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Abstract

Experimental and theoretical total and partial cross sections
for single and double electron capture of C%* and 09* ions in
eolliding with H, H, and He targets are surveyed. Presently

available data for these ions are summarized in the following
table:

ion Ca+ Qg+

Target | H | H, | He | H | H, | He

8 P | T | P

7 T | T | T

z' 6 P T P P P P
55 T T T T T | T
T 4 IR ENERE
E 3 P P P P T T
ST P T T | P | T | P
1 T T T | T | T

Note : T and P indicate that the investigations or
measurements for total and partial cross sections have
been made, respectively.



Introduction ,

This report is concerned with a survey of total and partial
cross sections for electron capture for C9%*(g=6-2) and
0%9%(g=8-2) icns in collisions with H, H, and He atoms. These
Cc9* and 09% ions are very typical impurity ions in all fusion
plasma apparatus, whereas H, H, and He are copious there.
These collisions are known to play a key role in plasmas.
Therefore, data for these processes are requisite for
understanding the behavior of plasmas. In most of such
electron capture processes, an electron is captured into
excited states of ions, resulting in photon emissions when
these ions are relaxed. These photons are one of the
important parameters in evaluating the energy balance in
plasmas and also one of the most useful techniques to
diagnose and investigate plasmas.

These data are urgently needed by plasma community. Here
we have made a quick survey for these data, in particular
those for partial cross sections involving the impurity ions
mentioned above and compiled them in graphical forms. As
total cross sections for these processes are already
available,!"% we plan to make more extended compilations of
these data for partial cross sections in the near future. So
we strongly hope that anyohe who makes new experiments and
calculations supply us new and reliable data on these
electron capture processes in order to make the revised
version of this compilation.
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In the following are shown some abbreviated notations. for
theoretical methods: '

MO : Molecular orbital expansion calculation

AO : Atomic orbital expansion calculation

AQ-MO : Atomic orbital-orbital matching method

LZ : Landau-Zener method

MLZRC : Multichannel Landau-Zener model with rotational

coupling

PSS : Perturbed stationary state method

CC : Close coupling calculation

SCA : Semiclassical approximation

OBK : Oppenheimer-Born-Kramer calculation

SPB Strong potential Born calculation

UDWA : Unitarized distorted-wave approximation

o9

EDWA : Exponential distorted-wave approximation
CDWA : Continuum distoreted-wave approximation

R : R-matrix calculation

CTMC : Classical trajectory Monte Carlo calculation
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List of electron capture processes'’

I C9* + H(1ls) collisions
I-1 c% + H(1ls) - c3F(n¢) + HY
I-2 C5*(1s)+ H(ls) -+ ci*(1lsn¢) + H*
I-3 c%*(1s?)+ H(1ls) + c3*(1s?n¢) + HY
1-4 C3*(1s?2s8) + H(1ls) » Cc2*(1s22¢ne¢') + HY
1-5 Cc2*(1s22s2) + H(ls) » c* + H'

II c% + H, collisions
II-1 c5* + H, + C3(n¢) + H*, Ci*(nen'e¢') + H,%*
II-2 C3*(1s) + H, + C**(lsn¢) + H,*, C3*(1lsnen'e') + H,2Y
II-3 ci*(1s?) + H, » C3*(1s%n¢) + H,*, C**(1s?nen'e') + H2*
II-4 C3*(1s?2s) + H, + C?*(1s22¢n¢') + H,*, C* + H,?*

III Cc9* + He Collisions
III-1 c6* + He + C3*(n¢) + He*, C'*(n¢n'¢') + He?*
III-2 C3*(1ls) + He + C*(lsn¢) + He*, Cc3*(1lsnén'¢') + He?*
III-3 C%*(1s?) + He » C3*(1s2n¢) + He*, C2¥(ls2n¢n'¢') + He?*
III-4 C3*(1s22s) + He + C2*¥(1s22sn¢) + He*, Ct + He?t
III-5 C2*(1s2252) + He » C*(1s22s22p 2p) + He*, c0 + He?*

IV 09* + H collisions ‘
Iv-1 0%t + H(1ls) + 0’*(n¢) + H*
IV-2 07*(1s) + H(1ls) » 0%*(1sn¢) + H*Y
Iv-3 0%+(1s?) + H(ls) » 0O%*(1s2n¢) + HY
IV-4 0%*(1s?2s?) + H(ls) -+ 03*(1s22s?n¢) + H'
Iv-5 03*(1s22s22p) + H(1ls) + 02*(1s22s22pn¢) + HY
IV-6 0%2*(1s22s522p2?) + H(1ls) » o' + H'Y

vV 0%* + H, collisions
v-1 08 + H, » 07*(ne) + H,*, 0%*(nen'e') + =Y
v-2 07*(1s) + H, » 0%*(lsn¢) + H,*, 05*(lsneén'e') + H?*
v-3 06*(1s?) + H, » 05*(1ls?ne) + H,*, 0%*(lsZnen'¢') + H**
v-4 0%*(1s?2s22p?) + H, +» O* + H,*, 00 + H,?*



VI 097 + He collisions ‘
vi-1 08* + He » 0'*(n¢) + Het, 0% (n¢n'¢') + He?*
VIi-2 07*(1s) + He » 0%%(lsn¢) + He*, 0O%*(1lsn¢n'¢') + He2*
VI-3 0%%(1s2) + He + 0%*(1s2n¢) + Het, 0%*(1s2nen'e') + He?t
VI-4 05%(1s22s) + He » 0%*(1s22sn¢) + Het, 03*(1sZ2snén'e¢') + He?t
VI-5 0%t (1s22s2) + He + 03*(1s22s2?n¢) + Het, 02*(1s22s?n¢n'¢') + He?*
vi-6 03*(1s22s22p) + He + 02*(1s22s22pn¢) + He', 0O*(1s?2s?2pnen'¢') + He?*
VI-7 02*(1s22s22p2) + He » O' + He*, 00 + He2*



I C% + H(ls) collisions .
I-1 cS* + H(1ls) » C%(n¢) + w*
Experimental data for total cross sections are summarized.!

