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We present absolute term- and level-selective cross sections for specific single- and double-electron capture
processes in slowl6 keV) C**-Ne collisions. The results are deduced through a combined analysis of earlier
translational energy-gain data and the present photon-emission cross sections in the region 40—-240 nm. We
find that double-electron capture is dominated by processes in which two electrons appear to change orbitals in
a single interaction of two diabatic quasimolecular potential curves—a type of process which rarely has been
isolated before. Furthermore, we observe a strong preference for populatis@b2er 2p? configurations
in these one-step two-electron capture reactions. This is a remarkable configuration selectivity, since reaction
channels leading tos2p and 2? configurations cross with the incident channel at almost the same internu-
clear distanceq.51050-294@7)05001-4

PACS numbd(s): 34.70+e€, 34.50. Fa, 36.46.c

[. INTRODUCTION valug of the collision. In most cases, the two-step process
can be expected to give considerably larger scattering angles
The mechanisms behind one- and two-electron capturthan the one-step process. The latter is sometimes associated
from neutral atoms to slow(<1 a.u) multiply charged ions  with electron correlation. This terminology can be used in
have been studied and discussed extensively during the pabie sense that two electrons change orbitals in a single inter-
decade(for a review see, e.g., Barat and Ronfir). There  action between two diabatic quasimolecular potential curves
is a vast number of cases where there is overwhelming evias in the ¢*-He [2,3] and the 3" He case§4—6]. How-
dence that single-electron captu®C) is mostly due to ra- ever, two-step processes can also be discussed in a similar
dial coupling between diabatic quasimolecular potentiafashion when transfer of the second electron affects the state
curves. This is true for projectiles of moderate and highof the first transferred electron, as in ‘&t -He collisions[ 7].
charge states. The situation is a little less clear for double- Here we have studied single- and double-electron capture
electron captur¢éDC) where different mechanisms compete. in slow C**-Ne collisions (16 keV) by means of high-
However, it has become possible to express some generadsolution photon-emission spectroscopy. The results were
rules to which a large part of the research community wouldanalyzed together with recent energy-gain déoa SC and
agree. For high projectile charge states, where the densitid3C) from McCulloughet al.[8] at the same collision energy.
of projectile capture states are high, it appears that the twdJsing this procedure it becomes possible to discriminate be-
step mechanism often dominates. This means that the twiween collision processes with close-lyiqy values, which
electrons are transferred to the projectile sequentially and atere unresolved in earlier studies relying solely on the trans-
different internuclear separations. For moderate projectiléational energy-gain technique. This separation reveals, e.g.,
charge states, where the densities of available capture statémt double-electron capture is dominated dne-steppro-
usually are lower, the one-step two-electron transfer mechazesses and, further, that these processes are much more likely
nism may become dominant. The most well-known exampléo populate 82p than 2p? configurations in ¢*. Such a
of the latter is two-electron capture in slow*GHe colli-  configuration selectivity for one-step DC has not been ob-
sions[2,3]. served before and here it is especially interesting since the
One way to distinguish between the one- and two-ste@mounts of configuration interaction and singlet-triplet mix-
mechanisms has been to measure the angular distributionrsy are extremely low in th& S terms formed in the &p
for scattered projectiles, preferably with information aboutand 2p? populations.
the translational energy gain and thus the inelastictly ( Earlier translational energy-gain measurements on this
system have revealed several truly remarkable features. Ced-
erquistet al. [3] reported an apparent hole in the reaction
*Present address: Aarhus University, Det Fysiske Institutwindow for DC at energies of 400—-500 eW¥ {0.04 a.u);
Nymunkegade 2, DK-8000 Aarhus, Denmark. strong population of foufincompletely resolvedchannels
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aroundQ =30 eV followed by very weakly populated chan- photon emission was observed through an 8 mm diameter
nels around) =20 eV, and then again strong population of aaperture in the target cell by an evacuafem normal inci-
single channel a@=16 eV. It was speculated that the popu- dence spectrometer.
lation of this latter DC channel was somehow related to the The radiation emitted perpendicular to the beam direction
dominant SC channel at virtually the saQevalue (16 eV)  was recorded in the 40—240 nm wavelength range with two
[3]. Keller et al.[9] performed measurements of angular dis-different combinations of detector and grating. Spectrum |
tributions in a similar collision energy regim@00-1000 (40-130 nm; see Fig.)lwas recorded with a channeltron
eV) and reported clear evidence for one-step population fofetector and a 1200 mmnt grating blazed for 75 nm,
the (then unresolvedDC channels aroun@=30 eV. Fur-  whereas a photomultiplier tube and a 1200 mimgrating
ther, they found that the intensity in the DC channel atplazed for 150 nm were used for spectrun{110—240 nm,
Q=16 eV decreased drastically when the energy was insee Fig. 2. The spectrometer slit widths were set to 500
creased from 600 to 1000 €9]. wm and 1000um, yielding the expected line widthgull

