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Photoabsorption of silver cluster cations in an ion
trap: nonlinear action spectra via multi-photon
dissociation vs. directly measured linear
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We report photodissociation processes and spectral measurements upon photoabsorption of size-
selected cationic silver clusters, Agy™, stored in an ion trap. The experiment shows that small clusters (N <
15) dissociate upon one-photon absorption, whereas larger ones require multiple photons up to five in
the present study. The emergence of multi-photon processes is attributed to collisional cooling in the
presence of a buffer helium gas in the trap, which competes with size-dependent dissociation rates.
These observations are explained by simulations that consider the two competing effects, where the stat-
istical Rice—Ramsperger—Kassel (RRK) theory is employed to evaluate dissociation rates. Action spectra of
photodissociation are compared with linear absorption spectra directly measured by cavity-ring-down-
type high-sensitivity spectroscopy, revealing that the profiles of the action spectra are sharpened by the
nonlinear effects in the multi-photon regime. This observation demonstrates the importance of the linear
absorption measurement to obtain both spectral profiles and cross sections for large clusters that exhibit
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1. Introduction

Metal nanoparticles are known to exhibit characteristic optical
properties different from the corresponding bulk. Out of them,
plasmonic excitation or collective excitation of electrons,
which is prominent in silver nanoparticles, attracts much
attention’ because of its various potential applications such as
optical sensing,” energy harvesting,® etc., while fundamental
aspects are also studied recently, such as the origin of size
effects on the plasmonic behaviors of supported nano-
particles. These features of nanoparticles have motivated
studies of further smaller particles, i.e., metal clusters that are
composed of several to several hundred atoms. For example,
Tiggesbdumker et al. examined the photoabsorption of size-
selected silver cluster cations, Agy", in an ion beam by photo-
dissociation action spectroscopy.”” A relatively broad single
absorption band observed for Ag," was interpreted as evidence
of collective excitation of electrons, accompanied by a large
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oscillator strength. On the other hand, Rayner et al. reported a
structure-rich photodissociation spectrum of AgoKr" (ref. 8) in
contrast to the above-mentioned Ag,'; the difference was
attributed to the temperature of the sample clusters, which
was estimated to be 100 K for AgoKr®,® whereas ~2000 K for
Ago".%° A similar temperature effect has been reported for the
spectral profiles of sodium clusters.'”!" These results empha-
size the importance of the temperature of the clusters prepared
for measurement. Photoabsorption and relevant optical
responses have been investigated as well for silver clusters
embedded in matrices’®"” or supported on substrates,'®>"
including surface second-harmonic-generation spectroscopy*®*°
and two-photon photoemission spectroscopy.>’*" Among these
studies, Yu et al. reported the photoabsorption spectra of Agy in
solid neon at 6 K for several sizes from N = 5 up to 120,"” where
the size-dependent evolution of absorption maxima was dis-
cussed. Although absorption maxima and spectral profiles have
been obtained by these advanced experimental studies, it is not
common to perform the quantitative evaluation of absorption
cross sections or oscillator strengths that are important in char-
acterizing the collectiveness of excitation, because it is difficult
to precisely control the number of sample clusters that interact
with incident photons.

In this context, an ion trap provides us with a unique
opportunity to control and characterize the temperature and

This journal is © The Royal Society of Chemistry 2025
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the number of sample ions.>” The temperature is well-defined
by a buffer gas thermalizing the cluster ions. The number of
clusters stored in the trap is accurately measured as ion
current. Furthermore, the spatial distribution of ions can be
characterized by tomographic measurement.>® It is thus poss-
ible to obtain the numbers of irradiated clusters and incident
photons, and hence quantitative cross sections. Taking advan-
tage of these features of an ion trap, we are tackling the
measurement of UV-Vis spectra of Agy' by photodissociation
action spectroscopy in an extensive size range from several to a
hundred atoms. During these experiments, we encountered
multi-photon dissociation processes in relatively large clusters
(N 2 15), which is in contrast to one-photon processes in small
ones. Multi-photon dissociation may not yield action spectra
that are equivalent to linear absorption spectra in spectral pro-
files as well as in cross sections.

