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Fragmentation of multiply charged hydrocarbon molecules C,H?* (n < 4, ¢ < 9) produced in
high-velocity collisions: Branching ratios and kinetic energy release of the H* fragment
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Fragmentation branching ratios for channels involving H* emission and associated kinetic energy release of
the H* fragment [KER(H™)] have been measured for multicharged C,H?* molecules produced in high velocity
(3.6 a.u.) collisions between C,H* projectiles and helium atoms. For CH’* (¢ < 4) molecules, measured
KER(H") were found well below predictions of the simple point charge Coulomb model (PCCM) for all ¢
values. Multireference configuration interaction (MRCI) calculations for ground as well as electronic excited
states were performed which allowed a perfect interpretation of the CH?* experimental results for low charges
(g =2-3) as well as for the highest charge (¢ = 4). In this last case we could show, on the basis of ionization cross
sections calculations and experimental measurements performed on the same systems at slightly higher velocity
(4.5 a.u.), the prominent role played by inner-shell ionization followed by Auger relaxation and could extract the
lifetime of this Auger relaxation giving rise to the best agreement between the experiment and the calculations.
For dissociation of C,H?* and C3HY* with the highest charges (¢ > 5), inner-shell ionization contributed in a
prominent way to the ion production. In these two cases it was shown that measured KER(H") were in good
agreement with PCCM predictions when those were corrected for Auger relaxation with the same Auger lifetime

value as in CH**.
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I. INTRODUCTION

The study of multiply charged molecules or clusters is of
fundamental interest [1]. The determination of their stability,
as a function of the charge and/or size for instance, is a stringent
test of cohesive forces at play in the system. More information
on these forces, including their evolution with internuclear
distances, may be obtained through the determination of the
fragmentation branching ratios, excited states lifetime mea-
surements, or fragmentation dynamics. Although considerable
progress has been achieved in the knowledge of these species,
there are still unexplained behaviors, as shown for instance
in a recent work dealing with the partitioning of energy in
fragmenting multicharged carbon clusters [2].

Apart from these fundamental interests, the production
of multicharged molecules and clusters has been found to
be a tool for accessing other experimental observables. The
Coulomb explosion imaging (CEI) technique, based on the
coincident recording of fragments momenta from a molecule
suddenly stripped of its valence electrons, has been used to
extract information on the structure of a neutral molecule
multi-ionized by passing through a foil [3] or submitted to
intense short (few 10 fs or less) laser pulses [4,5]. The laser
technique is commonly used nowadays because it can be
combined with pump-probe measurements and provide access
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to nuclear dynamics of all sorts (dissociation, isomerization,
proton migration, etc. [6,7]).

In CEI experiments, interaction potentials between two
atomic fragments of charge ¢; and ¢g; are usually assumed
to be purely Coulombic, that is, proportional to (¢;q;)/R for
all internuclear distances R. A way to test this hypothesis is to
measure the kinetic energy of the fragments and to compare the
results to predictions of the so-called point charge Coulomb
model (PCCM). This type of comparison has been performed
mostly in diatomic and triatomic molecules (Mathur [1]). In
097" (¢ < 11), Werner et al. [8] found a good agreement
between the PCCM model and the most probable kinetic
energy release (KER) of the measured distribution. In H,O7 "
(g < 6) [9] and CS,7* (¢ < 10) [10], small deviations (10%—
20%) between experimental KER and PCCM were observed,
the experiment being systematically lower in the first case but
not in the second case. In H,O%*, as later on in CO?t [11],
ab initio calculations of electronic excited states were per-
formed and invoked to explain deviations between measured
KER and PCCM predictions. The role of the molecule
charge ¢ was put forward in other works. In dissociation
of CO?* (¢ < 7) [12], deviations between experiment and
PCCM predictions were large for the lower g values (¢ =
2-3), and very small for ¢ > 3. This result is in qualitative
agreement with potential energy curves for electronic ground
and excited states of Cl,?" (¢ < 10) calculated by Wright
etal. [13].

By contrast to works performed on diatomics and tri-
atomics, not much has been done on larger polyatomic species.
Dissociation of CoHy?% (¢ < 6) was recently studied [14]
but the comparison between measured KER and PCCM
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predictions restricted to two-body channels C¢+-C?°* (i.e.,
performed on the sum of various channels). The case of
CeHg?™* (g > 4) was investigated [15], but also in a partial way.
In the present work, diatomic, triatomic, and quadriatomic
molecules have been studied and KER distributions, for all
channels giving rise to a H* fragment, measured separately.
This allowed us to investigate deviations to PCCM in situations
where the size and the charge are varied.

Aninteresting topic, mostly investigated in photoionization,
refers to inner-shell ionization and the competition between
dissociation and relaxation by Auger effect [16]. In collisions
using highly charged ions (HCI), impact parameters are large
and this inner-shell ionization only appears at very high energy
[17]. When using protons or, as in our experiment, helium
projectiles, inner-shell ionization is contributing at much lower
energy. In the present experiments, performed at velocities
of a few atomic units, prominent contribution of inner-shell
ionization was found for higher charges of C,H?* molecules.
The competition between dissociation and Auger relaxation,
and its role in the measured KER’s, has been studied in these
cases as will be shown below.

As mentioned before, deviations between measurements
and PCCM predictions in diatomics have often been reported
and interpreted, in some cases, on the basis of population
of excited states having a nonpurely Coulombic character.
We did ab initio calculations of electronic excited states
of CHY" molecules (¢ = 1-4) within the MRCI/CASSCF
approach (see Sec. VI). Whereas previous data existed (for
instance Bannister et al. [18] for CH', Gu et al. [19] for
CH?*, and Butler et al. [20] for CH3"), the specificity of
our work is to have performed all calculations, including
the CH** case, at the same level of accuracy and to have
calculated also some states of CH?>* with both inner-shell
and valence shell holes. Moreover, predictions of populations
of these states by collision were performed, allowing a full
comparison between measured and calculated KER to be
conducted.

