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Electron-capture cross section at near-thermal collision energies for $f +D
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Using a merged-beams technique, absolute total electron-capture cross sections have been measured in the
thermal energy regime for collisions of ‘Si ions with neutral D atoms. State-of-the-art molecular-orbital
coupled-channel calculations for the*Si+H(D) systems are compared to the measurements on an absolute
scale. Both the existence of a surprisingly large kinematic isotope effect and an observed sharp low-energy
increase of the cross section are attributed to trajectory effects due to an attractive ion-induced dipole.
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Current studies of electron-capture processes are motelectron capture can occur. The Langevin model predicts that
vated by the fact that they constitute reaction channels ofhe cross section scales as:q/v+\/a/u [5], wherev is the
fundamental importance in plasma environments, such as igollision velocity andu is the reduced mass. At low ener-
fusion devices and stellar plasmas. Until recently, most eXgies, then, the cross section is predicted to depend inversely
perimental investigations of electron-capture processes byn the collision velocity. In addition, the model shows that
ions have been made at collision energies above 0.1 eV/athajectory effects are stronger for collision systems with

(see, for example[1-3)). At very low (thermal or near- gmajier reduced masses. This kinematic isotope effect leads
therma) energies there have been measurements of charggs 5 |arger electron-capture cross section when a lighter iso-

transfer rate constants on a variety of systéeng.,[4]), but, iope is involved. The ratio of the cross sections for collision

g; %Téclzpoonvyéztg?jfeth;:)esgasveectki)oes; iﬂ?/o?:/rii;t megrstgergﬁg ?/stems with different isotopes is predicted by the Langevin
hence, no direct tests of our understanding. Physical intuitiorqmdel to be inversely proportional to the square root of the

for these processes tends to come from relatively simpléatlo 9f the reduced masses.
This simple Langevin model is not expected to be appro-

models[5-7], which include predictions of a kinematic iso- . ; . o :
tope effect where the cross section depends on the mass gate since it does not fully address the collision physics at

the isotope used and a sharp increase of the cross section'd¥ energies[9]. Indeed, for symmetric collision systems
the collision energy is decreased. However, the predicteWhere there are no crossings between initial and final §tates
scaling of these effects on the cross section is inconsistehike H ™ +H(D)], the Langevin model predicts a strong iso-
between models. More involved fully quantal calculationstope effect, although no such effect exig#s10,11. While
predict that at thermal energies shape resonances may cdfe Langevin model does treat trajectory effegthich leads
tribute to an enhancement of the cross secfijn to the 10 dependence in the cross secjioih assumes that

All of the phenomena just mentioned are related to thecapture will occur with a probability of unity sometime dur-
fact that, during the collision, the ion induces an attractiveing the collapsing orbit. However, consider for example a
dipole in the neutral atom. The ion-induced dipole potentialtwo-state asymmetric system with one entrance and exit
is given by channel, where the capture process takes place at a specific
crossing radiusR, . The quantum-mechanical probability for
capture then depends on, among other parameters, the radial
velocity. At low enough energies and f&,<b./\2 (col-
lapsing orbit conditioni5]), this radial velocity is determined
whereR is the internuclear distanca,is the polarizability of by the ion-induced dipole attraction. For that reason the mass
the neutral atomd¢=4.5 a.u. for both H and Dandq is the  dependence of the isotope effect is more complicated than
charge of the ion. At low collision energies, the force due tothat given by the Langevin model.
potential (1), and the resulting acceleration of the particles A model that takes into account the couplings at potential-
towards each other, will significantly modify their trajecto- energy curve crossings that can result in transitions is the
ries. This results in the incident trajectories accessing smalldrandau-Zener-Stueckelberg model. While not providing ac-
internuclear distances than the initial impact parameter.  curate absolute cross sections, it can account for the classical

