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Direct measurement of delayed-detachment rate constants of C;~
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Delayed electron detachment induced by resonant two-photon excitation of C;~ is observed using an electro-
static ion storage ring. Radiative cooling during the period of more than 100 ms storage considerably narrows
the initially very broad internal energy distributions resulting in the delayed detachment profiles to be well
fitted by single-exponential functions. The time constants of the decay, representing the electron detachment
rate constants, are found to be much smaller than the theoretically predicted ones based on the detailed balance
theory employing the state density of the harmonic vibrations.
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I. INTRODUCTION

Small carbon cluster anions, of which chain-form struc-
tures are most stable, are considered promising candidates
for interstellar molecular anions, especially since findings
of hydrogen-terminated carbon chain anions in space [1,2].
Compared with both neutrals and molecular cations, anions
are, in general, fragile because of their much lower threshold
for thermal decay. The survival probability of anions excited
to an energy level above the electron detachment threshold is
determined by a competition between spontaneous electron
detachment (autodetachment) and stabilization by radiative
cooling. This potentially increases the survival rate by a sig-
nificant amount. Evaluation of these rates as a function of
the internal energy is therefore of great importance to under-
stand the stability of anions isolated in vacuum. Ion storage
experiments on small carbon cluster anions conducted during
the previous decade have already significantly deepened the
understanding of radiative cooling, demonstrating that C4~
and C¢~ are cooled by recurrent fluorescence whereas Cs~
and C;~ are cooled solely by vibrational transitions [3—8].

On the other hand, the evaluation of electron detachment
rates, as a function of the internal energy, has relied on
theoretical calculations because of the lack of experimen-
tal values. Autodetachment is a thermal process of highly
excited molecules for which treatments by first-principle cal-
culations are difficult. The missing ingredients are precise
level densities and electron attachment cross sections for
the neutral. The effects associated with angular momentum
conservation, briefly discussed at the end of this paper, add
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to the theoretical uncertainty and allow some tolerance in
the detachment rate constants derived by standard methods
[9]. Thus, experimental determination of the rate constants,
together with refinement of the theoretical procedure, will
significantly enhance the reliability of the prediction of the
survival probability of anions. In addition, accurate values of
the detachment rate will improve estimates of the radiative
cooling rate (see below), although this effect will admittedly
be small.

In a previous paper on storage ring experiments of C;~,
with storage times up to 35 ms, we showed that the reduction
of the internal energies by vibrational radiative cooling can
be tracked by a variation of the delayed electron detachment
yields against the laser firing times (~ ion storage times)
[4]. The analysis was based on the fact that the neutrals pro-
duced by photoexcitation are detected only for decays during
a limited time window, specifically when electron detachment
occurs in the straight section upstream of the detector during
one of the revolutions of the ions in the ring. The counts of the
detected neutrals are proportional to the number of the ions
undergoing electron detachment during the time they spend in
this straight section (time window). Considering the detach-
ment rate constant as a function of the internal energy, the time
windows were converted to the energy windows, of which the
width strongly depends on the cluster size [3,5,7]. Recently,
the vibrational radiative cooling rates of C;~ were modeled
in a time range up to several tens of seconds to reproduce the
variation of the detachment yields measured in a cryogenic ion
storage ring [10]. In these studies, the theoretically obtained
detachment rate constants, calculated based on the detailed
balance theory [11], were adopted.

In the present study, we revisit the question by measuring
laser-induced delayed electron detachment from C;~ stored
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FIG. 1. Energy level diagram of C;~ showing the electron de-
tachment threshold Ey, along with the X and A states. E; is the
internal energy before photoexcitation and E; is the internal energy
after two-photon excitation.

in an electrostatic storage ring (TMU E-ring), with laser firing
times of up to 290 ms, combined with excitation spectroscopy
by resonant one-color two-photon (1C2P) excitation. As a
consequence of the longer storage times compared to our
previous work, ions cool down further, leading to a narrower
energy distribution of the internal energies. We will show
that the electron detachment rate constants can be obtained
experimentally as a function of the internal energy, with only
a small uncertainty given by the internal energies before laser
excitation.

