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Cold-target recoil-ion momentum spectroscopy studies of capture from atomic and molecular
hydrogen by Of* and Ar8*
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We have used cold-target recoil-ion momentum spectroscopy to study electron capture from atomic and
molecular hydrogen targets by sl@®.3<v < 0.95 a.u) O8* and A®* ions. For the atomic hydrogen target, we
have performed coupled-channel calculations using an atomic orbital expansion to compare to the experimental
results. TheQ-value spectra show strong populations of both5 andn=6 states on the projectile, with a
tendency for increasing the population of high-angular momentum states for higher projectile velocity. A strong
population of n=6 is found, a result not previously reported but in good agreement with the present

calculations.
DOI: 10.1103/PhysRevA.69.052714 PACS nuniber34.70+e, 34.50.Fa
[. INTRODUCTION The system we have chosen for study is the captureby 8

ions from atomic hydrogen. For®on atomic hydrogen, the

. ; %ollision system is a true one-electron one, thus removing
has been heavily studied over the past two dec@lieS|. It . hjately any necessity for any modeling of either projec-

is well understood that the process takes place via a longje or target potential. Only true Coulomb potentials are in-
range over—barrler transfer..Th.e data mc]ude total and partig}o|yed. However, this system suffers from the problem that
cross sectionsQ-value distributions obtained through trans- exnerimental resolution of capture to different subshells can-
lational energy spectroscopy, and projectile angular distribunct be achieved with our technique. Therefore we have also
tion measurements. Hel@ is the change in electronic en- studied AP* on H. For this system, the quantum defects are
ergy in the transfer, with positiv& corresponding to an sufficiently large to allow subshell separation. We pay for
exoergic reaction. The determination Qfreveals the states this improvement with the necessity to use a model potential
into which the capture proceeds. In recent years it has beer the projectile-electron interaction. However, since an
come possible to obtain both ti@value and angular distri- Ar®* ion appears nearly pointlike to the target for the large
butions simultaneously in high resolution and over a wideimpact parameters at which the transfer occurs, we believe
range of projectile velocities using cold-target recoil-ion mo-this to be an acceptable and small price.

mentum spectroscofCOLTRIMS) [6-12. Several theoret-  Many previous studies have been carried out f8f &nd

ical models have been employed to account quantitativelfAr®* on multielectron targets. We limit our background dis-
for both theQ value and angular distributions. One of the Cussion here to cases directly relevant to the present studies.
most successful theoretical approaches has been the couplezRveral total cross-section capture measurements by these
channel atomic orbital expansion method. This approach hg¥0jectiles specifically on atomi@nd usually also molecu-

been able to account nearly exactly for experimental result@”) hydrogen targets have been reported. Craredadl. [17]
reported cross sections by many highly charged projectiles,

gg;hllspﬁtgfoﬁrla ;?f;_igtargets and for projectile veloci including A*, for projectile velocities typicall_y below al_)out

: ) .5 a.u. Meyett al. [18] reported cross sections forfOin
e 0.1-10 keV/amu range and found different energy be-
aviors for the two targets at the lowest energies. €aal.
19] measured total cross sections for various highly charged
rojectiles including A% using a recoil-ion source in the

00-1000 eV/amu range and found very flat energy depen-

As the comprehensive nature of the data has increase
the calculations have been put to more and more stringe
tests, which they have generally met within the bounds o
certain uncertainties inherent to the problem. One suc
boundary has been the necessity to model the usual mult

electron targets as one-actlve-electron-plus-core systems. nees. Dijkkampat al. [20] measured line-emission cross

this article we avoid this uncertainty. We report the use of & actions for G in the energy range 3—7.5 keV/amu. Hoek-
quaS|coIq atomic hy(_jroger_1 target to carry out electron CaPstraet al. [21-23 used line emission to study state-selective
ture studies. Removing this limitation appears nearly to re-

he | . F di b ) "tapture for &*. Among the findings was the result that,
?nodviglcila?}[‘is;nvesuges of disagreement between experimefiiyiis existing calculations accounted well for the main chan-

nels, discrepancies were found for weak ones. Gedsal.

