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Using a crossed-beam apparatus, we measured the relative state-selective differential
cross sections (DCSs) for the following reactions: C** (1s* 2s *S) + He (1s* 'S) — C** (1§’
2s2p 'P) + He" (1s 2S) + 10.6 eV and C** (1s* 25 *S) + Ne (2p° 'S) — C*" (1s* 2p* 'D) + Ne*
(2p° *P) + 8.2 V. The scattering angle studied in the laboratory frame, 6y, was from —3.0° to
24°, and the laboratory collision energy Ej,, was 33 eV. In both systems, the DCSs for the
reaction are zero at the center-of-mass angle 6., = 0, and show a peak at a certain angle and a
broad hump at larger angles. A classical trajectory analysis within the two-state
approximation based on the ab initio potentials for (CHe)*" revealed that these structures
observed are ascribed to the reactions that occur in different trajectories. The peak
corresponds to the reactions occurring in the outgoing part of the trajectory, and the hump is

associated with the reactions occurring mainly in the incoming part of the trajectory.

1. Introduction

State-selective differential cross section (DCS) measurement for the one-electron
capture process of the type: A7+ B — AY D" + B" + AE, where ¢ denotes the charge-state
of projectile ions, and AE stands for the exothermicity, is a powerful means for understanding
the collision mechanism as well as obtaining information about the interaction potentials. For
instance, we have recently measured" the state-selective DCSs for the one-electron capture
process in N°* and O on He collisions below the collision energy in the laboratory frame,
Ep = 50 eV, and analyzed the results using ab initio potentials. Although Ishii et al. reported

)

that the integral cross sections were almost the same,” we found that the collision



mechanisms were much different; i.e., the DCS was very large at the center-of-mass angle 6.,
= 0 in the N°*—He system, whereas it was completely zero in the O°"—He system. Because the
interaction potentials corresponding to the reaction in the O°"~He system are all repulsive in
character,” the scattering angles are always positive; thus, the DCS at 6., = 0 becomes zero.
On the other hand, the ab initio potential for (NHe)*" shows a shallow well in the initial
channel.? A classical trajectory analysis based on the ab initio potentials revealed that the
scattering angle became zero owing to the cancellation of the deflections due to the attractive
and repulsive forces. Therefore, we attributed the peak that appears at 0., = 0 to the forward
glory effect.” We also observed the glory scattering in the Ne*—He system.” Thus, we
experimentally demonstrated that when the attractive force is sufficiently strong, the glory
scattering is a very common phenomenon in the one-electron capture process.

In this paper, we report on the measured DCSs for the one-electron capture process, as
well as for the elastic scattering, in the C** with He and with Ne collisions. One of our
interests was to study the change in the DCSs for the reaction due to the different long-range
attractive forces produced by the different dipole polarizabilities of the targets.

Absolute integral cross sections for the one-electron capture process in the C*"—He were
measured by Ishii et al.,” and the state selectivity of the reaction was measured by Kimura et
al.? at Eip= 3 keV and by Lennon et al.” at Eip = 3-15 keV. Wu et al.¥ reported theoretical
integral cross sections on the basis of the ab initio potentials using the quantum-mechanical
molecular-orbital close-coupling method. Measured results for the C**—Ne system in the
energy regions comparable to that of the present measurements were scarce. Lee et al.”
reported the final state analysis of the reactions at Ej,, = 6 keV. To the best of our knowledge,

no DCSs for the elastic scattering and one-electron transfer reaction were reported for the



systems reported in this study.

2. Experimental Procedure

The experimental procedure was reported previously.” In brief, we produced *C** ions
with an electron beam ion source (EBIS) using >C'°0 as the source gas to eliminate impurity
ions with the same mass-to-charge ratio, m / g = 4, for example, '*C*" and '°0*". Energy- and
momentum-selected ions were crossed with a supersonic target beam, and the energies of the
scattered ions were analyzed using an electrostatic analyzer with a position-sensitive detection
system.

