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Experimental lifetime of the a' A electronically excited state of CH™
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By repeatedly probing the a' A excited state and the X3~ ground-state populations in a beam of CH™ ions
stored in a cryogenic ion-beam storage ring for 100 s, we extract an intrinsic lifetime of 14.9 0.5 s for this
excited state. This is far longer than all earlier experimental and theoretical results, exposing large difficulties in
measuring and calculating slow decays and the need for benchmark quality experiments.

DOLI: 10.1103/PhysRevResearch.4.L.012016

Molecular anions play important roles in the interstellar
medium and planetary ionospheres. Around a decade ago,
hydrocarbon and cyano anions (CN~, C3N—, C4H™, CsN—,
Ce¢H™, and, CgH™) were observed in circumstellar envelopes
and dark interstellar clouds [1]. Discoveries of C¢H™ in
several star forming regions [2] revealed that anions are
widespread in the interstellar medium and not restricted to en-
vironments with unusual physical or chemical conditions. The
Plasma Spectrometer on board the CASSINI spacecraft has
led to the discovery of a multitude of anions in the ionosphere
of Saturn’s moon Titan, where the strongest anion signals
were recorded at a mass-to-charge ratio of m/z = 1000 u
[3]. However, the nature of these large negative ions remains
unclear. On the other hand, the smaller ions CN—, C3N—,
and CsN~ have been identified by the CASSINI mission.
Furthermore, a recent calculation has shown that CH™ may be
efficiently produced in reactions between CH, and H™, which
may be of importance for the understanding of Titan’s and
Saturn’s [4] atmospheres and for planetary atmospheres more
generally.

Previous experimental and theoretical studies of the CH™
molecular ion has focused mainly on the electronic struc-
ture. In an early study, Feldmann [5] applied near-threshold
photodetachment spectroscopy, and observed two distinct
thresholds in the photodetachment spectrum, from which a
value of 0.74 £ 0.05 eV for the electron affinity of CH was
deduced [5]. This low value was not reproduced in later pho-
toelectron spectroscopy experiments by Kasdan et al. [6] or
Goebbert [7], who measured 1.238 + 0.008 eV and 1.26 +
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0.02 eV, respectively. Calculations of the electron affinity are
mostly consistent with the more recent experimental results,
ranging 1.0-1.9 eV (see, e.g., Ref. [8]).

The molecular anion CH™ has an electronically excited
state with 'A symmetry (see Fig. 1). This state was iden-
tified in the experiment by Kasdan er al. at an energy of
0.845 £ 0.012 eV above the ground state [6]. This a' A state
is expected to be long lived, as the radiative transition to
the X3X~ ground state is forbidden by spin selection rules.
Okumura et al. [9] have performed the only earlier measure-
ment of the a' A lifetime. In their experiment, they stored
CH™ ions in a radio-frequency ion trap at room temperature
for up to about 5 s. A laser operating at 1.16 eV was used
to photodetach the a' A state. For each ion-bunch injection,
a single laser pulse was fired. After the pulse, the trap was
emptied and the remaining ions were detected. By repeating
the measurement as a function of the time of firing the laser
pulse, and comparing the number of remaining ions with and
without the laser pulse, the fraction of photodetached ions was
determined and an a' A lifetime of 5.9 + 0.8 s was deduced
[9]. An additional fast decay with a lifetime of 1.75 &= 0.15 ms
was also observed by Okumura et al. [9], and assigned to the
first excited vibrational state of the X>X~ electronic ground
state. Furthermore, lower and upper bounds on the electron
affinity of 1.16 and 1.68 eV were deduced in the same ex-
periment [9]. Theoretical calculations of the a' A lifetime are
very challenging as the radiative transition relies on mixing
with electronic continuum states through spin-orbit coupling.
This phenomenon was studied by Lengsfield et al. [10], who
calculated 6.14 + 1.2 s in agreement with the experiment by
Okumura et al. [9]. A later theoretical study by Srivastava
et al. [11] yielded a value of 5.63 s, in agreement with all
experimental [9] and theoretical results [10] available at the
time. This seemed to indicate a good understanding of the
decay of the a' A state in CH™ and thus of slow molecular
decay processes in general.

