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ABSTRACT 

UCRL-918Z(Rev. ) 

A general diacueaion oi the dissociation of diatomic molecules and 

molecular ions by electric fields ia presented. These calculations pertain 

+ primarily to the ground electronic states of the molecular systems. The Hz 
ion ia treated in conaiderable detail; the required fields for the dissociation 

range from 105 v/cm for the uppermost vibrational state to ZX 108 v/cm for 

the ground state. The many-electron homonuclear iona are treated in successive 

·} + + ++ charge atatea. The HD , HT , HD, LiH , and LiH heteronuclear ions are 

considered. The dissociation ol. homonuclear ions and heteronuclear ions 

..j. + 
exhibit distinctly different features. The HD and HT ions are more susceptible 

+ to dissociation than is Hz • The extent to which the dissociation by an electro-

- -static field and by the Lorentz force, ev X B, are equivalent ia conaidered. 

The rates of induced dipole transitions to lower vibrational states can be made 

negligibly small compared with the dieaociation rates. The application of this 

work to particle accelerators and to the injection problem for fusion devicea 

is diecueeed. 
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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 separate the charges. One would expect that a sufficiently 

intense external electric field would lead to a dissociation 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 lesa than 108 volta per centimeter (v/cm). 1 These calculations have 

been extended to various excited atatea of the hydrogen atom by Lanczos. 2 

In this paper we consider the electric dissociation of the general 

diatomic molecule or molecular ion in its ground electronic state. The 

dissociation of a molecular system exhibits dbtinctive features compared with 

the atomic caae. The nature of this difference for the two cases is a consequence 

of the fact that the only mode of dieeociation available to the atom leads to a 

transition of the electron into a free state. For the molecule, however, there 

are an infinite number of possible final states leading to dissociation, 

*submitted as the second part of a thesis in the partial fulfillment of the 

requirements for the degree of Doctor of Philoaophy at the Univeraity of 

California, Berkeley, California. 

tPresent address: Lawrence Radiation Laboratory, Livermore, California 
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corresponding to the successive bonding and antibonding electronic states of 

the system. One might expect then that an ion for which the uppermost 

vibrational states of a particular electronic state are occupied would provide 

an example of a system that would dissociate at a reasonable rate in the presence 

of an appreciably smaller field than is required for atomic disaociation. This 

mode of dissociation, in which the molecular eyatem divides into two atomic 

systems--a form of predissociation--appea.rs to be the principal mode of 

dissociation for moat molecular ions. Detection of the electric dissociation 

of the successive vibrational states would provide a means for studying directly 

the vibrational levels of molecular ions. tAside from its general physical 

interest, such a mechanism may have application in the particle accelerator 

field and to the injection problem for fusion experiments. Interest in this work 

oriiinated with some remarks by membere of the Princeton accelerator group 

who recognized that the acceleration of H- ions in circular acceleratore is 

limited to modest energies, since the H- ion ia quite susceptible to dissociation 

into an H atom and a free electron through the action of the Lorentz force, 

- - 3 4 -ev X B. ' This "Lorentz dissociation" of H may have been obeerved by 

5 6 Lofgren in the 184 -inch cyclotron. • It was recognized that euch a mechanism 

for changing the charge state of an atomic system might find application as 

an injection mechanism for fusion devices that have large magnetic fields. 

Such change -of -charge- state mechanisms employing atomic and molecular 

systems aa a means for trapping energetic particles inside a macnetic .field 

region had previously been propoaed utilizing conventional ionization processes. 7 ' 8 

It is conventional in many cyclotron establiahments to accele~ate Hz+ ions aa 

a source of protons. As cyclotron energies are increaaed it is of interest to 

inquire into the stability of aucceseive vibrational state1. The reaulta of this 

paper should be uaeful as a basis for estimating these successive stabilities. 
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These considerations prompted a study of the dissociation of the 

simplest molecular structure, the hydrogen molecular ion. 9 In a first 

approximation to the dissociation by a magnetic field, the problem was replaced 

by the simpler one of the clissociation by a purely electrostatic field in the 

belief that the solution of this latter problem would exhibit the basic features 

of the dissociation by the Lorentz force. 10 Here we extend this earlier paper 

to calculate the electric fields necessary to dissociate the successive vibrational 

+ levels of Hz • The extension of this problem to the many-electron system and 

to heteronuclear molecules has been facilitated by the recent work of Dalgarno 

and McCarroll, 11 and that of Cohen, Judd, and Riddell. 12 

In Section ll the equations for a general many-electron diatomic 

molecule moving in the presence of electrostatic field are developed. Included 

in Section ll is a discussion of the electromagnetic transitions between the 

vibrational states of the general diatomic molecule. 

In the third section the general equations of the previous section are 

+ applied to several particular molecular ions. The H2 system is treated in 

considerable detail, followed by a general discussion of the many-electron 

homonuclear system in successive charge states. The treatment on het:eronuclear 

+ + ++ molecules is applied to the HD , HD, LiH , and LiH systems. Finally, an 

elementary classical analogy to molecular predissociation is derived for 

comparison with the quantwn·mechanical results. 

+ In Section IV the motion of an Hz. ion in a uniform magnetic field is 

considered. In this section it is shown that for a rapidly moving ion, provided one 

ignores the Zeeman terms, which are generally negligibly small compared with 

the sep,arations of the vibrational levels, the problem of the diesociation by a 

, magnetic field reduces to the problem of dissociation by an electroatatic field • 
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II. THE GENERAL EQUATIONS 

A. Separation of the Motions 

In this section we discuss the Hamiltonian for a general many-

electron diatomic molecule moving in an electrostatic field. The development 

given here follows closely that of Dalgarno and McCarroll, and of Cohen, 

Judd, and Riddell. Insofar aa is convenient, we adopt the notation of the latter. 

