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The absorption spectra of the first electronic exited state of alkali metal atoms on helium nanodroplets formed
of both“He and®He isotopes were studied experimentally as well as theoretically. In the experimental part
new data on the 2p- 2s transition of lithium orfHe nanodroplets are presented. The absorption spectrum
changes drastically when compareditte droplets, in contrast to sodium where only marginal differences
were observed in former studies. To explain these large differences and to answer some still open questions
concerning the interaction of alkali metal atoms with helium nanodroplets, a model calculation was performed.
New helium density profiles as well as a refined model allowed us to achieve good agreement with the
experimental findings. For the first time the red-shifted intensities in the lithium and sodium spectra are
explained in terms of enhanced binding configurations in the excited state displaced spatially from the ground
state configurations.

I. Introduction peculiar differences. Although all stable alkali metal atoms were
studied experimentally and theoretically, there are still unsolved
questions concerning the interaction between the droplets and
the alkali metal atoms.

Helium nanodroplets form a unique size-limited quantum
aggregate with fascinating properties. In spite of their very low

equilibrium temperature of only a few 100 rhkhey are fluid. . ) ) i )
4He droplets even show the properties of a superfluid and Figure 1 shows the absorption profiles of the first excited

droplets made of the isotople remain normal fluid in that state of the alkali metal atoms dhle nanodroplets. They.are
temperature rangeThe droplets can easily be loaded with a Plotted over energy subtracted by the energy of th@mic
vast number of atoms and molecules via pick-up from the gas line. The first absorption as well as emission spectra of lithium,
phase, making helium nanodroplet isolation spectroscopy (HEN- S°dium, and potassium were recorded by Stienkemeier'ét al.
DI) a powerful spectroscopic todf: Besides their advantages " resPect to the atomic lines, lithium exhibits a red-shifted
as a spectroscopic matrix, helium nanodroplets are very interest-2Symmetric line. Even further red_-sh|fted, a smal_l shoulder is
ing on their own, forming a quantum system on the nano Scale. found in the spectrum (marked with arrow). The line shape of

Doping helium nanodroplets with alkali metal atoms forms the sodium spectrum is similar, but it is slightly blue-shifted
a peculiar situation compared to adding other atoms or and wider. Here also a red-shifted shoulder is observed. In the

molecules. Theoretical calculations predict a well depth in the case of potassium the stronger Spovbit coupllng Ieads_ toa
alkali metal atom-helium pair interaction potential 6¢2 wave splitting O.f the lines. Additionally, no absorpnory rgd-shlfted o
numbers—8 Kleinekattider et al. showed in their workthat the atomic lines has been recorded. The emission spectra in
for all alkali metal atoms a bound state with very long binding conjunc_tion_ with a theoretica_l model led to the result that_ the
length should exist, but until now this could not be confirmed _absorpt_lon is composed of _dlff(_arent cont_rlbutlons. T_hey differ
experimentally. However, it was shown that the alkali metal " @n alignment of the p-orbital in the excited state with respect
atoms are weakly¥10 cnt?) bound to helium nanodroplets:23 to the surface of the droplet. An aI_lgnment perpendicular to the
They reside in a dimple on the surface of the droplets in contrastSuncace leads to_EI _state, one horizontal to the surface t@a

to nearly all other dopants that submerge to the center of the State. Upon excitation of & state the atom deso_r bs_ from the
droplets. This makes alkali metal atoms a potential probe for droplet (bouné-continuum transition) and only emission of free

surface excitations of helium nanodroplets. Recently, experi- 20MS can be recorded in the experiment. After excitirlg a
ments and theoretical calculations with droplets formeeHzf state a bou_nd_ State (bourbiound transmon_) is formed and red- .
doped with alkali metal atoms have been performed. They shifted emission is observed. The red-shifted shoulder found in

showed that the location of the sodium atoms is quite similar 1€ €xperiment in the case of lithium and sodium could not be

for both isotoped#15 However, the absorption spectra show €xXPlained within their modef.
The rubidium spectrum has first been recorded byhBei

t Part of the “Giacinto Scoles Festschrift”. al.2 Because of the larger spiorbit coupling, one observes

