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Using the Oak Ridge National Laboratory ion-atom merged-beams apparatus, absolute total charge-transfer
cross sections have been measured for collisions of He2++H over a range of energies from 380 to 2620 eV/u.
The experimental results are compared to previous measurements using different experimental techniques. A
hidden-crossing coupled-channelsHCCCd calculation is performed in the collision energy range of
10 to 3000 eV/u and is compared with the measured data as well as with other theories. The HCCC calcula-
tion, which is deemed accurate below 1000 eV/u, is also used to determine differential cross sections. The
resultant angular scattering information is used to correct the merged-beams data, which is characterized by a
large but limited angular acceptance at these collision energies. Our combined experimental and theoretical
study provides an improved benchmark for this fundamental system.
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I. INTRODUCTION

Atomic hydrogen and helium are the most abundant ele-
ments in both astrophysical and terrestrial fusion plasmas.
The charge-transfersCTd reaction

He2+ + X → He+* + X+, s1d

where an asterisk represents any state of the He+ product and
X represents almost any neutral species, is highly relevant in
the analysis of the near-edge region of fusion plasmas and in
the study of the exhaust of the helium product from the fu-
sion reaction. WhenX is atomic hydrogen in the ground
state, the charge transfer process has a zero-energy defect for
capture into then=2 states of He+. However, as first pointed
out by Fiteet al. f1g, the energy defect at the internuclear
separation where the electron transfer takes place is large
because of the Coulomb repulsion of the charged products.
Consequently, the cross section attains a peak value of 12
310−16 cm−2 at a collision energy around 10 keV/u and
then, characteristic of “tunneling” through a potential barrier,
the cross section exponentially decreases toward lower ener-
gies. This decreasing cross section along with inherent diffi-
culties in producing a ground-state atomic hydrogen target
makes low-energy measurementsf1–6g difficult. In fact, the
only total cross-section measurements below 1 keV/u are
from early work of Fiteet al. f1g and Nuttet al. f5g. Such
total cross-section measurements using a tungsten tube fur-
nace to produce H from H2 require the fraction of dissocia-
tion and the H target number density to be accurately deter-
mined. The measurements of Fiteet al. exhibit an
approximately constant cross section value of 2.5
310−16 cm−2 as the energy is decreased below 1000 eV/u,
whereas the later measurements of Nuttet al. show a rapid

decrease below 1000 eV/u, more in line with the expected
decrease of the cross section.

Due to a relatively small number of atomic states effec-
tively involved in the charge-transfer process at low energies,
He2++H is one of the most-frequently theoretically studied
collision processes and is viewed as a prototype one-electron
heavy-particle, asymmetric collision system. An important
advantage of studying single-electron, two-center systems is
the availability of accurate adiabatic potential curves and
wave functions. Due to the system separability in elliptic
prolate coordinates, the adiabatic, quasimolecular, and elec-
tronic eigenenergies and eigenfunctions can be obtained with
any desired accuracy, for arbitrary internuclear distanceR
f7g. These constitute the so-called molecular orbitalsMOd
basis for the molecular-orbital coupled-channelsMOCCd
method, which is a usual method of choice for low energies
scollision velocityv!v0, wherev0 is the characteristic elec-
tron velocity in the initial stated.

Despite numerous theoretical works in the last few de-
cadesf8–26g on He2++H, the calculated CT data are still
neither fully consistent with each other nor with experiments
at low collision energies. There are several reasons for the
disagreement, depending on the considered subrange of en-
ergies. For example, below about 400 eV/u, a classical tra-
jectory treatment of internuclear motion is inadequate, as al-
ready pointed by Winter and Lanef9g in the late 1970s. A
straight-line trajectory leads in the MOCC method to an
overestimation of the cross section, providing more charge
transfer from united-atomsUAd rotational coupling of the
initial 2ps with 2pp quasimolecular statessin the notation of
the UA spherical quantum numbersd than is “allowed” by
nuclear repulsionf23g. Even with a fully quantum treatment
of nuclear motion the various sources in the literature
f9,13,18,26,27g report cross sections that disagree by orders
of magnitude at lower energies. Significant progress toward
mutual concordance of various methods at low energies has
recently been reported by Krstić f27g and Lin and co-workers
f28g. Above a few hundreds of eV/u the dispersion of re-*Electronic address: havenercc@ornl.gov
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ported theoretical data decreases, nevertheless staying within
50%. Such a large uncertainty is caused by the need for a
larger and larger MO basis for convergence with increasing
energy, as well as by the diversity of electron translation
factors sETFd used to cure the problems inherent to the
MOCC methodsboundary conditions of the nonadiabatic
matrix elements, size inconsistency of a truncated molecular
basisd.

