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Time-dependent photodetachment action spectra for the linear hydrocarbon anions C4H− and C6H− are investigated

using the cryogenic electrostatic ion storage ring DESIREE. Radiative cooling characteristics of the ions on the mil-

lisecond to seconds timescale are characterized by monitoring changes in the spectra as the ions cool by spontaneous

infrared (IR) emission. The average cooling rates, extracted using Non-negative Matrix Factorization, are fit with 1/e

lifetimes of 19 ± 2 s and 3.0 ± 0.2 s for C4H− and C6H−, respectively. The cooling rates are successfully reproduced

using a simple harmonic cascade model of IR emission. The ultraslow radiative cooling dynamics determined in this

work provide important data for understanding the thermal cooling properties of linear hydrocarbon anions and for

refining models of the formation and destruction mechanisms of these anions in astrochemical environments.

I. INTRODUCTION

As important intermediates in the initial stage of Poly-

cyclic Aromatic Hydrocarbons formation, the linear car-

bon monohydride radical chains are of great astrochemical

significance.1 The chemical growth of carbon chains has been

studied for some decades, with two main growth hypothe-

ses based on top-down and bottom-up mechanisms involv-

ing charged molecules.2 Low energy ion-neutral reactions are

considered as the main class of reaction responsible for most

interstellar chemical synthesis. Although the formation of

small negatively charged species, including H−, has been pro-

posed for decades,3,4 it was not until the first carbon chain

anion C6H− was detected in the interstellar medium (ISM)

more than a decade ago that interest in anions was rekindled.5

It is remarkable that the column density of C6H− is surpris-

ingly high at 1–5% of that for neutral C6H.5 Subsequently,

C4H−,6 C8H−,7 CN−,8 C3N−,9 and C5N−,10 have been iden-

tified in the ISM. While around 220 molecules and 32 cations

have been detected in the ISM or circumstellar shells, studies

of anions in astrochemical contexts have been sparse.

In recent years, the discovery of anions and their incorpo-

ration into chemical models have increased the need to bet-

ter understand their formation and destruction dynamics. In

particular, some molecules have been observed in vastly dif-

ferent concentrations compared to predictions, indicating that

the present astrochemical models need refinement, possibly

considering anion abundance and photo-processing.11–13 Key

information required for these models include vibrational ra-

diative emission rates,12,14 which is a property difficult to

measure in conventional laboratory experiments. Further-

more, anions in space have been postulated to be carriers

of some diffuse interstellar bands (DIBs). For example, the

A1B1 ← X1A′ excitation into the dipole-bound state of the

cyanomethyl anion CH2CN− has strong relationship with the

λ 8040 DIB.15–17
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This contribution reports on the radiative cooling lifetimes

for C4H− and C6H− using the cryogenic electrostatic ion stor-

age ring DESIREE.18 The near collision-free (≈ 10−12 Torr)

and low-temperature (T ≈ 10 K) conditions available in DE-

SIREE provide an environment resembling that of cold molec-

ular clouds. Action spectroscopy experiments on astrochemi-

cally relevant ions in electrostatic ion storage devices are im-

portant because they give access to slow processes such as uni-

molecular dissociation and statistical vibrational autodetach-

ment (thermionic emission),19–21 which occur on timescales

up to hundreds of milliseconds, and also ultraslow processes

including IR radiative cooling, which may proceed over hun-

dreds of seconds.22–24 Here, the radiative cooling of C4H−

and C6H− is probed using two-dimensional (i.e. storage time

and excitation wavelength dependent) photodetachment ac-

tion spectroscopy as a hot ensemble of stored ions cool. The

time-dependent contribution of hot bands to the action spec-

trum is extracted using Non-negative Matrix Factorization

(NMF), quantifying the progress of vibrational cooling. IR

radiative cooling characteristics for C4H− and C6H− are com-

pared with predictions from a simple harmonic cascade (SHC)

model. The adiabatic detachment energy (ADE) for C4H− ob-

tained from the NMF-analyzed cold-ion spectrum is in good

agreement with literature determinations.