* Corresponding  author. E-mail:  oliver.buenermann@physik.uni- two completely separated lines. The Ihe shows a broad
fre;bﬁ:]?\gféita Freibur slightly asymmetric profile. The Pline has more transition

8 Universitd Bie|efe|%|'_ stre_ngth and sh_ows a wide blue sho_uldt_ar. The _splitting of the

#Universitat de Barcelona. D, line was assigned tbl andX contributions. With the help
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Figure 1. Absorption spectra of the s to p transition of the alkali metal
atoms Li, Na, K, Rb, and Cs ofHe nanodroplets!'3 The energies
are plotted relative to the atomic,Dine. The gray vertical lines
represent the atomic transitions. See text for further details.

of emission spectroscopy the red-shifted emission upon excita-
tion of the Il state was attributed to exciplex formation: an
alkali metal-helium molecule is formed that eventually desorbs
from the droplet. Relaxation to the ground state results in red-
shifted emission intensities and fragmentation.

The 6p— 6s transition of cesium was recorded before in our
work group?® Cesium showed qualitatively the same absorption
profile as rubidium. As a new method resonant two-photon
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shifted in liquid helium than on helium nanodroplétgonfirm-

ing the surface location on nanodroplets. The shift was explained
within the bubble model. A splitting of theZine was observed
and assigned to the dynamic Jahreller-Effect!® a possible
candidate for the observed splitting of thk,, contribution on
helium nanodroplets. Alkali metal atoms additionally were
investigated in dense helium gas via emission spectroséofly.
The observed features in the emission spectra were explained
in the framework of exciplex formation. Furthermore, cesium
was studied in solid heliuf?-23Finally, also rubidium has been
studied in solid helium. Emission intensities were nearly
completely quenched, like those for the lighter alkali metal
atoms in liquid heliun?*

Alkali metal atoms attached to helium nanodroplets have also
been studied via time-resolved methods, providing an alternative
promising method to reveal couplings of alkali metal atoms to
surface or volume modes of droplets. In particular, the exciplex
formation was the focus of these experiments. The formation
times of sodiur® and potassiuff exciplexes were determined
by time correlated single photon counting. Furthermore, the
technique of femtosecond pumprobe spectroscopy was used
to measure the formation times of potasstéiand rubidiuni®
exciplexes. Comparing the formation times for both helium
isotopes provided evidence that the cooling efficiency of the
droplet plays an important role in these processes.

In summary, despite a significant amount of data, the spectra
are not fully understood and no satisfying theoretical description
of the alkali metal atorthelium nanodroplet system exist. One
unsolved question is the origin of the red-shifted shoulder in
the absorption of lithium and sodium éide droplets. Moreover,
in the case of sodium even the assignment of the different peaks
of the spectrum is not clear: fine structure BF and =
contributions of the spectrum. A further question is the reason
for the splitting of thells, line observed experimentally for
cesium.

In this paper, a refined model to calculate the electronic
transitions of the dopant alkali metal using realistic density
profiles for the helium droplets of both isotopes enables us to
answer most of the open questions. These profiles are needed
to properly describe the alkali metethelium droplet interaction.
Profiles of droplets of up to 5000 helium atoms have been used.
These sizes are comparable to the experimental droplet sizes.
Additionally, we present experimental results for the spectros-
copy of lithium on®He droplets to further support the presented
simulation and interpretations.

ionization was used, which enabled us to count the ions mass

selectively and allowed us to directly decompose the spectra
into different contributions. This method revealed thatlhg
state is further split.

Recent experiments cile droplets studied the influence of
the selection of isotopes on the absorption spééttaThe fact
that“He droplets are superfluid béile are normal fluid gives
the possibility to extract the influence of superfluidity on the

II. Experiment

The experiments were performed in a helium droplet machine
applying laser-induced fluorescence (LIF) as well as beam
depletion (BD) spectroscopy. A detailed description of the
experimental setup is presented elsewRerblodifications
include a new droplet source to reach the lower temperatures

spectra. The experiments revealed that sodium is also bound inneeded for generatingHe dropletst® In short, gas of either

a dimple on the surface of thite droplets. The absorption
spectra are very similar for both isotopes, but the red-shifted
shoulder is missing in the case #fe.