Multi-photon dissociation has been reported previously.
For example, Walther et al. performed photofragmentation
experiments using discrete wavelengths of the harmonics of a
pulsed Nd:YAG laser on gold cluster cations, Auy" (N = 4-23),
where they found two-photon dissociation processes for N = 7,
9, 11, and 13 and above at the second harmonic (2.33 eV)
excitation in the visible range; they further examined the dis-
sociation processes by employing the statistical Rice-
Ramsperger-Kassel (RRK) theory.* As for the infrared (IR)
range, Oomens et al reported the action spectra of
cationic polyaromatic hydrocarbons,?*™>” where the ions stored
in a Paul-type quadrupole ion trap are irradiated with multiple
micropulses from the free electron laser for infrared
experiments (FELIX). Because of the low photon energy in the
IR region, the process involves as many as 50 photons.
The multi-photon dissociation technique has been applied to
even larger systems such as peptide molecules®® using
visible pulses and megadalton-size DNA*® using an IR cw CO,
laser.

The present paper reports the photoabsorption of size-
selected Agy" stored in an ion trap in the UV-Vis range both by
photodissociation action spectroscopy, which allows an indir-
ect probe of absorption, and by cavity-ring-down (CRD) spec-
troscopy that directly measures extinction of light with high
sensitivity. As for action spectroscopy, we explore one- and
multi-photon dissociation mechanisms in addition to spectral
measurements, which are found to be governed by two com-
peting processes: dissociative relaxation and collisional
cooling by the buffer helium gas introduced into the trap. The
origin of multiple photons involved in the processes, i.e., intra-
or inter-pulse, is also discussed for the present experimental
conditions. We then demonstrate CRD spectroscopy that
enables us to measure intrinsic photoabsorption spectra quan-
titatively without relying on photodissociation. It is thus poss-
ible to obtain linear absorption spectra even for large clusters,
which otherwise exhibit nonlinear profiles in photodissocia-
tion spectra due to multi-photon processes. The CRD tech-
nique has such an advantage but only in a limited spectral
range. These features are discussed for the two complementary
techniques.

This journal is © The Royal Society of Chemistry 2025

View Article Online

Paper

2. Experimental procedures

The experimental setup has been described in our previous
reports.*** Briefly, silver cluster cations were generated by a
magnetron-sputtering-type cluster ion source.**> The cluster
size of interest was selected using a quadrupole mass filter
(MAX-16000, Extrel CMS). The clusters were then loaded in a
homemade 40 cm linear ion trap, where a buffer helium gas
was introduced to decelerate and thermalize the clusters at a
gas pressure regulated using a needle valve (see the ESI{ for
details). After 500 ms of thermalization, the cluster ions were
irradiated with a controlled number of laser pulses from a
tunable 5 ns optical parametric oscillator (50 Hz, NT230-50,
EKSPLA). After waiting for another 500 ms to allow clusters to
be dissociated, the reduced intensity of the parent clusters was
recorded through a second quadrupole mass filter
(MAX-16000, Extrel CMS) by employing an ammeter. The same
procedure was also performed to measure the intensity of
cluster ions without laser irradiation. A photodissociation
yield, D, was thus obtained from this series of measurements.
At the same time, the number of incident photons, Nphoton,
was monitored using a photodiode (S1337-1010BQ,
Hamamatsu Photonics K.K.) calibrated using a power meter
(3A-P, Ophir) beforehand. In this study, we measured the
photodissociation yield as a function of the number of inci-
dent photons for various sizes of cluster ions. The number of
photons was carefully controlled to keep photodissociation
yields as low as 2%-10%. The photon energy, hv, was fixed at
the absorption maximum, which was determined in advance
by measuring the photodissociation cross section:

2 D
Odis = —
4 N, photon

Nuis

a1
4 Nphoton Nparent

(1)

as a function of photon energy, where r is the laser radius, y is
the fraction of the trapped clusters irradiated (see the ESIf),
Ngis is the decrease in the number of parent clusters upon
photoabsorption and Nparent is the number of parent clusters
measured without laser irradiation.