II. METHODS

A. Experiments

The DESIREE (Double ElectroStatic Ion Ring ExpEr-

iment) storage ring facility is located at the Department

of Physics, Stockholm University, and has been described

previously.18 In the present experiment, we used the symmet-

ric storage ring illustrated in FIG. 1 that has a circumference

of 8.7 m. The multilayer insulated DESIREE vacuum cham-

ber and the ion guiding electrostatic deflectors and detectors

are cooled to T ≈ 13 K by helium refrigerators. The entire

system is kept at vacuum of ≈ 10−12 Torr with a residual

gas density on the order of ∼104 cm−3 (consisting mainly of
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H2), providing a nearly collision-free environment and allow-

ing keV ion beams to be stored for times exceeding hundreds

of seconds.25,26

FIG. 1. Schematic drawing of the DESIREE ion storage ring. The

OPO laser beam intersects perpendicularly with the ion beam on the

RAES detector side. Neutral products formed through photodetach-

ment along the straight section are detected by the glass plate and

microchannel plate (MCP) detector.

Beams of C2nH− (n = 2, 3) ions were produced using a

cesium sputtering ion source (National Electrostatics Corp.,

Madison, Wisconsin) with a 13C-enriched graphite cathode,

where sputtered carbon clusters react with residual water in

the source to form hydrocarbons.18 Isotopic 13C is an impor-

tant consideration for ensuring that the pure isotopologues
13C2nH− without contamination from pure carbon clusters

(see further details in the Supplemental Information). The

C4H− and C6H− species studied in this work are the isotopo-

logues 13C4H− and 13C6H−, respectively. Ions formed in the

source are accelerated to 15 keV and injected into the sym-

metric storage ring. The ion-beam storage lifetime is typically

>200 s, determined by laser probing (330 nm) the stored ion

over a 550 s storage cycle.

For the action spectroscopy experiments, a tunable-

wavelength OPO laser system (EKSPLA NT242, 1 kHz fre-

quency) was used to excite the target ions in a crossed-beam

geometry. Neutral particles formed through photodetachment

or photodissociation in the straight section continue to travel

at high speed (2.3 × 105 m s−1 for C4H−) until they strike a

graphene-coated glass plate as part of the detector. Secondary

electron ejection induced by neutral particle impacts on the

glass plate are detected by a triple-stack microchannel plate

(MCP) with a resistive anode encoder (RAE). The detector

was gated with a 1 µs duration pulse slightly delayed with

respect to the time of laser irradiation of the ions, eliminat-

ing scattered laser light signal. Photodetachment signals were

generated by irradiating the stored ions every 1 ms (1 kHz

repetition rate of laser) at a given OPO wavelength for a given

ion storage time (0–55 s). The 2D photodetachment spectrum

for a given anion was constructed from the time-dependent

photodetachment signals with the OPO wavelength stepped

between injections.

The 2D photodetachment action spectra were analyzed us-

ing Non-negative Matrix Factorization (NMF),27,28 which are

set of algorithms for dimensionality reduction, source separa-

tion, and topic extraction. NMF is a multivariate analysis and

linear algebra algorithm designed to extract non-negative sig-

natures and relative contributions of pure components from

an additive mixture of those components. The present 2D

spectra involve several components (e.g. hot and cold spectra)

with distinct decay properties; NMF can separate these com-

ponents and provide the time evolution of the components.

NMF decomposition involves additive combinations of latent

factors and requires that all elements in the data matrix X are

non-negative. The matrix X is assumed to be the product of

two non-negative matrices: the latent factors H and their cor-

responding weights W i.e. X=WH. The algorithm minimizes

the divergence ‖ X-HW ‖F , subject to the constraints H ≥ 0,

W ≥ 0. For our data sets, X represent a m × n matrix of

photodetachment spectra, where m is the number of measured

wavelengths and n is the number of storage-time bins. Using

NMF, the radiative cooling rate and the cold-ion photodetach-

ment spectrum can be extracted from the 2D action spectrum.

