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Total Charge-Transfer Cross Sections for He+ and Ar+ on K, Rb, and Cs:
Near-Resonant Reactions Leading to Excited Final States*
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Total charge-transfer cross sections have been measured for He and Ar+ ions on K, Rb,
and Cs atoms, using a crossed-beam arrangement. Ion-beam energies ranged from 10 to 1500

eV The cross sections were all very large (& 50 A ) for asymmetric reactions and give evi-
dence of the anticipated importance of capture into excited states in near-resonant reactions.
Predictions (for excited-state products) of a simple two-state theory provide qualitative

agreemen&.

I. INTRODUCTION

We present here the results of a study of elec-
tron capture by the noble gas ions He+ and Ar+ in
collisions with the alkali atoms Rb, Cs, and K.
The measurements were undertaken' to examine
the effect on the total electron-capture cross sec-
tion, o,o, of a near energy resonance (i. e. , the
change 4E of the total electronic energy in the
system is very small) when the initial reactants
are in their ground states but one of the products
is excited. Because the ionization potentials of
alkali atoms are often very close to those of rare-
gas atoms in their first excited states, 4E is
very large for reactions leading to ground-state
products and quite small for certain excited final
states (see Table I). One would expect such a
condition to result in large cross sections even at
fairly low relative velocities.

The importance of small values of 4E in en-
hancing excitation in charge transfer had been dis-
cussed by Lindholm' and used by Dehmelt and

Major, ' but no cross-section measurements had
been made when our work was initiated. While
our measurements were in progress, Donnally
et a/. 4 reported rather large cross sections for
the reaction 8++Ca-H(2s)+Cs+ —0. 49 eV. Sev-
eral other studies have been made more recently.
The work reported here was concerned only with
total charge-transfer cross sections and did not
specifically detect excitation. '~' None of the cross
sections has an energy dependence characteristic
of exact resonance, but their magnitudes are all
much larger than one would expect for ground-
state transitions (&E & 10 eV). It can therefore
be concluded that essentially all of the measured
reactions lead to excited products (some of which
are metastable).

II. DESCRIPTION OF THE EXPERIMENT

The crossed-beam arrangement shown in Fig. 1
was used for the measurements. An ion beam of
variable energy passed perpendicularly through a

TABLE I. Energy defects for various neutral-atom final states (final ion in ground state).

He (1s)

i.
So

2S
2'S
2P
2iP
3 S

20.22

0.42
—0.37
—0.62
—0.97
—2.48

~Z(Rb)

20.39
0.59

—0.20
—0.55
—0.80

2 i3 1

&E(Cs)

20.67
0.89
0.08

—0.27
—0.52
~ 2 ~ 23

Ar

S()

4s [2]2
4s[-]i
4s b]0

i[1]
p[-.],

'

2
P3/2

11.42
—0.13
—0.20
—0.30
—0.40
—1.49

2
PI/2

11.60
0.05

—0.02
—0.12
—0.22
—1.31

2
P3/2

11.59
0.04

—0.03
—0.14
—0.23
—1.32

m(Rb)
2

11.77
0.22
0.15
0.04

—0.05
—1.14

2
P3/2

11.87
0.32
0.25

0.15
0.05

—1.04

~(Cs)
Pi/2

12.05
0.50
0.43
0.33
0.23

—0.86

182 152



182 CHARGE- TRANSF ER C ROSS S E CTIONS 153

(2. 5-cm long x 0. 5-cm in diameter), which per-
mitted the ion beam to pass but impeded the gas
flow from the ion source section (at 10 4 Torr) to
the measurement chamber (at about 1.5 x 10 '
Torr). The base pressure in the chamber was
about 3X10 ' Torr.

2. Ion Source and Beam Characteristics

FIG. 1. Configuration of the beam interaction region.
Most structural components have been omitted to sim-
plify the figure. The oven can be moved vertically to
stop the thermal beam.

thermal beam of alkali vapor. The slow ions pro-
duced in the intersection region were trapped in
an electric potential trough and were collected on
the inner of three concentric cylindrical grids
placed coaxially with the ion beam. The ion beam
was collected and measured after it left the slow
ion trap. The vapor beam passed through the
transparent grid structure and was condensed on
a copper plate cooled to about —5'C. Its flux
density was monitored by a hot-wire ionizer in
front of the condensing plate.

