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This report was prepared as an account of Government
sponsored work. ‘Neither the United States, nor the Com-
mission, nor any person acting on behalf of the Commission:

A. Makes any warranty or representatlon, express
or implied, with respect to the accuracy, com-
pleteness, or usefulness of the information
contained in this report, or that the use of
any information, apparatus, method, or process
disclosed in this report may not infringe pri-
vately owned rights; or

B. Assumes any liabilities with respect to the use
of, or for damages resulting from the use of any
information, apparatus, method, or process dis~
closed in this report. T

As used in the above, "person acting on behalf of the
Commission" includés any employee or contractor of the
‘Comniission to the extent that such employee or contractor
prepares, handles or distributes, or provides access to, any
information pursuant to his employment or c¢ontract with the
Commission. ’ : :



-on the order of 10

UCRL-8255

DISSOCIATION OF H;' IONS BY ELECTRIC FIELDS
John R, Hiskes and Jack L. Uretsky
~ Radiation Laborafory
University of California
Berkeley, California
April 24, 1958

Abstract

Some - preliminary calculations pertinent to the dissociation of H;:ions
by electric fields are presented., The calculations - -pertain to those ions
which are in the various vibrational'states belonging to the ground electronic

state of the sys%émov To dissociate these ions in a time on the order of

6

one second, electric fields on the order of 10 lets pér centimeter are

estimated for those'ions.populating the highest vibrational state. ‘Fields
8 . \

volts pér centimeter appear to be required for those

ions in which the_groundeibrational state is populated.
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io Introductidn
if an étomic sjsteﬁ is-plaééd in a stéady electric field the Coulémb
binding forces ére sﬁpplemenfed by an additional force that tends—té
separété theNchérées° One might eipeé£4that a sﬁfficieﬁtly intense
external field mighﬁ 1ead>to the 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

8

much less than 10° volts per centimeter .t

The physical sense of Oppenheimer's calculation is contained in the

observation that the imposition of the external field brings about a

qualitéfiﬁe éhéhge in ihe natufe of the potential ex@erienced by the atémic
electfoho .The modified potentialzis of such a form that the elécﬁroh “sées“
a bérrier.of finite width through which it can tﬁnnel its way to freedom,

It is a well-known property of suéh "tunneling® processes that the
transifion rate dépendé éxponentiaily upon the height of the barfier° In
ﬁhe type of problem we are discussing, the barrier height is at least
approximately defihed by the energy required to excite an electron into

the continuum.

l”".J,.RobertOppenheimer,vPhyso Rev, 31, 66 (1928). There appears to be a

typographical error in the quoted field strength for atomic dissociation.
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Consequenﬁiy one woﬁlﬁ expect that_the‘fielq magnitudes calculated by
Oppénheimer-to be ﬁecesgary for éﬁ observable diésoéiétion.rate.might be
markedly reduced in a'syétem whose_péffinent bindihg energy is appreciably

less.ﬁhan that of the hydroéen atom,

| The:conclusions just related led ué to sﬁspecﬁ that'the éingly ionized
hydrogen moiecule might furnish an example of a system that-woula dissoéiaté
at é reasdnable rate in the presence of an appreciably smaller electric
fieldp  wé'réached this condlusion by.reCognizing that there is an essential
difference in the dissociation modes of the atom and the molecular ion.

The\naturé of the difference injthe ﬁwo-cases may be seen as a con=
sequence of the fact that the gglx mode of dissociation of the atom leads
to the trénsition of. the eleétron inio a free state. For ﬁhe molecule, |
howevef9 there are ahlinfiniﬁe number of possible final stateé aftér
disruption. 'Symbolicélly, these are indicated by |

.iiﬂ’

o TPt | _ | (a)

where the subscript K denotes the state of the outgoing hydrogen atom.

