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Electron-capture cross sections of multiply charged slow ions of carbon, nitrogen,
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K. Ishii,* A. Itoh,! and K. Okuné
lQuantum Science and Engineering Center, Kyoto University, Kyoto 606-8501, Japan
2Department of Physics, Tokyo Metropolitan University, Minami-Ohsawa, Tokyo 192-0397, Japan
(Received 10 June 2004; published 25 October 2004

Experimental cross sections are presented for single- and double-electron captufg Bf*Cand OF
(q=2-6) ions from He at incident energies ¢£.0-1800qg eV. Measurements were performed by using a
mini-electron-beam-ion-source apparatus in combination with an octopole-ion-beam-guide. The cross sections
are found to vary significantly depending on the collision energy as well as on the projectile species. Some
cross sections reveal minima at incident energies of a few eV/u, below which the cross sections increase with
decreasing incident energy. To account for the experimental results, we developed a formalism of velocity-
dependent capture cross sections within the framework of the classical over barrier model by employing an
induced dipole interaction potential between the collision partners. In the calculations, doubly excited levels of
projectile ions, formed via simultaneous excitation of the outermost projectile electron, were taken into con-
sideration. It is found that the present model can satisfactorily reproduce the experimentally obtained energy
dependence as well as absolute values of the cross sections. We conclude that the attractive induced dipole
potential and simultaneous projectile excitation are important in low energy electron-capture collisions.
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[. INTRODUCTION single-capture cross sectiof8]. Olson and his co-workers
formulated the multichannel Landau-ZeristCLZ) calcula-
Electron-capture cross sections of multiply charged slowtions using empirical nonadiabatic transition probabilities
ions in collisions with atoms and molecules are fundamental9,10].
data in atomic physics and of practical importance in various Contrary to numerous experimental data obtained above
application fields. In particular, cross sections involvirj,C 1 keV/u, cross section data below kaVére scarcely avail-
N9, and O" ions have received increasing attention inable until recently due to technical difficulties in producing
plasma physics, astrophysics and thermonuclear fusion réow energy ion beams with sufficiently high intensities and
searches. To date, a number of experimental and theoreticBgrrower energy spreads. These difficulties may be overcome
studies have been carried out for various multiply chargedy using a multipole-beam-guide operated with RF voltages
slow ions, and summarized data tables are available in the-1l. We employed an octopole ion beam gui@PIG) and
literature[1,2]. combined it with a well established mini-EBI&lectron

It is known that electron-capture cross sections of highly?aM ion sourgeapparatus. This combined technique en-

charged ions with keW energies do not depend greatly on arl?led Us to carry out sutf:cessfgl meaSLllr.e{nen;s of (;:hellrge—
. changing cross sections for various multiply charged slow
the collision energy and are nearly the same order of magnt ns [12—14. Capture cross sections for multiple-electron

tudes irrespective of the projectile spec_ies when the inciden'tgrgets of Ne, Ar, M, O,, and CO were found to vary dra-
chargesq are the same. Her)ce, con3|_derable effor.ts hav atically as a function of the collision energy, never showing
been devoted to developing simple scaling formulas in termg f4+ pehavior as expected form the above scaling formula
of q and |, the target ionization potential. Muller and \yhich contains no velocity-dependent term. That is, many
Salzborn [3] proposed a well-known scaling formular  cross sections exhibit minimum dips at about 1 e\&nd
=Aq’l”, using empirically determined scaling paramet®fs pegin to increase with decreasing collision energy. This
@, and B, which has been widely applied for one- through strong velocity-dependent behavior indicates obviously that
four-electron capture cross sections of various highlya low-energy collision characteristic such as a Langevin type
charged ions. orbiting model[15] should be taken into consideration.

Since electron capture by slow ions is essentially state- In this paper, we present a set of experimental cross sec-
selective, cross sections measured at relatively low charggon data for single- and double-electron capture Y, G,
states often reveal oscillations when plotted as a function and G (q=2-6) ions in a He gas target at collision energies
of q [4]. Such characteristics are not derived from the scalingbelow 1 keVA. The experimental data are discussed in de-
formula given above, but have been successfully reproduceigil by comparing them with theoretical calculations by our
by the classical overbarrig€COB) model[4,5]. Baranyet al.  newly developed COB model, in which an induced-dipole
[6] and Niehau$7] extended this model to multiple electron- potential between collision partndikl, 15 is taken into con-
capture processes including transfer ionization as well in @ideration in order to obtain velocity-dependent capture cross
highly sophisticated way of calculation procedure. Besidesections. The experimental values are also compared with
these classical models, a number of quantum mechanical cadlACLZ calculations based on the formalism developed by
culations have been made so far, although they are limited t8alop and Olsof9].
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Il. CALCULATIONS e—&
. . . Fi(e) = (Mg lexp - | — | |, (8)
A. Calculations of the classical overbarrier model Agy