Compared to principal component analysis (see Supple-

mental Information), which was used for similar analysis in

earlier studies,24,29,30 the latent components obtained through

NMF are more readily interpreted, and the non-negativity con-

straint is consistent with the physical requirement that the pho-

todetachment yield is non-negative. NMF factors are col-

inear while principal component analysis (PCA) compo-

nents are orthogonal which means that PCA components

are dependent on the preceding and variation. PCA is

likely to give negative results, mainly because PCA is sensi-

tive to outliers in the data that produce large errors, which

the method tries to avoid in the first place. For example,

in the current experiment, the PCA analysis gave a large

error due to the presence of some long-lived states near the

detachment threshold of C2nH− (n = 2, 3) anions.

B. Adiabatic detachment energies

According to the Wigner threshold law,31,32 the adiabatic

detachment energy (ADE) Ea for anions can be extracted from

the following rule:

σPD = A(Eph−Ea)
α +B, (1)

where σPD is photodetachment cross section, A and B are con-

stants, Eph and Ea are the photodetachment and adiabatic de-

tachment energy, respectively, and α is the exponential factor.

We tried to use this expression resembling the Wigner law

for atomic anion thresholds to extract the photodetachment

threshold. We found that the data fits best if the exponent α =

5/2.

C. Radiative cooling lifetime modeling

Spontaneous radiative cooling was analyzed using a simple

harmonic cascade (SHC) model, which has been described in

recent publications24,33 with the following equation:19

ks(E) = A10
s

υs≤E/hνs

∑
υs=1

ρ(E−υshνs)

ρ(E)
, (2)

where E is the energy of a given vibrational state, h is Planck’s

constant, and the summation is over υs (υs = 0 and υs > 1
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are the quantum numbers of the vibrational ground and ex-

cited states for the mode νs). The density of vibrational states

ρ(E) was calculated using the Beyer–Swinehart algorithm

with scaled harmonic vibrational mode frequencies vs.
24,34

The SHC model assumes that the only allowed emissions

are those where ∆υs = -1. The Einstein coefficients A10
s and

the harmonic vibrational frequencies were calculated at the

B3LYP//6-311++G(2d,p) level of density functional theory in

Gaussian 16.35,36

The SHC model starts from a Boltzmann distribution of vi-

brational energies of a hot molecular ensemble and simulates

the temporal evolution of internal energies with ion storage

time. The initial population density g(E, t = 0) can be de-

scribed as:

g(E, t = 0) = (ρ(E)∗ e−E/(kBT ))/(∑
E

ρ(E)∗ e−E/(kBT )), (3)

where kB is Boltzmann constant and T is the temperature de-

termining the initial vibrational energy distribution. Radiative

cooling processes are the time evolution of the internal energy

distribution, given by:

g(E, t + dt) = ∑
s

g(E, t)e−ks(E)dt

+∑
s

g(E + hνs, t)(1− e−ks(E+hνs)dt).
(4)

where the total energy remaining in the ensemble as a function

of time, Etot(t) =
∫

Eg(E, t)dE , was taken as an indicator of

the progress of cooling.

III. RESULTS AND DISCUSSION

A. Radiative rate

The total radiative cooling rate (ktot ) given in the upper

panel of FIG. 2 was calculated by sum of radiative cooling

rates for all vibrational modes ktot(E) = ∑s ks(E). The radia-

tive power (ptot) in the lower panel of FIG. 2 was calculated

by the formula ptot(E) = ∑s hνsks(E). In FIG. 3, when start-

ing from an initial Boltzmann distribution of vibrational en-

ergy corresponding to T = 100 K, the population density for

C4H− and C6H− was calculated according to Equation 3. The

radiative rate calculated with the SHC model shows a sharp

decrease at low internal energy for both C4H− and C6H−. In

accord with the vibrational energy distribution, the radiative

cooling rate of C6H− is more rapid than for C4H−, consistent

with an increase of the radiation rate with the number of IR

active vibrational degrees of freedom.

