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Discrete Visible Luminescence of Helium Atoms and Molecules Desorbing from Helium
Clusters: The Role of Electronic, Vibrational, and Rotational Energy Transfer
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Discrete visible and near-infrared luminescence of a beam of photoexcited helium clusters is reported.
The emission lines are attributed to free helium atoms and molecules desorbing from clusters in
electronically excited states. Depending on the excitation energy, various atomic and molecular
singlet and triplet states are involved in the relaxation process. With increasing cluster size the
intensity of molecular transitions becomes dominant. The temperature of ejected molecules could
be estimated td',;, ~ 2500 K and T, ~ 450 K and is much higher than that of the cluster itself.
[S0031-9007(97)03267-5]
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Visible and infrared (ir) luminescence spectroscopy ishelium has been performed with unspecific excitation
one of the oldest and most established methods for the exising charged particles, e.g., electrons, protangyar-
ploration of electronic level structure and excited states dyticles. In general, nonradiative processes dominating the
namics of atoms and molecules. The derivation of the welfelaxation pathway depend on the particle density. In
known Rydberg formula which was based on the observahelium clusters the particle density depends strongly on the
tion of luminescence spectra of metal atoms is one of theluster size [4] which makes them even more interesting
most prominent examples of its usefulness. Condenset study. The role of the two parameters size and density
matter physics has also benefited substantially from luean be studied independently by preparing clusters of the
minescence spectroscopy, but detailed information on theifferent isotopes’He and®*He. Here we concentrate on
excited state dynamics giure materials is often difficult results for the most abundant isotofee. Finally, it
to obtain for two reasons: (i) In most cases only ratheishould be noted that clusters #le containing more than
broad luminescence bands due to transitions between tlzefew hundred atoms have very interesting structural and
lowest electronically excited state and the ground state ataermodynamic properties like superfluidity [4]. This may
observed. (i) Transitions between electronically excitedalso affect relaxation processes in clusters, e.g., desorption
states of pure solids or liquids similar to that in atoms andf species because atoms can change their position in the
molecules are usually not observed because nonradiativduster very efficiently.
relaxation processes following electronic excitation de- The measurements were performed at the experimental
populate the highly excited states extremely efficiently. station CLULU at HASYLAB [5]. In brief, helium

Liquid helium is presumably the only exception to this clusters are prepared in a free expansion of cold helium
rule. In contrast to all other pure condensed materialgas (4—30 K) at a stagnation pressure of 2000 mbar
liquid helium emits a very rich discrete spectrum in the irthrough a nozzle of 6@m in diameter. The beam
which is due to transitions between electronically excitecconsisting of atoms and clusters is photoexcited with
states of helium atoms or molecules enclosed in bubblesionochromatized, tunable synchrotron radiation in the
[1,2]. Thus, in the context of cluster science helium isenergy range between 20-25 eV. Luminescence spectra
an ideal material to study the excited state dynamics anih the visible and ir are recorded with a 0.275 m Czerny-
radiative and nonradiative processes as a function of th€urner spectrometer equipped with a liquid nitrogen
cluster size. cooled CCD camera. Overview spectra are taken with a