In view of the continued attention and importance of this
fundamental system, further experimental and theoretical
studies are needed to establish an improved benchmark. The
merged-beams techniquef29g described in Sec. II is funda-
mentally different from the previous experiments and pro-
vides a truly independent measurement of the total charge-
transfer cross section for He2++H. The calculation,
performed earlierf27g by the hidden-crossing coupled-
channelsHCCCd methodf27,30,31g for the He2++H charge
transfer at low energies, is described and extended up to
3 keV/u in Sec. III to compare with the measured data. An
analysis, discussion, and comparison of our measured and
theoretical data, mutually and with those available in the
literature, are presented in Sec. IV. Finally, our concluding
remarks and summary are given in Sec. V.

II. EXPERIMENT

The measurement of the charge-transfer cross section for
the He2++H system was performed at the Multicharged Ion
Research FacilitysMIRFd at Oak Ridge National Laboratory
sORNLd using the ion-atom merged-beams apparatus, which
has previously been described in detailf29,32g. The appara-
tus, shown schematically in Fig. 1, has been highly success-
ful in providing benchmark CT total cross sectionsf33g for a
variety of multiply charged ions in collisions with H and D.
In the merged-beams technique used here, relatively fast
skeVd ion and atomic beams are merged, producing a large
dynamic range of possible center-of-masssc.m.d collision en-

ergies, from keV/u down to meV/u. In the present investiga-
tion, a3He2+ beam with energies of 17–25 keV was merged
with a fast H beam with energies of 6, 8, and 9 keV. This
range of primary beam energies permitted the total charge-
transfer cross section to be measured over the energy range
of 380–2620 eV/u. A fast neutral ground-state hydrogen
beam is obtained by photodetachment of a H− beam as it
crosses the optical cavity of a 1.06-mm cw Nd:YAG laser
where kilowatts of continuous power circulate. The H− is
extracted from a duoplasmatron ion source. Collisional de-
tachment of the H− beam in the background gas results in a
small fractions0.01%d of excited-state contamination in the
H beam. The H beam is highly collimatedsthe divergence is
less than 0.15°d, with a beam diameter of 2 mm and intensi-
ties ranging from 20 to 40 nA.

As depicted in Fig. 1, the He2+ beam is electrostatically
merged with the neutral H beam. A 4–10-mA He2+ beam is
produced by the ORNL Caprice ECR ion source with a di-
ameter of 3 mmffull width at half maximumsFWHMdg and
a divergence less than 0.25°. The two beams interact along a
field free region of 47 cm, after which H+ product ions are
magnetically separated from the primary beams. The neutral
beam is monitored by measuring secondary-electron emis-
sion from a stainless-steel plate, and the intensity of He2+

beam is measured by a Faraday cup. The product signal of
H+ ions is detected with a channel electron multiplier oper-
ated in pulse-counting mode. The beam-beam signal rate
sHzd is extracted from theskHzd background with a two-
beam modulation technique. The dominant background
arises from H stripping on residual gas. To correct the beam-
beam signal rate for the small fraction of excited H, the
signal is measured with and without the laser on. The differ-
ence between the signals corresponds to the ground-state col-
lisions.