Consider an n-electron diatomic molecule with nuclei of masaes M a 

and Mb and charges ea and eb in the presence o£ an electrostatic field. Let 

- - -r , r b' and r i represent the coordinates of the two nuclei and the ith electron, a e -

respectively, all measured with respect to the laboratory eyetem. Take the 

direction of the z axis along the electric field. The Schroedinger equation 

for this system is written 

-yt_ {A- v z -+ 1 \7 z 1 
e. Ma a Mb vb + m 

\ 

n 
\ 
'
i=l 

+ V l + V z} ~ = E'k ·+ ~ ~:: E~, 
where 

b e 2 -~~ + 1 ~ 
_., _. ! L 

I r b - r ei I .J i= 1 

and 

(II. la) 

- -J rei- r eJ I 

(II. 1 b) 

(n. lc) 

The center-of-masa motion can be separated from the equation for 

the internal motion& by introducing n+Z new variables--a center-of-mass - -coordinate, r , a relative nuclear coordinate, r , and n additional coordinates, c n -r i' measuring the distance of the ith electron from the center of maee of the 

two nuclei. The transformation is written: 
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where 

- - -r c = Pa r a + pb r b f p 

- - -r = r - r b' n a 

- - - -r i = rei - fa r a - fb r b' 

m 
P = Ma + Mb + nm 

Ma 
fa = Ma + Mb 

Mb 
fb = Ma + Mb 

• 

n 
\"""' 

L 
i=l 

-r ·• e1 

When this tranelormation is introduced into Eq. (II. 1 ), the 

Schroedinger equation in the•e new coordinatee become• 

1'l Z f 1 \J z Ma -+ Mb \J 1. i 1 ,.!! 
- T lMa + Mb + nm c + MaMb n Ma + Mb ~ 

f \/l.z} ~ 
i=l 

+ V 1 + V z ~ = E~ , 

with 

abe 1. 
~ 

1. be 1. 1 n n 
vl = ae + t '\ ~ - - 'Z' ~ 

fli - - - - -lrn I i=l I r i - fz r n I I r i + £1 r n I i•l 

-'V. 
1 

z e 

(II. Z) 

-v 
. j 

(11. la) 

(II. 3b) 
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In Ref. 13 it is shown that 

r , a Mb- b M 1 

v = -el i a + b ... n: z - ei- a i a 
Z L j c Ma + Mb j n 

,-
+ eC Li 1 + (a t b - n)m 

Ma + Mb + nm 
' n 
! L 
j' i= 1 

(II. 3c) 

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

for the internal motion by writing 

and 

.. - - - - -"'(r , r • r 1) = 1r(r ) "'(r , r 1) c n c n 

E = E + W. c 

The equation for the center-of-mass becomes 

f "z r ~-1 z ~ ] ; ~ - "'!;" j. M + Mb + nm I 'V -et a + b • n z > 1r = E 11'. . ~ a J c . c , c 
l \. ) 

Thill equation describes the motion of a particle of mass Ma + Mb + nm 

and charge e (a + b - n) moving in an electrostatic field. 

with 

and 

The equation for the internal motions is written 

tt2 ( 1 \/· 1 
z\MV +M+M 

1 n n a b 

M = n 

- -I \1 :y 
j,Ji i j 

1 +m e 

z t el 1 + t + b - n)m L_n 
n a+Mb +nm i 

(II. 4) 
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ln the interest of separating the relative nuclear motion from the 

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

A -- ' -- -"'(r n' r i) = L "'K(r n' r i)XK(rn). 
K 

Inserting this expansion'into Eq. (ll. 4), multiplying by ""~ •, and integrating 

over all electronic coordinates, we have 

' ) L. + 
K 

z e 

n 
\ 
'-

i=l 

+ ef~ i 1 + (a + b ... n)m -~ ~ 
1 M + M +nm · '-
L a b J i=l 

where 

2 

i 

r 2 
! a.e 
I 
l -+ ... 

L I r i- fz r n I 
+ 

(II. 5) 

2 v ' 3 3 \ t~~\7 n 3 3 I 

.t.K d r 1· · • d rn + 2 L ·1• V x v ·1• d r d r 
n '~" '~" ~ n n "t'K t' · · n i 

J 

1 
+ M +M 

a b 

\ 
L .. 
K 

n 
I 
i 

'V·V 
i j 

The electronic functions, ~K' are defined by setting the bracketed 

quantity in the integrand of Eq. (II. 5) to zero. The remaining terms serve to 

define the nuclear motion. In a. 'first approximation to the nuclear motion it 

it customary to set the 9 ~K series to zero. The various vibrational states 
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belonging to a particular electronic state, E>..' are then determined by the 

equation 

1i2 
-w 

n 
:t.3 + n X>..= 0. 

(U. 6) 

For homonuclear molecules, the 8 >..K aeries is a simple correction to the 

nuclear potential, the leading term in this se.ries contributing a quantity of 

order m/M • 12 For the heteronuclear one-electron problem in lowest order, 
n 

there il a degeneracy at large rn 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 la.tter case, in addition to providing a correction to the potential, 

the leading terms in 8>..K also provide a means for removin&J the degeneracy 

that exists at large rn. The motion is now determined by a set of coupled 

lZ equatione, and the notion of a potential is no longer appropriate. In thil 

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 

both the homonuclear and beteronuclear cases is then valid. 

B. Vibrational Transitions 

1. Spontaneous Emission 

Here we are concerned with vibrational tran•ition• between the 

various vibrational atatea belonging to the ground electronic •tate of the 

mdlecule. The Ufetlmea of theae states can play an eaaential part in the 

interpretation of varioua experiments involvins molecular procesee•. There 

have been conflicting statements in the Uterature regarding these vibrational 

transitions, particularly with respect to quadrupole tranaitiona in homonuclear 

molecules. 
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In Ref. 13 the spontaneous -transition rate for dipole transitions is 

shown to be 

In the case of homonuclear molecules, the dipole transition rate is identically 

zero. As an example of these tranaition rates for heteronuclear molecules, 

+ ~ 
consider the IiD ion for which we have fiV 10 = O.lZ ev and r n r= Za.

