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Homonuclear associative ionization, also known as the Hornbeck-Molnar process, has been inves-

tigated in a crossed-beam experiment for the collision He(5 P)+He with use of a time-of-flight tech-
nique. Excited states were produced from metastable He(2 S) with use of a tunable cw source of
coherent hght. The density distribution of the He(5 P) atoms in the interaction zone was investigat-
ed by a highly sensitive photoionization method. The combination of these techniques with a
crossed-beam geometry allowed the kinetic-energy dependence of the cross section to be investigated
with a very good resolution in the range 20—200 meV. The experimental curve exhibits structures
similar to that calculated by Cohen for the excited states 3 P and O'P. The interpretation of our re-
sults has been performed by an extension of Cohen's model to the present case, considering bound-
bound transitions between quasidiabatic states of He2, and assuming a 100% ionization rate for the
states penetrating into the continuum. The shape of the experimental curve is well reproduced by
the contribution due to channels of II„symmetry, which is found to be preponderant, and the va-

lidity of Cohen s model is thus demonstrated. Two different processes are found to occur in dif-
ferent regions of the kinetic-energy range separated by a narrow transition zone. The limits of the
latter are the diabatic threshold [crossing energy of the repulsive entrance channel II„5P with the
ionization limit He&+(X X+)], and the asymptotic energy of the first attractive channel 3II„6'D.

I. INTRODUCTION

The fundamental processes arising in noble-gas
discharges have been studied for many years. In thermal
collisions between two identical atoms, one of them being
in an excited state (denoted by A *), two kinds of inelastic
reactions may occur. The first one is homonuclear associ-
ative ionization,

3*+A—+A2++e

and the second is nonresonant excitation transfer,

A (nLSJ)+A~A'(n'L'S'J')+A .

The former process was first identified by Hornbeck
and Molnar in 1951 (Ref. 1) and is often referred to by the
names of these authors. The study of Hornbeck-Molnar
ionization (HMI) is of fundamental interest as a test of
ionizing collision theory and has strong implications in
astrophysics and plasma physics. In particular, it is cer-
tainly involved in the optogalvanic effect.

The existence of a similar process in the alkali metals
has been observed since 1923. ' Homonuclear associative
ionization contributes to the bulk process in the ionization
of an alkali-metal vapor irradiated by resonant light,
and its interpretation is related to that of HMI.

For a long time, it has only been possible to experimen-
tally determine appearance potentials for molecular ions
in noble-gas discharges. In our group we have obtained a

rigorous upper limit for this parameter in helium, corre-
sponding to the collision He(3'P)+He. Since the
pioneering work of Wellenstein and Robertson, very few
experimental studies have been devoted to measurements
of such reaction cross sections. These authors obtained
cross-section values, averaged over the velocity distribu-
tions of the colliding atoms at 340 K, in the range
(1.6—20) )& 10 ' cm for the systems He(3' P)+He, and
He(3' D)+He.

The system He(5 P)+He was studied by Collins
et al. ,

' who obtained a rate coefficient of 8X10
cm s ' from an analysis of the quenching rate of He(5 P)
in an afterglow. Assuming a thermal velocity distribution
at 300 K, this leads to an average HMI cross section of

. about 5&10 ' cm, in good agreement with the results
of Wellenstein and Robertson. Until recently, other ex-
perimental investigations have been carried out on the
quenching rates of excited helium states in
discharges, " ' leading to cross sections or reaction rates
averaged over thermal velocity distributions. The aim of
the present work is to determine the mechanisms respon-
sible for the HMI in the presence of helium atoms, using a
crossed-beam experiment to obtain the energy dependence
of the cross section.

A characteristic feature of the HMI is that the potential
energy of the system at the separated atom limit is lower
in the incoming channel than in the outgoing channel (see
Fig. 1). A similar situation is sometimes encountered in
heteronuclear systems, such as N( D)+0, which has been
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developed by Nielsen and Dahler, ' which is very similar
to that of Cohen for He2.
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FIG. 1. Typical potential curves illustrating the different
theoretical approaches for HMI. Region I: vibronic coupling
involving an adiabatic curve in the initial state and the vibra-

tional levels in the well of the final ionic state. Region II: a dia-

batic curve for A 2 penetrates into the continuum and undergoes
autoionization.

investigated in a merging beam experiment by Ringer and
Gentry. '" In the thermal range the relative kinetic energy
E~ of the reactants is not sufficient for the total energy to
reach the ionic asymptotic limit ( A ++ A) and the nuclei
remain bound, forming an associative ion A2 . The ori-
gin of the ionization must be sought in the couplings be-
tween the relevant potential-energy curves for the excited
neutral molecule A2 and the ground state of the molecu-
lar ion A2+.

