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Measurements have been made for collisions in which Ne+ ions
are incident upon neutral Ne atoms. The incident ions ranged in
energy from 0.80 to 15 keV and were scattered through angles of
from 3' to 13' in the laboratory coordinates. The target atoms
were present in the form of a gas at a pressure su%ciently low to
insure that the bulk of the scattered particles reaching the detec-
tors had experienced only a single encounter with a target atom.
Analysis of the scattered incident particles shows that the relative
probabilities for electron capture, scattering without change of
charge, and single electron stripping all oscillate rapidly as a
function of scattering angle. This behavior is evidently the result

of resonance of the Ne+ —Ne system between the attractive an(l
repulsive states characteristic of the homonuclear, diatomic
molecular ion. The data are discussed in terms of this interpreta-
tion, and experimental values are presented for the energy dif-
ference (I", I!,) in—tegrated over the collision path of relative
motion, E„and E~, being the energies of the repulsive and attractive
states, respectively. For the range of collisions studied, this
integrated energy difference ranged from about 15 eV-A to about
120 ev-L. An approximate functional dependence of (E„J',)—
upon internuclear separation is obtained from the data.

I. INTRODUCTION of the collision. A still more quantitative picture of the
collision process is obtained by using the scattering cal-
culation of Everhart et, al. ' and the potential energy
functions of Lane and Everhart' to relate the observed
energy and scattering angle to the distance of closest
approach for the collision.

The data of this paper are in many ways quite similar
to the data of Lockwood and Everhart, ' who performed
an experiment in which protons were incident upon
neutral hydrogen atoms. Furthermore, the interpreta-
tion they give to the observed behavior of the electron
capture probability is consistent with that given in this
paper by application of Holstein's results. Other theo-
retical treatments of resonant electron capture in ion-
atom collisions are given by Hates and co-workers, ' '
by Ziemba and Russek, " and by Hates" in a recent
book.

~HE present experimental study is concerned with
the charge-changing features of single collisions

of Ne+ with Ne, the charge analysis of the scattered
particles being carried out at each of several angles of
scattering and the entire angular survey being repeated
at each of several energies of incident ion. For these
collisions the angular distribution of the scattered inci-
dent particles is heavily weighted in the forward direc-
tion, with a corresponding tendency for the recoil
particles to be scattered at large angles to the direction
of the incident ions. Thus, the particles emerging at the
relatively small angles selected in this study are pre-
dominantly the scattered incident particles.

Similar experiments' ' with the noble gases have been
performed at incident-ion energies of 25 keV and above,
but the more recent measurements of Ziemba et al.'
show a particularly interesting effect in collisions of
Ar+ on Ar and Ne+ on Ne at energies below about 25
keV; the probability of electron capture by the incident
ion at a particular energy is found to oscillate as a
function of the angle through which the incident par-
ticle is scattered. In particular, the electron capture
probability in collisions of Ne+ on Ne is seen to have
three local maxima in the angular range of 3' to 10'
for both 10 and 15 keV incident-ion energy.

A small part of the present work duplicates the above
measurements of Ziemba, and the agreement is found
to be good. An interpretation of the data is given in
terms of the description of resonant electron capture
provided by Holstein, 4 in which the electron moves
back and forth between the two atoms during the course

2. DESCRIPTION OF THE APPARATUS

The Ne+ ions were furnished by the Hasbrouck
positive-ion accelerator which was constructed es-

pecially for this, and related, studies. The accelerator
supplies to the collision chamber a focused, collimated
beam of monoenergetic, magnetically analyzed positive
ions, variable in energy from about 500 eV to 25 keV.

The positive ions are formed by rf excitation of the
source gas (neon in this case) in an Oak Ridge type ion
source. Upon being ejected from the source the positive
ions are accelerated and focused in several stages by
axially symmetric electrostatic 6elds. The ion beam is
then deflected through 15' by an analyzing magnet and
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FIG. i. The apparatus: collision chamber, electrostatic
analyzer, and detectors.

passes between several sets of electrostatic deflection
plates before arriving at the entrance to the collision
chamber.

