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Low-energy electron capture by C** ions from atomic hydrogen
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The total-electron-capture cross section for collisions 6f @vith ground-state hydrogefdeuterium is
measured in the energy range 6—1000 eV/u using the merged-beam technique. The fractiomeft&stable
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/L51050-294{@7)04107-3

PACS numbes): 34.70+e

I. INTRODUCTION [7]. Other calculations include a modified two-center atomic-
orbital (AO *) expansion performed by Fritsch and Lig]
Low-energy electron capture by highly charged ions fromand fully quantal molecular-orbital calculations by Gargaud
atomic hydrogen continues to generate considerable intereahd McCarroll[9] (MO4) and Bottcher and He[l10] with a
not only because of practical applications in studies of astrolimited basis set. Gargaud, McCarroll, and Valifdri] have
physical plasma$l,2] and particle transport in the divertor also used an extended basis €dD7) with more accurate
region of thermonuclear fusion devick3] but also because molecular potentials and include rotational couplings and
of the fundamental atomic physics processes that occur duglectron translation factors. The MO7 calculation shows that
ing these low-energy collisions. Most of the fully quantum the effect of rotational coupling is strong and leads to an
mechanical models describing these one-electron or quasiicrease of up to 30% in the cross section in the energy range
one-electron systems consist of a procedure to decompo$®—-500 eV/u. Using a diabatic formalism, a calculation by
the time-dependent electronic wave function in either atomiAndersson and McCarrd|lL2] agrees with the results of the
or molecular orbitals. Different theoretical approaches ofterMO7 calculation. A recent semiclassical impact-parameter
show large discrepancies, e.g., up to 30% for tf6 G- H  calculation by Sah#13] uses a molecular basis with rota-
collision system. Experimental data, when existing, often argional coupling. It shows reasonable agreement with the
not accurate enough to discriminate between theories. Ther@iO7 calculation, except at the peak in the total cross sec-
fore accurate and systematic experimental data are necessaityn, where the cross section is significantly lower. A more
to establish a benchmark for theoretical predictions. in-depth discussion of the various theories and approxima-
The present state-of-the-art experimental merged-beamons can be found in Ref13].
technique provides accurate absolute cross sections over an A number of experimental works have also been per-
extended energy range enabling a detailed investigation dbrmed. Both state-selective photon emission spectroscopy
electron capture processes. In this paper the absolute totalnd total-capture measurements down to 1000 eV/u have
electron-capture cross section for the following reaction isheen performed by Dijkkamet al. [14] using a crossed-
presented: beam configuration with a partially dissociated hydrogen
beam effused from a radio-frequency discharge source. By
deceleration of the € ion beam, this technique was ex-
C* +H(D)—C¥ +H*(DM). (1)  tended to 50 eV/u by Hoekstrat al. [15]. Using a cool
source of ions from a laser-produced plasma and a hydrogen
furnace as a target, Phanestfal. [16] were able to extend
The absolute cross section has been measured using the Gk total-capture measurements to 15 eV/u. Generally, the
Ridge National Laboratory ion-atom merged-beam apparatutotal-cross-section measurements are not of sufficient accu-
[4,5] in the energy range between 6 and 1000 eV/u. Numerracy to distinguish between the various theories, but do show
ous theoretical studies have been performed on this collisiodifferences with the MO7 calculation in the energy range
system, which can be treated as having effectively only ond00-1000 eV/u. The state-selective measurements of Hoek-
active electronthe C** ion has a %2 closed she)l Early  straet al.[15] indicate that théMO7) molecular-orbital cal-
semiclassical close-coupling calculations were performed bgulation agrees best with the experimental observations for
Olson, Shipsey, and Browri€] and later by Hansseet al.  capture into the individudl subshells. However, discrepan-
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. whose electrons are in highshells and Stark mixing fol-
+

