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Charge transfer in low-energy collisions of Hé&* with atomic hydrogen
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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 &f-He 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-channéHCCC) 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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[. INTRODUCTION decrease below 1000 eV/u, more in line with the expected

) ) decrease of the cross section.
Atomic hydrogen and helium are the most abundant ele- pye to a relatively small number of atomic states effec-
ments in both astrophysical and terrestrial fusion plasmasiyely involved in the charge-transfer process at low energies,

The charge-transfe(iCT) reaction He**+H is one of the most-frequently theoretically studied
. collision processes and is viewed as a prototype one-electron
He?" + X — He™ + X, (1)  heavy-particle, asymmetric collision system. An important

advantage of studying single-electron, two-center systems is
where an asterisk represents any state of thegreduct and the availability of accurate adiabatic potential curves and
X represents almost any neutral species, is highly relevant iwave functions. Due to the system separability in elliptic
the analysis of the near-edge region of fusion plasmas and iprolate coordinates, the adiabatic, quasimolecular, and elec-
the study of the exhaust of the helium product from the fu-tronic eigenenergies and eigen_functi(_)ns can be obt_ained with
sion reaction. WherX is atomic hydrogen in the ground any desired accuracy, for arbitrary internuclear distaRce
state, the charge transfer process has a zero-energy defect k§}- These constitute the so-called molecular orbitdD)
capture into the1=2 states of He However, as first pointed Dasis for the molecular-orbital coupled-chanilOCC)
out by Fiteet al. [1], the energy defect at the internuclear method, which is a usual method of choice for low energies

separation where the electron transfer takes place is Iargi@on's'on velocityv <uvq, wherey, is the characteristic elec-

: ron velocity in the initial state
because of the Coulomb repuilsion of the charged product Despite numerous theoretical works in the last few de-

Consequently, the cross section attains a peak value of 1gades[8—26] on HE*+H. the calculated CT data are still

16 —2 e
;;]10 hcm tat_ ‘?_ COf”"‘f"on ?_ne,r,g?r/] aron;]nd 1? k(te_Vllg af_‘d neither fully consistent with each other nor with experiments
en, charactenstic of ‘tunneling’ through a potential barrer, o |4, collision energies. There are several reasons for the

the cross section gxponenually dgcreases tqwqrd lower e.m.acﬁisagreement, depending on the considered subrange of en-
gies. This decreasing cross section along with inherent diffi-

lties i 4quci d-state atomic hvd i ergies. For example, below about 400 eV/u, a classical tra-
culties in producing a ground-staté atomic nydrogen arge]tectory treatment of internuclear motion is inadequate, as al-
makes low-energy measuremehis-6| difficult. In fact, the

_ ready pointed by Winter and Larj®] in the late 1970s. A
only total cross-section measurements below 1 keV/u A'€traight-line trajectory leads in the MOCC method to an
from early worlg of Fiteet al. [1] and Nuttet al. [5]. Such overestimation of the cross section, providing more charge
total cross-section measurements using a tungsten tube fl{F’ansfer from united-atonfUA) rotational coupling of the
nace to produce H from frequire the fraction of dissocia-

. . initial 2po with 2 uasimolecular statés the notation of
tion and the H target number density to be accurately dete PT b4 ¢

mined. The measurements of Fitet al. exhibit an the UA spherical quantum numbgrshan is "allowed” by

. ! nuclear repulsiofi23]. Even with a fully quantum treatment
approximately constant cross section value of 2.5

of nuclear motion the various sources in the literature
X107 cm? as the energy is decreased below 1000 eV/u - -
; 9,13,18,26,2F report cross sections that disagree by orders
whereas the later measurements of Naital. show a rapid L Trep g y

of magnitude at lower energies. Significant progress toward
mutual concordance of various methods at low energies has
recently been reported by Kr&{i27] and Lin and co-workers
*Electronic address: havenercc@ornl.gov [28]. Above a few hundreds of eV/u the dispersion of re-

