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S U M M A RY

The focal point of this thesis is laser-induced rotation and align-
ment of alkali dimers on the surface of superfluid helium nano-
droplets. I explore this topic with an experimental approach.

In the first experiment, alkali dimers Ak2 on helium droplets
are doubly ionized by an intense femtosecond laser pulse to trig-
ger Coulomb explosion thereby producing pairs of Ak+ fragment
ions. I demonstrate that it is possible to identify whether the
dimers were in the 11Σ+

g state or the 13Σ+
u state via the kinetic

energies of the Ak+ ions.
Coulomb explosion is then used to probe the time-dependent

degree of alignment of Na2, K2, and Rb2 on helium droplets
after they have interacted with a nonresonant 1 ps alignment
laser pulse. I observe that the dimers rotate and that they align
periodically in transient intervals of time. Comparisons with
theory reveal that the observations for Na2 and K2 in the 13Σ+

u
state and K2 and Rb2 in the 11Σ+

g state are very well described
by a 2D rotor model. I argue that the rotational motion of these
dimers must, therefore, occur in a plane dictated by the surface of
the helium droplet. In contrast, the rotations of Na2 in the 11Σ+

g
state are closer to that of isolated molecules, indicating a weaker
interaction with the droplet surface. Rotational dynamics are not
observed for Rb2 in the 13Σ+

u state after the initial reaction to the
alignment pulse, possibly due to interactions with the droplet.

Furthermore, I also show three other applications of Coulomb
explosion in the thesis. The first application is a reconstruction of
the distribution of internuclear distances P(R), which I demon-
strate for alkali dimers and trimers on helium droplets. Compar-
isons with calculated ground state vibrational wave functions
for the isolated molecules show an overall good agreement for
the central positions of the measured P(R) distributions. How-
ever, the widths of the distributions are larger than predicted
by theory. The second application is the use of Coulomb explo-
sion to measure vibrational motion of alkali dimers on helium
droplets. Here, I observe that the alignment pulses also create
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vibrational wave packets in the 13Σ+
u state alkali dimers. The last

application is the use of Coulomb explosion of a small molecule,
here the alkali dimer, to probe a nearby object, in this case, the
helium droplet. I show that the helium droplets deflect the Ak+

ions created during Coulomb explosion and that the deflection
angles can perhaps be used to determine the size of the helium
droplets. Furthermore, I propose that the deflections can be used
to determine the location of the alkali dimers on the helium
droplet.



D A N S K R E S U M É

Omdrejningspunktet for denne afhandling er laserinduceret rota-
tion og ensretning af alkali dimerer på overfladen af nanodråber
af superflydende helium. Jeg undersøger dette emne med en
eksperimentel tilgang.

I det første eksperiment dobbeltioniseres alkali dimerer Ak2 på
heliumdråber af en intens femtosekund laserpuls som forårsager
Coulomb eksplosion, hvilket producerer par af Ak+ ionfragmen-
ter. Jeg demonstrerer, at det er muligt at identificere om dimerer-
ne var i 11Σ+

g tilstanden eller 13Σ+
u tilstanden via Ak+ ionernes

kinetiske energier.
Coulomb eksplosion bruges dernæst til at probe den tidsaf-

hængige grad af ensretning for Na2, K2 og Rb2 på heliumdråber,
efter at de har interageret med en ikke-resonant 1 ps ensrettende
laserpuls. Jeg observerer, at dimererne roterer, og at de ensrettes
periodisk i kortvarige tidsintervaller. Sammenligninger med teori
afslører, at observationerne for Na2 og K2 i 13Σ+

u tilstanden samt
for K2 og Rb2 i 11Σ+

g tilstanden er meget velbeskrevet af en 2D
rotor model. Jeg argumenterer, at den rotationelle bevægelse for
disse dimerer derfor må foregå i et plan, der dikteres af overfla-
den på heliumdråben. I modsætning minder rotationerne for Na2
i 11Σ+

g tilstanden mere om det, der ville forventes for isolerede
molekyler, hvilket indikerer en svagere interaktion med dråbe-
overfladen. Rotationel dynamik observeres ikke for Rb2 i 13Σ+

u
tilstanden efter den indledende reaktion på den ensrettende puls,
muligvis på grund af interaktioner med dråben.