The slow ion current i 6 is related to the ion-
beam current iT.. for ig «iT,

i =i qj'pdx,

where Q is the reaction cross section and p the
alkali atom density at point x along the ion-beam
path; it is assumed that p is constant over any
cross sectional slice of the ion beam but may vary
with x. These conditions were satisfied in the ex-
periment. The effective limits of integration cor-
respond, of course, to the boundaries of the vapor
beam. To determine Q, we measured iG, iT, and

the monitor current i&, f pdx was determined from
~ t
ig by a method described below.

A. The Apparatus

1. Vacuum Chamber

There were two vacuum sections, each pumped
by a 6-in oil diffusion pump trapped by a refriger-
ated baffle. One section contained the ion source
and beam focusing electrodes; the other contained
the alkali vapor oven and other apparatus asso-
ciated with the beam interaction region. The two
sections were connected by a cylindrical channel

The ion source was of the electron-bombard-
ment type' and produced very quiet beams of ions
down to about 10 or 15 eV. Retarding-potential
curves were taken to obtain the energy spread in
the beams; an example for Ar+ at 20-eV "nominal"
energy (based on the ion-source grid potential) is
presented in Fig. 2. The differentiated curve
shows the beam to have a distribution peaked at
15.5 eV with a spread (full width at half-maximum)
of 1.5 eV. A similar curve for He+ peaked at
16 eV and had a spread of 3. 2 eV. The actual
energy spreads were probably smaller than these
data suggest, but in any case they had no effect
on the accuracy of the measurements. The beam
energy characteristics varied slightly with source
conditions but were generally constant during a
single run. The difference between the most prob-
able ion energy (15. 5 eV in Fig. 2) and the nom-
inal energy was determined whenever measure-
ments were made below 50 eV. The resulting
correction to the beam energy was most important
for the lower energies, but it was also applied at
the higher accelerating voltages.

The ion beam was focused by a three-element
lens in the source chamber. The beam was de-
fined in direction and cross-sectional area by the
0. 51-cm-diameter channel between the two vacuum
chambers and by a second aperture, also 0. 51 cm
in diameter, located about 10 cm downstream in
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I'IG. 2. Retarding-potential curve for Ar beam.
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front of the beam intersection region. The ion-
beam currents, measured at the collector beyond
the charge-transfer region, ranged from about
4 x].0 Qg at 11 eV to 3 x10 A at 1 keV.

3. Elements of the Interaction Chamber

The essential components in this chamber were
all housed in an aluminum box, which was cooled
to about —10'C during operation in order to trap
stray alkali vapor. A thermally insulated 2. 54-
cm-diameter copper rod, which passed through
the vacuum wall, conducted heat from the box to
a dry-ice-acetone bath. Other cold surfaces men-
tioned below were cooled by thermal contact
with the box.

a. VaPox beam source. The oven was a soft
iron cylinder with a removable top, sealed with a
0. 0025-cm nickel wire gasket. The exit orifice
was rectangular in cross section and was filled
with a "crinkle foil" thin-tube collimator to give
a well directed vapor beam (see Fig. 1). The
oven was heated by a molybdenum heater in the
orifice wall to maintain high orifice temperatures
for optimum beam collimation. It was loaded in
a dry argon atmosphere and the alkali metal was
covered with dry benzene until the chamber had
been evacuated by a roughing pump.

The oven was mounted on a movable platform
that could be raised or lowered mechanically from
outside the chamber. For background measure-
ments and during the oven warm-up periods, the
oven was left in the down position; the beam mas
stopped by a cold copper plate located 1.27 cm
in front of the orifice and about 0. 64 cm from the
outer grid of the ion trap. A rectangular aper-
ture in this plate just at the ion-beam level de-
fined the vapor beam when the oven was in the up
position, as shown in Fig. 1.

b. Slosh ion trap. Three concentric grids, 6„
G„and G, in Fig. 1, and two guard rings, G„at
each end of G, were designed (a) to provide trap-
ping fields for the slow ions, which were collected
on G„and (b) to shield G, from stray, charged
particle currents produced outside the beam in-
tersection region. The incident ion beam was de-
fined in cross section and angle by a 0. 5-cm-
diameter aperture before it entered the slow ion
trap. The geometry was such that the beam could
not hit G, . The collimation was checked experi-
mentally by using a smaller aperture (0.25 cm
in diameter); no change in the measured cross
sections resulted.