The plan of the paper is the following.

In Sec. II we present our setup and experimental methods.
This study was made possible thanks to the use of the high
velocity inverse kinematics mode (the molecule of interest is
a high velocity projectile), ensuring 47 detection and 100%
efficiency for any number of coincident fragments. We used
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original fragments detectors for mass and charge identification
[21], operating in coincidence with a position sensitive detector
(PSD) for the H fragment imaging.

In Sec. III results concerning ionization cross sections of
C,H™ projectiles colliding with helium atoms are presented.
We showed here, and quantified, the role played by inner-shell
ionization on the production of highly charged species as well
as the role of the molecule alignment.

In Sec. IV we present measured fragmentation Branching
ratios of C,H?* molecules and in Sec. V measured kinetic
energy releases of the H™ fragment [KER(H™)] for all channels
involving emission of a proton.

Discussion of experimental results, in particular with re-
spect to PCCM predictions for KER(H™) values, are presented
in Sec. VI for CH?* and in Sec. VII for C;H?* and C;H?*.
In the case of CHYt (¢ = 1-4), ab initio multireference
configuration interaction (MRCI) calculations of electronic
excited states are presented and used, together with predictions
of their populations, to interpret the experimental results.
Conclusions are presented in Sec. VIIIL.

II. EXPERIMENTAL SETUP AND METHODS

Experiments have been performed at the Tandem accel-
erator in Orsay, with two slightly different setups. The first
setup has been described in detail recently [22] and was
used for the study of ionization and fragmentation of C,H*
projectiles (n = 1-4) of v, = 4.5 a.u. velocity colliding with a
helium atom. Briefly, collisions between C,,H" projectiles and
helium atoms occurred in a gaseous jet of known thickness
[23] under single collision conditions. Fragments produced
in the collision were deflected, according to their charge
over mass ratios, by an intense electric field and impinged
on solid-state surface barrier detectors of 100% efficiency
operating in coincidence. The shape analysis of the transient
current delivered by each detector allowed the mass and charge
identification of all fragments impinging on it [21]. The second
setup, devoted to KER(H™) measurements, was similar to the
previous one with only two modifications, namely, the use of a
position sensitive detector (PSD) for the H* fragment and the
detection of recoil He™ and He*™ ions in coincidence with all
fragments (see Fig. 1). This setup was used for measurements
of KER(H™) distributions following excitation, ionization, and
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FIG. 1. (Color online) Schematic view of the experimental setup.
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FIG. 2. (Color online) (a) H* image recorded onto the PSD
detector following C,H** — C*|C|H™ dissociation; X and Y axis
are, respectively, in the horizontal and vertical plane; dimensions
along X and Y are in channels (1 channel = 0.167 mm). (b) KER(H™)
distribution extracted from the fit of (a) using a single Gaussian
distribution (dotted line) or two half Gaussians of different widths
(solid line), see text.

fragmentation of CH', C,H", and C3H" in v, = 3.6 a.u.
velocity collisions with a helium atom.

The PSD detector, of 40 mm diameter, was made of
a three-stage microchannel plate (MCP) associated with a
resistive anode for position encoding [24]. The position
resolution was 0.4 mm which corresponded, in our geometrical
arrangement, to an energy resolution of the order of 1 eV for
KER(H") ~ 5 eV and 2.5 eV for KER(H") ~ 30 eV. Time
arrival of the H fragment was recorded using a start signal
provided by a two-stage MCP placed below the gaseous jet
(see Fig. 1). The time resolution (<1 ns) was not sufficient to
extract information related to the HY momentum. Accordingly,
KER(H™) were extracted from position measurements only
assuming an isotropic emission of the proton. In fact, some
anisotropy in the emission of HT from C,H?" species n =
2-3, ¢ > 4 occurred since these species are preferentially
produced when the molecule is aligned with the beam. Based
on angular differential ionization cross sections calculations
(see Sec. III), the anisotropy was extracted and its effect on
the KER(H™) extraction quantified through a Monte Carlo
simulation. We predicted that KER(H') values had to be
increased with respect to extracted values under the isotropic
assumption by 4% to 12% for C;HY* (¢ = 4-7) and 6% to
24% for C3H?* (¢ = 4-6). The coincident detection of He? ™
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FIG. 3. Measured ionization cross sections of CH' (open
squares), C;H* (full squares), C3H™ (open triangles), and C4H* (full
triangles) in collisions with He at v, = 4.5 a.u.; lines are to guide the
eye.
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FIG. 4. Comparison between measured and calculated ionization
cross sections in v, = 4.5 a.u. C;H"-He collisions. Black dots:
experimental results; solid line: results of the IAE model (see text);
dashed line: results of the IAE model without autoionization.

recoils was nevertheless useful since it allowed selection of
events occurring in the jet only with an excellent signal to
background ratio (~2000). The jet was operating at relatively
high pressure (e Ax ~ 2 x 10'* atoms/cm?) and some double
collisions, contributing to 10% of the ion production, had to
be subtracted.

In Fig. 2(a) is shown an H fragment image, obtained in
dissociation of CoH?* into CT|C|H™. The special shape of the
image, nonsymmetrical and slightly distorted, originates from
two effects: a shrinking along the X axis due to the electric field
of the fragments electrostatic analyzer (i) and a deformation,
mostly along Y, induced by the electric field placed at the jet
location for acceleration of helium recoil ions (ii). Both effects
were simulated in the particular arrangement of the experiment
using the SIMION code (SIMION 3D version 6.0) for different H*
energies, beam positions, and electric field values. In Fig. 2(b)
we show the KER(H™) distribution extracted from treatment
of Fig. 2(a). Two distributions are actually presented, one (the
dotted line) obtained by assuming a Gaussian shape for the
KER(H") distribution, the other one (solid line) obtained with
an asymmetrical kinetic energy distribution made of two half
Gaussians of different standard deviations placed at the same
position. The two fits give almost identical results. The two
types of shapes were systematically tried for all channels.
Results are presented below. They show that close KER(H™)
distributions were obtained with the two shapes, most probable
values (mean values) differing by 3% (1%) when an averaging
over all channels is performed. Error bars on experimental
KER(H™") values were 10% and 20% on the low and high
energy side, respectively, originating from statistics, double
collisions subtraction, and ion optics correction.