Figure 1 shows the collision chamber, the electro-
static analyzer, and the two detectors used in the
measurements. The ion beam enters the collision
chamber through hole a into a region of low-pressure
target gas. A small fraction of these incident ions suffer
collisions in the vicinity of the point f and of these a
few are scattered through the appropriate angle 0
allowing them to pass through holes b and c. These
scattered particles then pass between the plates of the
electrostatic analyzer where they can be separated
according to their charge, providing for individual meas-
urement of each component of the scattered beam. The
proper positive voltage applied to the upper analyzer
plate causes the doubly ionized ions, for instance, to
follow the circular path shown, leaving the neutral
atoms to proceed undetected through a slot in the
upper plate. In this case any singly ionized ions present
in the scattered beam would follow some intermediate
path (not shown in the figure), reaching neither
detector.

The entire apparatus to the right of the flexible
bellows can be rotated about an axis of rotation extend-
ing through the point f and perpendicular to the plane
of the figure, allowing for the selection of any desired
scattering angle 0. The Faraday cage and secondary-
electron multiplier (SEM) both have a common
mounting which can rotate inside the vacuum system
about an axis through the point g. This latter rotation
allows either detector to examine any charge component
of the scattered beam.

Each of the tubes containing the holes a and b, re-
spectively, can be seen to be insulated from ground and
is provided with a lead wire to an outside galvanometer
circuit which serves as a beam-monitoring device. For
all angles 0 somewhat less than that shown in Fig. 1
(including all angles for which data have thus far been
taken) the entire unscattered portion of the incident
ion beam falls upon the latter electrode. The observation

of the current drawn by this electrode amounts to a
monitoring of the ion beam inside the collision chamber
and provides assurance that the incident ion beam has
remained constant during the time that the various
components of the scattered beam have been measured.

The SEM is a DuMont 6467 photomultiplier tube
with the glass envelope and photocathode removed to
allow the scattered particles to strike the erst dynode
directly. The first dynode is held at a negative voltage
of about 2.0 kV, the anode being at approximately
ground potential. The anode current is measured by a
dc electrometer circuit, as is the current from the
Faraday cage detector.

The target gas is supplied to the collision chamber
from a one-liter Pyrex glass flask of Airco high-purity
neon gas. The gas is metered through a variable leak
and then passes through a liquid-nitrogen cold trap
before entering the collision chamber. The target-gas
pressure inside the collision chamber is controlled by
adjusting the variable leak to give the appropriate
Bow of gas into the chamber. The gas Rows out of the
chamber through the holes a and b into the vacuum
system, a 700 liter/sec oil diffusion pump maintaining a
pressure of less than 10 Torr during typical operating
conditions for the experiment.

3. METHOD OF MEASUREMENT

Each run was performed at a 6xed energy of the inci-
dent ions, the data being obtained at each of several
scattering angles. At a particular angle of scattering
the scattered particle current in each charge state was
measured by the detectors. The SEM was used for most
of these measurements, since it has the dual advantage
over the Faraday cage of being the more sensitive de-
tector and being capable of detecting neutral particles.
Once the gas-scattered currents had been measured,
the target-gas supply to the collision chamber was shut
off and the measurement repeated to determine the
scattered currents due to residual gas. These currents
were subtracted from the corresponding gas-scattered
currents, this correction being typically about 10% but
rising as high as 30% in a few cases. The fraction I'„
of the scattered particles in each charge state was then
determined from these corrected particle currents at
each angle of scattering.