The cylindrical grids were madefrom 0. 0038-cm
tungsten wires stretched between thin nickel rings
(2. 54, 3.81, and 5.08 cm in diameter) at each
end. The wires were held in tension by three
stainless-steel screws on each ring, mounted on
a Micalex plate at each end of the trap. The grid
wires were spaced to provide high transparency

(& 98% per grid) for both the vapor beam and
photons generated in the beam interactio~ zone.
During the design of the grid structure, the elec-
tric potential distributions were measu"ed for
different grid wire spacings and for several volt-
ages on each grid. These distributions were used,
along mith the current-voltage curves made during
the preliminary runs and actual measurements, to
determine the proper operating potentials for the
grids. For most ion-beam energies, the follow-
ing potentials were used: VG = 6 to 10 V; VG,
= —3 V; VG, =22. 5 V; and VG = —12 V. At ion
energies below 50 eV, VG was reduced some-
what to minimize defocusing of the ion beam. In
all cases the potentials mere set so that reason-
able variations in them produced no change in the
current to G, .

c. VaPox hearn m. onitox. A hot-wire surface
ionization detector was used to monitor the al-
kali vapor flux. The tungsten wire and ion col-
lector plates (stainless steel) were mounted im-
mediately in front of the vapor beam condensing
plate as indicated in Fig. 1. The ion collector
plates formed a V-shaped collector, with a nar-
row slot aperture running the full length of the .

plates at the apex to pass a sample of the vapor in
line with the ion-beam axis and the oven orifice.
The wire, placed midway between the plates, was
held in tension by a spring to keep it straight.
The wire and the plates were long enough that a
thin horizontal slab of the entire vapor target pre-
sented to the ion beam was monitored. The diam-
eter of the tungsten wire was measured with an
accurate micrometer. About 20 measurements
taken over the length of the wire were used to de-
termine the average diameter: 2. 40+0. 05
&10 ' cm.

In operation, the wire was kept a few volts
negative with respect to the ground and the col-
lector plates were at about —45 V. This arrange-
ment assured complete collection of the ions by
the plates.

The ion yield of the hot wire reached a satura-
tion value when the wire heating current was
raised to about 60 mA for Rb and Cs. The normal
operating current was about 90 mA for these
atoms. The yield saturated at about 80-90 mA
for K, and a current of 100 mA was used during
the experiment. Under these conditions the mon-
itor yield was independent of changes in either the
collector plate voltage or wire current, for all
species, and we assume that 100% ionization and
collection efficiencies obtained (see the discussion
of errors below}.

The monitor currents~ obeys the relationship

t' =ew'v fp'dx,
rn

where e is the electronic charge, u the diameter
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of the wire, v the mean speed of the vapor atoms
in the oven'y' and p' the vapor density at the wire.
fp' dx (at the monitor wire) is related to fpox
(at the ion-beam axis) by a geometric factor dis-
playing the angular divergence of the vapor beam.
A separate experiment was required to establish
the factor

0
I

o
8 4

f = f pdx/f p'dx.

A second hot tungsten wire ionizer was streched
between the ends of the ion trap along the position
of the ion-beam axis, and its surface ionization
current iJ was collected on t",. A typical plot of
the currents iJ and iJ as a function of the vertical
position of the oven is given in Fig. 3. Both cur-
rents are quite linear with oven position when the
beam is partly cut off by the aperture, indicating
a fairly uniform flux at the oven's orifice, but
there is a slight (- 2%) variation of both currents
on the "flat" peak. The zero of the currents in
Fig. 3 was taken as the background current with
the oven down, well below the beam-defining
aperture (at an indicator setting of about f, to the
left of the numbers on Fig. 2). A similar back-
ground subtraction procedure was used during the
cross-section measurements. The ratio i~/i& is
also plotted in Fig. 3. It remains constant at
1.95 over the region when the oven is near the
center of the defining aperture at a position in-
dicator reading of 22. 5. This value (1.95) of the
ratio is uncorrected for the microammeter errors.
The corrected ratio was close to 2. 35 and in-
creased less than 5% over a tenfold increase in
vapor beam flux as the oven temperature was in-
creased, reflecting a slow change in the vapor
flow pattern with pressure. The ratio was found
to be the same for Rb and Cs for the same oven va-
por pressure as determinedfrom vapor pressure-
temperature curves. The value of f used in com-
puting the cross section was taken from the ex-
perimental value for the oven temperature of each
run.

