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EXPERIMENTAL TESTS OF THE POST-COLLISION-INTERACTION MODEL FOR
THE He'-He EXCITATION FUNCTIONS*
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New data on the excitation of helium by low-energy helium ions have been obtained
that provide strong support for the post-collision-interaction model proposed by Rosen-
thal and Foley in a companion paper. Certain details of the results that are not present-
ly predicted by the theory are pointed out.

New experimental studies of low-energy He'-
He total excitation cross sections are presented
that provide strong support for a post-collision-
interaction model proposed by Rosenthal and
Foley in a companion paper' (hereafter referred
to as the RF model).

We previously reported the excitation of vari-
ous neutral states of He in low-energy He'-He
collisions. ' Two striking results of these obser-
vations were the large value of the cross section
at low energies with thresholds slightly above
the final-state energies, and the strong oscilla-
tory dependence of the cross sections on projec-
tile energy. These phenomena were interpreted
in terms of the molecular-potential energy curves
of the He, ' system. To understand the low-ener-
gy excitation it was noted that, in the diabatic
approximation, the gerade ground term is repul-
sive and pseudocrosses all of the excited state
terms. These pseudocrossings occur at a value
of internuclear separation RI of about 1 a.u. In
the course of collisions with small enough impact
parameters, the internuclear separation decreas-
es and passes through RI. As the system passes
through the pseudocrossing, excitation occurs by
the mechanism discussed by Landau, Zener, and
Stiickelberg. ' This accounts for the large cross
section at low energies. Since the thresholds
occur slightly above the final-state energies,
they provide a direct measure of the energy loca-
tion of the pseudocrossing. ' In addition to other
results discussed here, we report new precise
values for these energies which can be compared
with specific molecular models.

Previously we proposed that the oscillations
were produced by an interference effect which
arose from the double passage of the system
through the crossing at Rl. However, it has now
been shown (cf. RF) that any phase difference
thus developed is strongly dependent on the im-

pact parameter b; consequently, the integration
over impact parameters required to obtain total
cross sections averages out this interference
effect. Such a phase difference might contribute
to the oscillations reported in differential inelas-
tic cross sections' but cannot explain the struc-
ture observed in the total cross-section data.

In the companion paper, Rosenthal and Foley
show that in addition to the crossing between the
ground-state and excited-state curves at Rl, oth-
er crossings between two or more excited states
exist at relatively large values of internuclear
separation, Ra=20 a.u. In this model the exci-
tation mechanism is essentially identical with
that previously considered and hence the large
cross sections at low energies, and the thres-
hold energies, are explained as before. How-
ever, the oscillations are now considered to
arise when two excited states populated at Ri de-
velop a phase difference between Rq and A, be-
fore mixing again at R, . Since the resulting
phase difference is weakly "b"-dependent, it man-
ifests itself in the form of oscillatory structure
in the total cross section. Rosenthal and Foley
show that their model correctly predicts the os-
cillatory structure in the excitation functions of
the 3'8 and 3'S states, and, moreover, they pre-
dict that these oscillations should be in antiphase
as is in fact observed. ' New experiments whose
results strongly substantiate the RF model are
described in this paper.

