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State-selective charge transfer in slow collisions of C + with H and H2
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Absolute state-selective electron-capture cross sections for charge transfer into the 3l state of C'+

in collisions of C + on H and H2 have been measured in the impact energy range of 0.05—1.33
keV/amu. The low-energy beams have been produced by retarding a 1.33-keV/amu C + beam (16
keV) by means of a five-element electrostatic lens system. The experimental results are compared
with calculations based on molecular and atomic basis-set expansions. It turns out that especially
for energies below 200 eV/amu there are considerable differences between experiment and theory
both in relative and absolute 3l state-selective cross sections.

I. INTRODUCTION

Charge transfer in collisions of highly charged ions
with neutral gas atoms, especially atomic hydrogen, has
recently attracted much attention (see, e.g., the reviews
by Janev and Winter' and Gilbody ). This interest stems
not only from fundamental aspects but also from the im-
portance of electron-capture processes in astrophysics
and plasma physics. ' In the low-energy region (E «1
keV/amu) much theoretical work has been done on
(quasi-) one-electron systems. Experimental results in
this low-energy region are still scarce, which is mainly
due to difficulties in producing both intense slow highly
charged ion beams and dense atomic hydrogen targets.
For impact energies well below 1 keV/amu total charge-
transfer cross sections for differently charged C, N, and 0
ions have been measured by Phaneuf et al. , Havener
et al. and Huq et al. Comparing the experimental total
charge-transfer cross sections with theoretical predictions
it is found that there are often discrepancies, see, e.g. ,
Gargaud and McCarroll (0 +), Havener et al. (0 +),
and Gargaud et al. ' (C +). To find the reason for the
disagreements and to obtain more insight in low-energy
electron-capture processes, state-selective cross sections
are needed.

To address this need we have installed an electrostatic
lens system to retard the primary ion beams, which al-
lows us to extend our photon-emission measurements
(see, e.g. , Dijkkamp et al." and Hoekstra et al. '

) down
to lower energies. After the successful feasibility study
on the system He +-H (Hoekstra et al. '

), we have now

performed an extensive series of measurements on C +

colliding with atomic and molecular hydrogen. The cap-
ture processes that have been studied by means of
photon-emission spectroscopy are

C +(ls )+H(H~)~C +*(ls 31)+H+(H2+) .

The C +-H system is one of the benchmark systems of
theoretical work. ' ' ' Comparing the theoretical and

experimental total electron-capture cross sections it is
found that there are considerable differences, especially in
the energy range of 100 to 300 eV/amu. In that energy
range the calculations based on molecular-state expan-
sions (Olson et al. ,

' Hanssen et al. ,
' and Gargaud

et al. '
) are in good agreement with each other, neverthe-

less they overestimate the experimental total electron-
capture cross sections by almost a factor of 2. The
atomic-orbital calculations of Fritsch and Lin' are in
better agreement with the experiments. Amazingly
enough the best agreement is found for the "small basis
set" molecular-orbital calculations of Gar gaud and
McCarroll, ' although these calculations include only ra-
dial couplings, whereas their most recent work' includes
both radial and rotational couplings. A more stringent
test of the status of the calculations can be provided by
state-selective charge-transfer cross sections, since in-
clusion of rotational coupling has different effects on the
dominantly populated 3l states, namely whereas the 3s
capture cross section decreases, the 3p and 3d cross sec-
tions increase. ' ' Before discussing our state-selective
cross sections for collisions on atomic and molecular hy-
drogen we will first describe briefly the general features of
the experiment, and in more detail the beam-retardation
technique.

II. EXPERIMENT

The C + ions have been produced by the electron cy-
clotron resonance (ECR) ion source of the
MINIMAFIOS-type' installed at the Kernfysisch
Versneller Instituut in Groningen. ' The electrical ion
beam current in the collision region was some 250 nA at
an extraction voltage at 4 kV. This low extraction volt-
age is a compromise between a decreasing output of the
ECR ion source with decreasing extraction voltage and
the maximum voltage that can be held by the decelera-
tion lens. In the experimental setup, the main features of
which are schematically shown in Fig. 1, the 16 keV C
ions are retarded to the desired energy by a five-element
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FIG. l. Schematical view of the setup.