III. IONIZATION CROSS SECTIONS IN C,H* -He
COLLISIONS

Ionization cross sections in collisions of v, = 4.5 a.u.
C,H™ projectiles with He atoms are presented in Fig. 3. As
seen in this figure, cross sections for production of highly
charged molecules are rather large. For high enough charges,
inner shell ionization (1s shell of carbon atoms) followed
by autoionization plays a large role. For showing that, we
made calculations of ionization cross sections using the
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TABLE 1. Percentages (%) of C,H¢* ion production involving
single (and double in parentheses) inner-shell ionization followed
by Auger relaxation, as calculated with the IAE model (see text).
Missing percentages, with respect to total of 100%, are due to pure
valence ionization.

q 3 4 5 6 7
CHI* 26 76

C,H+ 11 38 60 (10) 53 (39) 29 (67)
CH* 9 27 48 (5) 57 (19)

independent atom and electron (IAE) collision model [25]
including both valence and inner-shells ionization [22]. The
CH™ internuclear distance was taken equal to 1.13 A [26],
whereas for C,H™ and C3H™, assumed to be linear with the

PHYSICAL REVIEW A 84, 032705 (2011)

H atom at the end of the chain [27,28], interatomic distances
equal to 1.3 A (rc_c) and 1.1 A (rc_p) in C;HT and 1.34 A
(re—c”), 1.23 A (ro—¢) and 1.08 A (re_p) in C3H were
considered. As seen in Fig. 4 for the case of C3H™ projectiles,
inner-shell ionization followed by autoionization must be
introduced in order to reproduce experimental cross sections.
These calculations predicted that the smaller the molecule,
the larger the role played, at fixed final charge, by inner-shell
ionization.

Calculations using the IAE model were also performed
for the case of incident C,H™ projectiles of 3.6 a.u. velocity
using impact parameter probabilities calculated at this velocity.
The role of inner-shell ionization was also found important,
as shown in Table 1. In this Table, the contribution of
inner-shell ionization to the ion production is reported, the
missing percentage corresponding to pure valence ionization

TABLE II. Experimental results concerning dissociation BR and KER(H™) distributions. Columns 4 and 5: partial BR of C,H’* molecules
(at fixed n, ¢ values) for channels involving H* emission in collisions at v » = 3.6 a.u. (column 4) and v, = 4.5 a.u. (column 5); error bars for
BR of column 5 can be found in the Appendix. Characteristics of measured KER(H™) distributions (columns 6 to 9) measured in v, = 3.6 a.u.
collisions obtained: by assuming a Gaussian shape distribution: exp —[(E — E\)?/20,?] (columns 6 and 7) or an asymmetric distribution made
of two half Gaussian distributions centered in E, and having standard deviations o,; (low energy side) and 0,5 (high energy side) (columns 8
and 9). Energies are having (+20%, —10%) relative error bars (see Experimental section).

System q Channel BR (3.6 a.u.) BR (4.5 a.u.) E; (eV) o1 (eV) E; (eV) o150 (€V)
CHY™ 1 cH* 4.0 3.0 3.5 2.3;34
2 CtH+ 7.9 2.7 7.2 2.1;3.2
3 CHH* 16.4 6.5 17.9 7.7;5.2
4 C3HH+ 20.7 8.4 23.5 10.5;5.9
C,H+ 1 Cy[H 0.20 0.15 0.9 2.8 0.1 0.1;3.2
ClcH* 1 1 1.2 3.1 0.3 0.2;3.5
2 CoHHT 0.93 1 6.0 2.0 5.6 1.8;2.3
CH|lC|HT 1 1 8.4 3.7 8.0 34,40
3 Cct|ctH* 1 1 15.1 4.7 16.2 5.6; 3.7
c*HcH* 0.11 0.08 15.1 6.6 17.7 8.8;4.3
4 CH|CcHH* 1 1 22.2 7.6 25.3 10.0; 5.2
CH|cH* 0.01 <5x%x1073 11.8 13.3 12.8 15.9;12.8
5 C>H|C?HH 1 - 30.0 9.3 333 11.9;6.8
C3H|CcHH* 0.35 - 26.5 10.2 30.4 13.1; 7.1
6 C3H|C?HH 35.6 10.9 39.2 13.4;,7.9
7 C3H|C3HaT 41.5 7.1 43.8 8.8;5.3
C3HI™ 1 CsH 1.5 1.4 0.8 04;1.8
GC,|CjH* 1.3 2.1 0.1 0.05;2.7
Clc|cjH* 6.5 6.6 6.5 7.9; 6.6
2 CyHH* - 1 8.5 4.2 8.3 4.1;4.3
C,F|C[H* 0.15 0.19 6.1 2.7 5.6 2.3;3.1
CH|CyHT 0.11 0.16 5.3 2.5 4.7 2.0; 3.0
CcHlc|cH* 0.32 0.32 7.3 33 6.5 2.7;4.0
3 C,F|CHHT 0.55 0.50 10.7 35 10.8 3.6;3.5
ctlcricHt 1 1 12.7 3.8 12.6 4.2;4.3
C,|CHH 3.4 x 1073 2% 1073 9.7 6.2
C*H|C|cH* 0.024 0.020 12.9 4.2 10.4 1.9;6.1
4 cH|CT|CTH* 1 1 19.5 6.6 22.0 8.5;4.5
Gy |CHHHT 0.020 0.014 13.9 8.1 18.5 11.6; 4.1
Cc|Ct|ctta 0.26 0.26 18.3 8.5 17.8 8.0; 8.9
5 CcH|CF|CHHHT 1 1 27.4 9.1 28.4 9.8; 8.4
C|cH|c?+Ht 0.04 0.04 32.8 4.4 25.5 2.4;9.0
6 CH|C*|C*H* 1 1 36.4 9.5 36.6 9.6;9.5
cH|cH|c3+Ht 0.18 0.12 324 11 329 11.5;10.7
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FIG. 5. Comparison between measured and calculated KER(H™)
in dissociation of C,H?". (a) Dissociation of CH?* into C4~D+-H+
channels. (b) Dissociation of C,H?* into C*|CT[H*, C>*|C+[HT,
C>+|C?HH*, C3+|C?+|H*, and C3*|C3*|H* channels for ¢ = 3, 4, 5,
6, and 7, respectively. (c) Dissociation of C3H?™ into C*|C*|CH[HT,
C>*|CH|CHH* and C**|C?*|CH[H* channels for ¢ = 4, 5, and 6,
respectively. Open triangles refer to cases where inner-shell ionization
contributes in a prominent way (>50%) to the ion production. Solid
lines refer to predictions of the PCCM model.