The experimental technique is described in the next seawidth at half maximum of 0.4 nm and 0.8 nm for spectra |
tion, while the method to establish a relation betweenand II, respectively. The number of registered photons per
spectral-line intensities and absolute emission cross sectior$annel was normalized to the accumulated charge in the
(gem is given in Sec. Il A. The latter quantities are defined Faraday cup.
as the absolute cross sections for emission of a single photon One fine-structure multipleiNe* 2p® 2P—2s2p® 2S at
(due to a specific atomic transitipduring or after the colli- ~46 nm in spectrum | was resolved in a separate scan using
sion. The absolute cross sections fiirect population of  a slit width of 125um. The intensity relation between the
specified atomic terms and levels, i.e., excluding contribujines in this multiplet agreed with tabulated data for Ne
tions from cascades, are given in Sec. Il B. In Sec. IV, weryling out the possibility of a significant contribution to the
combine these latter results with the energy-gain d8@ |ine intensity from the 82p 3P—2s3d 3D transitions in
and DQ of McCulloughet al. at 16 keV ¢~0.2 a.u) [8]  Cc2* (also at~46 nm).
and deduce absolute cross sections for collision processes The Ne pressure in the target gas cell was determined
with resolved final quantum states for both the prOjeCtile anqrom aperture Conductancesl the measured pressure in the
the target. vacuum volume outside the cell and the pumping speed for
Ne in the same volume. This procedure leads to a rather large
absolute uncertainty, but since the absolute cross sections
determined in the present study are obtained through a nor-

The experimental setup has previously been described imalization procedure this is of little importance. We are,
detail in Refs[10-12. Thus we only give a short descrip- however, confident that the estimated cell pressures are reli-
tion here. Carbon ions were produced in a 6.4 GHz electromble on a relative scale in the pressure range used(Bére
cyclotron resonancéECR) ion source and extracted at a po- 120 mPa. Spectra | and li(shown in Figs. 1 and)2were
tential of 4 kV. The C* beam was selected by means of arecorded at a nominal cell pressure of 30 mPa. With a cell
double-focusing 90° dipole magnet and directed through a Tfength of 7 cm and a total cross section for electron capture
cm long differentially pumped target cell containing Ne. Theof ~2x101° cm? (see below, there is a total reaction
ion current, typically 4uA, was measured with a Faraday probability of 10% for each €™ ion which enters the cell at
cup situated downstream from the cell. The collision-induced30 mPa. The intensities of all the individual spectral lines

Il. EXPERIMENT
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trum for the wavelength region
110-240 nm in 40 keV €¢"-Ne
collisions (spectrum IJ. The line
intensities are shown in arbitrary
units and they are not corrected
for the varying spectral sensitivity
(cf. text). The important parts of
this spectrum were recorded also
at the collision energy 16 keV.
The absolute cross sections are
determined from these latter
scans.
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discussed in this work were found to increase linearly withcollision processes that give rise t6*Q(2s— 2p) emission,
the cell pressure. Furthermore, we found no significant influeither through direct population of the*C(2p) configura-
ence of anisotropy and polarization effects on the relativeion (Cgc and Dgo) or indirectly via cascading from
line intensities(cf. Hoepkstraet al. [13]} when we recordeq C3*(3s) (Esc; see Fig. 4 Similarly, the absolute emission
(parts of spectrum | in 45° angle with respect to the ion cross sections for spectrum | are obtained from the intensities
beam. _ _ o _ of the 2p°2P-2s2p®2S (46.1 nm and 2p° 2P

We calibrated theelative detection efficiency in the 40— —2p*3s 2P (44.6 nn) transitions in N& (cf. Fig. 4 and the
100 nm wavelength regiofspectrum J by measuring line  jpco1 e cross sections for the enerav-gain
) . " fn gy-gain pesks and
intensities for 105 keV Xé -He and 120 keV_Xé -He and Dec (2.60¢ 1016+ 0.53x 1016 cm? in Table ). Note that
comparing those to the emission cross sections published k{x : )

e sum of the cross sections f@5Esc in column 5 of

Druetta and Hit414]. Spectrum Il was intensity calibrated Table I (from energy-gain da)ds the same as the sum of the

on a relative scale by means of line intensities in photon e for th : lunifran C3+
emission spectra of pkeV Xed*-T (q=5-8; T=He,An) cross sections for the same process in colun

and related atomic branching ratiéisarssonet al. [10,12), photon-emission data The (insignifican} differences be-

calculated with theiFR code (Hartree-Fock with relativistic tWeen some of the individual cross sections are due to the
corrections from Cowan[15]. rather uncertain relative intensity calibration for photons at

42.0 and 46.1 nm, which yields another relation between the
cross sections foEgc and Agct+Dgc than the energy-gain
lIl. DETERMINATION OF ABSOLUTE CROSS SECTIONS data[8].
Bloemenet al.[17] and Larssoret al.[10] have analyzed
o ) the corrections due to the relations between lifetimes and ion
A commonand absolute emission cross-section scale passage timegthrough the cejl Here we analyze the situa-
(0em for spectra | and Il was obtained by means of threetion priefly for single-collision conditiongfulfilled here.
different experimental results at the collision energy of 16The radiation emitted in the decay of populated projectile
keV: The absolute and total single-electron capture cross segarms will then increase in intensity along the beam from the
tion o measured by Zwally and Koopmafib6]; the trans-  cell entrance until the rate of direct population and cascading
lational energy-gain spectrum for SC measured by Mc+o the term under study is equal to its decay rate. From this
Cullough et al. [8]; and the present relative intensities of point the beam glows with constant intensity until it leaves
emission lines due to SC in spectra | and II. the cell. This “equilibrium” in the fraction of carbon ions in