lens system of the Menzinger type. Both the first and
the last elements have a beam-collimating diaphragm of 3
mm. The last element is extended by a copper cylinder
with an inner diameter of 10 mm which encloses the col-
lision region (see Fig. 1). Hence the potential difference
between the last element and the ECR ion source defines
the kinetic energy of the C + beam at the crossing with
the target beam. To cancel ripples, drift and instabilities
in the ECR voltage the (high-) voltage power supplies of
the lens elements are connected in series with the power
supply of the ECR ion source. It should be noted that in
this way the plasma potential of the ECR ion source plas-
ma is not canceled. Since during the period of our exper-
iments plasma potentials between 8 and 16 V have been
observed ' (minimum and maximum values ever mea-
sured are 7 and 20 V, respectively), we have included a
plasma potential of 12 V in all our measurements. At the
lowest energy reached, 48 eV/amu (144 V), this plasma
potential of 12 V accounts for almost 10%%uo of the kinetic
energy of the C + beam. The profiles of the retarded ion
beams have been calculated with the program LENS.
The divergence of the primary beam is 12 mrad. Figure 2
shows (schematically) the beam profiles, with and without
grid G for the case of decelerating a 16 keV C + beam
down to 1.6 keV (133 eV/amu).

With grid G in place it turns out that below approxi-
mately 180 eV/amu (540 V) it is no longer possible to per-
form reliable measurements. This is due to the following
facts. (i) A fraction of the ion beam falls on the guard
ring of the Faraday cup (Fig. 2), which hampers an accu-
rate measurement of the total beam current, since highly
charged ions like C + produce a considerable number of
secondary electrons. ' In this respect it should be not-

lee

~ a~~i, & ~ ~

~ ~ ~ ~

+ grid Gt

lens system Faraday cup

-grid G

) 2
OP

~0.7 =

~ 04-

grid 5
grid {j

I

125
t I i I I

0 25 % 75 1QQ 150

distance (me)
P/G. 2. Beam profiles and kinetic energies —with (+) and

without I;
—) grid G—for retarding the ion beam of 4 keV down

to 0.4 kV. The range between the thin vertical dashed lines is
the region seen by the spectrometers.

ed that in reality the Faraday cup is more than twice as
deep as shown in Fig. 2 and besides that, it is biased by 60
V, which prevents the secondary electrons to escape from
the cup. (ii) The ion beams become unstable whenever a
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fraction ()5%) of the beam falls on the guard ring. In
this case the scatter in the results can be 50%, hence
much larger than the error in the current measurement.
These instabilities might be due to small sparks and
discharges initiated by the electrons ejected from the
guard ring and of course by the electrons produced due
to collisions with grid G, which has a transmission of
87%.

In the case without grid G the ion beam is fully collect-
ed in the Faraday cup (Fig. 2). Furthermore, there is the
advantage that the beam does not interact with the grid
G. The only problem that may arise is that the spread of
the electrical field into the cylinder may still be of impor-
tance in the interaction region. From the kinetic energy
diagram in Fig. 2 the penetration of the field into the
cylinder can clearly be seen to be still negligible at the in-

teraction region. Our calculations showed that in all
cases the influence is less than 0.1 V. So below 200
eV/amu we can only work without grid, whereas above
200 eV/amu both methods can be and have been used to
produce the retarded beams.

The decelerated beams cross a pure H2 or a mixed H-

Hz target beam. In the latter case H2 was partly dissoci-
ated by means of Slevin-type radio-frequency source.
The absolute density profiles of the atomic and molecular
components of the beam were determined by. observation
of electron-impact-induced atomic (Balmer P) and molec-
ular radiation. The radiation passing through the grid in
the copper cylinder (see Fig. 1) was observed with a
inonochromator for visible light (300—600 nm) equipped
with an imaging lens system which enabled the measure-
ment of the density profiles along the beam axis. In this
way (described in detail by Ciric et al. ) we found an
effective fraction of atomic hydrogen of 55%. The pho-
ton emission resulting from the decay of the C +'(31)
states was observed with a grazing incidence vacuum
spectrometer for the vuv (10—80 nm}, equipped with a
position sensitive microchannel plate detector, which en-
ables simultaneous detection of lines within ranges of
about 20 nm. This spectrometer is positioned under the
magic angle of 54.7' with respect to the ion beam and it is
tilted by 45', since under these angles influences of polar-
ization effects cancel. ' The wavelength-dependent
sensitivity of the spectrometers was determined absolute-
ly by various electron- and ion-impact processes with
known cross sections (see, e.g. , Kadota et al. and
Dijkkamp et al."). With the setup described above the
following emission lines of C +' have been measured:
3s~2p (42.0 nm), 3p ~2s (31.2 nm), and 3d~2p (38.4
nm}. For illustration Fig. 3 shows a spectrum for C +

colliding with a n1ixed H-H2 target. The areas of the
various peaks are used to measure the intensities of the
corresponding lines.

