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Electron-capture processes of low-energy 3, Si*t, and SP* ions in collisions with helium atoms
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Single- and double-electron-capture cross sections for =3, 4, and %ions in collisions with He atoms
have been measured at collision energies of a few hundred to a few thousand eV. The observed cross sections
for single-electron capture are found to be of the order of'16n?, relatively independent of the collision
energy, and are generally in agreement with recent quantal calculations’foar®l St* ions and with the
present Landau-Zener calculations foP'Sions. It is found that the measured cross sections for double-
electron-capture processes, for which calculations are available only*biid®is, are roughly one order of
magnitude smaller than those for single-electron capture and tend to increase as the collision energy increases.

DOI: 10.1103/PhysRevA.63.062701 PACS nuntber34.70+e

[. INTRODUCTION with helium atoms, mostly from the viewpoint of astrophysi-
cal interest and applications to material developniBrtl1].
Electron-capture processes involving low-energy, highlyOn the other hand, so far there is almost no experimental
charged ions in collisions with light neutral atoms are underconfirmation of these calculations, except for measurements
stood to play a key role in many fields such as laboratonyf rate coefficients of 8t and Sf* at ~4000 K [12,13.
(~0.1 eV/amu-10 keV/amuand astrophysica(~1 meVv/  While the S#* measurement agrees with theory, that fér'Si
amu—10 eV/amu plasmas. In such electron-capture pro-is two orders of magnitude smaller than the theoretical pre-
cesses, an electron is generally captured into an excited sta@iéction [13].
of the ion, followed by line emission. The observed ratios of In the present work we report the measured cross sections
line intensities provide important information on the electronof single-and double-electron capture for'Si Si**, and
temperature as well as density and spatial and temporal di$°" ions colliding with helium atoms over a range of ion
tributions in the emitting region of the plasma. In somecollision energies from a few hundred to a few thousand eV;
cases, the electron is captured into the ground state of the ioMeé also compare these measured values with recent
without emitting radiation, in which case the ion can easilyquantum-mechanical calculations and the present multichan-
be ionized back to the original charge stéationization via nel Landau-Zener calculations. To date, no work, either ex-
inverse electron-capture processes between two chargg@@rimental or theoretical, has been reported on the double-
ions. Therefore, precise knowledge of such electron-capturelectron-capture processes of these silicon ions at low
processes is critical in determining the abundances of iongnergies, to our knowledge, except fof'Sions [11]. Here
having a particular charge in the plasma. we report on two electron processes in low-energy" Si
Among various ions in space, silicon ions, one of the most+ He (q=3, 4, and 5 collisions.
abundant ions in astrophysical plasmas, are particularly in-
teresting and important. The lines emitted from silicon ions
are often used to model various plasmas in space. It was
pointed out sometime ago that inclusion of electron-capture We have used an octopole ion beam guid®IG) system
processes on plasma modeling significantly changes the prex order to avoid significant divergence of the decelerated
dicted abundance and ionization balance of silicon ions irand product ions. The OPIG used here is only slightly modi-
coronal plasmagl]. Immediately upon this realization, some fied from the original ong14] which has already been de-
calculations using the Landau-Zener approximation werescribed in detail. In Fig. 1 the present experimental setup is
performed[2]. schematically shown for investigations of the collision pro-
There are only a few detailed experimental and theoreticatesses with the OPIG system. In the present studies, the
investigations of the electron-capture processes involvin@PIG, which is floated on a deceleration potential, is fol-
low-energy (lower than 1 keV/amusilicon ions in various lowed by an ion retardation-detector system consisting of
charge states colliding with neutrdight) atoms. In particu- four meshed electrodes, an ion detection system, and a beam-
lar, their collisions with atomic hydrogen are expected toprofile-monitoring viewer system. Inside the OPIG, the oc-
play an important role in some applications such as nucleartopole electric field of length over 15.0 crfalong the
fusion plasma researd3]. A summary and compilation of primary-ion direction, which is driven by a 15-MHz radio-
the electron-capture data for Si ions up to 1995 has beefrequency(rf) signal with a maximum amplitude of about
given[4]. 300 V, confines the ions throughout the entire collision re-
Recently, some accurate quantum-mechanical, closagion. The ion retardation-detection system is used to separate
coupling calculations have been reported for low-enérgy  the ions of the primary-ion beam from those that have cap-
meV/amu—10 keV/amuSi?", S*, and St* ions colliding  tured electrons. All ions that pass through the retardation
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field are counted on a detector consisting of a pair of micro- [ll. RESULTS AND DISCUSSION