1050-2947/2005/7%)/0427079)/$23.00 042707-1 ©2005 The American Physical Society



HAVENER et al. PHYSICAL REVIEW A 71, 042707(2005

ORNLECR Il
x*

H~ ION SOURCE (0.5-30 keV) VERTICAL

PARALLEL-PLATE DEFLECTOR

ANALYZERS

LENS Xat xfax

MERGE SECTION

APERTURES

CHARGE-SEPARATION
MAGNET (demerging)

VERTICAL STEERING

30" BENDING MAGNET

BEAM-PROFILE
MONITORS
(2-dimensional)

cw Nd: YAG LASER g H
(neutralization) H~ BEAM DUMP
0 05 1.0 meter
L | ]

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

ported theoretical data decreases, nevertheless staying withémgies, from keV/u down to meV/u. In the present investiga-
50%. Such a large uncertainty is caused by the need for #on, a®He?* beam with energies of 17—25 keV was merged
larger and larger MO basis for convergence with increasingvith a fast H beam with energies of 6, 8, and 9 keV. This
energy, as well as by the diversity of electron translationrange of primary beam energies permitted the total charge-
factors (ETF) used to cure the problems inherent to thetransfer cross section to be measured over the energy range
MOCC method (boundary conditions of the nonadiabatic of 380—2620 eV/u. A fast neutral ground-state hydrogen
matrix elements, size inconsistency of a truncated moleculafeam is obtained by photodetachment of a éam as it
basig. _ _ _ _crosses the optical cavity of a 1.6n cw Nd:YAG laser

In view of the continued attention and importance of this,\are kilowatts of continuous power circulate. The I

fundamental system, further experimental and theoret'Caéxtracted from a duoplasmatron ion source. Collisional de-

studies are needed to establish an improved benchmark. T . :
merged-beams technigii2g] described in Sec. Il is funda- tchhment of the Hbeam in the background gas results in a

! . : small fraction(0.01%9 of excited-state contamination in the
mentally d|ﬁe_rent from the previous experiments and pro-, beam. The H beam is highly collimatéthe divergence is
vides a truly independent measurement of the total charg(?(—ass than 0.15° with a beam diameter of 2 mm and intensi-
transfer cross section for KerH. The calculation, o

performed earlier[27] by the hidden-crossing coupled- ties ranging from 20 to 40 nA.

+ As depicted in Fig. 1, the Hé beam is electrostatically
channel(HCCC) method[27,30,31 for the H&*+H charge . o :
transfer at low energies, is described and extended up erged with the neutral H beam. A 4— 10k He™ beam is

3 keV/u in Sec. Ill to compare with the measured data. Anproduced by the ORNL Caprice ECR ion source with a di-

analysis, discussion, and comparison of our measured a eter of 3 mnifull width atohalf maX|mum(FWHM)] and
a divergence less than 0.25°. The two beams interact along a

theoretical data, mutually and with those available in the; . : X
literature, are presented in Sec. IV. Finally, our concludingﬂeId freg region of 47 cm, after Wh.'Ch ‘Hproduct ions are
remarks and summary are given in Sec. V. magnepcally §eparated from th_e primary beams. The neutral
beam is monitored by measuring secondary-electron emis-
sion from a stainless-steel plate, and the intensity of*He
beam is measured by a Faraday cup. The product signal of
H* ions is detected with a channel electron multiplier oper-
The measurement of the charge-transfer cross section fated in pulse-counting mode. The beam-beam signal rate
the HE*+H system was performed at the Multicharged lon(Hz) is extracted from thgkHz) background with a two-
Research FacilityMIRF) at Oak Ridge National Laboratory beam modulation technique. The dominant background
(ORNL) using the ion-atom merged-beams apparatus, whiclarises from H stripping on residual gas. To correct the beam-
has previously been described in def@®,32. The appara- beam signal rate for the small fraction of excited H, the
tus, shown schematically in Fig. 1, has been highly successignal is measured with and without the laser on. The differ-
ful in providing benchmark CT total cross sectid@8] fora  ence between the signals corresponds to the ground-state col-
variety of multiply charged ions in collisions with H and D. lisions.
In the merged-beams technique used here, relatively fast The absolute charge-transfer cross section is determined
(keV) ion and atomic beams are merged, producing a largat each velocity from directly measurable parameters from
dynamic range of possible center-of-més.) collision en-  the formula