The ratio

i~/i~ tof pdx/—(u 'f p'dx) =f
since sv'=re by micrometer measurement. The
atom target density fpdx in Eq. (1) was deter-
mined from the monitor current iJ' using the re-
lation

g=i emv = i' ere'v
m J 7n'

B. Procedure

Relative measurements were taken in the fol-
lowing manner. With the aluminum box cooled,
the oven was heated to the desired temperature

Vt 0002 3
X I ~ ~
X
O

z2
O
t-
C
X

I

I I I I I I t I I I I I « t I t I

t2 14 t6 Is 20 22 24 26
OVEN POSITtON —units on indicator

FIG. 3. Yields of vapor beam detectors versus
oven position,

while in the down position. About an hour was
required for all temperatures (measured by
suitably placed thermocouples) and background
currents to reach equilibrium values.

For each desired value of the ion-beam energy,
several measurements were made, alternately
with the oven lowered so that the vapor beam was
cut off, and then with the oven raised. The dif-
ferences hiG and ~iJ between the vapor beam
"on" and "off" values, along with the incident ion-
beam current i~, yielded relative cross sections
in the form arel= &iG (&i~i T) '. The oven tem-

1
perature was usually set to achieve vapor den-
sities such that about 2% of the ion beam under-
went charge transfer at 250 eV; that is, 4ia

1= 0. 02 i Z, and i~ was correspondingly reduced
by 2% when the oven was raised. Under these
conditions Eq. (1) is valid and the slow ion yield
is linear with hip and Q. As the ion energy was
changed, the validity of the current readings was
tested. At higher energies the potentials on the
ion collector suppressor grids and on the ion
trap guard rings G, were rearranged to prevent
positive ions emitted from the ion collector from
reaching G, and to suppress the more energetic
secondary electrons. At ion energies below
100 eV, these potentials were reduced appropri-
ately to prevent distortion of the beam ion tra-
jectories. In all cases, the relative cross sec-
tion was independent of reasonable variations in
any of the electrode potentials about their oper-
ating values. We also found that the slow ion
yields were linear with the vapor density. Fur-
ther, the cross sections were unaffected by a
sixfold increase in the monitor current and were
independent of the ion-beam current.

In addition to the charge-transfer ions, there
also existed a slow ion current to t", caused by
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photo-ionization of the vapor beam (by photons
emanating from the ion source). The resulting
slow ion background was essentially constant
during a given run. This background became in-
creasingly important toward lower ion-beam en-
ergies where both the ion-beam current and the
charge- transfer cross sections decreased, At
beam energies below 150 eV it was necessary to
determine the contribution to ig due only to
charge transfer by taking measurements with the
ion-beam off and on, with the alkali oven both up
and down, and performing appropriate subtractions.
The low energy limit of the measurements was
reached when the charge-transfer ion current was
reduced to a magnitude comparable to the photo-
ionization background and the uncertainties in this
double subtraction procedure (due mainly to beam
instabilities) became unacceptable.

Collisional ionization of the vapor atoms by ion
impact (A++8-A++ B++e) can also yield slow
ions. It was not possible in our apparatus to
shield grid 6, against electrons from other
sources in order to measure the electrons pro-
duced by the ionization reactions. The negative
current to G, always exceeded the slow ion cur-
rent, even with the vapor beam off. This back-
ground was found to be associated with the ion
beam and apparently due to secondary electrons
from the aperture in front of the charge-transfer
region. We were able to show that these electrons
did not interfere with the slow ion measurements,
but they did prevent the direct measurement of
the current due to ion-impact ionization of the va-
por atoms. Perel et al. have reported that the
total electron current from Rb++ Rb collisions at
10 keV was less than 2% of the charge-transfer
current. At an equivalent ion speed (1.5&10'
cm/sec), the He++ Rb ionization cross section is
probably smaller than that of Rb++Rb; thus it
should be less than 2/g of the electron-capture
cross section. Although the ionization cross sec-
tion for Cs may be somewhat larger, it is highly
unlikely that any of the measured cross sections
were increased by more than 5% due to this back-
ground. This effect is included in the total error
estimated below.
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is the relative cross section described above, e
is the electron charge, se is the diameter of the
hot wire of the vapor beam monitor, f is the mon-
itor constant defined by Eq. (2), and the mean
speed of the oven vapor s e

1 1

v = =1.46&&10' — cm sec,

where T is the oven temperature ('K) and M is the
mass of the vapor atom (amu).
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FIG. 4. Total charge-transfer cross sections for He+
in K, Rb, and Cs. Error bars indicate random statis-
tical errors for He + Cs results. Solid line is Rapp-
Francis prediction for He++ Cs.