A number of total cross sections have been calculated using
different techniques:

Salop and Olson? (LZ model, 0.04 — 2.9 keV/amu) 1976
Olson and Salop® (CTMC, 20 - 25 keV/amu) 1977
Bottcher4 (IP, <225 keV/amu) 1977
Vaaben and Briggs® (MO basis, 1.06 - 6.25 keV/amu) 1977
Greenland?®? (S-matrix, 0.06 — 25 keV/amu) 1978

Ryufuku and Watanabe® (UDWA, 0.025 - 2000 keV/amu) 1979
Crothers and Todd’ (exponential model,

0.25 - 25 keV/amu) 1980
Ryufuku? (UDWA, 0.025 - 2000 keV/amu) 1982
Green et al.’ (LZ, 0.8 — 52 keV/amu) 1982
Green et al.ll (MO, 3 - 1300 eV/amu) 1982
Fritschll (RO, 0.1 - 1.0 keV/amu) 11982
Suzuki et al.'2  (EDWA, 0.1 - 10 keV/amu) 1984
Toshima and Watanabel3 (DWA, 0.2 - 500 keV/amu) 1986
Kimural4d (travelling MO, 0.15 - 10 keV/amu) 1886

Kimura and Lanel!® (travelling MO, 0.15 - 10 keV/amu) 1987.

It should be noted that the electron capture cross sections
from hydrogen atoms in the 2s excited states calculated by
Salop'® are far large and nearly constant over the ensrgy
range 0.02 - 2.5 keV/amu (~ 3 x 1074 cm?) and even at the
highest energies are larger by one order of magnitude,
compared with those for the ground state which increase
sharply with increasing the energy:

ct* + H(2s) + Cc5*(n¢) + HY . - (1)
Janev et al.l?, using MLZRC technigue, calculated the n-

dependence of the cross sections over 0.05 - 64 keV/amu with
n=4 dominance.



At the selected energies the cross sections for (n¢)
distributions have been also calculated:

Ryufuku and Watanabel®(UDWA, 25, 75 keV/amu) 1979

Hardie and Olsonl? (CcTMC, 25, 50 keV/amu) 1983

Presnyakow and Uskov?0(Keldysh model, né=4¢, 25 kevV/amu)1984

Grozdanov and Belic?! (L%, n¢=4¢, 0.5 - 20 keV/amu) 1984.
More systematic calculations for (n¢) distributions have been
reported as follows:

Salop22(CTMC, 25 - 72 keV/ana) 1979
Green et al.23 (MO, 0.01 - 27 keV/amu) 1982
Kazanskii and Komarov24(MO, n¢=4¢, 5¢, 0.25 - 4 keV/amu)1982
Fritsch and Lin?5 (RO, 0.1 - 20 keV/amu) 1984
Salin?6 (MO, 1.0 - 16 keV/amu) 1984
Bedahman et al.2?? (MO, 0.25 - 50 keV/amu) 1985
Kimura and Lin2?%® (AO-MO, 0.2 - 4 keV/amu) 1985.

Fritsch?? extended his calculation for less dominant (n¢)
states, namely for n=6, 7, 8 at 4,10 and 25 keV/amu. At
higher energies, Crothers and McCann3® calculated the (n¢m)
distributions using CDW and OBK over 5 - 2000 keV/amu.
Recently Belkic et al.3l reported (n¢) distributions (n=1-7)
at higher energies (200-3500 keV) calculated by the first
Born approximation with correct boundary condition. Similar
calculations were made by Dube and Burgdorfer,3la
Experimental work is quite limited. Kimura et al.32, using
translational energy spectroscopy, observed the dominant
channel of the electron capture into n=4 states. Using
photon spectroscopy, Dijkkamp et al.33 determined the emissio.
cross sections for n=4 » n=2(13.5 nm), n=3 » n=2(18.2 nm) and
n=4 » n=3 {(52.1 nm) transitions. This measurement was
extended by Hoekstra et al.3? who determined the emission
cross sactions for n=4 » n=2 (13.5 nm), n=4 » n=3 (52.1 nm),
n=3 + n=2 (18.2 nm), n=5 »+ n=3 (35.6 nm), n=7 »+> n=6 (343.5
nm)and n=8 + n=7 (529.5 nm) transitions over 1 - 9 keV/amu.
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I-2 ¢3*(1s) + H(ls) » Cc%"(1lsn¢) + Ht

The dominant capture occurs into n=4 states of C4+ ions at
low energies, as clearly understood from the energy diagram
of the system. Total .electron capture cross sections have
been calculated by Bottcher and Heill using fully qgantal PSS
method over the energy range 1 — 250 eV/amu and by Shipsey et
al.zrusing MO (for low energy) and CTMC (for high energy) over
10-2 - 200 keV/amu. Experimental situation of total cross
sections is summarized.3

Total cross sections show a minimum at intermediate energy :
The cross sections increase with decreasing the collision 7
energy, reaching about 10714 cm? at the energy less than 1
eV/amu, meanwhile, after passing a minimum (2 x 10715 cm2) at
500 eV/amu, the cross sections reach a maximum (5 x 10-15 cm2)
at 7 -8 keV/amu and then decrease rapidly with increasing the
collision energy. Unfortunately no experimental and
theoretical data for the (nuf) distributions have been reported
up to now. Shipsey et al.? estimated the contribution from n
states other than n=4 is quite small at intermediate energy
range: for example, that from n=3 state increases with
increasing the collision energy, however, being only about
5% at 5 keV/amu and that from n=5 state is even smaller.

This situation is also confirmed experimentally by Kimura et
al.4
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I-3 c%(1s?) + H(1ls) + C3*(1ls?nf) + H*

All the theories predict that the dominant electron
capturing level is n=3 and the contribution f£rom other
neighbouring levels is small, which are confirmed
experimentally?!.