There are three parameters in our apparatus: the pressure
and the temperature of the buffer helium gas, pyuser and Thugfer,
and the number of laser pulses, Npuise. We also investigated the
influence of these parameters on the dissociation process of the
cluster. As for temperature control, the buffer helium gas was
introduced into the trap without any temperature regulation for
room-temperature experiments, whereas it was cooled down by
liquid nitrogen before flowing into the trap so that Tyygfer
reaches as low as 120 K for low-temperature experiments.

In addition to the above photodissociation action spec-
troscopy, photoabsorption spectroscopy was performed to
observe the transmission of light through the stored cluster
ions, which allows the direct measurement of photoabsorption
without relying on photodissociation. In this technique, clus-
ters stored in the ion trap are probed by photons travelling
back and forth in a high-finesse optical cavity consisting of
two high-reflectivity mirrors (the CRD technique*®), which pro-
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vides us with extremely high sensitivity for obtaining a linear
absorption spectrum of size-selected cluster ions.>*? See the
ESIt for more details.

3. Results and discussion

3.1. Emergence of multi-photon dissociation

Firstly, the photodissociation cross section or yield of Agy" was
measured as a function of photon energy. The results of N = 8,
30, 40, 41, 60 and 66 are shown in Fig. 1. The spectrum of Agg"
exhibits several absorption maxima in the spectral range between
3.0 and 5.0 eV, whereas those of N = 30, 40, 41, 60 and 66 show
one or two peaks in the relatively narrow range between 3.5 and
4.0 eV. Although these spectra provide important information on
electron excitation in silver clusters, here we focus on the dis-
sociation processes rather than the spectral features.

Fig. 2 shows photodissociation yields measured as a function
of the number of incident photons. The measurements were per-
formed at photon energies of spectral maxima in Fig. 1.
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Generally, larger clusters require more photons (ie., plots are
located on the right-hand side) than smaller ones. In addition, it
should be noted that the increasing rate of the dissociation yield
shows significant size dependence. The values of the slopes, M,
of the best linear fits in Fig. 2 are summarized in Table 1. For
N = 8, the dissociation yields were almost proportional to the
number of incident photons as we naively expect. On the other
hand, the larger clusters exhibited dramatic increases in the
photodissociation yields; the yield increases quadratically at N =
30. The value of the slope even reaches M ~ 5 at N = 66. This size
dependence clearly shows the emergence of multi-photon pro-
cesses at larger sizes: the value of the slope, M, reflects the
number of photons necessary for dissociation. In these cases,
D/I\Ji;{mmn would be a good measure for photoabsorption, instead
of the photodissociation cross section defined by eqn (1) because
the dissociation yields are proportional to the M-th power
of Nphoton- We call this value, D/N%omm a multi-photon dissociation
yield. These results indicate that the photodissociation action
spectra of large clusters do not always reflect linear photo-
absorption spectra due to multi-photon processes.
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Fig. 1 Photodissociation spectra of Agy*. Measurements for N > 41 were performed only in the vicinity of 4 eV, where their absorption bands were
observed. See the text for the definition of the multi-photon dissociation yield in the ordinate.
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Fig. 2 The photodissociation yield of Agy™ as a function of the number
of incident photons in 10 pulses as adjusted by the pulse energy. The
symbols denote experimental data. The solid lines are the best linear fits
to the logarithmic plots (see Table 1 for details). The data were obtained
at photon energies at photoabsorption maxima. The pressure and the
temperature of the buffer gas were ~1 Pa and 300 K, respectively.

Table 1 The values of the slopes of the best fits presented in Fig. 2

N Slope, M Photon energy/eV
8 0.83 £ 0.06 3.87
30 1.82 +0.08 4.03
41 2.8+0.2 3.86
60 3.7+£0.2 3.87
66 4.7 £0.2 3.92

Out of a series of sizes examined, N = 15, 17 and 18 exhibi-
ted complex features; one-photon dissociation was major at
higher photon energies, whereas two-photon processes
became dominant at lower photon energies (see the ESIf for
more details).

