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Electron detachment of H™ in collision with Ne** and Ar** ions
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Total-electron detachment cross sections for édlliding with multiply charged N& and A" ions are
calculated using the two-center atomic-orbital close-coupling expansion method in the center-of-mass energy
range of 4—200 keV. The calculation shows that there is no core effect, and that electron capture only plays a
minor role for energies above 20 keV. At 50 keV, where electron capture is not important, the single-center
atomic-orbital expansion method was used to calculate the detachment cross sections for incident charges
g=1-8. The present calculations are shown to be in good agreement with experimental data.
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PACS numbdss): 34.50.Dy, 34.50.Fa, 34.10x, 34.70+e

[. INTRODUCTION mental data at higher energies but the deviation at lower
energies is not small.
The neutralization of H ions with multiply charged ions In this paper we used the two-center atomic-orbital expan-

was reported by Melcheret al. [1] for Ne"* (q=<4) and sion method to calculate the electron detachment and
Xed*(g=8) ions at center-of-mass energies from 4 to 200€electron-capture cross sections for collisions between H
keV. These experiments were carried out in conjunction witt/@nd multiply charged ions. Our goal is not only to obtain
possible applications in magnetic-fusion-related neutraff0SS seéctions which can be compared to the measurements
beam injection. Furthermore, the dependence of electron d&f Melchertet al.[1], but also to examine the validity of the
tachment and/or electron capture of the loosely bound ele@PProximations used in the two calculations mentioned

tron of the H™ ion by the strong long-range Coulomb force is above. In particular, we want to examine at what energies the
of intrinsic interest. Experimentally, only neutral hydrogen electron capture processes can be neglected, and if the de-

atoms were detected so far; thus the relative importance c;[?chment cross sections are indeed independent of the ionic
' P ecies used, i.e., only the charge of the ions used is impor-

S
Electrc&n deta_lch(rjnent vs electron-capture processes has Q§ht. Both approximations were used implicitly in the afore-
een determined. , i , mentioned calculations. In Sec. Il we briefly state the theo-

There have been a few theoretical calculations carried oYktical model and the parameters used. The results and

for the above collision systems. The calculation presented i'&omparison with experiment and other calculations are ad-
Melchertet al. treated a detachment process analogous to thgressed in Sec. III.

Keldysh theory of multiphoton ionization. Since the detach-
ment occurs at large internuclear separations, the electric
field exerted by the multiply charged ions can be approxi-

mated by an electric dipole, thus the detachment of the active \ve used the standard close-coupling method to expand
electron in H' is similar to the multiphoton detachment pro- the time-dependent electronic wave function in terms of
cess. Since the unbound state in this case has an analytiegbmic orbitals of the two collision centers. The method was
solution called the Volkov state, the calculation of detach-fully described in the literaturf3,4]. The collision system is
ment using this model is quite attractive. Calculations baseéurther approximated as a one-electron problem, where the
on this simple model did predict cross sections in goodH™ ion is treated as an one-electron “atom” in a model
agreement with experiments; see Melcheral. [1]. potential. Similarly each of the projectile ions Neor Ar**
Another calculation for the detachment cross section wass also described by a model potential such that the energy
carried out by Cherkargt al.[2]. This group used a method levels of the first few subshells of the Rfeand AP* ions
very similar to the single-center atomic-orbital expansionare close to the experimental values.
method to solve the time-dependent electronic wave function For H™, the model potential is taken to be the Yukawa
of the active electron in H. However, they did not use ac- potentialV(r)= —exp(—Zar)/r with Z;=0.8817. This poten-
tual eigenstates of the target for the continuum electron. Intial gives a bound state at0.02755 a.u. which is very close
stead, for each partial wave, only one basis function is usetb the experimental binding energy of Hat —0.02756 a.u.
and rotational coupling has been neglected. Again they weré&his potential was used in other previous studies involving
able to obtain results in reasonable agreement with experH™ as the targef5,6]. For the multiply charged ions the

IIl. THEORETICAL MODEL
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TABLE I. Model potential representation of bound and pseudostates offHe model potential is taken
to be of the formV(r)=—(1/r)exp(—0.881%). The eigenstates are obtained by using even-tempered basic
functionsr”exp(—£y), whereé= a8 (k=1,2, ...). Theparametersr and 8 and the resulting eigenvalues
(in a.u) are given.