It was necessary to establish that the target-gas
pressure was sufficiently low to insure that most of the
scattered particles reaching the detectors were the
result of a single interaction of an incident Ne+ ion with
a neutral Ne target atom. Consequently, at each of
several energies and scattering angles the fractions'„
were measured as a function of target-gas pressure. It
was observed that these fractions were independent of
pressure for pressures less than some critical value of
the order of one micron of mercury. The data presented
in this paper were gathered for target-gas pressures
somewhat less than this critical pressure.
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In calculating the fraction P„from the SEM readings
it was necessary to take account of the fact that this
detector has a sensitivity which varies with the charge
on the incident particle. This arises from the fact that
the first dynode is held at 2000 V negative with respect
to ground, so that the kinetic energy of the particles
striking this dynode during a given charge analysis
varies by multiples of 2000 eV, depending upon the
charge of the particles. Since the average number of
emitted electrons per incident particle depends upon
the kinetic energy of the incident particles, this resulted
in the variation of sensitivity with charge, and the
fractions P„couM not be calculated directly from the
output currents of this detector. The determination of
the sensitivity of the SEM for various charges on the
incident particle was made in the following two ways:

(1) It was assumed that the sensitivity of this de-
tector for neon atoms or ions is a function only of the
kinetic energy with which the incident atoms or ions
strike the first dynode, i.e., there is no explicit de-
pendence of the sensitivity upon charge. (Evidence in
support of this assumption is cited in the paper by
Ziemba et at. ,' who also used the DuMont 6467. Part
of this evidence comes from previous work by one of
the present authors. ') The sensitivity of this detector
for Ne+ was then determined for various kinetic energies
of Ne+ incident upon the first dynode by comparing
the readings produced by this particle current on the
SEM and the Faraday cage, respectively. These data
then furnished a curve of SEM sensitivity vs kinetic
energy which was used in the following way: The sen-
sitivities for neutral, singly ionized, and doubly ionized
particles all entering the SEM with the same kinetic
energy E were taken from the curve to be the sensitivi-
ties at kinetic energies E, 8+2.0 keV, and 8+4.0 keV,
respectively. A limitation on this method was imposed

by the fact that the above curve could only be con-
structed in principle for energies above 2.0 keV, and in
practice for energies above 2.5 keV, making unavailable
the sensitivity for neutral particles at energies below
2.5 keV.

(2) The rapid oscillations with angle of the neutral
fraction Po, shown in Fig. 3, provided at the lower
energies (where there are no doubly ionized particles
present) a measure of the relative sensitivities for
neutral and singly ionized particles. It is a well-

established fact that the total (i.e., irrespective of
charge on the particle) scattered particle current
between the angles (8—68) and (0+60) for ion-atom
collisions of the kind being studied here is a rather well-

behaved monotonically decreasing function of the scat-
tering angle 0, whose relative rate of decrease with
angle is much less for the larger angles 0 than for the
smaller angles. It was observed, however, that when the
total scattered particle current was being received by
the SEM the output reading of this detector oscillated
as a function of the scattering angle 0, reaching a maxi-

mum when Po was a minimum and a minimum when
Po was a maximum. This apparent oscillation of the
total scattered particle current with angle was quite
evidently due to the relatively low sensitivity of the
SEM for neutral particles, together with the rapid
oscillation of Po with angle. It was thus possible to use
these oscillations in the SEM readings of the total
scattered particle current, together with the assumption
that this latter current is actually a well-behaved
monotonic function of scattering angle, to determine
the relative sensitivities for neutral and singly ionized
particles. Fortunately, it is at the lower energies where
this e6ect is most pronounced, providing a measurement
of relative sensitivities at those energies for which
method (1) is not applicable.

Some of the data at the lower energies and larger
angles of scattering were obtained by replacing the old
DuMont 6467 SEM with a DuMont SP-182, the latter
being the same as the 6467 except that the cesium and
photocathode are omitted in the assembly. The dynode
structure of the SP-182 was exposed to air for about 10
min between the time the glass envelope was removed
and the start of pump down after installation in the
apparatus. The gain of the SP-182 was found to be on
the order of 10', almost 100 times that of the 6467,
which had been exposed to air for extended periods on
many occasions. Many spot checks were made at
various energies and angles and the data were found to
be reproducible with this new SEM.

