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DISCLAIMER D E 8 9 001156

This report was prepared as an account of work sponsored by an agency of the United Stales
Government. Neither the United Stales Government nor any agency thereof, nor any of theif
employees, makes any warranty, express or implied, or assumes any legal liability or responsi-
bility for the accuracy, completeness, or usefulness of any information, apparatus, product, or
process disclosed, or represents that its use would not infringe privately owned rights. Refer-
ence herein to any specific commercial product, process, or service by trade name, trademark,
manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recom-
mendation, or favoring by the United States Government or any agency thereof. The views
and opinions of authors expressed herein do not necessarily state or reflect those of the
United States Government or any agency thereof.

Abstract - A multicharged ion-atom merged-beams apparatus has been used 1n conjunction
with the ORNL-ECR ion source to measure accurate absolute electron-capture cross
sections 1n the energy range from below 1 eV/amu to 1500 eV/amu. Measurements for
N3+.4+.5+ + H(D) collisions Indicate good agreement with available theoretical calcula-
tions. However, measurements with 05+ + H(D) show an unexpected low-energy behavior
which may be attributable to the 1on-1nduced-d1pole attraction between the reactants.
Scaled Landau-Zener calculations presented here Identify a transfer plus excitation
channel which has the correct energy dependence at low energies. This finding suggests
the need for a comprehensive coupled channel calculation which would include such pro-
duct states.
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1 - INTRODUCTION MASlBt
The Inelastic process whereby a multicharged Ion captures an electron from a neutral atom 1s
Important 1n environments containing both highly charged Ions and neutrals. Cross sections
for this electron-capture process at low energies are typically large (>10-15 cm2) and selec-
tively populate excited states of the multiply charged 1on. Such collisions, therefore, are
important for plasmas of thermonuclear fusion, astrophysics, multicharged 1on sources, and
the development of X-ray lasers.

Only very limited data are available for electron capture by multicharged ions colliding with
neutrals in the velocity range (v<0.1 a.u.)« In such low-velocity collisions, the relative
nuclear motion between collision partners 1s slow compared to the orbital motion of the
active electrons of the system. Electrons of the temporary quasi-molecule formed In the
collision have sufficient time to adjust to the changing Interatomic field as the nuclei
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Abstract - A multicharged ion-atom merged-beams apparatus has been used in conjunction
with the ORNL-ECR ion sour.ee to measure accurate absolute electron-capture cross
sections 1n the energy range from below 1 eV/amu to 1500 eV/amu. Measurements for
N3+.4+.5+ + H(D) collisions Indicate good agreement with available theoretical calcula-
tions. However, measurements with 05+ + H(D) show an unexpected low-energy behavior
which may be attributable to the ion-induced-dipole attraction between the reactants.
Scaled Landau-Zener calculations presented here identify a transfer plus excitation
channel which has the correct energy dependence at low energies. This f inding suggests
the need for a comprehensive coupled channel calculation which would include such pro-
duct states.

1 - INTRODUCTION

The inelastic process whereby a multicharged ion captures an electron from a neutral atom is
important in environments containing both highly charged Ions and neutrals. Cross sections
for this electron-capture process at low energies are typically large (>10"15 cm2) and selec-
tively populate excited states of the multiply charged ion. Such collisions, therefore, are
Important for plasmas of thermonuclear fusion, astrophysics, multicharged 1on sources, and
the development of X-ray lasers.

Only very limited data are available for electron capture by multicharged Ions colliding with
neutrals in the velocity range (v<0.1 a.u.). In such low-velocity collisions, the relative
nuclear motion between collision partners 1s slow compared to the orbital motion of the
active electrons of the system. Electrons of the temporary quasi-molecule formed 1n the
collision have sufficient time to adjust to the changing interatomic field as the nuclei
approach and separate. Coupled stationary-state calculations /I,2/, while successful at
higher energies, do not necessarily give consistent predictions at lower energies. In such
calculations, the internuclear motion has generally been treated classically. It would seem
that full quanta! calculations /3-5/ may be required for accurate predictions at the lowest
energies, but such methods have remained until recently /6,7/ essentially untested. At these
low energies there has been speculation /3,8/ that the 1on-1nduced dipole attraction between
the reactants may cause orbiting trajectories /9/. Cross sections due to this process are
predicted classically to have a 1/v dependence at lower energies,
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Most of the experimental work on such collision processes has been based on 1on-beam
gas-target methods, which have generally been limited to energies above 100 eV/amu. Some
experiments at lower energies have been performed by Phaneuf et ai. /10/ using a pulsed-
laser-produced plasma as a source of slow multiply charged Ions. In the 10 to 100 eV/amu
energy regime they found that for few-electron systems there exists no simple scaling of the
cross sections with charge or velocity, so that each system must be Investigated separately.
The strong influence of the ionic core has been seen 1n theoretical calculations /ll,12/ and
measurements /13/ of substate distributions at energies less than a few keV/amu.