Il. EXPERIMENT
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whereS is the signal count ratey is the charge number of 35 [ -
the ion,eis the electronic chargé, andl, are the currents of
the beamsy, andv, are the velocities of the beams,is the
relative velocity of the beamsg, is the merge-path length

is the secondary-electron emission coefficient of the neutra
detector, andF) is the average form factor measuring the ©
overlap of the beams. The form factor is estimated from<E
two-dimensional measurements of the beam-beam overlap ¢2 | |
three different positions along the merged path. The™ 1ol 4
secondary-electron emission coefficignis measuredh situ

30 |- -

acceptance (deg)

20 - -

15 |- -

as described previously82]. The velocities are calculated 5F 7
from the accelerating voltages of the beams, which include oo ]

the estimated plasma potential shifts of the two sou(ses, 0 200 400 600 800 1000

e.g., Ref[34]). The effect of the smallnonzerg angle be- Collision Energy (eV/u)

tween the merged beams was found to be negligible in the

range of cm collision energies reported here. FIG. 2. Current angular acceptance of the ORNL ion-atom

In this (single-passmerged-beams experiment, the targetmerged-beams apparatus in the forward direction in the center-of-
density of the H beani29] is several orders of magnitude mass frame as a function of collision energy for measurements in
less than for an H target formed from dissociation of H the H&*+H system performed with a 9.068-keV H beam.

This makes the merged-beams measurements difficult, espe-

cially when the cross section is below #®@cn?. The lowest  to the angular scattering calculations will determine whether
energy at which measurements can be performed is detesil products are collectetsee Sec. IV.

mined by the inherent signal/noise ratio. The signal/noise

ratio degrades toward lower energies due to a decreasing IIl. THEORY

number of collisions in the merge patine number of beam-

beam collisions is proportional to the relative collision ve- ~Knowledge of accurate potential surfaces in the plane of
locity [29]), a decreasing cross section, and a large constagomplex internuclear distanc®, encouraged recent devel-
background(10—20 kH2. The unusually large background opment of an advanced adiabatic theory of collisions, known
is due to collisions of H with the-107° Torr He background s the hidden crossing thedid9,38—41. Although the treat-
gas in the merge path. The high He partial pressure is a resunpent of the collision dynamics in the HC theory varies with
of depositing the microampere intensity He beam in the colthe specific approach, common to all of them is use of the
lision chamber and the relatively low He pumping capacitiedopology of the adiabatic eigenenergy surfaces in the plane
in cryogenic pumps. The signal/noise ratio is reflected in thef complexR, which is assumed to contain all information
statistical error reported for each measurement. on the radial transition dynamiCS in the low-collision-

Low-energy charge-transfer collisions can exhibit Signiﬁ-VE'OCity limit. Qualitative understanding of the collision dy-
cant angular scattering in the center-of-mass frdi3g.  namics from topology is one of the highlights of the HC
However, because of the kinematic frame transformationtheory and is summarized below. More details on the topol-
this angular scattering is significantly compressed in thedy of the studied system can be found in a previous publi-
laboratory frame, the frame in which the products are col-cation[19].
lected. The angular acceptance of the the ORNL merged- Figure 3a) shows the adiabatic quasimolecular electronic
beams apparatus in the laboratory frame was determined gigenenergies fofHeH)*" of the states used in the current
be at least 2.3°, as determined by ray tracings and verified b§alculation (Neg=VZ?/2|Ey|,Z=3). Being interested in
comparison of data to angular-scattering calculations for theharge transfer from the ground(t$) state(corresponding
O°* system(see Refs[36,37)). From this estimate, one can to the 2o molecular statg only 12 of the lowest states that
determine the maximum angle into which the produétddn  can be reached in at most two consecutive state-to-state steps
be emitted in the center-of-mass frame and still be collectecalong a transition path are taken into account in either the
Figure 2 shows the angular acceptance in the center-of-magscoming or receding collision phase, in any combination of
frame in the forward direction as a function of collision en- the radial and rotational transitions. An exception gob
ergy for capture into tha=2 level of He' using a 9.068 keV  which requires three subsequent transitions and is kept here
H beam. For scattering in the backward direction the angulaas one of the states of the excitedni#2) multiplet. Figure
acceptance is similar, because only the velocity componer8(b) shows the most importaiisingle-step transitions from
perpendicular to the beam direction leads to a loss of signathe ground state.