In this section, we describe our calculation model, re-where ¢, stands for the energy of either projectile) or
ferred to as MimodifiedCOB hereafter, developed on the target(T) in Egs.(6) and(7). The widthAg, is obtained from
basis of the extended classical-overbarrier model formulatethe uncertainty of the potential barrier heighi¢,,, given by
in [6,7]. Essentials of this model are given briefly and then

12
our procedure is described. AV,,= div, (9)
In this model, a capture cross sectionrelectrons by an dr
o ; )
A% ion from a target B witin, electrons is calculated by As there are two values afV,, in the way-in(r=r;,) and
tmax Way-out(r=rt,ou,) Ag, is obtained by
o PUA, 1
q.9-r 2 E t ( ) (Avmm"'szmout)l/z (10)

The transition probabllltyut of thetth electron is calculated
using statistical weights of two states expressed in Eg)s.
and (7). About more details of this extended-COB model,
readers should refer {@].

In our MCOB model, we start from the equation of mo-
tion described in the center-of-mass frame by

where A;= 7r(bt in t+1m) the ring-shaped geometrical cross
section,PY the transfer probability associated with ttth
target electron in a string), andt,,the smaller number of
g andng, €.0.,t,,5=2 in the present collision systems. The
impact parametel, j, is determined from the critical nuclear
distancer;, in the “way-in,” at which distance the perturbed

binding energy ofth electron equals to a maximum potential 1, b?
barrierV,, formed by the collision partners, Eo= KUt ﬁEO +V(r), (11)
q _ -y where is the reduced masg,=uv?3/2 is the initial kinetic
~he= o Vimin =~ I in(\“q AL ) energy in the c.m. frame, is the relative radial velocity, and
’ ’ b is the impact parameter. In low velocity collisions, the
and we obtain interaction potentiaM(r) may be approximated by the in-
1 duced dipole potentidll5],
Fn = —(2Vgt+1). 3) ad?
It V(r)=- (12

2t
From the definition given above,;, corresponds to the clas- o _ B 3
sical turning point. Similarly, in the “way-out” condition, the With a the polarizability of the targeta(He)—O.ZQS(A )
critical distancer, o is defined by the equation =1.38 a.u. The relationship between the classical turning
' point r. and the corresponding impact paramdbgris ob-

1 tained from Eq(11) by puttingv,=0,
- lt_ri =Vmou= = ——(la-k+ T+ @ r :
tin t,out V(r r
bC:rcwl—ﬁ:rc 1+<Lrb) : (13
and consequently, Eo le
wherer ., =(aq?/ 2E,)Y* is the classical orbiting radius, in-
Vg - q-k+ Vt+ T+k)\2 . . . . . . .
Feout="ein| — = (5)  side this radius the incident particle begins to orbit towards
\q+ \t the target center. The impact parameteysg in Eq. (1) are

calculated from Eq(13) by putting r.=ry;,. Note that the
second ternV(r)/E, is neglected in other COB mod€ls, 7],
and hencéd,=r, in their calculations. It should be pointed out
thatr,,, is velocity dependent and becomes large at low in-
cident energies, while the valuesmf, are velocity indepen-
dent. Here, ifry;,<rqm, then the geometrical cross section
8or the capture oftth electron should be replaced by the
Langevin cross sectionth?, =m\2aq?/E,, because the in-

Here, it is assumed that inn&relectrons of the target are
captured prior to the outeth electron. In case of He is
always 0 for the second electr¢tr2), andk=1 for the first
electron(t=1) in stringsj=(0,1) and(1, 1).

The electron binding energy is assumed to vary dynam

target frames are given respectively by

q t+k cident ion “orbiting” towards the target nucleus inevitably
egp=liy+t—- , (6) passes the point af ;, during orbiting.
fein Ttout Also, it should be noted that, in many experimental stud-
ies on state-selective electron capture, the simultaneous ex-
g q-k citation of projectile electrorielectron promotiopis known
gr=h+—-—. (7)

to play an important role in electron-capture collisions
[16—19. Actually, some of our experimental capture cross
The energy spread of these binding energmsergy win-  sections can hardly be explained if this effect is not taken
dow) is given by a Gaussian distribution function, into consideration, as described in the following sections. We

rt,in rt,out
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include this process, occurring predominantly to the outer- B2 rgrb 172 Vo2 i
most projectile electron, within the framework of the COB Vri=Uo| -5+ | = r_(bt -b9)¥ (19
model as follows. The transfer equation in this case is ex- t t t
pressed by Here, we used mean impact paramet#rdefined separately
. . according to the order of rings, i.eb? for the ith ring is
N Icul
"p‘%:Vm,p:‘ﬂ\‘“q““lﬂtmax)z. (14) calculated by
where I, [>1,(He)=54.4 eV] is the ionization potential of T