(for instance, CH** being produced at 76% by inner-shell
ionization followed by autoionization-plus valence ionization
versus 24% for triple valence ionization).

We also looked at the angular dependence of ionization
cross sections. Indeed, using the IAE model, it was predicted
long ago that large ionization degrees of a molecule are better
reached when the molecule is aligned along the beam [25],
a theoretical prediction checked experimentally [29]. We
performed calculations of differential C,H" ionization cross
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lowest curves) and CH?** (the five highest curves), together with
dissociation limits, relevant to interpretation of measured KER after
dissociation of CH>*. The two vertical lines refer to the Franck-
Condon region from v = 0.

sections do/d® (® being the molecule-beam axis angle) and
compared the results to the isotropic sin ® law. No alignment
was predicted for CH?" production cross sections. As to
C,HY" n = 2-3 ¢ > 4 production cross sections, a slight
distortion of the isotropic function in favor of lower ® values
was obtained, with a reduction of the mean value by 4%,
7%, 11%, and 8% for CHI*T ¢ = 4, 5, 6, and 7 and by
7%, 14%, and 20% for C3HIt ¢ = 4, 5, and 6, respectively
as compared to the isotropic case (57.29°). We remark from
these values that the alignment is predicted larger, at fixed
final charge, when the molecule is longer. Based on these
calculations, we derived corrected factors on experimentally
extracted KER(H™) values, as discussed in the Experimental
section.

IV. BRANCHING RATIOS OF DISSOCIATION OF
MULTIPLY CHARGED MOLECULES

A. Data for incident C,H* (n < 4) projectiles at 4.5 a.u.

Using the first setup, all branching ratios for dissociation of
C,H9™" species (n < 4, ¢ < 9) could be extracted. Branching
ratios (BR) for most prominent channels of dissociation are
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FIG. 7. MRCI potential energy curves of states of CH>*, together
with dissociation limits, relevant to the interpretation of KER
measurements following dissociation of CH**. The two vertical lines
refer to the Franck-Condon region.
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FIG. 8. MRCI calculations of potential energy curves of CH>*
states with one inner-shell vacancy (the four top states) together with
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shells (the two bottom states) pertinent to interpretation of measured
KER following dissociation of CH**.

given in the Appendix. More precisely, only channels having
BR > 1% and channels whose KER(H™) have been measured
have been reported; the reader interested in the complete set
of data may find it elsewhere [30].
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FIG. 9. Monopole intensities for various final states of CH?**,
starting from the ground state X' £+ (a) or from the metastable a*T1
(b) of CH*. Energies are referenced with respect to the ground state
of CH*.
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TABLE III. Population of final states of CH>* by valence single
ionization of CH™. Predictions are based on the use of Eq. (1) and
development of initial and final wave functions in main configurations
(see text). The initial wave function is the ground state of CH' except
for values in parentheses where it is the metastable state a*T1 state of
CH*.

State of CH>* Intensity
1’x+ 0.88 (0.92)
22yt 0.78

KEDohs 0

1211 (0.90)

2’11 ©)

3211 (0.54)

B. Data for incident C,H* (n < 3) projectiles at 3.6 a.u.

Only channels with HT emission were recorded in this
experiment, performed with the second setup. In Table II,
column 4, are shown measured partial dissociation BR of
C,H4™" (within fixed n, ¢ values) at v, = 3.6 a.u. In order to
make a comparison, we reported in column 5 values measured
at v, = 4.5 a.u. Very similar results are obtained with the two
projectile velocities, which makes sense.

V. RESULTS ON KER(H*) DISTRIBUTIONS IN C,H?*
(n < 3, g < 7) DISSOCIATIONS

In Table II, columns 6-9, are presented characteristics
of KER(H") distributions measured in 3.6 au. C,H"-
He collisions by assuming a Gaussian shape distribution
exp —[(E — E;)?*/20,%] (columns 6 and 7) or an asymmetric
distribution made of two half Gaussian distributions centered
in E; and having standard deviations o;; (low energy side)
and o,y (high energy side) (columns 8 and 9). Most probable
values are then E; or E, according to the shape of the
distribution used. As mentioned before, small differences
between these two values are observed. All experimental
energies are having (+20%, —10%) relative error bars (see
Experimental section).

As discussed in the Introduction, it is interesting to compare
the measured KER(H™) values with predictions of the simple
point charge Coulomb model (PCCM). In this model, point

TABLE 1V. Population of final states of CH** by valence double
ionization of CH™. Predictions are based on the use of Eq. (2) and
development of initial and final wave functions in main configurations
(see text). The initial wave function is the ground state of CH' except
for values in parentheses where it is the metastable state a>I1 state of
CH*'.

State of CH** Intensity
'+ 0.87 (0.88)
2y 0.81 (0.83)
e 0.69 (0)
Pyt 0.92 (0.94)
1'm (0.88)

1311 (0.94)
2311 (0.96)

032705-6



FRAGMENTATION OF MULTIPLY CHARGED HYDROCARBON ...