The angular distribution was measured from the energy spectrum that was obtained by
rotating the detector in 0.3° steps in the laboratory frame. The scattering angle studied in the
laboratory frame, G, was from —3.0° to 24°. The accumulation time was approximately 2.0 h
at each angle. A peak-fitting program was used to integrate the ion counts under the peak area.
The measured signals were then converted to the relative DCS in the center-of-mass system in
a standard manner. In this study, the DCS measured is proportional to do /d€, not to
do /df,, =2rsin6, do /dQ,, where dQ,=2msin0_ dO,  is the element of the solid angle
for the polar direction O.,. The same detection efficiency for the elastically scattered C** ions
and for the C** jons produced by the reactions was assumed in the determination of DCSs for
each channel.

Accurate collision energy determination is essential for identifying reaction channels
from the ion energy spectrum. Therefore, we simultaneously measured the elastically
scattered ions in the C*'—He system and compared their angular dependences with the

calculated ones, changing the collision energy as a parameter to reproduce the measured



results. The collision energy of the present measurements was determined to be Epp, = 33 + 1
eV.

In the C*"~Ne system, the energy of the elastically scattered ions depends less on the
scattering angle as compared with the case of He as the target, because the projectile C*™ is
lighter than the target. Therefore, we used He gas to determine collision energy before we
start the measurements.

The overall angular resolution in the laboratory frame was approximately + 0.8° at the
full width at half maximum. This corresponds to approximately + 0.05 rad at 6., = 0.35 rad
for the C>"—He system, and + 0.02 rad at O, = 0.15 rad in the C*"—Ne system.

We observed the C** ions at an angle of approximately @, = 0° even when the target
beam was not being used. Therefore, we carefully measured the background counts and thus
determined the true signal counts. In the present collision systems, all the C** ions observed at

approximately 6,, = 0° were determined to be noise signals.

3. Results
3.1 Final-state analysis in C°"—He

Figure 1(a) shows the measured energy spectra obtained from 6O, = 3.0°-24° in a
density plot, i.e., the energy spectra measured at different angles are plotted in the
two-dimensional graph, and the intensities of the scattered ions are indicated by the darkness
of the color. Examples of the individual spectra obtained at 6j,, = 4.5° and 10.5° are shown in
Figs. 1(b) and 1(c), respectively. The calculated positions for the elastically scattered C** ions
at Ei, = 33 eV, which corresponds to the center-of-mass energy E., = 7.8 €V, are indicated

by a curve labeled E in Fig. 1(a). The energy positions of the scattered ions corresponding to



the following reaction channels are shown by the curves labeled 1, 2, and 3, respectively:

C*" (1s* 25 °S,) + He (15 'Sy)

— C*" (1s*2p” 'Dy) + He" (1s°Sy) + 5.2 eV, (1)
— C*" (1s*2s2p 'P,) + He" (15 *Sy) + 10.6 eV, )
— C*" (1s* 25 2p °P,) + He' (15 *S) + 16.8 eV. (3)

The radial coupling is considered to be responsible for the electron capture mechanism at low
energies;'” hence, the symmetry of the quasi-molecular states generated from the initial states
and the final states is conserved. The parity symbols gerade (g) and ungerade (u) were
indicated in these equations to examine the quasi-molecular states. The quasi-molecular state
generated from C** (1s? 2s 2Sg) and He (1s’ 1Sg) is 2X7; therefore, here, we only considered
the final channels that have the symmetry of “X". The following reaction channel is not
considered here:
C*" (1s* 25 *S,) + He (15 'Sy)
— C*" (1s*2p° °Py) + He" (I1s ’Sy) + 6.3 eV, 4)

because the symmetries of the quasi-molecular states generated from P, and S, states are 2
and IT'" We found reaction channel (2) to be the dominant process in this energy region, i.e.,
the electron capture to the excited state of the C>*. This agrees well with the measured results
reported previously. For example, Kimura et al.® demonstrated that all the channels shown
above, as well as for the reaction producing C** (15 2s? ng) + He' (Is 2Sg) + 23.3 eV, were
opened at the collision energy Ej,, of 3 keV. Of these reaction channels, reaction channel (2)
was found to be the most dominant. Similar results were reported by Lennon et al.” at Ep =
3-15 keV. Wu et al.” reported theoretical results on the basis of the ab initio potentials, using

the quantum-mechanical molecular-orbital close-coupling method. They also demonstrated



that reaction channel (2) was dominant below Ej,, = 60 eV; thus, our result supports their

conclusion.