the outermost projectile electron+1 andt,,=2 are the
core charges exerted to this electron. The nuclear distanagith i=1,2,p,orb when [1>1>1> o, i=1,orb when

satisfying the equation is obtained by r1>Top>12>1,, and so forth. Hereb?, is always put to

bﬁrb/ 2 becausé,,, is the geometrical radius for any reaction

1 processes occurring inside
=—(2V(g+ +Q+ ’ . . .
o |p(2\(q Dtmaxt q+ 1), (19 Some examples of cross section calculations are given
below.
and the corresponding impact paramekgris calculated Case 1j=(1,0), andr;>r,>1,>rq

from Eq. (13). Note thatr, is the same both in the way-in L ) ) 5 5

and way-out. The corresponding energy window, given by 0qq-1= @A + 02(1 - 02)Ay + [0 (1 - 0P)(1 - wy)

Eq. (8), is calculated with the mean binding energy=1, @1 — + @1 = @

and the uncertainty of the potential barrier height is obtained wlp(l wZP)wp]A3 wlp(l wZP)A‘”b'

by r differentiation ofVy,,. Noter,<ry;, from the defini- o0 wy, is the transition probability calculated using

tion. : . doubly-excited level energies, superfixis the ring number,
In this way, we introduce four nuclear distances gfr», andA, .= 72, We assumeo,=1 for b<b,,
b= P~ = Morb-

I, @andryg,. The transition probabilityy, for the tth electron o
V\[/Jas calculated as follows. First, we used exact atomic level Case 2j=(1,1) andry>r,>1p>lor,
energies cited from NIST atomic energy databjgs® in the _®
energy window functiorF(e) instead of continuous values. Jag2~ @1
This may be reasonably supported because, in our collision + w(f},)w(z‘SAorb-
systems, the principal quantum numbers of relevant captur-
ing states are limited to relatively low valués4), and
hence subshell separations are large compared tord
els. Namely, we I[Lsed the foIIovx?ing valloues as thEgBtotaI a1 = 0 At 0 (1= 0f)Ag + 0 (1 - o) Ag,.
weights of electronic states into which the electron is finally  Finally, we note the validity and limitation of the present
stabilized, model. As the attractive induced dipole potential of EtR)
may be accurate only at large nuclear distances, the present
w=>, Fiey)(2)+1), (16) model becomes worse when the incident ion comes too close
J to the target. As a rough estimation, we took this critical
distance as twice the displacement distadaaf the dipole
wheree; and(2J+1) are the binding energy and the statisti- moment induced by the electric field of the incident ied,
cal weight of the state in theS coupling scheme. The tran- = aqge/(2d)?, giving rise to 21=1.8 a.u. and 2.5 a.u. fay

3)

w(ZZ)AZ + [wg_3)w(23)(1 - (Up) + w(lp w% wp]As

Case 3;j=(1,0 andry;>r,>rq,>rp,

sition probabilityw; is then calculated by =2 and 6, respectively. The present model is considered to be
valid when these critical distances are much smaller than the
Wp values ofr,;, which, calulated from Eq(3), arery;,=4.2q
Wy = W + W, (17) =2)~6.5q=6), andr,;,=3.012) ~4.5(6). These evaluations

support safely the present model to be valid for single-
capture cross sections, while the accuracy may be worse for
double-capture processes. It is emphasized that the present
model may be applied more successfully for more highly
(q>5) charged slow heavy ions.

with W 1 the total statistical weights corresponding to pro-
jectile (P) and targetT). Similarly, the promotion probability
of the projectile electron is obtained by

W, = EPFp(SP) 7 (19) B. Multichannel Landau-Zener model
EpF(sp) +Fp(lp) The multichannel Landau-Zener calculations for single-
electron-capture cross sections were carried out following
with &, the doubly excited level energy. the formalism by Olson and his co-workef8,10. In this
The radial velocities,; used in Eq.(9) are calculated model, the transition probability at the diabatic potential
from Eqg.(11) as curve crossing. is given by
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2 H2 Gas
p= exp(— s 12) , (21) e
AFv, AN MinkEBIS
hereHq, is one half the adiabatic splittin andAF is
o L javatic spitting &l ! Collision Cell Target Gas

the difference in slopes of the diabatic potential energy
curves atr.. Taulbjerg[21] improved the coupling matrix
elementH,, as expressed by

9.1, p(—1.324\"27t )
ex rel,

SEM

[

Vg

Hip= = (22 Liquid.Ny Trap

Vg

with Ms1

fo = (= D™+ DY ()[C(n+1+ (N -D] 2,

OPIG
(23) Octo-Pole lon beam Guide
wherel the ionization potential of the target, amdl is the FIG. 1. Schematic diagram of experimental setup.

