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(2)

and the total energy shift in an electric field is

W(J, M) =-2a(J, M)E'. (3)

The matrix element of z in Eq. (1) can be deduced
easily from the oscillator strength of the transi-
tions from 2'P to 2'S. The expectation value of
the spin-spin interaction can be calculated from
the known fine-structure splitting of the 2'P
state, since the spin-orbit and spin-spin contri-
butions have different angular properties. Using
this approach, one finds o., ('S) =3.4&&10 'a, '.
Our measurement gives a. ,=(3.41+0.11)&&10 'a, '.
In view of the approximations made in the calcu-
lation, this exact agreement is most gratifying.

Work is presently underway in this laboratory
to measure the shifts in the metastable states of
the other rare gases.

We wish to acknowledge the help of J. A. Weiss
in analyzing the data in this experiment.
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PHASE-INTERFERENCE EFFECTS IN INELASTIC He'+ He COLLISIONS*
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In the collision He++ He He++He*, excitation at low incident ion energies (& 1 keV)
proceeds via a pseudocrossing of the elastic Z diabatic potential with excited-state
Z potentials. In addition, pseudocrossings of inelastic potentials at large internucle-

ar separations mix the amplitudes of the excited-state channels coherently. This many-
state mechanism provides qualitative understanding of diverse experimental observa-
tions.

In low-energy atom-atom collisions, knowledge
of the potential curves of the intermediate mole-
cular system often leads to a qualitative and even
semiquantitative understanding of capture and ex-
citation cross sections. Our work indicates that
for inelastic processes, such as He +He-He+
+He*, the various inelastic cross sections can
only be explained when the potential curves of the
corresponding channels are known to rather large
internuclear separations. In particular, pseudo-
crossings among the inelastic adiabatic potential
curves occur at large internuclear separations
()15 a,.u. ), and such crossings can give rise to
coherent mixing of the inelastic probability am-
plitudes involved.

The excitation of helium atoms by low-energy
(50- to 2000-eV, lab) helium ions has been ob-

served and reported, ' and new data are being re-
ported in the accompanying Letter by Dworetsky
and Novick, hereafter referred to as DN. The
total inelastic cross sections typically show a
sharp threshold lying about 8 eV (c.m. ) above the

Q value of the reaction. For channels involving
excited helium-atom S states, the cross sections
exhibit a highly oscillatory energy dependence,
but for other channels they are smoother, or
even featureless (Fig. 1). The cross sections of
the O'S and 3'S states seem to be anticoincident
for intermediate energies. When the cross sec-
tions are plotted versus v ', the inverse ion
velocity, the peaks are roughly equally spaced.
In addition, they show the same features when
different helium isotopes are employed for the
ion and/or target. When the energy variable is
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dent formulation, the crossing region is tra-
versed twice: on the way in and on the way out.
After the first passage, both elastic and inelastic
amplitudes are nonzero and develop a phase dif-
ference before being coherently mixed at the sec-
ond passage through the crossing. The final
probability of having made a transition to the in-
elastic channel is given approximately by the
Landau- Zener- Stueckelber g for mula

P = 4e "o~'~(1—e "o~'~) cos'( —,'+ y), (2)

where v, is the radial velocity at the crossing,
and e0 a characteristic of the crossing,

FIG. 1. Excitation functions for the 3~$ and 3 S heli-
um states.

scaled according to where the minimum separation of the two curves
is 2c. The phase is given approximately byE„(M, on M,) = 'M, E,„(-4on 4)+M, [M,M, /

y = j'a, (r)dr f"k-,(r)dr,
1 '2 ' (3)

with AU= 20-30 eV, then the experimental data
for the various isotope-pairs coincide. (See DN,
Fig. 3 and discussion. )

