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The excited state dynamics of silver atoms embedded in helium nanodroplets have been investigated by a
variety of spectroscopic techniques. The experiments reveal thi pp— 5s2S;, excitation of embedded

silver atoms results almost exclusively in the ejection of silver atoms populatindPiastate. In contrast,
excitation to the 5pPs; state leads to the ejection of not only silver atoms inf@, 2Pz, and?Ds;, excited

states but also of AgHe and AgKHé& hese AgHe exciplexes are mainly formed in th@T4, electronic state.

In addition, it is found that a considerable fraction of #fe, excited silver atoms become solvated within

the helium droplets, most probably as AgH&he observations can be accounted for by a model in which

the metastabléDs, state of silver acts as a doorway state in the relaxatiotiPgf excited silver atoms.

1. Introduction The molecular species used in our previous experimetts

The systematic spectroscopic interrogation of foreign species '€ thoughF to have weak but attractive _interactions wi.th the
immersed into helium nanodroplets has proven to be a powerful helium environment and consequently will be solvated in the
way to probe the microscopic properties of this quantum liquid. helium droplets. However, in chemical reactions often radicals
As aresult, helium droplets have attracted considerable interestand species in electronically excited states are produced that
from both experimentalists and theoreticians afikeThe use have a repulsive interaction with the helium. As a result, it is
of helium nanodroplets for the investigation of chemical energetically not favorable for these species to be solvated in
reactions is currently being actively discussed in the literature. the droplets. Accordingly, they will be transported toward the
The droplets’ ability to stabilize weakly bound species can be surface where they might bind due to the long range attractive
exploited to probe for example entrance and exit channel force£? or be ejected from the droplet. To address the issues
complexes, or possibly even reaction intermediates. Although related to the motion of these types of species, we have started
some first experiments have been perforrfied, the field is a systematic investigation of the dynamics of optically excited
still largely unexplored and many questions remain to be silver atoms in helium droplets.
answered. One of the central questions relates to the cooling of - ¢ firt spectroscopic identification of silver atoms in liquid
reaction |ntermed|ates and pro_ducts_ by the_ helium environment., ;. was reported in 1995 by the group of Takain these
Recent experiments have provided first estimates for the cooling experiments, silver atoms were introduced into bulk liquid

rates of the vibrational degrees of freedom in helium droplets. helium by laser ablation and subsequently brobed by laser-
Although a cooling mechanism has been proposed, a detailed. y q y p y

and consistent picture is still lackidg: 16 Even less is known induced flyorescence. Th? excitation spectzra reveqleq that the
on the cooling of the translational degree of freedom. Recently D1 transition, corresponding to BP/2 — 5s %Sy, excitation,
we have started to systematically study the translational dynam-°f the dissolved silver atoms was substantially broadened and
ics of species in helium droplet18 The first experiments in ~ Shifted by several nanometers to the blue with respect to the
our laboratory employed photodissociation of alkyl iodides to 92S Phase. This observation could be explained within the
create species inside helium nanodroplets with a well-defined framework of the spherical atomic bubble model introduced
kinetic energy. By comparing the velocity distribution of €arlier to explain the excitation and fluorescence spectra of
photofragments that have escaped from the dr0p|ets with thealkaline earth atoms in IIqUId and solid helii26 In contrast,
initial speed distribution of the fragments, the mechanism the D2 transition, corresponding to excitation to the?8p.
responsible for the kinetic energy transfer could be inferred. It state, was not observed in this study. Later experiments
was concluded that the translationally highly energetic fragments employing dispersed fluorescence spectroscopy revealed that
lose their kinetic energy mainly by binary collisions with excitation via the D2 transition gives rise to emission via the
individual helium atoms making up the liquid. These results D1 transition, indicating that fast nonradiative relaxation from
appear to be consistent with observations made by other groupghe 2P;, to 2Py, state must occlid”. In addition, the dispersed
and with recent calculatiort$:'%2° As the speeds of most fluorescence spectra revealed a broad emission that is substan-
fragments in these experiments exceed by far the so-calledtially shifted to the red of the excitation wavelength. With the
critical Landau velocity, the velocity below which no elementary help of high level ab initio calculations, this fluorescence was
excitations of the helium can be generatéthese experiments proven to originate from the excitecPH, state of AgHe that
did not probe the translational dynamics in the velocity regime correlates to théPs, state of the silver atom. Later experiments
where superfluidity is thought to have the largest impact. by Takami and co-workers on the radiative lifetime of silver

T Part of the “Roger E. Miller Memorial Issue”. atoms in dense helium gas at temperatures around the critical
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conditions the relaxation oiP;; excited silver atoms occurs  adjusted for every droplet size to ensure that the droplets on
via the ?Ds; state?® average pick up less than one silver atom as they pass through
For the bulk experiment, it is evident that the silver atoms the vapor. After an additional differential pumping stage, the
are dissolved by the helium. However, in the case of helium beam of doped droplets enters the main vacuum chamber, which
droplets the location of the silver atoms is not known a priori. holds an ion imaging setup. The embedded silver atoms are
The electronic structure of silver is similar to that of alkali metal excited to the 5p state by crossing the droplet beam at the center
atoms. One might therefore expect that the silver atoms, of an imaging setup with the frequency-doubled output of a
analogous to the alkali metals, are located at the sufface. Nd:YAG pumped dye laser (PrecisionScan, Sirah Laser- und
However, the beam depletion spectra of silver-doped helium Plasmatechnik GmbH). The silver atoms are subsequently
droplets obtained by Toennies and co-workers closely resembledfurther excited or ionized by the absorption of an additional
the electronic excitation spectrum of silver atoms in bulk photon. In most of the experiments described here this second
helium?® This was taken as evidence that silver atoms, in photon is provided by the counterpropagating frequency-doubled
contrast to alkali metal atoms, reside in the interior of the output of another Nd:YAG pumped dye laser (TDL 50, Quantel
droplets. Shortly thereafter, experiments on silver doped helium International). Both dye lasers are fired simultaneously at a
droplets that used a laser ionization based detection schemeepetition rate of 20 Hz, and the polarization of the two laser
revealed that, following electronic excitation via the D2 transi- beams is adjusted to be parallel to the molecular beam axis. To
tion, silver atoms are being ejected from the droptis.was cover the relevant wavelength region between 300 and 340 nm,
furthermore observed that these ejected silver atoms mainlythe dye lasers are operated with Pyrromethene 597 or DCM
populated the’Py, electronic state. Quantum Monte Carlo and their output is frequency doubled in a KDP crystal. The
calculations on AgHeclusters following this experimental work  ions or electrons created are projected using an electrostatic
confirmed the solvation of ground state silver atoms in helium asymmetric immersion lens onto a position-sensitive detector
droplets3! Furthermore, the calculations could largely reproduce that consists of two 75 mm diameter microchannel plates (MCP)
the experimentally observed excitation spectra. On the basis ofand a phosphor screen. The flight path from the lens to the
this successful simulation of the spectra, it was proposed thatdetector of about 40 cm is shielded from the stray magnetic
the 2Py, — 2P, relaxation observed both in bulk helium and  fields by a high-permeability foil. The electrical signal from
in helium droplets is due to a vibronic coupling of the excited the phosphor screen is fed into an oscilloscope and a multi-
states involved. In contrast to these calculations, more recentchannel scaler (P7886, FAST ComTec GmbH) which offers the
guantum molecular dynamics simulations indicate that helium possibility to record ion time-of-flight mass spectra. The light
induced nonadiabatic transitions between three electronic statemitted by the phosphor screen is imaged onto a CCD camera
during the first few hundred femtoseconds after excitation are interfaced to a PC. In our previous studies a cooled CCD camera
responsible for the observation of A8, after excitation via  was used which was read out after a typical exposure time of
the D2 transitior?2 The simulations furthermore convincingly 1 h. For the experiments described here, this camera has been
showed that, following optical excitation, helium atoms are replaced by a high-resolution (1k 1k) machine vision CCD
expelled from the region around the silver atom and that a camera (A200, Basler AG) which is read out every laser shot.
bubble structure forms on a picosecond time scale. In someThe individual images are analyzed online, and the centroids
cases, AgHgexciplexes witiN < 5 formed inside the bubble,  of the ion or electron impacts are determined with single pixel
indicating a possible solvation of these structures. resolution. High-resolution ion or electron images are con-
In the current set of experiments, we have investigated the structed by adding together the centroids of individual images
excited state dynamics of Ag doped helium droplets by collected during typically 1 h. By gating the voltage applied to
employing a variety of experimental techniques, ranging from the front of the detector, ion images can be recorded for a
zero electron kinetic energy (ZEKE) spectroscopy to ion specific mass. The three-dimensional velocity distribution of
imaging. These measurements allow us to verify some of the the ions, or alternatively electrons, is finally derived from the
models put forward to explain the efficiedPs, — 2P recorded two-dimensional images by applying an inverse Abel
relaxation of silver atoms in liquid helium and to gain more transform to the image®:3¢ With the previously used cooled
insight into the excited state dynamics of silver atoms in liquid CCD camera, excitation spectra could only be obtained by
helium droplets. As such, these experiments serve as a startingeading out the electrical signal from the phosphor screen. With
point for the investigation of the translation dynamics of the new camera setup, it is now possible to record spectra by
photoexcited silver atoms in helium nanodroplets, on which we counting the number of ions or electrons hitting the detector at
will report in a forthcoming publication. a specific wavelength. As a result, excitation spectra can be
recorded with much higher signal-to-noise ratio than before.