C. Calculation of the Cross Sections

The total charge-transfer cross sections were
obtained from the equation

Q=(ew'v /f)(ai~ /i ai'),

M 5

A~--

+
Ar +K

which follows from Eqs. (1) and (2) with i& and

ig replaced by 4iG and ~ig, the changes in these
currents caused by raising the vapor oven. Again,
~he qua. ntity

/i
1

BEAM SPEED IO cm/sec

FIG. 5. Total charge-transfer cross sections for Ar
in K, Rb, and Cs. Error bars indicate random errors.
Rapp-Francis calculation for Ar +Rb is given by solid
curve.
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D. Results

The cross sections for He+ and Ar+ were mea-
sured over the ion energy range from 10 to 1500
eV in the vapors of Rb and Cs and from 35 to

1500 eV in K. The results are presented in Figs.
4 and 5 and in Table II. The He++ Cs reaction
cross section was studied the most thoroughly,
and some of the data points taken at small energy
intervals are not included in Table II.

TABLE II. Charge-transfer cross sections (10 cm ) for He and Ar ions at various energies (eV) and speeds
(10 om/seo) in K, Rb, and Cs vapors.

Lab energy Speed
He

q(K) q(Rb) q(Cs) Speed q(K)

Ar+

q(Rb) q(Cs)

11
16
21
26
31
36
40
46
50
60
71
80
90
96

100
105
110
115
121
125
130
140
146
150
170
190
200
225
230
240
250
275
300
325
350
375
400
450
500
550
600
650
700
750
800
850
900
950

0.230
0.28

0.32
0.36
0.39
0.42
0.45
0.47
0.49
0.54
0.59
0.62
0.66
0.68
0.70
0.71
0.73
0.75
0.77
0.78
0.79
0.82

0.85
0.91
0.96
0.98
1.03
1.05
1.08
1.10
1.15
1.200
1.25
1.30
1.35
1.39
1.47
1,55
1.63
1.70
1.77
1.84
1.90
1.96
2.02
2.08
2.14

0.215

0.237

0.286

0.337

0.318

0.335
0.462

0.498

0.572

0.651

0.755

0.850

0.899

0.948

0.36

0.39

0.47

0.55

0.645

0.690
0.700

0.725
0.72

0.760

0.800

0.832

0.865
0.875
0.915
0.990
1.005
1.040
1.100
1.130
1.150

1.250

0.67 +.06
0.66 + .03
0.63 +.03
0.69 +.01
0.715 +.01
0.723 +.01
0.720
0.750
0.760
0.810
0.840
0.853
0.870
0.876
0.872
0.870
0.860
0.858
0.860
0.875
0.893
0.923

0.950
0.998
1.020
1.030
1.035
1 ~ 050
1.070
1.100
1.170
1.190
1.230
1.265
1.30
1.325
1.380
1.410
1.445
1.470
1.470

1.530

1.570

1.570

0.073
0.088
0.101
0.112
0.122
0.132
0.40
0.149
0.155
0.170
0.185
0.196
0.208

0.215
0.220

0.242

0.266
0.269
0.287

0.311
0.330

0.342
0.348
0.365
0.381
0.396
0.411
0.426
0.440
0,466
0.492
0.516
0.539
0.561
0.582
0.602
0.622
0.641
0.660
0.678

0.247

0.244

0.248
0.254

0.261
0.264

0.285

0.365

0.441
0.344

0.353

0.401

0.400

0.458

0.498

0.555

0.598

0.632

0.674

0.46 +.02
0.505 + .02
0.545 + .01
0.595+ .01
0.665+.007
0.700

0.820

1.100

1.385

1.425

1.540

1.570

1.600
1.590

1.600
1.630
1.630
1.650
1.650
1.650
1.655
1.650
1.635
1.650
1.655
1.640
1.620
1.630
1.630
1.640

1.640

0.320

0.400

0.445

0.463

0.510

0.540

0.552

0.582

0.610

0.630

0.645

0.655

0.640

0.630

0.660
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Lab energy Speed Q(K)

He

TABLE II. Continued.