Total electron capture cross sections have been calculated
using different methods by Clson et al.? (0.05 - 5 keV/amu),
Hanssen et al.® (0.25 — 25 keV/amu: their numerical numbers
are cited by Bendahman et al.?) and Bottcher and Heil® (0.5 eV
- 250 eV), meanwhile experimental data have already been
compiled.®

On the other hand, the partial cross sections have been
calculated by Fritsch and Lin? using AO expansion method and
by Gargaud et al.®1? ysing MO mode. Only a single
experimental measurement of the partial cross sections was
made by Dijkkamp et al.!! using the photon spectroscopy over
the energy range 0.25 -6.25 keV/amu. Some preliminary data
are given by Dijkkamp et al.l2?, Ciric et al.l3 and Dijkkamp et
al.l4

Generally speaking, the agreement among theories and
experiments is quite good for dominant capturing levels but
the discrepancies are obvious for less intense capture cross
sections,

Baptist et al.l® determined relative intensities among 3s,
3p and 3d subshell cross sections at the energy 0.6 - 40 keV
using VUV spectroscopy and compared them with calculations by
Fritsch and Lin and Gargaud et al. The agreement is found to
be good among them. Some related topics on determining the
absolute cross sections from photon measurements were
discussedl6-17, ‘

The rate coefficients for this process over the temperature
103-10%'5 K have been calculated by Butler and Dalgarno using
LZ model.l8
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I-4 C3*(1s?2s 2s) + H(1ls) + C%*(1s?2¢n¢') + Ht

Experimental data of the measured total cross sections are
summarized.! Blint et al.? have calculated the cross sections
for the dominant {1s?2s3s 3S) states over the energy range 0.1
- 1.75 eV/amu using pertubation theory and also for (1ls22s3s
1s) states which are found to be far weak (only 1-2% of those
for 3s states at 1 eV/amu). They also compared their results
with Landau-Zener calculation, their agreement being fairly
good. Watson et al.3? also made the full quantal calculation
for 1s22s3s 35S state over 0.001 - 15 eV/amu. Their results
show significant deviation from LZ model at lower energies,
in particular below 0.01 eV/amu. The rate coefficients were
calculated quantally by Butler et al.® over 5x103 -~ 5x10% K.
Using molecular treatment, Heil et al.’ calculated the partial
cross sections for 2s3s 3s, 2s3p 3p%, 2p2? 1g and 2p? 1D states
over 0.27 - 8.1 eV/amu. Furthermore, Bienstock et al.®
extended their calculations using UDWA over 10 - 5000 eV/amu.
Experimental investigations were reported by McCullough et
al.” using the translational energy spectroscopy over 0.,05-1.5
kev/amu, though their results are sometimes mixed from other
states because of the limited energy resolution. On the
other hand, Ciric et al.8 determined the absolute partial
cross sections for the following processes using photon
spectroscopy over 0.7 - 4.6 keV/amu:

c3+(1s?2s 2%s) + H(1ls) » C?*(1s22s3s 35) + mt

(1s22s3s 1g)
(1s22s3p 3p0)
(1s22s3p 1p9)
(1s22s3d 3p)
(1s22s3d D)
(1s22s4d 3D)
(1s22p? 1g)
(1s22p? 1p)
(1s22p? 3p).

—36—
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I-5 c2*(1s22s2 1g) + H(1ls) » Cc* + HY

Total electron capture cross sections for this process are
summarized, showing a broad maximum of 8x10716 cm? at around
200 keV and decrease with decreasing the energy. However, no
(n¢) distributions have been determined experimentally. Only
a single experiment on (n¢) distributions was reported by
McCullough et al.? over the energy range 2-8 keV.
| Unfortunately they could not provide the cross sections for
(n¢) distribution because their C2?* ion beams contain not only
ions in the ground state, 1s22s? 1s, but also an unknown but
significant fraction of ions in the metastable 1s?2s2p 3p°
state.

.On the other hand, some theoretical investigations have
been made at low energies from the astrophysical interest3-6,
Generally the cross sections are small at thermal to eV
energy region and the rate coefficients of the electron
capture process are 10711 - 10712 cm3/s, which are two - three
orders of magnitude smaller than those for C3* + H collisions.

In these investigations, the following processes can be
expected to occur :

C2*(1s22s52 1g) + H(ls) =C*(1ls?2s?2p 2p0) + gt (1)
+ (1s22s2p? 2p) (2)
> (1s22s2p? 23) (3)
+ (1ls?2s3p2? 2p), (4)

Process (1), electron capture into the ground state, is only
important at low energies though the cross sections
themselves are small (10718 cm? at 1 eV®) and decrease with
increasing the energy. With increasing the energy, the
capture into the excited state accompanying simultaneous
excitation, in particular process(2), becomes dominant with
the cross section of 10718 cm? at 100 evV. The dominance of
process(2) at higher energies has been observed
experimentally, though only qualitatively, by McCullough et
al.? There the electron capture into 1s22s2p? 2S states
begins to play a role (10 - 20% of 2D state at 2-8 keV).
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As already mentioned above, the megasured total electron
capture might be affected by the presence of the metastable
1s22s2p 3P0 state ions. McCullough et al. have shown that at
1 keV energy region the following processes involving the
metastable ion beams are observed:

c2+(1s22s2p 3pP%) + H(1ls) - c*(1s22s2p? ?p) + HY (5)
> (1s22s2p? 25) (6)
+  (1s22s23p 2pY) (7)
+  (1s22s2?3d ?p) (8)

and process (7) where one electron is captured into 2s state,
accompanying 2p state electron excitation into 3p state, is
found to be dominant ( ~50% of total).

The radiative electron transfer process

c2+(1s22s2 1g) + H(1ls) — Cc*(1s22s22p 2p0) + H' + hv (9)

has the rate coefficients which are five orders of magnitude
smaller than those for non-radiative electron cpture
mentioned above in the energy range of 10 - 10° K.®©
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II c% + H, collisions

II-1 €% + H, + c3*(n¢) + H,*
+ C¥(n¢n'¢') + H*

Experimental data for total cross sections for single
electron capture are summarized. Using the tunneling model,
total electron capture cross sections have been also
calculated by Grozdanov and Janev? at the energies 0.12 and
2.76 keV/amu. Only a single experiment has been reported for
the VUV photon emission measurement by Dijkkamp et al.3 over
the energy range 1.7 — 9.2 keV/amu who determined the
absolute emission cross sections for n=3 + n=2(13.5 nm), n=4
+ n=2(18.2 nm), and n=4 + n=3(52.0 nm) transitions of c3*
ions. Their results show that the dominant electron capture
occurs into n=4 state. Though no theoretical calculation of
(n¢) distributions has been reported, Kimura and Lane! have
described the adiabatic potential energy curves for this
system and found that there is clear difference between C®*+ +
H and C5* + H, collision systems in the positions of the
avoided crossings and the widths of the energy difference
there, resulting in different behaviour of total cross
sections between two systems. Their calculation also
indicates the dominance of electron capture into n=4 states,
agreeing with the experimental observation by Dijkkamp et al.3
and by Kimura et al.’