3.2 Final-state analysis in C°"—Ne

Figure 2 shows an example of the energy spectrum obtained at 6;,, = 4.5°. The collision
energy Epp, was 33 eV (Eqn = 20 eV). The energy positions for the following reaction
channels are indicated:

C*" (15 25 °Sy) + Ne (2p° 'S,)

— C*" (1s*2p” 'Sy) + Ne" (2p° *P,) + 3.7 eV, (5)
— C*" (1s*2p” 'Dy) + Ne* (2p° °P,) + 8.2 eV, (6)
— C*" (1s*2p° °Py) + Ne" (2p° *P,) + 9.3 eV, (7)
— C*" (1s* 28 2p 'Py) + Ne™ (2p° *P,) + 13.6 eV. (8)

The symmetry of the quasi-molecular state generated from the initial channel is again X"
Reaction channel (7) to the C** (1s® 2p” 3Pg) was not considered in the case of the He target.
While in the case of the Ne target, the electronic state of the product Ne' is *Py; therefore, the
23" state is generated from this configuration;'"” thus this channel can in principle contribute
to the reaction.

Although the energy resolution of the present measurement is insufficient to separate
reaction channels (6) and (7), the peak position coincides with the energy position for reaction
channel (6). The reactions in these channels are often called transfer excitation; i.e., the
electron capture and the electronic excitation of projectile ions occur at the same time; this is
a typical two-electron process. This type of reaction is also called the core-varying

single-electron capture'? or type II reaction.'”



To the best of our knowledge, the final-state analysis of the one-electron capture
process in C>*~Ne was reported only by Lee et al.” at Ej, = 6 keV. They reported that
reaction channel (8), i.e., the simple electron capture process to the excited state of C**, was
the most prominent, and the second dominant process was reaction channel (6), the transfer
excitation. The importance of the transfer excitation was often reported to increase with
decreasing in collision energy.'*'> The present result seems to agree well with this collision

energy dependence.

3.3 DCSs measured in C**—He and C**—Ne systems

Figure 3 shows relative DCSs in the center-of-mass system for reaction channel (2) in
the C**~He system as well as for the elastic scattering. Because we performed relative DCS
measurements, the peak intensity for the reaction has been normalized to unity. The error bars
show the sum of the fluctuations of the ion signal and the imprecision of the peak-fitting
procedure. The features of the DCSs for the reaction are as follows: (i) it is zero at the
scattering angle of approximately 6., = 0 rad, (ii) the DCS shows a prominent peak at 0.y, =
0.27 rad, and (iii1) it shows a broad hump at approximately 6., = 0.6 rad. The DCSs for the
elastic scattering show almost no structure and decrease monotonically with increasing
scattering angle.

Figure 4 shows the relative DCSs for both the elastic and inelastic scatterings in the
C*"-Ne system. Note that the DCS for the elastic scattering is divided by 10 in order to show
the data on a comparable scale. Channel (6) was analyzed to be the main reaction channel.
The DCS for the reaction is again zero at approximately 6., = 0 rad and shows a peak at O, =

0.07 rad; then, it decreases almost monotonically. The hump seen in the case of the C**—He



system was not clearly observed. The feature of the DCSs for the elastic scattering is nearly

the same as that in the C*"—He system.

4. Discussion
4.1 Final-state analysis based on the reaction window

For a semiquantitative understanding of the state selectivity observed in the present
collision systems, we compared the measured exothermicity with the peak position of the
calculated reaction windows. We found experimentally that only few reaction channels were
opened; hence, we can safely assume that we will apply the two-state approximation in the
following analysis.

19 and that based on the

The reaction window based on the Landau—Zener formula
extended version of the classical over barrier (ECOB) model'” were examined. Atomic units
are used hereafter unless otherwise indicated.

Zhu and Nakamura'® have reported the accurate formulas for the calculation of the
Landau—Zener transition probability. To apply these formulas to the present analysis, however,
we have no accurate information on the interaction potentials especially for the C**—Ne

system. Therefore, the conventional method of calculation'®

was performed in this work to
compare the state selectivity of the systems under the same conditions.

The coupling matrix elements H;, were evaluated by applying the empirical formula
proposed by Kimura et al.,'” i.e.,

H,, =(548/./q)exp(—1.324aR, /\q), 9)

where R. = (¢ — 1) / AE is the crossing radius of the interaction potentials and o = /21,

where I, is the ionization energy of the target. Equation (9) was used for both the C**~He and



C*"-Ne systems.