III. EXPERIMENTAL RESULTS

The experin1ental results are given in Tables I and II
and shown in Figs. 4(a) —4(d) and 5(a) —5(d). The relative
errors represent the quadratic sums of the statistical er-
rors at 90% confidence level and target density uncertain-
ties. The latter ones are due to possible fluctuations in

820 eV/amu

Bs-2p
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FIG. 3. Typical photon-emission spectrum for the case of
C + colliding on a mixed H-H2 target.

the target pressure, the dissociation degree, and the over-

lap of the ion and target beams. The stability of the dis-
sociation degree of the atomic-molecular hydrogen target
was checked before and after each C + measurement by
measuring the He iI(2p ~ ls) line emission resulting from
collisions with a 3 keV/amu He + beam. (Because the
ECR ion source runs on a CO-He gas mixture and be-
cause the 3 keV/amu He + and 1.33 keV/amu C +

beams have the same magnetic rigidity it is possible—
beam transport through magnetic focusing and bending
elements' —to change primary beams by just changing
the extraction voltage of the ECR ion source. } Since the
Hen(2p~ls) line emission cross section for collisions
with atomic hydrogen is more than five times larger than
with molecular hydrogen'3' The intensity of this emis-
sion line is an accurate indicator of the dissociation de-

gree. The target density was found to be extremely
stable, respectively, within 1.5% and 3% for molecular
and atomic hydrogen. The main contribution to the un-
certainty in the effective target density is due to changes
in the overlap of the ion and target beams. We have es-
timated this error to be 5% for energies above 250
eV/amu, 10% for energies between 150 and 250 eV/amu
and 15% for energies below 150 eV/amu. To obtain
these errors we have performed the following measure-
ments: (i) measurements at different impact energies of
line-emission ratios for collisions on a static and on a
beam target of molecular hydrogen (the atomic hydrogen
bean1 has the same full width half maximum as the
molecular hydrogen beam ), and (ii) measurements of the
CIv line emission for different voltages on the first four
lens elements (see Fig. 2). Changing the lens voltages
shifts the focus and hence alters the diameter of the ion
beam at the crossing with the target beam. Besides these
measurements we have performed beam-profile calcula-
tions. At the lowest energies it was found that at the
crossing with the target beam the ion beam diameter can
be changed between 3.7 and 5.0 mm. However, the e8'ect
on the effective target pressure is still relatively small
since the full width half maximum of the target beam is

7 mQ1.
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TABLE I. State-selective [o(31)] and total (o, ) electron-capture cross sections and relative errors,
Acr for C + colliding with H in 10 ' cm .

E (eV/amu) o (3s) her(3s) o (3p) her(3p) o (3d) Acr(3d)