No total cross section for double electron capture was
reported yet.
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II-2 C5%(1s) + H, -+ C%(1lsn¢) + H'
+ C3*(lsnén'e') + H2Z

Although total cross sections for single electron capture
are summarized!, no measurement of the partial cross sections
has been reported except for the determination of the
dominant electron capturing levels, that is, n=3 with a
slight contribution of n=4 states.?
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I1I-3 ci*(1s2) + H, » C3¥(1s?n¢) + H*
+ C%*(1s?nen'¢') + H2

: Experimental data of total cross sections for single and

; double electron capture have been compiled!. Only a single

% set of data for the partial (n¢) distributions have been

% reported by Dijkkamp et al.? over the energy range of 0.8 -

f 6.7 keV/amu, meanwhile a calculation of the partial cross
sections has been made by Gargaud and McCarroll3 using MO
treatment over thg energy range of 0.5 - 250 eV/amu. Both
experiment and theory give the dominant capture into n=3
state which agrees with experimental results obtained through
translational energy spectroscopy?. The ¢-distribution among
the n=3 states is strongly dependent upon the collision
energy, with 3p state being dominant over 1 - 100 eV/amu.

Relative variation of (ném) distributions has been
determined by Baptist et al.® and found to be in agreement
with the calculation by Gargaud and McCarroll3. Also Baptist
et al.® measured the polarization of VUV photons emitted from
(3¢m) states of C3* ions over 4 - 40 keV/amu with the result
of significant polarization for 3s+2p transition and of m=0
and m=%x1 being dominant at low and high energies
investigated, respectively.

The behaviour of (n¢) distribution of this system at much
high energies (2 — 5 MeV) has been investigated also
theoretically and experimentally.’ It is found that the
observed (n¢) distributions can well be described by the
continuum distorted wave calculation.

The electron capture of C%* ions involving the metastable
state (ls2s 3S) has also been investigated at 3.33 keV/amu
energy by Druetta et al.3:

c*(1s2s 3s) + H, » C3*(1s2s3¢ L) + Hy".

The dominant transition observed is 1s2s2p %P0 « 1s2s3s 4s,
with the cross section of 1.5x1071% cm?.
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I1-4 C3*(1s22s 28) + H, + c?*(1s22¢n¢') + H,*
> C'l" + H22+

Total cross sections for single electron capture process
have been summarized.l! 1In collisions with molecular targets,
not only the simple electron capture but also target
excitation or tramsfer ionization can occur and, therefore,
the collision processes are much more complicated, compared
with those of atomic target. In fact, Wilkie et al.? observed
a number of peaks corresponding to the following processes in
their energy spectra:

c3t(1s22s 28) + H, » C?*(1s?2s3s 35) + H,* (1)
(1s22p? 13) (2)
(1s22p? D) (3)
(1s22p2 3p) (4)
(1s2252p 1p0) (5)
(1s2252p 3p0) ©(6)
(1s22p? 3p) + HY + H(1s) (7)
(1s22s2p 1p9) (8)
(1s22s2p 3p0) (9)
(1s22s2 1g), (10)

The first six processes correspond to the electron capture
into projectile ions resulting in simple ionization of H,,
whereas the last four do to the dissociative ionization of
target molecules. Even though the limited energy resolution
of their system prohibited the complete separation of all
these processes, their spectrum clearly shows the dominance
of process (3), electron capture plus electron excitation, at
their energy range (1.5 - 18 keV). However, they could not
determine the cross sections for these processes.

on the other hand, Ciric et al.3, through photon
spectroscopy, determined the cross sections for the same
processes as those in atomic hydrogen target (see the above),
regardless of the target molecular states after collision.
Their result indicates the cross sections for 2p? D state are
dominant at lower energy (8.28 keV), agreeing qualitatively
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with those of Wilkie et al., and decrease with iricreasing the’
energy, whereas at higher energies (55.4 keV) those for 3s 3g
state become dominant with significant contribution of 3d 3D
state as well as 2p? 1D state, similar to the trend of atomic
hydrogen targets: It should be noted that as theif absolute
values of the tctal cross-sections obtained by :summing up
those for all the processes investigated and by their
independent direct measurements of total cross sections seem
to be inconsistent with each other and also in disagreement
with other experiments, their data shown here are
renormalized to the known cross sections! by multiplying their
original data by 1.74, assuming their relative values are
correct. No total cross section for double electron capture
was reported yet.
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IIX c9* + He collisions

III-I c6* + He(ls?) - C3*(r¢) + Het(ls)
, + C4*(nén'e') + He?*

Experimental data for total cross sections of single and
double electron capture are summarized!. Dijkkamp et al.?
have dete}mined the emission cross sections corresponding to
the n=3 + n=2 (13.5 nm) and n=4 »+ n=3 (52.0 nm) transitions.
Oon the other hand, Kimura and Olson3, using MO approach,
calculated the partial cross sections for 3s, 3p and 3d
states over the energy range 1 -200 keV, indicating that the
capture into 3d state is dominant at low energies (<10 keV),
meanwvhile around 20 -200 keV these three cross sections are
nearly equal. Using AO method, Fritsch and Lin? calculated
the partial cross sections for (3¢) and (4¢) states over 0.5
- 40 keV/amu, with the result slightly different from those
of Kimura and Olson in particular at lower energies.

Jain et al.’ extended, using two-center AO method, the
calculation by Fritsch and Lin to get (n¢ém) distributions
over 10 keV/amu - 2 MeV/amu with the emphasis of those at
higher energies. Their results are in general agreement with
those of Fritsch and Lin, except for those of 3d subshell.

At around 500 keV/amu, the capture into 2P0 state is dominant,
meanwhile that into ls state becomes dominant at the energy
higher than 1.5 MeV/amu.

Total cross sections over 1 -103 keV/amu are also given by
Suzuki et al.® who used UDWA method.

Also total double electron capture as well as total single
electron capture have been treated by Ohyama-Yamaguchi?
recently over the energy range 0.1 - 10 keV/amu using CC
method.
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III-2 C3* (1s) + He =+ Cc%*(lsn¢) + He'
+ C3*(1sn¢n'¢') + He?t

Total cross sections for single electron capture are
summarizedl.

Although there is an indication that the dominant capture
occurs into the 3¢ states, the most likely states being 3p
and 3d states,? no partial cross section has been reported
yet. No total cross sections for double electron copture are
reported, either.
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II11-3 c%*(1s?) + He » Cc3*(1s?n¢) + Het
+ C2%(1s2neén'e') + He?t

Experimental data for single and double electron capture
cross sections are summarizedl.