final projectile state where the electron is captured. In our

calculations, we again use the induced dipole potential angross sections were measured at He gas pressures below 1
the curve crossing distanag at which initial and final di-  « 152 pg, being low enough to ensure single collisions. Ex-
abatic potential energies equal to each other was obtained tﬁérimental errors of the cross sections are +30% at most.

the following equation: We have routinely checked long-lying excited ions in the
a? (-1 primary ion beam by means of a beam attenuation method
-~ h= - &nl (24) [23]. The mini-EBIS was operated with a DC mode at a
2r Fe pressure below I8 Pa, so that practically no long-lying ex-

wheree,, is the binding energy of thel state[20]. In order cited ions were produced via electron-capture collisions with
to obtain more accurate cross sections, we also includet@sidual gases inside the ion souft&]. It is noted that most
channels of doubly excited states in addition to singly ex/ong-lying excited ions, if any, may be quenched easily in-
cited states. The radial velocity in Eq. (21) was calculated side the ion source because the confinement time of about

from Eq.(11) at the positiorr =r.. 1 ms is sufficiently long to quench such ions. Actually, we
When there aréN crossings in total, the transition prob- found no metastable ions in the primary beams except for
ability P; into theith level is calculated by C?* and G*. The metastable fractions were found to be

) about 3% and 3.5% for these beams, respectively.
Pi=pipo pi(1=p)[1 +(1 - pip)® + Plg(l - pia)® + -

+ pi2+lpi2+2 T plz\l—l(l - pN)2 + pi2+1pi2+2 T pﬁl]a (25) IV. RESULTS AND DISCUSSION

and the capture cross section is obtainedbgtegration as Experimental data for singleo) and double-(cy)

electron-capture cross sections are summarized in Table I.
The data are plotted in Figs. 2—4 together with other experi-
mental and theoretical data obtained mostly at higher ener-
gies. Note here that the data below 0.5 g\ate also shown
in parentheses as references. As a whole, the present results
can safely be connected with these high energy data. Present
low energy data show that the incident energy dependence is
The experiment was performed using the mini-EBISConsiderably different for different charge states and differ-
atomic collision facility of Tokyo Metropolitan University. €ntincidention species. Some cross sections vary rapidly but
Figure 1 shows a schematic diagram of our experimentaPthers not, and some ones appear to increase below a few
Setup_ The experimenta| procedure has been described in 0%\//[.] These features are discussed in the fO”OWing sections
tail elsewherg22], so that only a brief outline is given be- in comparison with our MCOB and MCLZ calculations.
low. Projectile ions extracted from the mini-EBIS were  Cross sections foq=2-6 areshown separately in Figs.
mass-separated by an electromagnet analg¥&) and de- 5-9. In the right-hand sides of these figures, corresponding
celerated before entering an OPIG which works also as &nergy window function&,’(¢), calculated at 100 eWas a
target gas cell. After collisions with a He target, outgoingdemonstration, are also shown as a function of the electron
projectile ions were accelerated again and then their magd¥inding energye. It is noted that central energies in strings
and charge were separated by the second electromagnefie(0,1) and (1, 1) are the same, and,=I, for all the
analyzenMS2). The energy spread of the primary beam wasstrings. It should be kept in mind that when the binding
about 1.0 eVg at FWHM. The collision energy was deter- energy of a certain electronic state lies within the energy
mined by the potential difference between the ion source andindow under consideration, the state is a possible candidate
the OPIG collision cell. Single and double electron-capturefor electron capture.

N ee]
Oqq1= 2T, f Pib db. (26)
i
0

IIl. EXPERIMENT
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TABLE I. Single- (07) and double-(o») electron-capture cross sections fof*CNY*, and O" (q
=2-6)+He. Units are in 10'6 cn?.

CY" +He N9 +He O%He
q Energy(eV/q) o1 o o1 o o1 o
q=2 1.0 1.1 0.96
2.0 1.1 0.90
5.0 1.4 1.7
10 2.6 2.7
20 51 3.7
50 0.93 9.8 5.8
70 1.7
100 1.7 11 5.8
140 2.2
200 3.1 13 7.4
300 2.8
500 5.9 12 11
700 6.1
1000 6.8 16 11
1500 8.7
1800 12 14 10
gq=3 (0.5 (2.0 (3.6 (6.8 (0.3)
1.0 2.1 3.6 0.097 6.3 0.19
2.0 2.1 4.0 0.095 4.7 0.085
5.0 3.5 3.0 0.056 5.3 0.062
10 6.0 2.8 0.038 4.2 0.052
20 8.8 3.0 0.067 4.6 0.070
30 5.8 0.12
50 12 3.3 0.16 6.4 0.17
70 7.5 0.17
100 13 4.1 0.21 5.7 0.17
200 10 3.9 0.18 54 0.26
300 6.3 0.30
500 9.3 4.9 54 0.31
700 6.4 0.38
1000 17 0.047 6.7 0.32 5.2 0.75
1800 15 0.051 0.33 8.3 0.83
q=4 (0.5 (3.4) (0.30)
1.0 0.87 0.66 3.1 0.31
2.0 0.68 0.59 2.6 0.19
5.0 0.59 0.57 2.6 0.10
10 0.064 0.94 0.72 2.0 0.051
20 0.090 1.3 0.95 1.7 0.082
30 0.18
40 0.26
50 0.35 15 1.7 15 0.079
70 0.075 0.73
100 0.17 1.4 1.6 1.9 2.0 0.14
140 0.17 1.9
200 0.18 25 2.0 2.3 1.9 0.15
300 0.20 3.2 4.0 3.9
500 0.24 3.9 4.1 29 2.2 0.35
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TABLE I. (Continued)