Rosenthal and Foley find that in their model,
outer crossings, which can efficiently mix the
excited-state amplitudes, exist in the n =3, 4,
and higher states but not in the n = 2 states.
Hence they predict oscillatory structure in the
n =3 and higher excitation functions but not in
the n =2 cross sections. In our earlier work we
observed the n=3, 4, and 5 levels and found
strong oscillations. A new experimental study
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has now been made of the 584-A line (2'I'-I'8)
and 10830-A line (2'P-2'S) to test the predictions
of the RF model. The apparatus was essentially
the same as that used earlier except that in the
case of the 10 830-A line a liquid-nitrogen-cooled
EMI model No. 9684B phototube was used to de-
tect the radiation, and the line was isolated with
an interferenee filter. Since no filter material
exists for the 584-A light, a Mepherson model
No. 220 uv spectrometer was used to isolate this
line. The spectrometer viewed the bombarding
chamber at an angle of 90' relative to the beam,
and the light, after passing through the spectro-
meter, was detected with an EMI model No. 9603
particle multiplier. Although resonance trapping
was initially considered to be a serious problem
for the 584-A line, simple estimates indicate
that the transverse momentum transferred in the
course of the collision is sufficiently large so
that no trapping occurs. The resulting Doppler
shift, at energies greater than 100 eV and for
scattering angles greater than 1', is larger than
the thermal Doppler width of the line and little
absorption occurs. The possibility of trapping
is further reduced by the fact that the collision
region is viewed over an angular region of at
least +3' and therefore the component of velocity
in the direction of viewing is sufficiently large to
insure a Doppler shift greater than the thermal
Doppler width. The absence of trapping was test-
ed experimentally by observing that the pressure
dependence of the signal was linear and by com-
paring the signal for He'-'He and He'-4He col-
lisions. Since the He-4He isotope shift is larger
than the thermal Doppler width, any possible
trapping would be seriously modified by changing
isotopes; yet no difference in either signal
strength or the form of the excitation function
was observed, confirming the absence of trap-
ping.

The 2P excitation functions are shown in Fig.
1(a). In accordance with the RF model and un-
like the m=3, 4, and 5 excitation functions, no
large-scale oscillatory structure is observed.
Some small-scale structure which does appear
is discussed below. The fact, noted above, that
there is no significant difference between the
584-A excitation function for 'He+- He and 'He'-
4He collisions shows that nuclear symmetry is
not important in these phenomena.

As mentioned previously, measurement of the
excitation-function threshold gives an accurate
value of the energy location of the inner pseudo-
crossing. ' Careful measurements were made of
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FIG. 1. (a) Cross sections for the excitation of the
2P states of He in He'-He collisions. (b) Detailed

0
threshold behavior of the 3888-A excitation function
for 4He'-4He and 3He+-4He collisions.

the signal near threshold for nine transitions.
In extracting threshold values from these data,
a linear threshold law was assumed in accord-
ance with the observed steep nature of the onsets.
In these experiments two phototubes were used
simultaneously, one with a 3888-A filter and the
other with a filter chosen to isolate the line un-
der study. In this way the thresholds could be
obtained relative to the 3888-A threshold. This
technique was employed since there was evidence
that the true beam energy differed by 1 or 2 eV
from the applied potential. Such differences
would be expected to arise from contact poten-

tialss,

space -char ge effects, and sur face char g-
ing. Since these effects may vary with time and
operating conditions, the comparison method was
employed so as to obtain the best possible values
for the difference in the thresholds. It is estirnat-
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Table I. Thresholds for excitation of excited He I
states.

2P
3S
3S
3D
3P
3D
3~P

4'
55

Threshold
relative to

3P
(Lab. eV)'

-7.30
—2.57
-1.85
-0.40

+ 0.10
+ 1.80
+ 1.87
+ 2.70

Absolute
threshold
(c.m. eV)b

26.60
28.97
29.33
30.05
30.25
30.30
31.15
31.18
31.60

Difference
between thresh-

old and final-
state energies

(c.m. eV)~

5.64
6.26
6.42
6.98
7.25
7e23
8.07
7.59
7.63

These energy differences are measured in the lab-
oratory system and are believed to be reliable to +0.2
eV.

The energy of the 3 P threshold is 60.50+ 1.56 eV
(lab system). The other values in this column (Col. 3)
are obtained using the absolute 3 P threshold and the
values in Col. 2. Hence, the absolute values in Col. 3
are reliable to +0.78 eV (c.m. system). However, the
differences in the values in Col. 3 are reliable to +0.1.0

(c.m.), as are those in Col. 2 from which they are de-
rived.