Jeg viser derudover også tre andre anvendelser af Coulomb
eksplosion i afhandlingen. Den første anvendelse er rekonstruk-
tion af fordelingen over internuklare afstande P(R), hvilket jeg
demonstrerer for alkali dimerer og trimerer på heliumdråber.
Sammenligninger med beregnede bølgefunktioner for de vibra-
tionelle grundtilstande for de isolerede molekyler viser en over-
ordnet god overensstemmelse for centerpositionerne af de målte
P(R) fordelinger. Dog er bredderne på fordelingerne større end
forudset af teorien. Den anden anvendelse er brugen af Coulomb
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eksplosion til at måle vibrationel bevægelse for alkali dimerer
på heliumdråber. Her observerer jeg, at de ensrettende pulser
også skaber vibrationelle bølgepakker i alkali dimererne i 13Σ+

u
tilstandene. Den sidste anvendelse er brugen af Coulomb eks-
plosion af et lille molekyle, her alkali dimeren, til at probe et
nærliggende objekt, i dette tilfælde heliumdråben. Jeg viser at
heliumdråben deflekterer Ak+ ionerne dannet af Coulomb eks-
plosionen, og at deflektionsvinklerne muligvis kan bruges til at
bestemme størrelsen på heliumdråberne. Derudover foreslår jeg,
at deflektionerne kan bruges til at bestemme alkali dimerernes
lokation på heliumdråben.
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1
I N T R O D U C T I O N

The specific orientation of molecules plays an important role
in chemistry. For a reaction to occur, the correct parts of the
reacting molecules must meet [1–4]. In some cases, multiple reac-
tion pathways may even be available depending on which parts
of the molecules collide with each other. How molecules are
oriented also influences the interaction with polarized light [5–
7], and is also important in, for example, single-shot diffrac-
tion experiments because a randomly oriented ensemble of iso-
lated molecules typically result in weak and less informative
signal [8, 9]. For such reasons, it is of strong interest to develop
and improve methods that can be used to control the rotation of
molecules and manipulate their spatial orientation.

One such method is laser-induced alignment [10–28]. It has
been developed for gas-phase molecules over the past three
decades and explored and applied in a huge number of works.
The principle is to use a laser pulse to confine one or more molec-
ular axes in space for an initially randomly oriented molecule.
For a broad selection of gas-phase molecules, it has been demon-
strated that the most polarizable axis can be aligned along the
polarization axis of a linearly polarized laser pulse. This is termed
1D alignment. If an elliptically polarized laser pulse is used in-
stead, the most and the second most polarizable axes of the
molecule can be aligned along the major polarization axis and
the minor polarization axis, respectively. This is termed 3D align-
ment because the least polarizable axis is then automatically
aligned perpendicular to the plane of polarization. In my thesis,
the focus will entirely be on 1D alignment of a linear molecule.

When the laser pulse is much shorter than the rotational period
of the molecule, the pulse “kicks” the molecule into coherent
rotation. One result hereof is that the molecules exhibit tran-
sient alignment in narrow, periodically spaced intervals termed
revivals. This regime is known as nonadiabatic, or impulsive,
alignment [12, 16, 20]. In addition to the ability to manipulate the
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2 Introduction

spatial orientation of molecules, nonadiabatic laser-induced align-
ment can also provide information about the rotational energy
levels and the molecular structure [17, 25, 28–32]. This approach
is generally known as rotational coherence spectroscopy [33, 34].