CY*+He N9*+He O%He
q Energy(eV/q) o1 oy o1 oy oy oy
700 0.30 4.3
1000 0.48 3.3 3.9 1.9 34 0.49
1800 0.84 4.5 45 4.1 0.40
q=5 (0.5 11 (0.52 (7.7 (0.17) (15) (0.80
1.0 10 0.58 7.6 0.16 14 0.64
2.0 11 0.36 8.3 0.13 13 0.52
5.0 17 0.083 12 0.088 14 0.20
10 23 14 0.087 16 0.17
15 19
20 27 20 0.26 20 0.33
30 20
50 28 0.044 24 0.41 28 0.64
100 34 0.11 24 0.61 31 1.0
200 29 0.16 23 1.2 32 1.3
500 27 0.27 24 2.7 34 1.9
1000 30 0.24 23 25 32 1.7
1800 26 0.42 25 2.4 29 1.9
q=6 (0.5 0.13 (0.041)
1.0 0.11 0.032 0.069 0.073
2.0 0.072 0.027 0.035 0.015
3.0 0.016 0.0071
4.0 0.024 0.013
5.0 0.12 0.049 0.037 0.011
7.0 0.039 0.024
10 0.43 0.092 0.088 0.073
15 0.14 0.16
20 0.87 0.11 0.16 0.25
30 0.24 0.24
50 0.24 0.26 1.4 0.22 0.35 0.22
100 0.49 0.60 2.2 0.37 11 0.36
200 0.80 35 0.55 2.2 1.3
250 1.1
300 3.3 1.9
350 2.2 0.64
500 5.2 0.61 3.8 2.0
750 7.1 0.99
950 7.5 0.88
1000 7.5 0.88 9.9 3.5
1500 7.3 1.1
1800 11 0.77

For help in understanding our discussion, a general explathe results calculated without taking account of the electron-
nation is described at first using theéNdata(Fig. 6) as an  promotion and other curves include this process. All these
example. Experimental data ef, and o, are depicted by notations are the same in other figures.
closed and open circles, respectively. The MCOB calcula- The MCOB calculations of SC can reproduce fairly well
tions for single<(SC) and double{DC) electron capture are the experimental values af; which are nearly constant in
shown by solid lines and dotted lines, respectively. Thethe whole range of incident energy. It is noted that the cal-
MCLZ calculations are given by dashed lines with a labelculated values “NP” are completely incorrect, indicating
LZ. As for the MCOB calculations, curves labeled by NP areclearly that the electron promotion process plays an impor-
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FIG. 2. Single- and double-electron-capture cross sections for FIG. 3. Single- and double-electron-capture cross sections for
C%* +He in comparison with other exdperiment&l) and theoret- N9 +He in comparison with other experiment&) and theoretical
cial (T) data[4,16,17,23-3p (T) data[4,23,26,30,31,37-40

tant role in electron-capture collisions. This can be under- The MCOB cross sections reveal a dip at about 10eV/
stood qualitatively from the corresponding energy windowand increase with decreasing incident energy. This feature is
spectra shown in the right-hand side of the figure. Namelyattributed to the classical orbiting effect characterized by the
for the predominant single-capture process denoted by thkeangevin cross sectiong shown by a dot-dashed line in the
string j=(1,0), there exist no available capturing states infigure. However, such a dip structure is unclear experimen-
N2* while there are some doubly excited states lying withintally.

the energy window. Thus, if these doubly excited states are The double-capture cross sectiansare found to have a
excluded, cross sections are calculated to be significantlglip at about 2 eV and shows the Langevin type increase in
small values at, in particular, low energies as shown bythe low energy region. By contrast, the MCOB calculations
curves NP. (DC) cannot reproduce this feature as well as the magnitude

042716-7



ISHII, ITOH, AND OKUNO PHYSICAL REVIEW A 70, 042716(2004)

16,~2% ! o ability of the second electron of He may be overestimated in
1015 O ....... 'Y VS S S— | our calculations. Similarly at low incident energies, the en-
E ° &.‘ " ergy window becomes narrower preventing the energy over-
16 o | lapping between the N ground state an@J,, resulting in
10 DG """"""" i rapid decrease of double-capture cross sections.