4. DATA

The data are shown in Figs. 2—4. The left half of
Fig. 2 is a plot of the fraction of the scattered particles
which are singly ionized P& vs the scattering angle 8 in
laboratory coordinates at each of several energies of
incident Ne+. The right half of Fig. 2 is a similar plot
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FIG. 2. The singly ionized fraction of the scattered incident
particles I'&,, and the doubly ionized fraction I'2, are shown vs
scattering angle for each of several kinetic energies of the incident
Ne+ ion. Neutral Ne atoms are the targets, the target gas being
at a sufBciently low pressure to insure the predominance of single
collisions.
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FIG. 3. The neutral fraction of the scattered incident particles
is shown as a function of the scattering angle, at each of several
laboratory energies, for single collisions of Ne+ on Ne. The data
can be regarded as showing at each energy the effect which varia-
tion of the internuclear distance of closest approach has upon the
probability that the incident Xe+ ion will capture an electron from
the target Ne atom.

for the fraction of the scattered particles which are
doubly ionized P2, and Fig. 3 is the corresponding plot
for the neutra1 fraction Pp of the scattered particles.
Empirical lines are drawn through the data points.
Each data point represents the average of two or more
data points obtained from independent runs, individual
runs reproducing quite well the oscillations shown here.

The general trend with decreasing energy is for both
P~ and P~ to decrease and for Pp to grow correspond-
ingly. No data for P'& and P2 are shown for energies
below 3 keV since P2 becomes less than a few percent
at these energies and P'& can be immediately inferred
from Pp since the sum of these two must now be ap-
proximately unity.

It should be observed that at the higher and lower
energies shown in Fig. 3 the behavior of Pp as a function
of 0 although qualitatively the same is quantitatively
quite different. Thus, in the 6—15 keV energy range the
peak-to-valley difference in Pp is about 0.03, the
average value of P p being near 0.10, while in the 0.8—1.3
keV energy range Pp varies from a minimum of about
0.20 to about 0.65 for a maximum. In this connection
it should be pointed out that the ordinate scale on the
right side of Fig. 3 divers by a factor of 5 from that on
the left side.

Figure 4 shows the data for a special experiment in
which the heavy isotope of neon having mass number
22 was steered into the collision chamber. The focusing
and magnetic analysis of the main beam were suK-

ciently good to provide essentially total resolution of
Ne'0 from Ne" (the latter being about 9% abundant in
naturally occurring neon), the former and more abun-
dant isotope being used for all of the measurements of
this paper except that shown in the upper part of Fig. 4.
It is evident from the comparison of the Ne" data with
the Ne" data shown in Fig. 4 that while the oscillations
in P j and P2 with 8 are very much the same for the two
cases, there is a shift in the angles at which the maxima
and minima occur. The Ne" experiment was undertaken
especially to test the interpretation of the previously
gathered data for Ne", and will be discussed further in
the next section.

The following estimates are made for the accuracy
of the data shown in Figs. 2—4. The laboratory angles
for which the fractions Pp, P&, and P2 have their re-
spective maxima and minima are considered to have
been located to within &1/4 deg. The maximum error
generally ascribed to the magnitudes of these same
fractions is +10/o. However, for those cases where the
fractions are changing rapidly with angle the error
might be larger than this; the extreme angular width
of acceptance of the detectors is %2/3 deg, although
niost of the scattered particles come from a much
narrower angular region about the chosen angle 8. At
the lowest energies, where the SEM sensitivity for
neutral particles becomes much less than that for
singly ionized particles, there is an additional source of
error in the determination of the selective sensitivity of
the SEM as discussed in method (2) of the preceding
section. The effect of this latter error would be to make
all of the Pp values at a given energy either too high or
too low, while the effect of the +2/3-deg angular reso-
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scattered incident particles are shown vs scattering angle for two
cases of 12-keV ions incident on Ne target atoms. The observed
differences in the charge analysis for the two cases are attributed
to the lesser speed, and consequently greater interaction time, for
the heavier isotope.
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X (2ev)-' (P., E.)ds—, (1)

lution is to lower the maxima and raise the minima.
In particular then, some values of Po shown in the
0.8-keV data of Fig. 3 might be in error by as much as
+20%%uo.