[24] performed translational energy spectroscopy for projec-
tiles including AP* on atomic hydrogen at the low projectile
*Present address: Physics Division, National Institute of Technolenergy of 4.36 keV. Related translational energy spectros-

ogy, Gaithersburg, MD 20899, USA. copy has been reported more recently by Keamnal. [25]
TPresent address: Physics Division, Oak Ridge National Laboraand some other relevant publications include R2€]. Nu-

tory, Oak Ridge, TN 37831, USA. merous theoretical calculations have been carried out $or O
*Electronic address: cocke@phys.ksu.edu [26-31 and Af* [32].
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FIG. 1. (Color onling Collision schematic.

Il. EXPERIMENTAL METHOD
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Ar8* beam. After collimation by a 1-mm-diam aperture, the
ion beam crossed an effusive gas jet composed of a mixture
of atomic and molecular hydrogen, and thereafter proceeded
downstream through an electrostatic analyzer, which allowed
the selection of the charge-exchanged component of the
beam. These particles were detected by a position-sensitive
channel-plate detector. The signal from this detector was
used to start a time-to-amplitude converter. Meanwhile the
singly charged hydrogen ions were propelled by a transverse
electric field of typically 10 V/cm onto the face of a second
position-sensitive channelplate detector. The position and
time of arrival of these recoil ions was used in the usual
manner to calculate the momentum of the ions at the time
they emerged from the capture collision.

The atomic hydrogen target was prepared by dissociating
H, in a microwave discharge, following the arrangement de-
scribed by Paolini and Khakd@3]. This source uses micro-
wave radiation at 2450 MHz in a resonantly tuned Evenson
cavity to dissociate the hydrogen gas. A quartz discharge
tube operated within the resonant cavity, and the gas exiting
the discharge was led through a 22-cm-long Teflon tube to a
quartz needle. The exit of the needle, a 0.5-mm-diam canal
5 mm long, sent the gas through a 0.5 mm skimmer located
7 mm away, from which the collimated jet proceeded an-
other 5 cm to intersect the beam. The discharge tube, the
Teflon tube and the nozzle all were thoroughly cleaned to
remove dust and dirt, which could enable recombination of
the atomic hydrogen. They were cleaned by soaking over-

The experiments were conducted at the KSU-CRYEBIShight in orthophosphoric acid and washed with distilled wa-
facility. The basic setup of the beamline and the COLTRIMSter. They were then soaked in acid again and dried in a

spectrometer are described in Rgf,12). The major tech-

100°C oven for 2—3 hours. During pumping and venting

nical innovation reported here is the coupling of an atomicprocedures, the pressure of the discharge tube remained
hydrogen target to a COLTRIMS spectrometer. A schematidigher than the pressure of the chamber to avoid gas flowing
is shown in Fig. 1. Briefly, the A& and &* beams were back into the discharge tube. The source was tuned to deliver
delivered from the KSU-Cryebis facility at acceleration volt- a reflected power measured of 1-2 W while the forward
ages between 5 and 70 kV and with beam currents rangingower was 50-55W. The pressure was typically 1.2
from 2 pA (lowest energy &) to 200 pA (highest energy X 10°° Torr in the nozzle region and about 200—400 mTorr
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FIG. 2. (Color onling Time-of-flight spec-
trum for capture by & atv=0.96 a.u. The "
ions come from both the jet and the background
gas and can be separated further, while the H
ions come only from the jet.
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FIG. 3. MO potential curves for the A molecular ion. FIG. 4. MO potential curves for the ¥ molecular ion.

in the discharge tube. The final dissociation fraction realized . -
9 The momentum resolution of the apparatus was limited by

in the jet was between 25% and 500éee Fig. 2 indicating . .