B. C4H
−

A photodetachment spectrum to survey the 330–375 nm

range (2.5 nm steps) for C4H− as a function of ion storage

time (up to 55 s) is shown in FIG. 4. Time-binned spec-

tra (relative to ion injection) are shown in FIG. 5, providing
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FIG. 2. Upper panel: The radiative cooling rate (ktot ) for C4H− and

C6H− (note the log scale). Lower panel: The radiated power (ptot)

for C4H− and C6H− (note the log scale).

insight into the photodetachment spectrum’s evolution as the

ions cool. Single exponential decay fits to the photodetach-

ment signal with ion storage time at several selected probe

wavelengths are presented in FIG. S5 (Supplemental Informa-

tion), giving 1/e lifetimes ranging from 49± 11 s (330 nm) to

10± 2 s (360 nm). No significant time evolution was observed

at longer wavelengths. The trend that hot-band contributions

at longer wavelengths decay more rapidly is consistent with

measurements on carbon cluster anions.24

The 2D photodetachment spectrum for C4H− was analyzed

by NMF using two latent components: H1 and H2. Compar-

ing these components to the time-binned spectra (see FIG. 5),

we identify H1 with the cold-ion photodetachment spectrum,

and H2 with all hot-band contributions associated with detach-

ment from vibrationally excited states. The cold-ion spectrum

H1 resembles the 30–55 s time-binned photodetachment spec-

trum, demonstrating that NMF is suitable for decomposing

the 2D photodetachment spectrum. A single-exponential fit of

W2, the weight of the H2 hot-band component (see FIG. 6),

provides a lifetime of 19± 2 s, which should be considered as

an averaged cooling lifetime across the selected wavelength

range. The SHC model was used to interpret the IR radiative

cooling characteristic W2. In FIG. 6, W2 with ion storage

time is shown and was fit with a lifetime of 25.05 ± 0.05 s.

SHC simulation of IR cooling is shown in FIG. 6, which was
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FIG. 3. Vibrational energy distribution for C4H− and C6H− at T =
100± K (note the log scale).
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FIG. 4. 2D photodetachment spectrum for C4H−. The intensity of

the photodetachment action spectrum is given by the log color scale.

optimized by adjusting the initial temperature (100 ± 10 K).

The simulated cooling rate deviates from experiment by about

30%, which is typical for the SHC model.24 Simulations as-

suming higher vibrational temperatures produced cooling dy-

namics too rapid compared with experiment.

For C4H−, both the 40–55 s time-binned photodetachment

spectrum and the NMF-extracted cold-ion spectrum H1 were

fit with the Wigner threshold law, giving ADE values of 3.40
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FIG. 5. Upper panel: Time-binned photodetachment spectra for

C4H− in different time slices. The data markers represent the ADE

(red value from H1 and black value from Ref. 37). Lower panel:

Latent components from NMF analysis. The intensities of both com-

ponents are normalized.

± 0.02 eV (365 ± 2 nm) and 3.45 ± 0.02 eV (359 ± 2 nm),

respectively, which are lower than jet-cooled photoelectron

spectroscopy data (3.533 ± 0.001 eV).37,38 The discrepancy

is likely due to contributions from hot bands that have not

completely relaxed within 55 s.

A higher-resolution 2D photodetachment spectrum for

C4H− over the first 5 s of cooling was measured over the 330–

375 nm range. From the time-binned spectra and NMF anal-

ysis, the photodetachment spectrum exhibits no secular time

dependence over the first 5 s cooling (see FIG. S1–S3 in sup-

plementary materials). Comparison of the photodetachment

spectrum from the 4–5 s time bin and the H1 for 55 s storage-

time experiment shows that hot band contributions are still

significant after 5 s (see FIG. S6).

C. C6H
−

The 2D photodetachment spectrum for C6H− was recorded

in 0.5 nm increments for the 315–360 nm range up to 5 s

storage time (see FIG. 7). Time-binned spectra are shown in

FIG. 8. In contrast to the relatively smooth photodetachment

spectrum of C4H−, several resonances are seen for C6H−.

Six selected probe wavelengths of the photodetachment sig-

nal decay are shown in FIG. S9, which were fit with single-
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FIG. 6. Relative weight W2 of the hot component H2 with ion stor-

age time, and relative total internal energy (Etot) from the SHC ra-

diative cooling model for C4H− (same axis scale).
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FIG. 7. 2D photodetachment spectrum for C6H−. The intensity of

the photodetachment action spectrum is given by the log color scale.

exponential decays.