The exothermicity for the one-electron transfer reaction based on the ECOB model was
obtained as (¢ — 1) / Req, where Req =(2\/5+1)/It is the capture distance at which the
reaction can occur. The width of the reaction window was calculated using Eq. (20) in Ref.
17.

The calculated reaction windows under both models for the collision energy Eip, of 33
eV are shown in Fig. 5. The peak value of the reaction window was normalized to unity. The
measured exothermicity observed in the C**—He collision is close to the maximum of the
reaction window based on the Landau—Zener model, whereas for the C*-Ne system, the
ECOB model seems to reproduce the experimental results. At the low collision energies, the
choice of the coupling matrix element H, affects the calculated reaction windows. We cannot
conclude at present which model is most suitable for analyzing the state selectivity in the
present collision systems. The reaction window calculations at least suggest that the reaction
channel with the smaller exothermicity is more favored in the C**—Ne system than in the C*'—

He system, and this trend agrees with the measured results.

4.2 Classical trajectory analysis in C**—He
To determine the origin of the features observed in the DCSs for the one-electron
transfer reaction, we applied the classical trajectory analysis within the two-state
approximation. We refereed to the theoretical potentials reported by Wu et al.,® then set up a
Morse-type potential for the initial channel:
V., (r)=0.015 {exp[l 098(5.410—r)]—2exp[0.549(5.410 — r)]} . (10)

Only the Coulomb repulsive potential and the exothermicity were considered for the reaction



channel:

(r)=2/r—0.3899. (11)

Vou
These model and theoretical potentials are compared in Fig. 6.

We also evaluated that the energy difference of the theoretical potentials is 0.017 at the
avoided crossing at » = 5.2; then, we determined H;, to be 0.00865, which is one-half of the
energy difference at the crossing point.'” This value is approximately twofold smaller than
that obtained from Eq. (9).

Applying these model potentials, we first calculated the deflection function, i.e., the
deflection angle O as a function of the impact parameter b. Generally, the scattering angle in
the center-of-mass system is given by 6., = |©|. The upper half of the curve in Fig. 7
corresponds to the deflection function when the reaction occurs in the incoming part of the
trajectory. In this reaction path, the Coulomb repulsion force primarily determines the
trajectory; thus, the deflection angle is always positive. The lower part of the curve in Fig. 7
corresponds to the deflection function when the reaction occurs in the outgoing part of the
trajectory. The deflection function is again found to be always positive; this means that the
attractive part of the interaction potential is weak. These trends of the deflection function
explain the reason why the DCS for the reaction is completely zero at approximately 6., = 0.

The classical DCSs for the reaction were calculated using the following well-known

formula:

0'4
—QZ—

sin@ 'P(bj) ’ (12)

where b; is the possible impact parameter that will result in the same scattering angle 6., in

the center-of-mass system, and P(b;) is the transition probability. The conventional Landau—
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Zener formula'® was used again to estimate P(b;) for the analysis. The quantities of /> and
R. evaluated from the ab initio potentials were adopted. The calculated DCSs are shown in
Fig. 8. Two components that reflect the different trajectories are shown separately. The
measured DCSs were fitted to the calculated ones at approximately 6., = 0.6 rad. A good
agreement between the calculated DCSs and the measured results was achieved.

The component of the DCS that corresponds to the electron capture that occurs in the
outgoing part of the trajectory increases steeply at f., = 0.27 rad, and decreases
monotonically with increasing scattering angles. This sudden increase in the DCS is due to
the divergence of the classical DCS when d©/db becomes zero. Olson and Kimura®” referred
to this peak as “inelastic rainbow” analogous to the rainbow phenomenon in elastic collisions.
On the other hand, the DCS component that corresponds to the reaction that occurs in the
incoming part of the trajectory appears to increase at O, = 0.48 rad shows a peak at 6, =
0.67 rad and then decreases monotonically.

We see in Fig. 8 that (i) the measured peak of the DCS can be well reproduced by the
inelastic rainbow peak and (i1) the hump is constructed primarily by the reaction that occurs in
the incoming part of the trajectory. Thus, we conclude that the structures in the measured

DCS correspond to the reaction caused by the different trajectories.