0
• The 

lifetime of thh first excited state is approximately ZOO microseconds (..,sec). 

For the uppermost states, the lifetimes will be about two orders of magnitude 

longer than for this lowest transition. Since the time of flight of an ion in an 

electrostatic accelerator is some tens of microseconds, we conclude that for 

the purposes of many experiments these states are sufficiently long-lived to 

be considered stable. 

For homonuclear molecules, the quadrupole transition rate is given 

by 

I, 
These quadrupole lifetimes are approximately a factor of I -

\a 
than are the dipole lifetimes. 

Z. Induced Transitions 

r~ )2 longer 

n 

The presence of the electric field has the effect of inducing 

vibrational transitions. One is generally concerned with the rate of these 

induced transitions compared with the dissociation rate. In Ref. 13, it ie 

shown that the induced transition rate is given approximately by 

The transition rate given in Ref. 9 is in error. The selection rules for these 

transitions have been discussed previously by Condon. 14 
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This tranaition rate exhibits a simple power dependence on the 

electric field value. The dia•ociation rate, on the other hand, ia exponentially 

dependent on the field value. For any particular level, therefore, it is 

possible to choose a field value for which the over•all transition rate will 

exceed the ciiaaociation rate, and vice verta. 

UL APPLICATIONS 

A. Homonuclear Molecules 

Having derived the general equations in the preceding section, we 

shall now apply these results to several particular molecular ions. In any 

discussion of the theory of diatomic molecules, the symmetry features of 

hornonuclear molecules lead to a clear distinc.ton between the properties 

of bomonuclear and heteronuclear molecules. This diltinction becomes even 

more evident in a treatment of the diseoeiation by electric fields. Accordingly, 

we shall divide the problem at this point and consider first the dissociation of 

homonuclear molecules. 

For homonuclear molecules we have a = band Ma = Mb; the coefficient 

of zn in Eq. (ll. 5) vanishes and there is no explicit dependence on t appearing 

in the equation for the nuclear motion. We shall see, however, that an implicit 

dependence onE ie contained in the electronic eigenvalue, E>.. (rn). 

(1) Dissociation of Hz+ 

The simplest molecule and the one for which an exact treatment of 

disaociation can be' given is the hydrogen molecular ion. We begin the diecuaaion 

by considering the electronic equation for this one-electron system: 

(DI. 1) 

where C. = [ 1 + (m/ZM + m)J e • 
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The potential function seen by the electron is illustrated in Fig. 1 

for the case in which the two nuclei are orb~nted along the field direction and 

for some particular internuclear 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, 

!:..!: , dissociation into a. free electron and two free protons. Although this 

represents a possible mode of dissociation, it ia not the primary mode. 

Rather, the primary effect of the term t C z l ia to perturb the electronic 

eigenvalues. This perturbation in turn leads to a disruption of the nuclear 

motion. 

The Eq. (Ill. 1) for £ = 0 is separable in confocal elliptic coordinate a 

~. ,, •· These coordinates are defined by 

- - - - - 1- - 1-lr 1 -r I+ lr 1 - rbl Jr 1 -'!rnl t 1r 1 +'!rnl ra + rb 
t = e a e 

:: !a - - -lra-rbl lr nl r n 

and 

'!!!!!!! - - - - 1 - - 1-
Ire 1 - r b I + lr e 1 - r I I r 1 t zrnl-lrl --rrnl rb- ra a 

Tl c = a; - - -lra-rbl lr nl r n 

where ra and rb measure the distances of the electron from proton a and 

proton b, respectively. These scalar functions are not to be confused with 

the vector functions defined previously in connection with Eq. (U. 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 coordinates 

are related to the ~. 'l• + coordinates by 

and 

x" = :.; (Sz,- 1)1/l (1- .,z,l/l cos •• 

y" : 
r n 
7 

(Ul. 3) 
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The volume element is 

and the range of the variables ia given by 1 ~ ~ ~ oo, -1 ~ 1'1 -~ 1, and 

On introduction of these coordinates into Eq. (III. 1 ), there result 

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

. 15 16 17 1ntegration for their general solution. ' ' These integrations have also 

been ¢arried out by Bates, Ledsham, and Stewart for several electronic states~ 

the results are tabulated over a range 0 ~ rn/a0 ·~ 10. 18 

Another set of functions has been given by Cohen, Judd, and 

Riddell, lZ using a variational calculation in confocal elliptic coordinates. 

Their variational functions are of the form 

and 

ql (rn) 1'1 rn 
~1 = A 1 cosh --z~-- exp { ~p 1 (r )~ r ]/Z} n n 

(UI. Z) 

Here the variational parameters p(r ) and q(r ) are tabulated for the interval n n. 

0 ~ rn/a
0 
~ ZO. The coefficients A 1 and Az are determined by the normalization 

conditions 

and 

Z/ 3 (1rAz 4) rn [ Ez B0 - EO Bz] = 1. 

The quantities E, B, and C are defined in the Appendix. 1n the limit of large 

internuclear separation, we have p = q = 1, and A 1 = A
2 

= (Z/w)l/Z. 

Consider now the effect of the term t t z 1 on the unperturbed 

electronic states. For large internuclear separations, the bonding and anti· 

bonding states ~~ and ~Z are degenerate; a perturbation treatment of the 

term t.Ez 1, though adequate for small internuclear aeparations, loses its 
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validity for large internuclear separations. Thb degeneracy of ~1 and 'lJz for 

large internuclear separation suggests that in a first approximation we consider 

diagonalizing the Hamiltonian (UI. 1) b\lt retaining only the submatrix formed 
J 

from these two electronic states. The matrix to be diagonalized il then 

(W. 4) 

For the evaluation of H12 we must first transform the term c f:. z 1 

into the x", y", and z" system oriented with respect to the internuclear axis. 