In the present study, various spectroscopic and imaging

The experimental setup has recently been described in greaf€chniques have been utilized to investigate the dynamics of
detaill® Only the most relevant features will be given here. photqexcned S|Iver'atoms. AII these techniques use the same
Helium droplets are formed by expanding high-pufitie gas imaging setup, which consists of a repeller plate, an open
(99.9999%) at a pressure of typically 30 bar into vacuum extractor, and an open grpund electrode. Since each type. of
through a 5um orifice cooled by a closed-cycle refrigerator to Measurement requires a different set of voltages to be applied
temperatures in the range 0f-90 K. This temperature range 0 the electrodes, we will give here a short description of the
gives access to both the subcritical and the supercritical Settings used.
expansion regime and thereby allows for the production of a  To determine the products formed by exciting the embedded
wide range of droplet siz&=*334Via a conical skimmer the  silver atoms, time-of-flight mass spectra have been recorded.
droplet beam enters a second vacuum stage that accommodateEhis has been achieved by applying static positive voltages to
a high-temperature oven. High-purity silver (99.999%, Good- the repeller and extractor electrodes (the ratio for time focusing
fellow) placed in the oven is heated up to 8TD to create a being 1:0.85) and integrating the arrival times of ions at the
silver vapor over a length of 30 mm. The oven temperature is detector during typically 30 min using the multichannel scaler.

2. Experiment
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At the typical repeller voltage of 500 V used in the present
experiments, the time resolution is limited by the capacitance
of the detector to 20 ns, which is sufficient to resolve thag
and%%Ag isotopes. The maximum mass that can be detected * *
with the present setup is limited by the fact that the imaging
setup is mounted perpendicular to the droplet beam axis. For B) Ag
helium droplet beams formed under our experimental conditions,
it has been possible to detect masses up to approximately 50 000 N *
amu by applying 8 kV to the repeller and the corresponding
voltage to the extractor.

To determine the velocity distributions of the products,
velocity map images have been recorded by applying slightly “
different static positive voltages to the repeller and extractor D) A%,
electrodes (voltage ratio 1:0.707). The images are typically
recorded by applying 500 V to the repeller and the correspond-
ing voltage to the extractor and using an integration time of 1 *
h. By performing an inverse Abel transformation on the resulting B Ag%P,,
high-quality images, the speed distributions of the products could
be determined with a resolution of 4 m/s. The use of conven-
tional ion imaging in the present study has one serious drawback.
Since the species are ionized in a non-state-specific way, it is .
impossible to determine the velocity distributions of products Frequency [cm ]
in different quantum states. However, by using conditions Figure 1. Excitation spectrum of silver atoms embedded in helium
usually encountered in mass analyzed threshold ionization nan(]clndrtcméit)s Witlh a‘lmeant radiu(sBsf A41HA recqr?(ffegy(goftog?fmﬂl

H : roaucts , only siiver atoms s e excl y

(MATI) spe_(_:tro_sco_pW it becomes feasible to record quantum-_ |F:1 the 5p2Py;, sta%/e (D), and Ag atoméJ in the gpﬁ’slz state (E).gThe
state-specific ion images. In the presence of a small electric jines indicated with asterisks originate from gas-phase silver atoms
field produced by applying 500 and 400 V to repeller and present in the detection region.
extractor respectively, the frequency of the second laser is set
to excite products in one specific quantum state to Rydberg where they are counted. In this way, ZEKE spectra have been
states close to the ionization threshold. Typicalys2after firing recorded with 2 cm! resolution.
of the lasers, the voltages applied to the repeller and extractor
are increased to the values appropriate for velocity map imaging.3. results
The Rydberg atoms are field ionized by the increased electric
field and the resulting ions are imaged onto the detector, which ~ 3.1. Excitation Spectra.We start our presentation of the
is gated at the arrival time of the mass of interest. The delay results by discussing the excitation spectra. Figure 1 shows
time between the firing of the lasers and the switching of the various excitation spectra of silver atoms embedded in helium
voltages is sufficiently long that any ions formed by direct droplets with a mean radius of 41 A. The upper spectrum is
ionization have left the volume that is being imaged. The spectral 'ecorded by scanning the excitation laser over the wavelength
resolution that can be achieved by this version of ion imaging r€gion 305-340 nm while the wavelength of the second laser
is largely determined by the applied voltages. With the setting Was kept fixed at 292.5 nm. The energy of the second photon

typically used in these experiments, a spectral resolution of 10 is sufficient to ionize not only silver atoms irrespective of their
cmis readily attained. quantum state?Py,, 2Dsy2, Or 2P32) but also any AgHgclusters

Whereas time-of-flight mass spectrometry has been used tothat are possibly formed. At the same time, this wavelength is
9 P y not being absorbed by the embedded silver atoms. To avoid

deterrﬂlnett)he produlc_:tzt?atdarte for_me(:hphottc;elzgtrto_rt\) StpeCtrosf'saturation of the transitions and to minimize the background
f}?py asd efn E'IOD ![e 0 determine the j %i IS ”I u |on? f[’. resulting from one-color excitation and ionization, the fluence

