
PHYSICAL REVIEW A JULY 1997VOLUME 56, NUMBER 1
Low-energy electron capture by C41 ions from atomic hydrogen
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~Received 29 January 1997!

The total-electron-capture cross section for collisions of C41 with ground-state hydrogen~deuterium! is
measured in the energy range 6–1000 eV/u using the merged-beam technique. The fraction of C41 metastable
ions present in the ion beam is measured to be 5%, which results in a correction to the cross section of only a
few percent. The independently absolute measurements are generally in good agreement with previous mea-
surements for total electron capture; however, the reduced uncertainties of these measurements allow a more
detailed comparison with theory. Our observations show that existing fully quantal molecular-orbital calcula-
tions that include rotational coupling overestimate the cross section by approximately 25%. Better agreement
is found with a recent semiclassical impact-parameter coupled-channel calculation. While all available theo-
retical data predict that the cross section varies smoothly with energy around the maximum, a sharp structure
is observed around 400 eV/u.@S1050-2947~97!04107-3#

PACS number~s!: 34.70.1e
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I. INTRODUCTION

Low-energy electron capture by highly charged ions fro
atomic hydrogen continues to generate considerable inte
not only because of practical applications in studies of as
physical plasmas@1,2# and particle transport in the diverto
region of thermonuclear fusion devices@3# but also because
of the fundamental atomic physics processes that occur
ing these low-energy collisions. Most of the fully quantu
mechanical models describing these one-electron or qu
one-electron systems consist of a procedure to decom
the time-dependent electronic wave function in either ato
or molecular orbitals. Different theoretical approaches of
show large discrepancies, e.g., up to 30% for the C41 1 H
collision system. Experimental data, when existing, often
not accurate enough to discriminate between theories. Th
fore accurate and systematic experimental data are nece
to establish a benchmark for theoretical predictions.

The present state-of-the-art experimental merged-b
technique provides accurate absolute cross sections ove
extended energy range enabling a detailed investigatio
electron capture processes. In this paper the absolute t
electron-capture cross section for the following reaction
presented:

C411H~D!→C311H1~D1!. ~1!

The absolute cross section has been measured using the
Ridge National Laboratory ion-atom merged-beam appar
@4,5# in the energy range between 6 and 1000 eV/u. Num
ous theoretical studies have been performed on this colli
system, which can be treated as having effectively only
active electron~the C41 ion has a 1s2 closed shell!. Early
semiclassical close-coupling calculations were performed
Olson, Shipsey, and Browne@6# and later by Hanssenet al.
561050-2947/97/56~1!/426~6!/$10.00
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@7#. Other calculations include a modified two-center atom
orbital ~AO1) expansion performed by Fritsch and Lin@8#
and fully quantal molecular-orbital calculations by Garga
and McCarroll@9# ~MO4! and Bottcher and Heil@10# with a
limited basis set. Gargaud, McCarroll, and Valiron@11# have
also used an extended basis set~MO7! with more accurate
molecular potentials and include rotational couplings a
electron translation factors. The MO7 calculation shows t
the effect of rotational coupling is strong and leads to
increase of up to 30% in the cross section in the energy ra
20–500 eV/u. Using a diabatic formalism, a calculation
Andersson and McCarroll@12# agrees with the results of th
MO7 calculation. A recent semiclassical impact-parame
calculation by Saha@13# uses a molecular basis with rota
tional coupling. It shows reasonable agreement with
MO7 calculation, except at the peak in the total cross s
tion, where the cross section is significantly lower. A mo
in-depth discussion of the various theories and approxim
tions can be found in Ref.@13#.

A number of experimental works have also been p
formed. Both state-selective photon emission spectrosc
and total-capture measurements down to 1000 eV/u h
been performed by Dijkkampet al. @14# using a crossed-
beam configuration with a partially dissociated hydrog
beam effused from a radio-frequency discharge source.
deceleration of the C41 ion beam, this technique was ex
tended to 50 eV/u by Hoekstraet al. @15#. Using a cool
source of ions from a laser-produced plasma and a hydro
furnace as a target, Phaneufet al. @16# were able to extend
the total-capture measurements to 15 eV/u. Generally,
total-cross-section measurements are not of sufficient a
racy to distinguish between the various theories, but do sh
differences with the MO7 calculation in the energy ran
100–1000 eV/u. The state-selective measurements of H
straet al. @15# indicate that the~MO7! molecular-orbital cal-
culation agrees best with the experimental observations
capture into the individuall subshells. However, discrepan
426 © 1997 The American Physical Society
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56 427LOW-ENERGY ELECTRON CAPTURE BY C41 IONS . . .
cies remain. For example, the MO7 calculation and the m
recent calculation by Saha@13# predict that the cross sectio
for capture into the 3d state increases strongly below 0
keV/u. This is also observed in the measurements of Bap
et al. @17#. However, the measurements of Hoekstraet al.
show a decrease of the population of the 3d state down to 50
eV/u. A further investigation of this collision system is ther
fore warranted and presented in this paper.