/=0 /=1 /=2 /=3 /=4 /=5
a 0.110 0.150 0.200 0.295 0.100 0.100
B 2.080 1.910 1.666 1.100 1.420 1.600
E, —0.027 55 0.024 12 0.035 39 0.020 62 0.005 98 0.009 65
0.024 23 0.123 76 0.15171 0.058 69 0.017 08 0.029 99
0.228 44 0.521 16 0.619 20 0.147 75 0.042 75 0.083 88
1.645 38 0.413 56 0.106 98 0.23451
0.304 03 0.724 67
potentials were fitted to the form where N(¢,) is a normalization constant, and the orbital
exponents, are taken to form a geometric sequence

_rz°+ (Zl+zzr)fxq_z3r), @ G=af k=12,...N. 3
The parametera and B used for each partial wave are listed
in Table | for H, where the calculated eigenenergies are
Iso tabulated. Since Hhas only one bound state, the re-
aining states which have positive energies are pseudostates
representing approximately the continuum states of the
electron-hydrogen collision system. The probabilities for
populating these pseudostates are interpreted as electron de-

Xim(D=Ni(£J€™ K V(). Nm(N)=r"Yiu(r), (20  tachment probabilities.

V(r)=

where the parameters for Rle and AP* ions are given in
Table Il. We used the recently developed close-couplin
code, where each atomic orbital is expanded in terms o
even-tempered basis functiofig|

TABLE Il. Binding energies of N&" and Ar* ions calculated in the model potential
V(r)=—(Zy/r)+(Z1+Z,r)(1lr)exp(=Zgr) using even-tempered basic functiofwsith parametersy and
B). The calculated and experimental binding ener§@&sare given in a.u.

Ne3* Ar3t
Zy 4.0 4.0
Z, -6.0 —14.0
Z, —-0.5 —0.7153
Z3 2.97 2.73
n/ Etheory Eexp (alB) n/ Etheory Eexp (alB)
3s —1.3652 —1.3700 0.080 4 —1.0246 —1.0246 0.080
4s —0.6727 —0.6716 1.700 5 —0.5219 1.881
5s —0.3922 —0.4079 & —0.2991
6s —0.2510 —0.1334 B —0.1841
2p —3.5717 —3.5716 0.090 B —2.1972 —2.1972 0.094
3p —1.1812 —1.1823 1.917 p —0.8843 —0.8798 1.800
4p —0.6085 —0.6188 P —0.4913
5p —0.3529 (6] —0.3015
6p —0.1911 D —0.1735
3d —0.9164 —0.9131 0.200 d —1.0898 —1.1050 0.500
4d —0.4508 —0.4255 2.754 4 —0.5852 1.260
5d —0.1972 —0.1971 | —0.3620
4f —0.4993 0.183 4 —0.4996 0.277

5f —0.3146 1.711 5 —0.3200 1.299
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FIG. 1. Total electron-loss cross sections ¥t*+H™ as a
function of the center-of-mass energy. Experimental resKisNe, FIG. 2. True electron detachment cross sections and electron-
open squares{=Ar, open circles. Theoretical calculations: present capture cross sections f&** + H™ collisions as a function of the
results are given by symbols connected by lines, with solid squaresenter-of-mass energy. Solid circles: true detachment cross sections
for Ne and solid circles for Ar, and the dotted lines on top of theand solid squares: capture cross sections.
solid line is forX, a bare ion withg=4. The dashed lines are from
the Keldysh-Volkov theory of Melchest al. [1], and the thin line  Fig. 1. The energy dependence from the calculation of Cher-
is from Cherkaniet al.[2]. kani et al. [2] is different from the experimental data. The

theoretical results of Melchesnt al. [1] are in good agree-

In Table Il we also show the parametersand 3 used for ~ment with their AF* data, but ours are in better agreement
each partial wave for Né and AP ions, and the resulting with their Né'* data. As explained above, we do expect the
calculated binding energies for the first few excited statesexperimental results for the two collision systems to be es-
The binding energies are compared to the experimental vakentially identical. Thus the scattering between the experi-
ues[8] to show the accuracy of the model potential used. mental data for the two systems is a measure of the accuracy

After the model potentials and the basis functions are deef the data. It should be pointed out that the Keldysh-Volkov
cided, we then carry out the two-center close-coupling extheory used in the paper of Melchettal. treats the electron-
pansion to solve for electron capture and electron detactprojectile interaction only to the dipole term, while the
ment probabilities for each impact parameter assumingresent method includes this interaction to all order.
straight-line trajectories. The probabilities are then integrated In Fig. 2 we compare the relative magnitude of the true
over impact parameters to obtain total electron-capture andetachment cross section with the electron-capture cross sec-
detachment cross sections. Since the experiment of Melchelibn. Since the core plays no role, we show only results from
et al. only measured the total yield of neutral H atoms aftercalculations for collisions between a bare ion with charge
the collision, the true detachment and the electron-capturg=4 with H™. We note that in the covered energy region,
cross sections are added together in order to compare wittlectron capture plays a very minor rdless than 1%until