A schematic energy diagram pertaining to the present study
is shown in Fig. 1. The first step is excitation to the A state
from the vibrationally excited X state with the internal energy
denoted by E;, from which the cluster gradually loses vibra-
tional energy by radiation during storage. The band origin
of the transition to the A state is determined to be 1.98 eV
[12]. The second photon absorbed from the same laser shot,
thus with the same wavelength, generates anions above the
detachment threshold, providing the energy needed for de-
layed electron detachment. Within the time resolution of the
ion storage experiments, internal conversion (IC), inverse in-
ternal conversion (IIC), and intramolecular vibrational energy
redistribution (IVR) processes take place so rapidly that we
can adopt a statistical model to treat these excited states as
populated thermally by the vibrationally excited ions. That is,
the electron detachment rate is governed by Ey, the energy of
the emitting state, independently of the energy of the interme-
diate A state.
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FIG. 2. Schematic drawing of the ion storage experimental setup.
Stored C;~ ions were photoexcited by the OPO laser beam which
intersected the anion beam at a small angle to avoid hitting the
MCP,, which detected the neutral species generated in the lower
straight section. The neutral species generated in the upper straight
section were detected with the MCP;. 1,,»(n =0, 1,2, ..., ) denote
the signal intensity obtained at the (r/2)" revolutions after laser (see
text).

As a typical chain-form cluster anion, the electronic and
vibrational structures of C;~ have been studied intensely
both experimentally and theoretically [12-22]. The electron
detachment threshold is determined to be 3.36 eV by pho-
toelectron spectroscopy [14]. The electronic excitation of
C;~ has been studied by various methods, as summarized
in the review paper of Ref. [23]. UV-vis absorption spectra
of C;~ embedded in the neon matrix present information
on the transitions to the A2I1, B2I1, and C2I1 states with
accompanying vibrational excitation of vy, v, and v; modes
[17]. In the gas phase, an excitation spectrum of resonant
multiphoton electron detachment from C;~ shows several
peaks assigned to transitions to the A state accompanying
vibrational excitations [19]. Hot bands are observed in that
spectrum, indicating that the anions are not entirely cooled
by a helium carrier gas flow in the laser vaporization source.
High-resolution excitation spectra obtained by two-color two-
photon resonance enhanced detachment in which vibrational
structures are well resolved and the close match of the peak
positions to those of the diffuse interstellar bands (DIBs) are
discussed in Refs. [12,20]. For C;~, photoexcitation results
in electron detachment with no signature of dissociation [24],
in contrast to the case of collision-induced reactions [25]. The
vibrational spectroscopic constants of C;~ have been obtained
by IR absorption spectroscopy in argon matrix and theoretical
calculations [18], which are also used in the present study.

II. EXPERIMENTS AND CALCULATIONS

The experimental setup is shown schematically in Fig. 2.
The instrument has been described in detail in Ref. [26] to
which the reader is referred for more details. Therefore, we
just give a summary of the experiment here. Carbon cluster
anions were produced by laser ablation of a graphite disk,
irradiated by a 532-nm wavelength pulse from a Nd:YAG
laser with a 10-Hz repetition rate. Cooling gases were not
used in the source and the anions, therefore, retained consid-
erable internal energies, as demonstrated in our previous work
[3,5]. C;~ anions were accelerated to 15 keV kinetic energy
and injected into the TMU E-ring operated at room temper-
ature, where C;~ anions, composed only of the 2 isotope,
were mass-selected during storage by applying kick pulses;
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at 100 us storage anions with different numbers of carbons
were removed by a first kick-pulse; at 400 us storage, when
the temporal separation of 84 and 85 amu became about 2 ps,
hydrogen adduct anions and the '*C containing anions were
therefore removed by the second kick-pulse. An rf buncher
was used to keep the bunch length shorter than 2 ps.

After a preset storage time, the ions were pho-
toexcited with a  wavelength-tunable = nanosecond
laser from an optical parametric oscillator (OPO),
merged with the ion beam in one of the straight
sections of the ring. The OPO laser power was fixed to
2.0 mJ/pulse, and the laser beam diameter was about 5 mm.
The neutral particles produced by photoexcitation were
detected using microchannel plate (MCP) detectors placed
at the extension of the straight sections. Excitation spectra
of I, (n=0,1,3,5), where I,/, stands for the yields at the
(n/2)™ revolutions after photoexcitation, were obtained by
scanning the laser wavelength. As illustrated in Fig. 2, n =0
corresponds to detachment in the laser merging side and
odd numbers of n correspond to detachment in the opposite
side. Hereafter, the delayed decay profiles are discussed for
the odd integer values of n to avoid complications caused
by the different detection efficiencies of the two detectors.
The OPO wavelengths were scanned from 580 to 670 nm,
covering transitions to the A state. Electron detachment yields
by excitation wavelengths longer than 670 nm were very
low, as expected. On the other hand, the delayed electron
detachment was too fast to obtain the time constant of the
decay when anions were excited with the wavelength shorter
than 580 nm. The counts due to collision-induced detachment,
evaluated by exponential fitting of the counts from 200 turns
immediately before laser firing, were subtracted to obtain
the true photon-induced detachment signal. The background
signal due to autodetachment from the anions was evaluated
from the yield without laser excitation, which was negligibly
small in the relatively long storage time region of interest.

