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Differential charge-transfer cross sections 0. are measured for He in Ar at energies E
from 65 to 300 eV and angles 8 from 1' to 30'. The relative measurements are calibrated by
comparison with total charge-transfer measurements of Koopman. From reduced plots of
p= 8 sin 80.(8) versus 7 =E8, two, and perhaps three families of oscillations are identified,
with reduced angular thresholds at E8 = 300, 970, and 1250 eV deg and with spacing A8 be-
tween peaks near threshold related to the wave number k by the rule hb = (2m/kh8) =—0.51,

and 0. 09 a.u. , respectively. Using potential curves constructed from earlier infor-
mation on elastic scattering, the first family is identified as arising from a crossing at 2. 9
a. u. to a state dissociating to He (ls ) +Ar' (3s3p ), and the second from a crossing at 2. 3
a. u. to a state producing He (1s2s) + Ar'(3s23p~). Further crossings at distances between
2.25 and l. 95 a. u. leading to other excited-state channels are apparently responsible for
more than half of all the charge transfer at these energies.

I. INTRODUCTION

The study of differential scattering of ions by
atoms both with and without charge transfer has
produced a body of very interesting information on
elastic and inelastic scattering processes in recent
years. The principal features of elastic scattering
under these conditions are fairly well understood,
and the elastic scattering curves can usually be
interpreted to give specific information on the in-
teraction potentials governing the scattering. In-
elastic processes are proving to be of great impor-
tance even at energies as low as a few eV, ' and
they provide in principle further material for inter-
pretation in terms of potential curves and other
interaction parameters connecting two or more
electronic states of the diatomic system which has
a transient existence during the collision period.
With regard to these inelastic processes we are
still in the exploratory stage of progress in which
various phenomena are being explored experimen-
tally, diagnosed and classified as far as possible
with respect to the nature of the interaction respon-
sible for them, and interpreted at least semiquan-
titatively in the light of the developing theoretical
knowledge. The goal of this type of work is to de-
velop the principles of collision spectroscopy so
that quantitative experimental data can be inter-

preted in terms of quantitative interaction param-
eters as a function of internuclear distance.

Of particular value at this stage of progress is
the measurement of a number of differentprocesses
involving the same colliding particles. In this
situation, the different measurements can ultimate-
ly be analyzed together and used to construct a
self-consistent picture of the potential curves and
interactions characterizing several electronic states
of the combined system.

The particular system in question here, He'
+Ar, has been investigated in elastic scattering at
the University of Connecticut and at Stanford Re-
search Institute, and the results of these measure-
ments have been coupled to obtain a plausible and
self-consistent description of the potential curve
principally responsible for the elastic scattering. '
In addition, the elastic scattering provides some
information about apparent crossings of certain
potential curves and demonstrates a striking loss
from the elastic scattering channels into inelastic
ones, much of which is likely to be due to charge-
exchange scattering. The present investigation was
undertaken with these circumstances in mind and
has been directed toward a measurement of the
charge-transfer scattering in the same system,
He'+Ar. Subsequent work at Stanford Research In-
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II. BACKGROUND: DEDUCTIONS FROM
ELASTIC SCATTERING

A. Potential Curves and Reduced Deflection
Functions

The pllol lnfox matlon of most value to us ln
this investigation is the potential-energy curves for
the system HeAr' obtained through the analysis of
the differential elastic scattering measuxements
(see Fig. 1). They include the diabatic potential-
energy curve for the molecular state which we
have tentatively labeled 8 Z, which is formed by
bringing together the ion He' and the atom Ar in
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Fgo, 1. Potential curves for the system HeAr'.

stitute has been devoted to inelastic scattering of
He' by Ar, and the results will be published later.

A number of studies have been made of ion-atom
scattering and charge transfer involving various
pairs of rare-gas species, including symmetric
systems such as He&, Ne2, and Arz and the
asymmetric system' NeAr'. Of special relevance
here is the experimental study and analysis of the
inelastic scattering of He' by Ne. "Our data anal-
ysis here is based on the xnethods developed in Ref.
l1, and more information on the background can
be obtained there.

Some of the experimental data reported on here
were presented at an international conference.
In the present paper, we give a more detailed
presentation of the experimental procedure and
results, but the major emphasis is on the interpre-
tation of the observations. Particularly important
are the deductions that can be made from the
characteristics of the oscillating patterns to be
seen in the data. While we have n ade an attempt
at a quantitative normalization, the absolute values
of the cross sections as we estimate them are less
significant than the location of the structural fea-
tures which are the chief subject of our analysis.

their ground states. The elastic scattering data
can be fitted very well by using the potential func-
tion

28 Qe
V (~) (Be-,pcs+ac ~yc~+2e-rs «)

w'here C&=0. 90 a.u. , C~=O. 14 a. u. , C~:-0.058
R. u. , RQd Q = 23. 7 R. u. The coQstRQt Q ls Rn ef-
fective polarizability which is almost twice as
great as the known polarizability of Ar (contrary
to the statement in Ref. 5, where an error of a
factor of 2 was committed), and the deviation ap-
parently comes about because we are making Rn
empirical fit to a potential which really should
contain additional terms, including attractive ones
of shorter range than x . The potential of the B
state can be considered to be fairly well estab-
lished (with an uncertainty on the order of perhaps
j. eV or less at distances greater than about 2. 5
a. u. ).

We have also included on the diagram tentative
guesses of the potential curves for the states
X Z and A II. In the absence of better information,
we have estimated these curves to pass through
certain points computed for the system HeNe' by
Michels, ' but scaled to slightly larger values of
x by the proportionality factor r~/x„, = 0. 90/0. 70
representing the ratio of the outer-shell screening
constants for the two atoms. The X state probably
lies well inside the 8 state at all energies of inter-
est to us, and the A state may do so as well.
Wherever the A state may lie its lntex'Rctlon with
the Z states is likely to be small at these energies
since it is of il symmetry. We do not believe that

it is responsible either for any of the perturbations
observed in the 8-state elastic scattering or for
any important amount of charge-transfer scatter-
ing in these experiments.

In small-angle scattering (0 ~ 30'), the most
important observable is the reduced scattering
angle v'=EH, where E is the initial energy and 8
is the observed scattering angle. v is related to
the impact parameter 5 by a functi:onal form —the
reduced deflection function —that depends on the
potential (1); for elastic scattering in the 8 state
in the region of greatest importance to us here, we
can approximate 7 by the fol m

ye(h) =-Ae-'~' A = 5. 92x104 eV deg,
g= O. 63& a. u. , ].6hb 3. 0 a. u.

In small-angle scattering, the impact parameter
b and the distance of closest Rpproach~0are essen-
tially the same, so features localized at a specific
reduced angle r„represent interactions at some
localized place x„=b„on the potential Ve(v)
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In the elastic scattering, perturbations have been
observed at certain localized values of w, and they
provide us with knowledge of the locations of the
crossings of certain other potential curves with
that of the B state. In particular, a perturbation
apparently centered near v„= 870eVdeg= 0. 56 a.u.
rad provides evidence for a single isolated cross-
ing at r~~ 2. 9 a. u. at an energy V3~-4. 3eV. This
represents a crossing with a state whose symmetry
is probably Z and which we label the C state; we
believe it dissociates to ground-state He and an
excited Ar' i.on in the state 3P 8, ' since we see
no reason for it to dissociate to any higher state of
Ar', and dissociation to any possible higher states
involving either He' or the excited He atom would

require the C state to have a dissociation energy
of at least 8 eV, which seems unlikely. In the light
of the elastic scattering observations, the available
information on the C state comprises the approxi-
mate location of the crossing and the energy of the
presumed final states after dissociation. Vfe have
used these two pieces of information to construct
for the C state a plausible potential-energy curve;
its form is similar to one we have found useful in
the similar case of the excited states of the system
HeNe'.