channel plategMCP’s) in a chevron arrangement followed Bef ina th b q . ¢ h
by a phosphor screen. lons hitting the MCP’s are counted efore reporting the observed cross sections for the

using standard particle-counting techniques. In addition, th&€Ctron-capture processes, a short description of some fea-

fluorescence from the screen is monitored with a chargelUres of the present system is in order. The whole system is

coupled device camera, allowing us to verify that all of therelatively simple and has been found to work nicely but it is
ions, both the primary and the product ions, are collected byoted that, in the present system, there are some serious limi-
the MCP's. In order to facilitate control of the ion beam, tations in going to very low collision energies and higher
simple electrostatic lenses are placed immediately before arfdharge states.
after the OPIG. The intensity ratios of the product ions to the ~The first of these is the energy spread of the primary-ion
primary ions are measured as a function of the helium gagnergy from the EBIS. By monitoring the transmitted-ion
pressure, ensuring that single-collision conditions prevaiintensities of the primary-ion beams through the OPIG as a
during data taking. The absolute pressure of helium gas i#inction of its deceleration voltage, operated through the
monitored with a calibrated spinning-ball gauge. Other gen=‘cutoff” region, we measured what is, in effect, the integral
eral features relevant to the OPIG have been published pr@f the primary-ion beam energy. That is, the derivative of
viously [14]. this curve represents the energy spread of ions from the
The projectile Si™ (q=3, 4, and 5 ions are produced in EBIS. For example, the median energy of the primaf/ Si
the KSU EBIS ion sourcgl5] by leaking a small amount of ions accelerated at 0.815 kV was measured to be 3.106 keV,
SiH, gas into the ion source. The ions are extracted from theuggesting that the space-charge potential formed in the ion-
trap portion of the source at a potential of 3 kV and massizing electron beam operating at 3 keV and 25 mA dc current
charge selected with a 90°-deflection analyzing magnetbut with pulsed ion extraction is 154 eV, and the energy
They are then decelerated down to the final energy of Ispread was approximately 5 ¢%ull width at half maximum
X qkeV. After passing through a switching magnet, the ions(FWHM)]. This energy spread was observed to be a strong
are sent through an aperture of 0.85 mm in diameter into &nction of the current and energy of the ionizing electrons
gas collision chamber. Here they are further decelerateth the ion source. This observed energy spread seems to be
down as low as 18 g eV. The first entrance electrode in the slightly larger than that in another EBIS in dc mode opera-
OPIG is used to monitor the intensity of the primary-ion tion (electron beam as well as ion expulsipwhich was
beam and to integrate the current during the measurement&ported to be 0.8geV at 2.5 keV and 10 mA16]. This
As the electron-capture cross sections at low energies adfference could be largely due to the intense electron-beam
known to strongly depend on the internal electronic state ofurrent used in the present work.
the primary iong9], it is also important to note that the EBIS ~ The second limitation is the inherent limitation of the en-
ion source produces predominantly ground-state ions besrgy resolution of the present retardation system. Although
cause the ionizing electron energy is high and because thgmple, the present four-meshed retardation system has seri-
neutral gas pressure in the ion source is so low that theus limitations in separating the product iofs particular,
electron-capture probabilities of the ions trapped inside theingle-electron-captured productsom the primary ions at
ion source are very small, thus avoiding the formation oflarge OPIG deceleration voltagé. (and, therefore, the cor-
excited-state ions. Indeed, as seen later, the observed crossponding low collision energyWhen the single-electron-
sections seem to support this feature of the ions from EBIScapture processes occur at a deceleration voltayg of the
Thus, the following discussion is limited to ground-state sili- OPIG for primary ions with chargg at an acceleration volt-
con ions colliding with ground-state neutral He. age ofV,. in the EBIS ion sourcéneglecting the negative
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space potential caused by the ionizing electron beam men 10° —
tioned above the voltage difference between the primary :
ion and the single-electron-captured ion in the retardation i (a)
system is given by |