Introducing Eulerian angles X. and 1-1• we have 

f t z1 = c £ [x'i sin X.+ y'i sin tJ. cos X.+ z'i cos tJ. cos X. ) • 

The functions (Ill. 2) are independent of q>, and upon examining the transformation 

(Ill. 3) we see that the terms in x" and y" vanish under the <1> integration. Noting 

that cos .,_cos X. = cos 9 , where 9 is the angle between the internuclear axis n n 
and the electric -field direction, the relevant perturbation ia then 

<5 E. z 1 = c E. z 'i . 
In the evaluation of H1 2 using the functions given in Eq. (Ill. Z), the relevant 

perturbation expressed in confocal elliptic coordinates is written 

r 
c:[ zl = cE. + cos 9n ,1 el. 

The matrix elements are given by 

(III. Sa) 

(lll. 5b) 

and 

(III. 5c) 
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The additional terms that appear in the H11 and H22 matrix elements, 

r 1 
W££cos en All rn4 lE31 Cl- Ell C3 J 

and 

respectively, are each identically zero. 

1 ~ 
H 12 .... '! cc. rn cos en. 

In the limit as r - ao, we have n 

With these matrix elements, diagonalization of Eq. (UI. 4) yields two new 

electronic states, "'g and 

E = g, .... 
.. 
+ 

"' , whose eigenvalues are, respectively, 
.... 

For large values of rn' these reduce to 

[. f r l cos 8 I n n 

and 
E.(. r I cos e I n n 

(Ill. 6a) 

(W. 6b) 

Equations (lli. 6) inCiicate that the electronic eigenvalue, which in the unperturbed 

case was independent 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 eigenvalue 

appears as part of the potential function for the nu.Clear motion. The nuclear 

potential which was spherically symmetric in the unperturbed case becomes 

axially symmetric in the perturbed case, with the axis of symmetry oriented 

along the field direction. The nuclear potential for the lowest electronic state 

now acquires a double-ended spout, the two spouts oriented along the field 

direction. The effect of the perturbation goes to zero in a direction 

at right angles to the electric field in this approximation . 
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The potential function for the upper electronic state also acquires a double

ended spout, but for this state the two spouts are oriented at right angles to 

the electric -field direction. 

In Fig. Z is shown the unperturbed nuclear potential for the two 

lowest electronic 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 potential about the origin 

follow.e as a necessary consequence of the invariance of the Hamiltonian (II. 4) 

for a homonuclear molecule under inversion of the nuclear coordinates. 

F·rorn this figure it ie clear that as the electric field increases, the nuclear 

potential deforms until the uppermost vibrational state becomes unstable. 

The ion will then dissociate into a free proton and a hydrogen atom according 

to Hz t ... H + p. This mode of dissociation is a special form of predissociation. 

At first glance the eymmetric potential of Fig. 3 might conflict with 

one's intuitive feeling that the potential 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 perturbed electronic states, one finds 

and 

r z z- ·1 / z ( ,, 
~g = L (Eg. Ez) + Hlz .) !((Eg- Ez) ~1 + Hlz l¥z ~ 

(Ill. 7a) 

Consider the limit as r becoxnes large and the nuclear axie is 
n 

aligned along the electric field, corresponding to proton a lying in the direction 

of the electric field with respect to proton b. We have 
1 ·rb 

ljJ ... e 
'g .:r;-

and 

(III. 7b) 
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Equations (Ill. 7b) 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 the 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. 

Upon rotating the internuclear axis 180° with respect to the electric field a 

similar argument ahows that the electron becomes associated with proton a 

and proton b is free. The variation of the potential illustrated in Fig. 3 

i8 then under stood. 

The higher-order elfects which were neglected in diagonalizing the 

submatrix (lll. 3) can be eatimated by using perturbation theory and taking as 

the basis functions the two solutions of Eq. (111. 7a) together with all the un-

perturbed higher-state functions. ln the limit as rn goes to zero, the molecular 

+ ion degenerates into a He ion in its IS state. The Stark shift for this state is 

9 
.6.E=-n 

In the limit of large internuclear separation, the electronic state is that of 

a hydrogen atom in a IS state. The Stark shift for this state is 

.6.E = - t (W. 6c) 

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 iignificant. Their effect on the transition rate is 

comparable to ignoring them completely and increasing the electric field 

value some 5 to 10%. 
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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 

f 'liz 0 z l- "ZJrn v n + (Ill. Sa) 

The subscript v is introduced to distinguish the various vibrational states 

belonging to the lowest electronic state. In the limit of large internuclear 

separation, the asymptotic form of this equation is 
' z 2 ) 

'i- .!, 'V + El (r ) -.!. c" ( r Ieos 8 I- wl I xl = o. (III. 8b) 
, ~M n n ~ n n v v \. n 

In the asymptotic region, the E 1 (rn) is constant and can be absorbed in the W lv· 

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 penetration is not negligible. To treat the nuclear 

dissociation taking into account these effects of barrier penetration, we use 

1 Oppenheimer's formula for the transition rate. ' The method consists of 

solving for the motion of the ion in the asymptotic region given by Eq. (III. 8b) 

and neglecting the binding effects of the molecular forces at small internuclear 

separation. The transition is then imagined to proceed from the bound discrete 

vibrational state of the ion to the unbound free-state solution, the perturbation 

inducing the transition being a function of C.. Specifically, the matrix element 

for the transition is written 

where 

x 1 v is bound vibratfonal state, and x A is a solution of Eq. (Ill. 8b). For 

these calculations, it was found that the primary contributions to the matrix 

elemept come· in the range where 

1 (' .a.v ':: - zrc zn 
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The solution& of Eq. (Ill. Sb) in cylindrical coordinate& p , z , + 
n n n 

for the classical and nonclassical regions and normalized to a continuoua 

and 

imcpb..'l xe ·· ··"' 

Here we have 

a.= 

and 

ZM n 
--r (W - E 1). 
'fl' 

The Bessel functions are as defined by Jahnke and Emde. 19 

zo ll Oeing these wave functions and the exact bound-state wave function, • 

the electric fields necessary for di8sociating the ion in 1 sec and in 10-8 sec 

have been calculated for the nonrotating molecule, that is 

J = m = 0. 