TABLE V. Same legend as Table IV but for states populated by

single valence plus single inner-shell ionization of CH™.

State of CH** Intensity
gz 0.75
9ly+ 0.65
D Ohs 0.81
53§:+ 0.73

charges (ionic charges) are positioned at the atomic sites of the
molecule which then relaxes under action of pure Coulomb
repulsive forces. We made this comparison in Fig. 5 for
CHY* [C@~D+_H* channels, Fig. 5(a)], C,HY* [Ct|CT|HT,
C2+|C+|H+, C2+|C2+|H+, C3+|C2+|H+, and C3+|c3+|H+
channels for ¢ = 3, 4, 5, 6, and 7, respectively, Fig. 5(b)], and
C;HY* [CT|CH|CTHT, C*H|CH|CHHT, and CH|C2H|CTHT
for ¢ = 4, 5, and 6, respectively, Fig. 5(c)]. Experimental
results (E; values of Table II) are shown by triangles where
full triangles refer to cases dominated (=50%) by pure valence
ionization and open triangles refer to cases where inner-shell
ionization dominates the ion production. Predictions of PCCM
are shown by solid lines. They were obtained, exception
made of the trivial CHY* case, by running a FORTRAN code of
classical molecular dynamics generated by Coulomb repulsive
forces. For “nonsymmetrical” channels C?'*|C42F|H* with
ql # g2, we averaged PCCM predictions obtained by
interchanging the two carbon atoms since the different
configurations (the higher charged atom being close or far
from H") lead to quite different KER(H™) results (for instance
24.7 eV for C**|C*|H™ and 32.6 eV for C*|C>*|H™). As seen
in Fig. 5, there are large deviations between measurements
and PCCM predictions that will now be discussed.

VI. INTERPRETATION OF KER RESULTS IN
DISSOCIATION OF CH?* MOLECULES

As shown in Fig. 5(a), large deviations between measure-
ments and PCCM predictions are observed. As discussed in
Sec. I, such a result has often been reported in diatomics and
sometimes interpreted on the basis of population of excited
states having a nonpurely Coulombic character [1]. We fol-
lowed this approach and did calculations of electronic excited

40
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30

KER (eV)

25
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states of CH? " molecules (¢ = 1-4) together with predictions
of their populations (Secs. VI A and VI B, respectively).
This allowed for a full comparison between measured and
calculated KER to be performed (Sec. VI C).

A. Calculations of ground state and electronic
excited states of CH?* molecules

Ab initio calculations of electronic ground and excited
states of CHY* molecules have been performed at multiref-
erence configuration interaction-configuration active space
self-consistent field level (MRCI-CASSCF) with cc-pVQZ
basis set using the MOLPRO package version 2010.1 (MOLPRO
[31]). In the ground and low-lying excited state calculations,
full valence and core orbitals (four o and two 7 orbitals) were
chosen as the active space for the CASSCF calculations. For
higher excited states, two ¢ and two 7 orbitals were further
added in the active space while consistency of the results was
checked. The number and the type of electronic states to be
calculated was dictated by predictions of their populations in
the collision, from the ground state (X' %) but also from the
first excited (a’I1) state of CH™, as explained in Sec. VI B.
The population of the metastable a*IT state in our experiment,
close in energy to the ground state (~1 eV), is probable as in all
experiments using ion beams [18] although the exact amount
of its contribution is unknown. Potential energy curves for
all electronic states were calculated for internuclear distances
between 1.5 and 7 a.u., that is, around the equilibrium distance
in CH' (2.14 a.u., in accordance with Amitay er al. [26]).

20
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FIG. 10. Competition between dissociation and Auger relaxation:
calculated variation of the KER value in dissociation of CH?*, as a
function of the Auger lifetime of the inner-shell hole.
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FIG. 11. Comparison between measured KER distributions (solid
and dotted curves, see Sec. II) in C*-H* dissociation (a) and C>+-H*
dissociation (b) and calculated KER starting from the ground state of
CH* (vertical black lines) or from the metastable ¢*IT state of CH*
(vertical gray lines). Arrows correspond to PCCM predictions.
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TABLE VI. PCCM predictions for KER(H™) values (in eV) for
some C,HY* channels when single (S), respectively, double (D)
Auger relaxation takes place on one, respectively, two carbon atoms
with a lifetime equal to 0.01 fs (column 3), 10 fs (column 4), 20 fs
(column 5), and 200 fs (column 6).

KER(H') KERMH') KERMH') KER(HT)
Final Channel (0.01fs) (10fs) (20 fs) (200 fs)
CH|cHa+ S 39.2 33.0 31.5 29.2
3t S 49.6 42.8 414 39.2
C3H|C?HH D 49.6 35.8 33.1 29.3
C3H|Cc3Ha D 60.9 45.8 43.2 39.8

In Fig. 6 are reported calculated potential energy curves
for CH* and CH?* molecules. As in all figures [Figs. 6-8]
the states are, exception made of the two states of CHY,
numbered within a given molecular electronic term in order
of increasing energy (in the Franck-Condon region). Note that
the numbering is operative even for states not represented.
Four doublet states and one quartet state of CH>* have been
considered, predominantly populated in the collision by va-
lence single ionization of CH™ as explained in Sec. VI B. The
lowest dissociation limit C*(2P,) + H™T has been calculated
at the same level of accuracy than the electronic excited
states (MRCI method), whereas higher energy dissociation
limits were derived from the knowledge of the C* electronic
excited state energies [32]. The kinetic energy release after
ionization is obtained by the difference between the energy of
the considered electronic state of CH?>* at 2.14 a.u. and the
energy of its dissociation limit. A width of typically 2 to 3 eV
for the calculated KER is associated to the Franck-Condon
region, indicated by two vertical solid lines in Fig. 6. Note
that a slight fraction of the incident CH™ molecules may be in
an excited vibrational state (v = 1 mostly) since the incident
temperature, of the order of 3500 K [22], corresponds to an
internal energy of 0.3 eV /degree of freedom, that is, slightly
larger than the zero-point energy (0.175 eV).