II. EXPERIMENTAL METHOD

A. Merged-beam technique

The total-electron-capture cross section is measured u
the merged-beam technique, which will only be describ
briefly here. For more experimental detail the reader is
ferred to the literature@4,5#. A merged-beam configuratio
provides a large dynamic range of collision energies an
the only technique available to access thermal energies
good energy resolution. Relatively fast~keV! beams of mul-
ticharged ions and neutral H or D are merged, resulting
relative velocities tunable over a very large range. The c
lision energyErel in eV/u is given by

Erel5
E1

m1
1
E2

m2
22AE1E2

m1m2
cosu, ~2!

whereE1 andm1 correspond to the energy~eV! and the mass
~a.u.! of the neutral beam andE2 andm2 to those of the
multiply charged ion beam. In most cases, the merge a
u is small and can be set equal to zero. At thermal energ
though, the merge angle limits the lowest center-of-mass
ergy that can be reached@18#.

The C41 beams are produced in the ORNL CAPRIC
electron cyclotron resonance~ECR! ion source and electro
statically merged with a neutral H~D! beam. A schematic
diagram of the apparatus is depicted in Fig. 1. The neu
beam is a 99.98% pure ground-state H~D! beam, which is
produced by photodetachment of an 8-keV H2~D2) beam
as it passes through an optical cavity of a 1.06-mm Nd:YAG
laser ~where YAG denotes yttrium aluminum garnet!. The
small fraction of H~D! atoms in Rydberg states is produc
by collisional stripping of H2~D2) on the background gas
As shown in Fig. 1, the neutral beam passes throug
strong-electric-field~30 kV/cm! ionizing excited H~D! atoms

FIG. 1. Schematic of the ion-atom merged-beam apparatu
re

ist

ng
d
-

is
ith

n
l-

le
s,
n-

al

a

whose electrons are in high-n shells and Stark mixing fol-
lowed by radiative quenching lower-n excited states. The
correction@19# to the cross section is thereby reduced to le
than 10%. The merged beams interact in a field-free reg
of 47 cm, after which the beams are separated magnetic
from each other. The product or ‘‘signal’’ H1~D1) beam is
focused by a pair of einzel lenses positioned before and a
the magnetic dispersion, is deflected out of the plane of
persion by electrostatic deflectors, and is then detected
channel electron multiplier~CEM! operating in a pulse
counting mode. The C31 product beam is collected togethe
with the C41 beam in a Faraday cup. The neutral bea
intensity is measured by the secondary electron emis
from a stainless-steel plate.

The 50–90 keV C41 beam, with an intensity of 1–3
mA in the merge path, has a typical divergence of less th
0.5°. The beam diameter is typically on the order of 6–8 m
full width at half maximum~FWHM!. The 50-~particle! nA
neutral beam of H~D! atoms is nearly parallel having a d
ameter of 2–4 mm FWHM and a divergence less th
0.2°. The finite divergence of the primary beams results i
distribution of merging angles, creating a small absolute s
and energy spread in the collision energy.

The total-electron-capture cross sections are determ
absolutely by measuring the rate of H1~D1) ions produced
by the beam-beam interaction over the merge lengthL. The
cross-section value is determined by

s5
R

e

gqe2

I 1I 2

v1v2
v r

1

VL
, ~3!

whereR is the H1~D1) count rate,e is the efficiency of the
CEM for detecting the H1~D1), g is the secondary electro
emission coefficient for the neutral beam detector,q is the
charge state of the ion,e is the electronic charge,I 1 and I 2
are the measured intensities of the two beams,v1 andv2 are
the velocities of the two beams, andv r is the relative veloc-
ity between the beams.V is the effective form factor and is
a measure of the spatial overlap of the beams at three di
ent positions along the merged-pathL. The numerical value
for g was determinedin situ @4#.

