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Production of He+ in He,+-He Collisions near Threshold
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The relative cross section for production of He in He,+-He collisions has been measured near

threshold. Convolution integrals taking account of the thermal motion of the target He atoms are
numerically calculated for several forms of the threshold cross section and compared to the data. For
the threshold laws considered, threshold is in the range 2.0-2.4 eV, in agreement with theoretical values

of the dissociation energy of X 'X+ He,+. By using Liu's recent rigorous lower bound for this

dissociation energy, a possible form of threshold law is obtained. , The experiments also indicate that

significant amounts of He,+ resulting from He~-He interactions are formed in excited
vibrational-rotational states of the X 'X+.

INTRODUCTION

Recent theoretical studies' and experiments in
gaseous electronics, spectroscopy, 3 atomic colli-
sions, ' and low-temperature physics' have involved
the He2 and He&' molecular species. For much of
this work it mould be desirable to know the disso-
ciation energy of these species. The experiments
reported here were designed to obtain information
on the dissociation energy of the He2' ion through
study of the reaction

Hea'+ He- He'+ He+ He .
Since it has been shomn that, neglecting zero-point
energy differences, the dissociation energy of the
A Z„' state of He& and the dissociation energy of the
X'Z„' state of He~' differ by - 6x 10 ' eV, ' the ex-
periments provide information about the He& mol-
ecule also. Recent work by Chantry~ on the inter-
pretation of threshold data for processes such as
reaction (1) as well as theoretical predictions for
the threshold behavior of cross sections ' for these
processes was further stimulation for the experi-
ment. To employ the method of Chantry to the in-
terpretation of data, a specific form for the energy
dependence of the cross section near threshold
must be assumed, It was found in these experi-
ments that several forms of cross section produced
adequate agreement with the data, and that the
threshold energy was between 2. 0 and 2. 4 eV for
all cases considered. This is consistent with pre-
vious theoretical work; using Liu's' rigorous lower
bound for the dissociation energy, a possible form
of the cross section is obtained.

The effect of internal excitation of the He~' ions
on the threshold behavior mas found to be substan-
tial. It is deduced from these experiments that
He&' ions produced by the well-known processes

8+He- He*+e, He*+ He- He~'+e

are formed in excited vibrational-rotational states
of the X~Z„' electronic state. The population of
these excited states was reduced by increasing the
He-gas pressure in the electron-impact ion source.
Evidence mill be presented to support the conclu-
sion that above about 0. 1 torr the He~' ions are al-
most totally deexcited when the He2'-He collisions
occur.

EXPERIMENTAL

A mass- and velocity-selected electron-impact-
produced beam of He~' ions was directed into a col-
lision cell containing target He gas at room
temperature. Ions emerging from the collision re-
gion were mass analyzed with a high-transmission
quadrupole mass filter, and detected with the aid of
a Channeltron particle multiplier and conventional
single -particle counting equipment.

It was found that the electron-accelerating volt-
age in the source which yielded usable He&' beams
was in the range 25-30 V, depending on the He -gas
pressure. This pressure was monitored with a
conventional ionization gauge located immediately
outside the source and calibrated (ior He) against
an oil manometer mounted directly on the source.
The source was never exposed to the manometer
while an experiment was in progress. The 127
cylindrical electrostatic velocity selector immedi-
ately preceding the collision cell was fixed to trans-
mit ions of 10.0+0, 2-eV laboratory or 3.33
+0.067-eV center-of-mass kinetic energy. Ions
emerging from the velocity selector were accele-
rated or decelerated to the desired collision energy
prior to the He&'-He interaction. Since the energy
dependence ot the cross section for reaction (1) is
desired, collection efficiency effects dependent on
ion energy through the mass filter were minimized
by adjustment of the dc potential of the filter. When
He~' ions mere transmitted, the potential between
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W»2(eV) = 0. 44 [Eo(eV)]' (4)

Since the threshold energy is near Eo= 2 eV, W«2
is of the order of 0.6 eV, so that the effects of
thermal motion are, indeed, larger than that of the
ion-beam energy spread. Evaluation of the convo-
lution integral, Eq. (3) is most easily accomplished
under the assumption of a monoenergetic ion beam.
Chantry has shown that the effect of ion-beam ener-
gy spread may be approximately accounted for by
retaining the monoenergetic beam assumption and
replacing the temperature with an increased "ef-
fective temperature, " the calculation of which is
based on the beam-energy spread. For these ex-
periments the effective temperature is 330 K.

the ion source and the filter was maintained at 32
V for all collision energies. %hen He' ions were
transmitted, the dc potential between the collision
chamber and the filter was fixed at 17.5 V for all
collision energies; this assures that the He' energy
through the mass filter is constant to within the
small excess kinetic energy acquired in the disso-
ciation process. Since the shape of the threshold
cross section is desired over a small range of rel-
ative energies (about 2 eV), neither this excess
kinetic energy nor the increasing maximum scatter-
ing angle with increasing kinetic energy is expected
to significantly distort the shape of the cross-sec-
tion- vs-kinetic- energy curve.