The interaction of helium with alkali metal atoms has also
been studied in the bulk in different aggregate states. Comparing
these results with the ones obtained in helium droplets gives
further hints for the interpretation of the spectra. In the case of
rubidium and cesium, measurements in liquid helium exist. In
the case of the lighter alkali metal atoms, no data in liquid
helium are available because the emission is strongly quef€hed.
The absorption of rubidium and cesium is much more blue-

helium isotope is expanded under supersonic conditions from
a nozzle, forming a beam of droplets traveling freely in high
vacuum. The helium stagnation pressure in the droplet source
is 20 bar, and a nozzle of &m diameter has been used. The
nozzle temperature has been stabilized to 12 and 15 K to form
SHe and*He droplets, respectively. These conditions result in
an average droplet size ef5000 helium atom3.

The droplets are doped downstream using the pickup tech-
nique: in a heated scattering cell, an appropriate vapor pressure
of lithium is established so droplets pick up one single atom on
average when passing the cell. LIF as well as BD absorption



12686 J. Phys. Chem. A, Vol. 111, No. 49, 2007 Bunermann et al.

10 —Li@'He, Jj

5 —LigHe, I |
0.8 - .
08 -

04 - -

LIF intesity [arb. units]

8
l T
""'-./
1 N
R [A]

0.0

density [1/ A7

14860 14820 14840 14960
wavenumber [cm™]

Figure 2. Absorption spectrum of the 2p- 2s transition of lithium
on®He nanodroplets compared to thatste nanodroplett The black
bar covers the atomic lines.

spectra of the doped droplet beam can be recorded upon

electronic excitation using a cw dye laser. LIF is recorded with

a photo multiplier tube. For the beam depletion measurement, XAl

a Langmuir-Taylor surface ionization detector has been t8ed.  rigyre 3. Density profiles ofHe and“He nanodroplets withN =
Here, only the results obtained using LIF are shown as a better1000 atoms doped with alkalis.

signal-to-noise ratio was achieved when compared to the BD

spectra for lithium doped clusters. However, the BD measure- attractive as compared with the more recent ones, thus yielding

ments show identical results when compared to the LIF spectra.too a deep dimple and, hence, an unrealistic atomic shift. This
Figure 2 shows the absorption spectra of the <2p2s strategy has turned out to be a reasonable one in view of the

transition of lithium on droplets of both helium isotopes. In obtained results but clearly indicates that the main limitation to

contrast to sodium, where both spectra are quite similar, the theoretically describe the shifts is the nonavailability of reliable

spectra in the case of lithium differ strongly. Only the line width He—impurity pair potentials.

is comparable. An interpretation of the different line forms will Figure 3 shows a section of the density of helium nanodroplets

be given in the theoretical part of the paper. made ofN = 1000 atoms for both isotopes doped with the five
stable alkali metal atoms. The false color legend is similar for

lll. Theoretical Model both isotopes for the sake of comparison. The heavier the alkali

metal atom, the deeper the dimple. The dimples are deeper for
®He than for*He. It is worth noting the overall lower density
of ®He. These facts have a major influence on the resulting
spectra in the simulation.

To obtain the dropletalkali metal atom interaction potentials,
we have followed an approach similar to that of Stienkemeier
et al.1* but now using 3-dimensional droplet density profiles
matching experimental conditions and considering the orienta-
tion of the orbital of the alkali metal atom relative to the helium
atoms of the droplet. We consider the system as a diatomic
molecule, with the alkali metal acting as one atom and the
droplet acting as another. The droplet density is kept frozen

The model to simulate the absorption spectra is based on th
use of pair interaction potentials calculated by PaScatbel of
alkali-doped helium density profiles obtained within density
functional theory using the Healkali metal potentials calculated
by Patil” Some technical details about the calculation of the
nanodroplet structure can be found in our recent work on doped
helium droplet$:'532The heavier alkali metals have been treated
as an external potential, neglecting their zero point motion. For
the lighter Na and Li cases, we have solved the Etllegrange
and Schrdinger equations that result from the variations of the
density functional that describes the droplet-impurity complex,

glgfntaklng into account the quantal character of the dopantwh”e the excitation takes place (Frare€ondon principle).