The H1~D1) product ions are detected by a CEM with
diameter of 2.54 cm operating in pulse counting mode.
voltage of23000 V is applied to the front of the detector
accelerate the positive ions further before they strike
CEM. The total detection efficiencye for both the electron-
ics and the detector is estimated@4,20# to be 0.97. The signa
rate is separated from the background by using a two-be
modulation technique. Backgrounds on the order of 10 k
were produced by the fast neutral H~D! beam stripping on
the background gas in the merged path. Although the p
sure in the merge path is typically on the order of 131028

Pa, this still results in a target thickness for producing ba
ground that is a factor of 1000 times higher than the effect
target thickess for producing signal. Additional backgrou
on the order of 80–100 Hz was a result of photons emit
by the C41 in the Faraday cup.

.
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428 56BLIEK, HOEKSTRA, BANNISTER, AND HAVENER
B. H1 signal collection

Electron capture onto C41 from atomic hydrogen is an
exoergetic reaction with excess energy denoted byQ. With
reaction products positively charged, there can be signific
angular scattering in the center-of-mass frame, especial
low collision energies. The angular scatteringuc.m. is ‘‘com-
pressed’’ in the laboratory frame where the observed sca
ing u lab is related touc.m. by the relation

tan~u lab!5

m

m1
v r
fsinuc.m.

Vc.m.1
m

m1
v r
fcosuc.m.

, ~4!

whereVc.m. is the velocity in the center-of-mass frame,v r
f is

the final relative velocity after the collision,m1 is the mass
of the faster collision partner, andm is the reduced mass. I
the denominator the plus sign is replaced by a minus s
whenm1 is the slower collision partner.v r

f is larger than the
incident relative velocity due to the increase in energy of
reactionQ. The angular acceptance of the current appara
u lab is 2.3° and has been estimated by particle traject
simulations and verified by comparison of data with theo
for the O51 1 H~D! system~see Ref.@21#!. Using Eq.~4!
one can estimate the angle over which the D1 can be emitted
and still be detected by the CEM. For this collision syste
the value forQ is averaged over capture into all 3l subshells
and estimated to be 11.8 eV at an internuclear separatio
7.5a0. Figure 2 shows the maximum angular acceptance
the center-of-mass frame as a function of collision energy
order to estimate the angular scattering, the ‘‘half-Coulom
Rutherford minimum scattering~see Ref.@22#! is also shown
in Fig. 2 for an 8-keVD beam for the C41 system. It is clear
that all the D1 product ions are collected over the comple
energy range under investigation, unless the real ang
scattering is much larger than the Rutherford scattering e
mate. Above 400 eV/u the data were taken with H rather t
D. For collisions with H~not shown!, the scattering is only
slightly greater while the collection is only slightly less.

FIG. 2. Angular collection and an angular scattering estim
~see the text! as a function of collision energy in the center-of-ma
frame.
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C. Metastable ion fraction

The cross section for capture into an ion with an exci
core can differ by orders of magnitude from capture into
ion in the ground state@23#. Therefore, it is very important to
know the exact fraction of metastables present in the
beam when a comparison is made with theory for a projec
in a ground-state core configuration. For the collision syst
investigated, the following metastable states are involv
the C41 (1s2s)1S state and the C41 (1s2s)3S state. The
lifetimes of these states are calculated@24# to be 3.3ms and
112 s, respectively. Since the flight time from the EC
source to the merging section is on the order of 12ms, the
effect of the C41 (1s2s)1S can be neglected.

The metastable fraction of the incident C41 ion beam was
determined using the ORNL electron-ion crossed-beam
paratus@25#. The cross section for electron-impact sing
ionization of C41 was measured from 100 eV to 1500 e
using the same ion beam~similar ion source conditions! as
for the capture experiment. The measured cross sect
were least-squares fit with a sum of two one-parameter L
@26# functions representing the ionization of C41 metastable
(1s2s) and ground (1s2) configurations with thresholds o
93.13 eV and 392.08 eV, respectively. The metastable f
tion of the C41 ion beam was thereby determined to
0.0560.01, which is in good agreement with previous stu
ies @27#.