In Fig. 7 we report similar curves for CH>* states pre-
dominantly populated by double valence ionization of CH*.
These curves will be used for interpretation of the measured
KER following dissociation of CH** molecules. The widths
associated to the Franck-Condon region are here between 4
and 8 eV depending on the state.

Figure 8 was used to interpret measured KER after
dissociation of CH*". The dominant process for production
of CH** species from CH™ is indeed inner-shell plus valence
ionization followed by Auger effect (76%, see Table I, as
compared to 24% due to triple valence ionization). In Fig. 8
the four top curves correspond to CH3* states having one
inner-shell hole, whereas the three lowest curves refer to CH**
with all vacancies in the valence shell.

B. Predictions of populated states

Predictions of populated states have been done on the basis

of two main approximations:
(1) We assumed that the electronic ground and excited states
of CH?* molecules are produced by pure ionization, that is,
without associated electronic excitation due to the projectile.

PHYSICAL REVIEW A 84, 032705 (2011)

This statement is based on calculations of {ionization +
excitation} cross sections performed within the IAE model
in the C* (v = 2.6 a.u.)-helium collision. We indeed found
this double process to be of the order of 10% of the exclusive
ionization for the case of single ionization, and of lower
magnitude for the case of double and triple ionization.

(2) We assumed that ionization cross sections are identical
for all valence electrons.

Then the probability of reaching in the collision, by valence
single ionization of an initial N-electron state @, a given final
(N—1) electron state ®; is equal to /, the intensity of the
ionization peak in the monopole approximation [33]:

1= [(® (N = Dlai| @o(N)) 2, (1)

where N is the number of electrons in the initial state and a;
the annihilation operator for molecular orbital i.

The term in brackets on the right-hand side of Eq. (1)
represents the probability amplitude of being in a final state
@ after removing an electron in the molecular orbital i of
initial state @. It has been extensively used in photoionization
and photoemission studies, following the pioneer theoretical
work of Martin and Shirley based on configuration interaction
methods [34], referred to as the spectroscopic factor [35,36]
or, for its squared value, as to the pole strength in Green’s
function methods [36,37]. In particular, the good account of
this term for reproducing experimental photoelectron spectrum
using a state-independent photoionization cross section has
been demonstrated by Krummacher et al. [36].

We obtained monopole intensities for various final states
of CH?* using Eq. (1) and correlated initial and final states.
For this calculation main terms, associated to coefficients
greater than £0.3 in the development of ®; and ®, on
molecular configurations, were considered. We checked this
approximation for some cases and found good agreement. In
Fig. 9 and Table III are presented these monopole intensities
for various final states, starting from the initial ground state
of CH* [Fig. 9(a)] or from the metastable a°IT state of CH*
[Fig. 9(b)]. Interestingly enough, the 2 2IT state is not predicted
to be populated from the metastable state, whereas the 3 *I1
state is populated [Fig. 9(b)]. This is due to the fact that
transition from @*IT to 2 2IT would involve a 20 ionization
accompanied by a forbidden spin flip of either a 30 or Ix
electron.

Predictions of final state intensities of CH3*, following
double valence ionization of CH*, were performed using a
generalization of Eq. (1), namely [38],

1= (PN —2)aia;|Po(N)[ )

i j<i

an expression involving two annihilation operators a; and a;.

TABLE VII. Same legend as Table VI for some C3H?* channels.

KER(H*) KER(H*) KER(H') KER(H")

Final Channel (0.01fs) (10fs) (20 fs) (200 fs)
crlct|cHHT S 31.6 28.1 27.1 25.2
CH|C?+|C**H S 40.2 35.2 33.8 31.8
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As in the preceding case, terms associated to main molecu-
lar configurations of ® and ® ; (i.e., coefficients greater than
+0.3) were considered. Results for calculated intensities are
reported in Table IV. The same procedure was followed for
prediction of CH** states ionized in inner and valence shells.
In this latter case, only states populated from the ground state
of CH* were considered. It led to the consideration of four
states (top states in Fig. 8) whose predicted intensities are
given in Table V.

As in all molecules built with light atoms, the Auger decay
rate largely dominates the x-ray fluorescence rate of core
excited or core ionized molecules [16]. Relaxation of these
four inner-shell ionized states by Auger effect will then occur.
A proper calculation of the molecular Auger probability is not
an easy task and has not been done here. We assumed that all
transitions of the type 106 ! — 202 and lo~! — 207! 36!
were equally probable and predicted final populated states
'S+ (pure 10% 20 configuration) and >X* (pure lo? 30
configuration) on the basis of combinatorial considerations
only. Triplet states of CH** were found to share equally
between the two final states of CH*+, whereas the 8 ! T+ state
(9 '=7") was found to reach in 75% of cases the final 1 2%+
(22%%) and in 25% of cases the 22XF (12X7). Another
question concerns the competition between Auger relaxation
and dissociation. The time at which Auger relaxation occurs
will have a sizable effect on the KER value as illustrated in
Fig. 10 for the case of pure Coulombic curves. Results of
Fig. 10 were obtained by running a molecular dynamics code
in which dissociation and Auger effect, of variable lifetime,
were introduced. The same code was used for simulation of
the “real case” depicted in Fig. 8. In that case we fitted,
for sake of simplicity, the states of CH** and CH*" with
Coulombic curves of the form o + (B/R) with adjustable o
and B parameters. It appeared that states of CH** are almost
pure Coulombic curves since, fixing « to the theoretical value
(dissociation limit), values of 2.82 and 2.99 were obtained for
B, respectively, for 1 22+ and 2 2%, that is, close to the point
charge value of 3. By contrast, the CH** curves could not be
fitted well with « values equal to the dissociation limits so we
let their values free in order to get a good fit of the curves in
the 1.5 to 7 a.u. domain of internuclear distances.