An essential aspect is the determination of the nature of
the interaction between a neutral state Az and the ionic
one, as well as the region in which this interaction is im-
portant. Nielsen and Berry, ' and later Koike and
Nakamura, ' in their work on H2 considered the vibronic
coupling between attractive neutral curves and the I'Xz+
state of H2.+, in a region in which they are close together
(denoted by I in Fig. 1). Their calculations were per-
formed in a basis of adiabatic states, neglecting the
dynamical couplings with upper states. The cross sections
calculated in this way exhibit a monotonically decreasing
behavior with increasing kinetic energy Ek and values of
about 10 ' cm at 300 K. Cohen developed a different
interpretation, ' inspired by the qualitative discussion of
Mulliken. ' He considered repulsive diabatic states He2
penetrating into the continuum of He@+(X„+)+e and
interacting with the attractive ones by electronic coupling.
The ionization was hypothesized to occur with a high
probability each time the continuum was reached (in a re-

gion such as II in Fig. 1), and the transitions between
bound states of Hez were calculated in the Landau-Zener
formulation. The cross sections for HMI and excitation
transfer were then calculated as a function of Ek for the
He (3,4 L)+He systems (L =0, 1,2). They exhibit exten-
sive structures related to the crossings between different
potential curves, and their thermally averaged values, of
the order of magnitude of 10 ' cm, agree well with the
experimental results for n =3. "'" (In the case when
n =4, the only available experimental results' '"' should
be considered as maximum values rather than absolute
ones. ) For N*O, a theoretical interpretation has been

II. EXPERIMENT

Although it seems, from the preceding discussion, that
the interpretation given by Cohen explains the experimen-
tal data, the structures in the energy dependence of the
calculated cross sections 0(Ek). have never been observed
experimentally. In the averaging procedure such struc-
tures are completely obscured. For this reason we have
undertake an experimental study of the energy dependence
of o(Ek) in a time-of-flight crossed-beam experiment for
the collision He(5 P) +He.

A. Experimental setup

A preliminary investigation has been reported in a pre-
vious paper, "in which the velocity distribution of the
excited atoms He(5 P) in the reaction chamber was calcu-
lated from that of the metastable atoms. This calculation
was based on the geometrical parameters of the metastable
(initial-state) atom beam and on the characteristics (inten-
sity, divergence, spot size) of the photoexciting laser.
However, the different hypothesis used had a particularly
important effect at higher energies, so that the experimen-
tal cross section was not completely reliable in this range.
In the second investigation we therefore introduced pho-
toionization techniques which allowed us to do the follow-
ing:

(i) optimize the electrostatic lenses for the extraction of
the ions, in order to obtain an efficiency independent of
the initial energy of these ions (see Sec. II 8 1), and

(ii) detect the excited states He(5 P), in order to obtain
direct information on their velocity distribution (see Sec.
II 8 2).

The experimental setup is presented in Fig. 2. As be-
fore, we use the three-crossed-beams configuration. The
metastable atom beam intersects at right angles the ef-
fusive target beam. The common axis of the two lasers
used is perpendicular to the atomic beams.

The first laser of the cw, uv type, tunable around 294
nm (photon energy: 4.21 eV). The excited 5 P states are
produced by photoexcitation from the 2 S state. Further-
more, this laser can photoionize the singlet metastable
states 2'S (ionization potential: 3.97 eV), a procedure
which is used to optimize the electrostatic optics. The uv
radiation (3—5 mW) was produced by second harmonic
generation in a ring laser. '

The second laser is an ionized krypton laser, tuned to
the red lines (647 and 752 nm). It is used to photoionize
the excited 5 P states, thus providing a detection method.
We checked that under our experimental conditions,
fluorescence detection could not provide sufficient signal.
The spot size of the red laser is increased so that its inten-
sity variations are less than —10%%uo over the full width at
half maximum of the spatial profile or the uv beam.

The relevant excited states of helium and the different
laser wavelengths are illustrated in Fig. 3.
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FIG. 2. Schematic representation of the time-of-flight, crossed-beam apparatus. (a) Horizontal plane, (b) vertical plane. The data
acquisition unit is coupled to a microcomputer, which also drives the uv laser frequency (see Ref. 20).
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B. Time-of-flight procedure

Velocity dependence is investigated using the well-
known time-of-flight (TOF) method; the presence of ex-
cited states and the introduction of photoionization mea-
surements are, however, worth considering in detail.