c lowed by radiative quenching lower-excited states. The
correction[19] to the cross section is thereby reduced to less
le— 47 em—| BEAM than 10%. The merged beams interact in a field-free region
=l ——P 5 7 EEECTOR of 47 cm, after which the beams are separated magnetically
o T ELECTRIC P from each other. The product or “signal” HD *) beam is
D ioNnzer DY oot focused by a pair of einzel lenses positioned before and after
 +FARADAY the magnetic dispersion, is deflected out of the plane of dis-
( cup persion by electrostatic deflectors, and is then detected by a
CWNG:YAG LASER i oo™ channel electron multipliefCEM) operating in a pulse
MULTIPLIER

counting mode. The € product beam is collected together
with the C** beam in a Faraday cup. The neutral beam
FIG. 1. Schematic of the ion-atom merged-beam apparatus. intensity is measured by the secondary electron emission
from a stainless-steel plate.
cies remain. For example, the MO7 calculation and the more The 50-90 keV G* beam, with an intensity of 1-3
recent calculation by Sala3] predict that the cross section wA in the merge path, has a typical divergence of less than
for capture into the 8 state increases strongly below 0.1 0.5°. The beam diameter is typically on the order of 6—8 mm
keV/u. This is also observed in the measurements of Baptidull width at half maximum(FWHM). The 50¢particle nA
et al. [17]. However, the measurements of Hoeksttaal.  neutral beam of kD) atoms is nearly parallel having a di-
show a decrease of the population of tlies2ate down to 50 ameter of 2-4 mm FWHM and a divergence less than
eV/u. A further investigation of this collision system is there- 0.2°. The finite divergence of the primary beams results in a
fore warranted and presented in this paper. distribution of merging angles, creating a small absolute shift
and energy spread in the collision energy.
The total-electron-capture cross sections are determined
Il. EXPERIMENTAL METHOD absolutely by measuring the rate of KD ™) ions produced
A. Merged-beam technique by the beam-beam interaction over the merge lehgtfihe

L . cross-section value is determined by
The total-electron-capture cross section is measured using

the merged-beam technique, which will only be described

briefly here. For more experimental detail the reader is re-

ferred to the literaturé4,5]. A merged-beam configuration R yq€® v, 1

provides a large dynamic range of collision energies and is o=— T — —, 3
the only technique available to access thermal energies with € lily v OL

good energy resolution. Relatively fageV) beams of mul-

ticharged ions and neutral H or D are merged, resulting in

r_el_at|ve velocmes_ tunablt_a over a very large range. The COIi/vhereR is the H" (D ™) count rateg is the efficiency of the
lision energyE,. in eV/u is given by

CEM for detecting the H(D 1), v is the secondary electron
emission coefficient for the neutral beam detectpis the

E, E, \/ﬁ » charge state of the iom is the electronic charge; andl,
mlmzc 7

Efe=—+—-2 (2)  are the measured intensities of the two beamsandv, are
mp My the velocities of the two beams, and is the relative veloc-
ity between the beams$) is the effective form factor and is
a measure of the spatial overlap of the beams at three differ-
whereE; andm; correspond to the enerdgV) and the mass ent positions along the merged-pathThe numerical value
(a.u) of the neutral beam an#, and m, to those of the for y was determinedh situ [4].
multiply charged ion beam. In most cases, the merge angle The H" (D *) product ions are detected by a CEM with a
0 is small and can be set equal to zero. At thermal energiesliameter of 2.54 cm operating in pulse counting mode. A
though, the merge angle limits the lowest center-of-mass enroltage of—3000 V is applied to the front of the detector to
ergy that can be reaché¢8]. accelerate the positive ions further before they strike the
The C** beams are produced in the ORNL CAPRICE CEM. The total detection efficiency for both the electron-
electron cyclotron resonanc¢&CR) ion source and electro- ics and the detector is estimatet20] to be 0.97. The signal
statically merged with a neutral (B) beam. A schematic rate is separated from the background by using a two-beam
diagram of the apparatus is depicted in Fig. 1. The neutranodulation technique. Backgrounds on the order of 10 kHz
beam is a 99.98% pure ground-staté€DiH beam, which is were produced by the fast neutral[® beam stripping on
produced by photodetachment of an 8-keV (B ™) beam the background gas in the merged path. Although the pres-
as it passes through an optical cavity of a 108-Nd:YAG  sure in the merge path is typically on the order of 10 8
laser (where YAG denotes yttrium aluminum garpeThe  Pa, this still results in a target thickness for producing back-
small fraction of HD) atoms in Rydberg states is produced ground that is a factor of 1000 times higher than the effective
by collisional stripping of H (D ™) on the background gas. target thickess for producing signal. Additional background
As shown in Fig. 1, the neutral beam passes through an the order of 80—-100 Hz was a result of photons emitted
strong-electric-field30 kV/cm) ionizing excited HD) atoms by the C** in the Faraday cup.
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TABLE I. Binding energies for B states with different core
configurations.
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The cross section for capture into an ion with an excited
core can differ by orders of magnitude from capture into an
FIG. 2. Angular collection and an angular scattering estimatgon in the ground statg23]. Therefore, it is very important to
(see the teytas a function of collision energy in the center-of-mass know the exact fraction of metastables present in the ion
frame. beam when a comparison is made with theory for a projectile