The MCLZ calculations were made by including also
g doubly excited statef20]. The results, shown by a dashed
N E} [261 line, reveal a similar energy dependence as the MCOB re-
e ey e e I D sults but are slightly Iarger than the Iat'ter. It i§ noted that the
1015 L O o i ; MCLZ_ model_also predicts the Langevin type increase at low

;.. o “. ; energ|_es,_whlch comes from the use of the induced dipole
P o potential in our calculations.
107 - Tk S S
: o ; A. C?*, N?*, and O?*

)

Figure 5 shows the single-capture cross sectiepgor
g=2. Electron capture by these*Aions is dominated by
3 ¥ : ' T A single-electron capture, and double-capture events are nearly
1075 | ' : f absent experimentally. This is explained from similar level-

; e * overlap considerations given above. One can see that the

[ ,QAQ".‘E’SE.,&\ : energy window functionngD are located far from the ground
£ * ; § states of A ions for all the ions, so that the capture prob-
E@ i A@\% : abilities of the second electron of He are negligibly small.
sy, Mq@@ , Pl Actually, the MCOB calculations show the DC cross sections

oY | E: 26 to be more than three orders of magnitude smaller than the
TP Y 3T T A —— single-capture cross sections. On the other hand, the absence
Z p ‘o0® o ~® of double-capture events can easily be understood because
3 R this reaction process is endothermic for all the incident ions
and the reaction itself is not expected to occur appreciably.

For C** ions, the energy dependence @f is fairly well
reproduced by the MCOB calculations, although there are
rather large discrepancies in absolute values at low incident
energies. As for R and G ions, the cross sections do not
depend so strongly on the incident energy & Che differ-
ent energy dependence observed for these ions can again be
explained by the level-overlap consideration. Namely, one
can see easily that the overlap of the ground state of

Y : :
E10'17:O . D

Cross section (¢
e 39

4 paae
SHmmmm

. A C*(2s22p) with the predominant channeF(;® becomes
10 16 : G‘ @\ ; e E:[4 i i w
. e T e ;'3{51' smaller at lower incident energies compared tb and O
' 32;1 ions. This is clearly observed in cross section data, showing
1077 - o i : LT 33}- o, of C?* to decrease more rapidly than other incident ions.
ey W i —a= T[] In summary, the MCOB results are in good agreement
-1 0 1 2 3 4 5 with experimental data but only at higher energies. The dif-
10 19 . 100 10° 10° 10" 10 ference is about one order of magnitude below 10 eV/u.
Collision energy (eV/U) However, the energy dependence of the experimental values

is, at least qualitatively, reproduced by our MCOB calcula-
FIG. 4. Single- and double-electron-capture cross section fofions. For N+t and G+ ions, the experimental cross sections
O% +He in comparison with other experiment&)) and theoretcial hayve minima at 0.2—0.4 eV/u which are in good agreement
(T) data[4,23,26,30,31,33,39,41 with the MCOB results. As for the MCLZ calculations, the

of the experimental cross sections. Theoretical values a@om'nam capturing states were QISO found to bes%t_es, .
more than one order of magnitudes larger than the experi¥hile the agreement with experimental cross sections is
mental ones at higher energi€s100 eVii) and drop rap- WOrse than MCOB and the cross section minima are shifted
idly in the low energy region. We speculate that this larget© lower energy side than the experimental _result.s;
discrepancy arises from inappropriate use of the energy At present, the influence of metastable ions ifi"@nd

width (Ae) in the energy window functions. Ade is 2* peams on the cross section measurements is not clear.
roughly proportional to the incident ion velocity agz [see 2 a3 o

Egs. (9), (10), and (19)] the energy windowFy) becomes B.C*, N*, and O

wider enough to cover the ground state level Gf(2s°2p) Cross sections fog=3 are shown in Fig. 6. In this case,

at higher incident energies. Consequently, the capture prolthe MCLZ calculations are in fairly good agreement with the
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FIG. 5. Electron-capture cross sections af AN?*, and G in comparison with calcualted results of MCOB and MCLZ models. The
energy window spectrﬁi”(s) at 100 eV/u are shown as a function of the electron binding energy

experimental results of, particularly*Cand G*. Calcula- O°"ions in the whole range of incident energy, and only two
tions were made by using doubly excited energ%/ levels. Thelata points were obtained for*Cat highest energies. For
dominant channels were?@2s2p °P), N2*(2s2p® “D), and  C3* ions, the transition probability is expected to be small
0%*(2s2p® ®D), respectively. The same results were also ob-due to small level overlap in comparison wittFNand G*

tained in the MCOB calculations as described below. It indi-ions. Namely, the ground state level'®s?) is considerably

cates that the projectile eIePctron eécitation is important inhigherthan the window(zlp'l), and simultaneously the ground
single-capture processes forNand G™. state C(2s%2p) is also located high fronfF'LY. At low en-
The MCOB calculations for SC can again qualitatively (25°2p) J P