In recent years, laser-induced alignment has been extended
to also encompass molecules inside nanodroplets of superfluid
helium [32, 35–42]. The droplets act as optically transparent, cryo-
genic matrices, and facilitate the study of how molecules rotate
in an isotropic fluid environment. In a study from my group, the
three linear molecules I2, OCS, and CS2 were nonadiabatically
aligned inside helium droplets using picosecond laser pulses [32].
It was found that the rotational dynamics is essentially that of
gas-phase molecules when the rotational energy is kept below
the energy of the roton excitation (∼ 5 cm−1) in superfluid he-
lium, thus limiting the coupling between the molecules and the
surrounding helium environment. However, to model the ob-
served alignment dynamics with a free-rotor model, an effective
rotational constant BHe 2–5 times smaller than the gas-phase
value Bgas had to be employed, alongside an effective centrifugal
distortion constant DHe increased by a factor of ∼ 104 compared
to the value of isolated molecules. Inhomogeneous broadening
was also included to capture the observed gradual decay in the
amplitude of the time-dependent degree of alignment. The ef-
fective rotational constants are consistent with the results of a
prior experiment where the rovibrational spectrum of OCS in
helium droplets was recorded with infrared spectroscopy [43].
The findings have been explained by a shell of nonsuperfluid
helium that co-rotates with the molecule, altering the moment of
inertia and thereby also the rotational constant [44–47].

In a contrasting experiment, D2 inside helium droplets was
aligned with an intense femtosecond pulse [40]. In this case, the
dominant rotational coherence had an energy (179 cm−1) which
vastly exceeded the roton energy. Here, the authors found that
the rotational constant BHe inside the helium droplets was un-
changed from that of the gas-phase molecule, illustrating a very
weak coupling to the droplets as predicted for this energy regime,
where the density of excited states in the helium droplet is low.
Furthermore, the rotational energy was much larger than the
binding energy of He atoms to the D2 molecule, so the helium
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could not stick and form a co-rotating shell. The authors con-
cluded that D2 inside helium droplets rotate as if they were in
gas phase.

Yet another recent study, this time in bulk liquid helium,
demonstrated the viability of laser-induced alignment inside
a quantum liquid [42]. The work is focused on the rotation of
the helium dimer exciplex He *2 , a system that repels the nearby
superfluid helium and thus resides inside a small empty bubble.
In this scenario, the rotations are also observed to be essentially
unaffected by the helium environment due to a weak coupling.

A so far unexplored scenario is molecular rotation and align-
ment on a surface, perhaps because it is difficult to find a good
model system. However, it has been established that alkali atoms
and clusters thereof can be doped onto the surface of the droplets.
These systems have been extensively studied and characterized
via spectroscopy, and the vibrational structures of alkali dimers
and trimers are now well-known [48–56]. Surprisingly, however,
nothing has been learned about the rotational structure of such
systems, leaving a gap in the literature. In a publication from
2011 about the vibrational dynamics of Rb2 in triplet states on he-
lium droplets, Grüner and coauthors remark that they do not see
any effect from rotational recurrences, as otherwise predicted by
their simulations [57]. The authors speculate that the rotational
dynamics of Rb2 on helium droplets are strongly affected by the
presence of the droplet surface. To quote them directly:

“Due to the surface position of the Rb2 molecules
presumably with the molecular axis being oriented
parallel to the surface, we expect the rotation to de-
compose into weakly perturbed in-plane rotation and
strongly hindered out-of-plane rotation which more
likely resembles a pendular motion. The latter may
efficiently couple to surface modes of the droplets
causing fast relaxation.”

This is supported by theoretical calculations from Guillon and
coworkers in a publication from the same year [58].

To my knowledge, no further investigation of this matter has
since been conducted. Strongly motivated by this fact, the over-
arching goal during my PhD has been to study if it is possible
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to rotate and align alkali dimers on helium droplets in the nona-
diabatic regime. If this can be achieved, is it then possible to
determine the rotational structure of the systems from the mea-
sured time-dependent degree of alignment? Additionally, can
the alignment dynamics reveal new insight into the coupling
between the alkali dimers and the surface of the helium droplets?

Experimentally, I have used two laser pulses in a pump-probe
scheme to conduct the investigations. The purpose of the first
laser pulse was to start the molecular rotation and alignment
dynamics. The second laser pulse has then been used to probe
the dynamics, via a technique that is sensitive to the orienta-
tion of the dimers. Here, I employed laser-induced Coulomb
explosion which prior work on gas-phase alignment has already
demonstrated is well-suited for this task [26, 27, 29, 31, 59–61].
The principle of the technique is to rapidly remove several elec-
trons from the molecule, typically via multiphoton absorption
from an intense femtosecond pulse, thereby creating a strong
internal electrostatic repulsion that leads to fragmentation, or ’ex-
plosion’, of the charged molecule. This produces several cationic
fragments, in my case always alkali ions Ak+, with velocities that
are governed by the structure and orientation of the molecule
at the moment the explosion is triggered. By measuring the ion
velocities, for example via the 2D velocity map imaging tech-
nique, which I have utilized, the molecular orientation can be
determined and, sometimes, also the molecular structure.