Q(ab) Q(CS) Speed

Ar+

Q(H,b) Q(es)

1000
1050
1100
1150
1200
1250
1300
1350
1400
1450
1495
1550

2.20
2.25

2.31
2.36
2.42
2.46
2.52
2.55
2.61

2.68
2.73

1.09

1.03

1.19

1.22

1.25

1.24

1.265

1.350

1.400

1.445

1.580
1.590

1.640

1.680

1.655
1.67

0.695
0.713

0.745
0.761
0.778

0 ~ 808
0.821
0.837
0.850

0.710

0.798

0.829

0.855

1.640

1.610

1.630

0.680

0.710

A few errors are indicated for low energy points.
These are estimates of the experimental standard
error. W'hen errors are not quoted, the random
error is about 1% for He++ Cs below 900 eV and
2% above, and about 3% for the other reaction
cross sections above 100 eV. The assumption of
100% surface ionization efficiency for the hot wire
alkali beam flux detector is undoubtedly realistic
for the Rb and Cs beams; however, it may be an
overestimate for the K beams. Datz and Taylor"
found a maximum efficiency of 86% for a clean W
wire, while an oxide coating on the wire can yield
100%. No attempts were made to clean our wire,
beyond washing it with distilled water; thus it was
probably initially oxide coated. Although we did
not observe any change in efficiency (or in the
cross sections obtained on different days), the re-
sults may nevertheless be as much as 15% too
high because of the 100/0 efficiency assumption.
The total error is estimated to be less than 10/o
for the reactions involving Rb and Cs, and 2(P/p

for the K results.

IH. DISCUSSION

The noteworthy characteristics of the cross
sections shown in Figs. 4 and 5 are the magni-
tudes, the general velocity dependence, and the
structure (which is particularly evident in the
He++ Cs reaction).

The magnitudes are larger than 0. 5 x10 '~ cm'
except at the lowest energies, and exceed 1.5
X10-"cm' at the maxima. Cross sections of this
magnitude ean only result from near-resonant
reactions when the transition can occur with high
probability at large internuclear separations.
For instance, the Stueckelberg two-state theory"
estimates a maximum total cross section of about
mR„' when R~ is the internuclear distance at the
crossing of the potential-energy curves of the ini-
tial and final molecular states (use of a random-
phase approximation gives -

2 mR~' for Stueckel-

berg's treatment). For the magnitudes of pm~
here we find Rz occurs at at least 7 A. Because
the forces between the atoms are small at these
distances, such crossings can occur only between
states whose internal energies do not lie far apart
at infinite nuclear separations, that is, between
states satisfying the criterion for near-resonant
reactions. For these reactants it can be deduced
that nearly all reactions proceed directly to ex-
cited states of one of the products. In the reac-
tions involving He+ ions studied here, near-res-
onant reactions can yield either excited He atoms
or excited alkali ions. However, excitation of the
final ion involves at least one closed-shell elec-
tron of the ion and perhaps the valence electron
as well. At these comparatively low energies
such events are probably less frequent than the
electron transfer producing excited He atoms,
which need only be an outer electron process.
For Ar+, near-resonant conditions occur only
when the electron capture yields excited Ar atoms.
The relative populations of the various probable
final states of these reactions have not yet been
measured for these reactions, but the resulting
excited neutral beams have been used to produce
He beams, "~"and to measure de-excitation
cross sections. '4

Although the cross sections are large, the en-
ergy dependences are not characteristic of exact,
or "accidental, " resonance which generally fol-
lows the relationship Q' ' =a —5 inE. Since there
have been no detailed theoretical treatments of
these reactions, it is not possible to offer any
other than qualitative arguments for the energy
dependence. We note, however, that it is under
conditions satisfied by the reactions studied here
that the Rapp-Francis (RF) approximation" is at
its best, i. e. , when the ionization potentials of
the atoms are small (here the final rare-gas atom
is considered to be in an excited state) and the
interaction occurs at large internuclear distances.
For this reason we were prompted to compare
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the predictions of the RF theory with some of the
experimental results. Lee and Hasted" have pre-
sented the RF approximation in a useful form by
making some additional simplifications that are
consistent with the restrictions already imposed
by Rapp and Francis. This formulation was used
to compute the cross sections for He++ Cs and
Ar++ Rb.