The reason to use Pascale’s potentials to obtain the atOmiCBecause we are only interested in calculating the absorption

e o . . “spectra, this assumption is fully justified, as the electronic motion
shifts is the availability of ground and excited state pair . ;
. h ; - . , is an order of magnitude faster than that of the helium atoms.
potentials covering all heliumalkali metal pairs. Pascale’s

otentials do not include the spiorbit (SO) interaction. For Therefore, the model does not give information on the time
P : X pHO L ' evolution of the system. For this reason we cannot reproduce
the heavier alkali metal atoms, the SO coupling is relevant and

it has been taken into account as described below. More recentthe right line shape, because line broadening mechanisms are

air potential calculations have been done for specific, single not included. To include inhomogeneous broadening resulting
pair po s Cam L e ) P » SN from droplet size distribution, the line width of the laser, and
impurities (lithium33 sodium3* potassiurg).

Due to th | lacki ; ited states for—tadkali similar effects, we have convoluted the calculated lines with a
ue to the general lacking of excited states tor al Gaussian profile with fwhm 5 cri. The interaction potential
metal potentials, we have obtained the crucial dimple structure

- . . .~ is calculated by folding the helium density with the interaction

using Patil potentials but have then employed the corresponding __ . .
4 o . . . pair potentials, namely,

density profile in conjunction with the Pascale ground and
excited state potentials to generate the atomic shifts. We want ~ o
to point out that we have ruled out the obvious possibility of Va on g (NA, R) — Va(nl) = f[VAHe(nA,R—R') -
using Pascale potentials to obtain the ground state of the droplet V. (nl RYdR (1
as well as the atomic shifts because these potentials are too A(M]pne(R) (1)
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The rotation can be straightforwardly applied to the Hamiltonian,
which becomes

X

density [1/A"]

H'=RHR™* (5)

X[A]

The eigenvalues dfl’ andH are the same, & is unitary, and

the eigenvectors df’ andH are related by the above expression
eq 2.

. . L Lithium and sodium only show weak SO couplings, but one
A represents the particular alkali metal atomthe principle cannot neglect the SO interaction for the heavier alkali metal
quantum numbeVare the pair potential with the projection  atoms. When incorporating SO in our model, one has to keep
of the angular momentum onto the “molecule axi&/a in mind that the rotation is only valid for eigenstates of the
the potential of the alkali metal atom, arldthe angular  angular momentum. The pair potentials are diagonal in the
momentum quantum number. Three-body interaction effects uncoupled basis. But transforming these into the coupled basis
and effects of higher order are neglected. Figure 4 illustrates leads to a matrix also containing off-diagonal elements. Opposite
the used coordinate system. In the two-body case, there are twathe SO coupling is diagonal in the coupled basis but not in the
possibilities for the first electronic excited state. They differ in  uncoupled one. This leads to the fact that the pair potentials
the alignment of the p-orbital with respect to the helium atom. transformed into the coupled basis are no longer eigenstates of
In the horizontal alignment, the projection of the angular the angular momentum operator. One can only combine both
momentum is O and the state is call&d A perpendicular  effects either wheVn — Vs > Eso and one can neglect the
alignment results in all state. We have chosen as the SO interaction or wheWy — Vs < Eso and one can neglect
guantization axis the line connecting the alkali metal atom the off-diagonal elements of the potential matrix in the coupled
and the center of the droplet. Therefore, most of the helium Pasis, and in this way avoid mixing of different states. These
density is not located on this axis but “sees” the alkali metal €Ms depend on the internuclear distance. For alkali metal
atom at an angle. One finds the helium density up to an angle atoms, SQ Is prominent at. large distances. When approaching
of 60°. When calculating the folding, one has to take into the potential wellsv — Vs increases and becomes equal to or
account the relative orientations. To describe a state that islarger than the SO energy depending on the alkali metal atom.