In the present study, we measure the radiative lifetime of
the a' A state using a beam of CH™ stored for up to 100 s in
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FIG. 1. Schematic energy level diagram of the electronic struc-
ture of CH and CH™. For the electronic ground states, the first
vibrational and rotational excited states are also indicated by the
green and orange lines, respectively. The photon energy of 1.16 eV
used in the present experiment and by Okumura et al. [9] is repre-
sented by the vertical arrows.

one of the cryogenic ion-beam storage rings of the DESIREE
facility [12,13]. This allows the ions to decay to the vibra-
tional ground state and relax their rotational excitations [14].
The lifetime is measured by repeatedly probing the stored
ion beam through photodetachment by laser pulses [15-17].
DESIREE consists of two electrostatic ion-beam storage rings
with a common straight section for merged-beams studies of
sub-eV ion-ion collisions [12,13]. The storage rings are en-
closed in a single vacuum chamber and cryogenically cooled
to a temperature of 13.5 & 0.5 K. Beams of CH™ are produced
in a cesium-sputter ion source, using ethanol vapor. Typically,
a large fraction of ions produced from such a source are
hot, and occupy a large number of excited vibrational and
rotational states of the ground state and of the electronically
excited metastable state of interest. The CH™ ions are ex-
tracted from the source and accelerated to 10 keV, and are
mass selected using a bending magnet. The ion beam is then
transported and injected into the storage ring as shown in
Fig. 2. Typical CH™ currents are about 4 nA. After injection,
the ion beam is stored for 100 s, after which it is extracted
from the ring and dumped into a Faraday cup to measure the
remaining ion current. The light used for photodetachment
is provided by a pulsed optical parametric oscillator (OPO),
arranged to interact with the ion beam in a perpendicular
configuration in one of the straight sections of the ring (see
Fig. 2). The OPO has a repetition rate of 10 Hz, and the photon
energy is widely tunable (with a linewidth of 6 meV), but set
to 1.160 eV for the present experiment.

When photodetachment occurs, the resulting neutral CH
molecules are no longer confined by the electrostatic elements
of the storage ring, and continue along their straight-line tra-
jectories to an imaging detector. This detector consists of a
triple stack of microchannel plates (MCPs) and a phosphor
screen anode [18]. The light from the phosphor screen is
detected by a photomultiplier tube. Since the time of flight for

!

FIG. 2. Schematic of the storage ring used in the experiment. A
pulsed (10 Hz) OPO beam, tuned to 1.160 eV, is used for photode-
tachment in a perpendicular orientation, and the resulting neutral
products are detected using a microchannel plate (MCP) stack, a
phosphor screen, and a photomultiplier tube (not shown). Following
the other straight section of the ring, neutral CH molecules are
detected by a system consisting of a metal-coated glass plate for
secondary electron emission, an MCP stack, and a resistive anode.

I
MCP

I Phosphor
screen

the neutrals from the photon interaction region to the detector
is known, the influence of detector background is considerably
decreased by making use of the temporal coincidence between
the laser pulse and the arrival of the neutral products at the de-
tector. Following the other straight section of the ring, another
detector is mounted. This second detector system contains
as its front element a titanium- and gold-coated glass plate.
As neutral particles hit the glass plate, secondary electrons
are emitted and detected by an MCP detector. This second
detector system is used to monitor the decay of the ion beam.
At the present photon energy of 1.160 eV, photodetachment
from vibrationally excited states of the X*X~ ground state
is possible, as indicated in Fig. 1. However, the lifetimes of
these states are on the order of milliseconds [9,19], and their
contribution is negligible on the much longer timescales ex-
pected for the decay of the a' A state [9-11]. Photodetachment
from very highly excited rotational states of the X> X~ state
is energetically possible as well (see Fig. 1). High rotational
states are known to be populated in sputter ion sources, which
has been seen in experiments on long timescales by infrared
inactive metal dimer anions [20,21]. However, photodetach-
ment from such states is unlikely in the present experiment on
CH™ as energy conservation would require large changes of
rotational quantum numbers. This would violate the selection
rules for electric dipole transitions between rotational states.
Thus, we assume that only the a' A state is contributing to the
photodetachment signal at the present photon energy.

The ion beam is continuously probed using the OPO
throughout the full 100 s of each individual storage cycle.
The resulting photodetachment rate P(¢ ) is shown by the black
data points in the top panel of Fig. 3. The data are collected
over 476 separate 100-s ion storage cycles, and a histogram
is constructed with a bin width of 2 s. The observed number
of events are assumed to follow Poisson statistics, and the
uncertainty is taken as the square root of the number of events
in each bin. To deduce the rate P(¢), the data are divided by
the number of ion storage cycles and by the 2-s bin width. A
characteristic exponential decay is clearly observed, with a far
longer lifetime of the a' A state than the previously measured
value of 5.9 £ 0.8 s [9] and the earlier calculated values of
6.14 £ 1.2 s and 5.63 s, respectively [10,11].