5. INTERPRETATION OF DATA

In the Appendix to this paper it is shown that an
application of Holstein's4 description of resonant elec-
tron capture leads to the following expression for the
electron capture probability Po.

Pp=A(v, rp)+B(v, rp) sin'

w

W

O

tO—

I I pITlox e o mill

0

where 3 and 8 are empirical functions of collision speed
z and distance of closest approach ro, and E, and L&,

are, respectively, the energies of the repulsive and
attractive states of the (Nes)+ molecular ion. The
functions 2 and 8 are introduced to take account of
the departure from pure resonance resulting from exci-
tation and ionization during the collision.

Kith the proper choice of the functions A and 8
Eq. (1) gives a good fit to the data, A and 8 both being
slowly varying monotonic functions of e and ro over
most of the range of these two variables represented by
the data. For sufficiently slow changes in 3 and 8
Eq. (1) tells us that the oscillations in Pp should follow

the oscillations in the sin term, the spacings of these
oscillations together with the known values of v leading
to an experimentally determined value for the integral
which appears in that term.

Since the quantity (P.„E)is a fun—ction of inter-
nuclear separation, the integral in Eq. (1) is a function
of the orbit of relative motion for the particular colli-

sion. However, for the relatively small scattering angles
of this experiment it seems likely that this integral will

be nearly the same along any two orbits for which the
internuclear distance of closest approach ro is the same.
Therefore we let

(P.„E.)ds =I(r,), — (2)

where I(rp) is a function of rp only. Substituting Eq. (2)
into Eq. (1) gives

Pp A(v, rp)+B(v, rp) s——in'LI(rp)/2fivj. (3)

Equation (3) now gives us a ready interpretation of the
data shown in Fig. 3, where P'0 is shown to oscillate as a
function of scattering angle 8 for each of several 6xed
energies of incident ion; the oscillations in Po are caused
by changing I(rp), increasing 0 corresponding to de-

creasing rp and increasing I(rp), at fixed v.

An analysis was made of the experiment in which
(Ne")+ was the incident particle to see if these data
were consistent with the interpretation given to the

0

rest of the data in which (Ne")+ was incident. The
comparison of the data obtained for the two isotopes
at an incident energy of 12 keX is shown in Fig. 4.
The fractions P~ and P~ are shown vs 0 in both cases
since they show the oscillations more clearly than Po,
their oscillations being in phase and out of phase, re-

spectively, with those of Po. The curves for the heavier
isotope are seen to be almost identical to those for the
(Ne' )+ except for being displaced to somewhat smaller

angles. An analysis of these data via Eq. (3) shows that
within experimental error the observed angular dis-

placement is entirely accounted for by the lesser speed
~ of the heavier isotope; the difference in Po for the two
isotopes at a particular scattering angle 0 is a result of
the increased interaction time for the heavier isotope.

The resonant nature of the electron capture process
would be even more evident if the data could be plotted
to show Pp vs 1/v at constant rp Lhence I(rp) =const(.
According to Eq. (3) such a plot should show maxima
and minima of P p occurring at regular intervals of 1/v,
the condition for an extremum in Po being

1/v =nk/2I, (n=1,2,3, )

where odd e gives a maximum in Po and even n gives
a minimum. If one conceives of a fixed interaction