. . . In our model we are only interested in the shape of the wells.
guantized in a rotated coordinate system, Alexander et al. hav . . o
developed an approach based on rotation operéftdfsone e calculatedvi = Vs at the pair potential minimum of the
. . ground state and compared this to the SO energy. If the SO
rotates the coordinate system, the angular momentum eigen

. ) o " "energy is smaller, we neglect it for all distances, adding SO
vectors are transformed into a linear combination of those in afterward via an appropriate displacement of the potentials.

the rotated frame. The formulas can be found, e.g., in Zare's gherwise, we incorporate the SO interaction but neglect the
book 3 off-diagonal elements. This approach is justified, because the
main contribution to the shifts results from the helium density
in the direct vicinity of the alkali metal atom. The method
introduced by Cohen and Schneitfezannot be used, because
after applying the rotation one no longer has “pukeandIT
states. Hence, for lithium and sodium we have neglected the
The expansion coefficient®;,, are the elements of the SO interaction, whereas for rubidium and cesium it has been
rotation matrixR, and¢, 6, andy are the Euler angles of the  considered. In the case of potassium both terms are comparable.
rotation transformation. Strictly speaking, this formula is only Here we calculated the spectra with both approaches. It turned
valid for angu|ar momentum eigenvectq)jMD But in the case out that neglecting SO gives better agreement of the calculated
of the alkali metat-helium interaction potential one can always SPectra with the experimental result.

assign an atomic angular momentum to the alkali metal atom; A. Uncoupled Basis.The Hamiltonian corresponding to the
therefore this transformation can be applied. The rotation can atomic p state in the uncoupled basis is

be split into the separate rotations:

Figure 4. lllustration of the coordinate system. The droplet corresponds
to the NatHesoo) complex.
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The elementsiﬂ,lM,(H) are determined by The rotation matrix is
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The transformed Hamiltonian'Hhas the following form:
1 . . . 1 i .
Vy cog 0 + SV + Vo) sinf 6 \/%e "V — Vy) cosOsing 58 29V — V) sinf 6
H =] [Ldeey. — v 0sin® Vg sinf 6+ Vg cos 6 ~ SR — v 6sing (8)
€ (Vi — Vy) cosf sin ot s € (Vi — V) cosf sin

1, . . 1 .
SV + Vo) sin' 0 - \/ge'q’(vn — V) cosf sin Vi €oS 0 + 5(Vy + V) sin’ 6

This is the Hamiltonian matrix in the aligned basis for the interaction between the alkali metal atom and one helium atom in
cylindrical coordinates. To calculate the interaction potential between the alkali metal atom and the helium droplet system, we use
eq 1. Because the problem has azimuthal symmetry, one can carry out the integratipnwhiieh gives a z factor in eq 1. This

results in a huge simplification of the potential matrix: All off-diagonal elements become zero and one can go on with the calculation

with only the diagonal matrix elements:
Vi(r,0) = Vi(r) cos 6 + Vy(r) sirf 6 (9)

Vi, (r,0) = Vy(r) cos 6 + %[(Vn(r) + Vy(r)] sin? 6) (10)

B. Coupled Basis.In the case of rubidium and cesium the SO enefgy becomes dominant and one has to calculate the
potentials in the coupled basis:

Vi +Asd3 0 0
0 %(vH + 2Vs + Ag) %ﬁ(\/n —Vy) 0 0
L 0 %ﬁ(\/H —Vy) %(2vH +Vy—2A¢0) O 0 0
0 0 0 %(Vn + 2Vs + Ago) %\/E(—VH +Vy) 0
S2AVh V) E@Vy+ Ve — 289 O
0 0 Vg + Agdf3
nt Asd 1)
Off-diagonal elements have been neglected and thus one can extract the potential matriced for'thand?, states:
1
§(2VH +Vy;—2Ag0 O
Hyp= 1 (12)
5’(2VH + Vs — 2A50
Vp+Asd3 0 0 0
0 Vi 2%+ Ag) 0 0
Hap= 1 (13)
o} §(Vn +2Vs+2Ag9) O
0 0 0 Vin + Asdf3

The rotation matrices are
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Using them on the Hamiltonian yields the potential matrix aligned in the right quantization axis. It turns out thhj.te&ate
is spherically symmetric

1
Vi, = 52V + Vs — 2259 (16)

Both J = 3/, states have cylindrical symmetry and so one can carry out the integratio,ovbich leads to a simplification of the
matrix:

1
Vin,, = 1513(3Vir + Vo) + 3(Vyy = Vo) cos B + 4Ad] (17)

Vs, = 25]7Viy + 5V + 3(~Vyy + V) €0 B + 4Aq] (18)