[QVac— Vel (q—1)—Vae=[Vac— Vcl/(g—1). (1) 10* 3

Here, the first term on the left-hand side corresponds to£
the retardation voltage required to stop the single-electron-§
captured ions and the second term to the primary ions. Thus
it is clear that, with large deceleration resulting in a small
collision (energy voltage [V,.— V], this difference be- i
comes increasingly small, making it difficult to separate i MR P
these two kinds of particle. For example, when the collision
voltage for the primary $f ions where some reasonable 102 L T
fraction of the primary ions are still found to pass through 1000 1500 2000 2500 3000
the OPIG is 10 V, this difference is only 3.3 V, which makes
it almost impossible to separate the two ions. It is also clear
that, when the primary-ion charge increases, the difference 10° ———————— ————————
becomes small and the ions are difficult to separate. In Figs (b) ]
2(a) and 2b) are shown typical features of the present retar- 1
dation system where the ion intensities are plotted as a func
tion of the retardation voltag¥, . In Fig. 2a), the strongest
ion intensity corresponding to the flat part on the extreme 10" ¢ o
left-hand side represents the primary ions plus the single- .
and double-electron-captured product ions and background§

» ..boo-‘

cesd
’. so® ¢

Retardation  Voltage Vr V)

the second most intense part to the single- and double 8§ L

electron-captured ions plus background, the third to the , \_

double-electron-captured ions plus background, and finally 10" F . R
the fourth part at the far right-hand side to background, f % J, ]
which is believed to be mostly due to neutral particles pro- i se 0,00, ' 4

duced in collisions with the surfaces of the four retardation
meshes. Clear changes of the ion intensities between twe

different ions have been observed, making it easy to measur ' %,00 " 800 900 1000 1100 1200
the ion intensities in each charge state. On the other hand, il _
Fig. 2(b) where a large deceleration voltage is applied at Retardation  Voltage v (V)

the OPIG, the ion intensities decreased gradually and no
clear change of the ion intensities between the primary ion
and the single-electron-captured ions can be seen, although_. . X .
there are still slight differences between the single- an fation voltageV,. in the OPIG is zero i where three steps can

doubl lect tured | It is beli d that th . be seen(see text for details On the other hand, the deceleration
ouble-electron-captured 1ons. it 1S believed hat the main,qiaqe in(p) is V,= 737.7 V, resulting in the final collision energy
reason for this limitation is the resolution of the present re-

. S . - "~of 116.4 eV where the first step is no longer seen and the second
tardation system, which is strongly influenced by the unifor-ynq thirg steps are barely seen. The arrows on the left and right

mity of the retardation electric field among the four meshesghq the expected cutoff positions for single- and double-electron-

each having more than 90% transmission. In fact the obeaptured product ions, respectively. Note that there are some offset
served resolutions are measured by differentiating the retagoltages inv, .

dation curve to be about 22.5 ¥WWHM) for ions acceler-

ated at 814.9 V, corresponding to 2.8%, which can still bemovement of the primary-ion position on the first plate of the

improved through better mechanical construction of the reOPIG might have changed the ion current in the collision

tardation system. This limitation prevents us from studyingregion of the OPIG by roughly 10%.

very low collision energies. (2) The limited resolution of the present retardation sys-
The third limitation inherent in this experimental configu- tem tends to strongly influence the cross-section measure-

ration is related to the accuracy of the cross-section measureasents for single-electron capture, in particular at the lowest

ments. This is influenced mainly through the following pa- collision energies, by roughly 20—30 %.

rameters. (3) Because the background rates, due mainly to neutral
(1) Although integration of the primary-ion current was patrticles, are relatively large compared with the count rates

performed to reduce the effect of fluctuations during theof double-electron-captured product ions, the uncertainty is

stepping of the retardation voltage, nevertheless relativelgstimated to be 50% for the double-electron-capture cross

large variations were observed. It is possible that slightections.