in a ground-state core configuration. For the collision system

B. H™ signal collection investigated, the following metastable states are involved:
Electron capture onto £ from atomic hydrogen is an the C** (1s2s)'S state and the €" (1s2s)®S state. The
exoergetic reaction with excess energy denotedbyvith  lifetimes of these states are calculajed] to be 3.3us and

reaction products positively charged, there can be significarit12 s, respectively. Since the flight time from the ECR
angular scattering in the center-of-mass frame, especially apurce to the merging section is on the order ofyls the

low collision energies. The angular scatterifig,, is “com-  effect of the C* (1s2s)'S can be neglected.

pressed” in the laboratory frame where the observed scatter- The metastable fraction of the incidenf Cion beam was

ing Oy is related tod; , by the relation determined using the ORNL electron-ion crossed-beam ap-
paratus[25]. The cross section for electron-impact single
ivISinﬂcm ionization of C** was measured from 100 eV to 1500 eV

tan( 6ja) = : , (4)

)
Vem+ —vfcost, m
mt m.

using the same ion beafsimilar ion source conditionsas

for the capture experiment. The measured cross sections
were least-squares fit with a sum of two one-parameter Lotz
[26] functions representing the ionization of C metastable
(1s2s) and ground (%?) configurations with thresholds of
whereV,, is the velocity in the center-of-mass framg,is  93.13 eV and 392.08 eV, respectively. The metastable frac-
the final relative velocity after the collisiom; is the mass tion of the C** ion beam was thereby determined to be
of the faster collision partner, and is the reduced mass. In 0.05+0.01, which is in good agreement with previous stud-
the denominator the plus sign is replaced by a minus sigies[27].

whenm; is the slower collision partner;.{ is larger than the To estimatethe cross section for capture onto this meta-
incident relative velocity due to the increase in energy of thestable core, a multichannel Landau-Zener calculation was
reactionQ. The angular acceptance of the current apparatuperformed using the Olson-Salop-Taulbjerg coupling-matrix
fap is 2.3° and has been estimated by particle trajectoryelements[28—30 and asumming straight-line trajectories.
simulations and verified by comparison of data with theoryThe binding energies for thel3electrons with a ¢*

for the O° + H(D) system(see Ref[21]). Using Eq.(4)  (1s2s)'Sand C** (1s2s)3S core have been calculated with
one can estimate the angle over which thé €an be emitted the cowAN code[31] using a statistical distribution over all
and still be detected by the CEM. For this collision systemJ states, i.e., weighting coefficients by 2 1. For complete-
the value forQ is averaged over capture into all 8ubshells ness, the singlet and triplet energies are shown in Table I.
and estimated to be 11.8 eV at an internuclear separation of The effect on the measured cross sections can now be
7.5a,. Figure 2 shows the maximum angular acceptance irestimated by the ratio of the cross sections for capture by a
the center-of-mass frame as a function of collision energy. Ilground state core ion and an ion with an excited deee
order to estimate the angular scattering, the “half-Coulomb”Fig. 3). As a cross-check, the same calculation for tHe C
Rutherford minimum scatterin@gee Ref[22]) is also shown + H, system has been performed and found to compare
in Fig. 2 for an 8-keVD beam for the G* system. Itis clear favorably with the results of Guillemait al.[32]. From Fig.