In the system He++He, the primary mechanism
of populating inelastic states at low ion energies
is provided by a pseudocrossing of the 'Zg poten-
tials of He, ' by the elastic, i.e. , ground-state,
Zg potential. Lichten' explains that the 'Zg

ground state can be diabatically represented by
o'g(o„)', which becomes a state with two excited
electrons, Be' 1s(2P)', in the united atom limit,
while the Zg inelastic states in this limit are
only singly excited Be'. Hence the elastic poten-
tial diabatically crosses all inelastic potentials.
The Z„elastic potential, on the other hand,
shows no such crossings, since this state, a„(vg)',
becomes the lowest odd Be' state, (1s)'2P, in the
atomic limit. Our calculations agree with those
of Michels' in claiming that the crossings occur
at internuclear separations of 1.2-I.4 a.u. and at
energies of 28-33 eV —i.e. , a few eV above the
excitation energies of He. Landau, Zener,
Stueckelberg, and others have shown that at low
energies transitions occur only in the region of
the crossing. Hence the observation of nonadia-
batic processes at low incident ion energies as
well as the observed value of the threshold ener-
gy are explained by the pseudocrossing of the 'Zg
elastic and inelastic potentials.

It is tempting to try to explain the oscillatory
behavior of the cross sections as arising from a
phase-interference effect at the crossing of the
elastic and inelastic potentials. In a time-depen-

where

The phase y is a function of the incident energy
E and the impact parameter 6, or, alternatively,
of incident energy and scattering angle. At a
given incident energy the probability of excita-
tion P(b, 8) should be an oscillatory function of
impact parameter up to the maximum impact pa-
rameter (at which v, =0) [Fig. 2(b)]. The inter-
ference would thus lead to oscillatory behavior
in the differential inelastic cross section. The
energy dependence of jP(b, E)bdb is not clear off-
hand„and must be calculated numerically. One
finds that this function of E is smooth. Hence,
the oscillatory behavior of P(b, E) does not give
rise to any marked oscillations in the total in-
elastic cross section [Fig. 2(c)]. This conclu-
sion is rather independent of the characteristics
of the potential curves and is not altered when
improved Landau- Zener formulas or numerical
solutions are applied to the two-state curve-
crossing problem.

In the two-state model, interactions between
the inelastic channels are ignored and the ampli-
tude of each inelastic channel is assumed to de-
velop adiabatically after the double passage
through the crossing region. The failure of the
two-state model to explain the oscillatory fea-
tures of the cross section leads one to examine
the possibility of nonadiabatic behavior. In par-
ticular, if there existed a pseudocrossing of two

1481



VOI.UMZ 2$, NUMBER 26 PHYSICAL REVIEW LETTERS 29 DEcEMBER 1969

CQ
CK
LII
K
LJLJ

l

R)

UI

Up

(b)

b~Ax

+
O

b

I I

2EI I .5 I

ELA8(key)

C9
lL
4J
LLI

I

RI

U2

UI

I

Up
I

Rg

LEVEl I--—LEVEL 2
{e)

box
I ~

2E) .I
E (IIey)

FIG. 2. Diagramatic comparison of the single-cross-
ing region and the two-crossing region models:
(a) Two-level crossing scheme. (b) Excitation proba-
bility at fixed (typical) energy as a function of impact
parameter. (c) Total excitation probability as a func-
tion of incident energy. (d) Three-level, two-cross-
ings scheme. (e) The two excitation probabilities at
fixed (typical) energy as a function of impact parame-
ter. Note that the levels are sufficiently close that
they leave the inner crossing region essentially in

phase at most impact parameters. (f) The two total ex-
citation probabilities as a function of incident energy.

inelastic channels at internuclear separation A,
[Fig. 2(d)] such that the two amplitudes were ef-
ficiently mixed, a coherent interference would

result in the final populations. The critical
phase would be the phase difference between the
two inelastic amplitudes at A, and would thus be
approximately proportional to the time it takes
the system to separate from its minimum separ-
ation to A, . This time is essentially independent
of impact parameter so that the effect would be
observed in the total cross section [ Fig. 2(f)].
Moreover, the conservation of probability would

predict that the final populations of the two in-
elastic channels be anticoincident. It becomes
clear that a knowledge of the 'Z& potentials of
He, ' is essential.