significant recombination in the Teflon transport tube. How—t.he mom(_antl_Jm spread n the jet. Transverse tq the gas mo-
ever, this modest dissociation fraction posed no problem fopon., th_e jetis geqmetrlcally cooled by the coIhmatorg, re-
the experiment, since the separation of atomic and molecul lting in a res_olut|on of 0.14 a.u for atomic hydrogen in the
hydrogen ions was trivially accomplished using their differ- % and x directions. Here we take to be along the beam

ent times of flight. The source operated stably over daySQirection,y along the jet, anck along the direction of the

During this time efficient operation was indicated by theextraction field. Fortunately the energy transfer axis iszhe

deep red glow of the discharge. Occasional periods of IOV\?XiS’ and we have gpod lresolution in this d?rection. The jgt s
dissociation fraction, occurring every several hours and last2°t coqled in they dlrectlon_, and the result_lng resolution IS
ing tens of minutes, were indicated by a pale white dis_approxma_tely 2a.u. ﬂ.m width at half maximum for atomic
charge. This behavior proved easier to tolerate than to prg]ydrogen in this direction.

vent. The resulting effusive-flow gas jet was composed of a

mixture of atomic and molecular hydrogen. The ion beam Ill. THEORETICAL MODEL

was collimated by an aperture in the entrance to the collision

chamber to 1 mm in diameter. The width of the jet in the The two-center atomic orbital close-coupliGBCAOCC)

collision area was about 3.5 mm with a density of aboutmethod within the semiclassical formalism has been de-

10° atoms/cm. scribed fully in the monograph of Bransden and McDowell
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(1992 [13] and the review paper by Fritsch and Liih4], model potential has been used to describe the interactions

and therefore the details need not be repeated here. In thitween the active electron and the ionic core 6fAin the

section, only summaries of important features of this methodhOCC calculation, the Af is approximated as a one-

will be given. electron atom, where the electron moves in a spherically
Briefly, the two center time-dependent electronic wavesymmetric potential, including Coulomb and screening inter-

function that satisfies the Schrddinger equation is expandedkction, from the ionic coré8]:

in terms of a basis set that consists of products of atomic

orbitals and an appropriate plane-wave electron translational 1 5

factors. The atomic orbitals are expressed in terms of even- Varr(r) == F[S +(10+5.5)e™7]. (1)

tempered basis functions and the method has been applied to

many ion-atom collision systems at low to intermediate en-The parameters in the model potential are chosen such that

ergies[15,14. In the case of a &+H(1s) system, the inter- the experimental electronic binding energies of the first few

action potential between the electron and the bare ion istates of interest are well reproduced. In the present TCA-

purely Coulombic. However, for an Ar+H(1s) collision,a OCC calculations, a set of 94 states witkr4—8 and|
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FIG. 8. Q-value spectrum for single capture from atomic hydro-
gen by AB* ions atv=0.32 a.u. The short bars indicate expected
locations for capture into differerth,|) on the Ar* product ion.

=0-5 areincluded on the projectile centefse., A" and
08", whereas for the target center, only1d) is consid-
ered. The electronic binding energies of’Anl) states
obtained from the model are in excellent agreement with
those given in the National Institute of Science and Tech-
nology (NIST) Data Center compilatioh34].

In understanding the results, it is useful to have the mo-
lecular potential curves. However, in the AOCC method,
such potential curves are not calculated. The molecular po-
tential curves of Arl* and OH* were calculated separately
using the Born-OppenheimgBO) approximation and the
important > molecular states are shown in Fig. 3 and 4,
respectively.

counts

IV. EXPERIMENTAL RESULTS AND COMPARISON
WITH THEORY

The longitudinal momentum transfép,,) to the recoil,
was converted t@ value using the relationshif8,12

Q=-v prz_UZ/Z,

wherev is the projectile velocity and atomic units are used.
The position with which a recoil with no longitudinal mo-
mentum would hit on the detector was calibrated using the
resonant charge transfer reactiopgH>H+p and H*
+H,>H,+H,*. In principle, it might be expected that either
reaction would be sufficient to determine this zero-
momentum position, since the*tand H,* ions should have
the same zero. It was found, however, that these recoil ions