To address the need for experimental measurements 1n this energy range, an 1on-atom merged-
beam apparatus has been developed /6/ at Oak Ridge National Laboratory to measure absolute
total electron capture cross sections for multicharged ions colliding with atomic hydrogen 1n
the energy range of 1 to 1000 eV/amu.

2 - EXPERIMENTAL

The mergeci-beam method is well suited for such measurements in this energy range. Details
are presented in ref. 6. In this technique, beams of neutral atoms and multicharged Ions each
having laboratory energies in the keV range are merged, resulting 1n a relative velocity of
the two beams that can be "tuned" over a large range. The relative energy 1n the center-of-
mass frame 1s given by

Erei (eV/amu) = |l + | - 2 (!l if) 1' 2 cos 8 (1)

where E, and m, denote the energy and mass of each beam, and 6 1s their angle of Intersec-
tion. For perfectly col linear beams, 8=0 and E r e] can be made zero for

Figure 1 1s a simplified schematic of the apparatus. The multicharged Ion beam X9+ 1s
merged electrostatically with a neutral H or D beam. The merged beams Interact 1n a field-
free region for a distance of 80.8 cm, after which the primary beams are magnetically
separated from each other and from the product or "signal" H(D) + Ions. The X(<H)+ product
of the reaction is not measured separately, but is collected together with the primary X^+ in
a large Faraday cup. The neutral beam intensity is measured by secondary-electron emission
from a stainless steel plate, and the signal H + or D + ions are recorded by a channel electron
multiplier (CEM) operated in pulse-counting mode. A pure ground-state beam of H or D atoms
1s produced by passing a 6-9 keV beam of H" or D~ Ions through the optical cavity of a
1.06-um Nd:YAG laser, where up to 600 W of continuous power circulates and typically 0.5% of
the negative ions undergo photodetachment. A nearly parallel beam of H(D) atoms 1s produced
In the merge-path with a diameter of 2-4 mm FWHM and an intensity of 10-20 (particle) na.
The divergence of this beam 1s typically less than 0.2°. A 50-90 keV, 2-5 uA beam of X9+

ions 1s produced by the ORNL-ECR with a typically 6-8 mm FWHM in the merge path and a
divergence of less than 0.5°.

Figure 7 shows the relative energy in the center-of-mass frame obtained for three different
neutral-beam conditions for collisions involving O5+. To change the energy, E r e ] , the energy
of the 0 5 + is varied while the velocity of the H or D beam 1s held constant. It 1s clear
from the figure that a wide range of relative energies is obtainable with this apparatus. As
is shown 1n the figure, an Interaction energy of 100 eV/amu may be obtained several different
ways: D faster, D slower, and H faster than the 0 5 + beam. These different laboratory condi-
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are presented in ref. 6. In this technique, beams of neutral atoms and multicharged Ions each
having laboratory energies in the keV range are merged, resulting 1n a relative velocity of
the two beams that can be "tuned" over a large range. The relative energy 1n the center-of-
mass frame 1s given by

Ei E 2 ,Ei E2.l/2
Erei (eV/amu) - -L + ^ - 2 (^ $ cos 8 (1)

where Ei and mi denote the energy and mass of each beam, and 8 Is their angle of Intersec-
tion. For perfectly col linear beams, 9=0 and E r e^ can be made zero for