The rotation of the chopper slits in front of the fixed
slits on the metastable beam generates a gate function
A (t) during which a burst of atoms is transmitted. For a
nominal time of flight (v), a metastable atom flux 4 is
created in the collision chamber:

4l}m
eV)

3X IO

@ (~) cx f A(t)P„(u)du, (3)

-EteV)
II

(2

0.71

f1=2

where P„ is the velocity distribution of the metastable
atom flux emerging from the source, u =l. /(~ —t) the
velocity of atoms having crossed the chopper at time t,
and L, is the distance between the chopper and the
chamber. The gate function with a half-maximum width
of 5 ps appears to be equivalent to a Dirac peak and Eq.
(3) reduces to

FIG. 3. Partial term diagram showing the relevant levels for
the experiment and the role of the two laser wavelengths. The
numbers above the levels give typical populations (for atoms
with a velocity of 2500 ms ').

4& (w) ~ P „(I/r)

where ~ is related to the velocity by U =I /~.

(4)
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TOF with He(2tS): Test of extraction optics

With an electron multiplier positioned along the meta-
stable beam axis (Fig. 2), it is possible to detect the flux

(r') at a distance L' from the chopper, with

A comparison of experimental TOF spectra with meta-
'

stable atom and photoion detection is presented in Fig. 4.
The two curves superpose perfectly, illustrating Eq. (10).
This provides a powerful test of the optimization of the
electrostatic lenses.

and

v =L/r=L'/r' (5a)
2. TOF with He(53P): Derivation of the cross section

L/r =u2/L,

and therefore possible to derive the flux @ (r}

(5b)
We now consider TOF measurements with excited

He(5 P) atoms. In the interaction chamber the uv pho-
toexcitation of the metastable He(2 S) atoms

He(2'S) + (h v)„,~He+ +e

By detecting the photoions from this reaction we obtain a
TOF signal given by

N+(r) ~ n „(L/r)— (8)

where n, is the velocity distribution of the metastable
(2 S) density in the beam, as the photoionization measure-
ment is sensitive to the atomic density. From the simple
relation

m yNI/

we derive

N+(r) ~ N (r)r .

This relation holds under two conditions.
(i) The metastable atom flux velocity distribution is the

same for singlet and triplet species (this has been verified
many times in our experiments).

(ii) The extraction of ions from the chamber and the
transit through the mass spectrometer do not depend on
the initial energy of the ions in the chamber.
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FIG. 4. TOP spectra illustrating how the ion optics are test-
ed. Points represent the He+ photoiou counting [Eq. (7)]. The
solid curve is derived from the metastable atom flux [right-hand
term in Eq. (10)] and normalized on the points. The abscissa is
the time of flight measured on a scale of 256 channels 2-ps
wide. The test is especially critical in the high-energy part (ar-
row).

@ (L/u) ~@ (L'/u') I
On the other hand, as we already seen, uv laser photons

can ionize the 2'S states, as follows:

He(5 P) + (h v)„d—+He+ +e (13)

we obtain a TOF signal from the photoions He+ (m =4
amu) produced:

N4+(r) ~ f n "dX, (14)

which is directly related to the excited atom density
n* =@*/u. Comparing Eqs. (12) and (14), we derive

o,tt(u) ~Ns+ /N4+u (15a)
or

o,tt(L /r ) ~ rN g+ /N4+ . (15b)

Thus we can eliminate the velocity and spatial depen-
dences arising in fx@'dX and extract the velocity depen-

dence of o.,tt(u). The same procedure as in previous pa-
pers2 is used to derive o(v„) from o.,tt(u), u„being the
relative velocity of the colliding atoms.

The TOF spectra X4 and N8+ are reported in Fig. 5;
the cross section o is plotted as a function of the relative
kinetic energy in Fig. 6. In order to reduce the counting
rate dispersion, the 256 channels 2-ps wide of the TOF
spectra have been grouped into 128 channels 4-ps wide.
Only the central section of the TOF spectra with signifi-
cant counts is conserved. Each point in Fig. 6 represents
the content of such a 4-ps-wide channel. Some typical er-
ror bars are shown; their height represents the statistical
error (+ one standard deviation). As usual in crossed-
bearn experiments, we obtain only relative values for the
cross section, and the experimental curve in Fig. 6 has
been normalized to the one calculated in Sec. III.

Comparison with the result of our previous experiment
(Fig. 3 in Ref 20) shows .that the cross sections are identi-
cal in the range 20&Ek &80 meV. The decrease in the
cross section for Ek & 80 meV, observed previously, is not
confirmed in the present work. It was due to the follow-
ing:

He(2 S)+(hv)„„—+He(5 P)

creates a flux of excited states @* depending on @ and
on the uv laser parameters. These excited atoms react
with target atoms in accordance with Eq. (1}, and the
He&+ ions ( m =8 amu) produced give a TOF signal

Ns+(r) ~o,tt(u) f @"dX, (12)

X being the area of the metastable beam illuminated by
the uv laser and o,ft(u) the effective cross section (in the
laboratory frame).