V,(r) = V, (r) + ~V„(r)= V,{r)+Vc( )

x f1 —exp[(r~c —r)/C„]),

which is constructed to have the correct asymptotic
energy, Vc(~) = 4. Ve'|t', and the correct crossing
point r~~ = 2. 9 a.u. , and uses the same M-shell
shielding constant C„as Eq. (1). Theseparameters
were chosen without reference to the charge-trans-
fer data to be presented below, which will be seen
to show a feature whose location confirms this
identification of the BC crossing and indicates that
the potential form (3) is reasonable.

A different type of perturbation in the elastic
scattering, which appears as a rapid fall in the
elastic cross sections over a limited region of v;
is attributed to the collective effect of losses into
many inelastic channels which open up through a
series of closely spaced crossings. This drop
begins near the value of 7 of about 1600eVdeg,
which corresponds to a crossing distance of about
2. 30a.u. , is falling most steeply at about 2000
eVdeg where the crossing is about 2. 15 a.u. , and
terminates at around 3000 eV deg at a crossing
distance of about 1.9 a. u. Since we are interested
in this paper in states from this group of crossings
which dissociate to neutral He atoms and Ar ions,
we have singled out and tentatively fitted two of
these curves by forms of the same structure as
Eq. (3). These we tentatively label the D and E
states, both of symmetry Z. The D state we as-

sume to dissociate to give Ar' in the state 4s 2P.
The E state, on the other hand, dissociates to give
an excited He atom and a ground-state Ar' ion,
yielding He(2 8)+Ar'. We have arbitrarily fitted
these so that the E-state crossing occurs at z»
= 2. 16 a.u. , and the D state lies everywhere par-
allel to it with a cxossing at about x» = 2. 4 a.u.
chosen so that

V ( ) p(re~/C„)=Vs( )exp(r /C„)
The asymptotic energies to be used in the potentials
Vn and Vs are V~(~) =8.43eV and Vs(~) =11.05eV.

These potential curves and a few additional
doublet states of the system HeAr' are shown on a
potential diagram in Fig. 1. [We omit quartet states,
the first of which dissociate to Ar'(3d D) and
(4s P) just below the D state. ] The exact shapes of
the C, D, and E states are still quite uncertain,
and all that is known with any certainty are the dis-
sociation limits and some information about the
crossing points with the B state.

Since these expeximents give us no final velocity
analysis, we can only make indirect deductions to
identify the specific charge-transfer processes w' e
may be observing. The potential-energy diagram
is of great help in suggesting the likely processes
and some of their properties. As already explained,
we expect little or no transfer to the ground state
of Ar'+ He through either the X or the A states.
Because the X- and A- state potentials are both re-
pulsive, and indeed more so than the I3 state if
they cross it, and because any such crossing must
lie rather far in, charge transfer to the ground
state, if it occurs at all, would be seen only at
very large values of w, much larger than the value
y„= 870 eVdeg of the outermost perturbation in
elastic scattering.

The first fully available crossing from 8 to C
provides a route for charge transfer ending with
ground-state He and excited Ar'(3p62$) Above thi. s,
a number of further excited Ar' states {beginning
with our D state) follow with increasing rapidity,
and then at 11.05eV we encounter the E-state
process involving ground-state Ar' and the meta-
stable He 28. Dissociating & eV above this is the
first inelastic transition to occur without charge
transfer, leading to He'+Ar(4s).

If the potential curve for the excited state has
the form of Eg. (3), the reduced deflection func-
tion for elastic scattering in the excited state can
be deduced from that for the 8 state plus a contri-
bution from the attractive exponential term; as an
example, let us take the C-state deflection func-
tion

(4)
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sac(b) = 'Ta(b) + '~c(b) = Ta(b) + '+sac(b) (6)

Particularly important fol us ls the pl'edlcted re-
duced threshold angle for the inelastic process,
when b=y„:

rac(&ac) = ~a(&ac)+ lb 7'ac(&ac) .
In Table I, we show a number of important prop-

erties computed for the crossings of the 8 state
with the several states 8 =C, D, E. In the case of
the C and E states, we have made some alterna-
tive assumptions about the exact location of the re-
spective crossings with the 8 state, and the results
show clearly the sensitivity of inelastic crossing
thresholds 7'az(ra@) to the location of the crossing
x&&, this sensitivity arises predominantly from
the repulsive B-state contribution to Eq. (7), and
is not particularly sensitive to the attractive term
which we have so arbitrarily given an exponential
form. We also include in the table the difference
in slopes of the two potentials at the crossing
6 Va~ which happens (with this choice of difference
potential) to be independent of the crossing location:

(6)

In the important C and E states we have also
located the respective potential minima:

Vc(min) = 3. 736 eV, rc(min) = 3. 55 a. u. ,

Vc(min) —Vc(~) = —1.0 eV;

Va(min) = 9. 066 eV, xa(min) = 3. 50 a. u. ,

Va(min) —Va(~) = —1.1 eV;

Va, (n'in) = 9. 672 e V, ra. (min) = 3. 30 a.u. ,

Va. (min) —Va(~) = —1.4 eV.

In the case of the C state the minimum is only 0. 6
eV below the BC crossing, if the latter occurs at

TABLE I. Properties of crossings of states J= C, D,
and E of HeAr' with the 8 state.

+J( ) +BE ~BZ(+BZ)
(ev} (a. u. ) (ev)

&l'Bg «m) 7 B(&Be) —2»Bg«B~»BI«BZ)
{ev/a. u. ) (eV deg} (OVdeg) (eVdeg)

4. 7
C' 4. 7
D 8. 43
F. 11.05
E' l l. 05
E" ll, 05

2. 9
2. 7
2, 4
2, 16
2. 25
2.3

4. 3
6, 0

10~ 0
15 2
13.0
ll. 9

5. 2

5 2

9.4
12. 3
12.3
12.3

635 290
870 285

1400 480
2000 585
1750 595
1600 600

345
585
920

1415
1155
1000

where the contribution from the exponential term
in Eq. (3) involves the modified Bessel function
Ko(x):

&i„(b)= —V, ( )e"ac"a(b/C„)Z, (b/C„) . (5)

The average reduced deflection function for the I3C
transition is then

2. 9 a. u. , and its stability is therefore in doubt.
However, if the potential has the form (3), a min-
imum stable by more than 1 eV appears in the Z
state (its depth will of course depend on further
improved knowledge of the potential). These minima
are of some importance in connection with the pos-
sible existence of the ion HeAr' in gaseous dis-
charges. Although HeNe' is well known and appears
to be fairly strongly bound, a similar ion has never
been seen in He-Ar mixtures except at exceedingly
low temperatures. The known HeAr' ionis extreme-
ly weakly bound and is probably associated with the
shallow polarization well in the X or A states and

not with one of the excited states. "While it may
be an experimental accident of rates and mechanism
that no excited molecular ion has been seen, we
think it more likely that the difference between the
systems HeNe' and HeAr' is real, and that a more
refined set of potential curves for HeAr' would

show no minima in the excited states or that any
apparently stable configurations are so perturbed
by other states as to decay rapidly.

B. Estimation of the Coupling Matrix Element

In favorable cases, the elastic scattering data
permit the measurement of additional parameters
besides the crossing location, especially in the case
of an isolated crossing. Thus in the case of the BC
crossing at 2. 9 a.u. , a series of oscillations is
seen in the elastic scattering pattern. These oscil-
lations are well displayed in Figs. 6 and 8 of Ref.
5; they can be compared with similar oscillations
in the He' scattering by Ne. Their spacing will be
discussed later; here we shall be concerned with

th
' pl'td .