The calculation involves the mean ionization po-
tential of the two atoms and the energy defect 4E,
plus a statistical weighting factor. The computa-
tions thus required some assumptions about the
initial and final atomic states, as well as the sta-
tistical weights of the reaction channels. For
He++ Cs, the initial states are He+(Is 'S,&,) and
Cs(5P'18'S, &,). The final states were assumed
to be Cs+('S, ) and only the four excited He states
(Is2s) 'S, 'S, and (1s2p) 'P, 'P. The RF theory
considers only two states, and the normalization
procedure thus cannot apply to the cases treated
here. We have considered each of four final
states (characterized by the appropriate value of
&E) to participate independently, weighted rel-
atively by the statistical weights of their spin
states, and then averaged the sum by dividing
each weighting factor by two, since each pair of
spin states was used for two cross sections. The
total cross section QZ was taken as a sum of the
(independent) individual contributions; thus

Qy =-'lQ('S)+Q('P)l +-'[Q('S)+Q('P)].

The P-state cross sections receive no more
statistical weight than the s-state cross sections
because we assume that only Z intermediate mo-
lecular states can arise from the two s orbitals
of the initial valence electrons. The RF theory
considers only transitions in which symmetry of
the total (spinless) wave function is conserved.
Another possible choice would have increased the
results by a factor of 2 (the individual cross sec-
tions would be simply added). It is clear, on the
other hand, that one cannot simply increase the
denominator indefinitely as more states are con-
sidered, as this procedure willlead to steadily de-
creasing cross sections as states with larger
4E's are added, whose cross sections are neg-
ligible. Our procedure is admittedly arbitrary,
and a better theory would be desirable.

For Ar++ Rb, the Ar+ beam was assumed to
consist of —,

' Ar+(2P' 2P,&,) and —', Ar+(SP"P, &,).
The final Ar atom was restricted to the near-
resonant states (P,~,)4sP„(P»,)4sP„(P»,)4s
P„and (P,&,)4sP„where the symbols in the pa-
rentheses indicate the state of the ionic core.
The multiplicative factor for each partial reaction
cross section consisted of the statistical weight
of the core state times the weight of the final
atom as follows: the P», core (with the weight
—, ) can produce P, and P, states with the weights

3 1
4 and 4, respectively; thus the cross sections for
these states will contribute to the total as 3 x4
Q(P, ) and —,

' x —,
'

Q(P, ). Similarly, the states with
the (P,~,) can contribute according to —,x —,'Q(P2)
and —', x-'. Q(P, ).

The results are shown in Figs. 4. and 5 along
with the experimental data. The calculated cross
sections are less than half the size of the experi-
mental ones, but the dependence on ion speed is
quite similar except at the lowest values. Indeed
if the Ar++ Rb theoretical results are multiplied
by 2. 2, the experimental data are tracked re-
markably well (to within 10%) above 20 eV. Sim-
ilarly, an increase in the He++ Cs theoretical re-
sults by a factor of 2. 5 brings them within 10/0 of
the experimental values for He+ energies above
20 eV. The approximation of atomic orbitals by
simple one-electron wave functions makes this
theory generally predict low cross sections, and
it is undoubtedly the special nature of the partic-
ular reactions studied here (which occur at large
distances where perturbations of the electron
core are small) which allows the theory to provide
the qualitative agreement that it does.

Over the range of our measurements the experi-
mental cross sections certainly do not have the
Q'la=a —b Inv velocity dependence of the acciden-
tal resonance case. The general shapes of the
cross-section curves are predicted fairly well by
the Rapp-Francis theory as we have applied it,
and in its light the fact that the cross sections do
not show an exact-resonant behavior can be ex-
plained by the existence of several possible final
states with different values of 4E.

The total cross sections He++ Cs have also been
measured by Donnally and Thoeming" at 3 keV
and by Schlachter et al. "for He+ energies be-
tween 1.5 and 25 keV. Their results are shown,
along with the present results and the RF pre-
dictions, on a plot of Q»' versus Inv(v =ion speed
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R et ol.
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FIG. 6. Q versus 1ogE plot of these and other experi-
mental results for He++ Cs. Predictions of Rapp-
Francis theory are also shown.
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in cm/sec) in Fig. 6. Our results at 1450 eV are
about 30'%%uo higher than those of Schlachter et al.
at about 1500 eV, the only energy common to the
measurements. This disagreement is not under-
stood, but it probably originates in the calibration
of the vapor target thickness (integrated vapor
density along the ion-beam path). There is doubt-
less some error in each experiment.