When the red laser is used to photoionize the excited
He(5 P) atoms



RUNGE, PESNELLE, PERDRIX, %'ATEL, AND COHEN

COUNTS

- 400

200

CHANNELS
(rmN r~'~i~. ~ ... .. I

i50 200 250

These two problems have been avoided in this work by the
. introduction of photoionization techniques. Per contra,

this method is sensitive to the excited states density, and
not the flux as before, and provides a signal X4+ which
falls to zero more rapidly with increasing energies (due to
the factor 1/U). For this reason the energy range in Fig. 6
terminates at 0.2 eV instead of 0.35 eV as in Ref. 20.
However, the fact that the cross section tends to increase
rather than drop to zero is in good qualitative agreement
with the predictions of Cohen' for the excited states 3 I'
and 4 I'.

III. CALCULATIONS

COUNTS

200 (b)

A comparison of our experimental results in Fig. 6 with
the cross sections for lower states calculated by Cohen can
hardly be said to show more than a qualitative similarity.
Since this model is based on (quasi)diabatic states for the
He2 molecule, we shall first discuss their general struc-
ture; we shall then recall the main features of the model
and extend it to the system studied here.

iGO

CHANNELS
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FIG. S. TOP spectra used to extract the ionization cross sec-
tion (channel width is 2 ps). (a) Associative ions He2, accumu-
lation time 1.5 h; (b) He+ photoions from the reaction in Eq.
(13), accumulation time 13.5 h.

(i) Distortion between the metastable and excited state
velocity distributions greater than that calculated, and

(ii) poor efficiency of the extraction optics for a high in-
itial ion energy.

A. Diabatic states of He2

~ P„~~ ( is& is& is@+ is& is& is& )
~

(16)

Such states can be constructed by the addition of a
weakly bound Rydberg electron to the ionic core He2+
found in one of its two first states: (i) the ground state
X X~+, attractive, and (ii) the first excited state A Xs+,
repulsive. Such Heq states have been discussed by Mullik-
en, ' Steets and Lane (who also presented a qualitative
discussion of HMI), and Guberman and Goddard in their
extensive ab initio calculations. For intermediate values
of the internuclear separation (of the same order of mag-
nitude as the equilibrium distance for He2+, R,:—2ao),
the total wave function is well approximated by

lh

c 3

C

CQ
C

JD
gg 2

I I I I
I

I 1 I I
I

I I I I
I

I I ~ I
I

I I I I 12

-10

~ ~ ~ ~ II

~0

go+

where P„~~ is the Rydberg electron orbital from the excit-
ed atom at the separated atom limit and 1s and 1s' are or-
bitals of the ionic core electrons; the vertical bars refer to
a Slater determinant, and the + sign determines the g or u

parity. A and 8 are the centers of the nuclei; P„~ is cen-
tered about the midpoint of AB.

The shape of the potential curves is essentially deter-
mined by that of the ionic core and can be derived from
elementary symmetry considerations (see Table I). . A
molecular diabatic state for which the parity relative to
the inversion operator (denoted by indices u or g) and that
of the Rydberg angular momentum ( —1) are the same
(opposite) is repulsive (attractive).

The diabatic energies can be rather accurately described
I t & i s I » & i I I I & I I I i I 0

0 0.05 0.10 0.15 0.20 0.25
ENERGY teV}

FIG. 6. HMI cross section as a function of the relative kinet-
ic energy Ek. Each point represents the content of a 4-p, s-wide
channel. Some typical error bars are shown; their height is
determined by + one standard deviation in the counts. Our re-
sults are relative; the absolute scale shown on the right-hand
side of the figure is obtained by normalizing our experimental
cross section to the one calculated in Sec. III.

Core He2+

( —&)'

Parity of He2
Character

2g+
g

R

TABLE I. Determination of the attractive ( 2 ) or repulsive
(R) character of the quasidiabatic states of He2.
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FIG. 7. Diabatic potential energies for He2 obtained by shifting the ionic energy curves. The ground state He2 (X X„) is also
represented. In this approximation the X and II states are degenerate. Only states resulting from He( n P,D)+He are represented for
clarity, since they give the most important contribution to the cross section. The lower part is an enlargement of the region around
the incoming channel He(5 P)+He.

for intermediate R values by adding the binding energy in
the separated-atom limit to the He2+ core energies. Some
of such potential curves for our system are presented in
Fig. 7.

B. The multistate curve-crossing model

A multistate curve-crossing (MSCC) model has been
developed by Cohen' in the framework of the diabatic
states of Heq. It is based on the following hypothesis.

(i) Nuclear motion is treated classically.