Figure 2 shows that the angular acceptance improves with As discussed in the Introduction, the rotational coupling
decreasing collision energy. Though not relevant to this sys2po-2pm has a leading role in the charge-transfer process
tem, there is usually an ener@y 10 eV/u below which all  below about 400 eV/u, but its role diminishes below
products are collected. Comparison of the angular acceptan&® eV/u, because of nuclear repulsion. Also the role of the
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the choice of the electronic origin, thus enabling reliable re-

——
g \5{6), - o sults with a small number of states. The Lorentzian behavior
L 4ot \~\.<.4dq"_:.3}"f o of the matrix elements is accurate only in the vicinity of
4 fo — He (=it Re{R;} whenv — 0 (a consequence of the transition localiza-
e o . tion) while the fast oscillating dynamic phase of the interact-
Z“‘E 3 307 i ] - ing states(proportional to their energy splitting and d)/
| = e (1) suppresses possible_spurious trar_lsitions far frofiRReEx-
Iz ceptions are the radial terms which are degenerate when
2 P20 He’"+H —oo and correspond to the eigenfunctions localized at the
I 1s ] different centers. Decrease of the relevahf(R—o) as
N I N (] 1/R? (rather than exponentialican significantly and falsely
0 5 10 15 20 influence the CT results at low energig®low 60 eV/u for

the considered systeniThis is resolved elsewhef27] in a
self-consistent manner, by applying a functional multiplier at
U;;(R) in Eq. (3), which decreases faster thanREfar from
Re{R.}, while simultaneously maintaining;;(R) 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 theory[19,40,4] by truncation of the partial-wave

- contributions to the cross sectionstat,=k/R | +2/v [41]—

b)] i.e., atb.=|R 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 calculatedoéE)
=>!max; (E), where the partial cross sectiflabeled as PCS

FIG. 3. Adiabatic quasimolecular electronic eigenenergies as ' Fi9- 4@)] o((E)=(m/k)(2¢+1)P¢(E) and P,(E) is the
function of internuclear separation fiideH)2*. See text for details.  total transition probability for the charge transfer. Figuta) 4
(a) shows all states used in the calculatibhshows the most im- Showsa(E) for the energies oE=250 eV/u and, Fig. ®b),
portant (single-step transitions from the initial ground state of bP(b) for E=750 eV/u(b=1/k) (lines) and their comparison
He?* +H(1s). with hyperspherical coupled channel calculatidrkSCC'y
of Lin and co-workerg26,28 (symbols. The agreement of
radial transitions, symbolically presented in Fig. 3 withthe partial cross sections is excellent at 250 eV/u, but dete-