Figure 1 is a simplified schematic of the apparatus. The multicharged 1on beam X ^ 1s
merged electrostatically with a neutral H or D beam. The merged beams Interact 1n a field-
free region for a distance of 80.8 cm, after which the primary beams are magnetically
separated from each other and from the product or "signal" H(D)+ Ions. The X ^ - 1 ) * product
of the reaction is not measured separately, but is collected together with the primary Xi+ 1n
a large Faraday cup. The neutral beam intensity 1s measured by secondary-electron emission
from a stainless steel plate, and the signal H+ or D+ ions are recorded by a channel electron
multiplier (CEM) operated in pulse-counting mode. A pure ground-state beam of H or D atoms
is produced by passing a 6-9 keV beam of H" or D" ions through the optical cavity of a
1.06-u.m Nd:YAG laser, where up to 600 W of continuous power circulates and typically u.h% of
the negative ions undergo photodetachment. A nearly parallel beam of H(D) atoms Is produced
in the merge-path with a diameter of 2-4 mm FWHM and an Intensity of 10-20 (particle) na.
The divergence of this beam 1s typically less than 0.2°. A 50-90 keV, 2-5 pA beam of X ^
ions is produced by the ORNL-ECR with a typically 6-8 mm FWHM In the merge path and a
divergence of less than 0.5°.

Figure 2 shows the relative energy 1n the center-of-mass frame obtained for three different
neutral-beam conditions for collisions Involving O5+. To change the energy, E r ei. the energy
of the O5+ 1s varied while the velocity of the H or D beam 1s held constant. It 1s clear
from the figure that a wide range of relative energies 1s obtainable with this apparatus. As
is shown in the figure, an Interaction energy of 100 eV/amu may be obtained several different
ways: D faster, D slower, and H faster than the 05+ beam. These different laboratory condi-
tions provide important diagnostic checks on the measurements.



ORNL-DWG 88-11570

80.8 cm H
H H - /

NEUTRAL
BEAM

DETECTOR
-1) +

FARADAY
CUP

'CHANNEL
ELECTRON
MULTIPLIER
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Fig. 2. The relative energy, Erei, obtainable 1n the present apparatus for 6 keV H, 8 keV D,
and 9 keV D neutral beams as function of the 05+ beam energy. The Intersections of the hori-
zontal line at 100 eV/amu with the different H(0) curves Illustrate that several different
laboratory conditions can be used to measure the cross section at a given E r t ] .



An Important advantage of the merged-beam technique 1s the large deampHfication of the
interaction-energy uncertainty resulting from the energy uncertainties 1n the primary beams.
In F1g. 2, the slope of the curves 1s just AEre-|/AE2, where AE2 1s the energy uncertainty 1n
the 05+ beam. As Ere] decreases, the slope decreases, reducing the uncertainty 1n E r ei. For
an estimated uncertainty of 10 eV 1n the neutral beam energy and 100 eV In the 05+ beam
energy, the estimated uncertainty due to each beam Is less than 1 eV/amu at Erei - 100 eV/amu
and 0.1 eV/amu at Erei = 1.0 eV/amu.

Another advantage of the merged-beam technique 1n low-energy measurements 1s the potentially
large angular collection of the reaction products. The low energy electron capture colli-
sions under study are exoergic, and, since both products are positively charged, they can
undergo significant angular scattering in the center-of-mass frame /14/. In this respect
the merged-beam technique is ideal since the angular scattering in the center-of-mass frame
becomes significantly compressed in the laboratory frame, 1n which the product Ions are
collected. The apparatus was designed to have as large an angular collection as possible.
An average angular collection in the laboratory frame along the 80.8 cm merge path was deter-
mined by detailed trajectory calculations /6/ to be 1.8°. The resultant angular collection
in the center-of-mass frame is shown In Fig. 3. Note that for measurements performed
with a 9 keV D beam at an Erei = 1 eV/amu product trajectories with up to 90° scattering 1n
the center-of-mass frame are collected.

Electron-capture cross sections are determined by measuring the rate of H+(D+) product Ions
produced by the beam-beam interaction over the merged length L. The cross-section value is
calculated at each velocity from the directly measurable quantities through the equation

„ R Y qe2 V1V2 1
vr L<F>

(2)
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becomes significantly compressed in the laboratory frame, in which the product ions are
collected. The apparatus was designed to have as large an angular collection as possible.
An average angular collection 1n the laboratory frame along the 80.8 cm merge path was deter-
mined by detailed trajectory calculations /6/ to be 1.8°. The resultant angular collection
1n the center-of-mass frame 1s shown 1n Fig. 3. Note that for measurements performed
with a 9 keV D beam at an E re i = 1 eV/amu product trajectories with up to 90° scattering 1n
the center-of-mass frame are collected.