As in Col. 3, these values are reliable to +0.78 eV
(c.m.) and their differences are reliable to +0.10 eV
(c.m.) .

ed that the differences were obtained to +0.2 eV.
The correction needed for obtaining the absolute
value of the 3888-A threshold was determined by
measuring the 'He'- He and He'- He thresholds
for this line and using the fact that the center-of-
mass threshold for these two collision combina-
tions should be identical. In this way the energy
correction at the time these data were taken and

the absolute value of the 3888-A threshold were
found to be -0.63+1.56 and 60.50+1.56 eV, re-
spectively. The threshold values in the center-
of-mass system and energies of the final states
of the free atom are given in Table I.

The displacement of the thresholds above the
final-state energies of the free atom indicates
that the pseudocrossing at Rz occurs above the
final-state energy. The observation of distinct
thresholds for two excited states which cross at
a large value of internuclear separation R, (e.g. ,
3 S, O'S) allows us to make a qualitative state-
ment concerning the transition probability at this
outer crossing at low energies. If the transition
probability at this crossing were large we would

expect population of the upper state at R„even

though the energy were so low that only the lower
state was populated at the inner crossing. This
would result in identical thresholds for both the
states. The observation of distinct thresholds
for these two states indicates that at low veloci-
ties the crossing at R, is essentially adiabatic.
%e are thus free to interpret the thresholds as
a measure of the energy location of the inner
crossings.

Ne studied the velocity dependence of the oscil-
latory structure observed in a number of excita-
tion functions by using 'He and 'He in various col-
lisional combinations. For a given energy these
different collisional combinations have different
relative velocities. Since we believe that the
oscillations are due to a phase-interference phe-
nomenon, we scaled the cross sections according
to phase-development time by plotting the isoto-
pic data for excitation of a given state of He ver-
sus the relative velocity at infinite internuclear
separation v(~),

v(~) = I- — c.m.

Rp P.

where p, is the reduced mass of the system, Ez
and F., are the energies in the laboratory and
center-of-mass frame, respectively, and mp is
the mass of the projectile particle.

When the cross sections are scaled according
to Eq. (I), the high-energy peaks overlap, in ac-
cordance with the assumption of a phase-inter-
ference effect. The lack of overlap at low ener-
gies [Fig. 2(a)] is due to the difference between
the true velocity and v(~) in this energy domain.
This difference arises from the effect of the in-
teratomic potential V(R) and the centrifugal bar-
rier b /R . In considering b /R we note that for
excitation to occur 5 must be less than Rl. Yet
in the RF model the region of relevant phase de-
velopment varies between internuclear separa-
tions of Rq and A, which is of the order of 20AI.
Therefore in this region the value of 0'/R' lies
between 1 and 4x10 '. In view of this we ne-
glected the centrifugal barrier in scaling the os-
cillations versus velocity. The effective velocity
in the region of phase development is then given
by

(2)

Since in the model being considered the phase
difference develops in the final state, we may
take the average interatomic potential energy
(V(R)) equal to the final-state energy Ef. In the
case of the 4'S level, the final-state energy is
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FlG. 2. (a) Excitation cross section for the 4713-A He

relative velocity at infinite internuclear separation v().
4He+- He and He+-3He collisions p1otted versus relative

I line in 4He+-4He and 4He -3He collisions plotted versus
(b) Excitation cross section for the 4713-A He j: line in

velocity in the final state.

about 23 eV and this produces a substantial mod-
ification of the velocity at low bombarding ener-
gy. The isotopic data are plotted in Fig. 2(b)
with the velocity given by Eq. (2) with (V(R)) = 23
eV. In this plot the structure overlaps over the
entire energy range in accordance with the RF
model and the above discussion.