The absolute charge-transfer cross section is determined
at each velocity from directly measurable parameters from
the formula

FIG. 1. Schematic of the ion-atom merged-beams apparatus.
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s =
Sgqe2v1v2

I1I2vrLkFl
, s2d

whereS is the signal count rate,q is the charge number of
the ion,e is the electronic charge,I1 andI2 are the currents of
the beams,v1 andv2 are the velocities of the beams,vr is the
relative velocity of the beams,L is the merge-path length,g
is the secondary-electron emission coefficient of the neutral
detector, andkFl is the average form factor measuring the
overlap of the beams. The form factor is estimated from
two-dimensional measurements of the beam-beam overlap at
three different positions along the merged path. The
secondary-electron emission coefficientg is measuredin situ
as described previouslyf32g. The velocities are calculated
from the accelerating voltages of the beams, which include
the estimated plasma potential shifts of the two sourcesssee,
e.g., Ref.f34gd. The effect of the smallsnonzerod angle be-
tween the merged beams was found to be negligible in the
range of cm collision energies reported here.

In this ssingle-passd merged-beams experiment, the target
density of the H beamf29g is several orders of magnitude
less than for an H target formed from dissociation of H2.
This makes the merged-beams measurements difficult, espe-
cially when the cross section is below 10−16 cm2. The lowest
energy at which measurements can be performed is deter-
mined by the inherent signal/noise ratio. The signal/noise
ratio degrades toward lower energies due to a decreasing
number of collisions in the merge pathsthe number of beam-
beam collisions is proportional to the relative collision ve-
locity f29gd, a decreasing cross section, and a large constant
backgrounds10–20 kHzd. The unusually large background
is due to collisions of H with the,10−9 Torr He background
gas in the merge path. The high He partial pressure is a result
of depositing the microampere intensity He beam in the col-
lision chamber and the relatively low He pumping capacities
in cryogenic pumps. The signal/noise ratio is reflected in the
statistical error reported for each measurement.

Low-energy charge-transfer collisions can exhibit signifi-
cant angular scattering in the center-of-mass framef35g.
However, because of the kinematic frame transformation,
this angular scattering is significantly compressed in the
laboratory frame, the frame in which the products are col-
lected. The angular acceptance of the the ORNL merged-
beams apparatus in the laboratory frame was determined to
be at least 2.3°, as determined by ray tracings and verified by
comparison of data to angular-scattering calculations for the
O5+ systemssee Refs.f36,37gd. From this estimate, one can
determine the maximum angle into which the product H+ can
be emitted in the center-of-mass frame and still be collected.
Figure 2 shows the angular acceptance in the center-of-mass
frame in the forward direction as a function of collision en-
ergy for capture into then=2 level of He+ using a 9.068 keV
H beam. For scattering in the backward direction the angular
acceptance is similar, because only the velocity component
perpendicular to the beam direction leads to a loss of signal.
Figure 2 shows that the angular acceptance improves with
decreasing collision energy. Though not relevant to this sys-
tem, there is usually an energys,10 eV/ud below which all
products are collected. Comparison of the angular acceptance

to the angular scattering calculations will determine whether
all products are collectedssee Sec. IVd.

III. THEORY

Knowledge of accurate potential surfaces in the plane of
complex internuclear distance,R, encouraged recent devel-
opment of an advanced adiabatic theory of collisions, known
as the hidden crossing theoryf19,38–41g. Although the treat-
ment of the collision dynamics in the HC theory varies with
the specific approach, common to all of them is use of the
topology of the adiabatic eigenenergy surfaces in the plane
of complexR, which is assumed to contain all information
on the radial transition dynamics in the low-collision-
velocity limit. Qualitative understanding of the collision dy-
namics from topology is one of the highlights of the HC
theory and is summarized below. More details on the topol-
ogy of the studied system can be found in a previous publi-
cation f19g.

Figure 3sad shows the adiabatic quasimolecular electronic
eigenenergies forsHeHd2+ of the states used in the current
calculation sNeff=ÎZ2/2uENu ,Z=3d. Being interested in
charge transfer from the ground Hs1sd statescorresponding
to the 2ps molecular stated, only 12 of the lowest states that
can be reached in at most two consecutive state-to-state steps
along a transition path are taken into account in either the
incoming or receding collision phase, in any combination of
the radial and rotational transitions. An exception is 5gs,
which requires three subsequent transitions and is kept here
as one of the states of the excited Hsn=2d multiplet. Figure
3sbd shows the most importantssingle-stepd transitions from
the ground state.