experimental total electron-loss cross sections. the collision energy is below 20 keV in the center-of-mass
frame. Since electron capture plays only a minor role at
IIl. RESULTS AND DISCUSSION higher energies, we can study electron detachment cross sec-

tions of H™ by various ions using the single-centered atomic-
In Fig. 1 we show the comparison between the calculate@rbital expansion method. In Fig. 3 we show the electron
and the experimental electron-loss cross sections féf" Ne detachment cross sections by bare ions with chgrgé —8
on H™ and A#" on H™ collisions in the center-of-mass en- in the center-of-mass energy of 50 keV. The calculated re-
ergy range of 4—200 keV. The experimental results for thesults are compared to the measurement of Melchesl.
two systems show small differences, but the results from thdhe agreement with experiment is very satisfactory except
present calculation give essentially identical cross sectiongpr g=1. Forq=1 where the experiment was carried out
indicating that there is no core effect. We also performecusing N€ ions we found that the experimental data are re-
calculations assuming that the projectile is a bare ion withproduced if the N€ ion is described by a model potential in
chargeq=4 (shown as dotted lines on top of the solid line in a one-center atomic-orbital calculation. For incident ions
Fig. 1), and obtained identical total electron-loss cross secwith higherq, the effect of the core is not visible.
tions. Thus there is no evidence that the total electron-loss To understand the origin of thg dependence shown in
cross section depends on the core of the ion. Since the crof%g. 3 we examine the impact parameter dependence of the
section is dominated by contributions from large impact pa-detachment probabilities fay=1, 4, and 8 at a center-of-
rameters, the lack of dependence on the core is not surprisaass energy of 50 keV. In F|g(@ we note that the detach-
ing. ment probabilities are near unity at small impact parameters,
We also show results from the calculation presented irand drop to zero with a long “tail” at large impact param-
Melchertet al. [1] and the results of Cherkaeit al. [2] in eters. This is characteristic of collisions with negative ions,
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FIG. 3. Cross sections, for detachment of H, by bare ions . - 0
with chargeq=1-8 at a center-of-mass energy of 50 keV. The £ 4 4
calculated results are given in solid squares connected by a line 1 ¢
guide the eye. The experimental data are from Melckesl. [1].
Forq=1 the discrepancy is removed if the calculation is performed
using N€ ions (shown by a crogswhich were used by the experi-
mentalists. The core effect becomes negligible for higher charges 0.0

charge state g

where the electron can be detached even at very large di
tances. From Fig.(4) we see that the increase of detachment FIG. 4. (a) The detachment probabiliti(b) vs impact param
cross sections witly is mainly due to the increase in the o )
range of impact pahr]ameters v>\//here detachment can occur. St€sP for incident ions withg=1 (dashed lines =4 (dotted
We next examine the nature of the continuum electro ines), andq_=8 (sc_)hd_lme_). The °°”'S'°F‘ energy is at 50 ke\b)
distribution in the detachment of Hby multioly charged he normalized -distribution cross sections, /o, of the detached
distribution n y multiply charg electron vy of the incident ion. The symbol$=0, (solid line), 1
lons at S0 keV n the center-of-mass energy. In .par'FlcuIar, W&open circley, 2 (solid squares 3 (dashed lines 4 (solid circles,
are interested in the angular momentum distribution of the, 5(dotted lineg. The target is the H ion.
continuum electrons with respect to the target center. If the

detachment is a perturbative process, then the dipole term fing the two-center atomic-orbital expansion method. The
the projectile-electron interaction will populate mostly the inclusion of basis functions with high angular momentum is
I =1 continuum electrons. For multiply charged incident ionsimportant for such collisions but they can be easily per-
where the detachment occurs at very large distances, we mgyrmed with present-day workstations or Pentium-based
expect large contributions from high angular momentumpC’s. We showed that the electron-loss cross sections mea-
continuum electrons. In Fig.(#) we present the normalized sured by Melcheret al.[1] for Ne** and Af** on H™ are in
| distribution of the continuum electrons for incident ions agreement with the present calculation. We also examined
with chargeq=1-8 at 50 keV. Clearly foq=1 thel=1  the validity of the Keldysh-Volkov theory for such colli-
component is indeed dominant, with some contributionssions. We conclude that the total-electron detachment cross
from =0 and 2. Forg=4 evenl =4 already contribute to sections can be obtained accurately using the existing two-
about 10%. For even higher=8, while |=1 is still the center close-coupling method which has been widely applied
highest component, contributions from other higher partiako ion-atom collisions.
waves become comparable. In fact, we are not sure that the
distribution for the higheq presented here is correct. For the ACKNOWLEDGMENTS
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