When the collision energy is low enough, trajectory ef-trajectories of the heavy particles as modified by the ion-
fects dominate the electron-capture process. This is the badisduced dipole potentigl12,13. Recently, this model was
of the Langevin mode5]. According to this simple model, used to estimate the magnitude of the kinematic isotope ef-
there exists a critical impact parametey, such that for fect in low-energy electron capture with a variety of multi-
b<b, the trajectories follow collapsing orbits during which charged iong7]. These results indicate that at 0.1 eV/amu

ag?
V(R)=—5ga(au), (1
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The Si** beam is produced by the ORNL« CAPRICE
electron cyclotron resonang&CR) ion source. It has an

si4* intensity of 1-3uA, a diameter of 2—4 mnffull width at
half maximun)j, and a divergence less than 0°%hich is a
neutral L . . L
beam significant improvement compared to previous experiments
= 47 cm > detector  [2,12,14. A fast neutral D atom beam is obtained by photo-
>~ R D;] -~ detachment of a 7-keV D beam extracted from a duoplas-
D~ ¥ clectric \ 3+ matron source using a 1.Qém cw neodymium-doped yt-
field o+ S1 trium aluminum garnetNd:YAG) laser. The D beam is
p- renrzer Sid+ nearly parallelthe divergence is less than 095has a di-
/> P Q ameter of about 2 mm, and an intensity of 10—20 nA.
cw NA:YAG laser channel Faraday The Si** beam is merged electrostatically with the neu-

electron cup

multiplier tral D beam. Both beams interact along a field-free region of

47 cm (see Fig. 1, after which the primary beams and the
product D" ions are separated magnetically. The neutral
FIG. 1. A simplified schematic drawing of the ion-atom merged- beam is monitored by measuring secondary emission from a
beams setup. stainless steel plate, and the intensity of thé*Sbeam is
measured using a Faraday cup. The product signalidhs
the estimated cross section enhancement for collisions peare detected by a channel electron multiplier. The absolute
formed with H instead of D varies widely. Although the electron capture cross section is obtained from directly mea-
validity of this formalism at lower energies is not discussedsurable parametefd2]:
[7], the results suggest an isotope effect that scales as one
over the ratio of reduced masses, differing from the Langevin Sq€yvpusp+
prediction. T Iolgrre(FyLo )
Fully quantal calculations are considered most accurate,
and allow a detailed comparison with experiment on an abwhereSis the signal count rateg is the electronic charge,
solute scale. Very recently, quantal calculations have bee# is the secondary electron emission coefficient of the neu-
reported and compared to available experimental data for thgal beam detectory, and vgu+ are the velocities of the
N**+H(D) [7,14] and the C* +H(D) [2,15] systems, but, beams,, andlgs+ are the electrical beam intensities is
even at the lowest measured collision energies for these twe efficiency for detecting D, (F) is the average beam
systems, the isotope effect was still too snahmpared to  overlap integrall is the length of the merge path, ands
the error barsto be conclusively identified. We give here the relative velocity. The numerical value forwas deter-
experimental support for the actual existence of strong traminedin situto be 1.064 0.023. The horizontal and vertical
jectory and kinematic isotope effects in electron-capture promeasurements of the beam overlapse Ref[12] for de-
cesses at near-thermal collision energies. tails) were used to obtain the merge angles. Merge angles as
Measurements of the electron-capture cross section of thgmall as 0.2 were achieved.
Si**+D system were performed using the Oak Ridge Na- Both the neutral and the ion beam contain unwanted con-
tional Laboratory(ORNL) ion-atom merged-beams appara- stituents that contribute to the above signal. Specifically, this
tus, which has been comprehensively described previouslyoncerns D atoms in Rydberg states, resulting from stripping
[12]. This apparatus is depicted schematically in Fig. 1. Byof D~ ions with background gas, a?N contamination of
merging two fast beams of neutral atoms and multiplythe Si** beam, and Si metastables. As shown in Fig. 1, an
charged ions, a large dynamic range of collision energieg|ectric-field ionize30 kV/cm) was used to quench excited
becomes available, allowing access to low collision energieg) atoms whose electrons are in highshells (typically
where methods using static targets cannot be used. In the-12), thereby reducing the correctidi4] to the cross
present investigation a variable-energy®Sibeam was  section to less than 10%. The percentage 8t Nons in the
merged with a 7-keV D beam, and total electron-capturesj4+ peam was determined by measuring the intensities of
cross sections were measured in the energy range of 0.03pe N2+ isotopes and was found to be 4—7 %. Using pub-
500 eV/amu. The center-of-mass collision energy followsjjsheqd electron-capture cross sections for tife MH system