052714-5

1200

1000

800

600

400

200

0

2000

1800

1600

1400

1200

1000

800

600

400

200

0

PHYSICAL REVIEW A 69, 052714(2004)

Ar"+H, v=0.5 a.u.
- H—— n=
fd ps
r—+— n=5
ps

- N=7 -+

n=8t g "
[ bl
-10 0 10 20 30 40 50

Q(eV)
FIG. 9. Similar to Fig. 8, but for=0.50 a.u.
Ar*+H, v=0.75 a.u. |
i TH n=6
_ H—1 N=5
Ps
n=7H-.-|
n=4 +—
- n=8 H u
] o ° /. " -
‘-"'q .' ~| '.'.l — T T L
10 0 10 20 30 40 50
Q(eV)

FIG. 10. Similar to Fig. 8, but for=0.75 a.u.




EDGU-FRY et al. PHYSICAL REVIEW A 69, 052714(2004)

TABLE |I. Comparison of relative cross sections between theory TABLE Il. Same as Table | but for &+H(1s).
and experiment for A +H(1s). These numbers are normalized to

unity. The v=0.3 experimental data were actually takenwat 1y (a.u) on AOCC Expt.
=0.32 a.u.
0.5 n=4 0080 0.048
v (a.u) o, AOCC Experiment n=5 0.634 0.634
n=6 0.275 0.281
0.3 5 0.084 0.082 n=7 0011 0.037
5p 0.194 0.145
Sdfif;sg g'j;'i g'zgi 0.75 n=4 0.107 0.073
6s+6p 0.179 0.363 n=> 0.593 0.498
n=6 0.281 0.364
60+ 6f +6g+6h 0.0997 0.106 =7 0.019 0.065
n=6 0.279 0.468
0.95 n=4 0.140 0.098
0.5 53} 0.094 0.092 n=5 0539 0.405
5P 0.190 0.165 n=6 0.283 0.365
5d+5f +5g 0.368 0.297 n=7 0038 0132
n=5 0.650 0.554
6s+6p 0.128 0.154
6d+6f+6g+6h 0.205 0.257 Since capture data from molecular hydrogen is also
n=6 0.333 0.412 present in our data, we show in Figs. 11-Qdyalue spectra
n=7 0.017 0.034 for the molecular target. In Fig. 11 the comparison is made
by plotting data from the two targets on the same plot. Since
0.75 n=a 0.058 0.068 the vertical ionization energy for molecglar hydrogen is
Es 0.042 0.044 16.3 eV, 2.7 eV more than that for atomic hydrogen, one
would expect to see the Hspectrum shifted by 2.7 eV to-
5p 0.105 0.074 ward largerQ values. This is seen to be approximately the
5d+5f+5g 0.373 0.334 case. A slightly differentn distribution is also perhaps
n=5 0.520 0.452 present, since th® window does not shift. A more interest-
6s+6p 0.041 0.021 ing effect is the clear broadening of the peaks for the hydro-
6d-+6f +6g+6h 0.336 0.382 gen target. This is unlikely to be due to experimental effects,
n=6 0.377 0.403 since the two data sets were taken simultaneously under
n=7 0.055 0,076 identical conditions. Such an effect would be expected if a

slight vibrational excitation of the k1 target were to accom-
pany the capture. Such an effect should also shift the mo-
followed very slightly different trajectories to the detectors lecular Q-value spectrum slightly to smallé values, but
due to the unscreened earth’s magnetic field, and a direaur uncertainty in the relative positions of tQevalue scales
calibration for each ion separately was the most reliable apfor the two different recoil ions prevents our evaluation of

proach. this effect. For the case of Af, a similar broadening is seen
The experimentaQ-value spectra for atomic hydrogen for the molecular target and observable changes in the popu-
targets are shown in Figs. 5408 and Figs. 8—1QAr8*). lation distributions are seen which we attribute to the slight