112

IV. Results

Figure 5 shows the calculated potentials for cesium éiHeageo nanodroplet. It also includes the cesium helium pair interaction
potentials for comparison. The ground state has a well depth of 16, m cesium is bound to the droplet with a fairly large energy
of 15 cnTL. The resulting potentials for the first excited state are all repulsive. No bound state is found. This means that the cesium
spectrum purely consists of boundontinuum transitions. Potassium and rubidium behave similarly to cesium, but for the lighter
alkali metal atoms sodium and lithium, we have also found bedralind transitions for thé&l states. Figure 6 shows the obtained
potentials for lithium. Thdl state has a shallow potential well. Its position is nearly the same as that of the ground state well. This
leads to a direct bourebound transition. The experiment revealed that difezxcitation also for the heavier alkalis the formation
of an exciplex molecule can be observéd326This finding is not in conflict with the presented model. An excited alkali metal
atom can still attract single helium atoms in its nodal plane, only the total interaction with all helium atoms of the droplet at the
instance of excitation (ground state configuration) is repulsive.

To compare the simulated potentials with the available experimental data, the +@own#ion factors were calculated using the
program Level 8.8 or BCount 2.2941from R. J. Le Roy. To get the right proportions of the different contributions, the electronic
degeneracy factor, the'lHo—London factor as well as the density of states for the betgwhtinuum transitions were incorporated.

The calculated spectra for cesium on droplets of either isotope are presented in FiguréHe Buog experimental spectrum is
included for comparison. With the help of resonant two-photon ionization, the spectrum could be decomposed into the excitations
that lead to exciplex formation and these leading to desorption of single atoms. These contributions can be assigBgglandhe
I3/, states, respectively.

In the“He case, the calculated spectrum fits well the experimentITieandZ,/, contributions are only slightly shifted, tHé;,
state 8 cm? to the blue and th&;; state 7 cm? to the red. They show the same profile as the experimental spectrdIfheart
is also only slightly blue-shifted (6 cmd) but the shape of the profile does fit the experimental findings very well. The experiment
showed that thdls, transition is composed of at least two pieces. This splitting is not reproduced in the presented theory. A
possible explanation of the splitting is the presence of a dynamic-Jegiter effect, which leads to the splitting of ti® line of
cesium in liquid heliuni8 The lower panel of Figure 7 displays the result oie droplets. The spectrum is qualitatively the same.

All constituents are blue-shifted with respect'tte ([T, 13 cnTL; TTzp, 25 cnml; Zpp, 2 cnmh). Thells; line is broader compared
to the“He case.

We have obtained a similar picture for rubidium. Figure 8 shows the results of the simulation in comparison with the experimental
spectrum. All states are blue-shifted(,, 20 cnT?; TI3, 12 cnT; =155, 35 cnTl). The shape of the Diine is nicely reproduced,
but again the Bline does not fit well. The unconsidered splitting of thig,, state might be the reason. Changing of He isotope
leads to the same effects as seen for cesium. The profiles are blue-shifig®@ cnT?; I35, 40 cnTl; =355, 6 cnTl) and thellz,
is broadened.

The spectra of potassium on helium droplets are presented in Figure 9. Here the line profiles of the simulation and the experiment
match quite well. Again, one finds a blue shift of the simulated spectitig, (3 cnT?; Iz, 11 cnTl; =355, 8 cnTl). To fit the D,
line, the transition strength to the blue of thg, state is missing in the simulation. This might again indicate the mentioned further
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mechanism that leads to a splitting of tHey, transition. In the
case of potassium attached Ide droplets the line shape of
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Figure 8. Simulated absorption profiles of the 5p 5s transition of
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Figure 9. Simulated absorption profiles of the 4p 4s transition of
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(TIy/2, 34 cnm?; I3, 33 cntl), the width of the line increases
from 13 to 38 cml. However, theXy, state remains nearly the
same.

