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Abstract - A multicharged ion-atom merged-beams apparatus has been used in conjunction
with the ORNL-ECR 1ion source to measure accurate absolute electron-capture cross
sections in the energy range from below 1 eV/amu to 1500 eV/amu. Measurements for
N3+.4+,5+ 4+ H(D) collisions indicate good agreement with available theoretical calcula-
tions. However, measurements with 0%+ + H(D) show an unexpected low-energy behavior
which may be attributable to the fon-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 finding suggests
the need for a comprehensive coupled channel calculation which would include such pro-
duct states.
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1 - INTRODUCTION MAS].ER

The inelastic process whereby a multicharged fon 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 cm?) and selec-
tively populate excited states of the multiply charged ion. Such collisions, therefore, are
important for plasmas of thermonuclear fusion, astrophysics, multicharged ion 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 {is 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 nuclel
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Abstract - A multicharged ion-atom merged-beams apparatus has been used in conjunction
with the ORNL-ECR 1ion 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+ 4 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 finding suggests
the need for a comprehensive coupled channel calculation which would include such pro-
duct states.
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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 ion 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 ccllisions, the relative
nuclear motion between collision partners is 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 1interatomic field as the nuclei
approach and separate. Coupled stationary-state calcuiations /1,2/, 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 quantal 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 jon-induced 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 Jower energies,
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Most of the expo-imental work on such collision processes has been based on fon-heam
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 al. /10/ using a pulsed-
laser-produced plasma as a source of slow multiply charged fons. 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 ifonic core has been seen in theoretical calculations /11,12/ and
measurements /13/ of substate distributions at energies less than a few keV/amu.

To address the need for experimental measurements in this energy range, an jon-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 in
the energy range of 1 to 1000 eV/amu.

2 - EXPERIMENTAL

The mergec-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 isns each
having laboratory energies in the keV range are merged, resulting in a relative velocity of
the two beams that can be "tuned" over a large range. The relative energy in the center-of-
mass frame is given by

Ey E2 E1 Ep.1/2
Ere1 (eV/amu) = ap g 2 (ET ﬁi) cos 8 (1)

where Ej and m; denote the energy and mass of each beam, and 6 is their angle of intersec-
tion. For perfectly collinear beams, 8=0 and Ergy can be made zero for Ej/mp=Ez/mp.

Figure 1 is a simplified schematic of the apparatus. The multicharged ion beam X9+ is
merged electrostatically with @ neutral H or D beam. The merged beams interact in 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{a-1)+ product
of the reaction is not measured separately, but is collected together with the primary X9+ in
a large Faraday cup. The neutral beam intensity is measured by secondary-electron emission
from a stainiess 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
1.0A-uym 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 is produced
in the merge-path with a diameter of 2-4 mm FWHM and an 1intensity of 10-20 (particle) na.
The divergence of this beam is typically less than 0.2°. A 50-90 keV, 2-5 pA beam of Xa+
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 7 shows the relative energy in the center-of-mass frame obtained for three different
neutral-beam conditions for collisions involving 03*. To change the energy, Erej, the energy
of the 05+ is varied while the velocity of the H or D beam is held constant. It is clear
from the figure that a wide range of relative energies is 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-




Tne merged-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 in a relative velocity of
the two beams that can be *tuned* over a large range. The relative energy in the center-of-
mass frame is given by

Ey E2 E; Ep,1/2
Ere1 (eV/amu) = m g 2 (ﬁI 55) cos 8 (1)

where Ej and myj denote the energy and mass of each beam, and @ is their angle of intersec-
tion. For perfectly collinear beams, 8=0 and Epgy can be made zero for Ey/my=Ep/my.

Figure 1 is a simplified schematic of the apparatus. The multicharged ion beam Xt f{s
merged electrostatically with a neutral H or D beam. The merged beams interact in 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)* fons. The X(a-1)+ product
of the reaction is not measured separately, but is collected together with the primary Xa* in
a large fFaraday cup. The neutral beam intensity 1s measured by secondary-electron emission
from a stainless steel plate, and the signal H* or Dt 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-pm Nd:YAG laser, where up to 600 W of continuous power circulates and typically U.2% 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 is 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 in the center-of-mass frame obtained for three different
neutral-beam conditions for collisions involving 05+, To change the energy, Ere1, the energy
of the 05+ is varied while the velocity of the H or D beam is held constant. It §s clear
from the figure that a wide range of relative energies is 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.
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Fig. 1. Simplified schematic of the ion-neutral merged-beam apparatus.
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Fig. 1. Simplified schematic of the jon-neutral merged-beam apparatus.
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Fig. 2. The relative energy, Ere1, oObtainable in 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(D) curves {llustrate that several different
laboratory conditions can be used to measure the cross section at a given Epq.