Ig. Fig. 2, we have plotted the magnitude of the
ela.stic perturbation, measured by &p = pm~ —

pm&»
as a function of E, where p ~ is the reduced elas-
tic cross section at the principal maximum and

p „is taken at the valley to its left. The values
are taken from Figs. 6 and 8 of Ref. 5; for com-
parison we present similar measurements from
the elastic perturbation in He'+Ne scattering and
also the values of p at the leading maxin'a in the
inelastic scattering pattern for the reaction

He'+ Ne -He'+ Ne*(3s),

(the latter points are from Fig. 10 of Ref. 11, and
only the upper envelope of that curve is used here).
Although there are only 4 points in the He'+Ar
curve Rnd the one Rt 200 eV ls very uncertain ln
magnitude, the other 3 points are well reproduci-
ble, and the general agreement with ihe other pat-
terns gives us reasonable confidence in the results.
In the figure, the curves have been extended to re-
flect the facts that (a) the two curves for He'+Ne
involve the same crossing, and the amplitude of the
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FIG. 2. Magnitude of curve-crossing interactions as
a function of energy.

elastic interference pattern should have the same
energy dependence as that of the inelastic pattern
(as required by unitarity of the S matrix, i.e. ,
conservation of particles); (b) the absolute thresh-
olds for the respective processes are 16.6 to 16.8
eV for He'+Ne and 4.7 eV for He'+Ar; and (c) the
amplitudes are expected to decline as E ' at high
energy (see Ref. 11).

Accoldlng to Flg. 2, we can estimate the maxi-
mum probability for the BC transition in HeAr' to
occur at a relative collision energy of about 36 eV.
Since the crossing is located at an energy of about
4 eV, this corresponds to a speed at the crossing
of about 4. 2x 106 cm/sec, which is an upper bound
to the radial velocity at the crossing. Assuming
the maximum is described approximately by the
Landau-Zener model, the characteristic Landau-
Zener velocity v» is connected with the velocity at
the maximum and with the interaction parameters
by the equations

=KvLz & hv ~=0.115 eV a. u.
ln2

]«.'.(~..)
l

" ~ = '
(10

RV

Since we already have estimated &Vec(t'sc) = 5. 2
eV/a. u. , we find

Hec(rec) ~ 0. 55 eV

The crossing in question occurs at a fairly large
internuclear distance, and the matrix element may

be expected to depend strongly on the exponential
tail of the Ar electron density in that region, which
involves the M-shell screening length @~=0.90 a. u.
If we express this by writing

(y )
—De "BC~~M (12)

(13)we find DHeA~+ = 13.2 eV

8imilar data are available for two transitions in
HeNe', and the results are summarized in Table
II. All three transitions can be correlated by using
an expression of the form (13) for the matrix ele-
ment, with a substantially constant value of D of
quite a reasonable atomic magnitude. We must
emphasize that all three of the matrix elements
compared in Table II were obtained in a similar

so that the estimates of D are strictly only upper
bounds in each case. The relative agreementamong

~ 0 ~the three magnitudes is therefore more slgnlf leant
than the absolute values reported.

The information we have been discussing is
drawn from the locations of the maxima of the curves
in Fig. 2; in addition, the absolute magnitudes of
those curves are also significant. In particular, a
sys ems stematic relation might be expected between the
amplitudes of the elastic perturbations in HeAr
and HeNe' in the linear region of Fig. 2. For HeAr'
this linear region is described by the relation

(Ehp)s, „,+ = 13.6 x 10 a. u. eV, (14)

and for HeNe' the corresponding value is

(E&p)„,„~+ V, 2x10 a.——u. eV (15)

TABLE II. Comparison of coupling energies, HeAr',
and Hewe .

Screening Crossing H&z(zzz)
T a — 1 gth distance (upper bound) (upper bound)

S"fsterQ sltion (a. u o ) (ev) eV)
(a. u. )

HeAr'
HeNe
HeNe'

BC
BC
BD

0. 9
0.7
0.7

2. 9
1.9
1.23

0 55
1.0

13.2
I4. 5- 17

~p measures the amplitude of the interference os-
cillations in a reduced cross section p that involves
two scattering amplitudes, fs(E, 8) for simple scat-
tering in the unperturbed 8-state trajectory and

f (E 8) for a trajectory that follows the 8-stateBCB
potential for x & xB~ and the C-state potential for
X~f BQo

p(T, E) = 8sin8
~ P (E, 8)f (E, 8)

f ...(E, 8)f...(E, 8)~',

where the p's are positive real coefficients related
to the probabilities of following either trajectory.
If we write



=- I~.(~, e.„)
pB rsc .p...Ã, e. ) [p...(,~. )/p. (...)] '

I

Its(~, ~ i.) Pres-+ & i.)
&[ p.c., e.i.)/p. ("c)]'"I' (18)

The upper and lower envelopes of the oscillations
and the magnitude of Ap/ps(7oc) thus depend on the
three quantities Pa, Pa~a, and pa~a, allof whichmay
vary with E and 6 much more rapidly than pa. How-

ever, because the crossings in HeAr' and HeNe'
occur at rather different distances, a good part of
the difference between the two cases shown in Eqs.
(14) and (15) may be due to differences in the slow-
ly varying component pa, which is essentially in-
dependent of E in small-angle scattex'ing. This
component can be readily evaluated from our knowl-
edge of the 8-state potential in each case, and its
effect removed by constructing the ratio

G = (~~p)/p(. ..) .
The results„presented in Table III, appear to show
considerable similarity between the two systems.

C. Spacing of OsciHations in the 8C Perturbation

The structure in the elastic scattering pattern
due to the perturbation which we attribute to the
BC crossing consists of a series of oscillations of
VRx'ylng amplitude which appeRx'8 to be supex'im-
posed upon a broad peak followed by a single broad
valley. The broad underlying structure appears to
be centered at a characteristic reduced angle 7„
about midway between the w'ide peak and the follow-
ing valley. This characteristic point on the curves
occurs at a constant value of 7' at all energies, and
it is essentially this value of 7, that we have used
to locate the crossing point. This behavior appears
to be common to the perturbations in both He'+ Ne
and He'+Ar.

The oscillations superimposed on the broad struc-
ture just described are characterized by an essen-
tially constant value of the product of the velocity
and the characteristic spacing &8 between peaks.

TABLE III. High energy amplitudes of elastic pertur-
bation in HeAr' and HeNe'.

EAp ~ = &&P~oa«ac)
stem (a.u. ~ eV) (eV)

na(&ad
(a.u. 2)

7. 1 x 10-~~

3, 5 x10-~7
~3. 6 x~o-«
7.2 x lo-"

HeAr'
HeNe'

~ s'"8 If.c.I'=»r'.
and note that pa varies so slowly that it can be
taken as effectively constant and evaluated near the
crossing point, we can write

o=0. 275 a. u. rad=425 eV deg,

A, =O. 79 a. u. , A2= —0. 19 a. u. ,
(22)

05
0 9leV

45.5 eV
0 27.5 eV
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r (0.U.)~

1.0 I.Z

FIG. 3. Phase relations of the peaks in the elastic
perturbation in the scattering of He' by Ar. The reduced
action a is plotted against the reduced scattering angle v.

These oscillations represent an interference pat-
tern of the type predicted by Stueckelberg due to
the existence of two possible trajectories inside the
crossing point. The spacing of these oscillations
18 l'elRted to the shape8 of the potential curves of
the 8 and C states near their crossings, and par-
ticularly to features of the difference potential. It
is possible to improve upon the analysis of Ref. 5

by utilizing a scaling law appropriate to small-
angle scattex'ing to describe the locations of these
peaks and valleys as a function of energy and angle
(see Ref. 11 for background).