4.3 Comparison of the DCSs in the reduced impact parameter

The ab initio potentials for (CNe)’” have not been reported up to now; therefore, the
detailed analysis described in the previous subsection is not possible for the C>*—Ne system.
For qualitatively understanding the feature of the DCS in the C**—Ne system, the measured

DCSs for the reaction in the C**—He and C**—Ne systems are compared in Figs. 9(a) and 9(b),
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respectively. The reduced scattering angle Eem Oem that correlates with the impact parameter””
was used for the comparison.

The overall angular dependence of the DCS for the reaction in the C**~Ne system
appears to be similar to that for the reaction in the C**—He; hence, the peak of the DCS could
be attributed to the inelastic rainbow. As seen in Fig. 9(b), the peak shifts to smaller scattering
angles in comparison with the case of C*"~He. We also compared the reduced cross sections,
re., 0 sinf_ do/dQ, for both systems as a function of the reduced scattering angle. In this
comparison, the same trend of the peak shift was detected although the peak structure was
strongly depressed by the factor 6, sin@_ .

The inelastic rainbow correlates with the reaction that occurs in the outgoing part of the
trajectory; hence, the trajectory is strongly affected by the attractive part of the interaction
potential, and the strong attractive force naturally causes the peak position to be at smaller
scattering angles. A candidate that causes the peak shift is the long-range attractive force due
to the large polarizability coefficient of the Ne target. The polarization potential is expressed
as V(r)=—q o, /2r*, where ap denotes the dipole polarizability, that is, 1.384 a.u. for He
and 2.670 a.u. for Ne.”” Therefore, the polarization force is approximately two times stronger
in the C**—Ne system than in the C**~He system. However, the attractive force is found to be
insufficient to result in the glory scattering measured, for example, in the N°"and Ne*"—He
collisions."”

The hump observed in the C**—He system was not clearly observed in the case of the
C*"-Ne collisions. The reason for this is unclear at present because of the lack of accurate
interaction potentials. One possible explanation is that this trend is caused by the impact

parameter dependence of the transition probability. In the previous subsection, we concluded
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that the hump was due to the reaction that occurs in the incoming part of the trajectory. The
onset of the hump correlates with the collisions with the impact parameters that are slightly
smaller than the crossing radius. In the Landau—Zener approximation, the magnitude of the
transition probability depends much on such conditions. If the transition probabilities are
small for these impact parameters, the reaction that occurs in the incoming part of the
trajectory contributes less to the total DCS for the reaction. Consequently, the DCS after the
peak at a certain angle will show less structure.

To support the discussion above, the reaction probabilities P(6.,) were estimated from
the DCSs measured for the elastic scattering and for the reaction. Here, the reaction
probability is defined as the ratio of the inelastic DCS to the sum of the elastic and inelastic
DCSs at the same scattering angle 6.,. The results are shown in Fig. 10. The reduced
scattering angle is again used for the comparison. Note that we were unable to evaluate P(Ocn)
in the C**-Ne system below E.n, O.m= 1.5 eV rad, because of the lack of elastic DCSs. The
reaction probability in the C**—He system begins to increase steeply at approximately Ecm Oem
= 1.5 eV rad, and it shows structures that correspond to the inelastic rainbow and the broad
hump observed in the DCS for the reaction. On the other hand, in the C**—Ne system, the
reaction probability appears to increase at nearly the same E.y, 6. for the He target case, but
increases rather monotonically and shows less structure than that in the C**—He system. The
smaller E., 6. naturally corresponds to the scattering with the larger impact parameter.
Therefore, as presumed above, the transition probability P(b) in the C’*—Ne system is
considered to be small when the impact parameter is slightly smaller than the crossing radius;
hence, the DCS for the reaction shows less structure than that in the C**—He system. Detailed

theoretical analyses based on the ab initio potentials will further clarify the difference in these
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systems.