(ii) Bound-bound transitions in the diabatic states are
considered to be localized at the crossings and treated by
the Landau-Zener formulation. The angular coupling
contribution is negligible.

(iii) Bound-free electronic transitions (ionization) occur
with a probability equal to 1 each time the continuum is
reached (this assumption is not essential).

With these assumptions, a probability I'(b) is calculat-
ed for each impact parameter b and the cross section for a
given molecular symmetry A„g n I. derived in the usual
way:
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Separated-atom
limit

He(n S)+He
He(n P)+He
He(n D)+ He

Symmetries

3g

X„, II„
3g 3g 3Q

TABLE II. Molecular symmetries giving repulsive potential
curves for different separated-atom limits.

the cross section is determined mainly by the contribution
of' molecular symmetries in which the incoming channel is
repulsive. These symmetries are listed in Table II.

(iii) The diabatic thresholds of different X states are
close together, because these states are almost degenerate.
However, for systems with nonzero angular momentum
L, the X-states contribution is not determinant for the
shape of the cross section near the diabatic thresholds.
This is due to the strongly adiabatic character of the
crossings between repulsive and attractive X states.

Q( A„g n L)=2m J P(b)bdb . (17)

For a given collision He(n L)+He, the cross section is
the sum of the contributions of all possible molecular
symmetries:

o(n L)= g —,gg[Q( Ag n L)+Q( A„n L)] )2I. +& ~=o'

whe~e go=1, g~~o=2, and 2g~(1/2L+1) is a statisti-
cal weight for a symmetry A„s n L.

The cross sections calculated in this way exhibit some
characteristic structures.

(i) Each time the relative kinetic energy Ek becomes
'sufficient to overcome a crossing between a repulsive in-
coming channel and the ionization limit He2+(X X+), the
cross section, may increase strongly, because the continu-
um is direct1y accessible. These crossing energies will be
referred to as diabatic thresholds.

(ii) In the vicinity of diabatic thresholds the shape of

C. Extension to He(5'P)+He

In the following, the diabatic states correlated to the
separated-atom limit He(n L)+He will be denoted by
n I..

From the potential curves represented in Fig. 7, we ob-
tain a value of Ek ——0.17 eV for the diabatic threshold (in
this representation the X and II states are degenerate).
This value can be compared with Ek ——0. 16 eV where we
observe an increase in the measured cross section. More-
over, our experimental points fall in an energy range close
to the diabatic threshold. Following the discussion in Sec.
IIIB, we would expect the shape of the calculated cross
section to be mainly determined by the contribution of the
H„channels.

A model potential method for the He2 molecule has
been developed in our laboratory and tested by calculating
the b IIg and f II„adiabatic potentials. This method
has been applied to the calculation of II„diabatic states
and couplings between them; they are listed in Table III.

TABLE III. Curve-crossing parameters for H„symmetry. All quantities are in atomic units.
r

States

2P-3D
-4D
-5D
-56
-6D
-66
-7D
-76
-8D
-86
-ion

Rx

3.14
2.97
2.85
2.84
2.82
2.81
2.80
2.80
2.79
2.79
2.75

E(R„)'

—0.0916
—0.0791
—0.0754
—0.0746
—0.0719
—0.0714
—0.0699
—0.0695
—0.0685
—0.0682
—0.0642

V)2(R„)

—1.91 X 10
—9.87 X 10-'
+ 6.76X10
+ 3.28 X 10-4
+ 4.93X10-'
+ 3.16X10-4
+ 3.82X10
+ 2.79X10
+ 3.08 X10-'
+ 2.42 X 10-'

dV
dR

0.1029
0.1317
0.1580
0.1578
0.1594
0.1588
0.1696
0.1692
0.1698
0.1696

3P-3D
-4D
-5D
-56
-6D
-66
-7D
-76
-8D
-86
-ion

5.64
4.04
3.72
3.71
3.62
3.62
3.57
3.57
3.54
3.54
3.46

—0.0568
—0.0450
—0.0440
—0.0435
—0.0410
—0.0408
—0.0392
—0.0391
—0.0381
—0.0379
—0.0342

—1.91 X 10-4
. +4.23XIO-'

+ 2.77 X 10-'
—7.38 X 10-'
+ 2.08 X 10-'
—8.47 X 10
+ 1.64X 10-'
+ 1.86X10-'
+ 1.33 0&10-'
+ 2.83~10-'

0.0035
0.0372
0.0620
0.0613
0.0620
0.0616
0.0668
0.0666
0.0716
0.0716
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States

TABLE III. (Continued).