According to Zwally and Koopmani{16] oS-=(4.8  a specific excited state occurs before the ions have reached
+0.5x 10" cm? at 16 keV. We partitionedrtsoé on six the observation region if the term under study and important
Gaussian peaks which we fitted to the SC energy-gain specascading terms are sufficiently short-lived. The upper terms
trum shown in Fig. 8]. The photon-emission spectrum |l of the present € and C** transitions mostly have lifetimes
was then put on an absolute cross-section scale by relatifgelow 10 ns, i.e., they are much shorter than the time of
the intensity for ¥ (2s—2p) emission at 155.0 nm to the flight (~70 ng from the cell entrance to the observation
summed absolute cross sectith53x 10 6+0.36x 1076  region [the exception is €' (2s2p 3P), which is meta-
+0.33x 107 %6 cm?) for the energy-gain peakSsc, Dgc, stabld. The emission intensities are thus nearly constant
and Esc (Fig. 3 and Table )l These peaks correspond to across the observation region, angd,, for C?* and C**

A. Calibration of the emission cross-section scale
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20 gain spectrum for single-electron
capture in 16 keV ¢"-Ne colli-
sions from McCulloughet al. (
[7]). The labelsAg—Fsc are ex-
plained in the text and in Table I.
The absolute cross sections for
specific collision processes with
well-defined states for the target
and the projectile after the colli-
sion are given as vertical linésf.
text) and refers to the left-hand
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have been deduced directly from the calibration procedurexcitationg and no correction factor was needed in order to
(i.e., without lifetime corrections determineco,, for the target. We thus have a situation in
From the target, we observe a few Nend N€* tran-  which the emission cross sections for the tamyed the pro-
sitions and one transition from neutral Ne. The intensities ofectile can be determined directly from the calibration proce-
target spectral lines all increase linearly with increasing celdure described above. The largest absolute emission cross
pressure, which shows that the target atoms emit the detecte@ctions for spectra | and Il are listed in Table I1.
radiation before they collide with another Ne atgsuch a
secondary electron-capture collision would lead to emission
at another wavelengthA comparison between typical target
recoil energiegbelow 1 eV} and term lifetimes shows that From the emission cross sections and transition branching
the emission sequences are completed within a distance ofratios in Table Ill, we deduce absolute cross sections for
mm from the point of the excitation. A few Ne ioiatomg  collision-induced population of specific atomic terms and
created close to the edges may escape before they radiatevels (oe,e). These quantities are related to the probabili-
but this loss is compensated for by excited ions which areies for creations of specific excitatiodérectly in the colli-
scattered into the observation region. One decay sequences®ns(i.e., excluding cascading effegtd\ll the spectral lines
thus completed within the observation region for each targebbserved in this work have been identified and the atomic
excitation event in the same regitexcept for the metastable spectroscopy aspect of the data given in Table Il is mostly

B. Term- and level-selective cross sections

TABLE I. The assignments an@ values of the peak8sc—F ¢ in the SC energy-gain spectrum fof GNe of McCulloughet al. [8].
The absolute cross sections given in column 5 are obtained from a fit to this spectrum and normalization to the total cross section of Zwally
and Koopman16], while those in columns 6 and 7, in addition, rely on the present photon-emission spéctexf). The cross sections
at 500 eV are from the energy-gain measurements of Cederquagt]3]. Only relative errors are given. There are additional errors due to
the calibration procedurél2% for column 5 and 18% for columns 6 and Ih columns 8 and 9, we give the wavelength of the emission
from C3* and Ne', respectively. The label g.s. denotes population of the ground state.

Peak Collision products o (10716 cm?) obs. emission (nm)
label CH(1s219) + Ne2s22p8 18) o 0O (eV) energy-gain energy-gain from C3+ from Ne* c3+ Ne*
500 eV 16 keV cmission emission
Asc C3+(25) + Ne*(252p6 28) 16.0 1.1 - 2. 46.1
C3+(25) + Ne*(2s22p43s 2P) 15.1 } 26010.01 } 2594034 gs. 4.6
Bsc C3+(2s) + Ne+(2622p43s 2D) 12.4 - <0.1 2. 40.6
C3+(2s) + Ne*t(2s22p43p ..) 89-118 - } 0.90+0.07 - - g.s. -
Cse C3+(2p) + Ne*t(2s22p5 2p) 34.9 - 0.3640.01 0.3340.13 - 155.0 2.s.
Dgc C3+(2p) + Net(252p6 2S) 8.0 0.14 } } 155.0 46.1
CH0p) + Ner 2525835 2) - . 0.5340.10 0.4840.20 } 0.5340.07 155.0 446
bse C3H@3s) + Ne*t(2s22p5 2p) 5.4 - 1.33+0.03 0.4140.26 - 42.0 2.5,

lige -3 -- 0.0910.02
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TABLE Il. Absolute emission cross sections,,,,, and assign-