In Fig. 3, the scaling law is used by plotting the
peaks, numbered by integers N increasing with 7,
in terms of the reduced action

a(r Z) = 2m@(Z/2q)"'(X-X ) =a (~)+Z-'a (7) ~ ~ ~

(20)

as a function of 7'. Except for the term involving
the product E~ No, the data are substantially in-
dependent of E so that we can neglect a,(r). We can
also expand ao(r) about the point where a = 0, and
write

+o(r) =& i(7' 'ro) ++a(T ro) (21)

The fact that a single pattern is expected substan-
tially independent of energy serves to fix unambig-
uously the relation between the indices N at differ-
ent energies; an absolute indexing of N, equivalent
to determining No, can be sought by maximizing
the overlap between the pattex'ns at different ener-
gies. The best integral indexing is then obtained
by numbering the biggest peak as N= I for E =91
eV, N= 2 for E = 46 eV, and N= 3 for E = 27 eV. No
can still be adjusted to a noninteger value. The
constants of Eg. (21) are approximately
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The experimental arrangement, as shown in Fig.
4, is very similar to the one used and described
earlier. '6 In short, a beam of He' ions is mass-
analyzed and brought to the desired energy. By
passage through two collimating apertures at
ground potential, the angular spread of the ions
entering the collision chamber is geometrically
limited to about 0. 5 deg, as was confirmed exper-
imentally. The energy spread of 80% of the beam
intensity at this point is about 2 eV. For small-
angle measurements, the open-ended collision
chamber shown in Fig. 4 was used including the
connected plates for deflection and collection of the
remaining ion current. From this cell, all fast
helium atoms that are scattered less than 8 deg
could emerge. These neutrals then mere detected
and counted with an open-end multiplier mounted
on a movable arm, the position of mhichdetermined
the scattering angle. This arm could be adjusted
both in horizontal and vertical direction. Including
everything, the angular resolution of this neutral
detection scheme varied from 0. 3 to 0. 7 deg for

MASS ANAI YZING
MAGNET

PUSHER
PLATES

I'V--
HER
TES

OPEN BeCu
MULTIPLIER
ANO PREAMP

APERTURE
AT +3OOV

COLLISION CHAM8ER

GAS SUPPLY

LENSES

ION ~
GAUGE

CHARGED PARTICLE
OEFLECTION ANO
COLL.ECTION PLATES

AXIS

OUOPLASMATRON

FIG. 4. Experimental arrangement.

and No is close to 0; a least-squares adjustment
suggests No-—0. 25+0. 40. The fact that the constant
v'o is significantly smaller than the value 7„derived
from the broad underlying structure is evidently
no accident, since the same behavior is seen in
the system He'+ Ne. "

It is theoretically expected that the slope of the
curve represented by Eq. (21) and by the data of
Fig. 3 represents the difference in impact param-
eters between the two trajectories resulting in
scattering at the reduced angle 7'. This difference
~b has a maximum value of 0. 79 a.u. This quan-
tity is a significant one to compare with related
information from charge-exchange scattering, since
the values characterizing elastic and inelastic
scattering from the same crossing are expected to
be of comparable magnitude, although not identical.

III. EXPERIMENTAL DETAILS

scattering angles varying from 0 to 8 deg: For
large-angle measurements, i.e. , for scattering
angles in the range from 4 to 32 deg, this collision
chamber was replaced by a bellows cell which, on
the exit side, was directly connected to the movable
arm. Any scattered ions escaping through the exit
slit were deflected before they could reach the
multiplier entrance. The over-all angular resolu-
tion in this case was better than 0. 3 deg irrespec-
tive of the scattering angle. In both cases, argon
pressures in the range 3-6X10 Torr mere main-
tained in the collision chamber, and thus only
single collisions were measured. In the main cham-
ber, pressures of a few times 10 Torr prevailed.

The experimental procedures were similar to
the ones described earlier. ' For small-angle
measurements, the beam axis was first determined
and the horizontal position of the multiplier was
adjusted correspondingly. Because of lack of charge
transfer in forward scattering with the argon
target, helium gas had to be introduced in the col-
lision chamber for this purpose. For various beam
parameters, the beam axis was reproducible to
better than 0. 3 deg, mhich seemed sufficient for
most experiments. In large-angle measurements,
the axis position could be inferred from measure-
ments above and below the axis.

In all measurements, the angular distribution of
the fast helium atoms was determined in one run
over the full accessible range of scattering angles.
Between several hundred and 10' pulses were
counted in each position. Because of the small
total cross section of the investigated reaction and
the comparatively wide angular distribution, the
fast neutrals produced either in the beam duct before
the collision chamber or by neutralization with the
background gas or with metal parts in the chamber
itself gave a background count rate considerably
more significant than in our earlier measurements.
Therefore, in a number of positions, three addi-
tional count rates were determined: C„when the
ion beam mas stopped before the collision chamber
by applying a suitable potential to the entrance
aperture; Ca, when the argon flow to the chamber
was stopped; and Cs, when both procedures were
applied. The background count rate then was taken
as C, +Ca- C3. It proved to be strongly dependent
on the beam tuning, which therefore had to be op-
timized before each experimental run. In the final
measurements, this background generally accounted
for less than 15% of the total count rate for scatter-
ing angles 8 & 2 —4 deg, but it increased very rap-
idly at smaller angles and thus limited the range of
angles where useful measurements could be made.
At the lowest angles for which measurements are
reported here, the background rate was typically
V0-80% of the total count rate and variations in



ion current or beam direction occurring between
measurements of signal and background could
produce significant variations in net signal. Thus,
the experimental uncertainty may be up to 30% in
these cases, but should decrease rapidly for larg-
er angles.

As usual, the signal counts derived by subtract-
ing the background rate were normalized to the ion
current. From these numbers, the angular distri-
butions for large- and small-angle measurements
were derived and the two parts were fitted together
in the overlap region 4«0«8 deg. Except for the
points closest to the beam axis, the statistical
error generally is smaller than 3% and we would

expect an experimental precision of about 10-159O
for the over-all distributions.

The resulting relative differential cross sections
are shown in Figs. 5 and 6. The experimental
points shown give an indication of the scatter of the
data and of the fitting between the small- and large-
angle measurements. Representative estimates of
total errors from counting statistics and background
subtraction are indicated in several places.

Because of the large width of the distributions,
for most of the curves no absolute values can be
derived for the differential cross sections. How-

ever, for a beam of 300 eV, the relative cross
section at 30 deg is sufficiently small to expect that
most of the helium atoms are scattered less than
that angle, and therefore a comparison with the
total cross section can be made. Using Koopman's
value, ' we then obtain a differential cross section
of about 1.5&10 " cm/ sr at the maximum of the
300-eV curve. Because of the omission of the high-
angle scattering, this result is an upper bound.
This assumes equal detection efficiencies for He

in the ground and excited states, which seems
reasonable at 300 eV. '

IV. ANALYSIS AND DISCUSSION

A. Qualitative Observations

The experimental data of Figs. 5 and 6 show an
absence of charge-transfer scattering in the for-
ward direction and its inception at a comparatively
clearly marked threshold region at finite angles,
followed by an oscillating structure at larger angles.
The data from 80 to 300 eV displayed in Fig. 5

have their first maximum characterized by an
essentially constant value for the reduced angle of
7'=E8 at about 335 eV deg. The data at 50 and 65
eV displayed in Fig. 6 show no detectable peak in
that region, but they clearly show a broader peak
at larger angles characterized by a reduced angle
at the maximum of w=-1090 eV deg; a. peak with
these characteristics is also observable at higher
energies. As a more thorough analysis shows,

O. l—
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FIG. 5. Experimental results, small-angle scattering.
Differential cross sections 0. are plotted against scat-
tering angle 0 for different laboratory energies Ez, .

each of these two peaks is the first member of a
regularly spaced set of oscillations, and the two
sets of oscillations are often superimposed. As a
first approximation, we can measure the threshold
of each set of oscillations by the location of the
first maximum in the cross section curve, as ex-
pressed in the reduced angle 7 =EH. The threshoM
value of z ~= 335 eV deg for the oscillations at
small angles leads us to identify this structure
with the BC crossing, whose predicted threshold
is 345 eVdeg (see Table I).
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50eV
rather small at 80 eV and undetectable at 65 eV.
This behavior contrasts strongly with that of the
related perturbation in the elastic scattering, which
has its greatest amplitude between 35 and 40 eV.
This effect is not altogether surprising, since the
C state dissociates to produce He in the ground
state, and the efficiency of this species in ejecting
electrons from the detector declines rapidly at
these energies.