E(R„)' V)2(R„) dV
dR

4F-5D
-56
-6D
-6G
-7D
-7G
-8D
-86
-ion

4.53
4.50
4.25
4.24
4.13
4.12
4.06
4.06
3.89

—0.0295
—0.0294
—0.0275
—0.0273
—0.0261
—0.0260
—0.0251
—0.0250
—0.0218

+ 3.51X
+ 2.76X
+ 2.61X
+ 1.59X
+ 1.99X
+ 1.09X
+ 1.58X
+ 8.20X

10-4
10
10-4
10
10-4
10
10-4
10-4

0.0147
0.0144
0.0256
0.0254
0.0310
0.0310
0.0336
0.0334

4P-4D
-5D
-56
-6D
-66
-7D
-7G
-8D
-8G
-1on

6.34
4.54
4.51
4.27
4.26
4.15
4.14
4.08
4.08
3.91

—0.0319
—0.0295
—0.0293
—0.0272
—0.0271
—0.0257
—0.0256
—0.0247 '

—0.0246
—0.0213

—3.88 X 10-'
+ 1.31X10-'
—4.18X 10
+ 1.09X10
—S.54 X 10-4
+ 8.82 X 10-4
—3.74 X 10-'
+ 7.29X10-4
—2.42 X 10-'

0.0016
0.0156
0.0154
0.0268
0.0266
0.0323
0.0323
0.0350
0.0348

5P-SD
-5G
-6D
-66
-7D
-7G
-8D
-8G
-ion

6.98
6.77
5.00
5.00
4.69
4.68
4.55
4.55
4.24

—0.0206
—0.0206
—0.0195
—0.0194
—0.0184
—0.0183
—0.0176
—0.0175
—0.0147

—7.60X 10-'
—3.70X 10-'
+ 5.77 X 10-4
—2.40 X 10
+ 5.22X10
—3.27 X 10
+ 4.47X10-'
—2.76X 10-'

0.0005b

0.0005b
0.0094
0.0094
0.0152
0.0152
0.0182
0.0182

5F-S6
-6D
-6G
-7D
-76
-8D
-86
-1on

7.00
5.00
4.98
4.69
4.67
4.55
4.54
4.22

—0.0206
—0.0194
—0.0194
—0.0184
—0.01&4
—0.0177
—0.0176
—0.0149

0b

+ 2.15X 10-4
+ 1.06X10-'
+ 1.78X10-4
+ 7.89X 10
+ 1.45 X 10-4
+6.17X10 4

0b

0.0090
0.0090
0.0144
0.0144
0.0176
0.0176

'Relative to He-He+ separated-atom energy.
Used in the MSCC model (dashed line in Fig. 9). The values taken in the modified MSCC model in-

cluding long-range couplings [(b) in Sec. IV and solid line in Fig. 9(b)] are V~2(R„)=2.0&&10 and
b(d V/dR)~ ——10.0 for the three SP-SD, 5P-SG, and SF-5G crossings.

The diabatic energies are very close to those obtained in
Sec. IIIA; the greatest difference in crossing energies is
found for the diabatic threshold, which changes from 0.17
to 0.16 eV. The couplings, thus obtained in a somewhat
easier way than by the ab initio calculation of Cohen, '

are in good agreement with the results of the latter for the
lower states.

For the treatment of collision dynamics, we used the
MSCC model. ' We note that the couplings between n I'
and n' D states are between one and two orders of magni-
tude greater than any other coupling; this has a drastic ef-
fect on the Landau-Zener probability at the crossing be-

tween states i and j:
P e —27FQ

LJ

with

(19a)

(19b)

where VJ is the coupling, U, the relative velocity, and ~
the difference between the potential curve slopes at the
crossing point.

The role of the closed attractive channels is of particu-
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lar importance as illustrated in Fig. 8; such channels gen-
erate a strong effective coupling between the entrance
channel and the lower states and give rise to the nonvan-
ishing cross section below the diabatic threshold. The ef-
ficiency of this effective coupling falls to zero when the
attractive channel opens.

In addition to using the analytic formulation of Ref. 17,
we have numerically calculated the evolution of the par-
tial fluxes on the n P and n' D channels (F and G states
were retained only in analytic calculations). This some-
what more intuitive approach, described in the Appendix,
corroborates the analytic evaluations. The numerical ap-
proach is probably more amenable to Monte Carlo simula-
tion, although this was not done in the present work.