Q=eg
t
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FIG. 5. The data of Fig. 3 were used to show here the various
laboratory energies and angles for which the neutral fraction Po
is a maximum or a minimum Pi.e., (BPp/88)a= 0j in single colli-
sions of Ne+ on Ne. For energies above 3 keV these maxima and
minima of Po fall at the same scattering angles as do the minima
and maxima of P2 shown in Fig. 2. A solid line connects the points
for each family of maximum Po or minimum Po, an integer n being
associated with each family. The dashed lines of constant X&0

represent curves of constant internuclear distance of closest
approach ro, and play an important part in the interpretation of
the data. .
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the relative units of reciprocal velocity shown in that
figure were then chosen so that h/2I= 1, making 1/n
numerically equal to e. With this choice of units it
then appears that the values of the integers e char-
acterizing the maxima and minima of Fig. 6, and also
the corresponding families of maxima and minima of
Fig. 5, are e= 10 through e= 18. Once this assignment
of e values has been made I may also be determined
from Eq. (4) as

FIG. 6. The neutral fraction of the scattered incident particles
is shown vs the reciprocal of the incident-ion velocity for collisions
of constant E8. These are collisions of constant internuclear dis-
tance of closest approach ro, the electron capture probability
evidently varying from one extreme to the other as the collision
time increases by approximately equal increments. For a given
Eg, and the corresponding ref, the observed period of the resonance
is related to the integral I as shown above and as explained in the
text.

length for the collision then 1/s is proportional to the
collision time, and these intervals would thus be pro-
portional to the effective (average) period of the reso-
nance. Figure 6 is such a plot showing just this behavior,
and was obtained from the data through Fig. 5 in the
following manner.

Figure 5 shows for each laboratory energy E of inci-
dent Ne+ ion the laboratory angles 8 at which the
maxima and minima in Ps were observed. (These
maxima and minima always occurred at the same angles
as the I'2 minima and maxima respectively whenever
doubly ionized particles were a significant fraction of
the scattered beam. ) The solid lines are drawn through
each family of maxima and minima, each family being
characterized by an integer e, while the dashed lines
are curves of approximately constant ro according to
the small-angle approximation"

EO=P(r, ),
where F(rs) is a function of rs only. Each point appear-
ing on Fig. 6, in which Ps is plotted vs 1/e, was obtained
from a point on the E8=30 keV-deg curve of Fig. 5 by
using the collision speed v corresponding to the labo-
ratory collision energy E, and determining I'0 for the
particular values of E and 8 by use of the data of Fig. 3.

It is evident from Eq. (4) that the intervals between
adjacent maxima (and adjacent minima) in Fig. 6
should all have the value

and that I can then be determined from the measured
speeds v. This has been done for the data of Fig. 6 and

"This approximation can be obtained from Eq. (17) of refer-
ence 5, which implies that the product E8 is a function only of
r0 for small-angle scattering by an exponentially screened Coulomb
potential. Also, considerations of a more general nature show that
this should be a good approximation for small-angle scattering by
any repulsive central force which falls oB rapidly with increasing
distance. Note that Ee has the same value in laboratory and
center-of-mass coordinates for the collision of an incident particle
with a target of equal mass.

(E„E,)ds=—I= each—/2. (7)
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FIG. 7. The data of this experiment are interpreted as giving
the functional dependence of the integral I upon the product EH
(which here has the same value in laboratory and center-of-mass
coordinates), the latter depending in turn on the internuclear
distance of closest approach ro. The E„and E of the integrand
are, respectively, the energies of the repulsive and attractive
states of the (Ne2)+ molecular ion, the integration being performed
over the collision path of relative motion.

Although the calculation of I from Eq. (7) is in prin-
ciple quite equivalent to that from Eq. (6), there
appears to be some improvement in accuracy when
using the data in Eq. (7).

Figure 7 shows I, which is the quantity (E, E,)—
integrated over the path of relative motion, vs the
product EO in laboratory coordinates. For each value
of EO the integral I has been calculated from the data
via Eq. (7) for as many pairs of I and v as there are
intersections of that EO curve with the data lines on
Fig. 5. For EO values from 125 keV-deg to 12.5 keV-deg
inclusive, this amounted to from 7 to 9 independent cal-
culations for each E9, all of which were within 2% of
the mean value shown as the ordinate of Fig. 7. The
fact that such close agreement was achieved is con-
sidered strong evidence for the basic validity of our
interpretation of the data.