The results of these calculations are summarized in Fig. 4, which is a plot 

of binding energies, expressed in Rydberg units, of the bound vibrational 

states against the electric field value. The intereection of the horizontal 

linea with the doping linea marked 1 sec and 10 -S sec determine a the electric

field values necessary to dissociate the ion in theae times. Included on these 
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graphs ia a curve marked "classical", which would give the field neceasary 

for dissociation in the absence of barrier penetration. For this case, the 

ion would di&sociate in a time comparable to ita classical vibration period, 

-14 i.e., 10 sec. 

The additional term appearing in Eq. (Ill. Sa) for the perturbed ion, 

E 2 - E 1 1 r 2 2 , 112 
E., • El = Z - ! ;(E2 ... El) + 4Hlz j 

0 ~ j 

gives riae to a first-order perturbation that has the effect of lowering the 

unperturbed vibrational states. U we use the curve labeled "clasaical" to 

determine the electric-field value, the firat-order perturbation of the various 

vibrational states has been calculated and plotted in Fig. S. These perturbed 

eigenvalues have been ueed in the calculation• summarized in Fig. 4. 

The calculations of the vibrational eigenvalues of the unperturbed 

molecular ion are uncertain by perhaps as much as S mv. The range of this 

uncertainty for the two upper states is indicated in Fig. 4 by plotting two 

horizontal linea for each of these upper statea. 

The transition rate given above ia based on the final-state eigen

functions, which ignore the bonding molecular potential. This rate is euch 

as to lead to an overestimate of the field required to diasociate the ion in a 

particular tbne. An underestimate of the required field can be made by 

assuming the perturbed potential ie spherically symmetric and using the one-

where 

V(r ) = n 

2 
e -r n 

+ E (r , C: ). g n 

1/l 

dr , 
n 

The calculations !or diaaociation in 10·8 aec 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 eigenvalues 
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providll!5 a basis for estimating the over~all errors in these calculations. 

The calculations summarized in Fig. 4 refer to the transition 

rates of non-rotating (J = 0) molecular ions. In the more general case the 

effects of rotation must be considered. As an illultration of the significance 

of these rotational effects let us compare the fields required for dissociation 

in 10·8 eecs. for an ion in the v = 15 vibrational state and for the rotational 

states J = 4, m = 0, 4, with the fields required for dissociating an ion in 

the same vibrational state but in a J = 0 rotational state. For m = 0 the 

electric field necessary for dissociation ia approximately thirty percent less 

for J = 4 than for J = 0. For J = 4, m = 4, the required :i . · dissociation 

field b approximately forty percent larger than J = 0. We conclude that the 

presence of rotation has the effect of lowering the threshold fields necessary 

for dissociating a particular vibrational level. 

(2) Dissociation of Ma.ny Electron Syatems 

Turning our attention to the many electron problem;·., we find 

relatively little quantitative information in the literature on potential functions 

for many-electron molecular ions. Only for the He 2+ ion and the Li2 + ion 

has there been any attempt to calculate the ground-state-potential functions, 

and here the emphasis has been primarily on determining equilibrium inter

nuclear separations and potential minima. 22• Zl Accordingly, our treatment 

ol these many*electron ions cannot be as precise as for the one-electron 

systems, and quantitative estimates of the fields necessary for dissociation 

will have to be made largely on the basis of extrapolating the properties of 

the corresponding neutral molecules. 

The many-electron probdem is treated by using the molecular

orbital approximation. In this approximation the many-electron molecular 

ayetem is constracteci by filling the successive two-centered orbitals of the 

hydrogen molecular ion. In its most primitive form, the interaction between 

the electrons is ignored, and the molecule is constructed by using the 
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unperturbed ground-state and excited-state orbitals. For this work we shall 

require only that the orbitals possess the proper symmetry features and have 

the correct asymptotic form. The wave function for the entire system is to 

be expressed in determinanta.l form. 

For the evaluation of the matrix elcmenta, we have recourse to 

standard theorems on matrix elements between determinantal wave functions. 24 

The general form of the perturbation with which we shall be concerned occurs 

in the electronic Eq. (II. 5) and has the form 
: i n r 

R = cl. I 1 + (a + b .. n)m l '; zi = n cos 8 
i. MatMb+nm J L T n 

i 

n 
\ 
L 
i= 1 

11· ; •• 
1 1 

Let ljli represent a determinantal function describing the ith electronic 

state an4 ~a particular spin orbital in t.j;i. We have then 

if ~j and ~i differ by more than one set of quantum numbers, and 

(III. 9a) 

where the values of &k and a1 differ by no more than their spin functions or 

their orbital qunatum numbers. For diagonal element& we have 

,. r • 3 
(t.j;. !Rll\J.) = ~- I a. (1) R (l) a1 (1) d r 1• 

J J i: 1 ·' 1 
(III. 9b) 

We shall also use the first of .Hund' s rules to determine the lowest etate of 

several possible spin states. According to this rule, we choose the maximum 

value of spin consistent with the Pauli principle. These theorems and rules 

are adequate for a general discussion of the many-electron problem. 

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

by two electrons with spins opposed to give a 

for this ground state ill given by 

I.!Jg = a -v1 (1 > Q(l > lj;1 <z> 13(2). 

1 + 
L state. The wave function 

g 
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Here (l is an antieyrrtmetrizing operator, the a.'s and (3' s are the conventional 

spin functions, and the 4;1 function is of the form given in Eq. (III. 2). 

Asymptotically this electronic state goes into f.-!
2 

_,. H + H. 