€se products. Electronimages are recorded by applying StaliCyt e excitation laser was kept below 0.5 mJFcithe created
negative voltages to the repeller and extractor electrodes with

N . I : ions are accelerated by the applied electric field toward the
a voltage ratio identical to that for ion imaging (1:0.707). BY etector, and the total number of ions is determined at each
applying an inverse Abel transform to the recorded electron 4 elength. It should be mentioned that the resulting excitation
images, the corresponding photoelectron spectra can be obtainedpectrum does not necessarily represent the absorption spectrum
At the typical repeller voltage 0f500 V, an energy resolution  of the embedded silver atoms. Since the detection efficiency of
of 3% is achieved for the photoelectrons. Because the resolutionihe microchannel plates is mass-dependent and consequently
is limited and, as we will show below, not sufficient to resolve  gjlver jons embedded in helium droplets are much less efficiently
all transitions in these experiments, we have also used the setupjetected than free silver ions, the excitation spectrum shown is
to perform ZEKE spectrosco§In these experiments, the silver  strongly biased for excitation to those levels that produce free
products formed by the first laser are excited to high Rydberg silver atoms or small AgHeclusters. Inspection of the spectrum
states by the second laser while a voltage-6f1 V is applied  shown in Figure 1 reveals that it consists of two bands that can
to the repeller and the extractor is being kept at ground. readily be assigned to the D1 and D2 transitions of the dissolved
Electrons formed by direct ionization of the silver products are silver atoms. The shape of these bands is largely independent
removed from the detection volume by this small electric field. of droplet size and agrees fairly well with the beam depletion
Typically, 2 us after firing of the lasers the voltage on the spectrum as measured by Bartelt et’alVhereas it is difficult
repeller is adjusted to-1.0 V. This field ionizes the high  to judge from the beam depletion spectra whether the intensity
Rydberg states and accelerates the electrons to the detectobetween the bands goes to zero or the bands partially overlap,

A) All products

C) AgHe

T T T T v T T T T T T
29500 30000 30500 31000 31500 32000 32500
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the present spectrum clearly shows that the two bands are fully ]

separated. The relative intensities of the two bands are found 1o‘~g A) 1=3325m
to show a slight dependence on droplet size; i.e., the relative ]

intensity of the band corresponding to excitation to tRg» 1033

level increases with decreasing droplet size. Since the spectrum , ]

is composed of contributions of various species, this droplet 10 E

size dependence might well reflect the variation of these 7 “

contributions with droplet size. We therefore have recorded the 10 T T T T T T
excitation spectra correspondingféAg and'%°AgHe by gating 10" 4 B) A=3225nm
the detector at the arrival times of the corresponding masses. ]

By choosing these two masses, contamination of the signal by 103‘;

contributions of neighboring masses could be minimized. The 25

resulting spectra are also displayed in Figure 1. Whereas the 10 3

spectrum recorded by detecting Ag atoms corresponds very .

closely to that obtained by collecting all ions, the spectrum 10 g
resulting from the detection of AgHe is markedly different. 1043 C) A=315nm
Although the shape of the two bands is identical to that in the \ ]

Ag excitation spectrum, the relative intensities are clearly very 10 3

different. Apparently, AgHe is mainly formed by excitation to o]

the 2Pz, state. It was furthermore found that that the absolute 1075 k A

signal level of the AgHe excitation spectrum was strongly 10' ] LU [\ —
droplet size dependent, with smaller droplets yielding more 100 105 110 115 120 125 130

AgHe. These findings together explain the observed weak
droplet size dependence of the relative intensities of both bands
in the excitation spectrum recorded by integrating the signal of of jiver atoms via the D1 transition at a wavelength of 332.5 nm (A)

all masses. Attempts to record excitation spectra for other AgHe  and via the D2 transition at 322.5 (B) and 315 nm (C). The silver atoms
products were not successful, even though some of theseare embedded in helium droplets with a mean radius of 41 A.

products are observed in the time-of-flight mass spectra; see
below.

The Ag excitation spectrum clearly reveals two bands that
have almost equal intensity and correspond to excitation to the
2Py, and?Py; states of the dissolved silver atoms, in agreement
with calculations®:32 According to the quantum Monte Carlo

Mass [amu]
Figure 2. Time-of-flight mass spectra recorded following excitation

sufficient signal-to-noise ratio, although, as we will show below,
silver atoms are produced in this state.

3.2. Time-of-Flight Mass Spectra.The experiments de-
scribed above show that the excitation of silver atoms embedded
in helium droplets yields not only free silver atoms but also

. ’ > YR - AgHe exciplexes. The experiments furthermore indicated that
simulations the final state distribution of the silver atoms should {ha number of AgHe products formed is related to the helium

depend only weakly on the transitions used in the excitéflon. qropjet size. To investigate this in a more systematic way, we
To verify this, we have recorded excitation spectra correspond- haye recorded a series of time-of-flight mass spectra. According
ing to free silver atoms in théP., and?Py;; quantum states. {4 the calculations of Wada et & the excitation spectrum of
This has been achieved by scanning the wavelength of the firstsjjyer atoms embedded in helium droplets can be decomposed
laser and applying a detection scheme usually encountered ininto three components. Consequently, the silver atoms have been
MATI spectroscopy and described in more detail in the eycited at three different wavelengths corresponding approxi-
experimental section. Since the wavelengths used in the seconcﬁnatdy to the maxima in these distributions. The products are
step are within the absorption profile of the embedded silver jonized by the 292.5 nm radiation from the second laser. Figure
atoms, the intensity of the second laser had to be kept2 shows the mass spectra in the range of-1DB0 amu for
sufficiently low to prevent contributions to the signal arising  sijlver atoms embedded in helium droplets with a mean radius
from excitation by the second laser. Consequently, this detectionof 37 A. The mass spectrum resulting from excitation via the
scheme is significantly less sensitive than that used to recordpj transition at 332.5 nm is characterized by two intense peaks
the non-state-specific excitation spectra. To make up for this which are readily assigned to the two silver isotop&%g and

loss in sensitivity and to be able to record spectra with a 109g. The much weaker peaks at 111 and 113 amu correspond
sufficient signal-to-noise ratio, the fluence of the excitation laser to the two AgHe isotopomers. Excitation via the D2 transitions
was increased to 10 mJ/émThe resulting state-specific  at 322.5 and 315 nm leads to the formation of not only Ag and
excitation spectra are also depicted in Figure 1. The’Ag AgHe but also of appreciable amounts of AgHE should be
excitation spectrum is quite similar to the overall silver spectrum. noted that within the present signal-to-noise ratio we see no
The D1 and D2 transitions appear with almost equal intensity evidence of AgHg exciplexes withN > 2 being formed. This

but are somewhat broader than in the non-state-specific spectrain sharp contrast to the simulations by Wada é@ahat show

This broadening can be attributed to the saturation of the the formation of AgHg exciplexes withN up to 5.