As discussed in the Introduction, the rotational coupling
2ps-2pp has a leading role in the charge-transfer process
below about 400 eV/u, but its role diminishes below
60 eV/u, because of nuclear repulsion. Also the role of the

FIG. 2. Current angular acceptance of the ORNL ion-atom
merged-beams apparatus in the forward direction in the center-of-
mass frame as a function of collision energy for measurements in
the He2++H system performed with a 9.068-keV H beam.
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radial transitions, symbolically presented in Fig. 3 with
circle-line-circle symbolsssolid circles denoteQ series, open
circles denoteS seriesf19gd, as well as the UA rotational
coupling of the 3ps-3pp and 3ds-3dp-3dd states, gradually
increases with increasing energy. With a new hidden-
crossing coupled-channel approach, performing calculations
with 3, 8, and 12 states, convergence is reached for the total
cross section to better than three digits of accuracy in the
whole considered energy range 10–3000 eV/u.

The correct application of the HC theory in the nearly
adiabatic limit depends on the description of the collision
dynamics in that limit. The recent advancement in HC
theory, the HCCC methodf30,31g, looks similar to the stan-
dard fully quantal MOCC method, but as a significant differ-
ence, the nonadiabatic matrix elementsUijsRd are defined
utilizing the hidden-crossing topology. The first approxima-
tion beyond the assumption of the complete localization of
the transitionswhich is exact only, in the strict adiabatic
limit d around the real part of the complex crossing radius,
RehRcj f30g, is the linear expansion in complexR aroundRc

of the relevant interacting-state parameters, which leads to a
Lorentzian model for the nonadiabatic couplingf30g:

UijsRd = kwiu]/]Ruw jl =
1

2

ImhRcj
sR− RehRcjd2 + sImhRcjd2 . s3d

A Uij defined thus does not suffer from the problems of the
standard MOCC method: it complies with the boundary
conditions—i.e.,UijsR→`d→0—and it is not dependent on

the choice of the electronic origin, thus enabling reliable re-
sults with a small number of states. The Lorentzian behavior
of the matrix elements is accurate only in the vicinity of
RehRcj whenv→0 sa consequence of the transition localiza-
tiond while the fast oscillating dynamic phase of the interact-
ing statessproportional to their energy splitting and 1/vd
suppresses possible spurious transitions far from RehRcj. Ex-
ceptions are the radial terms which are degenerate whenR
→` and correspond to the eigenfunctions localized at the
different centers. Decrease of the relevantUijsR→`d as
1/R2 srather than exponentiallyd can significantly and falsely
influence the CT results at low energiessbelow 60 eV/u for
the considered systemd. This is resolved elsewheref27g in a
self-consistent manner, by applying a functional multiplier at
UijsRd in Eq. s3d, which decreases faster than 1/R2 far from
RehRcj, while simultaneously maintainingUijsRd in its vicin-
ity. The applicability of the HCCC method is limited at
higher velocities, in the keV region, and is usually handled in
the HC theoryf19,40,41g by truncation of the partial-wave
contributions to the cross sections at,max=kuRcu+2/v f41g—
i.e., atbmax= uRcu in the impact parameter formalism. For the
collision system studied here the truncation is applied above
E=750 eV/u and the cross section is calculated asssEd
=o,maxs,sEd, where the partial cross sectionflabeled as PCS
in Fig. 4sadg s,sEd=sp /k2ds2,+1dP,sEd and P,sEd is the
total transition probability for the charge transfer. Figure 4sad
showss,sEd for the energies ofE=250 eV/u and, Fig. 4sbd,
bPsbd for E=750 eV/usb= l /kd slinesd and their comparison
with hyperspherical coupled channel calculationssHSCC’sd
of Lin and co-workersf26,28g ssymbolsd. The agreement of
the partial cross sections is excellent at 250 eV/u, but dete-
riorates at 750 eV/u, with obvious slow decay ofbPsbd to-
ward largerb. The agreement of the total cross section with
the one obtained by HSCC’s atE=2000 eV/u is also very
good, while at 750 eV/u the two values deviate by 15%. The
small-, peak at 250 eV/u emerges from the UA 2ps-2pp
rotational coupling, while the oscillatory part of the curve is
from the 2ps-3ds radial coupling ssee Fig. 3d. Since
HSCC’s do not make any assumptions on the UA rotational
coupling approximation, Fig. 4sad confirms the effectiveness
of the chosen approximation for the rotational couplings in
the HCCC approach. The agreement of the HCCC and
HSCC partial cross sections is even better with decreasing
collision energy. The two sets of total cross-section data de-
viate by less than 5% at energies below 250 eV, down to
20 eV/uf27g. Although the HCCC method is asymptotically
exact in the adiabatic limitsv→0d, its accuracy toward
higher energies depends on the system and processes consid-
ered. The need for truncation in the total cross-section calcu-
lations to ,max in the HCCC approach at higher energiess
750 eV/u in this cased defines the higher limit in energy for
its applicability as an independent and accurate method. Al-
though the asymptotic nature of the method allows the pos-
sibility of obtaining accurate results at even higher energies,
its accuracy can be estimated only by comparison with other
theoretical and experimental data.