Included in the processes (a) is the analogue of Oppenheimér“s process,
_f—
H2~/> P+ P +e. (p)

One of course recognizes that different mathemafical assumptions méy be
convenient, depending upon'which particular final atomic state K is to be
studied,

In this paber we study the mode of dissociation leading to a freel

hydrogen atom in its ground state as one of the outgoing particles. We

expect this mode to be important:becausé'of the closeness in the energy of
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the lowest bonding and antibonding stgtesvof the molecule. In the“languagé
of an earlier-paragraph we might say that we expect'fhe “bérrien" height to
be defined By thé energy difference between these two lastfmentioned élec;_
tronic states.- |

Most of the remaiﬁder of this papér is devoted to a description of the
computational details, which are contained in-Section II. The third section
cqntains a brief summéry of the results to date,

IIo>C0mQutational Details
The nonrelativistic Schroedinger équation for a hydrogen molecular ion

in the presence of a steady electric field along the z axis is

H \I(j E (HO+ V)\}/ - ® \}/’ ' ‘ (la)

where ’
; 2 2 . 2
- 1 2 2\ 1 2 2 e” e e

H = =g, +y, )+ V" - ( -— - ) (1b)
0o~ TEV1 TVa R AR T Typ  T13 T3 |
and ) |
V= °)§;“‘E:(Zl+'zz’ 23)@ . : 1 ' (1e)

Subscripts "1® and "2% denote the proton coordinates, and "3® denotes the

electron coordinate, Hb is the Hamiltonisn for the one-electron hydrogen

molecule, and V the perturbation resulting from an external field of

-

magnitudeé, M and m are, respectively, the proton and electron masses.
In order tb separaté the motion of the center of mass, we>introduce

two new coordinates:

- 5 . -1 -
P - @R, B R D) b e . @)

- If we takefggg_iﬁ and T._ as the three independent coordinates of the

12 .
system, we obtain instead of Egs. (1b) andi(lé) two new relations:
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- 2 /2M+m 20 1 2\ -
Homém (\ )V (2M+)v>, |

m 7 2 7 - . .
e - (1+m)z] 2. . | (10)

That part of the wave function depending on. the coordinates of the center
of mass, R(X, Y, 2)9 can now be separated from the internal motion3 by

writing
WR vy v) 2 \® Ty v1); E=EgrEp . - ©

The resulting eqﬁatioﬁ fof&/\describes a particle of mass equal to the total
mass of the ion and of charge .+e moving in an electfic(field'glo

At this p01nt we 1ntroduce the Boranppenhelmer approx1mat10n and assume
tha£ the function v (r 100 T ") descr1b1ng the 1nterna1 motlon can be wrltten
as a product'of-an electronic eigenfuncthn, which is a function of the
electronic coordinates énd parametrically dependent on the nuclear |

CoordinateS,.and'a nuclear eigenfunction which is a function of the nuclear

N

“coordlnates alone, _
TT(r 12° r') = X(r, rlz)ﬁ(rlz}p : o (4)

and where the separated motions are determined by

1 ? h : R -2 o 2 V ' '
oV 2 %;1%“ Eel(.rlz,).,“ - = ;3 - eE@X: 0, (5)
2 EEE

[zt - é‘?lzl F“* 12

we have
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2 2_2 [g  _g _(r )] =o0.
G Vi A2 Elnt+ T, - el 12] a

The famlly of electronic elgenvalues, E 1(r12), §ervesbas part of the potential
function for the nuclear motion. The effect of the electric field appears as
a perturbation, e? 2, in the electronlc Eq. (5)

We now consider the effect of the perturbatién term on the'Eel(rlz)

values. The ground-state and first-excited-state electronic wave functions

for the unperturbed ion are to a good approximation respectively byz

e = W (y (1s)+\;f2(1s))
3 X )Xo ()
)(;W (\t/ (16) - \/f <1s))

where Vfl(ls) and sz(ls) are the ground-state atomic orbitals for the
electron about proton No. 1 and about proton No, 2, respectively. If we
restrict ourselves to considering.only the submatrix formed from these two

states, the Hamiltonian matrix to bevdiagonalized is

H
gu
(8)
Huu ®
The matrix elements are defined by
5 '
| 2Gerhard Herzberg, Spectra of Dlatomic ;ec es (Van Nostrand, New York,