3.2. Origin of multi-photon processes: dissociation vs.
collisional cooling

The present experimental results revealed the contribution of
multi-photon processes to the photodissociation of Agy" in an
ion trap, particularly in the large cluster-size regime. What
governs the dissociation process of the present clusters? The
buffer helium gas introduced into the trap is one of the candi-
date factors. To confirm the influence of the buffer gas,
measurements similar to those in Fig. 2 were carried out by
varying the pressure, pyusrer, and the temperature, Thygrer- As for
the pressure, two conditions were examined: ppyger = 0.3 and 4
Pa. Fig. 3 displays the result of Ag;;" measured at 4.03 eV. The
plots were shifted to a higher Nyhoton side at a higher pressure
(i.e., from black plots to red ones). M = 1.2 + 0.1 at the lower
pressure, suggesting dominant one-photon dissociation,
whereas the M value increased to 1.6 + 0.2 at the higher
pressure, reflecting a contribution of two-photon processes.
The effect of the buffer-gas temperature was also investigated.
The blue plots in Fig. 3 indicate the dissociation yields
measured at Thyugrer = 120 K for ppugrer = 0.3 Pa. Comparison
between Thyser = 120 (blue plots) and 300 K (black plots) at the

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 The photodissociation yield of Ag;s* as a function of the number
of incident photons in 10 pulses. The measurement was performed
under three different conditions of the buffer-gas pressure and temp-
erature as indicated. The solid lines are the best linear fits to the logar-
ithmic plots; the values of the slopes are indicated. The photon energy
for excitation was 4.03 eV.

same ppusrer sSuggests that cold clusters prefer multi-photon
processes rather than one-photon processes. These results
indicate that the buffer gas is one of the essential factors deter-
mining the dissociation process that clusters undergo.

In this context, we discuss the origin of the size-dependent
multi-photon contribution. Here we assume that clusters
experience internal conversion and intramolecular vibrational
energy redistribution (IVR) after photoabsorption in the same
manner as proposed by Bouakil et al.’® In addition, we focus
on two competing processes that determine the pathway of
clusters following photoabsorption: dissociative relaxation and
collisional cooling by the buffer gas, both of which occur in
vibrationally hot Agy' clusters created upon photoabsorption.
The balance between these two effects determines whether dis-
sociation is induced by a single photon or by multiple
photons. Here the statistical RRK theory’”>° is employed to
estimate the dissociation rate upon photoabsorption. The RRK
theory has been employed for the analysis of dissociation ener-
gies of clusters upon one- and two-photon dissociation.”* We
extended this approach to the simulation of multi-photon pro-
cesses including those with more than two photons by incor-
porating the cooling effect. The formulations, results and
detailed discussion of the simulation are described in the
ESIL.} The result of N = 8 shows rapid dissociation, which is
consistent with the present experiment showing that Ags" dis-
sociates upon one-photon absorption (Fig. S47). On the other
hand, Ag,," exhibits two-photon dissociation due to the
cooling rate being higher than the dissociation rate by one
photon (Fig. S51). The model also explains the emergence of
the three-photon process for Ag,,* (Fig. S61). The photon-
energy dependence of photodissociation processes observed
for N= 15,17 and 18 was also reproduced by the present simu-
lation (Fig. S7t for N = 18). In summary, the two competing
processes of dissociative relaxation and collisional cooling by
the buffer gas were found to be responsible for size- and
energy-dependent photodissociation dynamics.

Nanoscale, 2025,17, 4408-4414 | 4411
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3.3. Multi-photon dissociation: does it take place inter- or
intra-pulse?

In the present model, two types of multi-photon processes are
possible: inter-pulse and intra-pulse. If the dissociation life-
time of the clusters photoexcited by a single photon is longer
than the interval of the laser pulses, i.e., 20 ms for the present
50 Hz laser, the clusters gain additional internal energy by
absorbing another photon in the subsequent laser pulse,
which eventually causes dissociation when the clusters acquire
a sufficiently high internal energy by repeating this process.
Such a process is regarded as an inter-pulse multi-photon
process. On the other hand, if the photoexcited clusters are
cooled down by buffer-gas collision before the subsequent
pulse arrives, the dissociation events should be completed by a
single laser pulse. This process is regarded as an intra-pulse
process.