In this Letter we report on the observation of visible and150 lines per mm grating. In the case of helium clusters
ir luminescence of helium cluster beams. Similar to, He a precise determination of the cluster size is very difficult
[3] and the bulk liquid [2], helium clusters emit a large because they are very fragile. Here we give only rough
number of discrete lines in the visible and infrared rangeestimates based on results for heavier rare gas clusters and
The excited states dynamics is investigated as a functiowell known scaling laws [6].
of the cluster size and in addition the excitation energy is The emission of dense gaseous and liquid helium con-
varied. This permits detailed insight into the relaxationsists of very broad and intense continuous emissions in the
pathway. Further, this is the first luminescence study ofracuum ultraviolet (VUV) and much weaker discrete lines
helium with photoexcitation at all, since all work done in and bands in the visible and the ir range [7]. The VUV con-
the past on the excited states of atomic, molecular, or liquitinuum is assigned to bound-free luminescence between
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the first excited singlet state and the repulsive ground statés'S, state. Since the3s'S, state is 166 meV and
A similar continuum is also emitted from helium clustersthe 3d'D, is 13 meV [10] below the3p'P, state, this
[8]. In addition, visible and ir luminescence is observedindicates that the nonradiative relaxation into lower lying
which is much less intense due to the competition with thestates becomes more efficient with increasing cluster size.
VUV luminescence. Large clustersN = 100 000) also emit a large number
Figure 1 shows visible and ir spectra of a helium clusteiof weak additional lines which can be attributed to emis-
beam in comparison with a spectrum recorded on an atomgions offreehelium molecules. This trend is in agreement
beam. The excitation energy is tuned to the S, —  with the findings for bulk liquid helium for which molecu-
3p' P, atomic transition. At this energy the absorptionlar emissions are much stronger that the atomic transi-
of clusters is rather strong too [9]. As expected, in thetions [1]. The origin of the molecular lines is visualized
case of the atomic beam tBg'P; — 25'S, line, which  in Fig. 2. Discrete molecular emissions are due to transi-
is the only dipole allowed transition in this range, can betions between strongly bound Rydberg states of. Him
seen. Apart from this line, the spectrum of the clusterthe following we refer tocentersif excited molecules or
beam shows two other lines which coincide with the atomicatoms are inside the cluster. Molecular centers are formed
3s'Sy — 2p'P; and3d'D, — 2p' P, transition. Unlike in the relaxation process in competition with atomic cen-
the emissions of liquid helium [1], fluorescence lines ofters. However, there is an important difference between
helium clusters are within error limits of 0.1 nm identical the emission from bulk liquid helium and clusters. In the
to that of free atoms and not broadened. Prominent transfirst case atoms or molecules being enclosed in bubbles
tions are given in Table I. We therefore conclude that theemit fluorescence light while in the latter cafsee atoms
strong lines are emitted frorftee atoms desorbing from and molecules which are ejected from the cluster emit. The
the cluster. high efficiency of desorption can be explained in the fol-
With increasing cluster size thigs'Sy — 2p'P; and  lowing way. Atomic and molecular centers enclosed in
the 3d'D, — 2p' P, gain in intensity compared to the a bubble have a high mobility in the cluster. Every time
3p'P; — 25'S, atomic transition. In all measurements such a bubble approaches the cluster surface the excited
the emission from thed'D, state being energetically atom or molecule is ejected as a result of a repulsive force
closer to the3p!P; state dominates over that from the between the excited electron and the surrounding atoms.
A similar, well known process is responsible for the des-
orption of atoms and molecules from rare gas solids [11].

5000 & AN AL T From potential energy curves (see Fig. 2) it is obvious
E large helium clusters - . . ;
N = 100000 that mol_ecular centers in their lowest V|'braponal level are
4000 £ energetically favorable. The self-localization process of
electronically excited centers usually starts with atomic
3000 F e SO o
g or molecular centers in high vibrational levels. With in-
2000 E creasing cluster size these centers need more time to reach
: the surface. Thus, atomic centers are converted into
1000 = s molecular centers more efficiently the larger the clusters
= 40000 L. Small helium clusters | 3d'D -> 2ptP are and the intensity of molecular emissions increases
15 E N=50 (Fig. 3).
S E 3p'P -> 28’8 . . .
g 30000 £ Luminescence spectra of excited helium clusters con-
Ezoooof— taining on average 2500 atoms show a dependence on
3 %
g 10000 3 . A351S'> 2p'P TABLE I. Atomic and molecular transitions observed follow-
= N T ing excitation of helium clusters.
1600
helium atoms _ Emission Band head
1550 Atomic trans. R) Molecular trans. R
1500 3p1P b 2S1S 50157 DIE; hand B‘Hg 65959
3d'D — 2p'P 6678.2 d*3; — b3, 6400.8
1450 3s'S —2p'P 7281.4  F'Y; — B'II, 6314.3
3p3P — 2538 3888.6  F'Il, — B'II, 6246.8
1400 3d°D — 2p°P 66782  F!A, — B, 6112.4
353§ — 2p3P 72814  f33F — b3, 5959.5
3000 4000 5000 6000 7000 8000 9000 4p'P — 25'S 3964.7 11, — b°II, 5887.5
Wavelength [A] 4d'D — 2p'P 49219  f3A, — B3I, 5734.9
_ _ 45'S —2p'P  5047.7  E'l, — A'S} 5134.5
FIG. 1. Fluorescence spectra of helium clusters of differenty,3p —, 2535 3187.7 A, — o33 4649.6
sizes. The excitation energy of 23.1 eV is associated withy;3p —, 5,3p 44715 IIHi — AlSF 4003.8
1 1 i it i g u .
the 1s'Sy — 3p'P; atomic transition. Molecular lines are 4538 — 2p3P 4713.1 i31'Ig - agg; 3677.4

indicated bym.
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T e T AR B T T ] of highly excited states [7] are slow, or at least not much
faster than radiative relaxation processes.

(i) Molecular emissions gain in intensity relative to
atomic emissions with increasing excitation energy. It
is reasonable to assume that electronically excited atomic
centers are formed in the first step of the relaxation cas-
cade. These excited atomic centers can relax into bound
molecular states. However, they have to tunnel through
potential barriers. Thus, the intensity of molecular cen-
ters should be related to the vibrational relaxation rate in

E the long range part of the molecular potential close to
photoabsorption? the atomic dissociation limit. The height of the barrier
(see Fig. 2) between the atomic dissociation limit and the
tightly bound part of the potential curve decreases with
the principal quantum number [12]. It is therefore rea-
sonable that with increasing excitation energy tunneling
g ] through this barrier, vibrational relaxation and hence the
17 E formation of Hg becomes more likely as observed.