circle-line-circle symbolgsolid circles denot€) series, open fiorates at 750 eV/u, with obvious slow decaylf(b) to-
circles denoteS series[19]), as well as the UA rotational ward largerb. The agreement of the total cross section with
coupling of the o-3p7 and Rlo-3d7-3d4 states, gradually the one obtained by HSCC’s &=2000 eV/u is also very
increases with increasing energy. With a new hiddengood, while at 750 eV/u the two values deviate by 15%. The
crossing coupled-channel approach, performing calculationsmall{ peak at 250 eV/u emerges from the Upa@2pm
with 3, 8, and 12 states, convergence is reached for the tot&tational coupling, while the oscillatory part of the curve is
cross section to better than three digits of accuracy in th&om the Zo-3do radial coupling (see Fig. 3. Since
whole considered energy range 10—3000 eV/u. HSCC'’s do not make any assumptions on the UA rotational
The correct application of the HC theory in the nearly coupling approximation, Fig.(d) confirms the effectiveness
adiabatic limit depends on the description of the collisionof the chosen approximation for the rotational couplings in
dynamics in that limit. The recent advancement in HCthe HCCC approach. The agreement of the HCCC and
theory, the HCCC metho[B0,31], looks similar to the stan- HSCC partial cross sections is even better with decreasing
dard fully quantal MOCC method, but as a significant differ- collision energy. The two sets of total cross-section data de-
ence, the nonadiabatic matrix elemehtg(R) are defined Viate by less than 5% at energies below 250 eV, down to
utilizing the hidden-crossing topology. The first approxima-20 €V/u[27]. Although the HCCC method is asymptotically
tion beyond the assumption of the complete localization ofXact in the adiabatic limi{v—0), its accuracy toward
the transition(which is exact only, in the strict adiabatic higher energies depends on the system and processes consid-
limit) around the real part of the complex crossing radiusg€red. The need for truncation in the total cross-section calcu-
Re{R,} [30], is the linear expansion in compléaroundR,  lations to €, in the HCCC approach at higher energies
of the relevant interacting-state parameters, which leads to &0 eV/u in this casedefines the higher limit in energy for

Lorentzian model for the nonadiabatic couplifgf]: its applicability as an independent and accurate method. Al-
though the asymptotic nature of the method allows the pos-
1 Im{R.}

U (R) = (|l oRlg) = = 3) sibility of obtaining accurate results at even higher energies,
i = #1772 (R-ReRY)2+ (IM{R))? its accuracy can be estimated only by comparison with other
theoretical and experimental data.
A U;; defined thus does not suffer from the problems of the The HCCC method applied here uses a fully quantal MO
standard MOCC method: it complies with the boundarymethod[42] by expanding the total scattering wave function
conditions—i.e.U;;(R— ) — 0—and it is not dependent on in the sum of products of electronic adiabatic molecular

1} He*(n=2)+H"
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o
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-
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03 FIG. 5. Differential angular scattering versus center-of-mass
- ) angle calculated using the HCCC method far 400 eV/u andb)
S 980 eV/u collision energies. See text for details.
)
z 02 N . .
o diabatic potential energy matriA(R)=C {R)W(R)C(R),
where W(R) is the diagonal adiabatic potential energy ma-
0.1 trix, does not contain matrix elements of the second deriva-
tives (¢2/9R?) which removes the need for additional ap-
. proximations.
0.0 — The resultingS matrix is used to calculate the charge-

transfer probabilities and partigin 1), differential (in scat-
tering angle, and total cross sections. Transitions between
FIG. 4. Comparison of the present HCCC calculation with thelN® Scattering channels are induced by both radial and rota-
hyperspherical coupled-channel calculations of Lin and co-workerdiOnal nonadiabatic coupling matrix elements. The rotational
[26,28. () showsa,(E) for an energy oE=250 eV/u(b) shows Matrix elements are defined in the usual wdy], where
bP(b) for E=750 eV/u. See text for details. (@iliLy|e;) is approximated with a UA approximation. These
are affected by transformation to the diabatic representation

wave functions and nuclear wave functions. Using the matrix"directly through the change of the relevant manifolds of
U of nonadiabatic radial matrix elemerit§; which are ap- radial states which are coupled by rotational couplif§].
proximated by Eq(3), at each of the hid(lllen crossings be- Figure 5 shows the calculated differential cross sections
tween the chosen truncated set of adiabatic wave functionfo! collision energies of 400 and 980 eV/u. Espemally at
the adiabatic electronic basfsis transformed to the diabatic 400 €V/u two components can be observed: a forward-
one &, such that<<pid|c7/0R|<p?>=0. This transformation and Scattering component which can be as§00|ated with large im-
the numerical procedure are described in detail by i, ~ Pact parameter radial couplingsee Fig. 3 and a large