FIG. 2. lon intensities as a function of the retardation voltege
?c%r 2.3295-keV Sit ions colliding with helium atoms. The decel-
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(4) At large count rates, the pulse-height distributions of
the output signals from the MCP’s become strongly depen-
dent on the count rates. They were therefore carefully moni-
tored during all measurements to avoid changes, and count
rates were kept below 5000 counts per second in order to
minimize this source of error, which is then estimated to be
approximately 20%.

Adding quadratically to these sources of error the uncer-
tainty in gas target thicknegsincertainty in effective target
length and pressure, a few perderihe final uncertainty in
the observed cross sections is estimated to be 35—40 % for
single-electron capture and 65% for double-electron capture.

The measured cross sections of single-electron capture for
Si*, Si**, and St* ions in collisions with helium atoms are
shown as a function of the ion collision energy in Fig&)3
3(b), and 3c), respectively, together with theoretical calcu-
lations where available.

A. Single-electron-capture processes

As seen in Fig. &), for S#* ions, the cross sections for
single-electron capture in the collision-energy range investi-
gated here are of the order of 7§ cn?, and relatively in-
dependent of the collision energy. This is in general agree-
ment with the calculations, although the theories predict a
very broad peak ranging from 10 to 5000 eV, with the maxi-
mum cross section at around 150 eV, and a sharp decrease on
both the high-and low-energy sides. In the electron-capture
processes of & ions in collisions with helium atoms, the
following channels are expected to be importgste Fig.
4(a) for the energy correlation diagrgm

SiPT(3s?1S)+Het(1s), (2)
SP*(352S) + He(1s?)—{ SP*(3s3p3P)+He*(1s), (3)
SPT(3s3ptP)+He"(1s). (4)

Over the present collision-energy region, calculations
[6,7] predict the dominance of electron capture into the
ground state, proceg®), which occurs mainly through an
avoided crossing at an internuclear distance of about 6 a.u.
Capture into an excited state, procé85 becomes notice-
able only above about 100 eV. This is expected to occur at
an avoided crossing at smaller internuclear distances of
around 3.5 a.u. Proce#d) is generally small as the incident
ions have to go to much smaller internuclear distances to find
proper level crossings and the process is endoergic by 0.4
eV/amu. These arguments can be easily understood from the
energy correlation diagram shown in Figay

Cross sections for &i ions colliding with helium atoms

Cross Section (107'° em?)

Cross Section (10°'° em?)

Cross Section ('IO'IS cm?)
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FIG. 3. The measured cross sections for single-electron capture
for (a) Si**, (b) Si**, and(c) Si°* ions colliding with helium atoms

are shown in Fig. ®). The general trend in the observed as a function of the collision energy. I@), the calculated cross
results seems to be similar to that fof Sions, although the sections for single-electron capture for'Siions are by Stancil
theoretical predictions show weaker collision-energy depenet al.[7] (long-dashed lineand by Honvaulet al.[6] (dotted ling.
dence over the present energy range. In the electron-captule (b), those for Si* ions are by Stanciét al. [9] (solid line), by
processes for $i ions, the following two channels are no- Bacchus-Montabonel and Ceyzefiaf] (dotted ling, by Opradolce
ticeable[see Fig. 4b)]: et al. [8] (long-dashed ling and by Suzukkt al.[11] (dot-dashed

Si**(2p®2S) + He(1s?)

line). In (c), the present results for Siions based upon multichan-
nel Landau-Zener calculations are shoftime solid and the dotted

. lines represent those using the Olson-Salop-Taulbjerg and Butler-

3+ 9622 +

- Si(2p”3s°S)+He'(1s), (5) Dalgarno coupling schemes, respectiyeljhe error bars represent
Si**(2p®3p2P)+He'(1s). (6) those mentioned in text.
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00 F & ' ’ ‘ ' ] process(8), in particular capture into the excitedd 3nani-
07 L /Siz'%pspn)me» ] fold states, is the most dominant channel for single-electron
os [ / T capture in the present collision-energy range. Indeed, these