that all the D" product ions are collected over the complete3 it is clear that for ¢* + H, the cross section for capture
energy range under investigation, unless the real angulawith a ground-state core is always larger than for capture by
scattering is much larger than the Rutherford scattering estan ion with an excited core. At higher energies, though, the
mate. Above 400 eV/u the data were taken with H rather thamatio is only on the order of 1.25. The measured cross sec-
D. For collisions with H(not shown, the scattering is only tion, then, taken with an ion beam with 5% metastable states,
slightly greater while the collection is only slightly less. is estimated to be low by only 2% at the highest energies and
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FIG. 3. Ratios of the cross section for capture by a ground state FIG. 4. Present total-electron-capture measuremdfiled
C**(1s?) core and an ion with an excited core;q1s2s)'Sor  circles are compared with other experimental measurements. The
C**(1s2s)®S. The cross sections were calculated using a multi-relative error bars are plotted at a 90% confidence level and are
channel Landau-Zener calculati¢see the test denoted by error bars with caps. The total uncertainties are denoted

at a few energies by vertical error bars that extend beyond the caps.

4.5% at the lowest energies. These small corrections were

applied to the data. vide a maximum angular collection at the lower energies,
while hydrogen provides access to the higher collision ener-
IIl. RESULTS AND DISCUSSION gies. The total uncertainties correspond to the quadrature

sum of the statistical and absolute uncertain{lE2%) esti-

The experimental results for the absolute total electrommated at a 90% confidence level. The experimental results
capture cross sections for*C + H(D) are given in Table Il. are compared with other measuremetitsy. 4) and theory
The results include measurements with both hydrogen an(Fig. 5. The relative error bars are plotted at a 90% confi-
deuterium. While there can be a difference in the cross seaence level and are denoted by error bars with caps. For a
tion for collisions with H and D due to the kinematic isotope few collision energie$26, 107, 216, and 517 eWthe totall
effect[18,33, no significant difference between H and D is error bars are plotted at a 90% confidence level and are de-
expected at these energi&sl]. Deuterium was used to pro- noted by vertical error bars that extend beyond the caps. The

TABLE II. Total-electron-capture cross sections fof ‘Gt H(D).

Collision energy Cross section Relative uncertainty Total uncertainty
Neutral (eV/u) (107 %% cm?) (10~ %% cm?) (10~ %% cm?)
D 6.38 2.9 0.5 0.6
D 15.6 7.0 1.2 1.4
D 25.8 111 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 34
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 21 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 24 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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60.0 ; . . semiclassical calculationot shown of Olson, Shipsey,
@ Present measurements and Browng[6] and Hansseeet al. [7], which extend down
500 | T Gt o MG, MO4 (Rl 9 ] to 100 eV/u. A comparison with the present measurements,
:g:;gil;’;tg)’“ﬂ07<ﬂeﬂ“) though, shows that the MO7 calculation overestimates the
400 cross section by 25%.

The most recent calculation is by Sgli&] using a semi-
classical impact-parameter, coupled-state method using all
n=3,3 andll states. At the lowest energies this calculation
agrees with the MO7 calculation. Compared to our data,
though, it would seem that both tend to overestimate the
cross section. At these energies the state-selective measure-
ments of Hoekstrat al. suggest that the calculations overes-
timate the cross section for capture into the Sate.