By integrating the peaks in the experimental spectra, relativehift in position of theQ window. TheQ-value distributions
partial capture cross sections into differanstates of @*  we measure forw=0.32 a.u. are in good agreement with
and differentn,| states for A$* can be obtained. These are those reported by Boudjenet al. [35] for metastable A
shown and compared to the theoretical results in Tables | anprojectiles on molecular deuterium, and with the multichan-
Il. The agreement between theory and experiment is exceRel Landau-Zener calculations presented there. We note that
lent. It might be expected on the basis of the molecular poif sufficient excitation, either vibrational or electronic, is im-
tential curves in Figs. 3 and 4 that tie6 crossing would parted to the molecular hydrogen target, dissociative capture
be too far outaround 15-20 a.uto be active and that only may result, and the corresponding channel would escape our
n=5 would be appreciably populated. Such an assumptiodetection in the present experiment. Since the observed vi-
has been made in previous calculations. The data clearlgrational excitation is, at best, weak, dissociative capture
show this not to be the case, and the theoretical calculation irough ground-state dissociation is unlikely to be strong in
in good agreement on this point. Asis raised, the major this case. It is possible that electronically excited potential
effects seen are a broadening of f@ewindow and a ten- curves of the hydrogen could be populated, but electronic
dency for higherl values (for the AP* case to be more excitation of the target accompanying single electron capture
strongly populated. This is seen in both the experiment anis known to be weak in situations such as this. In any event,
the theory. our data have nothing to say about this issue.
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A recurring theme in the discussion of low energy capturegiving the metastables a long average relaxation time. In
by projectiles such as At is the possibility of a metastable addition, the electron energy in an EBIS is controlled at a
beam component. While it is well known that®mbeams do low value. There is no evidence for metastable beams in any
often have metastables present, this is much less a problean our previous work with He targe{6—12.
with an electron beam ion sour¢&BIS) than with other Finally in Fig. 15 we show the distribution of the trans-
sources because the cycle time is tens of milliseconds, thuserse momentum transfer for capture from atomic hydrogen

1400 900 o
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FIG. 12. Similar to Fig. 8, but for a molecular target. FIG. 13. Similar to Fig. 12, but for=0.75 a.u.
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for 0% atv=0.75 a.u., which is typical for all cases studied
in this paper. As discussed in previous papers on this subject,
if capture were to take place only at an impact parameter
equal to the crossing radius for population of a channel cor-
responding to a certailQ value, the scattering anglé,.
which would result from the outgoing Coulomb trajectory of
the projectile would be given by the simple expressi#n
=E/2Q, whereE is the laboratory projectile energy. In the
language of transverse momentum trangfgy,,s rather than
scattering angle, this expression i&,,,—=mQ/p,, wherem

and p, are the projectile mass and laboratory momentum,
respectively. We show this relationship as a dashed line in
Fig. 15. One generally expects that the transverse momentum
transfer is spread on both sides of this line, due to capture on
the way in and way out, and this is indeed seen to be the
case. It is clear that no localization of capture along this line
occurs for such fast collisions, and that a full treatment of the
quantal nature of the collisions would be necessary to de-
scribe the experimental scattering distribution. On the basis
of previous results from the TCAOCC calculation, we expect
that the present theoretical treatment would be able to do this
[12].

V. SUMMARY

We have presented experimen@ivalue spectra for the
capture from atomic and molecular hydrogen b§*@nd
Ar8* ions, and have deduced relative partial capture cross
sections for capture into differemtand (n,l) final states of
the resulting 7+ ions, respectively. We have covered a veloc-
ity range from 0.32 to 0.96 a.u., over which the spreading of
the Q window is observed as well as a tendency for higher
states to be populated for higherWe have carried out two

P 2.000
i 2.367
2.801
3314

FIG. 15. (Color onling Density plot of trans-
verse vs longitudinal momentum transfer for cap-
ture from atomic hydrogen by © at v
=0.75 a.u. The dashed line shows the locus of
expected transverse momentum transfer for a
capture taking place at the crossing radius.
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