excitation transition by the high laser fluence used. ThéRg Since the excitation spectra indicated that the formation
excitation spectrum shows the same two bands. However, efficiency is droplet size dependent, we have systematically
analogous to the AgHe spectrum, the D2 transition is more recorded mass spectra for a wide range of droplet sizes. By
intense. Based on these observations, it becomes clear thaintegrating the area underneath each mass peak in the spectrum,
excitation via the D1 transition leads mainly to the ejection of it becomes possible to determine the relative abundance of each
Ag atoms in the?Py; state. In contrast, excitation via the D2  product with high accuracy. Figure 3 shows the relative
transition produces silver atoms in both fif, and?Ps/, states abundances of AgHe and Agklas a function of droplet size

as well as AgHe. In spite of the high laser fluence, it was not for the three different excitation wavelengths. It should be
possible to record a state-specfids/, excitation spectrum with mentioned that these relative abundances have been determined
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0.030 " Figure 5. Time-of-flight mass spectra recorded following 310 nm
T o excitation of silver atoms embedded in helium droplets consisting on
 0.0254 average of 6000 helium atoms. The dotted line is a fit of the mass
o ] 5 A-s2smm spectrum to a log-normal distribution.
A=315nm
< 0.020-
E 1 = to enhancement on the order of 25% strongly suggests that
g 00154 % SR X .
g ] I tunneling is involved in the formation of AgHe.
= oy = .
8 0010 . From the results presented above, it is obvious that a large
.% 1 423 ag " fraction of the excited silver atoms is ejected from the droplets.
o 0'005'_ £ 1 ., However, it is well possible that some fraction of the excited
0.000 . . . 2 silver remains solvated inside the droplets. The existence of such
20 30 40 50 60 200 250 species is expected to show up in the time-of-flight mass
Droplet radius [A] spectrum at masses corresponding to the mass of the helium

Figure 3. Upper panel: relative abundance of AgHe exciplexes droplets, i.e., in the mass range of 10 000 amu. The time-of-
following excitation at 332.5, 322.5, and 315 nm. Lower panel: relative flight mass spectrum recorded following 310 nm excitation of
abundance of AgHefollowing excitation at 322.5 and 315 nm. silver atoms embedded in helium droplets formed with a mean

radius of 41 A is reported in Figure 5. The mass spectrum

20 ] 7 reveals the presence of a weak signal in the high mass range.
18- T The signal is found to shift according to droplet size, indicating
. { that the signal indeed originates from charged helium droplets.
a 164 L i By monitoring the high mass signal as a function of oven
g, ,] ji z s 1, z temperature, i.e., the Ag vapor pressure, the possibility has been
E— 1 ak '3 ' ruled out that the observed signal originates from the ionization
8 121 of impurities picked up by the droplets. Although the mass
10 TTEE AT P spectrum is rather noisy, it can be reasonably well fitted to a
o 48 g = & ¢ 8 log-normal distribution. The fit yields a mean mass of 22 000
08 e f— amu, which corresponds to a droplet consisting of on average
2 30 40 50 60 200 250 5500 helium atoms. This value is close to the expected number
Droplet radius [A] of 6000 helium atoms for droplets produced under the present
Figure 4. Isotope ratio of°7Ag to 1°%Ag (open symbols) an#’AgHe experimental condition¥:3°We can therefore safely state that

to 1%AgHe exciplexes (closed symbols) ejected from the droplets the mass spectrum indicates that some fraction of the excited
following excitation at 322.5 (squares) and 315 nm (triangles). The sjlyer atoms remains attached to the droplets.
dotted line indicates the natural isotope ratio. 3.3. Photoelectron and ZEKE SpectraThe state resolved
o ] ) excitation spectra already provided details about the state
by taking into account the signal of the two isotopes. The graph gistributions of the products. Complementary information can
clearly demonstrates that the AgHe and Aglégciplexes are e gptained from photoelectron spectroscopy. Whereas normally
more efficiently formed at smaller droplet sizes. The apparent photoelectron spectroscopy is used to investigate the energy
leveling off at larger droplet sizes for D1 excitation is caused |eyels of the ion, in the present experiments it is used to probe
by the contribution of the ionization laser to the signal. the state distribution of the ejected silver products. At the same
A careful analysis of the time-of-flight mass spectrum reveals time, photelectron spectroscopy might provide additional evi-
that the isotope ratio of the products does not reflect their natural dence for the solvation of excited silver atoms in the droplets.
abundance. Figure 4 shows the isotope ratio for the Ag and Photoelectron images have been recorded at the excitation
AgHe products as a function of mean droplet radius following wavelengths of 332.5 and 316 nm, corresponding to D1 and
excitation at = 322.5 nm and = 315 nm. The'%Ag isotope D2 excitations, respectively. To achieve the highest possible
appears to be depleted with respect to its natural abundance. Irresolution, the wavelength of the ionization laser was set to 316
contrast, the'9’AgHe isotope is strongly enhanced. Both the nm to create electrons with minimal energy. Figure 6 shows an
depletion of197Ag and the enhancement ¥AgHe show a electron image recorded at the excitation wavelength of 316
noticeable droplet size dependence, indicating that these ob-nm for droplets created with a mean radius of 41 A. By applying
servations are not due to experimental conditions but are relatedan inverse Abel transformation to the image, the photoelectron
to the dynamics taking place in the helium droplets. Based on spectrum can be obtained. The resulting photoelectron spectrum
these observations, it must be concluded #&g isotope is together with that obtained at the excitation wavelength of 332.5
more efficiently converted into AgHe than the heaviiAg nm is presented in Figure 7. The two photoelectron spectra are
isotope. The fact that a mass difference of only 5% gives rise clearly very different. The spectrum resulting from excitation
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A <r>=26A

B) <r>=41A

C) <r>=2224

Figure 6. Photoelectron image recorded following 316 nm excitation LJ
of silver atoms embedded in helium droplet with a mean radius of 41
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Photoelectron energy [cm-1]

A) A=3325nm Figure 8. Photoelectron spectra derived from photoelectron images
recorded following excitation of silver atoms at a wavelength of 316
nm. The silver atoms are embedded in helium droplets with mean radii
of 26 (A), 41 (B), and 222 A (C). The dotted lines are intended to

facilitate the observation of peak shifts.
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Figure 7. Photoelectron spectra derived from photoelectron images 1801 —TT——17/7
recorded following excitation of silver atoms at a wavelength of 332.5 20 30 40 50 60 200 250
(upper panel) and 316 nm (lower panel). The silver atoms are embedded Droplet radius [A]

in helium droplets with a mean radius of 41 A. Figure 9. Variation of the peak positions of two selected transitions

. e . . . in the photoelectron spectrum with droplet size. The solid line is a fit
via the D1 transition is dominated by a single peak, which can of the data points to the functional form of eq 1.

be unambiguously assigned to originate from Ag atoms in the
2p,, state. In contrast, the photoelectron spectrum resulting from plotted in Figure 9. Both peaks shift systematically to higher
excitation via the D2 band consists of several peaks. The time-energy with increasing droplet size, which is consistent with a
of-flight mass spectra have revealed that excitation via the D2 lowering of ionization threshold with increasing droplet size. It
band leads to the ejection of not only silver atoms, but also has recently been sho#*that the vertical ionization threshold
AgHe and AgHe exciplexes. In addition, a noticeable fraction ~of embedded species varies with the droplet ralascording
of the excited silver atoms becomes solvated. Accordingly, the t0
photoelectron spectrum is expected to reflect the presence of .
all these species. The peak corresponding tGRg is readily IPR) = IP, — 92(1 —€) 1
identified in the spectrum. The assignment of the other peaks * 8me R
is less obvious.