An important advantage of the merged-beam technique is the large deamplification of the
interaction-energy uncertainty resulting from the energy uncertainties in the primary beams,
In Fig. 2, the slope of the curves is just AEpe1/AE2, where AE2 is the energy uncertainty in
the 05t beam. As Ere) decreases, the slope decreases, reducing the uncertainty in Tpey. For
an estimated uncertainty of 10 eV in 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 Epey = 100 eV/amu
and 0.1 eV/amu at Epe) = 1.0 eV/amu. '

Another advantage of the merged-beam technique in low-energy measurements is 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, in 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 1is shown in Fig. 3. Note that for measurements performed
with a 9 keV D beam at an Epey = 1 eV/amu product trajectories with up to 90° scattering in
the center-of-mass frame are collected.

Electron-capture cross sections are determined by measuring the rate of H+(D+) product 1ons
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
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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 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 1{s shown in Fig. 3. Note that for measurements performed
with a 9 kev D beam at an Epq) = 1 eV/amu product trajectories with up to 90° scattering in

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
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Fig. 3. The estimated angular collection of the reaction products in the center-of-mass
frame as a function of Epg) for measurements performed with a 6 keV H, 8 keV D, and a 9 keV D

neutral beam.
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where R, I7, and Iz correspond to the measured count rate, effective current produced’ by
neutral particles, and 05+ current, respectively. The true neutral “current' is given by:
I3/Y, Y being the measured effective secondary-electron emission coefficient for the neutral- -
particle detector. The quantity q is the charge state of the/incident ifon, e is the elec-
tronic charge, and v is the relative velocity of the two beams. traveling at velocities v;
and vp. <F> is the effective form factor /6/ and is a measure of the spatial overlap of the

two beams along the merged path L.

To obtain a value for <F>, the beam-beam overlap {is measured in 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 C3* + 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 in the mcrge section had to be maintained as low as
possible, typically 1-2 x 1010 Torr with beams. 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, in fact, also decreases with decreasing energy, measure-
ments become more difficult at lower energies. The lower-energy limit imposed by the
apparatus 1itself 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 05+ and N3+.4+.5+ colliding with ground state H(D) in the energy range <1.0 eV/amu
to =1500 eV/amu. The measurements for 0% 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 is indicated by extended
error bars on a few points in Fig. 4. For all systems studied the measurements were per-
formed at sufficiently high E.q1 to overlap with existing experimental measurements. Agree-
ment with previous measurements 1is shown to be good, especiaily in the 05+ system (see
Fig. 4) where low-energy measurements by Phaneuf et al. /10/ extend down to 80 eV/amu.and,
thereby, provide an extended range of comparison. These measurements were performed with a
laser-ion source and a hydrogen oven as target. 1In this energy range there are also two
unpublished data points by Meyer et al., measured with the ORNL-ECR ion source and the same
hydrogen oven (see ref. 15). The 05+ and the N4+ fons are Li-like 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 Heil (see ref. 3) which include capture to the n=4 molecular X
and I states for the 0% + H* system. However, the measured cross section unexpectedly
decreased when the measurements were extended below 10 eV/amu. This decrease is in contra-
dictifon to the energy behavior shown in the full quantal calculations of qugnud and
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presence of a background of 6 kHz. This background is due to the neutral beam stripping on
background gas. Therefore, vacuum in the merge section had to be maintained as low as
possible, typically 1-2 x 10-10 Torr with beanis. 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 is proportional to the relative velocity of the beams (for a constant cross
section), the signal-to-background ratio determined the iowest energies at which measurements
could be made. If the cross section, in fact, also decreases with decreasing energy, measure-
ments become more difftcult at lower energies. The lower-energy limit 1imposed by the
apparatus itself is approximately 0.2 evV/amu, and is 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 05t and N3+.4+.5+ colliding with ground state H(D) 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 is indicated by extended
error bars on a few points in Fig. 4. For all systems studied the measurements were per-
formed at sufficiently high Epo; to overlap with existing experimental measurements. Agree-
ment with previous measurements 1is shown to be good, especially in the 05+ system (see
Fig. 4) where low-energy measurements by Phaneuf et al. /10/ extend down to 80 eV/amu and,
thereby, provide an extended range of comparison. These measurements were performed with a
laser-ion 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 ion source and the same
hydrogen oven (see ref. 15). The 05+ and the N4+ ions are Li-1ike 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 Heil (see ref. 3) which include capture to the n=4 molecular I
and N states for the 0% + H* system. However, the measured cross section unexpectedly
decreased when the measurements were extended below 10 eV/amu. This decrease is in contra-
diction to the energy behavior shown in the full quantal calculations of Gargaud and
McCarroll /16/ which predict an increase in osy as Epp) decreases. At first this observed
decrease was thought to be due tc a loss of collected signal as a result of large angular
scattering of the products. The angular collection of the apparatus in this energy range is
less than 90° (see Fig. 3). However, data taken under differing laboratory conditions with
significantly different angular collection in the center-of-mass frame (see Fig. 6) show the
same energy dependence, leading us to conclude that the anguiar collection of products 4s
sufficient.
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Fig. 6. Data for 05+ + H(D) collisions taken under different laboratory conditions. (a) All
data, under all conditions, are plotted and a 1ine is drawn to guide the eye through the
scatter in the data points. The data taken with (b) 6 kevV 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 cgq4 is suggestive of the 1/v
dependence predicted by the classical orbiting model. According to this model /9/, as the
fon and neutral approach, a dipole is induced in the neutral causing an attractive force and
possible orbiting trajectories. However, as pointed out by Henchman /17/, it may be $nappro-
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 fon-neutral pair to sample the potential well caused by the
jon-induced dipole.