: ergies the level overlap would become much smaller with
reprqduce_the experlmental results. From the IeveI'O\/e”a%ecreasing width of the energy window functions. Note that
consideration, the capturing state of*Gs estimated to be X

(252p) instead of the ground states?) of C2*, as seen from the MCOB cross sections of DC are completely unrealistic as

the energy window spectra 61‘11,3’0). This estimation is con- described before.

sistent with the results obtained in energy-gain experiments 4 s "

by Lennonet al. (3—18 keV\j [16] and by Kimuraet al. C.C", N" and O

(3 keV/u) [17]. For N** and G* ions, there are no corre- Figure 7 shows the data fog=4. For this charge state, the

sponding singly excited states but only doubly excited stategelative magnitude between SC and DC is found to be com-

as described in the previous sections. The capturing states fptetely different for the projectile species. In particular,

these ions are consequently attributed t&*(®s2p?) and  single capture cross sectioagare considerably smaller than

0?*(2s2p?), respectively. o, for C** ions. That is mainly due to the fact that the central
As for double-electron-capture cross sections designateenergy onglF;O) lies in a level-vacant zone betwear 2 and

by the stringj=(1,1), we could measure only forXand n=3 of C3* as seen in the figure. It indicates that the cap-
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FIG. 6. Electron-capture cross sections 6f Q\N3*, and G*. The notations are the same as Fig. 5.

tured electron is the second electron of He through a string One can see that double capture cross sectigrier O**
j=(0,1), as can be understood from the level-overlap beare significantly small. This can also be explained from the
tween G* (1s22s and 522p) and F.%”. As the window of ~fact of no-available levels matching with(5", indicating
F? covers well the levels €(15°2s2p), the first electron  that only the second electron of He is predominantly cap-
of He may also be captured, resulting in the relationship ofured. At low energies, botbr; and o, show the Langevin
o,> o,. The final stabilized configuration in double-capture type Increase.

process is, therefore, estimated to(le?2s2p). It should be Apart from the magnitude of cross sections, the MCOB
noted that the energy gain experiments done by Olatrad. calcullat_ions can .reproduce thg experimentglly obtained char-
show the predominant capturing states for SC and DC to bacteristics described above; i.e., the relative magnitude be-

C3*(1s22p) and C*(1s22s?), respectively[18]. tweeno; and oy, and energy dependence at low energies. It
(1,0 is noted that all these calculations include electron promotion

As for N** and J", the energy windows=;;~ start to . : ;
cover doubly excited states formed through projectile elecProcesses, otherwise the calculated values drop rapidly with

tron promotion, so thad, becomes large in comparison with decreasing incident energy.
) 1 ; ;
the C** case. In particular this is the case fot'Gons, where As for the MCLZ calculations, they are comparable with

(1.0 : 3 experiments only at high energies except fdf* @ns. The

Fip~ well overlaps with t(q%) stgtes3(’:(1522p ). Note, how-  gominant channels in MCLZ calculations aré*(1s?2p?P)

ever, that the overlap df 5" with O%'(1s°2s?3s) may also  and doubly excited states of 3N1s?2p?lS) and

be important in single capture processes. In the case*df N 03*(1s22p??P). Disagreements between MCLZ and experi-
ions, the final state for SC and DC are estimated to benental results are again due to the fact that the second elec-
N3*(1s?2p®) and N*(1s?2p®), respectively. The former state tron of He is captured predominantly and there are no avail-
is also consistent with the results of energy gain experimentable matching levels for the first electron fof*Cand N*

[17]. ions.
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FIG. 7. Electron-capture cross sections df (N**, and &*. The notations are the same as Fig. 5.