We will start our assignment of the photoelectron spectrum where IR, is the vertical ionization threshold in bulk helium,
by identifying features in the spectrum that correspond to is the electron chargey is the permittivity of free space, and
dissolved excited silver atoms. Recent photoelectron experiments is the dielectric constant of the cluster. Under the assumption
on aniline embedded in helium nanodroplets have shown thatthat the energy of the dissolved excited silver atoms does not
the vertical ionization threshold of the aniline is lowered due depend on droplet size, the peak positions in the photoelectron
to polarization effects and consequently depends on the dropletspectra should show the saRaelependence as the ionization
size?0 To identify the presence of solvated excited silver atoms, threshold. Consequently, the peak positions have been fitted to
we have therefore recorded photoelectron spectra for a serieghis functional form. The constant found describing tRe
of different droplet sizes. Figure 8 shows the spectra obtained dependence is with 2600 cHA relatively close the theoreti-
at three different droplet sizes. Inspection of the spectra revealscally predicted value. This together with the fact that the width
that the positions of the peaks at about 200 and 450 arary of these peaks is significantly broader than the instrumental
with droplet size. The shift of these two peaks as a function of resolution is taken as evidence that both these peaks correspond
droplet size has been methodically determined. The results areto dissolved excited silver atoms. Based on the relative
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Figure 10. Relative abundance of A%P./, (®) and of dissolved silver
atoms characterized by the peaks in the photoelectron spectrum at 200
(v) and 450 cm* (a). The lines through the data points are to guide
the eye.
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intensities of these two peaks in the photoelectron spectrum,
one must conclude that roughly half of the D2 excited silver w
atoms become dissolved by the helium. By integrating the area — .
underneath each peak in the photoelectron spectrum, it becomes 0800 30800 31000 31200 31400 31600
possible to determine accurately the relative contribution of each Frequency [cm’']
product. The results for different droplet sizes are plotted in rigyre 11. One-color ZEKE spectrum of silver atoms embedded in
Figure 10. As can be inferred from this figure, the relative helium droplets with a mean radius of 31 A (middle panel) and
intensity of the peaks varies weakly with droplet size. While corresponding photoelectron spectrum (upper panel). The inset in the
the peak at 450 cm gains intensity with increasing droplet ~ middle panel shows g'detai_led vi_ew of that part of the spectrum that
size, the intensity of the peak at 200 thdecreases with correspond:§ to transitions _mvolylng AgHeAg,. The Iower_ panel
increasing droplet size. s_how_s t_he f_leld-free AgHe ion yield spectrum recorded using pulsed
. . L field ionization for the detection of AgHe ions.

The photoelectron images not only yield the kinetic energy
of the electrons; they also provide information on the angular nonradiative processésFigure 11 shows the ZEKE spectrum
distribution of the electrons. Inspection of the electron image and the corresponding photoelectron spectrum resulting from
shown in Figure 6 immediately reveals that the angular the excitation of silver atoms in helium droplets with a mean
distributions of the electrons originating from APy, and radius of 31 A. The high-resolution ZEKE spectrum reveals
dissolved silver atoms are quite similar. A more quantitative that the peaks around 1000 chin the photoelectron spectrum
analysis of the image shows that all three angular distributions consist of several individual lines. The sharp lines in the ZEKE
are well described by an anisotropy paramete ef 0.45. As spectrum can be readily assigned to transitions belonging to
we will show below, this information can be used to determine free silver atom. The line at 30 553 cicorresponds to ZEKE
the character of the dissolved silver atoms. detection of ground state silver atoms via two-photon excita-

Having assigned these two peaks in the spectrum to dissolvedtion*® The origin of this signal will be discussed below. It is
silver atoms, the other peaks have to be attributetPip Ag straightforward to assign the sharp lines at 31 555, 30 634, and
and AgHe and possibly AgHeThe spin-orbit splitting of the 30 864 cn! to transitions originating from thé&Py,, 2P/, and
excited silver atoms is well-known to equal 920.6 cft °Dsp states of silver, respectivety:*3The ZEKE spectrum thus
Consequently, the peak in the photoelectron spectrum at arouncconvincingly demonstrates that silver atoms in g, state
950 cnt! can be attributed t8Ps;, Ag. However, the width of are formed and that at least some fraction is ejected from the
this peak as well as that at 1050 chis substantially broader  droplets. The broad peaks in the ZEKE spectrum around 31 150
than the experimental resolution, indicating that several transi- and 31 450 cm! correspond to transitions of the dissolved
tions contribute to it. Attempts to resolve the transitions by excited helium atoms. These lines could be accurately fitted to
reducing the kinetic energy of the corresponding photoelectronsa Gaussian distribution. The peak positions show the same
were not successful. Therefore, it was decided to use a ZEKEdroplet size dependence as observed in the photoelectron
detection scheme, which allows recording spectra with much spectrum. The widths of the peaks could be accurately deter-
higher resolution. mined from the ZEKE spectra and were found to be almost

The experimental conditions used to perform ZEKE spec- independent of droplet size and to equal 110 and 55'dwhm
troscopy have been described in detail in the experimental for the peaks at 31 150 and 31 450 dimrespectively.
section. Since spectra with a sufficient signal-to-noise ratio could  Having assigned most of the peaks in the spectrum to either
not be obtained in a two-laser experiment due to the nonoptimal gas-phase or dissolved silver atoms, the remaining features in
spatial and temporal overlap of the laser beams, the experimentshe ZEKE spectrum have to be attributed to AgHe and AgHe
have been carried out using a single laser. This laser beamSince the time-of-flight mass spectra indicate that AgHe is the
excites the silver atoms in the helium droplets and subsequentlymost abundant product after Ag, it seems logical to assign the
excites the products to high Rydberg levels, which are subse-broad structures at 30 700 and 31 340éto AgHe. To verify
quently probed by the ZEKE detection scheme. The use of athe assignment, we have attempted to record MATI spectra for
single laser implies that the intensities in the ZEKE spectrum AgHe and AgHe, but without success. Although this could
will be convoluted by the absorption spectrum of the embedded indicate that these peaks in the ZEKE spectrum do not originate
silver atoms. In addition, the intensities in the ZEKE spectrum from AgHe, it is more likely that at the voltage settings used
will depend on the species being probed since the lifetimes of for MATI detection, which are considerably different from those
Rydberg states in molecular systems are generally affected byused for ZEKE, the excited Rydberg states of AgHe decay
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Figure 12. lon images corresponding to silver atoms in the ground state (leftjRpdtate (right). The images are recorded following excitation
of silver atoms embedded in helium droplets with a mean radius of 60 A.

before they are field ionized. To confirm this, we have recorded the droplets that have decayed during the 5 ns laser pulse.
an AgHe ion yield spectrum under field-free conditions using Although it cannot be completely ruled out that nonradiative
pulsed field extraction for the detection of the ions. The resulting relaxation of excited silver atoms to the ground state ground
spectrum is displayed in Figure 11. The steps in the ionization occurs, the present results do indicate that this mechanism does
yield clearly coincide with the two unassigned peaks in the not play an important role in the excited state dynamics of silver
ZEKE spectrum. Consequently, the lines around 30 700 and atoms in helium droplets.
31 340 cn1l in the ZEKE spectrum are assigned to AgHe.