‘fner(‘iznf:jnnm it ey C3+ mints of th_e_ most intense lines _in the spegtra dqe to 16 keV
C*"-Ne collisions. Some weaker lines of particular interest have
40 = been included. The line at 77.2 nm is due to a second-order reflec-
tion in the grating of the spectrometer. Since the corresponding
30l first-order line falls outside the covered spectral region, we used the
intensity of the second-order line to derive the emission cross sec-
tion. Only relative errors are given here. There is an additional error
20 4 of 18% in the absolute cross-section scale.
= ]
A{nm)  Ton Transitions o, (10716 cm?)
10 Spectrum 1
42,0 C3+ 2p-3s 0.410.26
0 4.6 Net 2s22p> 2p2522p435 2P (.1840.12
46.2 Ne* 2s22p° 2P-252p6 25 2.9440.39
49.0 Ne2t 2s22p13p-252p5 3P 1374017
53.8 Cc2+ 252p 3P-253s 35 0.23+0.05
energy [eV] 57.4 Cc2+ 2s52p 1P-253d 'D 0.1440.03
Tonization limit: 40.96 eV Ne+ 690 e 2:21}7 1P_25535 15 0.1010.02
40 2522p%p 73.6 Ne 2p® '50-2p°3p 'Pq 0.08+0.03
772 C2¥(2nd) 2s3s 15-253p 1P <01
97.7 c2 2218 2s2p 1P 13.4%1.9
Spectrum 11
117.6 c2t 2s2p 3P-2p? 3p 0.48+0.06
1247  C 2s2p 1P-2p2 15 0.06+0.09
155.0 3+ 2s-2p 1.2240.20
229.7 2t 2s2p IP-2p2 1D 1.4540.20
] [Csc][Esc | 2s22p5 2p

they are easily performed with the aid of the relative inten-
FIG. 4. Schematic energy-term diagrams fof ‘Cand Ne". sty distributions in the energy-gain spectra for SC and DC
Only transitions relevant for the present work are shown. BranChi”QMcCulloughet al.[8]). We partitiono-g’é on the peaksfit-
ratios are given within parentheses. The labels refer to variou§ed to Gaussian curvein the DC energy-gain spectrum in
single-capture processes leading to population of specific energy; 5rg] and the results from this procedure are presented in
terms in C* and Ne*. the fifth column of Table IV. The cross sections in columns
~six and seven of Table IV are determined directly from the
well known (cf. the database DAS and references givergpsolyte term-selective cross sections féi @nd N&* ac-
therein[18]). In the few cases where additional atomic datacording to the procedures described in Secs. Iil A and Il B.
was needed, we used thwrrR code by Cowan[15]. For
Ne", we have neglecteithe small contributions from the IV. RESOLVING TERM-SPECIFIC
few terms(only 2p*3p) giving cascades with emission out- ' COLLISION PROCESSES

side the scanned spectral regidog Fig. 4).
A. Single-electron capture

C. Double-capture cross sections As mentioned above, McCullougket al. resolved six
Basically, we obtains%. in the following way: % is ~ P€aks fsc—Fsc) in the energy-gain spectrum for single-

first multiplied by the sum of term-selective cross sectionsglectron capturg¢8]. Two of the peaks€sc andEsc) were

for C** +Ne—C2*+Ne?* and then divided by the corre- assigned unambigously to a specific collision process and
sponding quantity for ¢*+Ne—C3* +Ne*. This proce- ©One€ was unidentified I_?(SC) (qf. Ta_ll_)Ie ). The _remain_ing
dure would be fully correct if all the collision processes thrée could not be uniquely identified. In particular, it was
would lead to photon emission from the targethe projec- not possible to discriminate between two poss(lnkg, unre-
tile. This is indeed the case for a majority of the processeS§°/Ved processes foAsc andDsc. The two candidates for
which we deal with here. However, we have to correct forpes"j‘_k Asc are processes populating the ground state of
the cases where no radiation was detected due to producti :

of metastable and ground-state ions in the same collision + 3+ 2 n 6 2

(Dpc and Epc) or emission outside the scanned spectral C* +Ne—C>"(25 °S)+ Ne' (252p° *S) @
wavelength regior(_part of Bs¢). We also have to compen- ang

sate for cases with emission from projectiéend target

(Dsc: see Fig. 4 These corrections are all fairly small and C** +Ne—C3"(2s 2S)+Ne"(2s?2p*3s 2P) (2
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TABLE lll. Absolute term- or level-selective cross sectiong,,e, for
16 keV C*"-Ne collisions. The cross sections in the fourth column are
oem,» Which are used together with corrections for the cascade situations to
arrive ato,e - The excitation energies above the ground state of the re-
spective iongatom) are given in column 2. Decay channels, wavelengths,
and branching ratiogwithin paranthesgsare given in the third column.
Ground and metastable states are denoted by g.s. and m.s., respectively.
Only relative errors are given in columns 4 and 5. There is an additional
error of 18% in the absolute scale.