[43]. The unitary transformation matri€(R) is calculated angu_lar-scatten_ng component which is associated with the
. . . rotational coupling at smaller impact parameters. Backward

numerically usingU(R). The expansion of the total wave L - .
function in diabatic electronic functions is applied in the scattering is found to be negligible at these energies. In both
PP Figs. §a) and %b) an arrow indicates the angular acceptance

time-independent Schrédinger equation, obtaining a set Oéf the present merged-beams apparatus in the center-of-mass

coupled second-order differential equations for nuclear funcframe. The integral of the differential cross section up to the

tions FU(R): angular acceptance in the center-of-mass frame is compared
1 to the total cross section to determine the fraction of signal
(——Vﬁl -AR) +8|)|Ed(|i) =0, (4) collected. The angular scattering calculations indicate that
2M 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-

where M is the system reduced mass ands the identity wardly peaked

matrix. Upon expansion in partial waves, Hd) is solved
numerically in terms of the Johnson log-derivative method
[44]. For the Hé"+H system studied here, a step &R
=0.001 is used and the integration starts fr&y,=0.01,
while subject to the plane-wave boundary conditions at The present experimental results are tabulated in Table I.
Rnax=200. Important for the present approach is that theThe cross section is multiplied by a correction factor to ac-

IV. RESULTS AND DISCUSSION
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TABLE |. Measured ion-atom merged-beams cross section data forHte— He'*+H* as a function of
collision energy. Also listed is the statistical uncertainty and total combiseatistical plus systemajic
uncertainty estimated at the 90% confidence level. See text for details.

Collision Cross Statistical Total
energy section uncertainty uncertainty
(keV/u) (1016 cnr) (1016 cnr) (10716 cnp)

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

count for the predicted loss in signal due to angular scatterin the experiment of Fitet al. no correction was made for
ing. The multiplicative factors at 0.38, 0.53, 0.65, 0.8, andthe effect of undissociated Hnolecules in the target.

1.06 keV/u are 1.64, 1.27, 1.12, 1.06, and 1.03, respectively. Shah and Gilbody2,4] and Nuttet al. [5] modified the
Corrections at higher energies are not significant. The croséingsten-tube furnace-target technique to provide a target
section is given along with the relativstatistica) error at ~ With a higher fraction of dissociated hydrogen. The measure-
90% confidence and with the absolute error at 90% confients of Nuttet al. extend toward lower energies, covering
dence. The absolute error is a quadrature sum of the relativ}e range between 500 and 3000 eV/u. Our results extend to
the estimated systematic errors of 128ee Ref[32]), and  Slightly lower energy and show good agreement with the
an estimated 25% error in the correction factor. Figure gneasurements of Nuét al.[S]. Total cross-section measure-
shows a comparison of the present measurements with ﬂﬁents using a tungsten-tube furnace to produce H from
results of earlier experimenf&—5,46. The pioneering work —e.g., Nuttet al.[5]—require the fraction of dissociation

. ) . and the H target number density to be determined. This is
was performed by Fitet al. [1] in the early 1960s, using a accomplished by normalization to other data and leads to
tungsten tube furnace technique to measure the total Char%?/stematic errors typically of 139&]. Accurate determina-

. fEi Lin Fi . lized &ion of the dissociation fraction is especially important for
cross section of Fitet al. in Fig. 6 is a renormalized one, gy stams Jike this one where the cross section ferisHsig-
done by Shah and Gilbody] using more accurate values of pificantly different from the cross section for H. Reproduc-

H"+H charge transfer, obtained by McCIUw7]. Although jyility errors, as typified by the measurements of Nattal,

the renormalized cross section of Fdeal. above 1 keV/u range from 7% at the high energies to 28% at the lowest
is in accord with the later measurements of other authorse,nergy of 497 eV/u. Investigatid@8] of gas cell measure-

it eXhiltéitS an approximately constant value of aboutpnents by Nuttet al. [5] for collisions of HE* ions with He

2x 10 cn? at energies below 1 keV/u. The behavior at 5ng H, points to insufficient angular acceptance in some of
these lower energies is at odds with all later experimentalhe earlier measurements. Corrections have been applied to

and theoretical results, and, as discussed previdd$hbe-  ¢ome of the previous dafa8]. This may explain why the
sides other problems connected to the nonselective detectigh\yest energy point of Nutet al. in Fig. 6 seems to be

somewhat low.