For the first excited state, which asymptotically is degenerate 

with the ground state, the ground-state orbital ~~ and the first excited 

orbital ~2 are each occupied. Hund' s rule calls for a spin-one state. The 
3 + 

wave function for this 2.:': antibonding state is given by 
fl. 

~g = a.-~1 (1) ll(l) ~l (2) 4(2). 

f Following the procedure for H2 , we again d.iagonalize the appropriate Z by 2 

eubmatrix. The matrix elements are now 

r 

~ 

H22 = (~u let-¥ cos en ('l1 ~ 1 + 'lz t 2) I ~u) + E 2 = o + E 2 ~: E 2, 

and 
r ~ 

Hlz ~ Hzl = NJu lee -!-cos 8n l'lt ~~ + 'lz ~zJ ~~g)= o. 

For homonuclear molecules the diagonal terms will always be unperturbed, 

since the perturbation is an odd function. The H 12 term vanishes both because 

of the orthogonality of the spin functions and the cancellation of. the orbital 

integrals. This result could have been obtained immediately by noting that 

~l and ~~ 1 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 asymptGtic potential in the presence 

of the field is illustrated in F.'ig. 2; predissociation of the H2 molecule will 

therefore not occur. For the H2 molecule, the mode of dissociation is one 

in which an electron is atrip11ed off, as is suggested in Fig. 1. 

The above argument for 1H~ ia readily generalized to any neutral 
~ 

homonuclear molecule that has a ,_ ground state, corresponding to a 
g 
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molecule with closed shell orbitala. The first excited state will be occupied by 

one electron. which according to Hund' s rule will couple ita spin with the last 

electron in the unfilled orbital to give a spin-one state. Usina the firet part of 
1 + 

Eq. (W. 9a) we have our result. For those molecules that do not have a rl 
ground state, similar arguments together with successive Hund' s rules 

lead to the same conclusion. 

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

separation, the around electronic state of a general singly ionized molecule Az+ 

goes over into a state consisting of a neutral atom and a singly ionized atom, 

+ + according to Az - A + A • The molecular ion will have an odd number of 

electrons, with the last electron unpaired in ita respective orbital. The first 

excited state will consist of a state in which the unpaired electron occupies the 

next higher orbital. However, since it remains unpaired, Hund' s rule is 

inapplicable, and our result is aiven by the second part of Eq. (Ill. 9a). This 

matrix element is always nonzero since ak (1) and a
1 

(l) will have different 

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

in Fig. 3, with the asymptotic potential varying as 

1 c 
- '!{C rn Ieos en I . 

(c) Disaociation of doubly ionized molecules. The ground electronic state of 

. ++ + + the doubly ionized molecule dissociates accord1ng 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 

couples its spin with the remaining unpaired electron such that the first theorem 

of Eq. (ln. 9a) applies. The asymptotic potential ie unperturbed as in Fia. Z. 

We conclude this section with the general observation that, for a 

homonuclear molecule with an even charge state, prediaaociation will not occur, 

and the ground electronic state is as illustrated in Fig. Z. In the case of an 

odd charge state, prediasociation will occur, and the electronic states are as 

illustrated in Fig. 3, with the potential falling off asymptotically as -}.:£ r 
0 

I cos (J n I • 
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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 

eesentially distinct features compared with the homonuclear case. The nuclear 

potential is now affected both by the implicit dependence on C contained in the 

electronic eigenvalue and the explicit term - e t [ (aMb- bM )/ (M + Mb)] z a a · n 

contained in the nuclear Eq. (II. 5). 

(1) Dissociation of rm:t 
f We begin the diacusaion by considering the one-electron HD system. 

In the general diacuaeion 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 nucleus. 

Before considerin1 the analytic form of the electronic wave functions, we note 

that the origin of the electronic coordinate system has been taken at the center 

of maas of the two nuclei, whereas the origin of the confocal elliptic coordinate 

system is taken at the center of the two nuclei. For the heteronuclear case, 

the Eulerian transformation X., .,. must be followed by a translation along the 

internuclear axis. 

The Eulerian transformation "-• J.1 of the perturbation t t z 1 into the 

x' , y' , z 1 system oriented along the internuclear axis is given by 

cC z1 =(( [x' 1 sin X.+ y't ain fA. cos"-+ z• 1 cos J.1 cos X."]. 

If z0 is the position of the center of maaa with respect to the origin of the 

x", yu, z" system, we have z0 = (rn/2)[ (Ma -Mb)/(Ma-+ Mb)]. The perturbation 

in the x", y", z" frame is then 

zl = ef [x'i sin"+ Y"t &in.,.. CO&>..+ (z"- zo) cos" cos fA.]· 

The terms in x" and y" will vanish under the cp integration as before. Our 

relevant perturbation term expressed in the 'll• t, + coordinates is now written 

as 

£• 1 (I 
t_ L z 1 :: z u r n cos 8 n 

\ l M - Mb 1 I a I: 
Jl +M iJ• 

a. b I j 
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In the limit of large internuclear separation, the ground electronic 

state of the unperturbed HD + 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 associated with the proton. 

functions are given, respectively, by12 

The appropriate wave 

0 1 , • P 1 ;/ 2 0 2" 
~b = Ab 1coati- -z- e - sinh: -z-

:. 

-P2e/z ·; 
e r , 

~ 

(Ill. lOa) 

1 
In the limit as rn goes to <10, we have Ab = Aa = - , and 

~ 

1 -rb 
~ - e 

b ~ 

and 

1 
-r&. 