Electron-capture cross sections are determined by measuring the rate of H+(D ) product Ions
produced by the beam-beam interaction over the merged length L. The cross-section value 1s
calculated at each velocity from the directly measurable quantities through the equation
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Fig. 3. The estimated angular collection of the reaction products 1n the center-of-mass
frame as a function of Erei for measurements performed with a 6 keV H, 8 keV D, and a 9 keV D
neutral beam.



where R, l\, and 12 correspond to the measured count rate, effective current produced by I
neutral particles, and 05+ current, respectively. The true neutral "current" 1s given by;^
Ij/V, V being the measured effective secondary-electron emission coefficient for the neutral-
particle detector. The quantity q 1s the charge state of the/1nc1deflt 1on, e. 1s the elec-
tronic charge, and v r 1s the relative velocity of the two beams, traveling at velocities vj
and V£. <F> 1s the effective form factor /6/ and 1s a measure of the spatial overlap of the
two beams along the merged path I.

To obtain a value for <F>, the beam-beam overlap 1s measured 1n two dimensions at four dif-
ferent locations along the merged path. Measurements were performed by two mechanical knife-
edge scanners and two rotating-wire monitors, each performing horizontal and vertical scans
(see ref. 6). The secondary emission coefficient for the neutral detector was calibrated (a
process taking several hours) in situ and found to have a slight dependence on neutral beam
velocity and vacuum history. For typical operating conditions at an Interaction energy of
25 eV/amu for Cs+ + D, the signal rate, R, is typically 100 Hz and must be detected in the
presence of a background of 6 kHz. This background is due to the neutral beam stripping on
background gas. Therefore, vacuum 1n the merge section had to be maintained as low as
possible, typically 1-2 x 10"10 Torr with beams. To separate the signal from the background,
a two-beam modulation scheme tSI was used. Since the signal rate produced by the beam-beam
interaction 1s proportional to the relative velocity of the beams (for a constant cross
section), the signal-to-background ratio determined the lowest energies at which measurements
could be made. If the cross section, 1n fact, also decreases with decreasing energy, measure-
ments become more difficult at lower energies. The lower-energy limit Imposed by the
apparatus itself is approximately 0.2 eV/amu, and 1s a consequence of the finite angular
divergence of the interacting beams.

3 - CROSS-SECTION MEASUREMENTS

The merged-beam apparatus has been used /6,7/ to measure total electron capture cross sec-
tions for O5+ and N3+«4+.5+ colliding with ground state H(b) In the energy range <1.0 eV/amu
to =1500 eV/amu. The measurements for 05+ and N5+ are compared to other measurements and
theory in Figs. 4 and 5, respectively. The error bars shown denote the relative uncertainty
estimated at a 90% confidence level. The total absolute uncertainty 1s Indicated by extended
error bars on a few points in F1g. 4. For all systems studied the measurements were per-
formed at sufficiently high Erei to overlap with existing experimental measurements. Agree-
ment with previous measurements 1s shown to be good, especially 1n the 0s* system (see
F1g. 4) where low-energy measurements by Phaneuf et al. /10/ extend down to 80 eV/amu and1,
thereby, provide an extended range of comparison. These measurements were performed with a
laser-1on source and a hydrogen oven as target. In this energy range there are also two
unpublished data points by Meyer et al., measured with the ORNL-ECR 1on source and the same
hydrogen oven (see ref. 15). The 05+ and the N4+ Ions are L1-I1ke and, therefore, free of
metastables, allowing measurements with these Ions to be directly compared with theoretical
calculations where they exist.

For the 05+ system there is good agreement with the unpublished full quantal theoretical
calculations of Bottcher and He 11 (see ref. 3) which include capture to the n=4 molecular X
and n states for the 04+ + H+ system. However, the measured cross section unexpectedly
decreased when the measurements were extended below 10 eV/amu. This decrease 1s 1n contra-
diction to the energy behavior shown 1n the full quantal calculations of Gargaud and
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presence of a background of 6 kHz. This background 1s due to the neutral beam stripping on
background gas. Therefore, vacuum 1n the merge section had to be maintained as low as
possible, typically 1-2 x 10"10 Torr with beam*. To separate the signal from the background,
a two-beam modulation scheme /6/ was used. Since the signal rate produced by the beam-beam
interaction 1s proportional to the relative velocity of the beams (for a constant cross
section), the signal-to-background ratio determined the lowest energies at which measurements
could be made. If the cross section, 1n fact, also decreases with decreasing energy, measure-
ments become more difficult at lower energies. The lower-energy limit Imposed by the
apparatus Itself is approximately 0.2 eV/amu, and 1s a consequence of the finite angular
divergence of the interacting beams.