The HCCC method applied here uses a fully quantal MO
methodf42g by expanding the total scattering wave function
in the sum of products of electronic adiabatic molecular

FIG. 3. Adiabatic quasimolecular electronic eigenenergies as a
function of internuclear separation forsHeHd2+. See text for details.
sad shows all states used in the calculation.sbd shows the most im-
portant ssingle-stepd transitions from the initial ground state of
He2++Hs1sd.
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wave functions and nuclear wave functions. Using the matrix
U of nonadiabatic radial matrix elementsUij which are ap-
proximated by Eq.s3d, at each of the hidden crossings be-
tween the chosen truncated set of adiabatic wave functions,
the adiabatic electronic basiswW is transformed to the diabatic
one wW d, such thatkwi

du] /]Ruw j
dl=0. This transformation and

the numerical procedure are described in detail by Heilet al.
f43g. The unitary transformation matrixCsRd is calculated
numerically usingUsRd. The expansion of the total wave
function in diabatic electronic functions is applied in the
time-independent Schrödinger equation, obtaining a set of
coupled second-order differential equations for nuclear func-

tions FW dsRW d:

S−
1

2M
¹R

2I − LsRd + «IDFW dsRW d = 0, s4d

where M is the system reduced mass andI is the identity
matrix. Upon expansion in partial waves, Eq.s4d is solved
numerically in terms of the Johnson log-derivative method
f44g. For the He2++H system studied here, a step ofDR
=0.001 is used and the integration starts fromRmin=0.01,
while subject to the plane-wave boundary conditions at
Rmax=200. Important for the present approach is that the

diabatic potential energy matrixLsRd=C−1sRdWsRdCsRd,
whereWsRd is the diagonal adiabatic potential energy ma-
trix, does not contain matrix elements of the second deriva-
tives s]2/]R2d which removes the need for additional ap-
proximations.

The resultingS matrix is used to calculate the charge-
transfer probabilities and partialsin ld, differential sin scat-
tering angled, and total cross sections. Transitions between
the scattering channels are induced by both radial and rota-
tional nonadiabatic coupling matrix elements. The rotational
matrix elements are defined in the usual wayf42g, where
kwiuiLyuw jl is approximated with a UA approximation. These
are affected by transformation to the diabatic representation
indirectly through the change of the relevant manifolds of
radial states which are coupled by rotational couplingf45g.

Figure 5 shows the calculated differential cross sections
for collision energies of 400 and 980 eV/u. Especially at
400 eV/u two components can be observed: a forward-
scattering component which can be associated with large im-
pact parameter radial couplingsssee Fig. 3d and a large
angular-scattering component which is associated with the
rotational coupling at smaller impact parameters. Backward
scattering is found to be negligible at these energies. In both
Figs. 5sad and 5sbd an arrow indicates the angular acceptance
of the present merged-beams apparatus in the center-of-mass
frame. The integral of the differential cross section up to the
angular acceptance in the center-of-mass frame is compared
to the total cross section to determine the fraction of signal
collected. The angular scattering calculations indicate that
only 60% of the signal is collected at 400 eV/u while 97% is
collected at 980 eV/u where the scattering is mostly for-
wardly peaked.