In a first step toward the goal, I experimentally established that
Coulomb explosion imaging creates an opportunity for studying
the alkali homonuclear dimers in two different quantum states,
namely the singlet ground state 11Σ+

g and the lowest-lying triplet
state 13Σ+

u , which both form on the helium droplets. I have then
used this quantum-state-sensitivity to investigate the rotational
structure and alignment dynamics of both states, to obtain ad-
ditional information about the interplay between the molecules
and the helium droplet surface.

I have also obtained other results due to the structure sen-
sitivity of the Coulomb explosion technique. I have used it to
do a direct structure determination of the homonuclear alkali
dimers, in the 11Σ+

g state and the 13Σ+
u state, as well as for the

homonuclear alkali trimers in the lowest-lying 4A′2 state in a
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spin-off experiment. Similar results have also been obtained for
heteronuclear alkali dimers in the 13Σ+ state. Additionally, I have
extracted the distribution of internuclear separations, commonly
also known as wave function imaging, for both the dimer and
the trimer systems. In another related experiment, I used timed
Coulomb explosion to investigate vibrations induced in the 13Σ+

u
state homonuclear dimers by the alignment pump pulse. Finally,
I have devoted a lot of energy to a large project where I have
studied deflections in the trajectories of the Ak+ fragments, due
to the presence of the nearby helium droplet, using 3D velocity
map imaging enabled by a Tpx3Cam detector. This project is
interesting due to prospects of using the deflections to determine
the helium droplet size distribution as well as the location of the
alkali dimers on the droplets.

The thesis is structured as follows. First, Chapter 2 introduces
helium droplets and their properties, after which Chapter 3 gives
an overview of the relevant aspects of laser-induced alignment. A
thorough description of the experimental apparatus used for all
experiments, including helium droplet beam generation, the de-
tection system, and the preparation of the required laser pulses,
is presented in Chapter 4. The first experiments with Coulomb
explosion imaging of alkali dimers are then covered in Chap-
ter 5. Here, I demonstrate that Coulomb explosion can be used
to do a direct structure determination of the homonuclear al-
kali dimers, enabling quantum-state-sensitive measurements in
all the following experiments on the dimers. In this chapter, I
also present results for the distributions of the internuclear sep-
arations. In Chapter 6 and Chapter 7, I present the Coulomb
explosion imaging results for the heteronuclear alkali dimers and
the homonuclear alkali trimers, respectively.

The main results on nonadiabatic laser-induced rotation and
alignment of alkali dimers are presented and discussed in Chap-
ter 8. Chapter 9 is dedicated to results on vibrational motion of
alkali dimers while Chapter 10 discusses the work on the deflec-
tion of Ak+ fragments during the Coulomb explosion process.
Chapter 11 wraps up the thesis in an overall conclusion and
presents my outlook on future possible experiments. At the very
end, the appendix provides additional details and data for select
parts of the shown work.





2
H E L I U M D R O P L E T S

The purpose of this chapter is to give a more in-depth intro-
duction to superfluid helium droplets. The droplets and their
properties have been the subject of a large amount of studies,
and many interesting details could be brought up. I will how-
ever limit the description here to the aspects most necessary for
the experiments presented in this thesis. Readers interested in
additional details are referred to reviews in the literature [45,
62–69].

First, I will describe some of the fundamental properties of su-
perfluid helium. Following that, the principles of helium droplet
formation are covered before I explain how the droplets can be
doped with atoms and molecules. Finally, I will go into detail
about the formation of alkali dimers and trimers on the helium
droplets, the systems I have been studying.