states cross the incident channel in the so-called “capture

g:? i window” near an internuclear distance of 7 alt7]. Cap-
ou b ture into the ground state, proce§8, and that into the 8
sl state are e_xpected to bec_ome impor_tant only at higher colli-
_0'5 : sion energies as the avoided crossing occurs only at small
0s L internuclear distances. Other channels such as capture to the
4d and 4f states in procesf®) are endoergic and thus be-
~ 04F come important only at higher collision energies. Tlseahd
s 4p states cross the incident channel at larger internuclear
5 Or distances and thus are diabatic. In contrast 8 @nd St*
& 04 ions colliding with helium atoms, this feature of capture into
- highly excited states of 3i ions is common in electron-
S g capture processes involving highly charged iptg].
=~ o8k It is noted that, in the present collision-energy region,
theoretical cross sections calculated based upon both cou-
04 pling schemes show general agreement with the measured

results, as shown in Fig.(8, although a significant differ-
ence between these two coupling schemes is seen at much
lower energies. Indeed there is an obvious difference in the
contributions of the @ manifold and in their collision-
energy dependence. In the present collision-energy region,
the Butler-Dalgarno scheme predicts thalt'&° is the most
dominant, but 83P° becomes dominant in the Olson-Salop-
FIG. 4. Diabatic energy correlation diagrams involving single- Taulbjerg scheme. This observation may suggest that the
electron-capture processes fay Si¥* +He, (b) Si** +He, and(c) Butler-Dalgarno scheme can work for relatively low-charged
Si°*+He collisions. Note that in the first two processes an electrorions (Q=<5), while the Olson-Salop-Taulbjerg scheme is
is captured into the ground state or a very low excited state but inmore appropriate for higher-charge ions.
the third into higher excited states, which are common in highly
charged ion collisions. Irfic), the ranges of the 8 and 3 mani-
folds are indicated.

-04 © $i*(2p*3p) + He"

_0.8 1 1 H
1 3 5 7 9 11 13

Internuclear distance (a.u.)

B. Double-electron-capture processes

: . . N Double-electron-capture processes ifi*Sions colliding
Looking at the energy correlation diagram shown in Fig.with He atoms
4(b), one can see that the dominant contribution comes from '
the_ electron capture into the excit_edp()SState, process), St + He(lsz)—>Si(q*2>*** (nl,n’l")+He*,  (10)
which occurs at an internuclear distance~of a.u. Capture
into the ground (8) state becomes comparable to process
(6) only at collision energies above 1 keV. The latter proces@re interesting but complicated, compared with those for
is expected to occur only at small internuclear distarfees ~ Single-electron captur¢™ indicates that both of the two
a.u). This feature is clearly seen in the correlation diagramelectrons may be captured into doubly excited sj&t26].
shown in Fig. 4b). The observed cross sections for double-electron capture are

For SP™ ions, the single-electron-capture cross sectionshown in Fig. 5. They are mostly of the order of £6cn?
are roughly constant over the present collision energy, aer less, that is, one order of magnitude smaller than those for
shown in Fig. 8c). Other features are similar to the other single-electron capture. In addition, they tend to increase as
charged ions, although, for technical reasons mentioned eaghe collision energy increases. So far, we know of no de-
lier, we were unable to measure the cross sections at ene.rgigmed calculations of the cross sections for proce$d6s
as low as for the lower-charge-state ions. As no detailegxcept for St*+He collisions[11].
theore“cal analySIS Of the %H‘He CO”|S|0n SyStem haS |n doub|e_e|ectron_capture processes' there are two pos_

been reported so far to our knowledge, we have performedipie mechanismg21—23: in the first case two electrons are
multichannel Landau-Zener calculations for smgle-electron—captured into the same or similar states(symmetric cap-
capture cross sections using the two different model rotag, . n~n’) and in the second the electrons go into very
tional coupling schemes of Butler-Dalgarf®| and Olson- '