In striking contrast, the experimental measure-
ments at 50-80 eV show the second set of oscilla-
tions giving strong signals at energies where the

first set is becoming undetectable. This implies
that the neutral He atom seen in these peaks is
being produced in a metastable state, since meta-
stables are known to have a high coefficient for
electron emission from solid surfaces even at very
low energies. (Confirmatory evidence for such
electron ejection by He metastables is seen in ex-
perimental measurements on differential charge
transfer in the system He'+ He. ' At 100 eV a very
considerable nonoscillatory component is found

which is not due to the oscillations of the ground-
state charge-transfer process. 7 This underlying
contribution occurs in regions of angle and energy
where inelastic scattering measurements show that
He metastables are indeed produced. )

The second set of oscillations, like the first,
appears to obey reasonably well the rule of an ap-
proximately constant value of T at the first maximum,
the average value being about 1090 eV deg.

As shown in Fig. 1 and Table IV, the F state is
the first available one dissociating to give anexcited
neutral He. It (or higher states) must therefore be
responsible for the observed signal at 65 eV, and
for the second set of oscillations in general. Other
states, including the D state which produces unex-

TABLE IV. Some dissociated energy levels of (HeAr)'

(energies measured from the ground state of He +Ar).

I I I I I I I I I I I I I I I I I0'
I
0' 20' 50'

8

FIG. 6. Experimental results, large-angle scattering.
Differential cross sections 0 are plotted against scatter-
ing angle 0 for different laboratory energies EI, .

It is significant that the apparent cross section
for this 8-C transition appears to drop off rapidly
with energy below 100 eV, so that the peaks in the
scattering pattern attributable to this process are

Atomic states

He(~S) + Ar (3p~ ~PO)

He+('S) + Ar('S, )

He('S) +Ar'{3p62S)

He(2 S)+Ar+(3p' P )
He(2 $) + Ar+(Sp Po)

He(2 P)+ Ar+(3p P")
He(2 P)+Ar'(3p 2P )

He+('S) +Ar(4s, J=2)
He+( S) +Ar(4s, J =1)
He+(2S) +Ar(4s', J=0)
He'('S) +Ar(4s', Z= 1)

He(l S}+Ar'(4p D )
He(1'S) +Ar+ (4p S~)

Energy

8. 82

4. 65

10.98
11.77
12.11
12.38

11.54
11.61
11.72
11.82

10.9
11.14

Molecular states

X'Z, A'H

Q 2g



cited He, and states higher than the E state which

may produce excited or unexcited He, may also
participate in the cross sections observed, partic-
ularly at energies above 150eV. Since many of these
states lie close to each other, it is unlikely that
individual sets of oscillations due to separate states
will be resolvable.

10

I I 1

50eV {0.7 p+9)

8. Reduced Variables and Normalization

In order to analyze these experimental results
more closely, we have recomputed them in terms
of the reduced scattering angle w and the reduced
cross section

p = 8 s in8 o (8, E) .
The resulting curves are shown in Pig. 7, tenta, -
tively normalized as described below. These
curves show prominently the two sets of oscilla-
tions described above, but they show much more
clearly than the cross-section data themselves
that these oscillations are superimposed upon a
much broader structure (with one or two maxima),
which we attribute to the cumulative effect of
crossings into many excited molecular states
other than the C and E states. We have arbitrarily
introduced in Fig. 7 an underlying smooth curve

p, (7', E) which we tentatively attribute to the higher
excited states in question. By subtraction, we can
obtain the oscillating portions attributable to the C
and E states; these are presented in Fig. 8„

Three features of the reduced cross-section
curves are worthy of remark, First, the curves
at the highest energies, 200 eV and above, appear
to be extrapolating almost horizontally as v' in-
creases to larger and larger values. Second, in
the energy range above 140 eV, where the first
maximum of the underlying broad structure is well
defined, it appears that the ratio between the peak
height and the maximum slope of the underlying
structure in the region to the left of the peak is al-
most independent of energy. Third, in the same
energy range, the ratio between the first peak
height of the broad structure and its succeeding
minimum is almost constant. The latter two ratios
are shown in Table V. These ehara, cteristics of
the underlying pattern suggest that there may be
some very rough similarity principle that can be
used to attempt to predict shapes of the curves at
lower energies and to extrapolate them to larger
values of r. The existence of a second peak in the
underlying structure from 100-170 eV and the sug-
gestion that this second peak is moving up toward
the first one in the data at 120 and perhaps 100 eV
means that this similarity of behavior is very im-
perfect. We have, nevertheless, attempted to em-
ploy it in order to obtain a tentative normalization
of the curves shown in Fig. 7.

0
0 2000 4000 6000 8000 10,000

v', eV deg ——

FIG. 7. Reduced cross sections p (heavy curve) as a
function of reduced angle v for various laboratory en-
ergies EI. , The light curve represents p&, an estimate
of the reduced cross section arising from states other
than C and E.

In order to accomplish this normalization, we

have employed the fiction that the shape of the un-

derlying smooth curve at v values larger than its
first maximum at about 2200 eV deg is similar to
the curve at 300 eV, and that it ultimately extrap-
olates at a constant value toward larger values of

Using this assumption for the extrapolation of
the curves a,t low energies, a,nd adding to this un-

derlying shape the oscillating portions, it is pos-
sible to obtain for each of the curves an estimated
total cross section

S(E)=2m f,
'8 'pd8. (24)

Thj.s estimated total cross section can be compared
with the experimental measurements of Koopman 17
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gies the slope of the initial linear rise was the
basis of normalization. At 300 eV, we believe the
normalization is probably reliable to about 50%,
since the extrapolation of p from 33' to 180 con-
tributes almost one-half of the total in Eq. (24);
the normalization becomes more and more spec-
ulative at lower energies, and below 150 eV the
error is likely to be as much as a factor of two or
three and may be still greater. (At the lower en-
ergies, of course, a single normalization is of
limited value, because the curves are sums of
contributions from both ground-state and meta-
stable He, each of which has a different secondary
emission coefficient when it encounters the detec-
tor. )

We have included in Table V further details
relevant to the normalization, We define py(T) E)
as the smooth underlying curves sketched in Fig.
7, so that Fig. 8 represents the difference

p, (~, z) = p(~, z) —p, (~, z) . (25)

To effect the normalization we assumed that we
could approximate p, (r, E) at all energies by p, (v),
which is defined to be equal to p, (r, 300 eV) ex-
trapolated horizontally to larger v'. The total
cross section S(E) was taken as the sum of two
terms

S(Z) = S,(E)+S,(Z),

0.4—
0.2—
0~

0.8—
06-
0.4—
0.2—

0
0.8
0.6
0.4—
0.2—

0~
0.8—
0.6—
Q4—
0.2—
0-

IOOQ

7, eV deg
2000 3000

FIG. 8. Estimated reduced cross sections p& for
charge transfer into the C and E states.

in order to normalize the reduced cross sections;
at energies above 140 eV the reduced cross sec-
ti.on was normalized at the maximum of the under-
lying smooth curve in Fig. 7, and at lower ener-

where we assumed

S,(Z)=2m J,s'r 'p, (r)dr,

and computed

(27)

S,(Z)=2~ J'2' '~ 'p, (~, E)d-r (28)

directly from the data of Fig. 8, using an appro-
priate upper limit v2(E) near 3000 eV deg at all en-
ergies. We have also estimated the apparent to-
tal cross section Sc(E) of the C-state process by
integrating out to the region where the E-state
peaks become important; this is an underesti-
mate, since all the rest of the oscillations are
assumed to belong to the E state (except at 300 eV,
where the C state clearly dominates at all angles).