2.1 Fundamental properties of superfluid helium

4He has the remarkable property that it can turn into a superfluid
liquid, also known as liquid helium II, as illustrated in the phase
diagram in Fig. 2.1. This transition occurs when helium is cooled
down to a temperature below 2.18 K, known as the λ-point [70].
3He also has a superfluid phase, but this transition occurs at
a much lower temperature of 3 mK [45]. However, 3He is very
scarce on Earth and rarely used for experiments. In this thesis,
“helium” therefore always refers to 4He.

In superfluid helium, particles that move at a velocity below
vL = 58 m/s will experience the fluid as frictionless. This limit is
known as the Landau velocity. The lack of interaction arises from
the fact that there are no elementary excitations in the superfluid
helium that can couple to such slowly moving particles [72, 73].

Three other properties are also interesting to highlight here.
The first is the very high heat conductivity of superfluid he-
lium [65]. Due to this, helium is very good at cooling down
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8 Helium droplets
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Figure 2.1: Phase diagram for 4He. When helium is cooled enough to
cross the λ-line it transitions to the superfluid phase, liquid
helium II. The phase transition lines have been plotted via
tabulated functions and values in [71].

atoms and molecules solvated in the liquid. This makes super-
fluid helium very interesting as a matrix for spectroscopic studies
of very cold atoms and molecules. The second property is the
fact that helium is optically transparent over a large span of
wavelengths, ranging from far UV and all the way to IR [45]. As
a result, atoms and molecules in superfluid helium can conve-
niently be studied with standard spectroscopic tools. The last
property, which is somewhat related to the prior, is the very
high ionization potential of helium, Ip = 24.6 eV [74]. When
doing spectroscopy, the intensity of the laser will typically not
be high enough to strip such a tightly bound electron from the
helium. The helium therefore typically remains uncharged in the
experiments.

It is tempting to put atoms and molecules into a bath of su-
perfluid helium to facilitate the study of the cooled systems in
the superfluid environment. Unfortunately, doing so will lead to
aggregation of the foreign atoms and molecules on the container
walls of the bath, because the interactions with those are much
stronger than with the superfluid helium. This issue can however
be avoided entirely by forming free droplets of the superfluid
helium [45].
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2.2 Helium droplet formation

Droplets of helium can be formed by a free jet expansion into a
vacuum [45, 66, 69]. This is commonly done in the subcritical ex-
pansion regime, where a gas of helium cooled to around 10–25 K
is expanded into a vacuum through a small micrometer-sized
nozzle at a stagnation pressure of 20–80 bar. This adiabatically
cools the helium gas, which initiates cluster growth as the helium
gas propagates forward in the expansion beam. At some point,
the helium atoms cease to collide in the beam and the clustering
stops. The formed droplets of helium then cool through evapo-
rative cooling, further reducing the temperature of the helium
droplets by evaporation of individual helium atoms bound to
the droplet by an energy of around 5 cm−1. The droplets equi-
librate at a temperature of 0.37 K, at which point the helium
has transitioned to its superfluid state, see Fig. 2.1 [45, 64–66].
This droplet temperature has been experimentally verified via
rotational spectroscopy of SF6 molecules in the droplets [75].

The size of the formed helium droplets follows a log-normal
distribution [65, 66]. In the subcritical expansion regime, the
mean size of the helium droplets can span from a size of around
2000 to 20000 helium atoms depending on the expansion condi-
tions, as shown in Fig. 2.2. The sizes are known from experiments
where the helium droplets were scattered on a secondary molec-
ular beam [76, 77]. If the temperature of the nozzle is reduced
it will increase the droplet size. Similarly, the droplets become
bigger if the stagnation pressure of the helium is increased. The
width of the droplet size distribution is approximately the same
as the mean size, a characteristic of the experimentally measured
log-normal distributions, so large variations in size can be present
for individual droplets in an experiment [69].

It is also possible to form helium droplets in the supercritical
regime [45, 64, 69]. In this case, the helium is initially cooled
to a lower temperature, so it condenses into normal liquid he-
lium I prior to the expansion into vacuum. The helium is again
further cooled during the expansion and droplets are created
via fragmentation of the liquid jet. The final droplets formed in
this process are much larger than those created in the subcritical
regime, as also shown in Fig. 2.2. On the small side, the droplets
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Figure 2.2: Mean size of helium droplets formed with various expan-
sion conditions. Droplets formed in the supercritical regime
are vastly bigger than those formed in the subcritical regime
(note the logarithmic y-axis). Figure from [64]. Reproduced
with minor adaptions with permission. © IOP Publishing.
All rights reserved.

contain around 105 helium atoms, while the biggest droplets that
have been formed contain on the order of 1011 atoms [78, 79].