Our absolute errors stem mainly from the mea-
surements of the wire diameters of the two sur-
face ionization detectors (5'%%uo), the current meter
calibrations (2%), and the assumption that the
vapor beam density was uniform over any partic-
ular cross section of the ion beam (probably & 5%,
variations along the ion-beam path were accounted
for). The greatest absolute uncertainties in the
measurements of Schlachter et a/. probably were
connected with the calibration of their Cs gauge,
which required a fit of the ionization detector
yield (a relative measure of the efflux of Cs from
a sampling orifice in the oven) to published values
of Cs vapor pressure versus temperature. The
vapor pressure of Cs is a very steep function of
temperature, and a 30% variation occurs over a
temperature change of less than 4 K in their range
of operation. Their relative uncertainties were
about 10%. Donnally and Thoeming's absolute
values also depend on vapor pressure curves and
oven temperature measurements. They estimate
their error at +15%.

In any case, it appears that the value of the He+
+ Cs cross section reaches a maximum at about
1500 eV, and that our highest energy corresponds
to a maximum in the cross section, and the range
covered by Schlachter et al. is in the high energy
region, where Q'~'-a —b InE. The RF theory is
in rough agreement with this behavior (see Fig.
6).

When this work was originally undertaken, one
of the reasons for expecting that near-resonant
reactions would have high cross sections was that
this was predicted by a simple application of
Massey's adiabatic criterion. " Now that it has
become clear that many inelastic processes with
large energy separations at infinity have respect-
able cross sections even at very low energies,
the naive form of the adiabatic criterion no longer
appears justified, and it is being largely super-
seded by a return to the curve-crossing formal-
ism. (There is a very close connection between
the Landau- Zener curve-crossing theory and a
more sophisticated view of the adiabatic criterion
that is entirely consistent with Massey's original
point of view. )" If we consider the molecular
states formed when two atoms approach each
other, it is clear that some of the crossings be-
tween them are much more likely to fall at large
distances' if the energy separation b, E between
the states at infinity is small. Since the cross
section in question is essentially»~ multiplied
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FIG. 7. Plot of three cross sections versus inverse
beam speed.

by a probability factor, the opportunity for a pro-
cess having a large cross section is greatly en-
hanced if 4E is small. A more quantitative ar-
gument also shows that the peak in the total cross
section is likely to occur at lower energies as
4E decreases. Thus the curve-crossing theory
leads to results very similar to those of the
Massey adiabatic criterion; it also allows for
more quantitative predictions and a more de-
tailed description.

Some structure, in the form of undulations in
the curves drawn through the data points, is
present in all cases studied. It is most evident
in the He++ Cs and Ar++ Rb reactions which were
examined most thoroughly. Such undulations
have been observed in total cross sections of both
symmetric and unsymmetric reactions between
alkalis'~" "and have been predicted theoretical-
ly. '~ The oscillations in the alkali j.on-atom
reaction cross sections are periodic when the
cross sections are plotted against the reciprocal
of the ion speed.

The theory of such oscillations was first de-
veloped for the symmetric situation, but Lichten
pointed out that the same argument applies with
only minor modification in the asymmetric case.
Lichten's discussion" was focused primarily on
oscillations in differential cross sections, but the
fact that such oscillations at high energies are
essentially independent of the scattering angle and
are uniformly spaced in reciprocal speed means
that the same behavior will appear in the corre-
sponding total cross section. Thus the behavior
seen by Perel et al. in the alkali ion-atom total
cross sections' is really of the same origin as the
oscillating behavior seen by Everhart et al. in
rare-gas differential charge-exchange cross
sections at high energies.

In the cases reported here more than one final
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state is involved in each cross section, so one
can expect more complicated structures than
occur in pure alkali or symmetric cases, and
some of the patterns may be washed out by com-
peting effects. For general interest, three of the
better sets of data are plotted against reciprocal
speed in Fig. '7 (note that the curves must ap-
proach the origin). Some oscillations are sug-
gested, but no attempt has yet been made to an-

alyze them in detail.
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