It is known that the double electron capture is more
prcbable at lower energies than the single electron captureZ?.
In fact Crandall determined total cross sections for single
and double electron capture and showed the double capture is
dominant at the energies lower than 20 keV over the single
electron capture. This feature is explained theoretically
through the energy potential curves. The double electron
capture proceeds to the following dominant channel :

ci*(1s?) + He +» C2+(1s22s?) + He?t,

meanwhile the single electron capture does through the 2p
state3’4 and becomes dominant at higher energies. Recently
this was confirmed experimentally®, indicating that the double
electron capture into C2?*(1s?2s? lg) is dominant at 0.3
keV/amu. Also total double electron capture cross sections
have been calculated by Grozdanov and Janev over the energy
range 0.01 - 7.5 keV/amuP.

It should be noted that in order to understand the features
in both processes the angular distribution of the product
ions must be known correctly 779.

The partial cross sections for single electron capture have
been determened by Dijkkamp et all®?., over the energy range 0.8
- 6.7 keV/amu. The observed results indicate the dominance
of the capture into 2p state in the energy range
investigated, as predicted by theories.

Some features of the (n¢) disttributions in this system at
higher energies (2-5 MeV) have been investigated
theoretically and experimentallyll,

The rate coefficients for single electron capture over the
temperature 103 - 104.5 K were calculated by Butler and
Dalgarno!? using LZ model.
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III-4 c3*(1s?2s 25) + He -+ C2?*(ls?2s? 1g) + He? (1)

(1s22s2p 3p9) (2)
(1s22s2p 1pY) (3)
(1s22p? 3p) (4)
(1s22p2 1p) (5)

Total cross sections for single electron capture are
summarized?!.

In single electron capture, the above processes have been
investigated using the translational energy spectroscopy
technique. Kimura et al. 2 have shown that the most dominant
capture goes into 2s2p lp states at 500 eV/amu, with a small
contribution of 2s2p 3P and far less contribution from 2s? and
2p? states. Lennon et al.? determined the partial cross
sections for the above processes over the energy range 3-18
keV. Their results show that at the lowest energy 2s2p lP
states are far dominant over other channels but with
increasing the collision energy 2s2p 3P and 2p2 3p ,1D
channels become significant. The rate coefficients over the
temperature 163-10%-3 K were calculated by Butler and
Dalgarno? using LZ mode. No cross section for double electron
capture was reported yet.
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III-5 C?*(1s22s? 15) + He + C*(1s22522p 2pP) + He' (1)

Total cross sections for single electron capture are
summarized.l On the other hand, Lennon et al.?, using C2?* ion
beams containing an unknown, but significant fraction of the
metastable state, observed the translational energy spectrum
over the energy range i - 6 keV and found that the peak
corresponding to the process (1) is very small at low
energiés. This can be understood because the process is
endothermic. Instead, the peak corresponding to the
metastable beams due to the following process

Cc2+(1s22s2p 3P) + He - C*(1s22s22p 2p) + Het (2)

is found to be significant, because the process(2) is
exothermic. However, as the fraction of the metastable beam
is not known, they could obtain no cross sections. Thus it
shoud be noted that the observed total cross sectioons! are
also affected by the presence of the metastable beams.

No cross sections for double electron capture was reported
yet.
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IV 09 + H(1ls) collisions

Iv-1. 08 + H(1ls) » 07*(n¢) + H*

Experimental data for total electron capture cross sections
are summarized.! Using MO description, Harel and Salin?
calculated total cross sections with the indication of the
predominance of electron capture into n = 5 state at
intermediate energies. Similar results have been given by
Salop and Olson3 (MO + CTMC, 0.5 - 500 keV/amu) with the
dominant contribtion from n = 5 states. Some calculation of
total cross sections was also reported by Grozdanov® over 2.5
- 100 keV/amu using his classical model. Kazanskii and

Komarov®

r using molecular calculation, have given the (n¢)
distributions (n = 4,5) over the energy range 0.25 - 4
kev/amu, with the dominance of n=5 states and relatively weak
contribution from n=4 and n=6 states. Janev et al.’
calculated the n-distributions using MLZRC method with the
result of the dominant n=5 states over 0.5 - 25 keV/amu.
Shipsey et al.®, combining MO and LZ models, calculated the
partial cross sections for n¢ =4¢,5¢ and 6¢ and for n=7
states over 13 eV/amu - 34 keV/amu. The (n¢) distributions
at 25 and 50 keV/amu have been also calculated by Hardie and

9 using CTMC, with an additional result of total cross

Olson
sections over 25 - 200 keV/amu. Fritsch and Lin!? have
reported the calculated (n¢) distributions at 0.1 - 30
keV/amu using AO method. Furthermore, Fritschll calculated,
using the same technique, similar cross sections for non-
dominant capture processes, namely 7¢, 8¢ and 9¢ states.
Presnyakov and Uskov!? calculated total and n=5 states
partial cross sections at 6.25 - 56 keV/amu. The partial
cross sections for (5¢m) states have been calculated by
Salin!3 using MO model over 1 - 16 keV/amu. Using the same
method, Bendahman et al.l? gave the cross sections for
different n states over 0.25 — 50 keV/amu, indicating that
those for n=5 states are dominant at low energies and those
for n=6 become significant at higher energies. Recently
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Kimura and Lanel®, using the travelling MO method, reported a

similar trend over 0.2 - 5 keV/amu.

Experimentally, Kimura et al.l® confirmed the predominance

of n=5 states, with the contribution of 20% from n=6 states

using the translational energy spectroscopy. Most recently,

Hoekstra et al.l’ determined the emission cross sections for
n=3 + n=4 (63.3 nm), n=5 + n=3 (20.0 nm) and n=6 + n=3 (17.0
nm) transitions with the agreement with calculations for the

dominant processes but with significant discrepancies for
less dominant processes.
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IV-2 07%(1s) + H¢ls) + 08*(1lsn¢) +.H*

Total electron capture cross sections are summarized.!
However, no work was reported on the final state distribution
except for a single experimental work by Kimura et al.? who
observed that the dominant electron capture goes into n=5
states at around 500 eV/amu energy range using translational
energy spectroscopy.
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1v-3 06%*(1s2) + H(1ls) + 0°*(1ls?n¢) + H

Total electron capture cross sections are summarized.?!
Theoretical calculations of the cross sections have been
reported by Shipsey et al.? who give total cross sections over
the energy range 10"2 - 200 keV/amu using molecular treatment
and CTMC, with the indication of the predominance of electron
capture into n=4 states at low energies. Similar results
have been given by Hanssen et al.? using MO model over 0.25 -
25 keV/amu who also show the dominant capture into n=4 states
with a slight contribution from n=3 states. Bendahman et al.%
gave the cross sections for n=4 and 5, showing that the
capture into n=4 states is dominant at low energies, whereas
at higher energies the capture into n=4 and n=5 becomes
comparable.