TREATMENT OF THE DATA

Chantry' has shown that threshold determinations
for endothermic processes such as reaction (1) can
be severely affected by the spread in relative colli-
sion energy introduced by the thermal motion of
target molecules even if the incident ion beam is
monoenergetic. However, since the distribution
function is known, an assumed form of the cross
section may be convoluted for comparsion with the
data. If E is the true relative He2'-He kinetic en-
ergy and Eo is the nominal relative energy (E = Eo
at 0 'K), the apparent cross section o(Eo) is given
by

o(E ) J,
"

(E/Eo)'"o(E)f (Eo, E)dE (3)

where o(E) is the cross section and f (Eo, E) is the
distribution function. o(E) contains the dependence
on E~, the threshold kinetic energy. The nominal
kinetic energy is the center-of-mass energy of the
incident He2' beam assuming no target-molecule
motion. The energy spread of this beam is deter-
mined by the geometry of the velocity selector"
and the beam energy through the selector. The full
width at half-maximum (FWHM) of the beam is 0. 13
eV in the center-of-mass system, which may be
compared to 5'q&~, the F%HM of the center-of-
mass energy distribution resulting from thermal
motion (300 K) of the ta.rget molecules

Two different functional dependencies of thresh-
old cross section were considered. The first o~
is due to a method based on optical-model consid-
erations 8:

o,(E) =0,

o (E)cc (E E ) /E

E&E

RESULTS

Both the observed threshold and the magnitude
of the cross section near threshold for reaction (1)
were found to be dependent on the He-gas pressure
in the ion source. As this pressure was increased,
the apparent threshold for reaction (1) was ob-
served to increase and the magnitude of the cross
section decreased. Figure 1 illustrates this fea-
ture. The open circles represent data taken with
Hea' ions produced at 0. 3-torr ion-source pres-
sure, and the solid circles at 0. 013 torr. These
results are consistent with the interpretation that
He&' ions as initially formed in the source are pro-
duced in excited vibrational-rotational states of the
X~X„' ground electronic state. Increasing the pres-
sure increases the number of He2'-He collisions
that occur before He2' ions emerge from the source
so that collisional deexcitation may occur.

The second form of the cross section considered,
o2, is that determined by the density of final states
for reaction (1). This has been given by Ma.ier:

o,(E) = 0,

o,(E).(E -Er)P/(E)»', E&Er, ls. P&2;

where p= 2 corresponds to a pure density-of-final-
states calculation, and P= 1 obtains if the interac-
tion mechanism tends to favor certain fixed relative
angles of separation of the final three particles. 9

In comparing the data to the convoluted cross
sections, the range over which the threshold law
is taken to be valid must be wide enough to include
enough points to allow a fit to be made with confi-
dence. Qn the other hand, the narrower this
range, the less the determination is influenced by
variations in experimental conditions such as col-
lection efficiency or angular scattering, As noted
earlier, efforts have been made to minimize col-
lection-efficiency effects. A criterion set forth in
Ref. (f) is that the maximum value of Eo, E, be
at least one half-width of the center-of-mass ener-
gy distribution higher than the determined thresh-
old, E~. The number of half-widths, n, above
this threshold is a measure of the confidence which
can be placed on the fit. Application of this tech-
nique has proven to be successful with values of n
as low as 1.0, although a somewhat higher value
is desirable. For these experiments

n=4 35 (E „.-E,)/(E )'".
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FIG. 2. Relative cross section 0 as a function of ion-
source pressure for Ep =3.0 eV.
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FIG. 1~ Relative cross section 0 vs nominal kinetic
energy (center of mass) Ep. Open circles are data taken
at ion.-source pressure 0. 3 torr, closed circles are at
0. 013 torr.