C. C-and E-State OsciBations

The subtraction of the smoothly varying back-
ground brings out the principal oscillating struc-
tures particularly clearly. The locations of max-
ima and minima are especially easy to measure,
and the heights of the maxima can be reasonably
well measured at least insofar as they exceed the
minima. However, the arbitrariness of the sub-
traction particularly affects the heights of the min-
ima, and it is impossible to estimate just what
these should be, although an examination of inelas-
tic scattering in similar systems"' shows that
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TABLE V. Properties of the reduced cross section.

50
65
80

120
140
170
200
250
300

l. 32 &103
1.30 x10'
1.48 x10'
l.44x10~
l. 39 &&10'

7.21
8. 25
9. 15

10.08
10.83

l. 28 ll. 48
1.37 12.28
l. 49 12.95
l. 51 13.88
l. 55 14.63

0.03
0.09
0.26
0.20
0.23
0. 16
0. 16
0, 14
0. 10
0.07

7.44
9.02

ll. 52
12.05
13.33
13.28
14.20
14, 82

15.24
15.70

1.66
1.67
l. 68
l. 70
l. 72
l. 74
l. 78
1.82

l. 87
1.93

EI, p&(max)/ g& m~ p&(max) 8&(E) 82(E) 8&+82 8(E) R

(eV) (eVdeg) pg(min) pg(max) S((E) p)(max) (10-~6 cm )

8,(E)
8,(E)

0
0

0. 19
0.31
0.39
0.60
0. 60
0. 58

&0. 5
&0. 9

0
0

0.23
0.45
0.64
1, 5
l. 5
1.4
1

&10

0
0

8.3
16.4
26
31
37
48
42
37

0
0

0.7
0, 9
1 3
1.4
1.5
1~ 3
0. 9
1.1

0.5
1.4
2. 8
1, 9
2. 0
1.0
1.0
0.9
0. 8

0, 1

Sg Epg(max) Sg 8@
82-8& (10 ~6 cm2 eV) 10 ~~ cm2 10 ~7 cm2

the minima generally do not approach zero and

may be close to one-half the height of the neigh-
bol lng DlRxlma, Thus oUl sUbtrRctlon may have
attributed somewhat too much to higher states and
soInew'hat Underestimated the C- Rnd E-state cl'oss
sections which are apparently the dominating con-
trlbutlons to the curves of Flg. 8.

In Fig. 8, the C-state oscillations are seen to
begin with a maximum at about 4QQ eV deg and the
succeeding peaks Rnd valleys are approximately
equally spaced. We have numbered the peaks with
successive integers N (beginning with %= 0) and
the valleys with half integers, and we have as-
sumed that N= ——,

' at the half-way point of the ini-
tial rise. Following the scaling law of Eq. (20),

we have plotted in Fig. 9 the quantity NE'~ ver-
sus v. The E-state peaks and valleys can be num-

bered in the same way, and they too are included
in the same plot. As Fig. 9 shows very clearly,
the two families of peaks and valleys are quite dis-
tinct and fall into well-behaved patterns than can be
described by Eqs. (20) and (21). The curve for the

C state is essentially linear, Rnd the apparent jog
in it in the neighborhood of QQQ eV deg is clearly
an artifact arising from the measurement of the

peaks and valleys of the C-state pattern where
they are superimposed on the initial rising portion
of the first E-state peak; in this region, C-state
peaks are shifted to the right and valleys to the
left. The C-state pattern can be parametrized in

40—

30—
FIG. 9. Phase

relations of the
peaks in C and E
states. NE
plotted against v,
where N=n is an
index number for
the peak and E is
the c.m. energy.

0—

500 t000 1500 2000 2500 3000 3500
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NE' = 30.6 &&10 '(r —400), (eV, deg) (29)

At', (el) —X,(inel) = —,'. (sl)

Thus, we expect N, (el) = —,', consistent with the
data given below Eq. (22). The Thorson-Boor-
stein prediction can be tested by plotting the value
of v' at the first maximum, where X=0, againstE'; the slope of the resulting curve should be
proportional to No. Such plots for the C- and E-
state data are shown in Fig. 10, where the lines
drawn represent the assumption N, = ——,'. Although
the data scatter very broadly, they are clearly
consistent with the Thorson-Boorstein prediction.

Further substantiation of the value No(inel) = ——,
'

10—
I

where E, the c.m. energy, is measured in eV and
v is measured in eVdeg.

The E-state pattern has an initial slope about
half of that for the C state, and shows a distinct
falling off in slope at large values of ~. It is
reasonably mell parametrized as

IVE' = l5. 4 &&10 (w —1150)

—l. 76 &&10 (r —1150) . (so)

As Eq. (20) shows, the true reduced variable to
be used in a plot like Fig. 9 is not necessarily
proportional to NE', but to (N- Xo)E', where
No is a constant smaller than l. According to
Thorson and Boorstein, ' for the inelastic scat-
tering, No= —4, and this value has been confirmed
experimentally" by measurements in the system
He'+Ne. It is a consequence of very general prin-
ciples, based on the conservation of particles and
the consequent unitarity of the quantal 8 matrix,
that the elastic and inelastic values of No are re-
lated by the equation

is seen in the fact that the lines in Fig. 10, which
are drawn with the predicted slopes and placed to
run through the center of the experimental pattern,
extrapolate to the respective intercepts

and

qs(E = 0) = 970 eV deg,

agreeing very mell with the average location of the
points assigned the value N= ——,

' in Fig. 9. We
conclude therefore that the threshold of the pattern
is best located at that point, half-way up the rise
to the first peak. This implies that the crossings
are at

3j. a,~ uz and g+Q 2y 92 ao uo

We can accordingly replace E|ls. (29) and (30)
by anew fit:

(X,+ —,')E'"= 31.4 xlo-'(~- 300), («, «g) (32)

(N~+ —,')E' = 15.4 &&10 (& —970)

—l. 64 ~10"(7 —970)', (ss)

where the units are again eV and deg. Following
Eq. (20) and converting to a.u. and rad, we have

a, (r, E)= 2wa(E/2p, )' "(& + -')

=0. 51 a. u, . (r —0. 1925)(a.u. , rad), (34)

a,nd similarly

as (r, E)= 0. 25(v —0. 622)

—O. 042(~ —O. 622)', (a.u. , »d). (S5)

In principle, the reduced action a(~, E) may «pend
on E as indicated in Eq. (20), but such a depen-
dence does not seem to be significant at the ener-
gies studied here.

The slope of the curves in Fig. 9 Sa/er =65(r, E)
is particularly important because it provides a,

direct measure of the difference in impact param-
eters leading to scattering at the same angle
from the two trajectories that create the inter-
ference pattern. In the C state, the function ao(v)
is essentially linear over the range of & observed,
and we have

&b~(v, E)=0.51 a.u.