Two experimental results remain for which
only tentative explanations exist. In carefully
studying the threshold behavior of the various
excitation functions, we find that additional struc-
ture appears in the 4713- and 3888-A lines near
threshold when the He-4He system is studied
[Fig. 1(b)]. This structure does not appear for
other collisional combinations. The difference
in structure appearing in the isotopic data can
be explained in terms of the phase-development
time. As the energy decreases from the kilovolt
range, and with it the velocity, more phase dif-
ference is developed and more oscillations ap-
pear. Near threshold the velocity in the 4-4 case
reaches smaller values than that in the 4-3 case.
Therefore, near threshold, the 4-4 system
spends more time developing phase than the 4-3
system. These data indicate that enough addition-
al time is spent for one more oscillation to ap-

pear. In the case of differential scattering ex-
periments it is observed that the data, obtained
in collisions with identical isotopes, i.e., He-
'He and 'He-'He, exhibit more structure than in
the case of the unsymmetric nuclear collisions
'He-'He. ' This additional structure is attributed
to the effects of nuclear symmetry. In the pres-
ent case, in order to rule out this possibility, we
performed an experiment in which we used SHe

ions on 3He. The results obtained in this experi-
ment did not show the additional structure seen
in the ~He-4He case, and we conclude that nuclear
symmetry is not responsible for the extra oscil-
lation shown in Fig. 1(b).

One additional, unexplained experimental re-
sult involves the shoulders observed near thres-
hold in the 2P excitation functions [Fig. 1(a)].
If one interprets these features as low-amplitude
oscillations superimposed on a smooth excitation
curve, then the oscillations in the 2'P and 2 P ex-
citation functions are in apparent antiphase.
This result seems to indicate that some small
mixing occurs between these states although, as
previously mentioned, these states are not cou-
pled through an outer crossing. No theoretical
interpretation of this result is as yet available.
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However, we would like to suggest that this ef-
fect may result from a residual interference ef-
fect arising at the inner crossing. '

The results presented here have stimulated
considerable efforts to understand the detailed
interactions occurring in low-energy ion-atom
collisions. The theory recently developed by
Rosenthal and Foley has been remarkably suc-
cessful in leading to an understanding of those
results. Some unanswered questions remain,
however, and further theoretical efforts will be
needed to answer them, It is clear that the full
elucidation of the detailed structure of the exci-
tation functions will provide a powerful test of
our understanding of the dynamics of the unbound

molecular state formed during these inelastic
col1.isions,
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The properties of liquid Hes-He4 mixtures at O'K are studied by a variational method
using a Jastrow-Slater trial wave function and the Wu-Feenberg expansion of the energy
expectation value: The system of mass-3 boson+mass-4 boson shows complete phase
separation; the system of mass-3 fermion+ mass-4 boson and the system of mass-3 bo-
son+ mass-4 fermion mixtures separate incompletely; and the system of mass-3 fermi-
on+ mass-4 fermion mixes completely. The limiting solubility of the mass-3 fermion
in the mass-4 boson solvent is found to increase with pressure.

In this Letter we present the results of a varia-
tional calculation of the ground-state properties
and phase equilibrium of liquid He'-He mixtures.
The properties of such mixtures at zero and non-
zero temperatures have already been investigat-
ed by Cohen and Van Leeuwen" (CVL). These
authors, using a Fermi-Bose hard-sphere model
and the Huang- Yang-Lee pseudopotential method

up to first' and second' order in the hard-sphere
diameter, were able to show that such a system
has a phase diagram which is in excellent agree-
ment with the experimentally observed He'-He'
phase diagram; in particular CVL predicted the
existence of an incomplete phase separation at

O'K, which was later confirmed by experiment.
The main purpose of our work is to show that
this incomplete phase separation remains in a
treatment which is not limited to low densities.
This can be done by a variational calculation
which has, however, the drawback of providing
information only on the ground-state properties
of the mixture. A variational calculation has al-
ready been made by Massey and Woo', who in-
vestigated only the properties of the dilute (less
than 7%) solutions of He~ in He~ and did not at-
tempt to describe the phase separation.

We assume that the system of n, He' (mass m4)
and n, He' (mass m, ) atoms, in a volume v (n,
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