~ - e (Ill. lOb) a ...r:; 
Although these two states are not degenerate, in the limit of large internuclear 

separation, these eigenvalues E 1 and E 2 are sufficiently close to suggest that 

in a first approximation we proceed as with H2 + and diagonalize the submatrix 

analogous to matrix (W. 4). The matrix elements are now: 

cos 8 n 

• -l 
M -Mb, I \ a I : 
M + M i q,b 1 + El 

a b_: • / 
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In the limit of large rn' H 11 and H22 reduce to 

and 
Z c r 

H22 - +'lee T cos en+ E 2• 

I 
~~ I ;:: o. (Ill. lla) 

(IU. llb) 

If w,e combine Eq. (m. 11 b) with the term -e e. [ (aMb- bMa)/ (Ma + Mb)] zn 

which occurs explicitly in the nuclear Eq. (U. 5), the asymptotic potentials for 

the nuclear motion are given by 

and 

1 c E = + "fJ"~ ~,. r cos 8 + E 2• a :> n n 

These potentials are illustrated in Fig. 6. It is clear that, in the "classical" 

limit, the HD+ ion is more susceptible to dissociation than is H2 +. One can 

readily show that, for the HT+ ion, the coefficients in the asymptotic nuclear 

potential are - 3/4 and + 1/4, respectively. 

(Z) Dissociation of HD 

The electronic wave function for the ground state of this two-electron 

system is taken to be 

~g =a. ~a (1) Q(l) ~b(Z) ~(2.). 

The pertinent matrix element is written 

rn I iMa-Mb\1 \ 
Hll == ~glee-,;- cos an ~1'l1 + ~z1'1z- 2\Ma+Mb} ~g r El. 

According to Eq. (lli. 9b), this reduces to 

H 11 = ( o~>Jct ~ cos 9n ~ 1 111 I .Pa) • ( <11,~{..; cos e 
n 111 ~ 1 1 ljJb 



-29- UCRL-9182.(Rev) 

.J. 

If we use the results obtained for HD ·, the first two terms cancel. Combining 

H
11 

with the explicit term - } eE Zn appearing in the nuclear equation we have 

Hll = El. 

The nuclear potential is as illustrated in Fig. 2.. 

(3) Dissociation of LiH+ 

The ground state of the LiH molecule has a large equilibrium separation 

and a relatively shallow potential minimwn. No data exist on the properties of 

LiH+ ions, but we ca11 suspect that these ions aleo will be loosely bound structures 

and hence relatively susceptible to dissociation. 

The correlation diagram given by Herzberg indicates that the ground 

state of LiH+ conaiets of two occupied ~b orbitals and one ~a orbital. 
25 

In 

+ + the limit of large r , LiH - Li + H. Our ground-state wave function is n 

The matrix element becomes 

Hu •C( .:reo a en f<<i;, I~ 1 '"~1 I</;,) + <<~>a I €1 '"~1 I <~>a) + t 1 + E 1' 

Combined with the term - i e 

potential becomes 

Z in the nuclear equation, the asymptotic nuclear n 

Eg = } e C rn cos 9n + E 1. 

(4) Dissociation of LiH++ 

It is not known whether this ion possesses a stable ground state; 

however a comparison of the asymptotic potential of this case wi.th that of 

LiH+ illustrates the sensitive dependence of the problem on the charge states 

of the ion and its dissociation products. The l .. iH++ dissociates according to 
j 

LiH++ - Li+ + H+. The wave function is now 
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In the limit of large r n' we have 

H11 =-itt rn cos 8n + E 1• 

Combining H11 with ... 1/Z e C Zn term in the nuclear equation, we have for 

the asymptotic potential 

3 p 
E = - T e c... r cos 8 + E 1• g ~ n n 

The LiH++ 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 potentiale are drawn for the same electric 

field value. 

C. Claasical Treatment of Diaaociation 

We conclude Section W with an elementary discussion of the classical 

dissociation of two charged bodies. Let eA and eB be the chargee of two 

dissociation fragments of masaes M A and MB' respectively. Let f(r A- r B) be 

a function describing the equivalent of the molecular binding forces and 

van der Waals forces. In the limit of large r A- r B' choose f to be zero. 

The forces on the bodies A and B are 

and 

Multiplying the first equation by MB and the second by MA and subtracting 

the second from the first we obtain the equation for the relative motion: 

" . AM B - BM A -J r = f(r ) + et M + M n n , A B 
l . 
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In the limit of large r , the relative potential is given by 

n LAM - BM "j 
) 

/• I B A 
V(rn = -e c L M A + MB rn. 

Thie relative potential is in agreement with the asymptotic potentials 

found in the previous sections. It ie quite interesting that the correct claeaical 

asymptotic potential is obtained in the quantum-mechanical problem through 

contributions from both the electronic equation and the nuclear equation. The 

parameter (AMB- BMA)/(MA + M 8 ) provides a useful criterion for estimating 

the stability of various ions. 

IV. DISSOCIATION BY A MAGNETIC FIELD 

In this section we shall consider the equations of motion of an H; 

ion moving in a uniform magnetic field. Our purpose is to examine to what 

extent the diaaociation of the ion by the Lorentz force is equivalent to dissociation 

by an electrostatic field. 

Let H be the intensity of the magnetic field which is taken in the z - ... direction. The vector potential for this field is A = Aq, = (H/2) p +• where 

p = (x2 + y2)l/Z The Hamiltonian for the system is given by 

From transformation U. Z we have 

-~ :;: p 
v a a 

- +n-f-\lc vn a '11 ' 

Inserting these expressions in the above and writing H0 for the Hamiltonian 

-when A = 0, we have 
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Neglecting terms of order m/M compared with unity, Eq. ll. Z yields 

- 1 - m -r b = "'l' rn + r c - W r 1' 

- - -r =r 1 +r • e c 

Inserting these in the above, using A :: -(H/Z)y and A = (H/Z)x, we can write 
X y 

for the various terms in the Hamiltonian: 

e11 (A - A - ) eHfl f 8 a J 1 = - n:xc a. v a + b. Vb = zt'Ktc l (y c rxc - XC & y c ) 

Combining these expression• and neglecting terms of order m/M. compared 

with unity, we have 

r ] 
1 + n = zii~1 I! 8 

+ 
8 

+ t <x1 :V .. Y1 he> l~ ll'c ff'n Y c 

+ i!fc [-h
1 

.. lxc -h
1 

- Yc lx
1
1] · 
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Considering the A2 terms, we note that we have r << r and r 1 << r • n c c 
2 