In order to investigate if an excited state of '3C~
(1s>25%2p> ?D) could be present in the circulating >CH~
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FIG. 3. Detected rate for m/z = 13 u (black data) and m/z =
12 u (grey data). The measurement at m/z = 12 u is performed to
probe a possible '3C~ contamination of the CH™ beam (see main
text). Top: Measured photodetachment yield on the imaging detector,
P(t), as a function of time at a photon energy of 1.160 eV. Bottom:

Yield on the glass plate detector system, S(¢). The rapid decay in the
grey data is possibly related to the excited 15°2s>2p* 2D state of C~.

beam and influence the present result, we performed addi-
tional measurements for a separately stored '>C~ beam. The
bending magnet was then set to select ions with m/z = 12 u,
while leaving all other experimental conditions the same as
for the m/z = 13 u beam. The m/z = 12 u data were recorded
over 75 ion storage cycles, and analyzed in the same way as
the m/z = 13 u measurement. The resulting P(¢) for m/z =
12 u is shown by the grey data in the upper panel of Fig. 3. The
observed decay appears similar to the decay at m/z = 13 u.
However, note that the two measurements of P(¢) in the top
panel of Fig. 3 are nearly identical in magnitude. Recorded
mass spectra during the experiment indicated that the ion
currents for m/z = 12 u and m/z = 13 u were comparable.
Furthermore, the average ion current recorded in the Faraday
cup where the beam is ejected was about 3.82 and 3.75 nA for
m/z =12 u and m/z = 13 u, respectively. With the present
experimental conditions, these measured currents imply that
the number of stored ions in the m/z = 13 u beam was about
6% larger than the number of stored ions in the m/z = 12 u
beam. As the natural abundance of 13C is about 1.1% [22], the
estimated ratio of the number of stored ions in the two beams
would indicate that about 1% of the ion beam at m/z = 13 u
consists of 13C~, while 99% is '*CH". Thus, the fact that the
rates for the two measurements of P(¢) are similar indicates
that the signal at m/z = 13 u is almost completely dominated
by the CH™ contribution. Any '3C~ contribution to P(t) at
m/z = 13 u must be one hundred times smaller than P(¢) at
m/z =12 u.

In the bottom panel of Fig. 3, the measured rates of neutral
particles as observed on the detector at the other straight
section of the ring S(¢) are shown. For both beams S(¢) is

analyzed analogously to P(¢), but the detector dark count rate
is subtracted [the detector background is negligible for P(z)
due to the temporal coincidence setup]. The rates P(¢) and
S(¢) in Fig. 3 are thus directly comparable. The rate S(r)
observed for m/z = 12 u (grey data) shows a distinct decay
during the first 40 s of storage, whereas the data m/z = 13 u
show no, or a very weak, indication of such a decay. The
timescale of this decay is very similar to the decay observed
in P(t) for m/z = 12 u, and it is likely due to the excited
15225%2p 2D state of C~. This state has a binding energy of
33 meV, and a predicted radiative lifetime on the order of 10°s
[23]. However, since the state is loosely bound, the electron
may be detached by black-body radiation, in collisions with
residual gas, or through some other mechanism. The absence
of this decay in the data recorded at m/z = 13 u is consistent
with the conclusion above that the contamination of '3C~ in
the '>CH™ beam is insignificant. Thus the P(¢) and S(r) data
recorded with the CH™ beam can be directly used to deduce
the inherent lifetime of the a' A state in CH™ as described in
the following.

In order to extract the lifetime of the a' A state from the
data in Fig. 3, we treat CH™ as a two-level system consisting
of the X3~ ground state and the excited a' A state. Let Ny
and N, be the number of ions in the respective state, and let
Ny, and N, be the corresponding derivatives with respect to
time. The time evolution of the populations of the two states
is governed by a system of differential equations,

Np = —(T'p + ka + kpa)Na
N5 = —ks N5 + TaNa, (D

where I is the decay constant for the a' A state, ks and kp
are the losses of ions from the beam due to collisions with
residual gas or intrabeam scattering, and kpq is the loss rate
due to photodetachment. Note that Egs. (1) do not contain any
mechanisms for excitation or deexcitation. The rates for such
processes are expected to be small in comparison to collisional
detachment processes due to the low final state densities. Fur-
thermore, collisional detachment is not the main contribution
to ky and ka as we shall see below. Assuming the beam losses
are independent of the electronic state ky = ko = k, and also
that they are the dominating losses, such that kpq < k, Egs. (1)
reduce to