1333
1050
820
700
583
520
500
467
400
350
300
250
233
200
160
130
100
80
60
48

12.5
11.5
11.8
9.9
9.1

11.7
8.2

12.5
6.6
8.2
6.0
6.0
4.6
4.1

1.7
1.2

«1.0
«1.0
«1.0
«1.0

2.0
2.0
2.0
2.0
2.0
2.4
2.0
3.5
2.5
2.5
2.0
2.2
2.0
1.5
1.0
0.9

12.7
13.1
17.3
17.5
16.1
20.9
22.3
24. 1

26.4
24.6
30.6
23.5
29.8
25.0
24.2
22.2
24.0
24. 1

26.7
26.9

1.8
2.0
2.5
2.2
2.2
3.1

3.2
3.4
3.7
3.4
5.0
4.0
5.0
4.0
4.0
3.7
4.0
4.1

4.2
4.5

8.0
8.6
9.6

10.4
7.7
9.9
9.2

10.0
8.9
8.2
7.5
5.4
5.8
3.4
3.0
1.3
1.1
1.1

1.3
0.7

0.8
1.0
1.3
1.5
1.5
1.4
1.4
1.5
1.5
1.4
1.2
1.1
1.2
0.7
0.7
0.4
0.4
0.4
0.4
0.4

33.2
33.2
38.7
37.8
32.9
42.5
39.7
46.6
41.9
41.0
44. 1

34.7
40.7
32.5
28.9
24.7
25.1

25.2
28.0
27.6

3.5
3.7
4.7
4.5
4.3
6.0
5.5
6.7
5.0
5.0
5.5
4.5
5.0
4.5
4.3
4.2
4.3
4.5
5.0
5.0

~o abso]ute 22%%uo 17%%uo 20% 19%

One final contribution to the relative errors has still to
be discussed, namely the influence of cascades from the
n =4 states on the 31 state populations. All lifetimes in-
volved are so short that complete cascading occurs
within the viewing range of the monochromator.
Dijkkamp et al." have shown that at somewhat higher

energies (1—7 keV/amu) the 41 capture cross sections are
more than one order of magnitude smaller than the 3l
capture cross sections and furthermore that they decrease
with decreasing energy. Notwithstanding all that, we
kept track of the populations of 41 states by recording the
41 —+21' (I =s,p, d) transitions. These transitions, which

TABLE II. State selective [cr(31)] and total (o, ) electron capture cross sections and relative errors,
Ao for C"+ colliding with H& in 10 ' cm'.

E (eV/amu) o (3s) ho'(3s) cr(3p) ho (3p) o'(3d) b,o'(3d)

1333
1050
820
700
583
520
500
467
400
350
300
250
233
200
160
130
100
80
60
48

14.7
15.5
17.4
17.5
19.4
22.5
19.0
22.0
18.7
21.0
20.3
20.6
20.6
18.2
16.3
16.0
16.3
17.0
20.0
20.1

1.5
1.7
1.9
1.8
2.5
2.8
2.5
2.8
2.3
2.5
2.5
2.6
3.0
2.8
3.0
3.0
3.0
3.0
3.2
3.3

6.7
6.8
8.2
8.4
8.9

11.4
10.1
12.4
11.3
13.6
14.1

16.0
15.5
17.3
16.0
17.4
16.6
18.1
23.0
25.7

0.7
0.7
0.9
1.0
1.2
1.5
1.5
1.8
1.8
1.8
2.0
2.3
2.5
2.8
2.8
3.0
3.0
3.0
3.2
3.3

4.5
4.2
4.9
4.7
4.3
4.8
4.7
5.2
4.2
4.3
4.0
3.5
3.3
2.8
2.0
1.9
1.9
2.1

2.1

2.2

0.5
0.5
0.6
0.6
0.6
0.6
0.6
0.7
0.6
0.6
0.5
0.5
0.5
0.4
0.4
0.4
0.4
0.5
0.5
0.5

25.9
26.5
30.5
30.6
32.6
38.7
33.8
39.1
34.2
38.9
38.4
40.1

39.4
38.3
34.5
35.3
34.8
37.2
45.1

47.9

2.6
2.6
3.1

3.3
3.3
4.0
3.6
4.1

3.6
4.0
4.0
4.6
4.1

4.1

4.1

4.3
4.3
4.3
5.0
5.5

~+absolute 22% 17%%uo 20% 20%%uo
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only show up as tiny peaks in our spectra (see Fig. 3)
have larger branching ratios than the 41~31' transitions
(a factor of —1.5 for 4s and a factor of —3 for 4p and
4d). So because of the smallness of the 41~21' transi-
tions compared to the 31~21 transitions ((5%) it is
justified to neglect the contribution of the 4s, 4p, and 4d
states to the 31 population. Since the wavelength of the
4f~3d lies outside the spectral range of the monochro-
mators it was not possible to check this cascade contribu-
tion to the 31 states. However, from the measurements
of Dijkkamp et al." it is to be expected that also this
contribution is certainly much smaller than 5%. Never-
theless, we included for all 31 states an error of 5% due to
cascades.