Experimental confirmation of the dominance of the capture
into n=4 states is given by Dijkkamp et al.’? and Kimura et
al.® 1In particular, Dijkkamp et al. determined the absolute
cross sections for (n¢) states over 0.94 - 7.5 keV/amu using
photon spectroscopy. Their observed average ¢~distributions
<¢> are found to be well reproduced theoretically based upon
the extended classical over-barrier model.’
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IV-4. 0% (1s22s52 1g) + H(ls) » 03%(1s22s2n¢) + HY

Experimental total cross sections are summarized.! Total
rate coefficients over the temperature 103 - 10%'3 K were

2

calculated by Butler and Dalgarno“ using LZ model. No partial

cross section measurement has been reported.
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IV-5. 03*(1s22s22p 2p%) + H(1ls) » 0%?*(1s22s22pn¢) + HY

Total electron capture cross sections are summarized.! On
the other hand, Butler et al.? made their quantal calculation
of total rate coefficients over the temperature range 5 x 103
- 5 x 10% K. Then, Heil et al.3 showed that the most dominant
process is 2s22p3p 3D state capture followed by 2s22p3p 3S and
2522p3p lp at the energy range 0.27 - 8.1 eV/amu. Further,
Bienstock et al.? extended their calculation of the (n¢)
distribution for 2p3s 1P0, 2p3p lP, 3s and 3D states, using
the distorted-wave approximation, over the energy range 0.1
- 5000 ev/amu, showing that the capture into 3¢ states, in
particular 3p 3D state, is dominant over the energy range
investigated.

References

l. H. Tawara, T. Kato and Y. Nakai, At. Data and Nucl. Data
Tables 32 (1985) 235

2. S.E. Butler, T.G.Heil and A. Dalgarno, Astrophys. J.
(1980) 442

3. T.G. Heil, S.E. Butler and A. Dalgarno, Phys. Rev. A 27
(1983) 2365

4. S. Bienstock, T.G. Heil and A. Dalgarno, Phys. Rev. A 27
(1983) 2741

4

N

- 133 -



,01

\
]
(]

(WD /A®) ABusug

¢0l 0l .0l 0l -0l

2-0l

Hi

| IIllllll | 'IHIIII | ||lll|l|

T _::___ l ___:___ 1 _:_____ I __::__ 1 ___::_ 1

(€861) 'Io 1@ "g'yooisusig x
(€861) 'I0 1@ "9 LlIeH ©

NN TR IR T Co b g e

TN T

H + (IPI0N0 <—- H + 0 666l

w-0l

a0l

si-0l

»-0l

ei-0l

(WD) uonoes ssoun

- 134 —



(NWD/A8) ABusug

,0l 0l 0l .0l 0l -0l 20l

M T [T T e T T Unrr T T [rr T T [T T T
. (€g61L) 10 1@ 'O°LleH O

!HIII [
O

RN

et hmeer bt e e e

oo v o b

H + (dg 5€dg,sg,s1),,0 <-- H + ,,0 00L'Bi4

si-0l

-0l

-0l

a1-Cl

gi-0b

(ZUJD) Uoll1oes 88040

—-135-



(nwo/a2) ABusu3

L0l 0l .0l 0} 0l .0l 2.0l
MTT T T T T T [T T [T T [T T T [T s-01l
B (E861) "ID 18 "S'yo0ISUSIg X |

(E86L) ‘1D 1@ ‘O°L'NeH ©

..”l X .lll.l

B — a-0l

— © _

e — b-.lOF

X

e (o] ]

— ® =~

— x —

— — Ol
gL~

X x @
_— X p
X X X x X x X

B 1 b e e b ey e S oL

S1-

H o+ (id, $€dg,sg,s1),,0 <-- H + .0 L0Lbi-

- 136 -

(WD) UOlD®S §80.3



(nWo/A8) ABusu3z

,0l Ol Ol 0l 0l 0l

2.0l

N __:____ 1 _:_____ | _:_____ | _::___ ] _::___ |

(€861) "ID 1@ ‘Syooisualg x
(€Eg6L) "0 18 'O'L‘lIIdH ©

IIIHIII | !IIHIII | IIHIIII
X
X
X
©
X 9}

et v e v e b oo b

E T

w-0l

NTIRE

a-Ol

a-0l

{

L

n-0l

H + (Sg dedg,s¢g,s1),,0 <-- H + ,,O0 ¢0l b1

er-Ol

(WD) uUolloes $804D

- 137 -



(NWD/A8) ABusuj

,0l Ol .0l 0l 0l .0l .0l
L 113 |1 B B 11 S o AR O R R A a1-0}
| (E861) "D 18 ‘S¥yD0ISUSIg X _

(E861) IO 1@ '©'LIoH @

— — ,,-01
— — 8,-01
— X p—
. X —_
= X -
— ) R I
—_ Xx x0 g ® =

° a-0l
e 1 e o s g e e o e oL

y1-

Ho+ (d, amammwmmw:&o <-- H + ,,0 e0lbi4

(ZUJ:)) Uol1oes 8s0U4)D

— 138 —



(nwo/pa8) ADusul

,0l Ol Ol 0l 0l 0l

z-0l

IR LA ~:::_ l __:____ I __:____ i _::___ 1

(E861) "D 18 "SHDOolsuLBlg x
(EG6L) 'ID 1@ ‘O°118H ©

[IIHII U

HL ] g __:____ ] __:____ ] _:_____ ] _:_____ ] _:_____ i

00l

b

o-0l

a-0l

TR,

n-0l

1l

H + (@ dedg,sg,s1),,0 <-- H + ,,0 +%0L'Bi4

er-Ol

(ZLU:)) Uol}o©s 8S0U4)