1950) Pe 384,
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)('}(éE (r )dr = ‘?12)

(unperturbed ground-state electronic eigenvalue),

L XuXuEel (rlz)dr b= Eeiu (rl‘?'?.
| o (9)

(unperturbed first-excited-state electronic eigenvalue), and

€

c e *r. cos @
ng = ],g)(u( —-e(c, z“)dr“ = e m—————-z'((’ll T_2_. e vs

where r12 is the proton separation, and © the angle between the electric field
direction and the internuclear axis. dnly the component of the electric field
along the internﬁclear éxis is significant;'the contributions of the field
components at right angles to the internuclear axis vanish in this

approximation,

"Diagonalization of Eq. (8) leads to the solutions

' : 1
' 2.2 1 T2 .
B ,=EErE s 1 . g8) )14 S2ETNS coe” ¢ (10)
’ 2 2 ) (1-12) (8 - £€)?

For small values of ry, Eao (10) reduces to

. 9

: ezg;zr 2.00829
g _ 1 127 |
4 (1.-7°) (" - E8)
= (11)

1,2

2
EY4 1 2&1 r12 cos ©
L Q1-18) @ -8
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and for large values of T o5 to

g6 35?12!003 ) ]
2

B, egrlg\ cos 8 |

E =

1,2 (12)

Equations (11) and (12) indicate that the potential for the nuclear motion,
which in the unperturbed case is spherically symmetric, in the perturbed case

is axially symmetric, the axis of symmetry being along the electric field

- direction, The potential well for the ground state under the influence of
the perturbation,éCquires a "spout® at either end; with the two spouts

‘oriented along the field direction. As the perfurbation is increased and the

saddle point of the spout is lowered to a value comparable to that of the
eigenvalue of the highesf vibrational level, the ion tends to dissociate into -
a hydrogen atom and a proton in a time comparable to the vibration'périod;

This dissociation time is of course determined by barrier penetration if

the saddle point is not near an eigenvalue.

This tendency for the ion to dissociate itself into a proton énd'an

H atom for large internuclear separations can be shown by examining the

. perturbed electronic eigenfunction appropriate to the diagonalized Hamiltonian.

The perturbed eigenvalues Eq. (10), together with unitarity conditions on

the transformation matrix and exchange-symmetry requirements on the wave

’function,'givé for the perturbedeave fuhctions of the two electronic states

- -1 (&) - £ Xy - L

V(G - _.EU)2+'ﬁgu2

(13) |
7(2 '

Ny K gt (B - B X
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In the 1imit of large internuclear separations; appropriate to dissociation,

Eq. (13) goes over to

, (14)
Vi

Equation (14) is interpreted as meaning that the unperturbedigroundnstate
:wavevfunction in the presence of the,perturbation and for large inﬁernuclear
separations goes over into a state in which the electron is about proton No. 2
and proton No, 1 is frée9 and the first excited state goeé over into a state
in which proton No, 2’is free and the.electron is about proton No. 1. This
behavior is consistent ﬁith the variation of potenﬁial asva fungtion of
internuclear'sepération indicated by Eq. (10). | _

A description of the dissqciatioh of thé.ion after the pertufbed‘
poténtial for’thé'nucléér motién has been detefmingd can be giveh by use
of the method of Oppenheimer.,l :This method amounts to solving the
Schroedinger equation for a particle moving in a uniform electric field,
which is to represent the free proton after the dissociation, and notiﬁg
that this solution is almost orthogOnél to the solution for the bound ion,
provided the Saddlevpoint of the pdfential is sufficiently above the eigen-
value in question. The rate of dissociation is then given by the usual
formula

1 _ 2w 2 : S
ol LA - W)

where
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AVz =t - L ((B" - B9) "+ 4H 2,

*

\V; = wave function for proton moving in an electric field, -

\V; = vibrational wave function for the pafticular level in question,
fj: density of finai-states,

T = mean life against dissociation..