Nx = —T AN — kNa
N5 = —kNs + T ANx. 2)

The solutions are

NA(t) = Cye—k+Tax

Ns(t) = Ge ™ — Cre=*HTor, 3)
where C; and C, are constants. Under the assumption leading
to the solution in Egs. (3), the photodetachment signal P(¢) in

Fig. 3 is P(t) = kpaNa, and S(¢) in Fig. 3 is S(t) = k(Ng +
Na). The ratio is then

P ox e Tl
S@)

Thus, this ratio depends only on I'x. The P(¢)/S(¢) data are
shown in Fig. 4 and yield a preliminary value of 1/I"'s of

“
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FIG. 4. The ratio of the measured photodetachment rate with the
OPO, P(t) to the beam-loss rate, S(¢), as a function of storage time
t. The ratio P(z)/S(t) is proportional to the excited-state population
fraction and reflects the decay of the a'A state of CH™. A single
exponential function is fitted to the data, from which the radiative
lifetime is extracted as described in the text.

14.5 £ 0.2 s. The validity of Eq. (4) is dependent on the
approximations made in Egs. (2). By comparing the value
of P(t) at 100 s in Fig. 3, which is 1072 s~!, to the num-
ber of ions recorded when the ion beam is dumped (about
5 x 10°), and assuming a very low relative population in
the a' A state of 10~3 (about 500 ions), we arrive at kpa =
P(t =100s)/Na(t = 100s) =2 x 107> s~!. This is negli-
gible compared to 'y &~ 0.07 s~!. With a higher assumed
relative population the estimate of kpq becomes even smaller.
The assumption that ky = k is somewhat more challenging
to argue for, but on the other hand even rather drastic assump-
tions about differences between the rates have little influence
on the final result. It is not possible to measure these rates sep-
arately in the present experiment and, while they are always
small compared to I'a, these two decay rates are varying in
time due to a dependence on the ion-beam intensity [13]. The
measurement of S(¢) in the lower panel of Fig. 3 indicates a
storage lifetime of about 100 s, whereas a separate long-time
storage measurement yields 300 £ 50 s (see Appendix B).
This implies that during the first 100 s, where the a' A state
decay takes place, other beam loss mechanisms besides col-
lisions with the residual gas, e.g., intrabeam scattering, are
important. The ratio P(¢)/S(¢), shown in Fig. 4, is propor-
tional to the relative population of the a' A state in the stored
CH™ beam at all times ¢. Therefore, Eq. (4) may be used to de-
duce a good first estimate of I"s regardless of the exact nature
of the beam-loss mechanisms as long as these mechanisms
are not too different for the a' A and X3~ states. Losses due
to intrabeam scattering are caused by long-range Coulomb
interactions between ions and should be independent of the
quantum states, while the cross sections for detachment in
collisions with H,, which is the dominant component in the
residual gas in DESIREE [13], may differ somewhat for
the two states. However, the fact that S(z)—the black data
in the lower panel of Fig. 3—is a single exponential func-
tion would be consistent with these two cross sections being

similar. A detailed analysis shows that the somewhat arbitrary
assumption that the collisional detachment cross section for
the a' A state falls in the range of that of the ground state and
twice that value would give a systematic shift of 0.4 £0.4 s
in relation to a lifetime deduced directly from Eq. (4) (see
Appendix C). In the final result for the a' A state lifetime we
add this shift, resulting in a lifetime of 14.9 £ 0.5 s.

Our result for the lifetime of the a'A state in CH™ of
14.9 £ 0.5 s is a factor of about 2.5 longer than, and more
than ten standard deviations from, that of Okumura et al. [9].
The main differences in the experimental conditions are the
temperatures and pressures, which are very much lower in
our case. Since the P(¢)/S(¢) data are described by a sin-
gle exponential function with high precision as indicated by
the comparison with the line in Fig. 4, it is highly unlikely
that rotationally excited states with different lifetimes play
a significant role here, while such influences would be more
likely in room-temperature experiments [9]. Reliable absolute
decay rates of electronically excited molecular anions will be
crucial for correct estimates of abundances of such ions in
planetary atmospheres and other astrophysical environments.
Our experiment shows that the ability to store the ions at
cryogenic temperature for much longer times than the lifetime
to be measured is key for obtaining accurate and precise ex-
perimental results. In turn, such results are important to guide
difficult and highly challenging theoretical calculations of the
corresponding decay processes and thus for developing a more
complete understanding of the properties of molecular anions
in general.
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APPENDIX A: DERIVATION OF P(t)/S(t)

