
particular internuclear separation. This potential is
exact for a one-electron system and is schematically
correct for the many-electron case.
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Nuclear potential

V(z)
& :=0; all molecules
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Fig. 2.

7

The nuclear potential for a diatomic molecular
system in the absence of an electric field., Usually
this potential is drawn in a spherical-coordinate system,
but for the purposes of this paper a cylindrical-
coordinate system is more appropriate. The
vibrational states are indicated schematically by the’
light horizontal lines; for the H2+ ion there are
actually 19 bound vibrational states. In the presence
of an electric field this potential remains uperturbed
in lowest order for heteronuclear molecules and
homonuclear systems in even charge states.



-59.

Nuclear potential

V(z) Az, ARTT etc.
l Zn—
| A+A*
MU-20334

Fig. 3. The nuclear potential for a homonuclear ion in an
odd charge state in the presence of an electric
field. The vibrational states are indicated schematically
by the light horizontal lines. The asymptotic potential
for the lower electronic state falls off as

"2 €l



(WB_ WD)/R

-60-

1072

lod

T T T T T T T T | — T T
Clossical 107" sec

lIII ] llll l III| | IllJ 1 | S

Fig.

4.

10° 108 107 108 10°

My =-20853

Binding energy measured from the unperturbed -
dissociation limit versus electric field for the
various vibrational states of the H.,T ion and
for J=0. The intersection of the horizontal lines
with the curve marked '"classical' determines the
electric field necéssary to dissociate thé ion in
10-14 sec. The diagonal lines marked 10-8 sec.
and 1 sec. determine the fields necessary for
dissociation in these times, respectively. The _
two horizontal lines for v = 18 and v = 17 indicate
the range of uncertainty in these calculations. The
results of the WKB calculations are also indicated.
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Fig. 5.

MU -20854

First-order perturbation versus electric field
for the various vibrational states of the HZ+ ion.,
The perturbation for each vibrational level has been
calculated using for the electric field the value
given by the curve labeled 'classical' in Fig. 4.
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Nuclear potential

V(zn) HD*

DY+H
D+H*

MU-20335

Fig. 6. The nuclear potential for HD' in the presence
of an electric field. The asymptotic potential for
the lower electronic state varies as

- = €z .
Ln -

3
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Nuclear potential

LiH* and LiH**

V(z)

Fig. 7.

MU-20336

A comparison of the asymptotic nuclear potentials
for the LiH? and LiH*% ions. The asymptotic
potential for the singly ionized ion varies as,

+ 1 gzn, and for the doubly ionized ion as

8
-3 > z . This diagram is meant to be indicative
4
only, it is not known whether the doubly ionized ion
has a stable ground state.
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