In general it is of interest to consider all the vibrational levels"

+
2

fact that the vibrational states in the absence of the perturbation are

of the H! ground-electron state. This follows as a consequence of the -
stablé against‘diﬁole tfansitions, and quadrupole'transitibns*require’times
of the order of 1 sec, Forﬁﬂgﬂions that originate in an ion source, all
?ibraﬁional states will.be populaied; and because of thé long lifetimes of
these Statés,'bne'éan thihk of these states as being essentially stable,

There are two effects operative that tend to inhibit”the'disséciation.
First, the effect of the pertﬁrbing term in Eq. (5) is to induce a dipole
"moment in the electronic configuration; this induéed polérization is a function
of the internuclear separation as shown in Eq. (11). As the molecule ?ibratesg

the dipole moment changes, and from purely classical considerations one would
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expectfinducea dipole transitions to lower'viﬁrational states. It is readily
shbwﬁ that thé effect is formally:equivalent to ihe theory of the Raman .
effect; and that inducéd dipole transitions will occur. 24 A stfaight—
forward caléulation.(using'hérmonic»§scillétor'wéve functioné) for the mean

life against these induced-dipole transitions yields, for the nonrotating

molecule,
b 3.2
, 12 ,
T(sec) = 2§/2 5 CC M (cgs), (16)
91 - 1) 33 - BN VX '
where
Enﬁ = energy éepération between vibrational levels,
r12 ; separation Qf the nuclei at the potential minimum,
M = ordinal number of the vibrational level, -
K = effective force constant for the vibrational motion.

Here we have neglected the dependence_bf‘T and (Eg.m‘Eu)'on ry, and replaced
‘them by their value at the potential minimum.
Second, the effect of the perturbation is to lower the vibrational

levelso The level shift is given by first-order perturbation theory,

/,

Az = o, v, 1) % <r12>Av] (o a7)

/
where 29J‘has been defined prev1ously in connection with Eq. (15)

'3Herzberg, op. ¢it., p. g6
4Eaward U. Condon, Phys. Rev, 41, 759 (1932)
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ITI. Con ion

We have made some order»ofnmagnitudekestimates of the electric fields
_required for dissociating -the highest and the lowest vibrational states of
the H;_ ion, Té make thesé estimates an exact calculation of the vibrational
ieigenvalues and eigenfunctions of thevground-electronic staté of the unper-
turbed Hg_ ion has been carried out by use of £he IBM 761 computéros For
the nonrotating molecule, the highest vibrational levél is found to be ap-
proximately 0.016 electron volt below the dissociation limit. If the level
shift given by qub(l7) is ignéred,‘a value for mean life against dissociation
of 1 sec. for this level requires a field of approximately 3 x 105 volts per
centimeter (v/em). However, the level shift appears to Ee sufficiently large
to make the perturbation formula, Eq. (17), suspect. To.méét‘this difficulty
we ére doing a variational calculation to locate the eigenvalue as a function
‘of the perturbation, :Pending the results of this variational calculaiion,
it appears that an electric field of the order of'lo6 v/cm may not bev
unreasonable;for dissociation of thié highest level., |

For the lowest vibrational states the perturbétion formula;vKo (17),
is adequate to give the level shift, we obtain a value of the order of 1 sec
for the mean dissociation time for electric fields of £he qrder,of 108 ﬁ/cmo
It is interesting té note that this is similar to Oppenheimer's result for
.dissociation of the hydrogen atom, |

It is a pieasure to acknowledge helpful and intereéting discussions with
Stanley Cohen, Alper A, Garren, William I, Linlor, Robert J, Riddell, Jr.,
and Lloyd Smith., |

This work was done under the auspices of the U. S. Atomic Energy.Commissioﬁo

SStanley_Cohen, John R, Hiskes, Robert J. Riddell, Jr. (To be published)