To estimatethe cross section for capture onto this me
stable core, a multichannel Landau-Zener calculation w
performed using the Olson-Salop-Taulbjerg coupling-ma
elements@28–30# and asumming straight-line trajectorie
The binding energies for the 3l electrons with a C41

(1s2s)1S and C41 (1s2s)3S core have been calculated wit
the COWAN code@31# using a statistical distribution over a
J states, i.e., weighting coefficients by 2J11. For complete-
ness, the singlet and triplet energies are shown in Table

The effect on the measured cross sections can now
estimated by the ratio of the cross sections for capture b
ground state core ion and an ion with an excited core~see
Fig. 3!. As a cross-check, the same calculation for the C41

1 H2 system has been performed and found to comp
favorably with the results of Guillemotet al. @32#. From Fig.
3 it is clear that for C41 1 H, the cross section for captur
with a ground-state core is always larger than for capture
an ion with an excited core. At higher energies, though,
ratio is only on the order of 1.25. The measured cross s
tion, then, taken with an ion beam with 5% metastable sta
is estimated to be low by only 2% at the highest energies

e

TABLE I. Binding energies for 3l states with different core
configurations.

State 1s2 (1s2s)1S (1s2s)3S

3s 2S 26.93 29.19 27.70
3s 4S 29.84
3p 2D 24.81 27.16 26.31
3p 4P 27.32
3d 2D 24.2 25.54 24.85
3d 4D 25.70
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56 429LOW-ENERGY ELECTRON CAPTURE BY C41 IONS . . .
4.5% at the lowest energies. These small corrections w
applied to the data.

III. RESULTS AND DISCUSSION

The experimental results for the absolute total elect
capture cross sections for C41 1 H~D! are given in Table II.
The results include measurements with both hydrogen
deuterium. While there can be a difference in the cross s
tion for collisions with H and D due to the kinematic isotop
effect @18,33#, no significant difference between H and D
expected at these energies@34#. Deuterium was used to pro

FIG. 3. Ratios of the cross section for capture by a ground s
C41(1s2) core and an ion with an excited core, C41(1s2s)1S or
C41(1s2s)3S. The cross sections were calculated using a mu
channel Landau-Zener calculation~see the text!.
re

n

d
c-

vide a maximum angular collection at the lower energi
while hydrogen provides access to the higher collision en
gies. The total uncertainties correspond to the quadra
sum of the statistical and absolute uncertainties~12%! esti-
mated at a 90% confidence level. The experimental res
are compared with other measurements~Fig. 4! and theory
~Fig. 5!. The relative error bars are plotted at a 90% con
dence level and are denoted by error bars with caps. F
few collision energies~26, 107, 216, and 517 eV/u!, the total
error bars are plotted at a 90% confidence level and are
noted by vertical error bars that extend beyond the caps.

te

-

FIG. 4. Present total-electron-capture measurements~filled
circles! are compared with other experimental measurements.
relative error bars are plotted at a 90% confidence level and
denoted by error bars with caps. The total uncertainties are den
at a few energies by vertical error bars that extend beyond the c
inty
TABLE II. Total-electron-capture cross sections for C411H~D!.

Collision energy Cross section Relative uncertainty Total uncerta
Neutral ~eV/u! ~10216 cm2) ~10216 cm2) ~10216 cm2)

D 6.38 2.9 0.5 0.6
D 15.6 7.0 1.2 1.4
D 25.8 11.1 1.0 1.7
D 39.2 15.7 1.2 2.2
D 55.1 17.1 1.1 2.3
D 67.5 20.6 1.7 3.0
D 82.1 24.5 1.8 3.4
D 107 27.4 1.7 3.7
D 144 28.8 1.9 3.9
D 216 33.2 2.2 4.6
H 232 31.9 2.0 4.3
D 265 32.9 2.0 4.4
D 340 33.8 2.1 4.6
H 422 28.1 1.8 3.8
D 431 28.9 1.8 3.9
H 466 26.8 1.9 3.7
D 517 25.1 2.4 3.8
H 562 28.1 1.7 3.8
H 776 28.3 1.8 3.8
H 1013 30.1 1.9 4.0
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data are corrected a few percent for the presence of m
stable states in the ion beam as discussed above.

Comparing the experimental results with previous m
surements, one can see that at the highest energies aro
keV/u our measurements show excellent agreement with
total-capture measurements of Dijkkampet al. @14# At inter-
mediate energies good agreement is found with the meas
ments of Phaneufet al. @16# and Hoekstraet al. @15#. In the
energy range 400–1000 eV/u a dip in the total-char
transfer cross section is observed that is unresolved in
total-electron-capture measurements of Hoekstraet al.Since
these total cross sections are obtained by summing ove
cross section for individuall -subshells, the structure in th
total cross section is probably washed out. The sta
selective measurements do, however, support the positio
the structure: It is in this energy range that the cross sec
for capture to the dominant 3p level is sharply decreasing
while capture to the 3s is increasing. By 1-keV/u capture t
the 3s level becomes comparable to capture to 3p. Capture
to the 3d level constitutes about 25% of the total cross s
tion but is relatively constant in the vicinity of the structur
as verified by the state-selective measurements of Hoek
et al.within experimental uncertainty.