C. Comparison between calculated and measured KER

Comparisons between predicted and measured KER are
presented in Figs. 11 (CH?>* and CH3*) and 12 (CH**). Mea-
sured KER were extracted from measured KER(H™) values
using formula (3), derived from momentum conservation law:

KER = KER(H")[M(CH)/M(C)] = KER(H)(13/12).  (3)

For calculated KER we report results obtained when
considering the incident CH™ in its ground state (black vertical
lines) or in the metastable state (gray vertical lines). In order to
be more visible, we reported intensities corresponding to the
case where half of the CH™ are in the ground state and half in
the metastable state, although the contribution of metastable
in the beam is likely to be lower. The arrows in Figs. 11 and
12 represent results of the PCCM model. Widths of the lines,
due to the Franck-Condon region and experimental energy
resolution (see before), are not shown. These widths, averaged
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over the different lines, are of the order of 4 eV (CH?*), 7 eV
(CH**), and 10 eV (CH*').

As seen in Fig. 11, KER values based on calculations of
electronic excited states of CH>* and CH** are in much better
agreement with the experiment than PCCM predictions. We
note that the difference between both calculations decreases
with the charge, which is to be expected. In Fig. 12 we reported
results of KER values in CH** on the basis of three assump-
tions concerning the Auger lifetime: very “short” lifetime
[Fig. 12(a)], 20 fs lifetime [Fig. 12(b)], and very “long” lifetime
[Fig. 12(c)]. Figure 12(a) corresponds to an immediate Auger
effect as compared to dissociation which operates exclusively
along the steep CH** curves. Figure 12(c) is opposite with
dissociation entirely operating along the CH** curves. Both
cases lead to a poor agreement with the experiment [especially
Fig. 12(a)]. It is interesting to note that the difference between
results derived from electronic excited states calculations and
PCCM predictions is increasing with the Auger lifetime.
Whereas close results are obtained in the absence of Auger
effect [Fig. 12(a)], which is to be expected in CH**, a shift
operates when the Auger effect is introduced which is due to
the fact that the curves have different steepnesses as a function
of R. Finally, the case where the Auger lifetime is equal to
20 fs [Fig. 12(b)] is the one leading to the best agreement
with the experiment. This is very satisfactory since this is the
lifetime we expect on the basis of what has been measured in
Ct (between 6 and 11 fs) [39] and C2* ions (between 10 and
30 fs depending on the valence configuration) [40].

VII. INTERPRETATION OF KER(H') IN C,H?*
AND C;H?* DISSOCIATIONS

For those two cases we restricted our analysis to a
comparison between experiment and PCCM calculations. As
seen in Figs. 5(b) and 5(c), deviations between experiment and
PCCM predictions for KER(H™) values are largely reduced as
compared to the CH?* case. It may be due to the fact that
more states contribute and that there is a kind of average of
all individual differences. Still a net discrepancy remains for
C,HY™, g > 5 that is examined below.

For C,H?™ ¢ > 5, single inner-shell ionization and double
inner-shell ionization for the highest charges are contributing
in a dominant way to the ion production (see Table I). We
then introduced, in a similar way as before, single and double
Auger relaxation in the three-body code of classical molecular
dynamics. The Auger lifetime "4 was varied, and taken the
same in the case of relaxation by one or two Auger processes.
We present in Table VI the KER(H™) values calculated for
various Auger lifetimes I"4 for the channels of interest and
for single (S) as well as double (D) Auger relaxation. Double
Auger relaxation, which induces an increase of +2 of the
molecule charge, leads to amuch larger correction of KER(H™)
than single Auger. The case I' 4 ~ 20 fs is of particular interest,
as it was shown to reproduce well the experiment on CH** (see
Fig. 12) and it is also a plausible value on the basis of what
is known in C¢™ ions. We present in Fig. 13 KER(H™) values
calculated with I'y = 20 fs and resulting from a weighting of
KER(H™) due to inner-shell ionization (single and double) and
due to pure valence ionization, following percentages given in
Table 1. Results are reported in Fig. 13, as a broken line. As
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FIG. 12. Comparison between measured KER distributions (solid
and dotted curves, see Sec. II) and calculated KER (vertical black
lines) in C**-H* dissociation as a function of the inner-shell vacancy
Auger lifetime. Arrows correspond to PCCM predictions.

seen in Fig. 13, corrected PCCM predictions are now inside
the experimental error bars.

For C3HY™ [see Fig. 5(c)], the comparison between exper-
iment and PCCM predictions is satisfactory for all considered
q values. We nevertheless performed the corrections due to
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FIG. 13. Comparison between measured KER(H") and PCCM
predictions corrected from Auger with a lifetime of 20 fs (dashed
line) for the dissociation of C,H?™, g = 5-7.
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FIG. 14. Same legend as Fig. 13 for dissociation of C3HY™", ¢ =
5-6.

inner-shell ionization followed by Auger relaxation, as in
previous cases, working with a four-body code of classical
molecular dynamics. In Table VII KER(H™) values calculated
for various Auger lifetimes I'4 for the channels of interest
are reported and in Fig. 14 corrected KER(H™), performed
with T’y = 20 fs, and weighted according to percentages of
Table I are reported as a broken line. As seen in Fig. 14,
the corrected-Auger PCCM KER(H™) values agree with the
measured ones.