D. C*, N°, and O°* separation in ¢' is larger than other projectile ions. This
slightly larger separation in ¢ ions seems to result in the
Figure 8 shows the data fg=>5. The main characteristics rapid decrease of cross sections at low energies, while for
obtained here is large and rather energy-independent beham>* and G* the cross sections; are nearly constant values.
ior of o;. Most cross sections are more thanxXl00*>cn?  As for double-capture cross sections, the MCOB results
and are nearly the same irrespective of the projectile specieshow again large discrepancies from the experimental values.
Apparently, this characteristic is consistent with the general Although there are discrepancies between the MCOB re-
feature that the single-electron capture by highly chargedults and experimental values, the final electronic states
ions depends almost uniquely on the incident chaydaut  formed by electron capture may be summarized as follows.
not on the projectile specigg]. Another characteristics is SC; C*(1s3l), N*(1s?3l), 0O*(1s’2s3l), and DC;
that the cross sections, are significantly small and reveal C3*(1s213l"), N3*(1s%2131"), O3*(1s?213l"). It should be
the Langevin type increase below a few eV/u. pointed out that the double-electron capture by @ns
The MCOB calculations of SC are in fairly good agree-forms predominantly the autoionization state¥(@s2I3l").
ment with experimental values for°Nions G* ions, while  Thus, it is easily predicted that such states are stabilized to
for C°* ions they cannot reproduce the energy dependence a@?*+(1s?) via autoionization, i.e., transfer ionization in the
low energies. This difference can also be explained from theyresent experiments. Actually, it is reported in other experi-
similar Ievel-overlap consideration. In this case, the magniments[37,4a that more than 90% of DC processes are sta-
tude of oy is expected to be governed by the amount ofyjjized by transfer ionization. In the present work, therefore,
overlap betweer % and (3]) states of ions witlg=4. Al we simply subtracted 90% from the,c data and add them
though the overlap is apparently the same for all ions, theo o5 The results are depicted by curves denoted by “TI” in
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FIG. 8. Electron-capture cross sections 6f Q\N®*, and G*. The notations are the same as Fig. 5.

the figure, showing better agreement with experimental datéo note that similar electronic configurations are identified in

of both oy and o. electron spectroscopy experiments by Stolterfethal. [43].
They also report that two electrons are captured with suffi-
E. C5* N and Of* ciently large probabilities into asymmetric doubly excited

_ o states of(2Inl) with n>10.

Figure 9 show the data f@/=6. The characteristic feature Finally, the MCOB calculations also decrease with de-
observed here is that most cross sections decrease rather r@Peasing incident energy but more rapidly compared to ex-
idly with decreasing incident energy and show cross sectioRerimental values. This is again attributed to nonoverlap

minima at about 1 eV/u. The energy dependence of the crossyaracteristics of energy levels under consideration.
sections may also be explained qualitatively by the level-

overlap consideration as made in the previous sections, and
only brief discussion is given in this case.

From the energy window spectra, we ascribe the final
electronic states as follows. SC; >3l), N>*(1s3), Single- and double-electron capture cross sections have
0%*(1s231), and DC; CG*(2131"), N**(1s213l"), O**(1s?2I3l").  been measured for® N, and O (q=2-6) ions in He at
Note that the dominant channels in MCLZ calculations areincident energies dfL.0—1800q eV. In a high energy range,
C5*(3d°D), N5*(1s3p'P) and G*(1s*3d°D). These estima- the present data are reasonably comparable with other previ-
tions are in good agreement with the results of energy gaious high energy data. As general characteristics, the cross
spectroscopy experiment$8,19 reportingn=3 as the pre- sections for endothermic reactions were found to decrease
dominant capturing states in single-capture collisions. As forapidly with decreasing incident energy and those for exo-
double-electron capture processes, electronic states givehermic reactions to reveal cross section minima at a few
above are apt to stabilize via autoionization. It is interestingeV/u and vary as* below this energy.

V. CONCLUSION
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FIG. 9. Electron-capture cross sections ¢ N®*, and &*. The notations are the same as Fig. 5.

To account for these characteristics, we carried out calcugood agreement with other more direct experiments like
lations on the basis of the extended classical overbarriegnergy-gain spectroscopy and electron spectroscopy. Particu-
model [6,7] and on the multichannel Landau-Zener modellar success of our model calculations is that the energy de-
[9,10. We used the induced dipole attractive potential whichpendence of the experimental cross sections includiflg
is considered as a typical potential form in slow ion-atombehavior at low velocities is reasonably reproduced. In con-
collisions. In addition to the critical nuclear distanagsat  clusion, more exact interaction potentials such as an induced
which a target electron belongs to both projectile and targedlipole potential used in this work and additional excitation
particles, we also calculated the nuclear distangg at processes like projectile electron promotion should inevita-
which the incident ion starts orbiting, in order to obtain ve-bly be taken into consideration to account for the experimen-
locity dependent cross sections. Furthermore, the projectilal electron-capture cross sections at very low incident ener-
excitation accompanying electron-capture events is takegies.
into consideration in our calculations. As a whole, the
present calculations can reproduce fairly well the experimen- ACKNOWLEDGMENTS
tal cross sections as described in detail in Sec. IV. From
level-overlap considerations, we could successfully estimate This work was supported in part by a Grant-in-Aid for
the predominant capturing states both for single- and doubleScientific Research from the Ministry of Education, Culture,
electron-capture processes. Most of our estimations are i8ports, Science and Technology of Japan.
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