- 139 -



Iv-6. 0%*(1s22s22p2 3p) + H(1ls) -+ of + gt

Total electron capture cross sections are summarized.l No
experimental investigation has been reported on the cross
sections for (n¢) distributions. Butler et al.? calculated
the rate coefficients at the thermal energy using Landau-
Zener approximation and showed the following process is
dominant:

. 0*(1s22s2p? 4p) + HY,

that is, this dominant process is one-electron capture into
2p state accompanied by 2s electron excitation into 2p state.
Butler et al.3, using quantal method, calculated total rate
coefficients over the temperature 5 x 103 - 5 x 104 K for the
capture into 2s2p? 4P state. Further, Heil et al.?, based
upon molecular treatment, calculated the cross sections for
2s2p? 4P state over the energy range 0.27 - 8.1 eV/amu.
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v 0 + H, collisions
v-1. 0% + H, » c™(n¢) + H,*

Experimental data for total cross sections for single
electron capture are summarized.l Total theoretical cross
sections have been calculated by Grozdanov and Janev? using
the tunneling model at the energies 0.12 and 2.76 keV/amu and
by Kimura and Lane3 using the travelling MO method with the
indication of the dominant contribution from electron capture
into n=5 states. Bliman et al.?, by observing Lyman series
emission lines, determined relative populations in
5s,5p,5d,5f and 5g states, with the most dominant
contribution from 5d states followed by that from 5f states
at 4.4 keV/amu. Similar photon spect-roscopic data are
reported by Politis et al.® Using the translational energy
spectroscopy, Kimura et al.® have shown the dominant capture
occurs into n=5 states at 0.75 keV/amu. However, no partial
cross sections for this system have been reported. No total
cross secticns for double electron capture was reported yet,
either.
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vV-2. 0™(1s) + H, -+ 08*(Ilsnf)+ H,*

Total cross sections for single electron capture processes,
though limited quantities, are available.l However, no
investigation was reported on the final state distribution of
the system except for one work by Kimura et al.? who observed
that the dominant electron capture occurs into n=4 and 5
states with nearly equal probabilities at around 500 eV/amu
using the trans’ational energy spectroscopy. No total
sections for double electron capture was reported yet.
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v-3  0%*(1s?) + H, + O0%%(1s?n¢) + H,*
+ 0% (1s?n¢n'e') + H2*

Total cross sections for single and double electron capture
processes are summarized.l Baptist et al.? determined, using
photon spectroscopy, relative populations in ¢-distributions
in n=4 states, which are expected and confirmed
experimentally?® to be dominant channels for single electron
capture and have shown that the ¢-distributions are
statistical at 60 keV. The detailed (n¢) distributions over
0.9 - 7.5 keV/amu have been determined , based upon bhoton
spectroscopy, by Dijkkamp et al.? who showed that dominant
electron capture occurs into 4s states at lower energies,
whereas at higher energies 4f states become significant, with
the contribution of 10 - 20 % from n=3s states. Their
observed average ¢-distributions <¢> are well reproduced
theoretically using the extended classical over-barrier model

over the energy range 1 - 6 keV/amu.>

References

1. H. Tawara, T. Kato and Y. Nakai, At. Data and Nucl. Data
Tables 32 (1985) 235

2. R. Baptist, S. Bliman, J.J. Bonnet, G. Chauvet, S.
Dousson, D. Hitz, B. Jacquot and E.J. Knystautas, Phys.
Letters 93A (1983) 185

3. M. Kimura, N. Kobayashi, S. Ohtani and H. Tawara, J. Phys.
B 20 (1987) 3873

4. D. Dijkkamp, D. Ciric, E. Vlieg, A. de Boer and F.J. de
Heer, J. Phys. B 18 (1985) 4763

5. J. Burgdorfer, R. Morgenstern and A. Niehaus, J. Phys. B 19
(1986) L607

— 145 -



Ol

(nwWo/A8) ABusug

0l L0l 0l 0l 01

0L

LR

llllllll i IIIIIIII l IIHIIII |

il

111 ]

N LR R IR N 1 AR [T T T [T
(S861) "o 18 ‘q‘dwoy(ig ©

00 e 0 go

Lo v b b s 1 i g

b v b o s g

ey i

“H + (10101, .0 <-- ®H + 0 10L'Bi4

w-0l

a-Ob

s1-0l

n-0l

es-0l

(WD) UolIO8S $80UD

— 146 -



(NWD/AB) ABusug

L0l .0l ,0l 0l .0l 0l L0l
L L B 1 1 111 11 AT
| (5861) "o 18 "Q‘dwoiig @ _
= = ,,.0l
= = 4101
I %%%% = MFIO—‘
oo oo v o g e s g m:-oP

SH + (S7,S1),40 <—- °H + ,,0 80164

(D) UOolD8S 550.)

— 147 -



~m

(NWD/A®) ABusug

0l Ol L0l 0l 0l 0l S0l
LN O 1 O |1 |11 11 0 w11 [P
n (G861) 10 18 "g'dwoyig @ B
— —t h—lO—.
— — w-.lOF
B $ |
— ¢ 7
= 323 55 =
. — mplOF
mor oo oo e e b o 3 ol

Yi-
z .
JH + (d9,51),,0 <-- °H + ,0 60L°6l4

(;\UD) uUonoes $804D

— 148 —



(hwo/Ae) ABusuz

0l Ol ,01 0t 0l 0L

0l

MMITT T 1 [T T T [T T 1 MTTT T [TTTT 1 [T T 1
(§861) "o 12 -qg‘dwoyyig @

|Hlll|| 1 I]IIIIII

5 50
58 3¢

=N

it e b o nrr o o

RN AR IR IR

|

it

LH + (PY7,S1),50 <-- °H + ,,0 0l1'Big

a-0l

u-0l

a-0l

s-0l

»n-0l

(ZUJD) Uoliloes 804D

~ 149 -



(NWo/A8) ABusug

0l Ol ,0l 0l Ol 0l 0l
L L 1L 100 1131 1111 g YL
B (5861) 10 1@ "g‘dwonpig 6 -
iy — E.lD—.
= — 5,01
= 5® =
= 0] -

—_ 99 g@ i MPIOF
IR IR I R I TN E TIn e m.:-oF

SH + (37,51),0 <-- ®H + 40

L11°B14

(leO) Uolloes ss0U)