The absolute systematic error in the state-selective
cross section ranges from 17% to 22%, see Tables I and
II. Especially in the case of atomic hydrogen these sys-
tematic errors are smaller than in previous work. "'
This is due to the fact that the CI& 3p~2s transition at
31.2 nm is close to a calibration point for the monochro-
mator, namely the Heal 2p~ls transition at 30.4 nm.
The sensitivity at this wavelength has been determined by
using the accurately measured HeII 2p~ls emission
cross sections for He + impact on atomic hydrogen (error
15%). Therefore we have taken the absolute systematic
error in the 3p ~2s emission cross section to be the quad-
ratic sum of the previous He + measurements (15%) and
the statistical error in the calibration measurement. The
errors in the 3d ~2p (38.4 nm) and the 3s~2p (42.0 nm)
transitions include an extra error of, respectively, 8% and
12% due to uncertainties in the wavelength-dependent
sensitivity of the spectrometer.

With respect to the systematic error we still have to
consider the role of metastable projectile ions. There are
no C~+ (ls2s) 'S ions in the beam since their lifetime of
-3 ps (Ref. 31) is much shorter than the —11 ps needed
for the transport of the 16 keV C + beam from the ECR
ion source to the setup. However the C + (ls2s) S sur-
vive the transport and from Auger electron
measurements —after a time of Aight of 14 ps —the
metastable fraction was found to be 5+2%. The rneta-
stables themselves do not interfere with the photon-
emission measurements, because of the fact that electron
capture leads to doubly excited states which autoionize.
However, the uncertainty in the fraction of metastables
introduces a systematic error of 2% in the fraction of
ground-state ions, since the ground-state fraction is
95+2%.

a i i i i asl
2 0 1

1
E ( eV/amu )

I I I I I I I

7

IV. DISCUSSION

A. General classical considerations

FIG. 4. State selective and total electron-capture cross sec-
tions for C + colliding with atomic hydrogen. Theory: thick
solid line, MO7, Gargaud et al. (Ref. 10); thin solid line, MO4,
Gargaud and McCarroll, (Ref. 17); dashed line, AO+, Fritsch
and Lin (Ref. 16). Charge-changing experiments: squares,
Dijkkamp et al. (Ref. 11);diamonds, Panov et al. (Ref. 33); tri-
angles, Phaneuf et al. (Ref. 6). Photon-emission experiments:
open circles, Dijkkamp et al. (Ref. 11);closed circles, this work.

Before making a detailed comparison between experi-
mental results (Figs. 4 and 5) and quantal calculations it
is instructive to compare general tendencies with the "dy-
namic" version (Niehaus ) of the classical over-barrier
model. With this model we have calculated the reaction
windows for electron capture in collisions of 250 eV/amu
C + with atomic and molecular hydrogen. Figure 6
shows the reaction windows together with the 31 energy
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levels in C +. From Fig. 6 it can be seen that whereas
the 31 levels are favorably situated in the H2 reaction win-

dow they are on the edge of the H reaction window. The
4/ levels lie around 14 eV and hence it is clear that the 41
states are only weakly populated in collisions of C + with
atomic and molecular hydrogen. From the favorable po-
sition of the 3l states in the case of H2 it is to be expected
that the total electron-capture cross section, o., is larger
for collision on Hz than on H. Comparing Figs. 4(a} and
5(a) it is found that below 250 eV/amu o', (H2)) 0, (H)
and that at higher impact energies e, (H2) —=0,(H). That
the difference between H and H2 is not that pronounced
may be understood from the following facts. (i) 0, is pro-
portional to the square of the internuclear distance,
Rcz, at which the potential barrier between ion and tar-
get becomes low enough for the target electron to be
transferred to the ion [to cross the classical barrier (CB)].
Rca is 5.3 and 4.4 a.u. for H and H2, respectively. (ii)
The width of the reaction window changes proportional
to U'~ (u is the velocity of the C + ions) and hence at
higher energies the window widens so that the actual po-
sitions of the energy levels become less important.

To some extent even the state-selective cross sections,
o (3!)can be explained in the picture of the classical mod-
el. From the positions in the H reaction window we ex-
pect 0(3s) to be relatively small and cr(3p) and 0 (3d) to
be of the same order of magnitude. Whereas the first ex-
pectation is confirmed by the experiments the latter one
is not since cr(3p) turns out to be much larger than 0 (3d)
[see Figs. 4(b) —4(d}]. This can be understood from angu-
lar momentum arguments, namely in the frame of the
C + ion, the target electron has an apparent angular
momentum of the order of bv with b the impact parame-
ter. For collisions on H the maximum value of b, R,b is
5.3 a.u. therefore the angular momentum for 250 eV/amu
C +