The solution for the different impact parameters gives
the probability P(b). After integration as in Eq. (17), we
derive the contribution of the II„channels to the cross
section, including the weighting factor as in Eq. (18):
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The result (dashed line) is shown in Fig. 9. The experi-
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FIG. 9. (a) Calculated HMI cross sections as a function of
the relative kinetic energy. Dashed line results from MSCC
method and solid line results from MSCC method including a
14-meV shift of the crossing energies [see (a) in Sec. IV]. Im-
portant features are designated by arrows. The thick arrow
shows the approximate location of the X„(5P-6S) crossing.
The experimental results are shown by rectangles in order to
take into account the uncertainty in energy resulting from the
channel width (4 ps). (b) Calculated HMI cross section extend-
ed to lower and higher (relative) kinetic energies. Dashed line
results from MSCC method and solid line results from modified
MSCC method including long-range couplings [see (b) in Sec.
IV]. Experimental points: as in (a).

FIG. 8. Evolution of the flux on an attractive channel a. r is
the repulsive incoming channel, and r is a lower repulsive chan-
nel. (a) a is open. Part of the incoming flux on r goes on a at
the crossing and is then reflected at the turning point R~. This
flux is then lost by dissociation on a, r, r', . . . . Only a very
small fraction reaches the continuum via r'. (b) a is closed.
Part of the incoming flux on r goes on a at the crossing and is
then trapped between the two turning points R ~,R2, and cross-
ings such-as a-r' are encountered a great number of times.
Thus, the closed channel a couples very efficiently the incoming
channel r with the continuum via r, even if the diabatic thresh-
old on r is inaccessible.

mental results obtained in Sec. II (shown by points in Fig.
6) are represented in Fig. 9 by rectangles for a more pre-
cise comparison with theoretical results. The height of
the rectangles equals the height of the error bars in Fig. 6
and represents the statistical error (+ one standard devia-
tion), while the width represents the uncertainty in energy
resulting from the channel width, which was set to 4 ps.
The other contributions to the errors are negligible. The
experimental results are normalized to the calculated cross
section at Ek ——0. 12 eV. We observe fairly good agree-
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ment between the experimental and theoretical results,
which confirms the validity of the model. Improvement
of the calculation at the lowest energies is discussed in
Sec. IV. As expected, the energy dependence of the cross
section in this range is mostly determined by the contribu-
tion of the II„channels.

IV. RESULTS AND DISCUSSION

As there is good agreement between the measured and
calculated curves in Fig. 9, a detailed study of the calcu-
lated cross section can be used to determine the mecha-
nisms responsible for HMI in different part of the
kinetic-energy range.

(I) First threshold at 30 meV. The first crossing with
an attractive curve (6D), which is a closed channel, is
reached (see Fig. 7). Note that the 5P 5D cros-sing is si-
tuated below the asymptotic limit of the SP state.

(2) Threshold around 60 meV. This threshold corre-
sponds to the second crossing (SP-7D) (see Fig 7). . The
next one (5P-8D) has little effect on the calculated curve.
This demonstrates the convergence of the calculation with
respect to the inclusion of attractive channels.

(3) Threshold at 0.16 e V. This is the diabatic
threshold —crossing of the 5P with the continuum
limit —obtained from the potential curves calculated using
the model potential method.

(4) Dip at 0.18S eV. The cross section increases after
the diabatic threshold and then decreases slightly after the
opening of the exit channel 6D at 0.181 eV. The flux
which was previously trapped, when this channel was
closed, is now lost through a dissociation process leading
to He(6 D)+He (see Sec. III C and Fig. 8). The cross sec-
tion then goes on increasing, due to direct penetration into
the continuum via the entrance channel.

One can define an intermediate zone between the dia-
batic threshold at 0.16 eV and the opening of the channel
6D at 0.18 eV. Below this zone HMI is mainly due to a
path SP-6D nP ionization (wit-h n =2,3, or 4), with adia-
batic transitions at diabatic bound state crossings. Above
the intermediate zone, the mechanism is mostly diabatic
(SP~ionization). The shape of the cross section between
0.16 and 0.18 eV, resulting from a competition between
the two mechanisms, is obviously not an interference pat-
tern since the nuclear motion is treated in a purely classi-
cal way.

A slight mismatch between the experimental and calcu-
lated MSCC (dashed line) cross sections is evident near
the apparent threshold in Fig. 9; several origins can be re-
sponsible for it.

(a) We consider the effect of an inaccuracy in the ener-
gies calculated by the model potential method. To investi-
gate the importance of this effect, we calculated the cross
section after a uniform shift of all the crossing energies of
the incoming 5P channel. (This is justified by the fact
that the potential curves are nearly linear in the con-
sidered region. ) In Fig. 9(a) the result (solid line) for a
shift of 14 meV towards lower energies is given. Experi-
mental thresholds are thus well reproduced.