Level Excitation  Decay channels Oem Slevel
energy A (nm) and branching ratio 0% em?) - (10" om?)
V)
C3+
2 0 gs.
2 8.0 325: 155.0 (1.00) 122020  0.8120.33
3 375 —2p: 42.0(1.00) 0415026  0410.26
3p 39.7 —25: 31.2(1.00) i )
3d 40.3 —2p: 38.4 (1.00) <01 <0.1
C2+
2213 0 gs. - -
252p 1p 127 5252 18: 97.7 (1.00) 134219 11.6£19
202 1D 18.1 —2s2p 1P: 2297 (1.00) 1455020 14520.20
22 IS 26 -252p IP: 124.7(100) 0.06£0.09  0.060.09
235 IS 306 -5252p 1P: 9.0 (1.00) 0.10:0.02  0.1020.02
253p P 321 2535 18: 38.6 (0.90) <01 <01
—2p? 'D: 83.4 (0.07)
—2p2 15: 130.9 (0.02)
2534 1D 343 —252p IP: 57.4 (1.00) 0.14£0.03  0.1420.03
2s2p 3p 6.5 ms. ) -
2p23p 17.0 252p 3P: 117.6 (1.00) 0.48£0.06  04320.06
283538 295 —252p 3P: 53.8(1.00) 0.232005 0232005
253p 3P 22 —253s 35: 465.1 (1.00) 0 0
253d 3D 335 —2s2p 3P: 46.0 (1.00) 0 0
Ne
2p5 189 0 g.s. - -
2p%3s 1Py 169 —2p5 1S0: 73.6 (1.00) 0.08£0.03  0.0820.03
2p%3s 3P, 167 —52p5 15g: 74.4 (1.00) 0 0
Net
2522p3 2p 0 gs. ) -
252p6 28 269 -2p5 2461 (100) 2941039 2941039
2522p%3 2p 278 —2p5 2P 446 (1.00) 0181012 0.18£0.12
2522435 2D 306 —2p5 2P 406 (100) <01 <01
222p%35 28 343 —2p3 2P: 36.2 (1.00) ) )
222p43p 31.2- —252p5, 2p%3s ) -
379
Ne+
2s22p* 3p 0-0.1 g.s. ) )
2525 3P 254 —2p* 3490 (100) 137007 1.3720.17
%224 Ip 32 ms. - :
2s%2pt I 6.9 ms. - -
252p5 1p 359 —2p% 180: 42.8 (0.10) 0 0

—2p? 1D,: 38.0 (0.90)
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FIG. 5. Translational energy-
_ 5 gain spectrum for double-electron
Ng capture in 16 keV ¢"-Ne colli-
2, sions from McCulloughet al. (
2 [7]). The labelsApc—Epc are ex-
£ plained in the text and in Table
§ 3 IV. The absolute cross sections for
¢ specific collision processes with
§ Dpc well-defined states for the target
© 24 and the projectile after the colli-
sion are given as vertical lindsf.
E text) and refers to the left-hand
1 DC
scale.
0 —
T T T T 1
0 10 20 30 40 50
Qlevl
at Q=16.0 eV andQ=15.1 eV, respectively. In this work, C*"+Ne—C3*(2p 2P)+Ne' (2s?2p*3s ?P)  (4)

we are able to distinguish between these two final states of

Ne™ through a comparison between the term cross section§tQ:8_0 eV andQ=7.1 eV. Note that reactiort®) and(4)

for 2s2p° ?s and 2*3s P in Ne'. The corresponding |eave the Né target ion in the same excited states as reac-

lines at 46.1 nnithe second strongest emission line in Table;jgg (1) and (2), respectively. Given the weakness of exci-

I1) and 44.6 nm are to smaller extents due also toDRe  tation to 222p*3s compared to 82p°® excitation(cf. Table

processes 1), we conclude that reactiofl) dominates over reaction
(2) and reaction3) dominates over reactio@®). This con-

C** +Ne—C*"(2p *P)+Ne*(2s2p°® %S) (3 clusion is supported by the agreement in position between

the Q value for reactior{1) and theAg: peak of McCullough

and et al. [8], which is shown in Fig. 3. Note that a strong con-

TABLE IV. Absolute term-selective double-electron captdPC) cross sections for specific resolved reaction channels in 16
keV C*"-Ne collisions. The absolute cross sections in the sixth column are deduced according to Sec. IV C. Some of the
unresolved processes in columrideduced from the energy-gain spectrum of Figae separated in columns 6 and 7 by means
of the higher resolution of the present photon-spectroscopy data. Ground and metastable states are denoted by g.s. and m.s. in
columns 8 and 9. Only relative errors are given. The errors in the absolute cross section scales @el@h% 5 and 18 %
(columns 6 and J7