To address if the multi-photon process is driven in an intra-
pulse manner, one should record the dissociation yield as a
function of laser pulse energy within a single pulse. However,
the present experiment has difficulty in obtaining dissociation
yields with a single pulse due to the relatively low sensitivity of
the depletion measurement of parent ions; we irradiate at least
several laser shots in our measurements. Alternatively, the inter-
vs. intra-pulse contribution can be examined as follows. If the
cluster dissociates in an intra-pulse manner, a photodissocia-
tion yield should increase linearly as a function of the number
of laser pulses because each pulse induces dissociation inde-
pendently. In contrast, in an inter-pulse manner, preceding
pulses contribute to an increase in the internal energy of clus-
ters. Therefore, the dissociation rate of the cluster becomes
higher as the number of pulses increases, which should lead to
a nonlinear increase in the photodissociation yield.

An additional experiment was carried out in this respect:
dissociation yields were measured in the multi-photon size
regime as a function of the number of irradiating laser pulses.
The results shown in Fig. 4 indicate intra-pulse behaviors both
for Ag;," (two-photon dissociation) and for Ag,;" (three-photon
dissociation), where the dissociation yields exhibit linear
dependence on the number of laser pulses. This interpretation
is also supported by the time-dependent internal energy simu-
lated for Ag,," as shown in Fig. S5;1 photoexcited Agyo" is well
thermalized within 20 ms, ie., before the arrival of the sub-
sequent laser pulse. These results indicate that inter-pulse
contributions are negligible under the present experimental
conditions of the repetition rate of the laser pulses and the col-
lisional cooling rate of the buffer gas. Note that the cooling
rate of ions in a trap has been reported by Bouakil et al., who
performed a pump-probe experiment on chromophore-tagged
peptides to trace the temporal evolution of the dissociation
yield caused by two photons of pump and probe pulses.>® The
result shows that cooling of the trapped ions proceeds with a
time constant in the range of 0.6-2.6 ms depending on the
buffer-gas pressure. If similar experiments were performed on
the present silver clusters in the future, it would provide sup-
porting data for their cooling rates.

4412 | Nanoscale, 2025, 17, 4408-4414
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Fig. 4 The photodissociation yields of Agie* and Ags;* as a function of
the number of laser pulses. The solid lines are the best linear fits to the
logarithmic plots; the values of the slopes are indicated. The photon
energy, the pressure and the temperature of the buffer gas were 3.81 eV,
~2 Pa and 300 K, respectively, for both sizes.

Here one should note the reports of Oomens et al. on infra-
red multi-photon dissociation for cationic polyaromatic hydro-
carbons employing a free electron laser FELIX.*>?® They
prepare sample ions by photoionizing effusive neutral mole-
cules in a Paul-type quadrupole ion trap, which are irradiated
with infrared pulses from FELIX. It produces 10 Hz macro-
pulses with a duration of 5 ps; each macropulse consists of a
train of micropulses with a picosecond duration separated by a
1 ns interval. They report that the multi-photon dissociation
proceeds as follows. The sample ions accumulate internal
energy by repetitive cycles of photoabsorption and relaxation
into vibrational modes via IVR. The ions eventually dissociate
when the internal energy reaches as high as about 6 eV, ie., a
typical energy required for these molecular ions to dissociate.
This means that more than 50 photons are absorbed, where
multiple micropulses in a 5 ps macropulse contribute to the
multi-photon process. This is thus regarded as an inter-pulse
process.

3.4. Direct measurements of photoabsorption spectra

As shown in Fig. 1, the spectral profiles are sharpened as the
cluster size increases from N = 30 to 66, probably due to the
nonlinearity inherent in multi-photon processes; the profile
should be different from that of intrinsic photoabsorption. In
addition, the nonlinear spectra do not provide absorption
cross sections. To tackle these issues, we carried out further
experiments to perform direct measurements of photo-
absorption spectra, i.e., CRD spectroscopy,'®*® without relying
on photodissociation (see the ESIf for details). Fig. 5 displays
photoabsorption spectra thus obtained for Ags" and Ag,,",
where the corresponding photodissociation spectra are super-
imposed. The photoabsorption spectrum of Ag," was
obtained by two sets of high-reflectivity cavity mirrors that
cover neighboring spectral ranges as displayed using green
and red symbols. Note that the spectral range of measurement
for each set of mirrors is limited because the signal-to-noise