IV. RESULTS AND DISCUSSION

The present experimental results are tabulated in Table I.
The cross section is multiplied by a correction factor to ac-

FIG. 4. Comparison of the present HCCC calculation with the
hyperspherical coupled-channel calculations of Lin and co-workers
f26,28g. sad showss,sEd for an energy ofE=250 eV/usbd shows
bPsbd for E=750 eV/u. See text for details.

FIG. 5. Differential angular scattering versus center-of-mass
angle calculated using the HCCC method forsad 400 eV/u andsbd
980 eV/u collision energies. See text for details.
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count for the predicted loss in signal due to angular scatter-
ing. The multiplicative factors at 0.38, 0.53, 0.65, 0.8, and
1.06 keV/u are 1.64, 1.27, 1.12, 1.06, and 1.03, respectively.
Corrections at higher energies are not significant. The cross
section is given along with the relativesstatisticald error at
90% confidence and with the absolute error at 90% confi-
dence. The absolute error is a quadrature sum of the relative,
the estimated systematic errors of 12%ssee Ref.f32gd, and
an estimated 25% error in the correction factor. Figure 6
shows a comparison of the present measurements with the
results of earlier experimentsf1–5,46g. The pioneering work
was performed by Fiteet al. f1g in the early 1960s, using a
tungsten tube furnace technique to measure the total charge
exchange cross section from 30 eV/u to 12 keV/u. The
cross section of Fiteet al. in Fig. 6 is a renormalized one,
done by Shah and Gilbodyf2g using more accurate values of
H++H charge transfer, obtained by McCluref47g. Although
the renormalized cross section of Fiteet al. above 1 keV/u
is in accord with the later measurements of other authors,
it exhibits an approximately constant value of about
2310−16 cm2 at energies below 1 keV/u. The behavior at
these lower energies is at odds with all later experimental
and theoretical results, and, as discussed previouslyf5g, be-
sides other problems connected to the nonselective detection

in the experiment of Fiteet al. no correction was made for
the effect of undissociated H2 molecules in the target.

Shah and Gilbodyf2,4g and Nuttet al. f5g modified the
tungsten-tube furnace-target technique to provide a target
with a higher fraction of dissociated hydrogen. The measure-
ments of Nuttet al. extend toward lower energies, covering
the range between 500 and 3000 eV/u. Our results extend to
slightly lower energy and show good agreement with the
measurements of Nuttet al. f5g. Total cross-section measure-
ments using a tungsten-tube furnace to produce H from
H2—e.g., Nuttet al. f5g—require the fraction of dissociation
and the H target number density to be determined. This is
accomplished by normalization to other data and leads to
systematic errors typically of 13%f5g. Accurate determina-
tion of the dissociation fraction is especially important for
systems like this one where the cross section for H2 is sig-
nificantly different from the cross section for H. Reproduc-
ibility errors, as typified by the measurements of Nuttet al.,
range from 7% at the high energies to 28% at the lowest
energy of 497 eV/u. Investigationf48g of gas cell measure-
ments by Nuttet al. f5g for collisions of He2+ ions with He
and H2 points to insufficient angular acceptance in some of
the earlier measurements. Corrections have been applied to
some of the previous dataf48g. This may explain why the
lowest energy point of Nuttet al. in Fig. 6 seems to be
somewhat low.

Above 1 keV/u, our results show excellent agreement
with Fite et al., Shah and Gilbody, and Bayfield and Khayral-
lah f3g who measured the total charge-transfer cross section
from 1.75 to 36.0 keV/u. At the highest collision energy of
2.62 keV/u our results are a few percent higher than the
average value of Shah and Gilbody, Nuttet al., and Bayfield
and Khayrallah; however, the deviation is just outside the
statistical error bars.