Peak Collision products o (10716 cm?) obs. emission (nm)
label CH(1s2 18) + Ne(2s22p0 18) - () (eV) energy-gain - energy-gain from C2*  from Ne2+ 2+ Ne2+
500 eV 16 keV emission emission
Apc C2+(252p IP) + Ne2+(2s22p* 1) 30.1 0.540.1 } 5.040.8 - 97.7 ms.
C2+(2p2 1D) + Ne2+(2s%2p* 1) 28.4 0.8+0.1 538005 0003 - 229.7 m.s.
Bpe C2*+(2p2 3P) + Ne2*(2522p4 3p) 327 } } 0.48+0.11 - 1176 g.s.
C2+(252p 'P) + Ne2+(2522p% 1D) 33.8 05500 f TI006 oy L 97.7 m.s.
Cne C2+(2p2 1) + Ne2+(2522p* D) 239 0.0650.09 - 1247 ms.
C2+2p2 D) + Ne2+(2522p? 1) 24.7 } <0.05 } 0.5810.02 0.5240.07 - 229.7 ms.
Dpe 24252 18) + Ne2+(2s22pt 1) 429 - 1.7640.04 - - 2.5. m.s,
Enc C2+(252 18) + Ne2+(2s22p 1Dy 46.7 - 0.9940.05 - - 2. m.s.
Fpe C2H22p 3P) + Ne2+(252p3 3p) 17.8 - 1.37+0.04 - 1374022 ms. 490
Gixe 242535 18) + Ne2+2522p4 11y 159 0202005 - 0004002 - 69.0 m.s.
Hpe  C2+(2s3s 38)+ Ne2+(2s22p4 3p) 17.0 . - 0231005 53.8 ms.
Inc CT2s3p ')+ .. ? <0.1 38.6

C2+(253d 1D)+... 7 <0.1 57.4
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tribution from (2) would shift the latter peak towards lower cross section for single-electron capture, which is a very un-
values of Q. Thus, even though the channdly and (2) usual situation in the field of multiply charged ion-atom col-

cross with the incident channel at very similar internuclearisions where the opposite relation often prevails. The larger
distances oR~5.1a, and R~5.4a,, respectively, only the of the term-selective cross sections in Table Il are clearly
one with a suitable electronic configuration is populated ef+elated to collision processes which lead to population of

ficiently. The behavior is the same f(8) and(4) with cross-
ings at 10.2, and 11.%,, respectively. This phenomenon

electronic configurations in € with the two outer electrons
in N=2 states.

simply reflects the fact that the one-electron rearrangements The cases were several collision processes contribute to

in reactions(1) and (3) (one electron is removed from the
2s shell of N@ are strongly favored over the two-electron
rearrangement in reactior8) and (4) (one electron is re-
moved from the P shell and another electron is simulta-
neously excited from g to 3s). This effect was observed
before at much lower energies-600 e\) [3] and here we
find that it is still very important at the much higher collision
energy of 16 keV.

The energy-gain peak & at Q=5.4 eV was ascribed to

(5

by McCulloughet al.[8] and this is confirmed by the present
detection of an emission line at 42.0 nmp(3s in C37).
The energy-gain peaBgc in Table | was tentatively as-
signed to the processes

C**+Ne—C3*(3s 2S)+Ne" (2s?2p® 2P)

C*"+Ne—C3"(2s 2S)+Ne"(2s?2p*3s ?D)  (6)

and
C** +Ne—C3*(2s 29)+Ne* (2s22p*3p---), (7

by McCulloughet al. [8]. In the case of process), it was
then stated that there might be contributions frofiterms
of the Ne" (2p*3p) configuration withQ values ranging be-

tween 8.9 and 11.8 eV. The radiation from the decay of theséhe _ Sk (Ue
2s2p 3P with emission at 117.6 nm. The dominating source

Ne™ states fall outside the wavelength regime which is cov
ered here. The emission at 40.6 nm from the excited M
produced in reactiol®) is found to be very weak, indicating
a cross section belowx110~ %" cm?. Thus, from this reason-
ing it appears as if reactiofi7) is dominant inBg¢ and
we have tentatively assigned the whole cross sectibf
X107 cm?) to reaction(7) (averageQ=10.8 eVj. Ac-

population of the same term are treated in detail below,
where we have separated the discussions of one- and two-
step transfer mechanisms.

1. One-step transfer

Cederquist et al. [3]
5x 101" cm? for

reported a cross section of

C** +Ne—C2*(2p? D)+ Ne&?* (2p* D) 8
and a cross section oP8L0~ 17 cm? for
C** +Ne—C?*(2s2p P)+Net (2p* 1) 9

at 500 eV collision energy. These processes werere-
solved by McCulloughet al. and they are denotedpc in
Table IV [8]. The 22p*P state in C™ is created in colli-
sions (9) and in one of the processes contributing to the
(unresolvedl energy-gain peaBp¢ (cf. Fig. 5

C** +Ne—C2*(2p2 3P)+ N2 (2p* 3P) (10

and

C** +Ne—C2%(2s2p 'P)+ N (2p* D).  (11)

C?>*(2p?3P) state created in reactiofl0) decays to

of this radiation is most likely direct population via reaction
(10) as can be seen in Fig. gOther higher lying channels
(Hpe, Ipc) leading to population of the € triplet states
are very weak(see Table IY and significant cascades to
2p? 3P can be ruled o(t The cross section for reactigh0)
can thus readily be determined to be B0~ 1" cm?. Since

cording to the energy-gain spectrum in Fig. 3 it also appear&/€ know the sum of the cross sections for reactidrs and

as if the contributions to reactio(v) with the highestQ
values(11.8 eV} are dominant.

The summed cross section for capture " (2s) is 3—4
times larger than the cross section for capture & @p).