3.4. lon Imaging. The ZEKE spectra revealed the presence 4. Discussion
of ground state silver atoms. These atoms can originate from
several different sources or processes. Silver atoms that have Having presented all the available data, we are now in the
been transported into the detection region by the effusive beamposition to discuss in more detail the excited state dynamics of
that emerges from the oven will certainly contribute to the Ssilver atoms embedded in helium droplets. All the excitation
detected signal. Another contribution might come from excited Spectra reported in this work show that the absorption bands
silver atoms ejected from the droplets that have decayed corresponding to the D1 and D2 transitions are fully separated
radiatively to the ground state during the 5 ns laser pulse. In and thus do not partially overlap. This is clearly at odds with
view of the 7.4 ns lifetime of the 5p states of silVérthis the absorption spectra calculated by both diffusion Monte Carlo
fraction can be significant. Another contribution could possibly and path integral Monte Carlo methods, which both show an
originate from the nonradiative relaxation of dissolved electroni- appreciable overlap of the two bands? It could be argued
cally excited silver atoms. Spectroscopic studies on optically that the excitation spectra recorded in the present work do not
excited alkali metal atoms in bulk liquid helium indicate that truly reflect the absorption spectrum. Indeed, the photoelectron
this process is the main relaxation pathway for the light alkali spectra reveal that following excitation via the D2 band a
metals Li, Na, and K546 The excess energy of approximately significant fraction of the excited atoms becomes dissolved in
30000 cn! that will be released in this process will be the helium droplets. The detection efficiency of these dissolved
sufficient to completely evaporate all but the largest droplets species is substantially less than that of Ag and AgHe.
and thus yield free ground state silver atoms. Based on theAccordingly, the recorded excitation spectrum does not neces-
ZEKE spectrum it is not possible to disentangle these various sarily reflect the absorption spectrum. On the other hand, the
contributions. However, more can be learned about the contribu-Pands in the excitation spectra of the Ag and AgHe products,
tion of the various processes by using quantum-state-specificWhiCh probably result from different formation processes, have
ion imaging since the speed distributions of the silver atoms identical shapes. In addition, the laser induced fluorescence
will depend on the formation process. Figure 12 shows two ion spectra of silver atoms in bulk helium clearly reveal that the
images recorded under identical experimental conditions. The two bands are fully separatédin view of this we argue that
left image corresponds to ground state silver atoms while the the spectra recorded in this work are representative of the
one on the right corresponds to AR, atoms. The images are ~ absorption spectrum of helium-embedded silver atoms. It is
clearly not identical, indicating that different processes give rise important to realize that this could have consequences for models
to these products. The image corresponding to ground state silvethat have been proposed to account for the effici@k —
atoms shows an easily recognizable vertical streak that is ?Ps2 relaxation. Based on the partial overlap of the D1 and D2
substantially displaced with respect to the origin of the setup. bands, Mella et al. suggested that the coupling between the states
This feature can be attributed to silver atoms in the effusive corresponding to these bands could account for the observed
beam emerging from the oven since these atoms have a highlyrelaxation®' However, this process is expected to be consider-
anisotropic velocity distribution. In addition to the effusive beam ably less efficient in case the bands do not overlap, and
structure, an isotropic signal is observed. Based on the char-consequently is most likely not responsible for the efficient
acteristic displacement on the detector, this structure is readily relaxation.
identified as ground state silver atoms originating from the = The quantum molecular dynamics simulations by Wada et
droplets. The speed distribution of these ground state atoms isal. indicate that the excited state dynamics is mainly governed
identical to that of the electronically excit@B, silver atoms by nonadiabatic transitions between the various potential energy
shown in the right image. This strongly suggests that these surfaces? Their simulations reveal that the population of the
ground state atoms result frofRy; silver atoms ejected from  silver atoms following excitation is almost equally distributed
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o\ 1Sy A substantial fraction of the vibrationally excited AgHe
100 At X 5+ subsequently predissociates to form metast&blg, silver
] atoms, while another fraction will bind one more helium atom
-200 - to form AgHe in the 215, excited state. Due to the weak
-300 | attractive forces between tBBs;; Ag and the helium atoms, a
-400 shell of helium atoms will form around the metastable silver
- atom. The authors showed that above a critical helium density
100 4 A'2gt the electronic states correlating 4@y, silver atoms will cross
o 1L\ \ 5p Py the states correlating to ti®s, state. This curve crossing is
| \ ATy, then responsible for the transfer of population from3bg; to
-100 the 2Py, state. The internuclear distance at which the curve
— -200 5p %D crossing is estimated to occug, = 4.5 A, is somewhat larger
13 300 Py — than the position of the potential barriep, = 4.09 A, in the
@ . ' Y2 52 A1, state AgHe; see Figure 13. Consequently, the curve
W -400 crossing should yield exclusivefi,; Ag atoms as the formation
of AgHe 21y, is inhibited by the potential barrier. This barrier
50 \ /\ in the AgHe 21y, potential is also thought to inhibit the
0 5p 2Py formation of AgHe and AgHgfollowing optical excitation via
50 | b/ A%y, the D1 transition. In conclusion, the relaxation mechanism
100 proposed by Takami and co-workers is thought to produce
exclusively silver atoms in th#, state and AgHgin the2[ 1z,
0 \ 5525, electronic state.
\ ! As we will show now, the results of the present study provide
-10 \/X ezr additional support for this relaxation mechanism but at the same

time also point out some shortcomings. If thg, state plays
a key role in the relaxation of silver atoms excited to {Rg,
state, it should be possible to detect silver atoms in this quantum
state. Indeed, the ZEKE spectrum recorded in this study reveals
a relatively weak transition at 30 864 cithat could be
unambiguously assigned to originate from silver atoms populat-
ing the2Ds), state. Although this does not prove the existence
of the mechanism proposed by Takami and co-work&itgjoes
over the?Py;, and 2P, states, independent of the state initially ~support it. Additional support is provided by the time-of-flight
populated. These results are in strong contrast to what has beemass spectra, which reveal the formation of AgHe following
observed experimentally. The photoelectron spectra namelyexcitation via the D2 transition. In contrast to the predictions
reveal that excitation via the D1 band yields almost exclusively made by the model, the ZEKE and pulsed field ionization spectra
Ag 2Py atoms. In contrast, excitation via the D2 band not only unmistakably reveal the formation of AgHe populating not only
yields free Ag?Py» atoms, but also yields an appreciable amount the?[Ts, state but also th&1,, state. In fact, the photoelectron
of 2Py, silver atoms. These observations signify that nonadia- spectra indicate that the majority of the AgHe leaving the
batic transitions alone cannot be responsible for the observeddroplets resides in th&l1y, state and not th&l1s, state. This
state distributions. It thus becomes apparent that other mechaobservation at first might seem to contradict the model.
nisms that have not been taken into account in the simulationsHowever, it should be noted that the barrier in the AgHg,
play a more important role in determining the state populations. potential is relatively small and that the curve crossing occurs
One of the important aspects not included in the simulations relatively close to the top of the barrier. It is therefore well
is the presence of the intermediate metastaiilg, state. possible that the formation of AgHe occurs by tunneling through
Although direct excitation to this state is optically forbidden, it this barrier. Tunneling has also been thought to be responsible
could play an important role in the relaxation 4%, excited for the formation of alkali metathelium complexes after optical
silver atoms. The experiments by Takami and co-workers on excitation of alkali metal atoms located on the surface of helium
the radiative lifetime of silver atoms in dense helium gas seem droplets?4° Supporting evidence that tunneling is involved in

r (Al

Figure 13. Potential energy curves of the ground state of Aglded
the lowest electronic states of AgHe. The curves for AgHe are taken
from ref 47.