The procedure of the theoretical calculations of the emis-
sion rate constant is the same as that employed previously
[8,27]. The electron detachment rate constant k4 for different
internal energy Er was calculated based on the principle of
detailed balance theory [11] as follows:

E-En 2m pa(Er — En — €)
kq(Ef) = o.(€)e de, 1
e = [ e . M

where m and € are the mass and kinetic energy of the elec-
tron, respectively, and o, (€) is the kinetic energy-dependent
electron-capture cross section. o.(¢) was evaluated using the

2a
4 ege

Langevin cross section we The polarizability volume

o was calculated to be 50.4 A3 for the optimized geometry
of the neutral molecule using the GAUSSIANQ9 software [28].
The pq and pp, are the level densities of the daughter (neutral)
and parent (anionic) Cy, respectively. The electronic degen-
eracies of the parent and daughter were included in their level
densities and the spin degeneracy for the emitted electron
is accounted for explicitly by the numerical factor of two
in Eq. (1). The pgq and p, were calculated numerically with
the Beyer-Swinehart algorithm with the assumption that all
the vibrations were harmonic. The quantum energies of the
vibrations of the 16 modes of linear structures were adopted

from [18] for the anion and from [29] for the neutral. The
effect of the Renner-Teller distortion on the number of vibra-
tional degrees of freedom and the density of states is discussed
below.

At a given internal energy E, the photon emission rate con-
stant k{"(E) of the vibrational transition for the ith vibrational
mode is given by

E /hv;
. . 1
KO(E) = SAY (—— 3" p(E — nhvy), )
p(E)

where n is the vibrational quantum number, v; is the vibra-
tional frequency of the ith mode, and p is the level density
of all the vibrational modes of the anion. A'” o is the Ein-
stein A coefficient for the vibrational transition { and S, is
a dimensionless fit parameter that corrects the calculated A
coefficient, analogous to the procedure used in Refs. [8,27].
The electronic cooling rate is negligibly low (25 to 100 s~!)
for the relevant values of Ef.

For anions with high internal energies, radiative cooling of
C;~ was found to be dominated by a single vibrational mode,
vs with the numbering used in Ref. [18] (v;3 in Ref. [10]).
For this mode the A coefficient is more than one order of
magnitude larger than the others. Later, we approximate the
total vibrational cooling rate ky(E) by k5(E) in the energy
region where ky,(Ef) and kq(Ey) compete. This convenient
approximation is justified by the fact that averages of energy
distributions cool exponentially with time, irrespective of the
form of the distribution [30]. This means we can approximate
the cooling with the dominant term with little error. What
is required for this exponential decrease is a sufficiently fast
statistical mixing, or intramolecular vibrational energy redis-
tribution, and some amount of vibrational excitation energy.

III. RESULTS AND DISCUSSION

Excitation spectra of electron detachment observed at dif-
ferent revolutions after excitation are shown in Fig. 3, where
the laser firing times (storage times) are 80 ms (left) and 190
ms (right). The peak at around 630 nm (1hv = 1.97eV) (peak
I) is assigned to the band origin of the transition to the A state,
and that at around 605 nm (1Av = 2.05eV) in the Iy spectrum
(peak II) corresponds to the transition to the vibrationally
excited A state (3(1)), referring to the reported spectra [19].
The broad band feature of these peaks are due to the overlap
of many transitions, involving initially excited low-frequency
modes and unresolved rotational envelopes.

The peak II becomes much lower in the 7, spectrum and
disappears in the spectra measured at later times, whereas
the peak I remains. The faster decay of the peak II is in-
terpreted simply as due to the higher Ef, which causes a
faster depletion of the population. The Iy spectrum obtained
at 190 ms shows significant lowering of the signal intensity
in the higher-energy region and resembles the spectrum of
the “moderately hot” C;~ measured previously, where anions
produced by laser ablation of graphite with cooling gas were
used soon after production [19]. As for the relative intensities
of the spectra as a function of time after laser irradiation, a
detailed discussion is provided below.
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FIG. 3. Excitation spectra of (a) Iy, (b) 1,2, (¢c) Lz, (d) Isp
obtained at 80 ms and (e) Iy, (f) 1,2, (g) 13,2, (h) Is;» 190 ms laser
firing times. The vertical axis is the ratio of the laser-induced counts
to the collision-induced counts. The spectrum depicted in the red line
is a trace of that reported previously [19].