For sodium, experimental data are available for both isotopes.
Additionally, in the case ofHe measurements of the different
contributions via emission spectroscopy exist. These are plotted
with the simulated spectrum in Figure 10. In contrast to previous
calculationsi! the sodium spectrum consists mainly of bound
continuum transitions and not of boundound ones. The
transition into thdT states comes out to be partly boutitbund
and partly boune-continuum. The main transition strength still

bothIT states changes notably. Besides a quite large blue shiftarises from the bourdcontinuum part. All simulated profiles
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Figure 10. Simulated absorption profiles of the 3p 3s transition of
sodium on*Heseo Nanodroplets in comparison to experiment. Upper
panel: (a) integral spectrum; (b) spectra assignedlltoand =
contributionst! Lower panel: (a) bounecontinuum part; (b) bound
bound part.
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Figure 11. Simulated absorption profiles of the 3p 3s transition of
sodium on®Heseeo Nanodroplets in comparison to experiméht.
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are again blue-shifted Ty, 13 cnl; Tz, 18 cml; 250, 46
cm1). Adding all the contributions achieves a nice agreement
with the experiment. The three features in the maximum of the
profile can be assigned to the bourlabund part of thdly,
transition, the boundbound part of thdIs/, plus the boune
continuum part of thél,, transition, and the bouretontinuum
part of thells, transition. The red shoulder in the spectrum is
not found in this simulation. Again, some transition strength in
the blue of thells, is missing, which leads once more to the
conclusion that thdIs, may be perturbed by a not included
mechanism.

Going on to sodium ofHe droplets, the simulation reveals
that in this case no bourtbound transitions participate. Figure

. Phys. Chem. A, Vol. 111, No. 49, 20012691
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Figure 12. Simulated absorption profiles of the 2p 2s transition of
lithium on “Hese0o Nanodroplets in comparison to experiméhta)
bound-continuum part; (b) boundbound part.
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Figure 13. Simulated absorption profiles of the 2p 2s transition of
lithium on Hese0o Nanodroplets in comparison to experiment: (a)
bound-continuum part; (b) boundbound part.

11 shows both spectra in comparison. Unfortunately, the
experimental spectrum cannot be decomposed into its contribu-
tions. Only the position of th&ly, state is clear. Here, we also
find a blue shift, in this case of about 25 ctnWhen looking
at the sum of the simulated parts, one gets again an incorrect
profile, leading to the same conclusion as before. The simulated
SHe spectrum is 16 cni blue-shifted with respect to the
simulated*He spectrum. Experimentally, a shift of 7.5 c
was found. This means that our simulation yields the gross
feature but overestimates the amount by a factor of 2.

The last alkali metal atom we have studied is lithium. In the
case of lithium the experiments show that fHetransition is
red-shifted with respect to the atomic lines. This suggests that
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Figure 14. Two-dimensional potentials of (a) the ground state, (b)Ithgtate, and (c) th& state of lithium orfHesooo (Upper panels) antHesooo
(lower panels) nanodropletX and R correspond to the position with respect to the droplet center. The black line represents the location of the
droplet surface, see text for explanation.

here thell transition should be dominated by a bourizbund no orientation effects can lead to the observed splitting like that
transition. The simulations exactly confirm such a situation. The for the helium nanodroplets. Kinoshita et al. could explain the
resulting absorption spectrum is plotted in Figure 12. The splitting via the dynamic JahfTeller effect due to a quadropole
simulated spectrum reproduces the experimental one quite well,oscillation of the surrounding bubbté.They experimentally
apart from the red-shifted shoulder. The maximum of the profile found a splitting of about 120 cr4 (depending on the helium
can be assigned to a transition into a bolihdtate, the feature  pressure), which was nicely reproduced in their theoretical

in the blue shoulder to the continuum transition of fh@and= model. One could imagine that the same effect is possible for
states. The maxima of the simulated spectrum are again blue-a dimple structure. As a rough estimate, the splitting should
shifted (1, 5.5 cn}; X, 12 cn?d). scale with the size of the dimple, i.e., a residual half sphere

The last calculated spectrum is for lithium ére droplets. results in half of the splitting. For cesium the dimple makes up

The results can be compared to the spectrum already presentedne-third of a full sphere, meaning the splitting should be about
in the experimental part of the paper. In contrastiie, the a factor of 3 smaller than for the whole bubble. This value fits
experimental spectrum reveals that the second peak has moraicely the experimental findings, which showed a splitting of
transition strength foPHe (Figure 13). The same behavior is 49 cnTl.