Writing Eq. (1) in matrix form we get

Na\ _ (—(Ca+ka+ka) 0 \(Na

Ns) La —ks J\Ns J°
The above matrix has the eigenvalues A; = —ky and X, =
—(T'a + kpa + ka). A set of corresponding eigenvectors are

ﬁl = (0, l) and ﬁz = (—FA, FA + kpd + kA — kz) The solu-
tions to Egs. (1) are then

Na = Ce " 0 + Cye~(Tathpatka)
Ny 1

X —Ta
Ca+kpa +ka —ks )’

(A1)

(A2)
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FIG. 5. Measured photodetachment rate P(¢) at a photon energy
of 1.240 eV. The observed decay is proportional to the number of
ions in the beam. A typical fit with an exponential function is shown,

where the grey area indicates the subset of the data included in the
fit.

By introducing the initial conditions Nx(0) =Ny and
Na(0) = Ny, where Ny, and N, are the initial populations of
the X3X~ state and a' A state respectively, the constants C|
and G, are determined and Egs. (A2) become

Ny = N/Ae_(rA+kpd+kA)t

Ny = (Ng + Ny fe " — N femTathathal - (A3)
where
k ka — k
f=1+ pd+A )3. (A4)
Ca
With P(t) = kyaNa and S(t) = kxNs + kaNa, we get
P k

( ) _ pd (AS)

SW) kg% 4 fleTHotka ke 4k — kg f
Assuming kyq = 0 and ky = ka = k, Eq. (A5) reduces to

@ _ kpa —Tat
S(t)  k(NL/Ni +1)

establishing Eq. (4).

; (A6)

APPENDIX B: LIFETIME OF THE ION BEAM

The ion beam lifetime is measured using photodetachment
with the OPO at a photon energy of 1.240 eV (1000 nm). This

TABLE 1. Estimated shift in the lifetime of the a'A state for
ka ks = 2.

1/ks (s) 1/TA (5) 1/Ta=1/T(s)
250 15.39 0.89
300 15.24 0.74
350 15.13 0.63

photon energy is higher than the electron affinity of CH. Thus,
photodetachment from all states of CH™ is possible, and the
total lifetime of the ion beam is probed. The ion beam is stored
for 1000 s, and the measurement is analogous to those in the
upper panel of Fig. 3. In Fig. 5, P(¢) is shown. The observed
decay is not completely exponential, which is likely due to a
combination of losses due to the space charge of the ion beam,
and the decay of the al A state. To obtain ks, the data are fitted
to an exponential function. Only a subset of the data is used
in order to make sure there is no contribution from the a' A
state. The fit in Fig. 5 is only including data recorded after
200 s of storage; at this point in time the a' A state has decayed
completely. The choice of cutoff time affects the value of the
fit, and accounting for this effect we estimate a beam lifetime
of 300 + 50 s, corresponding to ks A 3.3 x 1073,

APPENDIX C: INVESTIGATION OF kj # ks

Equation (AS5) is close to an exponential function with
an effective decay rate I' = 'y + kpg + ka — kx. Some de-
viation from an exponential function may occur at small ¢
when the terms kp — kx f are comparable to the term with the
exponential factor in the denominator. On the 100-s timescale
of the experiment, however, an exponential is a valid approx-
imation. In the analysis we perform a fit of an exponential
function, and extract I' = 14.5 £ 0.2 s. The decay rate of the
a'Astateisthen ', = — kpa — ka + k. To investigate the
effect of ky # ka, we study ' as a function of kp /ks. As
discussed in the main text, here we assume kpq = 0 s~ We
constrain the discussion here to k /ky, > 1, since it is unlikely
that an electronically excited state has a lower cross section for
collisional electron detachment than the ground state. Table I
shows how I', is affected when ka /ky = 2, also accounting
for the uncertainty in kyx. We include this shift in our result by
taking the largest deviation in Table I. To cover the full range
of ka /ks between 1 and 2, we set the shift to 0.45 + 0.45 s.
We add this to our measured I" and obtain 14.9 &£ 0.5 s for the
final result.
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