from [16], the estimated correction to the experimental cross sec-
tions was only 2—4 %. No correction could be made for the
E :[EJF E — 21 /ElEZCOS{ 0) 7 Si** metastables. However, the metastable fraction was re-

“mim; my m;m, ' ported to be as low as 5¢47].

In Fig. 2 the measured electron-capture cross section of
whereE,; andm; refer to the energyeV) and the masé.u)  the Si** +D system is shown as a function of collision en-
of the neutral beam, arfe, andm, to those of the ion beam. ergy. The error bars on the experimental data indicate the
Included inE; and E, are the estimated plasma potential statistical error at a 90% confidence level. At 2.9 eV/amu the
shifts of the duoplasmatron sour€€0 V) and the electron total uncertainty is shown, which is a quadrature sum of the
cyclotron resonance sour¢20 V per charge In practice, statistical error and the systematic er(@2%, see Ref[2]).
the merge angl® is very small, but it is of importance at For several low-collision-energy data points the uncertainty
thermal collision energies, where it limits the lowest center-in the collision energy is also indicated. This uncertainty is
of-mass energy that can be achieved. estimated using Eq(2) and the finite divergence of the
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FIG. 2. A comparison of the dependence on the collision energy FIG. 3. The same data as in Fig. 2, but now showing the total

of the experimental and the theoretical total electron-capture crosglectron-capture cross section times the collision velocity as a func-
sections of the $i" +D system. Also included are theoretical cal- tion of collision energy.
culations for St*+H. See text for details.

between absolute experimental cross sections and absolute

beams, the energy spread of the multichargéd $ieam due calculated cross sections, as shown in Fig. 2, provides good
to the plasma of the ECR sour(@5 eV per charge as men- evidence for the existence of a kinematic isotope effect in the
tioned in Ref.[18]), the rms fluctuation of the ECR source electron-capture process of slowly colliding multicharged
high-voltage supply6.5 V), and the energy spread of the ions and neutral atoms.
neutral D beam due to the duoplasmat(éreV according to Note from Fig. 2 that at low collision energies capture
Ref.[19]). into the SP*(4s) state (via radial coupling, and with an

Also shown in Fig. 2 are the results of theoretical calcu-exoergicity of Q=7.3 eV [20]) is the only open channel,
lations of the electron-capture cross sections of thevhile at the higher energies the main channel is capture into
Si**+D and SI" +H systems. Full details of the theoretical the SP*(3d) state (via rotational coupling, and with
methods and the results for the*Si+H system for collision Q=11.9 eV [20]). The isotope effect applies therefore to
energies above 1 eV/amu were previously publisi@@].  electron capture into one particular statthamely
Only the essential features of the method will be recalledSi®* (4s)].
here. A model potential is used to represent th&"Siore, Although the agreement between theory and experiment
and the effective one-electron two-center Hamiltonian of theés very good, it might seem from Fig. 2 that between 0.1 and
SiH** molecular ion is diagonalized in a basis set of Slater-1 eV/amu some data points are slightly lower compared to
type orbitals to generate electronic adiabatic energies, waviéieory. In this energy region the angular acceptance of the
functions, and non-adiabatic matrix elements of the systerapparatus for the product Dions should be sufficient, even
The Si** ion core model potential is defined by a set of though significant angular scattering of the” Dons might
parameters optimized to reproduce thé'Sienergy levels occur in the center-of-mass franj@4]. For the estimated
with a precision better than 0.01%. Translation effects are@ngular acceptance of 2.3 the laboratory frame, calcula-
taken account of by the introduction of appropriate reactiortions for O°* +D indicate that all signals will be collected
coordinateq21,22. The coupled equations for the nuclear for collision energies below 1 eV/amu, even if maxim(@gQ
motion are then solved in a fully quantal formulation. Prior ©) scattering would occur in the center-of-mass frajg
to integration, the adiabatic states are transformed to a diabdeasurements at low energies with the current apparatus for
tic representatiof23]. this system, which does exhibit relatively large angular scat-