The 2D photodetachment spectrum for C6H− was inter-

preted using the NMF method using two latent components:

H1 and H2 (see FIG. 8). Analysis from the corresponding

weights of the H components indicates that H1 is a rapidly

decaying component while the H2 shows no secular time de-

pendence. An exponential fit to the W1 component with stor-

age time (FIG. 9) gave the average cooling lifetime of 3.0 ±
0.2 s. SHC modeling of IR cooling reproduced the experi-

mental trend gave a fitted lifetime of 2.448 ± 0.003 s, which

is in good agreement with experiment.

As a final comparison, the NMF-extracted photodetach-

ment spectra for C6H− are compared with a jet-cooled pho-

todetachment spectrum recorded using a similar OPO laser

system (T ≈ 50 K, see Ref. 41 for experimental details) in

FIG. 10. In agreement with high-resolution photodetachment

spectra,42 signatures in the jet-cooled spectrum are evident

for several valence-bound states (VBS) and a dipole-bound

state (DBS) through resonant-enhanced multi-photon detach-
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FIG. 8. Upper panel: Time-binned photodetachment spectra for

C6H− in different timeslots. The data markers indicate the ADE and

uncertainty (black value from Ref. 39). Lower panel: Main com-

ponents from NMF analysis. The intensity of both components are

normalized.
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FIG. 9. Relative weight W1 of the hot component H1 with ion stor-

age time, and relative total internal energy (Etot) from the SHC ra-

diative cooling model for C6H− (same axis scale).

ment. Spectroscopic assignment of these features is summa-

rized in Ref. 42. Briefly, a DBS is a non-valence state in

which the excess electron is weakly bound (several tens of

millielectron volts) at the positive end of the dipole moment

associated with the neutral core.43 Comparison of the NMF

spectra with the jet-cooled spectrum shows that the 1Π elec-
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FIG. 10. Comparison of the NMF-etracted photodetachment spectra

with a jet-cooled photodetachment spectrum40 for C6H−. VBS is

valence-bound state and DBS is dipole-bound state.

tronic state42 marked with red arrow is evident in all cases,

although the VBS and DBS present as a broad distribution in

the NMF components presumably because of high rotational

temperatures.44

IV. SUMMARY

The infrared radiative cooling lifetimes of two astrochemi-

cally relevant anions, C4H− and C6H−, have been investigated

under collision-free conditions in a cryogenic ion storage ring

using 2D photodetachment action spectroscopy. Time de-

pendent hot-band components and cold-ion photodetachment

spectra were separated by Non-negative Matrix Factorization

to analyze the IR radiative cooling rates. Average cooling

lifetimes are 19 ± 2 s for C4H− and 3.0 ± 0.2 s for C6H−.

IR radiative cooling rates have been simulated using a Sim-

ple Harmonic Cascade model in good agreement with experi-

ment. The ADE for C4H− obtained from the NMF-extracted

cold-ion spectrum is consistent with earlier jet-cooled data,

confirming that NMF is able to extract meaningful spectra as-

sociated with vibrationally-cold ions.

In the context of interstellar anion formation, the radiative

electron attachment and dissociative electron attachment of

a precursor (neutral) carbene are the most likely formation

mechanisms for the polyyne anions.45 The present experi-

ments have shown the ability for hot C4H− and C6H− radia-

tively cool through IR emissions, providing lifetimes that can

be incorporated into astrochemical models to predict column

densities in the ISM or circumstellar shells. Significantly, the

finding that the radiative cooling rate for C6H− is higher than

that for C4H− is consistent with an increase of the radiative at-

tachment rate with the number of IR active vibrational degrees

of freedom.

V. SUPPLEMENTARY MATERIAL

The Supporting Information is available free of charge on

the AIP Publications website.

Additional experimental data, SHC modeling deduced IR

rate constants and computational results are present in the

Supplementary Material. (PDF)
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