0
300 400 1100

v~ (E), eV dsg

1200

+ Ar+(3p ) 0
(1s2s) + Ar+

1400

This is to be compared with the relationship ob-
tained from the elastic perturbation by Eqs. (21)
and (22),

~5,(ei)=0.79-0.36(~-0.275), (a. u. , rad); (SV)

FIG. 10. Threshold behavior of the C- and E-state
oscillations. &0 is the location of the first peak. Lines
correspond to the theoretical value No

———4.

just as in the case of He'+ Ne" the threshold value
of &b is somewhat higher in the elastic case than
in the inel, astic one. In the E state, in contrast,
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a~(v) is significantly nonlinear and we have

&b~(r) = 0. 25 —0. 082 (v —0. 622), (a..u. , rad). (&8)

Thus &b~ declines from 0. 25 a. u. at threshold to
about 0. 12 a. u. at

~= 2. 25 a. u. rad= 3500 eVdeg.

A gradual decline in &b toward larger & is expec-
ted, since the two interfering branches of the re-
duced deflection v must approach each other as ~

increases. As the respective impact parameters
both decrease, so must the difference between
them.

The fact that ~b~ is considerably smaller than

~bc is understandable from the same physical
argument. The BC crossing occurs at a larger
internuclear distance than the BE crossing (Table
l), so that larger impact parameters are available
in the C state and a larger ~b is possible. In ad-
dition, the C state inside the crossing is less re-
pulsive than the E state, so the two branches of
the deflection function deviate further from each
other in the C than in the E state.

1.2

1.0

0.8

0.6

0.4

0.2

I I

D. Amplitudes in the C and E States

It is most convenient to measure the amplitudes
of the C- and E-state oscillations by the height of
the first maximum in each pattern. These are
plotted in Fig. 2 where they can be compared with
the magnitudes of the elastic perturbation and with
similar data for the system He'+Ne.

The C-state charge transfer arises from the
same crossing that is responsible for the elastic
perturbation in He'+Ar, and the amplitudes of
these two corresponding sets of oscillations are
expected to be roughly proportional to each other,
as they are in the similar case of He'+Ne. This
means that the C-state charge-transfer amplitude
is expected to be inversely proportional to the en-
ergy throughout the range of these observations.
In fact, the apparent amplitudes fall off rapidly at
lower energies. We attribute this fall off mostly to
the decreasing efficiency of ground-state He atoms
in ejecting electrons from the target as the energy
declines. We show in Fig. 11 a coefficient n as a
function of the laboratory energy E~, where n is
taken as the ratio of the observed C-state amplitude
to the value expected from a simple E ' extrapola-
tion of the high-energy points. This coef ficient de-
pends to an unknown degree on errors in calibrating
the cross sections, which we expect to cause only
a rather gradual shift in magnitude, and on the
ratio of the detection efficiency for He in the ground
state and in the metastable states. It is the latter
ratio that we believe to be responsible for the major
part of the decline in the observed coefficient n,
which drops by about a factor of 5 between 200 and

0
0

I I I I I

100 200

EL, eV

I

300 400

FIG. 11. Low-energy fall off of the apparent C-state
amplitude. The coefficient ~ represents the product of
an unknown calibration error and the ratio of secondary-
emission coefficients for ground-state and metastable He
on the solid detector surface.

80 eV, and considerably further by 65 eV.
The E-state amplitude is easily measured at low

energies where the apparent C-state amplitude is
comparatively small. At energies around 200 eV,
there is some uncertainty in the measurement be-
cause of the overlapping of the two patterns, but it
is particularly valuable to observe the height of the
C-state minimum occurring between 1000 and 1100
eVdeg. This minimum is raised above its neighbor
to the left because of the underlying E-state peak,
and is therefore helpful in evaluating the height of
that peak. It is noteworthy that the E-state peak
appears to decline rapidly in amplitude at energies
above 200 eV and appears to be only about 15% of
the height of the C state at 300 eV.

The exact values of the E-state amplitude must
be considered uncertain because of calibration
errors, variations in detector efficiency, and un-
certainties in the subtraction leading to the curve
of Fig. 8; nevertheless, the general shape repre-
sented by the E-state data in Fig. 2 and the relative
changes in amplitude are believed to be fairly re-
liable. Clearly the E-state amplitude declines at
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energies above 200 eV at a rate much faster than
the ordinary E ' behavior mould indicate, and we
believe this decline is due to a superimposed os-
cillation of the type that is also seenin theinelastic
scattering of He' by Ne in the as state. In the
latter case the explanation appears to be an oscil-
lation between the two sets of products He'+Ne
(3s} and He(ls2s)+Ne", which happen to be almost
degenerate energetically. In the present case, as
Table IV shows, there is a similar near degeneracy
involving the two possible sets of products He'+ Ar
(4s) and He(ls2s)+Ar', and there is even a third
set He(isa) + Ar'(4 p). Depending on phase rela-
tions as a function of impact parameter and energy,
either one or another of the three possible products
may be favored. Similar oscillations in amplitude
are therefore expected in the inelastic scattering
of He' by Ar, producing Ar(4s). In contrast, there
is no available inelastic channel without charge
transfer anywhere near the dissociation limit of the
C state, and that state does not appear to show a
significant amplitude oscillation of this type. The
deviation at high energies from Ep~ = const do not
exceed the uncertainty of normalization.

The effects we have seen in examining the amplii-
tudes of the first peak of each pattern are also
seen in the total cross sections, which are at least
crudely estimated by the quantities S& and S~
=S~- S~, tabulated in Table V. At energies be-
tween 120 and 200 eV the total cross sections for
the two states ale roughly comparable in magni-
tude. At lower energies, the apparent C-state con-
tribution falls, undoubtedly because of reduced
detection efficiency, and at energies above 200 eV
the E-state contribution falls, probably because
it is dissociating predominantly in the inelastic
scattering mode rather than in the charge-transfer
mode. This decline in the observed E-state charge
transfer is perhaps also involved in the decline in
the ratio Sa/S, at 250 and 300 eV shown in Table V.

E. Contributions of Other States

The reduced cross section p, (~, E) of Fig. 7 and
the total cross section S,(E) derived from it repre-
sent charge-transfer transitions to states other
than C and E. According to Table V, the C and E
states together never amount to much more than
30'70 of the total charge transfer; a more conser-
vative estimate, taking account of the uncertainty
in properly locating the curve p, (~, E), is a maxi-
mum of 50$o in the C and E states. At least 50/~

of the total charge transfer must then be attributed
to other states, at energies above 65 eV.

%e believe very little of this cha, rge transfer
ends in the ground state, He(ls )+Ar'(3p'). If the
molecular state X Z crosses 8 Z at all, it Inust

nf =-O. Oe4 a. u. —O. OOa2(~-O. S). (4o)

The first peak of the structure generally appears
at about 2100 eVdeg. This structure may repre-
sent the effect of a single crossing, and if so, its
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FIG. 12. Phase relations of the broad peak and valley
structure included in p&(7, E). (K+4) E'+ is plotted
against 7..

do so at very smaB x and at high energies. Even

the A 0 state will cross 8 Z at a rather small value

of x, if the estimates in Fig. 1 are reasonably
correct; in any case, the Z-0 coupling will prob-

ably be too small to be important at these energies.
Even the curves p, (~, E}are not entirely devoid

of structure. The pair of maxima that are seen
at 140 eV appear to move apart at higher energies,
and to move together and merge at lower energies.
Not only do their relative positions move in a reg-
ular way, but the ratio between the first peak
height and the succeeding valley bottom grows

gradually as E increases (Table V). While this
regularity may be an artifact in a curve that is
probably a superposition of several states, we can

subject the oscillations to the same analysis we

have used for the C and F. states. The results are
shown in Fig. 12; most of the points for N = 1 are
uncertain, since the second maximum is often

weak and it is not clear its peak has truly been
reached. If the regular pattern is accepted as
real, there appears to be a structure with a thres-
hold at

~, =—1250 eV deg = 0. 8 a. u. rad,

whose average behavior is given by

~(., E) =- o. oe4(. —o. s) —o. oo4l(. —o. a)', (39)

where the units are a. u. and rad; the slope gives
us



total cross section may amount «&5-&O% of ~~ ~

However, me suspect that it is more likely to be
the cumulative result of contributions from a num-
bex' of crossings.