5. Summary

We measured the state-selective DCSs in the C**~He and C*"~Ne systems at Ej,, = 33
eV. The reaction to the excited state, C** (1s> 2s2p 'P), has been found to be dominant in the
C**~He collisions. On the other hand, only the transfer excitation to the C** (1s> 2p” 'D) state
has been observed in the C**—Ne system. We analyzed the distributions of the final channels
on the basis of the reaction window calculations applying the Landau—Zener model and the
ECOB model. Both models revealed that the reaction with smaller exothermicity was more
favored in the C**~Ne system than in the C*"~He system. The classical trajectory calculation
based on the ab initio potentials for the C**~He collisions could reproduce the trends of the
measured DCS for the reaction. Thus, the measured peak in the DCS was concluded to be due
to the inelastic rainbow, and the hump was produced mainly by the contribution of the
reaction that occurs in the incoming part of the trajectory. The shift of the peak to smaller
angles in the C*"~Ne system was temporally assigned to the effect of the strong attractive

forces caused by the larger polarizability of the Ne target.
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Fig. 1. (Color online) (a) Energy spectra of the scattered ions in the C**—He system at Ey,p, =
33 eV. Measured spectra are shown in a density plot as a function of scattering angle. The
channel number corresponds to the kinetic energy of the ions; the increment of energy is
approximately 0.103¢ eV. Curve E: calculated position for the elastically scattered ions.
Curves 1, 2, and 3: calculated positions for the one-electron capture signals to the final states,
C*" (2p* 'D), C** (2s2p 'P), and C** (2s2p °P), respectively. Individual energy spectrum

obtained at O, = 4.5° (b), and at G, = 10.5° (c).
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Fig. 2. (Color online) Energy spectrum of the scattered ions in the C**—Ne system at Ej,p =

33 eV and i, = 4.5°. The peak labeled E corresponds to the elastic scattering. The energy

positions for the reaction channels C** (2p* 'S), C** (2p* 'D), C** (2p* °P), and C** (2s2p 'P)

are shown by the lines labeled 1, 2, 3, and 4 , respectively.

g

06 9 ; '4.2>
0.4 oo A’W :
0.0 T W@% saban

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

DCS / arb. unit

Scattering angle 6, / rad

Fig. 3. (Color online) Relative DCSs in the center-of-mass system in the C**—He collisions at

Ean = 7.8 €V; A for the elastic scattering, and o for the reaction C** (1s® 2s *S) — C** (1s?

2s2p 'P) + He™ (I1s*S) + 10.6 eV.
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Fig. 5. (Color online) Reaction windows based on the Landau—Zener model at Ei,, =33 eV;
o (blue) for the C**—He system, and e (red) for the C>*—Ne system. Reaction windows based
on the ECOB model at Ej, =33 eV; solid curved line (blue) for the C**—He system and
dashed curve (red) for the C**-Ne system. The arrow labeled He shows the observed

exothermicity in the C**~He system, and the one labeled Ne indicates that in the C**—Ne

system.
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Fig. 6. (Color online) Curves: model potentials used to calculate the DCS in the C**—He

system. o, +: ab initio potential energies reported by Wu et al.”
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Fig. 7. (Color online) Deflection function for the one-electron capture reaction in the C**—He
system at Ej, =33 eV (Ecm = 7.8 €V). The upper part of the curve corresponds to the reaction
that occurs in the incoming part of the trajectory, and the lower half of the curve corresponds

to the reaction that occurs in the outgoing part of the trajectory.
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Fig. 8. (Color online) Comparison of the measured and calculated DCSs for the reaction; o:
measured DCSs. Full curved line: calculated DCSs. Dashed curve: DCS corresponding to the
reaction that occurs in the outgoing part of the trajectory. Dotted curve: DCS due to the

incoming part of the trajectory.

21



1.0 b

0.8 %T%‘
0.6 b
T

0.4 $ : bt
o T, 4
o P i

(2)

e
—o

1 1l
i
0.6 W
o+ | iy
0.2 _ ‘M‘\L\lw
00 | "o I9Toog

| | |

0 1 2 3 4 5 6 7 8 9 10
E., 0., /eVrad

(b)

Differential cross sections / arb. unit

Fig. 9. (Color online) Comparison of the DCSs for the reactions (a) in the C**~He system and

(b) in the C*"~Ne system, in the reduced scattering angle Eem Oem.
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Fig. 10. (Color online) Comparison of the reaction probabilities (see text) in the reduced

scattering angle Em Oem ; © for the C*"—He system, and A for the C*"—Ne system.
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