Comparison with theory

In Fig. 5 a comparison of the experimental results w
theory is depicted. It is interesting to compare the two c
culations of Gargaud and McCarroll~MO4! @9# and Gargaud,
McCarroll, and Valiron~MO7! ~MO7! @11#. While the MO4
calculation includes only theS states neglecting rotationa
coupling and electron translation factors, it seems to ag
best with the present measurements below 300 eV/u. H
ever, as previously argued by Hanssenet al. @7#, agreement
with the MO4 calculation is most likely fortuitous. Abov
300 eV/u, the calculation shows that the cross section c
tinues to increase. Using a more accurate model poten
ETF, and including an expanded basis set with rotatio
coupling toP states, the MO7 calculation should be mo
accurate. It shows good agreement with the close-coup

FIG. 5. Present total-electron-capture measurements~filled
circles! are compared with various theories. Error bars are the s
as in Fig. 4.
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semiclassical calculations~not shown! of Olson, Shipsey,
and Browne@6# and Hanssenet al. @7#, which extend down
to 100 eV/u. A comparison with the present measureme
though, shows that the MO7 calculation overestimates
cross section by 25%.

The most recent calculation is by Saha@13# using a semi-
classical impact-parameter, coupled-state method using
n53,S andP states. At the lowest energies this calculati
agrees with the MO7 calculation. Compared to our da
though, it would seem that both tend to overestimate
cross section. At these energies the state-selective mea
ments of Hoekstraet al.suggest that the calculations overe
timate the cross section for capture into the 3d state.

At the maximum, the predicted cross section by Saha i
good agreement with the measured data, but 15% lower
the MO7 calculation. The difference between the two cal
lations was argued@13# to be due to a difference in the cou
pling matrix elements and core potentials. Fritsch and Lin@8#
used a 16-state two-center atomic orbital expansion to inv
tigate this collision system. Over a limited energy range
calculation is in good agreement with our data and previ
measurements. However, the observed sharp drop in
cross section is not seen in any of the calculations that o
estimate the cross section by approximately 40% around
eV/u. It is unlikely that the structure in the cross secti
comes from the so-called Stuckelberg oscillations caused
destructive interference of different channels leading to c
ture since these kinds of processes are, in principle, inclu
in the calculation of Fritsch and Lin~the model of Fritsch
and Lin includes all states up to then55 level!.

It is interesting to compare these measurements with
recent ORNL merged-beam measurements@19# for N41. As
in the present measurements, a sharp structure is observ
the peak in the total cross section~for N41, around 100
eV/u!. Semiclassical molecular-orbital calculations by S
makuraet al. @35# predict a similar structure, but at a slightl
different energy than that observed@19#. Because many
channels are coupled in this energy domain, the oscillat
structure is sensitive to the details of the molecular potent
and couplings included. Recent fully quantal molecul
orbital calculations by Zygelmanet al. @36# also show oscil-
lations near the peak in the N41 cross section.

IV. CONCLUSION

Total-electron-capture cross sections for C41 1 H~D!
have been measured in the energy range between 6 and
eV/u by using the merged-beam technique. To estimate
contribution due to the presence of metastable states in
ion beam, the metastable fraction is measured using elect
impact ionization below the ground-state threshold and
effect on the total-charge-transfer cross section is estim
by using a multichannel Landau-Zener calculation. It is e
mated that the metastable fraction of 5% results in a cor
tion of only a few percent. Within the absolute uncertainti
the measurements generally agree well with previous exp
mental investigations. The measurements also compare
vorably with theory, although the MO7 calculation of Ga
gaud, McCarroll, and Valiron tends to overestimate the cr
section. The measurements agree best with the calculatio
Saha, probably due to the more accurate potentials and
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56 431LOW-ENERGY ELECTRON CAPTURE BY C41 IONS . . .
plings used. The most striking observation is the sharp st
ture in the cross section around the maximum, which is
predicted by any of the available models for the total cr
section. Such a structure is supported by the energy de
dences for the 3s, 3p, and 3d state-selective cross section
observed by Hoekstraet al. @15#; however, the total cross
section calculated from the sum does not have sufficient
curacy to resolve the structure. A similar structure was s
in N41 total-electron-capture measurements, but the ex
mechanism that is responsible is unclear.
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