to confirm the importance of this state in the relaxation proéess.
They found that the radiative lifetime of APy, atoms formed
by excitation to théPs, level exceeds by far that of free silver

the AgHe formation is given by the time-of-flight mass spectra.
These spectra show that following D2 excitation the isotope
ratio of AgHe deviates substantially from the natural Ag

atoms. Based on this observation the authors concluded thatbundance. The lighté?’AgHe complex is 25% more abundant
the 2Pz, — 2Py, relaxation mechanism must proceed via the than the heavier isotopomer while at the same time the bare
intermediate metastab?®s,, state. In addition, when increasing 197Ag isotope appears to be depleted; see Figure 4. This huge
the helium density, they noticed a rather abrupt shortening of isotope effect clearly points to a tunneling process. It should
the lifetime and a striking change in the relative intensities of be realized that the fact that mainly AgHe products in’iHe,

the Ag?2Py; and AgHe fluorescence. The mechanism respon- state are detected does not imply that the majority is formed in
sible for these observations could be deduced with the help ofthis state. The ejection dynamics could be different for these
ab initio potential energy curves of the AgHe comptéXhese two electronic states. It is interesting to note that the quantum
curves are partially reproduced in Figure 13 to facilitate the Monte Carlo simulations by Wada et al. that do not include the
discussion of the proposed mechanism. The authors argued thatmetastabléDs,, state of silver find that the AgHeexciplexes
following excitation of silver atoms via the D2 band in dense are mainly formed in electronic states correlating with3Rg,
helium gas, AgHe complexes readily form in thélR, state. state of the free silver atof3.
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TABLE 1: Calculated Energies and Rotational Constants of Vibrational Levels of the XX Ground State of the AgHe" lon
and A1), Electronically Excited State of AgHe

AgHe" X1+ AgHe A[Ty2
v E, — De[cm™] By [cm™] Ey — De[cm™ B, [cm™
0 —273.8 0.676 —293.3 0.563
1 —166.1 0.580 —192.8 0.507
2 —90.1 0.475 —112.0 0.443
3 —41.9 0.361 —52.3 0.367
4 —15.9 0.247 —14.9 0.267

a Reference 47.

The photoelectron spectrum following D2 excitation reveals and therefore the amount of information that can be extracted
two broad structures, in addition to the peaks corresponding to from the spectra is limited. However, there is a clear difference
Ag and AgHe. Based on the variation of the position of these between the spectroscopic features corresponding télthe
peaks with droplet size, it is concluded that these structuresand ?ITs; states. While the former consists of a single sharp
correspond to excited silver atoms dissolved in the helium line residing on a broad background, the latter consists of two
droplets. These structures are also present in the photoelectromloublets (doublet splitting~4 cnr!) that are separated by
spectra for large helium droplets containing millions of helium approximately 17 cmt. This spectral difference is probably
atoms, which are representative for bulk helium. It thus appearsrelated to the internal energy distribution of AgHe in the two
justified to follow Takami and co-worketéand assign one of  electronic states involved. The ab initio calculations by Jakubek
the peaks to AgHe?lls, (v = 0). The laser induced fluores-  and Takami indicate that &1y, state can hold only a single
cence spectra of photoexcited silver atoms rule out the presencevibrational level while théll, state can support five vibrational
of dissolved AgHe or vibrationally excited Aghiels,.2” levels#” In addition, the?ITs/, state also supports many more
Consequently, the other broad structure in the photoelectronrotational levels than thél1,, state. Furthermore, it was found
spectrum is not likely to originate from any of these products. that the repulsive part of the electronic states that correlate to
More information about the character of the dissolved silver Ag 2Ds), cross the’ITz), state at an energy just above the=
atoms can be inferred from the angular distributions of the 1 level. According to the mechanism proposed by Takami, only
photoelectrons. The angular distributions of the peaks in the the v = 0 andv = 1 levels of the’I1z), state of AgHe will be
photoelectron spectrum that correspond to dissolved silver atomssignificantly populated. To determine whether the observed
are both characterized by an anisotropy parameter of 0.45. Thisspectral features are consistent with this model, it is necessary
indicates that the states have the same symmetry, which ruleso know the energy levels of the AgHé&n. We therefore have
out that one of the peaks found in the photoelectron spectrum calculated the potential energy curve of the AgHen by ab
originates from silver atoms in the metastatidg), state. Takami initio methods using the Gaussian 03 packetjEhe potential
and co-workers concluded that only AgHa the AT3); state energy curve has been calculated at the CCSD(T) level of theory
can be formed since the presence of a barrier in the potentialand has been corrected for the superposition error using the
energy curve of the A1y, state inhibits the formation of AgHe counterpoise correction procedure by Boys and Berrfartin
in this state. On the other hand, the detection of AgHe in the be consistent with the calculations of Jakubek and Takami on
2[1y, state indicates that the barrier does not completely impede AgHe, we have used the same set of basis functions as these
the formation of AgHe in this state. Consequently, it seems not authors!’ The potential energy curve for AgHiedepicted in
unreasonable to assign the other broad peak in the photoelectroifrigure 13, exhibits a minimum of 340.5 chat an internuclear
spectrum to AgHg A2y, (v = 0). This assignment is  distance of 2.46 A and, hence, is rather similar to that of the
compatible with the laser induced fluorescence spectrum as?[I, state of AgHe. Accordingly, the FranelCondon principle
recorded by Persson et?lif it is assumed that the fluorescence will favor Av = 0 transitions for the X© AgHe™ — A1),
spectrum resulting from th&1,/, state is similar to that of the ~ AgHe system. The energies and rotational constants of the
213, state but shifted by the spirorbit splitting. In addition, vibrational levels of AgH& have been calculated by numerically
the formation of AgHe in the Iy, state could also account solving the Schidinger equatiof? and are reported in Table 1.
for a seemingly contradicting observation in the experiments Using these values, the splitting between thee 0 — "' =0
on silver atoms in dense helium gas. In the study of Jakubek etands’ = 1 " = 1 transitions is calculated to equal 7.2¢m
al?® the abrupt change in radiative lifetime with increasing Since the electron created in the ionization process can carry
density was accompanied by a change in the relative fluores-away orbital angular momentum, the change in the rotational
cence intensity of Ag?Py» and AgHe. While the radiative angular momentum of AgHe is not limited to the usidl =
lifetime decreased by a factor of 20, the relative fluorescence 0, +1 selection rule; also larger values are allowed. This can
ratio changed only by a factor of 6. This does not appear to be lead to the formation of multiple band heads in the ZEKE

consistent with the proposed model. However, if AgHe spectrum. Based on the computed rotational constants, the
also formed in thélly; state, this observation can be accounted splitting between the band heads is expected to be on the order
for. of 10 cnT. In view of the accuracy of the calculated energy