E 10'F @%ﬁi Above 1 keV/u, our results show excellent agreement
L‘De g ﬂ}z@ with Fite et al, Shah and Gilbody, and Bayfield and Khayral-

F % } i % % f 1 ? lah [3] who measured the total charge-transfer cross section
3 1k i ggfﬁ from 1.75 to 36.0 keV/u. At the highest collision energy of

% i % % Experiment 2.62 keV/u our results are a few percent higher than the
i . f‘ : PR average value of Shah and Gilbody, Nettal., and Bayfield

% 10lF AN (5 and Khayrallah; however, the deviation is just outside the
s i statistical error bars.

H @ Bayfield (3 ‘ There also have been numerous state-selective cross-
© g e — section measurementsee, e.g.[2-4,6,46,49,5D for the

10°

'
Colision energy (€Viu) He?*+H system. Hoekstrat al.[6] measured the low-energy

photon emission for H2p—1s) in the energy range
FIG. 6. The present total charge-transfer cross-section measur800—1750 eV/usee Fig. 6 using a crossed-beam configu-
ments for H&*+H compared to other total and state-selectig) ration with the H beam produced by a radio-frequency
measurements. The error bars of the present measurement repressaurce with a 55% dissociation of,HSystematic errors re-
relative errors at 90% confidence level. See text for details. sulting from the determination of the target density and spec-
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“— Theory dependent Hartree-Fock method, using a Gaussian basis of
g £l O B8] g_é— six hydrogenic orbitals and with ETF’s. In the same energy
o 10°F wEraps) interval the present calculation underestimates the Runge-
S C 3:’::;2[;]11 Micha data by less than 20%, while above 2000 eV/u this
= [ - Runge [20] disagreement drops below 10%. At lower energies
S X Liu [26] (600—1000 eV/u the Runge-Micha data are above the
g 10° hd g::j‘;l[]‘” present calculation by up to 20% and even more so the mea-
% E — Present theory sured data. Similar to the Runge-Micha results is the calcu-

5 r lation of Kimura and Thorsopl2], who used optimized non-
8 o common TF’s, and of Winter and Hatodril] who used
£ 10'F plane-wave(PW) ETF's. Erreaet al. [14] calculated the
ﬁ © Present measurement cross section using the MOCC method with a common trans-
2 lational factor(CTF) approach, norm optimizeld 5], with a
S classical, straight-line trajectory, using ten states in the range
102 '- '2° o '3 0.75-16 keV/u. Later calculations of Errea al. were im-
10 10 proved toward higher energies and included a larger MO
Collision energy (eV/u) basis[17] and ionization[22] using the triple-center MO