It would seem desirable to know I as a function of the
distance of closest approach ro. However, the functional
dependence of EO upon ro depends upon the potential
energy function for the Ne+ —Ne system over the range
of internuclear separations from about 0.2 to 1.0 A and
there is still some uncertainty about this latter function.
Consequently, Fig. 8 shows the functional dependence
of EO upon ro as determined from each of two expo-
nentially screened Coulomb potential energy functions.
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The upper curve was obtained using the potential
energy function suggested by Bohr," and the lower
curve was obtained using the exponentially screened
Coulomb potential energy function which best fits the
experimentally determined function of Lane and
Everhart. This latter function was determined from
measured differential scattering cross sections for col-
lisions at 25 keV and extends from internuclear sepa-
rations of about 0.10 to 0.16 A, appearing everywhere
in this region to be about 0.6 of Bohr's function. The
lower curve of Fig. 8 was obtained in effect then by
extrapolating the empirical potential energy function
of Lane and Everhart into the region from about 0.2
to 1.0 A. Both of the curves in Fig. 8 were computed
from the respective potentials using the calculations of
Everhart et a/. ' It is the opinion of the present authors
that the curve obtained from the potential energy
function of Lane and Everhart is the more reliable of
the two.

If one uses this lower curve of Fig. 8 together with
the data of Fig. 7 he can obtain the integral I as a
function of ro, from which he can then determine some-
thing about the functional dependence of (E, E,)—
upon internuclear separation R. This was done by
assuming that (E„E,) is an exp—onentially decreasing
function" of E and performing the integration over a
straight line path which is tangent to the actual
collision path at the point of minimum internuclear
separation. It was found that the values of I so ob-
tained agree with the measured values of I to within
3% when

(E, E)= (390 eV) e—xp( —R/0. 22 A),
(0.2 A&R &0.8 A). (8)

It is difficult to assign limits of error to Eq. (8) since
its accuracy is contingent upon not only the accuracy
of our data and the validity of our rather simple inter-
pretation but also the accuracy of the transformation
from Ee to ro. However, error introduced by the 6rst
of these three sources should amount to less than 10%.

A concluding observation is that a critical value of
ro appears to separate those collisions characterized by
simple resonant electron exchange from those (of
smaller ro) for which this resonance plays only a small
role in the electron capture probability. Figure 3 shows
this separation to occur in the vicinity of 80=12
keV-deg which, according to the lower curve of Fig. 8,
corresponds to rs ——0.5 A. This critical value of the inter-
nuclear distance of closest approach can be compared

'3¹Bohr, Kgl. Danske Videnskab, Selskab, Mat. -fys. Medd.
18, 8 (1948).

'4This same functional dependence was assumed by F. P.
Ziemba in his Doctoral thesis, University of Connecticut, 1960
(unpublished}. His interpretation of the Ne+ on Ne data of refer-
ence 3 is based upon an equation derived in reference 8 which is
equivalent to Eq. (A2} of this paper, and leads him to an estimate
of (E, E) as a function of R. His fun—ction gives values about
25% higher than those obtained from Eq. (8) above, which we
consider good agreement in view of the limited range of data
available to him.
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Fro. 8. The relationship between the product E9 and the inter-
nuclear distance of closest approach r0 is shown for each of two
exponentially screened Coulomb potential energy functions. The
measurements of this paper yield no information about the func-
tional dependence of EH upon r0, and this graph is included so that
the reader can transform the observed values of E8 shown in
Fig. 7 into the corresponding values of r0. In this way the data of
this experiment can be interpreted as giving the functional de-
pendence of the integral I upon r0.

to 0.32 A for the radius of maximum radial charge
density of the 2p electrons in neon, the relative mag-
nitudes of these numbers giving some idea about the
overlap of the two atomic systems which accompanies
the transition from one type of collision to the other.