(U =0. 1 a.u. ) ranges between 0 and 0.53. These
values fit obviously better to the p than to the d state.
Considering the positions of the 3l levels in the reaction
window and the angular momentum argument, cr(3p) and
cr(3s) are expected to be of the same order of magnitude
and both much larger than cr(3d) in the case of collisions
on molecular hydrogen. This is indeed so, see Figs.
5(b) —5(d). Whereas some main features of the electron-
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FIG. 5. State-selective and total electron-capture cross sec-
tions for C + colliding with molecular hydrogen. Theory: solid
line, Gargaud and McCarroll (Ref. 17). Experiment: as in Figs.
4(a) -4(d).

22 24 26
binding energy (eV)

28

FIG. 6. Reaction windows for electron capture in collisions
of 250-eU/amu C + with atomic and molecular hydrogen.
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capture processes can be understood from classical con-
siderations fully quantal calculations are needed to de-
scribe the finer details.

I I I I I

L +H
t I I I I Tq 1 }

B. Collisions on atomic hydrogen

In Figs. 4(a) —4(d) the measured state-selective, o(31),
and total, o, =g& cr(3!), electron-capture cross sections
are compared with the results of the three calculations,
that presented not only o, but also cr(31}.' ' ' The two
calculations, by Gargaud et al. ' (MO7) and Gargaud
and McCarroll' (MO4), which use molecular orbitals as
basis set are essentially the same, they only differ in the
number of molecular states included. The older calcula-
tions, MO4 include only the o. orbitals correlated to the
n =3 manifold of C Iv, the more recent calculations MO7
include also the m and 5 orbitals. Hence MO7 includes
both radial and rotational coupling whereas MO4 only
includes radial coupling. The AO+ calculations by
Fritsch and Lin' use atomic orbitals, namely all n =3, 4,
and 5 Ctv orbitals, the H(ls) orbital and some united
atom orbitals to account for molecular binding effects at
the lower velocities.

As seen from Fig. 4(a), which shows the results for to-
tal charge transfer the present results are a logical exten-
sion to lower energies of the optical and charge changing
measurements by Dijkkamp et al." Furthermore, they
are in good agreement with the charge changing mea-
surements by Phaneuf et al. , although the dip at 200
eV/amu seen by Phaneuf et al. is not present in our re-
sults which change more smoothly with energy. Never-
theless our measurements confirm the discrepancy in the
energy range of 80 to 200 eV/amu between experiment
and MO7. The results of MO7 are supported by theoreti-
cal work of Olson et al. ' and Hanssen et al. '

From the state-selective cross sections shown in Figs.
4(b) —4(d) it can be seen that there is generally a fair
agreement between experiment and theory. However,
some important deviations with respect to the state-
selective electron-capture cross sections should be noted:
(i) Below 200 eV/amu o (3s) decreases more rapidly with
decreasing energy than the MO4 and MO7 results. (ii) in
the energy range below 400 eV/amu 3p is by far the most
dominantly populated state with a more or less constant
cross section. Therefore the difference between experi-
ment and MO7 for o(3p) is the reason for the difference
observed in comparing the total charge transfer cross sec-
tions. (iii} in our results we do not observe the increase in
o(3d) at the lowest results, predicted by MO7 and MO4.
Furthermore, in the energy of 100—1000 eV/amu the
MO4 results underestimate o(3d) by a factor of 2. To-
gether with the discrepancies for cr(3s) and o'(3p} it may
be concluded that the agreement between the measured
o., and the MO4 results is to some extent fortuitous. Ex-
cept for some sma11 differences between 200 and 450
eV/amu the AO+ results are in good agreement with the
experiments over two decades of energy (0.1 —10
keV/amu).

Differences become more clear from the relative popu-
lations of the 31 states, o „~(31)=a(31)/g& cr(31) since in
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FIG. 7. Relative state-selective electron-capture cross sec-
tions, o(3l)/g, o(3l) for C + colliding with atomic hydrogen.
Theory: thick solid line, Gargaud et al. (Ref. 10); thin solid
line, Gargaud and McCarroll (Ref. 17); dashed line, Fritsch and
Lin (Ref. 16). Experiments: open squares, Baptist et al. (Ref.
33); open circles, Dijkkamp et al. (Ref. 11); closed circles, this
work.