When the experimental results for‘Si+D are compared tering [25], have shown good agreement with thedj.
with electron-capture cross-section calculations for the sam®lost likely, any small differences between theory and ex-
system, excellent agreement is found, as Fig. 2 demonstratggeriment can be attributed to the‘Si metastable fraction.
Up to now, measurements of electron-capture cross sectior$ltill, since theory and experiment are completely consistent
reported in the literature have not been able to observe isawith each other within their uncertainties, it is concluded that
tope effects for collision systems involving H and D atoms atthe effect of these metastables on the present results is ac-
the lowest collision energies that were experimentallyceptably small.
achievablg0.1 eV/amii[2,12,13. However, as can be seen In order to analyze the behavior of the electron-capture
from Fig. 2, after extending the calculations for*SitH to  cross section at low collision energies in more detail, in Fig.
energies far below 1 eV/amu, a dramatic difference of almosB the cross section times the collision velocity is plotted. A
a factor of 2 is found. It should be pointed out that measured/v velocity dependencghe Langevin limi} is reached once
ments below 1 eV/amu with H rather than D atoms could nothis quantity becomes constant. Indeed, one observes that
be performed because of the limited dynamic range of théelow a collision energy of 0.1 eV/amu the experimental
ECR source. Still, we want to emphasize that the comparisoresults show a flat region, and that, within error bars, this
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behavior is fully consistent with our theoretical calculationsmeasured down to thermal collision energies, using a state-
for Si**+D. Calculations for St* +H are also shown. The of-the-art merged-beams technique. These measured cross
cross section for H compared to D is shown to be a factor ogections have been compared with the results of our theoreti-
1.9 larger, in contradiction to the Langevin model, whichcal calculations on an absolute scale. Below a collision en-
predicts a factor of only 1.4. This failure of the Langevin ergy of 1 eV/amu this comparison provides evidence for a
model to predict the magnitude of the isotope effect is due tatrong kinematic isotope effect, and for a behavior of the
the fact that it does not take into account the quantumgiectron-capture cross section at very low collision energies.
mechanical transition probability for capture, and that thisggin of these effects are due to trajectory effects caused by
probability is different for collisions involving H and D. the ion-induced dipole interaction. The calculated low-
The Lz_;mgevm model, though, does .corr.ectly _predlct theenergy limit for the reaction rates for the different isotopes
tlrg)n\s/ﬁilgr?%r%%giri]lgsnclfﬁfsﬁggl t?r?tldﬁr;) r']t fp?rll)svitgelgctjfeﬂfg was not as predicted by the simple Langevin model. The
' isotope effect is more complicated due to the fact that

Langevm mode tells us t_hat avllnqrease In th? Cross sec- guantum-mechanical couplings exist between initial and final
tion occurs when the ion-induced dipole attraction dommategtates

the incident trajectories. At these energies the transition
probability is independent of the incident velocity, which  The authors would like to thank S.Y. Ovchinnikov and M.
means that the radial velocity at the time of transition isMinear for fruitful discussions, and A.C.H. Smith and F.W.
determined by the attractive force of the dipole. This radialMeyer for critically reading the manuscript. This research
velocity is dependent on the mass, which leads, as discuss&s supported by the Division of Chemical Sciences, Office
above, to the failure of the Langevin model to predict theof Basic Energy Sciences, U.S. Department of Energy, Con-
correct isotope effect. tract No. DE-AC05-840R21400 with Lockheed Martin En-
In conclusion, electron-capture cross sections of a multiergy Systems, Inc. M.P. acknowledges support from the
ply charged ion interacting with a deuterium atom have beemNetherlands Organization for Scientific ReseafdhVO).
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