Having assigned the broad structures in the photoelectronlevels and rotational constants, one can conclude that the ZEKE
spectrum to AgHgin 2[5, (v = 0) and?[1y; (v = 0), we can spectrum is compatible with transitions originating from the
now attempt to estimate the energies of these states. However= 0 andv = 1 levels of AgHe in the Allz, state. Having
before doing so we would like to discuss the energy levels of established the character of the transitions in the spectrum, it
AgHe in more detail since these electronic states appear to playnow becomes possible to determine the sqirbit splitting for
a crucial role in the excited state dynamics. In the present study,the excited states of AgHe. From the ZEKE spectrum, we
information about the energy levels of AgHe can only be deduce a splitting of approximately 640 ch This value is
obtained from the ZEKE spectra. The resolution in the present slightly larger than the theoretical value of 614 Ththat is
study is not sufficient to resolve individual rovibronic transitions, based on the assumption that the sforbit interaction in AgHe
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is independent of the internuclear distance and therefore equalsatomic ions, we have calculated the vertical ionization threshold
2/3 the spir-orbit splitting in the silver atom. However, if the  for the silver atom. These calculations where performed at the
zero point energies of thlz, and?l1z, curves are taken into  CCSD(T) level of theory, while the interaction with the helium
account, the calculated splitting is with 666 chonly slightly environment was taken into account using the continuum model
larger than the observed splittidgUnder the assumption that  initially devised by Tomasi and co-worketsAs before, the

the ab initio calculations yield the correct dissociation limit for same basis sets of Jakubek and Takami have beerfUS&d.
AgHe', it becomes possible to calculate the binding energies calculations reveal that the ionization threshold is lowered by
for both the2I1,, state and th&lls, state. From the observed approximately 2100 crt upon solvation by helium. By taking
transition frequencies in the ZEKE spectrum and the calculated into account the variation of the ionization threshold with droplet
energy levels of the AgHeion, we find binding energies of  size, the solvation energies of the excited silver atoms can be
55 and 335 cm! for the v = 0 level of the?[1;, state and calculated from the observed transition frequencies. We find
2[4, state, respectively. These values compare very favorably solvation energies of 1900 and 2500 ¢hfor the 2Py, and?Ps/,

with the energies of 39 and 293 cincalculated by Jakubek  states of silver, respectively. It should be stressed that these
and Takamf’ values are determined assuming that both states probe the same

We can now return to the broad structures in the photoelectronionization threshold, something that is not necessarily true as
and ZEKE spectra that are thought to arise from dissolved W€ pointed out above. Moreover, it is assumed that silver atoms
AgHe in the 21y, and 2[13, states. Before we discuss the &€ dissolved in the helium droplets and not the proposed AgHe

energies of these states, we first have to assign the two bandseXciplexes. Nevertheless, it is obvious that the solvation energies

Based on the observations for AgHe, it appears reasonable toof excited silver atoms are much larger than that of ground state
; ver which has been calculated to be on the order of 100

assign the highest energy state, corresponding to the peak afll S
31 150 cmt in the ZEKE spectrum, to AgHeAZ[lz,. Since  ©M ~

recent photoelectron experiments have shown that the vibrational | 1€ last issue we want to address is the droplet size
relaxation of molecules in helium droplets is complete on a dePendence of the excited state dynamics. The time-of-flight

nanosecond time scaf@it is safe to assume that both peaks in mass spectra and photoelectron spectra have demonstrated that

the photoelectron spectrum and ZEKE spectrum probe the the ield of ejected AgHe Al exciplexes decreases mono-

ground state configuration. If the splitting between the states tonically with increasing helium droplet size. At the same time,
in the ZEKE spectrum is taken as the sparbit splitting the photoelectron spectra show that the relative amount of

between the states, one arrives at a value of 288 cm 2. dissc_)lved AgHe ZH”? decreases with dr_oplet size, while the
This value is approximately a factor of 2 less than what would relatlye ?moum of dissolved Agh€élly; increases. Whereas
be expected based on the assumption that the—gphit the ejection process could account for the decrease of AgHe

5 . S .
interaction in AgHg is independent of the internuclear distance. tr?llz eé(cuz_lexes% at tlhetsgm: :;n;%'t cagnot tbhe refsponsmletfor
The reduced splitting could thus signify that while this ap- - ¢ féauction ot solvated Ag 12. One therefore mus

proximation is valid for AgHe it is no longer appropriate for conclude that the formation process of both these species is

large AgHg complexes. However, when interpreting the ZEKE droplet size dependent.
and photoelectron spectra, one should take into account thats. Conclusion

both these detection schemes probe the vertical ionization
threshold. When a positively charged ion is embedded in liquid h
helium, it forms a compact solvation structure which is often
referred to as a snowb&f. The solvation structures formed
around neutral species are In general very different from those gy er atoms. In contrast, excitation to they, state leads to
forrr_1ed a_round _|on§. As a result, the ionization (_)f dissolved o ejection of not only silver atoms in tABy, 2Py, and2Ds)
excited silver will probe not the adiabatic ionization threshold o ited states but also of AgHe and AgHeThe AgHe

but rathgr the corresponding vertical threghqlds. The ab initio exciplexes are mainly formed in theB,, electronic state. The
calculations by Persson et al. for AgHendicate that the  oyhariments furthermore show that following D2 excitation a
equilibrium structures for both spirorbit states are almost  qnsiderable fraction of the excited silver atoms remains inside
identical but that the binding energies are very diffeférit. the helium droplet. Based on the photoelectron and ZEKE
therefore is conceivable that the solvation structures of the spectra recorded in the present study and the laser induced
AgHe, complexes in the droplets are not identical and conse- g orescence spectra of silver in bulk helium recorded by Persson
quently the vertical ionization thresholds could be different. The &t 5127 it is concluded that the excited silver atoms become

possible difference in solvation structure could thus account for ¢y ated as AgHe These dissolved exciplexes are thought to
the unexpected small splitting observed in the photoelectron andsgrm in the I3, and 211, excited states.
ZEKE spectra. At the same time, the difference in solvation  The experiments show that nonadiabatic transitions between
structure could also give rise to a difference in line widths of he various potential curves as suggested by the quantum
the two bands. However, as the solvation structures of the jechanical molecular dynamics simulations by Wada & al.
species involved are not known, it is not possible to draw any cannot be solely responsible for the observed product and state
further conclusions from these line widths. distributions. The detection of silver atoms in the metastable
Even though the photoelectron and ZEKE spectra do not 2Ds, state appears to supports the model put forward by Takami
allow us to probe the adiabatic ionization threshold, we can and co-workers in which thtDs), state acts as a doorway state
still use them to make a rough estimate of the solvation energiesfor the formation of Ag?Py,,.28 Although some of the observa-
of the dissolved excited silver atoms. Our recent study on the tions do not follow directly from the model, they can be readily
photoelectron spectroscopy of aniline has shown that the verticalbrought into accord with this model. Hence, this study clearly
ionization threshold of dissolved aniline could be calculated by demonstrates that any simulation that attempts to describe the
ab initio methods using the continuum model to within 200 excited state and translational dynamics of silver atoms in helium
cm1.40 Assuming that a similar accuracy can be obtained for nanodroplets must take into account fiig, state.

The excited state dynamics of silver atoms embedded in

elium nanodroplets have been investigated by a variety of

spectroscopic techniques. The experiments reveal that excitation
via the DI transition results mainly in the ejection?8%,, excited
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