that way we remove the largest contribution to the
scatter in cr(31), namely the overlap of ion and target
beams (see section on experimental results). The o „~(31)
are shown in Fig. 7 together with the AO+, MO7, and
MO4 predictions and the experimental results of
Dijkkamp et al." and Baptist et al. For energies above
100 eV/amu there is good agreement between experi-
ments and MO7 and AO+ calculations. The MO4 re-
sults are at variance with the experiments which indicates
the importance of rotational couplings which have not
been included in the MO4 calculation. In that respect it
should be noted that whereas in the energy range of 100
to 200 eV/amu the results of the MO7 work differ in ab-
solute value [see Figs. 4(a) —4(d)], the o'„&(3l) are in good
agreement with experiment. Below 100 eV/arnu the
theory predicts a decrease in cr„,&(3p) and a strong in-
crease in o „,&(3d). This effect is not yet observed in our
measurements which are therefore also in disagreement
with the results of Baptist et al. The reason for this
discrepancy is yet unclear, however, with different lens
settings we could reproduce the results at 60 eV/arnu
within error bars. In conclusion it may be stated that
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below 100 eV/amu the total charge-transfer cross sec-
tions are in agreement with the M07 calculations howev-
er the I distribution is clearly different.

C. Collisions on molecular hydrogen

The state selective, 0 (31), total, 0, =g& 0 (31), and rel-

ative, 0„,(31), electron-capture cross sections are shown
in Figs. 5(a) —5(d) and 8. In the case of collisions on
molecular hydrogen theoretical work is restricted to the
calculations of Gargaud and McCarroll' which include
only the o orbitals. Just as for collisions on atomic hy-
drogen we note that the theoretical and experimental to-
tal cross sections are in fair agreement with each other,
whereas especially below 100 eV/amu the I distributions
differ. Our results can be seen to agree with the optical
measurements by Dijkkamp et al." and the charge-
changing measurements by Phaneuf et al. ' and
Dijkkamp et al." It is not obvious that the summed
emission cross sections can be compared with the results
of charge-changing measurements since the latter include
contributions from double electron capture followed by

autoionization. At energies of a few keV/amu cross sec-
tions for autoionizing double capture are smaller than
3 X 10 cm . ' Since furthermore the reactjon
channels leading to double electron capture into autoion-
izing states lie outside the reaction window for double
electron capture it is certainly not to be expected that
the cross sections will increase with lowering the impact
energies. Hence the effect of double electron capture fol-
lowed by autoionization on the charge-changing cross
sections is small.

Inspecting the relative cross sections shown in Fig. 8 it
is seen that above 100 eV/amu there is good agreement
between experiment and theory. This is somewhat unex-
pected since in the case of atomic hydrogen the calcula-
tions without rotational coupling did differ from experi-
ment. This may indicate that for collisions of C + on
molecular hydrogen rotational couplings are not that im-

portant, in contrast to the case of collisions on atomic hy-
drogen. Together with the fact that below 100 eV/amu
there are discrepancies, this certainly indicates the need
for some new theoretical investigations of electron cap-
ture in collisions with molecular hydrogen.

V. CONCLUSION
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It has been shown that it is possible to decelerate C +

beams of 1.33 keV/amu down to 0.05 keV/amu by means
of a five-element electrostatic lens system and to perform
photon-emission spectroscopy measurements. The mea-
surements on C + -H collisions show that the long-
standing discrepancy in the energy range of 100 and 200
eV/amu between total charge-transfer measurements and
calculations based on molecular state expan-
sions' ' ' is real and mainly due to differences in the
cross sections for electron capture into the 3p state.
Furthermore it has been shown that for energies below
100 eV/amu the theoretical' ' and experimental 1 distri-
butions are not in accordance with each other which is
also seen for the case of collisions with molecular hydro-
gen. Furthermore, our measurements seem to indicate
that for C + —H rotational couplings are important
whereas for C + —H2 they may be not that important to
get the correct I distribution in the energy range of 100 to
1000 eV/amu. These differences make an improvement
in the theoretical description desirable, especially since
also the result of a general analytical model by Abramov
et al. , developed to predict the l distribution in col-
lisions of fully stripped ions and atomic hydrogen, seems
not to be applicable to C +-H collisions. An extended
version of this model (Janev and Winter') includes both
radial and rotational coupling and yields an l distribution
peaking at l =2 which is not observed in the experiments.
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