E (iii) Interestingly, lines of the atomic and molecular
triplet system can be seen. The intensity of these lines
becomes stronger the higher the principal quantum num-
0 Lo — Lisiasn Lot T . Lo ion bers of the excited states are. The presence of triplet lines
is not expected because spin-orbit interaction in helium is

nuclear distance [A] very weak and hence the conversion of electron spin should

FIG. 2. Energy transfer within photoexcited helium clusters.
The potential curves of Heare plotted using data of Refs. [9]
and [14].

be forbidden. Indeed, the photoexcitation spectrum of he-
lium atoms and clusters does not show any triplet line [9].

excitation energy (see Fig. 4). The excitation energy has 2000 £ exc. elne,gy: 2|4_1sevl |
been tuned to absorption bands of the clusters, in other
words, atoms which are always present in the background 1800 | 3d3D -> 2p3P
gas are not directly excited. Three general trends are ob- E 3p3P -> 23S 383S -> 2p3P
served: 1600 l mm M l
(i) With increasing excitation energy the number of E " n
lines increases. These lines are due to transitions from 1400 § ek s o |
highly excited states. This indicates that nonradiative T T prrrTTTT AR A A R
processes which usually lead to an efficient depopulation psoo [ O oneroy: 2398 eV
-.(B C
c
T HELELRLLL B ELLULELLL B AL IR T 8 F
8, 2000 F
1 L Luminescence intensity > g
following excitation of Hen: % 1500 _
o molecular transitions versus = e SRS — -
'€ atomic transitions 4000 £ gxc. energy: 23.09 eV 3d'D -> 2p'P
% F = 3p!P atomic level
:B 3000 _ 3plP -> 251S
iz 01 L 3s1S -> 2p'P
2 2000 F
=TT Licveiiann Lot by [FTENRETET [T [
3000 4000 5000 6000 7000 8000 9000
sl U — Wavelength [A]
1 10 100 1000 10000 100000
number of atoms in helium cluster FIG. 4. Fluorescence spectra of helium clusters containing

2500 atoms at different excitation energies. Increasing exci-
FIG. 3. Ratio between the intensities of all detected atomidation energy leads to luminescence from high lying levels and
and molecular lines. population of triplet states.
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In addition, no intercombination lines have been observedure of molecules in th&'-state can be estimatedTg,, ~
Therefore, we assume that triplet states are formed durings0 K [16]. From the intensities of the hot band (1-1)
the nonradiative relaxation process. The triplet lines apthe vibrational temperature is estimatedig, ~ 2500 K.
pear at excitation energies above 23.1 eV. At 24.55 e\Both values are only rough estimates because a precise de-
excitation energy which is very close to the vertical ion-termination is hindered by intensity anomalies caused by
ization limit [9] of large clusters the triplet lines are even perturbations of electronically excited states lying close by
stronger than the singlet lines (not shown). [3]. A comparison with the temperature of the helium clus-
The population of triplet states could result from a re-ters recently determined to 0.37 K [17] shows that the elec-
combination of Hg [13] either directly or dissociatively tronically excited molecules desorbing from the cluster are
leading to the formation of Heor He, inside the clus- far from being thermalized. This gives strong evidence
ter. This means first a molecular center becomes ionizedhat either the coupling between the electronically excited
but later on the electron and the ion recombine inside thenolecule and the cluster is very weak or that the molecules
cluster. This process can only occur energetically abovéeave the cluster in a very short time.
the ionization threshold of Hecenters in helium clusters. In conclusion, discrete luminescence of helium atoms
Below this energy the formation of atoms and moleculesand molecules desorbing from helium clusters is reported.
in triplet states should be very unlikely. The threshold ofDepending on the excitation energy, various atomic and
23.1 eV observed here is in agreement with the autoionizanolecular singlet and triplet states are involved in the re-
tion limit of He, found by Hornbeck and Molnar, which is laxation process. With increasing cluster size relaxation
22.4 eV [14]. Recently, the autoionization of helium clus- processes involving molecular states become dominant.
ters has been investigated using photoexcitation. Thedemissions from triplet states are observed only for exci-
values lie—depending on the cluster size—between 23.fation energies above the adiabatic ionization potential of
and 23.8 eV [15]. helium molecules. The vibrational and rotational tempera-
The redistribution of energy can be studied with highlyture of helium molecules desorbing from the clusters is
resolved luminescence spectroscopy. A rotationally remuch higher than the temperature of the cluster itself, in-
solved spectrum of thé'!'S." — B'II, transition is dis- dicating that these molecules do not thermalize on the time
played in Fig. 5. The line intensities can be utilized inscale of the radiative lifetime.
order to derive rotational temperatures. With the well
known spectroscopic constants [3] the rotational tempera-
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