found in the simulation. The continuum part of thetransition The last point to clarify is the origin of the red shoulder in
evolves enhanced transition strength. This leads to a rise of theyne |ithium and sodium spectra. These were not reproduced in
second peak. Again a blue shift is observét 6 cn; %, 9 the present simulation. The simulation was performed in only

cm™). Comparing’He and®He experimentally a blue shiftless  ne dimension, moving the alkali metal atom along the atom
than 1 cnt® is found. In perfect agreement the simulation pelium droplet “connecting” line. This limits the calculation to
predicts a blue shift of 1 cmt. The wide shoulder inthe redis  gtates that are located and vibrate along this axis, the symmetry
not reproduced by the simulation. This feature should have the g4is |n principle, the atoms can also be located beyond this
same origin as the red shoulder in the case of lithium and sodiumjine and perform vibration perpendicularly to it. Such a state

on “He droplets. could in principle be lower in energy. To test the effect of the
) ) displacemenK perpendicularly to the connecting line, we have
V. Discussion calculated the interaction potential in two dimensions. Figure

The simulation nicely allows an assignment to all alkali metal 14 Shows the resulting potentials for the (a) ground I{band
spectra. Nearly all features in the absorption profiles can be (€) Z state for lithium orfHe and®He droplets with respect to
correlated to a specific transition. In general, all simulated the atomic asymptote. The upper panels presents the results for
profiles are slightly blue-shifted compared to the experimental *He and the lower the ones féide. The energy is displayed in
positions. This indicates a global effect that results in a red shift false colors; green represents neither attraction nor repulsion.
for all studied spectra. Stienkemeier et al. pointed out that the Blue indicates the attractive parts, and red the repulsive ones.
presence of a dielectric environment changes the radiative The black line represents the position of the droplet surface,
properties of atom&t They found that the helium surface should represented here by the equidensity line that corresponds to half
lead to a red shift on the order of 9 cipwhich matches roughly ~ Of the bulk density value.
our observations. For tiestates we sometimes get larger shifts. The ground state has its potential minimum located on the
Here a small change in the repulsive wall of the potential can atom—droplet center connection line, as one would expect. The
lead to a huge shift in the absorption. > state is purely repulsive. But for tHé state, attractive parts

The obvious splitting of thells, state, found in the of the potential are found in the outer region of the dimple. For
experimental data, cannot be explained within the presented*He these are very pronounced with a well depth-80 cnt?,
simulation. As already mentioned, experiments in bulk liquid which nicely corresponds to the experimental red shift of the
helium also showed a splitting of tHe, line of cesium and shoulder of 24 cmt. For3He, the attraction is much less with
rubidium. In this case the problem has spherical symmetry andonly a depth of~10 cnT?, again in good agreement with the
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a strong repulsive overlap. We thus conclude that the shape of
the dimple is responsible for the red-shifted shoulder of the
absorption spectrum, which is very sensitive to this shape.
Hence, only shallow dimple states produce red-shifted shoulder
states in the absorption profiles. These states correspond to
vibrations along the surface of the helium droplets, which can
in principle be modeled in full three-dimensional calculations.

& £ 8 8 8 & ¢
& & & 3

VI. Summary and Outlook

We have presented in this paper new measurements of the
2p — 2s transition of lithium orPHe nanodroplets. With the
help of a model calculation, the spectra of all stable alkali metal
atoms on“He and ®He droplets have been simulated. A
comparison with the experimental findings has shown good
agreement, and the different features of the spectra can be
assigned td1 andX type transitions as well as to boundound
and bound-unbound transitions. A general blue shift of the
calculated profiles has been observed and has been attributed
to the influence of the dielectric helium environment onto the
electronic states of the alkali metal atoms.

With the help of a two-dimensional calculation of the
interaction potentials, attractive parts of fHestate on the outer
region of the dimple have been revealed. These are responsible
for the red shoulder observed in the lithium and sodium spectra.
To qualitatively support this finding three-dimensional calcula-
tions of the states and the resulting transitions have to be
performed. These will be presented in a forthcoming paper.
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