At the lowest ion-sou rce pressure He 3' are likely
formed by reaction (2). As the pressure is in-
creased other more complex mechanisms of forma-
tion can occur, for example,

variation of the cross section as a function of
source pressure was investigated at a fixed colli-
sion energy in an effort to obtain information on the
population of excited states in the beam. Figure 2
shows the results for Eo = 3.0 eV. The constancy
of the cross section above -0. 1 torr may be taken
as evidence that the beam has reached some con-
stant population of excited states . Clearly it cannot
be firmly concluded that this constant population

He' + 2He -He&' + He ~ (8)
A

Cur ran has measured the appearance potential
for He~' ions formed at low pressure and obtained
a value of 23. 1 + 0. 05 eV, indicating that the excited
states of He which participate in reaction (2) must
have energy at least that much above the ground
state. The internal -energy change for the second
process of reaction (2) is given by

bEo-I(He) —E(He) -Do(He&'),

where E(He) is the internal energy of the He* atom,
Do(He, ') is the dissociation energy of He, ' and I(He)
is the ionization potential of He (24. 58 eV). If the
He -He* reaction is to proceed in the source withou
initial translational kinetic energy, then Q& 0.
Taking E(He) = 23. I eV, it may be inferred that Do
(He, ') must be at least l. 5 eV. Most theoretical
values of Do(He2') for ground-state He~' are in the
range 2. 0-2. 5 eV, indicating that 0. 5-1eV can go
into the kinetic energy of He2' and the electron and/
or vibrational -rotational excitation of the X~Z„'

state of He, '. The ion- sou rce pressure dependence
just discussed shows that a significant fraction of
this energy does indeed go into internal energy of
the He 2' molecular ion.

It is desired to perform the dissociation experi-
ment, reaction (I), with ground-state He~' ions.
Attempts to produce a beam with all the ions in the
ground state were made by raising the He -gas
pressure in the source (as well as keeping the elec-
tron-accelerating voltage as low as possible). The

(E)a(E-ET)~/
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FIG. 3. Relative cross section 0 as a function of Ep.
The solid circles are the data; the curves are the nor-
malized convoluted cross sections with the indicated
values of Ez from left to right, respectively. (a) 0~, (b)
o& (p=2), (c) o'2 (p= 1.5).
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consists only of ground-state ions; however, this
seems to be a reasonable assumption. The appar-
ent threshold did not shift when the experiment was
performed at ion-source pressures in the range
0. 1-0.8 torr.

The data at 0. 3-torr ion-source pressure were
compared to the threshold behavior obtained from
the convolutions of 0& and 0&. Results are shown
in Figs. 3(a) and 3(b). E ~ in these figures is 3.4
eV, corresponding to n=3. 1 and 3.3, respectively.
The threshold as determined by this procedure was
essentially independent of E . Figure 3(a.) the
comparison with g&, indicates a value of E~ of 2. 0
eV. Figure 3(b), the comparison with o,(for P=2),
indicates a value of E& of 2. 1 eV. Both of these
values are slightly lower than recent theoretical
predictions of the He&' ground-state binding energy.
Liu, using configuration-interaction techniques,
obtained a rigorous lower bound of 2. 454 eV and a
best value of 2. 469 eV for the binding energy D, .
(D, does not include subtraction of the zero-point
energy, which is of the order of 0. I. eV. ~4) The
convolution integral was calculated with E~ = 2. 25,
2. 35, and 2. 45 eV and several values of P for g~.
Figure 3(c) shows the comparison of this calculation
with the data for P = l. 5, the value giving the desired
range of E&, for this threshold e= 2. 5. For values
of P& l. 5, the data, systematically deviate from the
convolution integral, regardless of the E& value
chosen.

The inconsistency of the lower bound for Do and
the value of E~ obtained with p2 and P= 2 may indi-
cate that the three-body phase space is not uniform-
ly populated by the separating atoms. As detailed
by Maier the derivation of this threshold law (oz)
though intuitively appealing is crude, so that agree-
ment with the data and the lower bound produced
by a different value of P is not unreasonable. In
addition, completely different analytic forms having
similar shapes near threshold could give adequate

agreement with the data for a particular E~.
The value of E in Fig. 3 is 3. 4 eV, which in-

volves the assumption that the threshold laws are
valid up to at least 1 eV above E~. This assump-
tion may be unwarranted; however, examination of
Fig. 3 shows that E~ is substantially unchanged if
lower values of E are used. For some processes
it is known that threshold laws are valid for inter-
vals much smaller than I eV~~; for others (such as
single ionization by electron impact) the range
may extend several electron volts. It is difficult
to estimate the range of validity for the present
case: however, the agreement for values of E
lower than 3.4 eV indicates that as long as this
range is not less than about 0. 5 eV the results ob-
tained here should be valid.

The most serious experimental uncertainties as-
sociated with the experiment are the possibility of
excited states in the He2' beam and the possibility
of loss of He' ions due to angular scattering. The
latter effect would be most serious at the highest
energies above threshold and would tend to lower
the determined E~. The presence of excited states
in the He2' beam would permit He' to be produced
at energies lower than the threshold for dissociation
of ground vibronic state Hea'. An additional com-
plication would be the necessity to modify the
threshold law to include the properly weighted
linear combination of cross sections for each state
present.
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