(11) (7.1x 10~ *®cm?) from column five in Table IV, we are
able to deduce also the absolute cross section for reaction
(11) to be 6.6<10 % cm?. This is more than one order of
magnitude larger than the cross section(fl) although the

This difference is easily understood, since the crossing rad§"ssing radii with the incident channel are very similar, as

for population of D are either too small R=2.3a, for
Cso) or too large R=10.2a, for Dgc) in order for electron
transfer to be very effectiv@.e., the crossings lie outside the

can be seen in Fig. TR=3.3a, for reaction (11) and
R=3.4a, for reaction(10)]. Through a similar argument it is
possible to deduce individual cross sections also for pro-

reaction window[3]). The reaction channels associated WithcesseiSl%nd(EZ)), with procesg(9) being the dominant one
2s population, however, occur at more favorable internucleaf®-0% 10~ cm®) as can be seen in Table IV. In Fig. 7, we
separations, especially when they are associated with the réummarize the present results for singeend double}- elec-

moval of a & electron from Ne.

B. Double-electron capture

tron capture by showing th&®-value distribution together
with the quasimolecular potential energy diagram.

The large magnitudes of the cross sections fe2[2
population alQ=33.8 and 30.1 eV of 6610 6 cm? [pro-

We determined the absolute double-electron capture crossess(11)] and 5.0< 10~ ¢ cm? [procesg9)] strongly favors

section tooye=(18+4)x1071® cm? (at 16 keV}, which

harmonizes with the result of Goldhat al. of 23x 106
cm? at 2 keV[19]. This isa factor of 5larger than the total

the picture of one-step transfer through the following argu-
ment: A hypothetical two-step mechanism would have to
proceed via one of the SC channels w@hvalues 16 eV or
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lower. The by far strongest of these channelsQgat=16.0  processeg9) and (11) we regard it as very likely that the
eV, crosses with th€p-=33.8 eV channel at-1.5a, (cf.  present 22p populations are due to one-step processes. This
Fig. 70 which would give a maximur(geometrical cross result is in line with the angular distributions measured by
section of~2x 10716 cm?. This is significantly smaller than Keller et al. [9], who found evidence for a dominance of
the measured cross sections for reacti@hy and (9) and  one-step two-electron transfer at much lower collision en-
thus this mechanism cannot be the dominant one. The outeergy (~1 keV) for the four (then unresolvedDC channels
most of the 32p channels crosses the incident channel ataround Q=30 eV. The present results for DC are shown
3.6a,, giving a geometrical cross section of 1%.50 1  together with the energy gain results of McCullowstal. in
cn?, which is equal to the sum of the measured cross sed-ig. 5.

tions for theQ=30.1 and 33.8 eV channels. Since there are The Q values for channel8)—(11) are 28.4, 30.1, 32.7,
no other paths on the potential curves which could lead t@and 33.8 eV, respectively. Following the crossing points with

10 —

FIG. 7. High-resolution
Q-value spectra for single- and
double-electron capture in 16 keV
C**-Ne collisions. Relative cross
sectionglinear scales; SC and DC
cross sections can be compared
directly) are shown as dashed and
vertical bars to the right in the fig-
ure for SC and DC processes,
repectively. The simplified diaba-
tic  quasimolecular  potential
= curves (neglecting polarization
and core penetratignare shown
as dashed and full curves for SC
and DC, respectively.
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=20 —
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the incident channel for these four reaction chanried$s C*'-He system, where two-electron capture te? 2at
solved in the present worrom larger to smaller values we R~2.3a, dominates strongly over capture tosZp at
find the following: A weak channel atQ=28.4 eV R~6.53,[21].

(2p? D population in G*), followed by a strong channel  The reaction(12) at Q=17.8 eV leaves N&" in an ex-

at Q=30.1 eV (X2p 'P), then a weak channel at cited state (82p° 3P). The first step in a two-step process
Q=32.7 eV (2?°P) and finally a strong channel at could then be a transition to the single-capture cha(B)edt
Q=33.8 eV (X2p 'P) (see Fig. 7. This ordering of the R=10.2 a.u. an@)=8 eV (leaving the target with a®hole)
magnitudes of population cross sections as a function oénd the second step an inner crossing between procds3es
crossing distance strongly indicates a substantial configuraand(3) atR=2.8a,. Such a scenario appears appealing since
tion selectivity—a preference fors2p—for theseone-step only one electron would have to change orbital at
two-electron capture processes. Bot2@ and 202 configu- R=10.2a, and R=2.8a,. The reaction channell2) also
rations can combine with their respective target states tarosses with the most important single-capture chatedt
form the same molecular symmetryy *, as the initial R~ 14a,. This path on the potential curves is also, in prin-
channel ¢*(1s? 1S)-Ne(*S). TheLS terms for the projec- ciple, possible since the “ionization potential” of Ne
tile (*D, P, and ®P) which are relevant in this context are (2s2p®) is sufficiently low in order to make electron transfer
all three strongly dominate@nore than 99.9%) by their re- (of a 2p electron to the projectile classically allowe.e.,
spective main configurations. It thus appears as if there is nthe internuclear potential barrier is sufficiently I§@2]).
artificial enhancement of electron transfer due to configura-

tion interaction in the outgoing atomic states at infinite inter- C. Excitation of Ne
nuclear separation. Such effects could otherwise falsely indi- _ .
cate two-electron transfer at a single curve crossing if a non- N Table I, we have listed a small cross section