Measurements /7/ for collisions of N> + H(D) (see Fig. 5) show good agreement with theore-
tical calculations which indicate a rising cross section with decreasing Erej. There is
considerable scatter in the data that is believed to be primarily due to the short term
instabilities of the Nt beam produced by the ion 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.



2 120 (™7 T I | I i
100 I {emomm___ 9 keV D DATA _

80 //}\T¥LT\\ 4k ~

Ogq

60 | ~ —
{
a0 |- 4 -
o I « 8 keV D, SLOWER 4L 9 keV D, SLOWER B
2 8 keV D, FASTER «9 keV D, FASTER
o I ] L ! i 1
1 10 100 1000 10 100 1000

ENERGY (eV/amu)

Fig. 6. Data for 05+ + H(D) collisions taken under different i1aboratory conditions. (a) All
data, under all conditions, are plotted and a line is drawn to gquide the eye through the
scatter in the data points. The data taken with (b) 6 keV H and D, (c¢) 8 kev D, (d) 9 key 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 ogq4 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 in 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 1incoming ifon-neutral pair to sample the potential well caused by the

fon-induced dipole.

Measurements /7/ for collisions of N5+ + H(D) (see Fig. 5) show/good agreement with theore-
tical calculations which indicate a rising cross section w1fh decreasing Epgy. 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 ion source. Comparing the N5+ measurements to
the 0°* 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 /7/ for the N3+ + H collisions are in excellent agreement with the
theoretical calculations of Gargaud and McCarroll /18/, Bienstock et al. /19/, Watson and
Christensen /5/, and McCarroll and Valiron /20/. The N4 measurements /7/ agree with the low
energy calculations of Feikert et al. /21/ where overlap exists (=1 eV/amu),



Having gained additional confidence in the merged-beams technique, we now re-examine the Q5+
results. A schematic representation of the diabatic potential energy curves for the 05+ + H
collision system is presented in Fig. 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
in the experimental data follows the calculated energy dependence for the 4s cross section.
The 4p contribution to the calculated cross section, which is 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
effects due to the ion-induced dipole on the electron capture cross section. Identification
of final states is sought whose cross section is enhanced by the ion-induced dipole attrac-
tion, leading to an energy dependence similar 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 (R.) for several final states with the
incident channel. The shallow well in the incident channel {s caused by the attractive ion-
induced dipole potential.

4 - LANDAU-ZENER CALCULATIONS WITH CLASSICAL TRAJECTORIES

We have used the measured peak in the 0° cross section at 20 eV/amu to obtain estimates far
the parameters necessary to perform Landau-Zener calculations. These calculations incluce
trajectory effects due to the jon-induced-dipole attraction in the initial state.

The capture cross section is calculated /22/ by integrating the transition probability,
2p(1l-p), over the impact parameter b,

b
S MX 20(1-p) b db 3

o = 21 (3)
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Fig. 7. Schematic representation of the diabatic potential curves for the 0% + D collision
system showing the approximate crossing distances (R.) for several final states with the
incident channel. The shallow well in the incident channel is caused by the attractive ion-
induced dipole potential.

4 - LANDAU-ZENER CALCULATIONS WITH CLASSICAL TRAJECTORIES

We have used the measured peak in the 05 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 ion-induced-dipole attraction in the fnitial state.