3 - CROSS-SECTION MEASUREMENTS

The merged-beam apparatus has been used /6,7/ to measure total electron capture cross sec-
tions for O5+ and N3+>4+.5+ colliding with ground state H(D) 1n the energy range <1.0 eV/amu
to =1500 eV/amu. The measurements for O5+ and N5+ are compared to other measurements and
theory in Figs. 4 and 5, respectively. The error bars shown denote the relative uncertainty
estimated at a 90% confidence level. The total absolute uncertainty 1s Indicated by extended
error bars on a few points in Fig. 4. For all systems studied the measurements were per-
formed at sufficiently high Ere] to overlap with existing experimental measurements. Agree-
ment with previous measurements is shown to be good, especially 1n the 05+ system (see
F1g. 4) where low-energy measurements by Phaneuf et al. /107 extend down to 80 eV/amu and,
thereby, provide an extended range of comparison. These measurements were performed with a
laser-1on source and a hydrogen oven as target. In this energy range there are also two
unpublished data points by Meyer et al., measured with the ORNL-ECR 1on source and the same
hydrogen oven (see ref. 15). The 05+ and the N4+ ions are L1-I1ke and, therefore, free of
metastables, allowing measurements with these Ions to be directly compared with theoretical
calculations where they exist.

For the 05+ system there 1s good agreement with the unpublished full quantal theoretical
calculations of Bottcher and Hell (see ref, 3) which Include capture to the n»4 molecular S
and n states for the 04+ + H+ system. However, the measured cross section unexpectedly
decreased when the measurements were extended below 10 eV/amu. This decrease is 1n contra-
diction to the energy behavior shown in the full quantal calculations of Gargaud and
McCarroll /16/ which predict an increase in o54 as Erej decreases. At first this observed
decrease was thought to be due to a loss of collected signal as a result of large angular
scattering of the products. The angular collection of the apparatus 1n this energy range is
less than 9.0° (see Fig. 3). However, data taken under differing laboratory conditions with
significantly different angular collection 1n the center-of-mass frame (see F1g# 6) show the
same energy dependence, leading us to conclude that the angular collection of products 1s
sufficient.
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F1g. 6. Data for 05+ + H(D) collisions taken under different laboratory conditions, (a) All
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scatter in the data points. The data taken with (b) 6 keV H and D, (c) 8 keV D, (d) 9 keV D
beams are compared with the line from (a) representing the average of all the data.

For measurements below 2 eV/amu the sharp increase observed in c54 1s suggestive of the 1/v
dependence predicted by the classical orbiting model. According to this model /9/, as the
1on and neutral approach, a dipole 1s induced 1n the neutral causing an attractive force and
possible orbiting trajectories. However, as pointed out by Henchman IY7I, 1t may be Inappro-
priate to arbitrarily apply this simple classical orbiting picture to electron-capture
collisions, where the important curve crossings often occur at too large an Internuclear
separation for the Incoming 1on-neutral pair to sample the potential well caused by the
1on-induced dipole.

Measurements 111 for collisions of N5+ + H(D) (see Fig. 5) show good agreement with theore-
tical calculations which indicate a rising cross section with decreasing E r e j . There is
considerable scatter in the data that Is believed to be primarily due to the short term
instabilities of the N5+ beam produced by the 1on source. Comparing the N5+ measurements to
the 05+ measurements, one sees that even though the calculations predict the same general
trend with energy for both systems, the measured cross sections are quite different.
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scatter in the data points. The data taken with (b) 6 keV H and D, (c) 8 keV D, (d) 9 keV D
beams are compared with the line from (a) representing the average of all the data.

For measurements below 2 eV/amu the sharp Increase observed 1n o M is suggestive of the 1/v
dependence predicted by the classical orbiting model. According to this model /9/, as the
ion and neutral approach, a dipole is Induced 1n the neutral causing an attractive force and
possible orbiting trajectories. However, as pointed out by Henchman /17/, 1t may be inappro-
priate to arbitrarily apply this simple classical orbiting picture to electron-capture
collisions, where the important curve crossings often occur at too large an internuclear
separation for the incoming 1on-neutral pair to sample the potential well caused by the
1on-1nduced dipole.