10000 At the maximum, the predicted cross section by Saha is in
good agreement with the measured data, but 15% lower than
the MO7 calculation. The difference between the two calcu-
lations was arguefll3] to be due to a difference in the cou-

FIG. 5. Present total-electron-capture measureméfited  pling matrix elements and core potentials. Fritsch and[8in
circ_les) are compared with various theories. Error bars are the samgged 3 16-state two-center atomic orbital expansion to inves-
as in Fig. 4. tigate this collision system. Over a limited energy range the

calculation is in good agreement with our data and previous
data are corrected a few percent for the presence of metameasurements. However, the observed sharp drop in the
stable states in the ion beam as discussed above. cross section is not seen in any of the calculations that over-

Comparing the experimental results with previous meaestimate the cross section by approximately 40% around 500
surements, one can see that at the highest energies aroun@\/u. It is unlikely that the structure in the cross section
keV/u our measurements show excellent agreement with theomes from the so-called Stuckelberg oscillations caused by
total-capture measurements of Dijkkampal. [14] At inter-  destructive interference of different channels leading to cap-
mediate energies good agreement is found with the measurgsre since these kinds of processes are, in principle, included
ments of Phaneuét al. [16] and Hoekstrat al.[15]. In the  in the calculation of Fritsch and Lifthe model of Fritsch
energy range 400-1000 eV/u a dip in the total-chargeand Lin includes all states up to time=5 leve).
transfer cross section is observed that is unresolved in the |t js interesting to compare these measurements with the
total-electron-capture measurements of Hoekstral. Since  recent ORNL merged-beam measurem¢heg for N**. As
these total cross sections are obtained by summing over thg the present measurements, a sharp structure is observed at
cross section for individudl-subshells, the structure in the the peak in the total cross sectigfor N**, around 100
total cross section is probably washed out. The stateev/u). Semiclassical molecular-orbital calculations by Shi-
selective measurements do, however, support the position @akuraet al.[35] predict a similar structure, but at a slightly
the structure: It is in this energy range that the cross sectiogifferent energy than that observdd9]. Because many
for capture to the dominantiBlevel is sharply decreasing, channels are coupled in this energy domain, the oscillatory
while capture to the $is increasing. By 1-keV/u capture to structure is sensitive to the details of the molecular potentials

the 3s level becomes comparable to capture @ €apture  and couplings included. Recent fully quantal molecular-
to the 3 level constitutes about 25% of the total cross sec-orbital calculations by Zygelmaet al. [36] also show oscil-

tion but is relatively constant in the vicinity of the structure, |ations near the peak in the*N cross section.
as verified by the state-selective measurements of Hoekstra
et al. within experimental uncertainty. V. CONCLUSION

1]
o
o

Cross section (107 cm’)
n
[~
o

-
o
=Y

0.0
1

1(I)0
Energy (eV/u)

Total-electron-capture cross sections fof'C+ H(D)
have been measured in the energy range between 6 and 1000

In Fig. 5 a comparison of the experimental results witheV/u by using the merged-beam technique. To estimate the
theory is depicted. It is interesting to compare the two cal-contribution due to the presence of metastable states in the
culations of Gargaud and McCarrgMO4) [9] and Gargaud, ion beam, the metastable fraction is measured using electron-
McCarroll, and Valiron(MO7) (MO7) [11]. While the MO4  impact ionization below the ground-state threshold and the
calculation includes only th& states neglecting rotational effect on the total-charge-transfer cross section is estimated
coupling and electron translation factors, it seems to agreby using a multichannel Landau-Zener calculation. It is esti-
best with the present measurements below 300 eV/u. Howmated that the metastable fraction of 5% results in a correc-
ever, as previously argued by Hanssdral. [7], agreement tion of only a few percent. Within the absolute uncertainties,
with the MO4 calculation is most likely fortuitous. Above the measurements generally agree well with previous experi-
300 eV/u, the calculation shows that the cross section commental investigations. The measurements also compare fa-
tinues to increase. Using a more accurate model potentialjorably with theory, although the MO7 calculation of Gar-
ETF, and including an expanded basis set with rotationagjaud, McCarroll, and Valiron tends to overestimate the cross
coupling tolIl states, the MO7 calculation should be moresection. The measurements agree best with the calculation by
accurate. It shows good agreement with the close-couplin§aha, probably due to the more accurate potentials and cou-

Comparison with theory
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