- 150 -



V-4. 0%*(1s22s22p? 3p) + H, =+ O+ + H,*
-+ 00 + H22+ [y

Total cross sections for single and double electron capture
processes are summarized.! Kamber et al.?, using translational
energy spectroscopy, observed a series of peaks of the
energy-changed projectiles and found that the most dominant
one—-electron capture is that into

1s?2s2p? p;,, state
at their energy of 6 keV. This shows that the dominant
electron capture into 2p state is accompanied by 2s electron
excitation into 2p state. They did not report any cross
section for this process.
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VI 09t + He collisions

vi-1 0%t + He » 0’*(n¢) + Het
+ 0%t (nente') + He?t

Experimental data of total cross sections for single and
double electron capture are summarized!. Total cross sections
for 51ngle electron capture have been calculated by Suzuki et
al.?, using UDWA method, over the energy range 1 - 200 keV/amu
and by Kimura and Olson3 using MO model over 0.2 - 50 keV/amu.
Bliman et al.? have given their calculated cross sections for
single and double electron capture based upon molecular
treatment, indicating that at low energies the single
electron capture into n = 4 states is dominant with a weak
contribution from n = 5 states and the double electron
capture inton = 3, n' = 4 and n = 3, n' = 3 states is
dominant with n = 4, n' = 4 states becoming significant at
higher energies. Another important result of their studies
is that the double electron capture is not negligible, over
the single electron capture at the keV/amu energy range.

Experimental observation by Ohtani et al.’ using the
translational energy spectroscopy shows the electron is
indeed selectively captured into n = 4 states at 0.4 keV/amu.
Another experiment of Laurent et al.® pointed out the
importance of the angular distribution of the charged-changed
products : that for dominant n = 4 states is forward-peaked,
whereas the contribution to single electron capture from the
autoionizing states due to double electron capture becomes
important at larger scattering angles. Relative intensities
of different ¢-states in n = 4 states have been measured by
Politis et al.” at 4.4 keV/amu. However, no absolute
measurement of the (n¢) distributions has been reported.
Theoretical calculations for (n¢) distributions at higher
energies (keV ~ MeV) by Jain et al.® using AO expansion method
show that the capture into n = 4 states is dominant at around
30 keV/amu, that into n = 3 until 15 MeV and n = 2 at higher
energies. At higher energies the reduction of the cross
sections for m # 0 states is significant, compared th that
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for m = 0 states, indicating that at higher energies the
electron capture needs larger momentum component along the
beam direction, which the m = 0 states have indeed.
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VI-2 07+(1ls) + He » 05*(1lsn¢) + Het
+ 03*(1lsnén'¢') + He?*

Total cross sections for single and double electron capture
processes are summarizedl. Only a single work has been
reported on the (n¢) distribution of the final states by
Tsurubuchi et al.? who used translational energy spectroscopy
to identify the most doninant electron capture process into
1s4¢ states at 500 eV/amu energy range.

No information is available on the (n¢) distribution of this
system yet.
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VvIi-3 06*(1s2) + He =+ 0°*(1s2n¢) + Het
+ 0% (1s2n¢n'e') + He?t

Total cross sections for single and double electron capture
are summarized.! The n-distribution of this system was
investigated by Okuno et al.? , using translational energy
spectroscopy, who reported the most dominant electron capture
occurs into n = 3 states. Dijkkamp et al.3 , using photon
spectroscopy, determined the absolute cross sections for
various (n¢) states over the energy range 0.56 - 7.13 keV/amu
which show that 3p and 3d states are dominant at lower
energies, whereas at higher energies 3s, 3p and 3d states
become comparable, with the contribution of 20 % from n = 4
states.

The theoretical calculations of the cross sections of (n/s)
distributions have been reported by Fritsch and Lin% using hO
model over 0.5 — 40 keV/amu and by Shimakura et al.® using MO
model over 0.14 - 7 keV/amu.
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vi-4 05*(1s22s 23) + He -+ 0% (1ls?2sn¢) + Het
+» 03*(1s22snen'¢') + He?t

Total cross sections for single and double electron capture
are summarized by Wu et al.! However, no investigation of the
partial cross sections has been reported. Only a single
experiment was made on the observation of the dominant
electron capture into n = 3 states at the keV/amu energy
range?, without knowing the ¢-distribution.
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vIi-5 0%t(1s22s2 15) + He =+ 03*(1s?2s2n¢) + Het
> 02*(1s22s2n¢n'e') + He?t

Experimental total cross sections for single electron capture
are summarized.l! However, no experimental studies on the
partial cross sections have been reported. The rate
coefficients over the temperature 103 - 10%4:3 K were
calculated by Butler and Dalgarno? using LZ model. No total
cross sectios for double electron capture was reported yet.

References

1. W.K. Wu, B.A. Huber and K. Wiesemann, At. Data and Nucl.
Data Tables .
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vI-6 03*(1s22s22p 2p%) + He+ 02*(1ls22s22pn¢) + He*
+ 0%(1s22s22pnén'e') + He?t

Experimental total cross sections for single electron
capture are summarized,!
Total rate coefficients over the temperature 103 - 104-3 K
were calculated by Butler and Dalgarno? using LZ model.
However, no work has been reported on the partial cross
section measurements.
No total cross section for double electron capture was
reported yet.
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Data Tables
2. S.E. Butler and A. Dalgarno, Astrophys. J. 241 (1980) 838
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VI-7 02*(1s22s522p? 3p) + He + 0% + Het
+ 0° + He?*

Total cross sections for single and double electron capture
processes are summarized.! Total rates at 300 K were
calculated by Dalgarno et al.? using the Landau-Zener
approximation and Butler et al.3 calculated total rates over
the temperature range 5x103 - 5x10% K by quantal method.

Using the distorted-wave approximation, Bienstock et al.?
calculated the cross sections for the capture into 2p® 2?p® and
2p0 states over the energy range 1 - 5000 evV/amu and showed
that at their energy range the capture into 2p® 2P0 states is
dominant, with significant contribution from 4p3 2p?% state
above 500 eV/amu.

On the other hand, Kamber et al.®, using translational
energy spectroscopy, determined that the capture into 2p3
2D5/2 state is dominant and also determined relative variation
of their intensities over the energy range 1 - 8 keV.
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K. Morita and R. Shimizu (1980)
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