) ! . . differentn states(asymmetric capturey#n’). After captur-
Salop-Taulbjerd 17,18. The energy correlation diagram is . v electrons, thus forming the doubly excited states, the
shown in Fig. 4c) and indicates that, among the processes

highly charged projectile ions may be stabilized through ra-
Si**(2p®) +He"(1s)  (7) diative decay(in asymmetric captujeor autoionizing decay
] At n 5 N (in symmetric captune Through coincidence experiments
SP*(2p°'S)+He(1s*)—{ SI"(2p°3I)+He™(1s) (8)  petween a charge-changed projectile ion and a charge-
Si**(2p%4l)+He"(1s), (9) selected target recoil if21,24, it is known that, for highly
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6.0 On the other hand, 3i ions are expected to have rela-
; tively high probabilities of autoionization as both electrons
50l , — N ] are primarily captured into excited staf{eXl], since capture
g [ to the entire spectrum of i ion energies is exoergic. How-
o i ever, as crossings of the double-electron-capture channels
o 40 ¢ g’ with the single-capture and initial channels are expected to
< [ r occur at very short internuclear distancBs<2 a.u., one
s 3.0} could expect an effective threshold of 1-10 eV/amu. Coin-
"§ T . X cidence experiments would provide more information on the
@ 50l b decay mechanism of the doubly excited states formed in
2 0 j x double-electron-capture processes of relatively low-charge-
S I . state ions.
1.0 [T
i [ ‘l- -

S R S

10

IV. CONCLUDING REMARKS

' 10° 0 ‘ 10
Collision Energy  (eV) In the present work, we have reported the measured total
cross sections for single- and double-electron-capture pro-
FIG. 5. The observed cross sections for double-electron captureesses for 8i" (q=3, 4, and % ions colliding with helium
for SP* (circles, Si** (squarey and St* (crossepions colliding  atoms for collision energies ranging from a few hundred to a
with helium atoms as a function of the collision energy. The threshfew thousand eV. The observed single-electron-capture cross
old energy for Si* ions is shown with the arrow. sections for all these ions have been found to show very
. o ) _weak dependence on the collision energy in the present en-
charged ions, a significant fraction of these doubly excitedsygy range. They also tend to increase slightly as the

states dgi:a}y via autoionizing transitions. incident-ion charge increases frog=3 to 5. Furthermore,
For SP* ions, where one of the electrons may be capturegpe experimental data for 8iand St* ions are found to be

into the ground state, the states formed in double-electrop, general agreement with recent fully quantal calculations
capture decay only via radiative transitions. The threshold,\q those for Si ions are in reasonable agreement with the

H 2 2p0y ;
for double-electron capture forming the'§8s°3p*P°) ion present multichannel Landau-Zener calculations. The only
state is about 8.44 eV, which correspond to a projectile-ionpeqretical calculation known to be available for double-
energy of 237 eV. Nonzerglgross sections are observed, aljectron capture is for the &iion and is found to disagree
though they are small~10 '"cn?) and have large uncer-

- ) with the present measurements.
tainties. One of the reasons for this might be the two succes- 14 further rigorously test these theories and also to use

sive single-electron-capture collisions, which are estimateghem for astrophysical and other applications, it is necessary
to be about 50% of the total at the lowest collision energies;; determine not only total cross sections at much lower
The situation for the $i ions seems to be similar to that for energies, but also partial cross sections, namely, (thi

the SP jons, although the autoionizing decay rates are likelygjstributions, for different capture channels for these ions
to be slightly enhanced. The calculation of double-electrongyer g wide range of collision energies.

capture cross sections for“Si+He collisions by Suzuki
etal. [11] including capture only to the ground state
Si?* (3s?) gives values about three orders of magnitude
smaller than the present measurements. The calculation may
have underestimated the total double-electron-capture cross The authors would like to express their sincere thanks to
sections since it neglected capture to excited states. Howraul Gibson for providing the Si ion beam used in the
ever, while the threshold for capture to thé'$Bs?) ground  present experiments. P.C.S. acknowledges support from
state is only 0.1 eV/amu, the threshold for capture toNASA Grant No. NAG5 9088 and discussions with Profes-
Si?*(3s3p tPY), the first excited state for which a transition sor Mineo Kimura. This work was supported by the Division

is allowed, is about 3 eV/amu. It thus seems unlikely forof Chemical Sciences, Geosciences, and Biosciences, Office
double-electron capture into excited states to contribute sigef Basic Energy Sciences, Office of Science, U.S. Depart-
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