There also have been numerous state-selective cross-
section measurementsssee, e.g.,f2–4,6,46,49,50g for the
He2++H system. Hoekstraet al. f6g measured the low-energy
photon emission for Hes2p→1sd in the energy range
300–1750 eV/ussee Fig. 6d using a crossed-beam configu-
ration with the H beam produced by a radio-frequency
source with a 55% dissociation of H2. Systematic errors re-
sulting from the determination of the target density and spec-

TABLE I. Measured ion-atom merged-beams cross section data for He2++H→He++H+ as a function of
collision energy. Also listed is the statistical uncertainty and total combinedsstatistical plus systematicd
uncertainty estimated at the 90% confidence level. See text for details.

Collision
energy
skeV/ud

Cross
section

s10−16 cm2d

Statistical
uncertainty
s10−16 cm2d

Total
uncertainty
s10−16 cm2d

0.38 0.52 0.24 0.28

0.53 0.53 0.25 0.27

0.65 1.01 0.19 0.22

0.80 1.06 0.16 0.20

1.06 2.58 0.18 0.35

1.49 4.14 0.29 0.57

2.01 5.84 0.38 0.78

2.62 8.12 0.40 1.05

FIG. 6. The present total charge-transfer cross-section measure-
ments for He2++H compared to other total and state-selectives2pd
measurements. The error bars of the present measurement represent
relative errors at 90% confidence level. See text for details.
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trometer calibration were 16% for Hes2p→1sd emission
with reproducibility errors between 8% and 30%. The partial
cross section can be associated with the total charge transfer
at the lowest energies, since charge transfer to He+s2pd is the
dominant process. As seen in Fig. 6, below 1 keV/u the 2p
cross section is not observed to be significantly different
from the present total cross-section values. However, above
1 keV/u the 2p cross section lies below the total cross-
section values. This is expected, since the contribution of
charge transfer to the subdominant He+s2sd, as well as higher
snd states, becomes more significantf46g, and additional
emissions, including cascades, must be taken into account in
order to fully describe the charge transfer.

To summarize the comparison of experiment, between
600 eV/u and 1 keV/u, the agreement between experiments
is good enough to suggest that the total cross section is de-
termined to better than 15%sincluding systematic errorsd
and, above 1 keV/u, where the statistical errors are negli-
gible, to better than 10%. Below 600 eV/u the statistical
errors are significant but the present measurements are con-
sistent with the minimum total cross section provided by the
2p measurement of Hoekstraet al., while the lowest-energy
measurement of Nuttet al. is low.

Figure 7 compares the present merged-beams measure-
ments to present HCCC calculations and some previous the-
oretical results. The four measured points at or below
800 eV/u show good agreement with the present calculation,
the comparison being within or close to the statistical uncer-
tainty of the measurement. In the energy range
1000–1500 eV/u our calculation underestimates the mea-
sured data by less than 20%, while in the interval
2000–2500 eV/u range the calculation agrees with the
present measurements within the relative error.

Comparing the present measurement and calculation with
previous theoretical data, agreement is obtained within the
statistical uncertainties of the measurement in the range of
from 1000 to about 2000 eV/u with the calculation of Runge
and Michaf20g, obtained by a semiclassical, eikonal time-