Measurements 111 for collisions of N5+ + H(D) (see F1g. 5) show/good agreement with theore-
tical calculations which Indicate a rising cross section with decreasing E r e ] . There 1s
considerable scatter 1n the data that 1s believed to be primarily due to the short term
instabilities of the N5+ beam produced by the 1on source. Comparing the N5+ measurements to
the 05+ measurements, one sees that even though the calculations predict the same general
trend with energy for both systems, the measured cross sections are quite different.

The merged-beams technique was extended to other systems where additional comparison could be
made. The measurements 111 for the N3+ + H collisions are in excellent agreement with the
theoretical calculations of Gargaud and McCarroll /18/, Bienstock et al. /19/, Watson and
ChMstensen 151, and McCarroll and Valiron 1201. The N4+ measurements 111 agree with the low
energy calculations of Feikert et al. I2\l where overlap exists («1 eV/amu).



Having gained additional confidence In the merged-beams technique, we now re-examine the 05*
results. A schematic representation of the diabatic potential energy curves for the 05+ + H
collision system is presented in F1g. 7, showing the approximate crossing distances of
several product channels with the Incident channel. Inspection of the energy dependence of
Gargaud's 4s ano 4p partial cross-section calculation /16/ shows that the decrease observed
1n the experimental data follows the calculated energy dependence for the 4s cross section.
The 4p contribution to the calculated cross section, which 1s dominant at the lower energies,
lacks the correct energy dependence to account for the experimental data.

In the next section the Landau-Zener model will be used to qualitatively Investigate the
dynamics of electron capture at low energies, i .e . , to investigate the role of trajectory
e f f ec t s due to the ion- induced d i po l e on the e lect ron capture cross sec t i on . I d e n t i f i c a t i o n
of f i n a l states is sought whose cross section is enhanced by the 1on-1nduced d ipo le a t t r a c -
t i o n , leading to an energy dependence s imi la r to that observed.
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Fig. 7. Schematic representation of the diabatic potential curves for the 05+ + D collision
system showing the approximate crossing distances (Rc) for several final states with the
incident channel. The shallow well 1n the Incident channel 1s caused by the attractive ion-
induced dipole potential.

4 - LANDAU-ZENER CALCULATIONS WITH CLASSICAL TRAJECTORIES

W e h a v e u s e d t h e m e a s u r e d p e a k in t h e 0 5 + c r o s s s e c t i o n a t 2 0 e V / a m u t o o b t a i n e s t i m a t e s f o r
t h e p a r a m e t e r s n e c e s s a r y t o p e r f o r m L a n d a u - Z e n e r c a l c u l a t i o n s . T h e s e c a l c u l a t i o n s i n c l i n e
t r a j e c t o r y e f f e c t s d u e t o t h e i o n - i n d u c e d - d i p o l e a t t r a c t i o n in t h e i n i t i a l s t a t e .

T h e c a p t u r e c r o s s s e c t i o n is c a l c u l a t e d
2 p ( l - p ) , over the impact parameter b,

722/ by integrating the transition probability,

• ft. 2p(l-p) b db (3)
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Fig. 7. Schematic representation of the diabatic potential curves for the 05+ + D collision
system showing the approximate crossing distances (Rc) for several final states with the
Incident channel. The shallow well 1n the Incident channel 1s caused by the attractive Ion-
induced dipole potential.

4 - LANDAU-ZENER CALCULATIONS WITH CLASSICAL TRAJECTORIES

We have used the measured peak in the 0 5 + cross section at 20 eV/amu to obtain estimates for
the parameters necessary to perform Landau-Zener calculations. These calculations Include
trajectory effects due to the 1on-1nduced-d1pole attraction In the Initial state.