APPENDIX. RESONANT ELECTRON CAPTURE

In dealing with ion-atom collisions within the range
of kinetic energies and scattering angles of this experi-
ment, one is justified in using a classical trajectory
(impact parameter method) for the scattering event
since the deBroglie wavelength of the incident particle
is much less than the impact parameter of the collision.
In this experiment the de Broglie wavelength of the
incident Ne+ is of the order of 10 ' A while the impact
parameter is always greater than 10 ' A. Furthermore,
the collision is moderately slow when compared with the
motion of the electrons in the outer orbits of the atom.
Here the speed of the incident Ne+ varied from about
0.03 to 0.1 that of the electrons in the outer orbits of
neon. Thus, it would seem appropriate to describe the
collision in terms of the electronic wave functions of the
(Nes)+ molecular ion and the adiabatic approximation
of time-dependent perturbation theory.

This kind of description of the interaction of a posi-
tive ion with a neutral atom of the same species has
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4 (t) = L~(t)4 ~+&(t)4~j

Xexp —i (E„+E.)dt/2A, (A1)

where t; is the time at the start of the interaction. The
square of b(t) represents the probability of the electron
being found with the incident ion at time t, and if t

is chosen to be a time tf after the interaction has termi-
nated then b' represents the probability Pp that the
electron has been captured as a result of the encounter.
Thus Holstein's result is

been given by Holstein4 in a consideration of the mo-
bility of a positive ion in its parent gas. (The recent
book edited by Bates" contains a very similar treatment
of this same problem. ) In particular, he is concerned
with the capture of an electron from the neutral target
atom by the incident positive ion. The wave function
he uses is a linear superposition of the energy eigen-
functions for the attractive and repulsive states of the
diatomic, homonuclear, molecular ion. The space part of
the attractive state is the familiar symmetric combina-
tion of the ground state, unperturbed, atomic states
pz and peal which correspond, respectively, to the elec-
tron being with atom A, the target, and with atom 8,
the incident system. Similarly, the space part of the
repulsive state is the antisymmetric combination of
4z and Qll. The time-dependent perturbation takes the
form of making both of these space states actually
functions of time via the time-changing internuclear
separation, and also replaces the phases E,t/5 and
E,t/t't of the stationary-state functions by the corre-
sponding time-integrated values, since the energies E,
and E, (of the repulsive and attractive states re-
spectively) are now time dependent. A few algebraic
manipulations then lead to an expression for the time-
dependent wave function for the system in the form

there being no difficulty associated with letting
t, ~ —~ and tf —++~.

The description given by Holstein is then one of
resonant electron capture where an electron initially
with the target atom alternates back and forth between
the two atomic systems with a variable frequency
(E,—E,)/h during the course of the collision. We have
an exact resonance inasmuch as the electron has the
same energy in the two degenerate states && and P&.

It is evident that this description is less applicable
to the collisions of the present paper than to the less
energetic ones in a typical ion mobility experiment,
there being no provision in the description for excitation
and ionization of the colliding systems. Nevertheless, it
seems pro&table to apply this description under the
following assumption: For these energetic collisions,
the conditions for maximum and minimum probability
of electron capture are precisely those given by
Holstein's result, the effect of excitation and ionization
being merely to reduce the amplitude of oscillation and
mean value of P0 from that predicted by Eq. (A2).
We may express this assumption by writing that Pp
should be given by

PO=A (v, ro)+8(v, ro) sin' (E„—E„)dt/2h, (A3)

where both A(v, ro) and B(v,ro) are slowly varying,
monotonic functions of the collision speed v and inter-
nuclear distance of closest approach rp.

In applying this description to the present situation
it is advantageous to replace dt by ds/v in Eq. (A3)
and perform the integration over the path of relative
motion. Furthermore, for the moderately small angles
of scattering studied, the relative speed e remains nearly
constant during the collision, so that to a good approxi-
mation the electron capture probability P p becomes

Po A(v, ro)+B(v, ro) sin——'

PO= 1l (tf) =Sill (E„—E,)dt/2A, (A2) X (2i'tv) ' (E, E.)ds . (A4)—