In our calculations 19 LCAO trial functions
(linear combinations of atomic orbitals) were
constructed, each of which seemed physically
reasonable, i.e. , had 'Z& characteristics and at
large separations could be interpreted as ion
+ singlet atom or ion+triplet atom: ground
state,

4 = C' llI A nZ) I APZ) I Bo.'2&ll;

excited 'Z& "triplet type, "
+ = G&2 III A+i) IAn2) I BP2)ll

-ll( I A») I AP2)+ I APi) I»2)) l»2& II j;

-4.02—

-484—

4's

4's

-4.06— 35P

3S

3'S

-4.08—

where G is the gerade operator, II II denotes a, de-
terminant, and l Csi) is an atomic orbital cen-
tered about nucleus C (A or B), with spin compo-
nent s (o. or P) along the internuclear axis, and
with quantum numbers and effective-charge pa-
rameter denoted by i. In particular, lAnZ) and
lAn2) denote 1s orbitals about nucleus A with
Z,, ff ——Z and 2.0, respectively. As a check on the
sufficiency of the basis set, the one-electron
problem, H, ', was solved in this approximation,
using 4;= GlAai) as trial function. In both cases
the basis was orthonormalized and the electronic
Hamiltonian matrix obtained was diagonalized.

Figure 3 shows the results of the calculation
for He, '. Pseudocrossings are, in fact, evident
among various inelastic channels at large inter-
nuclear separations (12-40 a,.u.). By noting that
the features remained when the orbital parame-
ters of the basis were varied, it was shown that
these pseudocrossings are not spurious effects
due to any insufficiency in the basis set. More-
over, the simpler (one-electron) system H,

' is
expected to have potential curves similar to He, '
at these internuclear separations. Our calcula-
tions, as well as the exact solutions of Bates and
Reid, ' show that H,

' indeed exhibits the same
crossing scheme at large A. It can be shown
that according to the Landau- Zener criterion on-
ly the crossings labeled 1 and 2 of those shown
efficiently mix the inelastic amplitudes at typical

excited 'Zg "singlet type, "
I I j

20 30 40
INTERNUCLEAR SEPARATIPN {a.u. )

I I

50 60 75 S

4 = Gll( IAni) IAP2) —IAPi) IAn2))I Bn2)ll;
pIQ. 3. n = 3 and 4 Z

&
potentials of He&+ at large in-

ternuclear separations.
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energies; i.e., the crossings are such that oscil-
latory effects can be expected in the n = 3 and n
= 4 'S and 'S populations. The other crossings
are diabatic —the opposite of adiabatic but having
the same effect, namely, no mixing of ampli-
tudes, and hence smooth cross sections.

The outer pseudocrossings thus seem to ex-
plain qualitatively which helium levels exhibit os-
cillatory energy dependence in the total cross
section and which levels do not. In particular the
potentials arising from the n = 2 He levels exhibit
no pseudocrossings which can effectively mix in-
elastic amplitudes, and thus theoretically the
cross sections are determined by the inner eros
crossing only. The observation (DN, Fig. 1) of
nonoscillatory 2'P and 2'P cross sections is in
agreement with this prediction. The conserva-
tion of probabilities leads one to expect anticoin-
cident cross sections for two states whose poten-
tials cross, and the O'S and O'S data exhibit such
anticoincidence.

The phase difference at 8, seems also to be of
just the right magnitude to explain qualitatively
the spacing of the oscillations in the n = 3 S states.
The separation of the two diabatic inelastic chan-
nels, about 0.04 a.u. , would lead to a phase 4r at
laboratory energies of about 500 eV, and higher
phases at lower energies. The spacing of the
peaks and dips in the O'S and O'S experimental
cross sections is consistent with an interpreta-
tion of the 450-eV O'S peak as due to a phase dif-
ference of 4n.

Both the spacing of the peaks and the isotope-
pair energy scaling law now depend on the rela-
tive velocity in the excited rather than elastic

channel. In the isotope data, identical features
in two isotope pairs are expected when the rela-
tive velocities are the same, and the linear scal-
ing law (1) with hU= 24 eV merely reflects the
fact that the potentials involved lie 20-25 eV
above the elastic channel at and around the outer
crossings. (See DN, Fig. 3.) It is not clear how

the inner-crossing two-state model, with its
strong b dependence and assuming no outer
crossing, could lead to such a simple linear
scaling law.

One concludes that knowledge of the potential
curves of He, to large internuclear separations
is essential for an understanding of the mecha-
nism responsible for inelastic processes in low-
energy collisions of He' with He. To a surpris-
ing degree such knowledge is even sufficient for
a qualitative understanding of the main features
of the cross sections. It seems reasonable to
suspect that the same can be said of other low-
energy inelastic collision processes.
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