dependent Hartree-Fock method, using a Gaussian basis of
six hydrogenic orbitals and with ETF’s. In the same energy
interval the present calculation underestimates the Runge-
Micha data by less than 20%, while above 2000 eV/u this
disagreement drops below 10%. At lower energies
s600–1000 eV/ud the Runge-Micha data are above the
present calculation by up to 20% and even more so the mea-
sured data. Similar to the Runge-Micha results is the calcu-
lation of Kimura and Thorsonf12g, who used optimized non-
common TF’s, and of Winter and Hatonf11g who used
plane-wavesPWd ETF’s. Erreaet al. f14g calculated the
cross section using the MOCC method with a common trans-
lational factorsCTFd approach, norm optimizedf15g, with a
classical, straight-line trajectory, using ten states in the range
0.75–16 keV/u. Later calculations of Erreaet al. were im-
proved toward higher energies and included a larger MO
basis f17g and ionizationf22g using the triple-center MO
basis. The calculations of Erreaet al. are in good agreement
with the data of Kimura and Thorson, Winter and Haton, and
Runge and Micha for energies above 1000 eV/u as well as
with those of Harelet al. f23g, who also used CTF’s and
straight-line trajectories in a 66-state basis. The calculations
of Harelet al.and Winter and Haton overestimate the present
HCCC cross section by about 20% at 250 eV/u. The calcu-
lation of Harelet al. is orders of magnitudef27g higher at
low energiess60 eV/ud, which is, as discussed earlier, an
arti-fact of the prescription of the straight-line trajectory. The
MOCC-ETF data of van Hemertet al. f13g underestimate the
present calculated data by about a factor of 3 at 125 eV/u,
by 75% at 250 eV/u, and by 15% at 750 eV/u. At higher
energies this calculation underestimates all other theoretical
and experimental data. Hosef21g used the multichannel
propagator technique with 45 adiabatic basis states, aug-
mented with pseudoionization states in linear combination of
Gaussian orbitals over a wide range of energies above
1350 eV/u. Although this calculation coincides with the
Runge-Micha data at lower energies, it agrees with the
present calculation in the interval 1800–2300 eV/u and then
underestimates our calculations20% at 3000 eV/ud, coincid-
ing with calculations of Kimura and Thorson, Erreaet al.,
and Winter and Haton at about 5000 eV/u. The Hose data
agree well with the present measurement in the interval
1350–2600 eV/u, slightly underestimating it at the highest
energies.

As previously discussed in Sec. III, Liuet al. and co-
workers f26,28g have recently applied the hyperspherical
close-couplingsHSCCd method to treat charge transfer for
He2++H, in the range of c.m. collision energies from
10 eV/u to 4 keV/u. In their initial formulationf26g, the
calculation was performed within the manifold of four adia-
batic hyperspherical statesfthe initial Hs1sd and the final
He+sn=2d statesg. Although this carefully performed, nu-
merically intensive fully quantal calculation accounts well
for all underlying physics below 200–300 eV/u, its accu-
racy must be judged at higher energies due to the limited
adiabatic basis. Our previously reported HCCC calculation
f27g for the lower-energy range showed an excellent agree-
ment with the results of Liuet al. in the range 10–400 eV/u,
which is within a few percent below 125 eV/u, rising to
somewhat less than 10% at 250 eV/u. A similar agreement

FIG. 7. The present total merged-beams measurements com-
pared to the present HCCC calculations and to a selection of other
theories. See text for details.
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with a fully quantal, distorted atomic-orbital calculations of
Fukuda and Ishiharaf18g for energies below 250 eV/u pro-
vides a confidence in the present theoretical data for energies
below the range of the present experiment. At higher ener-
gies the data of Liuet al. overestimate our present experi-
mental and theoretical results by over 50% at about
750 eV/u, reaching 60% at 1250 eV/u and staying over
40% for higher energies. Recently, the same authors per-
formed the calculations with 10 and 20 hyperspherical adia-
batic basis states. The new resultsf28g which are lower than
their previous resultsf26g at higher energies still overesti-
mate the present calculation at 750 eV/u by 20%sand some-
what more the measurementd, but coincide with both the
present calculation and experimentswithin the statistical un-
certaintyd at 2000 eV/u.

V. SUMMARY

Absolute total charge-transfer cross sections for He2++H
have been measured using a merged-beams technique for
collision energies from 380 to 2620 eV/u and compared to
previous total and state-selective cross-section measure-
ments. The hidden-crossing coupled-channel approach a
variant of the MOCC method, has been extended from lower
energies to the energy region of the experiment. A compari-
son with previous experimental and theoretical data was per-

formed to analyze the current status and quality of the
knowledge of charge transfer for this fundamental collision
system. This combined experimental and theoretical study
provides an improved benchmark for low-energy charge
transfer. Below 600 eV/u our HCCC calculation provides
the best estimate of the total cross section, while at higher
energies, in particular above 1 keV/u, the calculated data
cannot serve as an independent benchmark due to the low-
energy asymptotic adiabatic nature of the HCCC method.
Above 600 eV/u the present measurement shows excellent
agreement with previous experiments, providing an im-
proved benchmark for comparison with theory.
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