Plots of I;/, versus the laser firing times are shown in
Fig. 4, where the excitation wavelengths are [Fig. 4(a)]
610 nm and [Fig. 4(b)] 640 nm. As seen from Fig. 3(a), 610-
nm excitation corresponds to the higher-energy shoulder of
the band I and 640-nm excitation corresponds to the hot band.
The observed fast decrease of the signal, up to 20 ms, common
for both spectra, is due to the decay of the high E; components
for which one-photon absorption induces electron detach-
ment. After this initial decrease, the detachment yields slowly
increase, reflecting an increase of the low-energy components,
which are lifted to the region of slow electron detachment
by two-photon absorption. Such switching from one- to two-
photon processes was also observed for C4~ and Cg~ [8].
At longer times the yields for 640-nm excitation [Fig. 4(b)]
decrease again, corresponding to a decrease of the hot band
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FIG. 4. Plots of the laser-induced electron detachment yields
after 1;» turn in the ring versus laser firing times for (a) 610-nm
excitation and (b) 640-nm excitation. The vertical axis is the ratio of
the laser-induced counts to the collision-induced counts.
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FIG. 5. Delayed detachment curves obtained at the laser firing
time of 190 ms, with the wavelengths of 620, 630, 640, and 650 nm.
The lines give the fits of single exponential functions to the decays.
The intensities are here normalized to 1 for # = 0. Some part of the
scatter around the lines is due to the betatron oscillations of the ion
trajectories.

intensity. On the other hand, the yields for 610-nm excitation
[Fig. 4(a)] appear to approach an asymptote, reflecting a slow
increase of the population of near-ground states.

From the data shown in Figs. 3(e), 3(f) 3(g), and 3(h), we
made the plots of /,,/» with the excitation wavelengths of 620,
630, 640, and 650 nm (2hv = 4.00, 3.94, 3.88, and 3.82 eV)
at a laser firing time of 190 ms, as shown in Fig. 5. It is
clear that each decay can be fitted by a single exponential
function. This is not the case for those obtained at earlier laser
firing time because of the presence of decays with different
time constants, as demonstrated later (in Fig. 8). A reasonable
interpretation is that the radiative cooling efficiently narrows
the internal energy distribution at 190 ms, permitting us to
describe the decay with a single common detachment rate
constant across the distribution. The decay profiles show a
systematic variation of the time constants (decay rates) with
the excitation wavelength.

The time constant in the signal decay can be approxi-
mated by the electron detachment rate (kq) as long as the
radiative quenching rate of the electron emitting state is ap-
preciably smaller than k4. The validity of this assumption is
examined below, but we note already in advance here that if
radiative cooling contributes to the decay of the signal, the
observed rate constant provides an upper limit to the true
value.

To evaluate Ej, the time evolution of the energy distribution
was simulated. For simplicity, energy distributions at the time
of ion extraction from the source were calculated as pertaining
to canonical conditions. The results assuming an ion source
temperature of 2000 K are shown in Fig. 6. Hereafter, we
focus on the behavior at 190 ms, where the energy distribution
is not sensitive to the correction factor S, for the IR cooling
rate because the population of the vibrational excited state of
the dominant IR mode (1835.7 cm™!, v5 in Ref. [18]) is, in any
case, very low, as demonstrated by the simulation in Ref. [10].
For example, use of twice the IR cooling rate leads to a low-
ering of the peak position of the distribution by only 0.03 eV.
The terminal energy content is likewise fairly insensitive to
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FIG. 6. Energy distributions of C;~ simulated for various storage
times, 0, 10, 40, 60, 90, 190, 290 ms (right to left) with the method
described in Ref. [27]. The simulated distributions are smoothed for
better visibility.

the value of kg4 and to the initial ion source temperature. A
change in these factors leads to a drastic change in the energy
distributions at the beginning of ion storage, but the difference
decreases with storage time. Thus, the nominal E; values at
190 ms, ignoring the energy spread, can be safely estimated at
0.24 eV.