The capture cross section is calculated /22/ by integrating the transition probability,
2p(1-p), over the impact parameter b,

b
0 = 2m fo’”a" 2p(1-p) b db (3)

where p is tne landau-Zener probability and is given by

2n Az )
Ve | Hypo-Hap " |

p=exp (- (4)



A is the energy splitting at the avoided crossing, R¢; vp 1s the radial component of the
collision velocity; and /Hyy: -Hyy«/ is the difference in 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, -aq</R%, (a is the polarizability of H) and the final-state potential
energy by (gq-1)/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 fion-induced dipole. This resulted 1in

straightforward modifications to Hjy, bpax, and vp.

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
Datgarno's Rcze'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 1s22s4s state
of 04+ which has a crossing at =10 a.u. By scaling the energy splitting to the inter.uclear
separation appropriate for the 152254p 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 1likely
to produce the correct energy dependence at low energies will occur at lower Rc than that
populating 2s4s, where the 1ion-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 1s22p3s 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 S(R.) =

0.5¢ % ®c 7247, 1n 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 Hyp 1s increased by a
factor of 1.6 relative to A& for capture to 1s22s4s. The calculated cross sections for this
channel with both realistic and straight-l1ine trajectories are shown in Fig. 8. Also shown
in the figure are the Landau-Zener calculations for single capture to 2s4s in 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 is shown that for lower energies the
calcuiation for the 2p3s final state exhibits the measured energy dependence when realistic
trajectories are used.

0f course, finding a final state with the correct energy dependence does not mean that it
contributes significantly to the total cross scction. At 20 eV/amu the dominant final states
(42) cress the initial state at r = =10-14 a.u. and thereby reduce the inftial 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 1522p3s final state in the presence of the 42 final states crossing the

initial channel at the larger R¢'s, a Multichannel-tLandau-
U ]
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tion for capture to the 4p was calculated and found to be Co™ststent to the results of
Gargaud and McCarroll /16/. By comparing Landau-Zener calculetimms with and without the
potential due to ion-induced dipole, the effect due to considering ™ istic or straight-1ine
trajectories could be estimated. It was found that for capture g the 2s4s and 2sdp states
there was negliigible cross-section enhancement due to the attractive dotential at 1 eV/amy.

Final-state cross sections that are enhanced by trajectory effects a7, thereby, more Hkely
to produce the correct energy dependence at low energ1eslw111 CTCLr at lower Re than that
populating 2s4s, where the ion-induced dipole attraction g 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 foo
the 4s crossing. This causes the calculated cross section for this state to be shifted to
higher energies, leaving negligible contribution around 1 eY/amu,

We next consider states such as 1522p35 which involve capture inta the 3s state plus a core-
excitation (2s-2p), the effect of the excitation being a lowering or by the factor S(R¢) =
0.5¢7 % /24/. In an independent-electron model A can be estimat,y by a product of S(Rc)
and the above R scaling for single capture /24/. The result {s that Hiz 1s increased by a
factor of 1.6 relative to A& for capture to 1s22s4s. The calculateg 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 single capture ¢, 2545 1n which trajec-
tory effects were calculated to be negligible. The cross section fo, trarnsfrr plus excita-
tion is =10% of that due to 4s at around 20 eV/amu. It is shown that for iower 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 d8pendenc° does not mean that it
contributes significantly to the total cross section. At 20 eV/amy the dominant final states
(42) cross thc initial state at r = =10-14 a.u. and thereby reduce the inftial flux reaching
the inner channels. For lower energies the "reaction window" tenqs 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 ““Ulmate the transition
probability to the 1s22p3s final state in the presence of the 4 Pinal states Crossing the
initial channel at the larger R.'s, a Multichannel-Landau-Zener Lreatmeyy (MCLZ) /25/ is used
resuiting in the totel 2p3s transition probability

Popss = 2 p1pap3ps(1-py) . (5)



Single-Channel Landau-Zener Cross Section
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Fig. 8. Single-channel Landau-Zener calculations for capture into the 1522s4s and 1522p3s
states of Q4. Classical trajectories were used which iacluded effects due to the fon-
induced dipole potential. For capture to the 1522p3s state, the Landau-Zener calculations
with straight line trajectories are aiso shown.

where pj,...p4 are the lLandau-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 is only an approximation to a more
appropriate coupled molecular state calculation, where details of the ionic core are
inciuded.

5 - SUMMARY

The merged-beam app&ratus 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 eY/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 1522p3s of 0%, which includes capture plus excitation, exhibits the observed
energy dependence if competing channels are ignored, and that this channel 1is strongly
influenced by the attractive potential. However, to assess the retative contribution of this
channel to the total «cross section, comprehensive coupled-state calculations will be
required.
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