If we write Pa 1r Pc• pb '=' Pc• a~ Pe '=' Pc• the A terms reduce to 

2. z z z 
.....!_ (A Z + A. 2.) + ..!__ A Z '=' e H Z 
2Mcz a --b 2.mc2 e 8mcz Pc • 

The second term in I + U is the Zeeman term in the nuclear coordinates 

eH 1/Z and is equal to me 1i (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 emall compared with the separation of the vibrational 

levels, and for the purposee of thia problem can be neglected. For the fifth 

term, we use fl/im (\]1) = v 1, where v1 is the expectation value of the internal 

electron velocity. Thia term can be combined with the first term and is 

negligibly small when the center -of-mass velocity is large compared with v 1• 

The third te.rm ie the term of interest. I£ we write fl/ZiM(\]c) = (vc)' 

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

this term becomes 

eHfl 1 8 8 eHv c 
mel Z (xl 1'V - Yt Ti ) = Zc (xl sin c..t - yl cos wt), 

Yc c 

where w = eH/2Mc. 

and 

Consider next a transformation into a rotating coordinate system: 

x' 1 = x 1 cos <.t + y 1 sin c..e 

x' = x cos <At + y sin wt n n n 

y' = y cos c.t - Yn sin wt n n 

z' = z . n n 

The third term becomes - eH/Zc v c y' 1• The electronic and nuclear 

equations are now written, respectively: 
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r flz I l /' 2 ez 

•, v•{ 

\ I 
l 'Vl f + eH \' e I I 

\IlK = 0 l- rm \ EK t -, 1-. ... 
- 1- zc vc y'~j 

\ lr1 -zrnl lr'l+'!rnl \ 

I . 

~-"= v·z 
1 tM n 
\ n 

U we set l : Hv / c, these equations have the same form as those considered 
c 

in part 1 of Section Ill. 

V. CONCLUSIONS 

The primary mode of electric dissociation of molecular ions is 

predissociation. Neutral molecules and homonuclear molecular ions with an 

even charge state dissociate!!!._ electron stripping. The asymptotic nuclear 

potential for homonuclear ions with an odd charge state varies as - 1/Z e ~I zn 1. 

For heteronuclear molecular lone the asymptotic dependence of the nuclear 

potential and hence the susceptibility to electric dissociation is a function of 

the masses and charge states of the dissociation products. 

The transition rate for dissociation b a sensitive function o£ the initial 

vibrational state of the ion. The necessary fields for dissociating the Hz+ ion 

range from 105 v/cm for the uppermost vibrational state to Z X 108 v/cm for 

the ground state. 

+ than is Hz • 

-t + The HD and HT ions are more susceptible to disaociation 

The acceleration of H2 + ions in cyclotrons and other circular 

accelerators can be extended into the Bev range. Since the lower vibrational 

+ states of the H2 ion are generally more densely populated than the upper states, 

no significant beam losses from prediesociation will occur in conventional 

circular accelerators at energies below one Bev. 

In the application of this work to the injection problem for controlled

fusion experiments, effective electric fields of the order of 106 v/cm can be 
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considered. For those molecular ions in which prediasociation is the primary 

dissociation mode, several of the uppermost vibrational states are susceptible 

to dissociation for fields within this range. For an electric field of 10
6 

v/cm 

the required time for inducing transitions between the upper vibrational states 

... 3 
is of order 10 sec; these induced transitions will not interfere with the more 

rapid prediasociation. The recent experiment of Anderson et al. has shown --
+ that moat of the vibrational states of the Hz ion remain populated when such 

ions are accelerated in Van de Graa.ff machines. Z6 The practical utilization 

of the injection method considered here will require further demonstration that 

the uppermost vibrational states can be populated. 
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APPENDIX 

Various integrals encountered in Section Ill are defined here. Theae 

integrals are readily evaluated with standard integral tables. 

QO QO 1 

f 
m Pn~ ), m -!(Pl+Pz)~ 

Emn = ; e d~ ; Emll = ~ e ds; 
1 1 

+1 

B m • J -I TJ m o!Dh .!f' cosh .!¥' d '1' J+l m 2 011 
C = 'l cosh T d'l; 

m -1 

., 01) 
m ·nh"" d , e1 T 1'1· 
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Figure Captions 

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 ia schematically correct 

for the many-electron case. 

Fig. Z. The nuclear potential for a diatomic molecular system in the absence 

of an electric field. Usually this potential ia 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 linea; for the H2 + ion 

there are actually 19 bound vibrational states. In the presence of an 

electric field this potential remains unperturbed in lowest order for 

heteronuclear molecules and homonuclear systems in even charge states. 

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 -} cC I zn t. 

Fig. 4. Binding energy measured from the unperturbed dissociation limit 

versus electric field for the various vibrational states of the Hz+ ion 

and for J=O. The intersection of the horizontal lines with the curve 

marked "classical" determines the electric field necessary to dissociate 

-14 -8 the ion in 10 sec. The diagonal lines marked 10 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 reeulte of the WKB calculations 

are also indicated. 
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Fig. 5. First-order perturbation versus electric field for the various 

vibrational states of the H2 + ion. The perturbation for each vibrational 

level has been calculated ueing for the electric field the value given 

by the curve labeled "claseical" in Fig. 4. 

Fig. 6. The nuclear potential for HD + in the presence· of an electric field • 

The asymptotic potential for the lower electronic state varies as 

- j C: zn. 

Fig. 7. A comparison of the asymptotic nuclear potentials for the LiH+ and 

LiH++ ions. The asymptotic potential for the singly ionized ion varies 

as, -~ jc-[ zn' and for the doubly ionized ion as - ! c f zn. Thia diagram 

is 1neant to be indicative only, it is not known whether the doubly ionized 

ion has a stable ground state. 
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