The procedure shown in Fig. 5 was applied to the data
for all measured wavelengths. The obtained k4 is shown
in Fig. 7 against the internal energy of electron-emitting
anions, Ef = 2hv + 0.24 eV is shown in Fig. 7, together
with the theoretically predicted k4 from Eq. (1). The kq
calculated with harmonic vibrations is about two orders of
magnitude higher than the experimental k4. The theoretical
vibrational radiative cooling rates of the dominant IR mode
(k$ =~ k) are also indicated by the dashed red line, where
the correction factor Sy = 1, determined by fitting the de-
cay profiles as described below, is adopted. In the energy
region surveyed in the present study, the condition kg4 > k,,

— kd theory
- - - kv theory
* experiment

Lo )
0g0000°¢
) wﬁ‘-.wﬂ**’“"‘w
[]

Rate constants (s™)

400 405 410 415 420 425 430 435 440
Internal energy (Ef = 2hv + 0.24 eV)

FIG. 7. Plot of kg against E. The black line indicates the the-
oretical kq obtained from the harmonic level densities and Eq. (1).
The dashed red line indicates the vibrational photon emission rate
constant of the main vibrational mode (k) calculated by Eq. (2).

required to approximate the measured decay rates with kg, is
satisfied.

To examine self-consistency, the decay profiles of shorter
storage times, which are more sensitive to k,, are simulated
for Sy, = 0.5, 1.0, 2.0 convoluting the k4 in Fig. 7 with the
population in Fig. 6. The plots of /,,, obtained by varying
laser firing times are shown in Fig. 8, for excitation wave-
lengths of 630, 640, and 650 nm. Simulated decay profiles
are shown in solid lines, where slower decay corresponds to
higher S,. As a whole, good agreement is obtained for S, =
1, which is adopted in the procedure of estimating E;. The
figure also demonstrates how the decay profiles approach a
single exponential as cooling proceeds and become insensitive
to Sy.

The long storage time which cools the ions to the low ener-
gies allows the comparison of the measured and theoretically
obtained energy-resolved decay rate constant of the cluster
without the complications caused by a broad excitation energy
distribution and this is one of the strengths of this study. It is
rather surprising that the experimental data show a rate con-
stant reduced by about two orders of magnitude relative to the
theoretical ones. Several candidates of the reason of this dis-
crepancy are considered. One is the increased level densities
calculated when anharmonicities are taken into account. The
increase relative to the purely harmonic calculation affects the
level density of the anion precursor p, most strongly by the
nature of the correction being second order in the quantum
numbers.

Another potential effect that will affect the calculated rate
constant is the conversion of a rotational degree of freedom of
the anion to a vibrational mode for the neutral. The number of
vibrational modes for the neutral is 16 due to its linear nature,
whereas the Renner-Teller distortion reduces the number of
modes of the anion to 15, that of a nonlinear molecule. This
means that one rotational mode is converted into a vibrational
mode upon electron emission. It is not obvious how to account
for the energy in this conversion. Adding to the problem
of the rotational-to-vibrational mode and energy conversion
is the fact that vibrational modes in general carry angular
momentum. See, for example, Ref. [22], where the special
cases of linear molecules are considered. This entangles vi-
brational and rotational modes via both angular momentum
and energy conservation during electron emission. It there-
fore also raises questions about the cross section for the
reverse process of electron attachment to the neutral o.(¢). In
the present study, the Langevin cross section derived from the
theoretical polarizability, namely, that for the cold molecule at
the equilibrium structure, was used for the estimate of the rate
constant. This expression will overestimate the cross section if
the energy dissipation in the collision is insufficient to take the
electron kinetic energy below the electron affinity.

IV. CONCLUSION

We showed that the delayed electron detachment rates can
be determined by resonance two-photon detachment of C;~
after 190 ms of storage. The procedure will be applied in the
future to other anions, for example, Cs~, to elucidate the rea-
son of the observed large difference between theoretical and
experimental kg values. Two-color two-photon detachment
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FIG. 8. Decay profile of the photodetachment yield of C;~ induced by photoexcitation with the storage times of (a) 40, (b) 60, (c) 90,
(d) 190, (e) 290 ms. The excitation wavelengths are (1) 650 nm, (2) 640 nm, (3) 630 nm. The open circles in (1d) to (3d) represent the decay
profiles of independent runs shown in Fig. 5. The three lines in each frame indicate the decay profiles simulated with S, = 0.5, 1.0, 2.0 (from

lower to upper).

experiments are also planned to survey the detachment pro-
files near the electron detachment threshold. We found that
the experimentally determined detachment rate constants are
much lower than those derived by detailed balance theory
together with the assumption that vibrations are harmonic.
One reason for the overestimation in the theoretical values
is that the harmonic oscillator approximation is invalid in
regions of high vibrational energy. Another is specific to linear
molecules: the difficulty in estimating the effect of conversion
between rotational and vibrational modes. Angular momen-
tum conservation should also be incorporated in the theory.
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