Assuming that the effective thresh'olds for the
crossings creating this structure lie in a range of
reduced angle between 1250 and 2100 eVdeg, it is
possible to estimate their locations. We assume R
potential of the form of Eq. (3). The relationship
between the threshold angle and the location of the
crossing then depends on the energy loss ~V in
the final state. In Table VI we shorn the range of
crossing locations corresponding to these various
assumptions. Three values of 4V„have been
chosen, corresponding respectively to the D state,
the E state, and to an energy level of about 15 eV,
in the middle of a region mhere a large number of
excited states are available. The probable crossj.ng
distance falls roughly between 2. 25 and 1.95 R. u,
This agrees extremely mell with a rough estimate
based on the evidence of the elastic scattering
measurements, ' where a ].Rrge drop in the elastic
scattering mas attributed to the opening of a con-
sidex'able numbex' of inelastic or charge-transfer
channels, suggesting that many crossings occur
in the region between 2. 45 and 1.9 a. u.

From the data presented here, as well as from
the elastic scattering results, it seems likely that
a fairly large number of excited molecular states
play a substantial part in the charge-exchange
px'Gcess Rt enex'gles of 65 6V Rnd Rbove«SlQce the
steep rise centered at about 1250 eVdeg is promi-
nent even in the data at 65 eV, a major fraction of
the products must be metastable He atoms arising
from curves dissociating at or above the E state.
As Table VI shows, there are probably many states
dissociating above the F. State whose crossings
mith the 8 state lie below 25 eV, and these chan-
nels may be fully open at 65 eV.

F. Relations v ith Inelastic Scattering

The obsel vations x'epox'ted ln this pRpel have 8
close connection with processes that should be
observable in inelastic scattering. %6 have al-
ready suggested that the E state should be seen in
inelastic scattering as well Rs in charge transfer.
Furthermore, many of the other unidentified ex-
cited states that we assume to be collectively in-
volved in the curve p, (7, E) are probably accom-
panied by inelastic channels at about the same
dissociation energy. If that is the case, we would
expect R number of inelRstlc chRQQ618 to IlRve
thresholds in the x'egion between 1250 and 2000 eV
deg.

These expectations are confirmed by inelastic
scattering measurements which will be published

in a later paper. Excitation of Ar to the configu-
ration 4s occurs with a pattern of oscillations iden-
tical to those seen in the E-state charge trans-
fex', except that the slow modulation as a function
of energy is out of phase mith that observed here.
Inelastic scattering to a large number of higher
excited states is also seen, with thresholds in the
region of that shown by p, (v, E). Because of the
possibility of energy analysis, the inelastic data
provide still further information that can be used
in elucidating further details of the potential-
6Qex'gy dlRgx'RIQ fox" the systeIQ HeA1

TABLE VI. Location x„and crossing energy V„of
crossings to states other than C and E; dependence on
energy loss AV„.

8.43
11.05
15

2
2. 21
2. 14

2. 01
l. 98
1.93

20. 0
20. 9
22. 8

G. Connection vnth Recoil Scattering Measurements

Champion and Doverspike have very recently
reported the differential cross section at F.I, =94
6V fol fox'%'Rx'd-scRttex'ed Al, produced px'edonll-
Qantly by endothermic ploces868 wltjl +E ~ 11 6Vp
as a function of the recoil angle (i. Such energy
losses may arise either from the production of
excited He or excited Ar'; spectroscopic evidence
for the latter process exists, ' and our results
show thRt the former 18 Rlso important.

It is particularly significant that they find a
total cross section of about 0. 9&&10 ' cm for
scattering of fast Ar' iona in the forward cone out

. to 60'. This amounts to just about one-half of the
total cross section as reported by Koopman'7 from
a measurement of the production of slow Ax' iona.
This has tmo consequences. On the one hand,
Koopman's measurement of the total cross section
may be too lom by a factor of 1.5-2, because of
discrimination against the fast Ar' (and Ar") ions;
this mould cause our normalization to be too low
also. On the other hand, the process observed by
Chamption and Doverspike mould be accompanied
by a scattering of the neutral He produced by the
reaction into angles larger than the 33' limit of
our observations. The latter effect might cause
our normalization to be too large, if me have under-
estimated the extrapolation of p to larger angles.

The Champion-Doverspike differential cross
sections can be converted to the c.m. system if
a single value of the energy loss AZ is assumed.
If m, =m„„mz=m„„and E„=recoil energy, let
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M = (1+m,/m, ) (m~„/m, Z,)'",
N= (hE/E )(1—m, /m }.

(41)

(42)

dR cos(0 —M

Thus, we can use the formula

p = e sin& o,. (8) = e sinu& cr„(w)(M cos~—}/M (4q)

to convert Champion and Doverspike's cross sec-
tions to a reduced form comparable with ours.

%e have made this conversion assuming two
different values of AE, 11 and 19 eV; the results
are shown in Fig. 13. The cross sections are not

In forward scattering, M is related to ~ by the
equation

M=cos&u+(cos &u N)-'~ .
The c.m. scattering angle 0 is then connected
with v by the relation

tan8 =M sinu&/(1 —Mcos~) .
The recoil cross section v„(&o) and the c.m. cross
section are related by

~0'„(ul)sin&dd(d
~

= ~o (~)slnede ~, (45)

and it can be shown that

very sensitive to the assumption made about ~E,
and they compare reasonably well with our nor-
malized results at Ei =100 eV, although there is
actually no overlap in the angular range covered.
The trend of our curve suggests that our normal-
ization is somewhat too large, but the two sets of
data appear to agree to within a factor of 2. In
view of the very large extrapolation involved in
our normalization, this agreement is a lucky
accident; furthermore, our detector at 100 eV
discriminates in favor of He metastables, but the
recoil measurement collects all the Ar' regardless
of the final state of the He. This means that the
normalization of the differential cross sections
should be reduced by a factor of perhaps 2-4 at
100 eV, but they are probably more reliable at
300 eV. Although the quantities 8& and S~ of Table
IV have been normalized in the same way, they
are probably reasonable estimates of the total
cross sections for charge transfer by way of the
C and F. states because of the compensating fact
that they have been arrived at by integrating over
only part of the angular range and over only the
oscillating portions of the respective differential
cross sections.

It is interesting to see an example where the
charge-transfer scattering has been measured' by
one means or another over the entire angular range
from 0 to ].80' in the c.m. system.

00
2.0

0.5

0
0

20'

0(E, = 94eV)

80'

I I

120'

2000 4000 6000 8000
7, ev deg

10,000 12,000
I I I I I I I I I I I I

160'

14,000

Fig. 13. Com-
parison of re-
duced cross sec-
tions from re-
coil scattering of
Ar' and chalge-
transfer scatter-
ing of He. Solid
circles recoil
data of Ref. 23
at EI ——94 eV as-
suming DE= 11
eV; solid triang-
les; same re-
coil data assum-
ing AE = 19 eV.
Solid curve: data
from Fig. 7 at
EL, =100 eV.
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