basis. The calculations of Erred al. are in good agreement
FIG. 7. The present total merged-beams measurements conith the data of Kimura and Thorson, Winter and Haton, and
pared to the present HCCC calculations and to a selection of otheRunge and Micha for energies above 1000 eV/u as well as
theories. See text for details. with those of Harelet al. [23], who also used CTF’s and
straight-line trajectories in a 66-state basis. The calculations
trometer calibration were 16% for k#p—1s) emission of Harelet al.and Winter and Haton overestimate the present
with reproducibility errors between 8% and 30%. The partial[HCCC cross section by about 20% at 250 eV/u. The calcu-
cross section can be associated with the total charge transfiation of Harelet al. is orders of magnitudg27] higher at
at the lowest energies, since charge transfer t24g is the  low energies(60 eV/u), which is, as discussed earlier, an
dominant process. As seen in Fig. 6, below 1 keV/u the 2 arti-fact of the prescription of the straight-line trajectory. The
cross section is not observed to be significantly differentMOCC-ETF data of van Hemeet al.[13] underestimate the
from the present total cross-section values. However, aboveresent calculated data by about a factor of 3 at 125 eV/u,
1 keV/u the 2 cross section lies below the total cross-by 75% at 250 eV/u, and by 15% at 750 eV/u. At higher
section values. This is expected, since the contribution oénergies this calculation underestimates all other theoretical
charge transfer to the subdominantt®s), as well as higher and experimental data. Hod®1] used the multichannel
(n) states, becomes more significddt6], and additional propagator technique with 45 adiabatic basis states, aug-
emissions, including cascades, must be taken into account mented with pseudoionization states in linear combination of
order to fully describe the charge transfer. Gaussian orbitals over a wide range of energies above
To summarize the comparison of experiment, betweeri350 eV/u. Although this calculation coincides with the
600 eV/u and 1 keV/u, the agreement between experimenidunge-Micha data at lower energies, it agrees with the
is good enough to suggest that the total cross section is dgresent calculation in the interval 1800—2300 eV/u and then
termined to better than 15%ncluding systematic erroys underestimates our calculati¢®0% at 3000 eV/Y coincid-
and, above 1 keV/u, where the statistical errors are negliing with calculations of Kimura and Thorson, Erreaal,
gible, to better than 10%. Below 600 eV/u the statisticaland Winter and Haton at about 5000 eV/u. The Hose data
errors are significant but the present measurements are coagree well with the present measurement in the interval
sistent with the minimum total cross section provided by thel350—-2600 eV/u, slightly underestimating it at the highest
2p measurement of Hoekstet al, while the lowest-energy energies.
measurement of Nutt al. is low. As previously discussed in Sec. lll, Liet al. and co-
Figure 7 compares the present merged-beams measuimorkers [26,28 have recently applied the hyperspherical
ments to present HCCC calculations and some previous th€lose-coupling(HSCQ method to treat charge transfer for
oretical results. The four measured points at or belowHe?*+H, in the range of c.m. collision energies from
800 eV/u show good agreement with the present calculatiorl0 eV/u to 4 keV/u. In their initial formulatiori26], the
the comparison being within or close to the statistical uncercalculation was performed within the manifold of four adia-
tainty of the measurement. In the energy rangebatic hyperspherical statd¢he initial H(1s) and the final
1000—-1500 eV/u our calculation underestimates the meade*(n=2) state. Although this carefully performed, nu-
sured data by less than 20%, while in the intervalmerically intensive fully quantal calculation accounts well
2000—-2500 eV/u range the calculation agrees with thdor all underlying physics below 200-300 eV/u, its accu-
present measurements within the relative error. racy must be judged at higher energies due to the limited
Comparing the present measurement and calculation withdiabatic basis. Our previously reported HCCC calculation
previous theoretical data, agreement is obtained within thg27] for the lower-energy range showed an excellent agree-
statistical uncertainties of the measurement in the range ohent with the results of Liet al.in the range 10—-400 eV/u,
from 1000 to about 2000 eV/u with the calculation of Rungewhich is within a few percent below 125 eV/u, rising to
and Micha[20], obtained by a semiclassical, eikonal time- somewhat less than 10% at 250 eV/u. A similar agreement
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with a fully quantal, distorted atomic-orbital calculations of formed to analyze the current status and quality of the
Fukuda and Ishiharfl8] for energies below 250 eV/u pro- knowledge of charge transfer for this fundamental collision
vides a confidence in the present theoretical data for energieystem. This combined experimental and theoretical study
below the range of the present experiment. At higher enerprovides an improved benchmark for low-energy charge
gies the data of Liwet al. overestimate our present experi- transfer. Below 600 eV/u our HCCC calculation provides
mental and theoretical results by over 50% at abouthe best estimate of the total cross section, while at higher
750 eV/u, reaching 60% at 1250 eV/u and staying overenergies, in particular above 1 keV/u, the calculated data
40% for higher energies. Recently, the same authors pecannot serve as an independent benchmark due to the low-
formed the calculations with 10 and 20 hyperspherical adiaenergy asymptotic adiabatic nature of the HCCC method.
batic basis states. The new resyi2§] which are lower than Above 600 eV/u the present measurement shows excellent
their previous result$26] at higher energies still overesti- agreement with previous experiments, providing an im-
mate the present calculation at 750 eV/u by 2@#d some- proved benchmark for comparison with theory.

what more the measuremgnbut coincide with both the
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