(b) The interaction has been discussed in a framework
in which all transitions are strictly localized and Eq. (19b)

is applicable. This is probably adequate except for long-
range crossings between asymptotically nearly degenerate
potential curves. In particular, collisional mixing of the
different states arising from the n =S limit is expected to
be important in the He(5 P ) +He reaction. Clear evi-
dence for long-range couplings between these states has
been provided by the observation of large inelastic cross
sections (larger than mR„where R is the crossing dis-
tance) for transitions between them. The simple curve-
crossing calculation gives inelastic cross sections, for tran-
sitions between states having the same principal quantum
number, which are much too small. The actual transi-
tions occur at distances greater than R as well as at R„.
However, if R„ is the, largest relevant crossing distance,
these two mechanisms may be approximately treated to-
gether since they have rather similar velocity dependences
[both have terms depending on exp( —const/u)]. We
have introduced a single empirical parameter to represent
the effectiue coupling [y in Eq. (19a)] between states disso-
ciating to the n =5 limit. With the condition that the ra-
tio of the cross sections at 0.02 and 0.1 eV agree with ex-
periment, we obtain y,fr=4&&10 . The result of this
modified MSCC treatment is the solid curve in Fig. 9(b),
which is in much improved agreement with experiment at
low energies and essentially unchanged at higher energies.

In Fig. 9(b) we show also the results of extending the
calculation to energies outside the measured range. Most
interesting is the prediction by the modified MSCC calcu-
lation of. an increase in the HMI cross section at sub-
thermal energies. This increase is due to the increasingly
adiabatic behavior at the avoided crossing between the 5P
and 5D potential curves as the collision energy decreases.
Adiabatic behavior at this initial avoided crossing then al-
lows access to the ionization continuum via the lower-
lying repulsive diabatic curves.

(c) A source of some uncertainty in the present calcula-
tions is the participation of other molecular symmetries,
in particular the X states. Although they are expected to
be of lesser importance, ' their contribution may not be
completely negligible. From the approximate potential
curves in Fig. 7, one can expect the first crossing
X~+(SP-6S) to be around 15 meV.

These effects could be clarified by an extremely accu-
rate calculation of the potential curves (within 1 meV) and
their couplin, gs. At this stage the accuracy of the model
potential calculations depends on that of the ionic X X„+
and A Xg energies, the contribution of which is approxi-
mately additive in the crossing region. The values used
for X X„+ (Ref 2S) resul. t from an ab initio calculated
curve, shifted downward by 15 meV in the well region to
reproduce translational spectroscopy measurements.
The calculation of the X states of He& using model or
pseudopotential methods is somewhat more tedious than
for II states owing to s electrons in the core, but is in
principle possible.

V. CONCLUSION

The mechanisms responsible for Hornbeck-Molnar ioni-
zation in the collision

He( 5 P) +He~Heq+ +e
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Y' i Pij Y;~+——(1 P,J )Xtj.—i,j +1 ij ij

. . . , m an~ ~ p 1 2p ~ ~ ~ p p
fori=1 2, . . . , n '=, n

(21b)

er robability [Eq. 19 .
ltd. Atth kh'(2) Ionization or re ei, f he total flux is ionize:tion, part o t e o

j lp2p ~ ~ ~ y nXp+ ] j~X++ & J (23a)

/=1, 2, . . . , mY i+ (1 —a)Y; +i, ' —,, m .

As in (1) loca ize(3) Increasing R. As in

"X +(1 PJ ) Y;J+i, —X =PJ, +, ,EJ

(23b)

(24a)

,J P"Y'. +(1 P—(q)X;+iJ-+ij =+ij i,j + j.

n —1~. . . ~1—1 . . . , 1 and j=n, n —,. . . ,fol i =rn, m —,. . . , — n

i ' ' r re ' l ed channels. Part or re ection on c ose c
the flux is lost y i

' ' na t eb dissociation on a t e

(24b)

m n

L,,=g Y, , + QX, ,P, ,
/'=1 j ==1

nels and PJclosed attractive channe
Thpa s s.

'
1 fl es are reflected atals 1 on open ones.equa s

oints, or lost:the outer turning po'

(25)

(22)
i=1

in h r the crossing of~ is 1 or 0 dependingin on whet er

tial fluxes are reflected at the inne
which is described by

=P X +(1 P;J ) Y~J, ""—Xi+1,J= ij ij (2 la) =1,2, . . . , nX ~(1—P )Xi . , j=1,2, . . . ,~J (26a)
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(26b)

When a crossing i -j becomes inaccessible due to centri-
fugal barriers, turning points appear in the I', and j chan-
nels under the crossing. In such a case all the crossings of
i with channels j to n on the one hand, and of j with
channels 1 to i on the other hand, are also inaccessible. In

P(b)= QIk .
k=1

(27)

the calculation they are ignored by setting the Landau-
Zener probabilities to I, and the reflections are described
by at =PJ ——0. The probability P (b) is then given by
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