VIII. CONCLUSIONS

In conclusion we have performed measurements of ion-
ization cross sections and dissociation branching ratios of
multiply charged species produced in v, = 4.5 a.u. C,H'
(n < 4)-He collisions, as well as measurements of partial
branching ratios for channels involving H* emission and
associated KER(H") of multiply charged species produced
in v, = 3.6 au. C,H" (n < 3)-He collisions. The first set
of data was useful to check the validity of the IAE model
for ionization cross sections calculations, the contribution
of inner-shell ionization and also useful for checking the
partial branching ratios measured in the second type of
experiment. For channels involving H™ emission selected
in this second type of experiment, we measured KER(H™)
values considerably lower than predictions of the point charge
Coulomb model (PCCM) for CH?* (¢ < 4) dissociation and,
in a less extent, for C,HY T dissociation. Ab initio calculations
of electronic excited states of CHY* performed within the
MRCI approach as well as predictions of their population
intensities allowed a perfect understanding of measured KER
distributions. Another result was the extraction of an Auger
lifetime for an inner-shell vacancy in CH?* whose value
(~20 fs) is close to Auger lifetimes measured in C?* atomic
ions. This Auger lifetime, introduced in the PCCM model,
allowed also to satisfactorily reproduce measured KER(H™)
in the case of dissociation of C,H?* and C3HY" molecular
ions. The PCCM approach, when corrected, appeared then to
be reasonably good for predictions of KER(H™) in dissociation
of C;HY™T (¢ > 5) and C3HIT (¢ > 4).
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APPENDIX
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Branching ratios for incident C,H" projectiles at 4.5 a.u. (see Sec. IV A) are given in Table VIII below

TABLE VIII. Measured dissociation branching ratios of C,H?* molecules produced in 4.5 a.u. C,H"-He collisions.

CH+ BR (%) C,HI* BR (%)
Channel q (abs. error) Channel q (abs. error)
CctHH* 2 83.5 (1.4) Ct|lcH* 2 41.6 (5.1)
C*H 16.5(0.3) CyHH* 23.0 (2.1)
ctlcH* 22.5 (2.6)
2C*HH 12.1 (1.0)
2CHH* 3 87.4(5.2)
C?H|cH 7.6 (1.0)
C?*|CHH 4.8 (0.4)
C>H|CtHH* 4 97.9 (2.3)
2C*HH 2.1(0.5)
C;HI* BR (%) C;HI* BR (%)
Channel q (abs. error) Channel q (abs. error)
C,H*|C 2 29.8 (3.0) H[3C*t 5.5(0.7)
C;HH* 19.9 (1.5) 2C|C?HH* 0.9 (0.4)
C,*|CH* 12.3(0.7) Ct|CH*|C** 4 12.6 2.7)
C|c*|cH* 8.1(0.7) CyF|CHHT 0.9 (0.7)
H|C,F|C* 6.7 (0.5) 3CHH* 65.5 (6.0)
C|CHH* 3.9(0.5) qct|c? |t 17.2 (3.0)
G,|CtH* 3.2(0.5) H[2CH|C?+ 3.2(0.5)
CH|2C* 1.8 (0.75) 2CF|C2HHF 5 91.3 (10.0)
C[H[2C* 7.3 (0.75) Cl2c?+|H* 4.1 (3.0)
2C|CHH* 6.5 (0.6) H|CF]2C* 2.1(1.0)
C3tFH* 3 1.7 (0.5) C|cH|c3HH* 1.9 (1.4)
CH|ctHY 21.5(2.7) CH2C2+|H+ 6 84.3 (27)
2C*|CH* 20.1 (2.7) 2CH|CHHT 10.6 (6.6)
CH|C*|C?+ 3.6 (1.5) C|cH|c3+H 4.2(2.8)
C|CH*|C?+ 3.3(1.0) 3C*|H* 7 50.3 (34.2)
C,|C*HH* 0.10 (0.1) CH|CH|C3HHT 49.7 (38)
Cl2CctH* 41.7 (2.5)
C4HI+ BR (%) C4HI+ BR (%)
Channel q (abs. error) Channel q (abs. error)
C H2+ 2 3.3(0.2) H|C,*[2C* 3 5.2(0.2)
C;HF|C 39.7 (2.5) 2C2CHH* 23.3 (0.4)
C;*|CH* 4.5(0.8) CH[3C* 7.1(0.4)
C,*|CoH 3.6 (0.5) CyF2CHH* 4 24.6 (1.5)
C,HH* 3.1(0.2) 3Ct|cH* 4.8 (4.4)
H|C;F|C* 10.0(0.2) C]3CHH* 55.9 (1.5)
C|C;FHY 2.9(0.1) 2C|CH|CHH 4.6 (0.5)
G,|C*|cH* 23(0.3) Hj4C* 3.4(0.3)
C|C,HF|C* 2.1(0.6) C[H[2CH|C* 2.0 (0.5)
C|C,*|CH* 2.1(0.3) CH|ct|cH 5 3.8 (1.0)
H[2C,* 2.0 (0.1) 2CH|CH*|C?** 1.6 (4.0)
G;|CtH* 1.7 (0.1) 4CHHT* 60.4 (3.4)
C|CHH* 1.2(0.1) Cl2ct|cHH 29.2 (2.6)
CH|C,*|C* 1.0 (0.3) 3CHCHHY 6 79 (9)
CH|C,*|Cc 43(0.2) Cl2cH|C3Ht 22(1.2)
G|c|cHH 2.7(0.1) C|CH2C?H 16.6 (3.6)
Cy[H]2C* 2.2(0.1) H2C*2C** 2.0 (0.5)
2C|C,HHT 2.1(0.1) 2CH2C2+|H* 7 81 (19)
2C|cH|cH* 1.8 (0.6) 3Ct|C3H Y 8 (5)
2CH[2C* 3.1(0.2) C3C*H* 7 (4)
3C|cHHt 2.5(0.1) C|cH|cF|c3H* 43)
C;H>H|C 3 3.1(0.1) CH3C*HH 8 64 (47)
CyH|CHH* 12.8 (0.5) 2CF|C2H|C3H|HT 25 (25)
Cy*|cH|cH* 5.8 (1.1) Cl2C*F|C3*H* 8.5(8.5)
20, H 5.5(0.3) H|CH[2C*H|C3* 1.7 (1.7)
CH*|2C* 4.2(1.1) Ct2c?+|c3+H+ 9 66 (45)
Cl2Ct|CH* 3.8 (1.0) 4C*HH* 24 (17)
clCt|ctHHY 19.9 (0.6) 2CH2C3+H 7(7)
Col2CHHt 5.9(0.3) C|CH 2C3HHT 2(2)
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