This journal is © The Royal Society of Chemistry 2025
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Fig. 5 Comparison between photodissociation action spectra (gray circles) and linear photoabsorption spectra obtained by CRD spectroscopy

(colored symbols): (a) Agg* and (b) Aga,™.

ratio is degraded at wavelengths where the reflectivity of the
mirrors is not sufficiently high (see Fig. S9 in the ESI¥).

Fig. 5a shows the result of Agg' that dissociates by one-
photon absorption; the two spectra are in reasonable agree-
ment with each other especially in the profiles, indicating that
the photodissociation action spectrum can be regarded as
equivalent to a photoabsorption spectrum; the slight discre-
pancy in the absolute values of the cross sections, which is
about 30%, is ascribed to the systematic error in the measure-
ment due to the possible imperfect overlap of the cavity mode
with the spatial distribution of the ions in the trap. The equiv-
alence of both spectra has also been reported in our previous
measurements on Ags" and Ag,".*"??> On the other hand,
Fig. 5b for Ag,," shows that the photodissociation spectrum is
indeed sharpened with respect to the photoabsorption spec-
trum; note that the absorption cross section is also evaluated.
The present result implies that, although a photodissociation
spectrum is equivalent to a linear photoabsorption spectrum
in the one-photon regime, it gives a nonlinear spectrum in the
multi-photon regime; the spectral peak energy is reliable, but
the spectral profile is narrow.

We should note that it is necessary not to rely on multi-
photon processes if one wishes to obtain intrinsic profiles as
well as absolute cross sections of photoabsorption spectra to
evaluate the oscillator strengths of optical transitions, for
example. However, it should be noted also that it is not an
easy task to conduct CRD spectroscopy. It requires several sets
of high-reflectivity mirrors to cover a broad spectral range;
high reflectivity is especially demanding for mirrors in the UV
region. In addition, it is more time-consuming than photodis-
sociation spectroscopy to acquire one data point. It is, there-
fore, not practical for obtaining a spectrum in the whole UV-
Vis range. One should thus employ these techniques
complementarily.

4. Conclusions

We investigated the photoabsorption of size-selected silver
cluster cations in an ion trap both by photodissociation action

This journal is © The Royal Society of Chemistry 2025

spectroscopy and by linear absorption spectroscopy employing
the CRD technique. As for photodissociation processes, the
present experiments showed that small clusters dissociate
upon one-photon absorption, whereas larger clusters tend to
require multiple photons for dissociation. This size depen-
dence was explained by the balance of the two competing pro-
cesses that photoexcited clusters experience in the trap, ie.,
dissociative relaxation and collisional cooling by the buffer
gas. Based on the statistical RRK theory, the dissociation rate
decreases at larger sizes due to a large number of vibrational
degrees of freedom that accommodate the internal excess
energy, which is in line with the previous study that pointed
out possible underestimation of dissociation cross sections for
large clusters due to their long lifetime for dissociation.*’
Multi-photon processes emerge when the dissociation rate
becomes lower than the cooling rate, which took place by a
single ns laser pulse under the present experimental con-
ditions. As for spectral measurements, although a photodisso-
ciation action spectrum was equivalent to a linear absorption
spectrum for small sizes in the one-photon regime, it exhibited
a sharpened spectral profile for large clusters in the multi-
photon regime due to the nonlinearity in the photodissocia-
tion yields. In this regard, a linear absorption spectrum
directly measured by CRD spectroscopy is important in provid-
ing both spectral profiles and absorption cross sections quan-
titatively even in a limited spectral range, which is materialized
by combining an optical cavity for high-sensitivity measure-
ment with an ion trap to prepare a high-density cluster
sample. Nevertheless, spectral peak energies reliably obtained
in a broad spectral range by multi-photon dissociation are also
valuable for characterizing the size-dependent properties of
silver and other metal clusters, which will be discussed in our
forthcoming paper.
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