The capture cross section 1s calculated 1221 by Integrating the transition probability,
2p(1-p), over the impact parameter b,

a - 2p(l-p) b db (3)

w h e r e p is the L a n d a u - Z e n e r p r o b a b i l i t y and is giv e n by

2TT A?p = exp (-
vr |H n'-H 2 2'|

(4)



A is the energy splitting at th« avoided crossing, Rc; v r 1s the radial component of the
collision velocity; and /H U'-H 2 2'/ Is the difference 1n slopes of the diabatic potential
energy curves at the crossing. Since the crossings occur at relatively large Internuclear
separations, the potential energy for the Initial state can be approximated by that due to
the ion-induced dipole, - a ^ / R 4 , (a 1s the polarizability of H) and the final-state potential
energy by (q-l)/R (atomic units). A was estimated /23/ from the observed maximum in the
cross section at 20 eV/amu and found to be 6.23 x 10.-3 a.u. Equations (3)-(4) were evaluated
with reactant trajectories which account for the 1on-1nduced dipole. This resulted 1n
straightforward modifications to H u , b m a X f and vr.

In order to perform calculations for different final states which cross the initial state at
different internuclear separations, a new energy splitting was calculated using Butler and
Dalgarno's Rc

2e~Rc scaling /24/ and by assuming, as is shown in the calculations of Gargaud
/16/, that the peak in the cross section at 20 eV/amu is due to capture to the Is22s4s state
of 04+ which has a crossing at =10 a.u. By scaling the energy splitting to the inter.luclear
separation appropriate for the Is22s4p final state (=12 a.u.), the Landau-Zener cross sec-
tion for capture to the 4p was calculated and found to be consistent to the results of
Gargaud and McCarroll /16/. By comparing Landau-Zener calculations with and without the
potential due to ion-induced dipole, the effect due to considering realistic or straight-line
trajectories could be estimated. It was found that for capture to the 2s4s and 2s4p states
there was negligible cross-section enhancement due to the attractive potential at 1 eV/amu.

Final-state cross sections that are enhanced by trajectory effects and, thereby, more likely
to produce the correct energy dependence at low energies will occur at lower Rc than that
populating 2s4s, where the ion-induced dipole attraction 1s stronger (see Fig. 7 ) .
Crossings populating n=3 product states occur at internuclear separations of «4 a.u. and,
therefore, A appropriately scaled increases by a factor of «83 relative to that found for
the 4s crossing. This causes the calculated cross section for this state to be shifted to
higher energies, leaving negligible contribution around 1 eV/amu.

We next consider states such as Is22p3s which involve capture Into the 3s state plus a core-
excitation (2s-2p), the effect of the excitation being a lowering of A by the factor 5(RC) =

0.5e~°'4Kc /24/. In an independent-electron model A can be estimated by a product of S(Rc)
and the above R scaling for single capture /24/. The result is that Hj2 is Increased by a
factor of 1.6 relative to A for capture to Is22s4s. The calculated cross sections for this
channel with, both realistic and straight-Hne trajectories are shown 1n F1g. 8. Also shown
in the figure are the Landau-Zener calculations for single capture to 2s4s 1n which trajec-
tory effects were calculated to be negligible. The cross section for transfer plus excita-
tion is =10% of that due to 4s at around 20 eV/amu. It 1s shown that for lower energies the
calculation for the 2p3s final state exhibits the measured energy dependence when realistic
trajectories are used.

Of course, finding a final state with the correct energy dependence does not mean that It
contributes significantly to the total cross section. At 20 eV/amu the dominant final states
(42) cross the initial state at r = =10-14 a.u, and thereby reduce the initial flux reaching
the inner channels. For lower energies the "reaction window" tends to move toward larger
internuclear separations making these crossing more adiabatic, and thereby even further
blocking the initial flux from reaching the Inner crossings. To estimate the transition
probability to the Is22p3s final state in the presence of the 4£ final states crossing the
Initial channel at the larger Rr's, a Multichannel-Landau-i
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H .u ,c i « i n e < p was calculated a w f o u n d u b e c o n 5 i 5 t e f l t t 0 the results of

Gargaud and McCarroll /16/. By comparing Ur*0-Zener «iculat1or»s with and without the
potential due to ion-induced dipole, the effect 4 * to coher ing realistic or straight-line ,
trajectories could be estimated. I t was found that for t*ture to the 2s4s and 2s4p states
there was negligible cross-section enhancement am t 0 t h e n t r a c t l v e potential at 1 eV/amu.