L ) X . - ~18 2 o
negligible configuration component leading to one-electron((’esx 8x10° " cm ) for excitation of neutral Ne to the
transitions would be present in either the initial or the final2P>3s Py level, which is the lowest level which can be

transfer excitation in A#*-He collisions[20]. (see, e.g.[3]). The collision velocity here is far too low for
a direct excitation process to be feasible. Instead, it appears
2. Two-step transfer as if some curve crossing mechanism could be active since

L 3m . 24 we are in the velocity region where electron capture is domi-
The metagt?ble pggjectlle statsZp P in C" and the o0t 1t is most likely that such a process would proceed as
exmtejd &2p” "P Ne”™" state are populated in the processgy|iows: First a transition from the incident quasimolecular
(Fpc: Qoc=17.8 eV channel to the dominant single-capture chanf&l at
n o 3 n 53 Qsc=16.0 eV. In a second step there could be a transition
C'"+Ne—C*"(2s2p *P)+Ne’" (252p° °P). (12 from this channel to a channel leading to excitation without

Emission from Né*(252p5 3P) is observed at 49.0 nm and &ccompanying electron capture at an internuclear distance of

we deduce a fairly large cross section of X406 cm? ~3.5a (cf. Fig. 7

(~8% of o5c) from the line intensity. At much lower col- C** +Ne—C3*(2s 2S) + Ne* (2s2p°® 29)

lision energies(400-500 eV, Cederquistet al. found that . oo 1

another processpc; Qpc=15.9 eV}, —C*"+Ne(2p°3s *Py). (14

C*"+Ne—C?"(2s3s 1S)+Ne?"(2s?2p* D) (13) A two-step process leading to double-electron capture in-
volving similar ranges of impact parameters would normally

at Qpc=15.9 eV, dominated the loW@ region completely have a cross section in the 18 cm? range. The reason for
[3]. In the present work at 16 keV we still find a small trace the smallness of the cross section could be that the excitation
of procesgq(13) through emission at 69.0 nfef. Figs. 1 and  process gives Ne@2p°3s 'P;), while the dominant SC
6), but it is now more than ten times weaker than procesgrocess leaves the target in a N@s2p®) configuration. It
(12). Keller etal. found a clear peak in the vicinity of would thus be necessary with a two-electron rearranging pro-
Q=16 eV at their lowest energ§00 eV}, while they found cess in the second step of procéb$) at theR=3.53, cross-
very little intensity in this region at 1 ke\W9]. They[9] ing.
argued that proces§l3) probably was promoted by the
closenesgin Q valug to the dominant SC proces®Q& 16
eV) at low collision energies 0.5 ke\). It was further
speculated that this promotion perhaps was due to rotational We have shown, using photon-emission spectroscopy,
coupling between the SC and DC channels clos®te16 that slow C'"-Ne collisions exhibit many truly remarkable
eV [(1) and(13)]. The strong shift in the relative population features. Both single- and double-electron capture are found
of processeg12) and (13) when going from 0.5 to 16 keV to bedominated byprocesses in which the target is excited.
seems to further underscore the specialness of the populatidinese excitations are, however, mostly such that there are
mechanisms for DC channels beld@=20 eV in C**-Ne  minimum changes in the electronic configurations of the pro-
collisions. The large crossing distances with the initial chanjectile and the target. An inners2electron is removed from
nel (see Fig. 7 for process(12) at R=6.1 a; and process Ne in single-electron capture, while excite® terms of the
(13 at R=6.8a, make one-step transfer from the incident Ne?" ground-state configuration often are produced in
channel rather unlikely. This is shown by the results for thedouble-electron capture. The total cross section for double-

V. CONCLUSION



55 PHOTON-EMISSION STUDIES OF SLOW € -Ne COLLISIONS 1921

electron capture was found to be a factor of 5 larger than tha=17.8 eV while theQ=15.9 eV channel is very weak.
for single-electron capture. In addition, the former process is We believe that the unusually strong role playedome-
found to be dominated by the one-step mechanism in whicBtep two-electron transfer processes should make the
two electrons are transferred to the projectile at a singlec4*-Ne collision system worthwhile to study in detail from
curve crossing. With the present photon-spectroscopy techy theoretical point of view. The present absolute cross sec-
nique we have been able to separate several close-lyingons for well-resolved reaction channels and the very weak
double-electron capture channels. This revealed aremarkab&nﬁguraﬂon mixing in the final projectile states ought to
configuration selectivity in the population 062p and 22 make this an even more attractive prospect. Such calcula-
in C?*, in which there was a strong preference for capture tajons would perhaps also be able to shed some light on the
2s2p, although the channels leading tp2configurations  mechanism behind the observed configuration selectivity for
Cross vv_ith the incident channel at very similar internucleargne-step two-electron capture.
separations.

We further report one marked difference between the

population of double-electron capture channels at low ACKNOWLEDGEMENT
(~ 0.5 keV[3]) and high(present 16 keYenergies. In the
former study a reaction channel @=15.9 eV was domi- This work was supported by the Swedish Natural Science

nant, but here we find a large contribution from a channel aResearch CounciNFR).
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