Final-state cross sections that are enhanced by trajectory * f f e c ts and, thereby, more likely
to produce the correct energy dependence at low energie* i n , occur at lower Rc than that
populating 2s4sf where the 1on~1nduced d fp * U attraction is stronger (see Fig. 7).
Crossings populating n=3 product states occur H mtermiclear separations of «4 a.u. and,
therefore, A appropriately scaled Increases by « f a c t o r o f «83 relative to that found for
the 4s crossing. This causes the calculated crot5 s e c t i O n for this state to be shifted to
higher energies, leaving negligible contribution around 1 tv/amu.

we next consider states such as Is22p3s which inyf>We c a p t u r f i i n t 0 t h e 3s $ t a t e p l u s a core-
excitation (2s-2p), the effect of the excitation ! j e 1 n g a W i n g o f h b y t h e factor S(RC5 -
0.5e~ ' c I2AI. In an indepertdent-electron modoi A can L, estimated by a product of S(Rc) |
and the above R scaling for single capture /24/. Tne r M u U 1s t h a t H t s 1ncreased by a
factor of 1.6 relative to A for capture to l^lu,. The calculated cross sections for this
channel with both realistic and straight-line trajectories are shown in Fig. 8. Also shown
in the figure are the Landau-Zener calculations fOr -ingle capture to 2s4s in which trajec-
tory effects were calculated to be negligible, the cross section for transfer plus excita-
tion is sio% of that due to 4s at around 20 eV/amu. i t is shown that for lower energies the
calculation for the 2p3S final state exhibits the measured energy dependence when realistic
trajectories are used, a j

Of course, finding a final state with the correct energy dependence does not mem that i t
contributes significantly to the total cross section. At 20 ev/amu the dominant f inal states
<4».) cross the i m t i a l state at r . * l 0 - i 4 a.u. ar,d thereby reduce the in i t i a l flux reaching
the inner channels. For lower energies the "reaction window" tends to move toward larger
IZZCUZ i nu iaw i 5 T " 9 th6Se C r ° S S i n 9 more ^iabatic, and thereby even further
n l h n u \a Z J1U? 7m feaCh1n9 ^ 1nn6r crossings. To estimate the transition
probab i l i t y to the lS22p3s f i na l state in the p r , , r n c e o f t*ne u f i n a l s t a t e 5 c r 0 5 S i n g the
i n i t i a l channel at the larger R C . S , a Multichannel 1 andau-Zo-cr treatment (MCLZ) /25/ 1s used
resul t ing in the to ta l 2p3s t rans i t ion probabi l i ty treatment (HL\.L)

P22P3S = 2 PlP2P3P4U-p4) (5)
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Fig. 8. Single-channel Landau-Zener calculations for capture Into the Is22s4s and Is22p3s
states of 04+. Classical trajectories were used which Included effects due to the ion-
induced dipole potential. For capture to the Is22p3s state, t!>e Landau-Zener calculations
with straight line trajectories are also shown.

where P1.--.p4 are the Landau-Zener probabilities [Eq. (4)] for the participating 4s,4p,4d,
and 2p3s product states, respectively. Integration of this transition probability over
impact parameters [see Eq. (3)] leads to an almost negligible contribution to the total cross
section below 1 eV/amu. However, our treatment here 1s only an approximation to a more
appropriate coupled molecular state calculation, where details of the Ionic core are
included.

5 - SUMMARY

The merged-beam apparatus has been used to measure absolute total electron capture for
several multicharged ions colliding with ground state H over three decades of energy, from
less than 1 eV/amu to over 1000 eV/amu. These systems provide benchmarks to compare with
previous measurements and theory where overlap exists. A discrepancy between theory and
measurements exists for the 05+ + H(D) at low energies. To Identify possible final states
which exhibit the observed energy dependence, a Landau-Zener calculation was performed which
incorporates the ion-induced dipole attraction between the reactants. It was found that the
final state I $ 2 2 p 3 s of 0 4 + , w h i c h includes capture p l u s e x c i t a t i o n , e x h i b i t s the ob s e r v e d
e n e r g y d e p e n d e n c e if co m p e t i n g c h a n n e l s are i g n o r e d , and that this channel 1s strong l y
influenced by the a t t r a c t i v e p o t e n t i a l . H o w e v e r , to a s s e s s the r e l a t i v e c o n t r i b u t i o n of this
channel to the total c r o s s s e c t i o n , c o m p r e h e n s i v e c o u p l e d - s t a t e c a l c u l a t i o n s will be
requi r e d .
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