The droplets are generally spherical1, and their radius can be
calculated as [45, 81]

R = 2.22N1/3Å, (2.1)

where N is the number of helium atoms in the droplet. Accord-
ing to this formula, the radius of the droplets created in the
subcritical regime ranges from 3–6 nm, while those made in the
supercritical regime span from 10–1000 nm.

2.3 Doping with foreign species

In 1990 it was demonstrated for the first time that helium droplets
can be doped with foreign atoms via a collisional pickup pro-
cess [82]. This has since been shown for a wide variety of atoms

1 At least in the subcritical regime. For very large droplets, angular momentum
may distort the droplet shape [79, 80].
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and molecules, including the alkali metals [45, 63, 83]. The
standard way of doping helium droplets is by passing them
through a gas where the droplets collide with individual atoms
or molecules. In practice, this typically takes place in a doping
cell or oven designed for the purpose. The probability pk of se-
quentially picking up k dopants approximately follows Poisson
statistics [65]

pk =
(nσl)k

k!
exp(−nσl), (2.2)

with n being the number density of the gas, σ the pickup cross-
section and l the length of the pickup region. Whenever the
helium droplet picks up a dopant, it cools the dopant down
to the 0.37 K temperature of the droplet. In this process, the
helium droplet must get rid of the excess energy from the dopant.
Once again this happens via evaporation of helium atoms, which
reduces the size of the helium droplet and thereby also the
probability of picking up additional dopants. For atoms, small
molecules, and complexes this effect is usually not very large,
so Eq. 2.2 remains a good approximation, especially for large
helium droplets [65].

It is instructive to show an example of the pickup probabilities
for a chosen set of parameters. I have therefore calculated the
probability of picking up k dopants for a droplet consisting of
N = 10000 helium atoms that pass through a 2-cm long doping
cell with a vapor of gas at pressure P. For the calculations, the
pickup cross-section σ was approximated as

σ = 15.5N2/3Å
2
, (2.3)

as suggested in the literature for a helium droplet with a uniform
density close to that of bulk liquid helium [65]. The number
density n was calculated using the ideal gas law, assuming a
volume of 10 cm3 and a temperature of 120 °C (393 K).

Figure 2.3 illustrates the calculated probabilities. It is apparent
from this figure that it is impossible to select a doping pressure
where only one specific amount of dopants is picked up by the
droplets. In fact, at the pressure where the probability of picking
up one dopant is largest, a significant amount of the droplets will
pick up two dopants and some may pick up even more. Thus, by
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Figure 2.3: Exemplified plot of the probabilities for a helium droplet to
pick up k dopants. The values used to calculate the proba-
bilities are given in the text.

regulating the doping pressure it is possible to select the most
likely amount of dopants, but there will always be a presence of
droplets doped with a different amount. Since the probabilities
depend on the cross-section, and thus the droplet size, the large
experimental spread in helium droplet sizes will also lead to a
mix of doping conditions.

In some experiments, droplets carrying the wrong amount of
dopants can lead to unwanted background signals. The optimal
doping conditions may therefore not always be those that, for
example, maximize the probability of picking up two dopants,
but instead a compromise where the unavoidable background
signals are kept at a manageable level. This is the case for the
experiments I have conducted, where droplets doped with a
single alkali atom are never of interest but lead to background
signals which can become problematic if not handled.

2.3.1 Formation of alkali clusters

The vast majority of dopants picked up by helium droplets will
be embedded in the droplet interior. However, the alkali atoms,
and clusters thereof, deviate in this regard. This is due to a combi-
nation of two interactions: the very weak van der Waals attraction
between the alkali atom and the helium atoms. The other is the
repulsive Pauli interaction between the paired electrons in the
helium and the weakly bound outer electron of the alkali atoms.
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As a result, the equilibrium position turns out to be at the surface
where the alkali sits over a small dimple in the helium droplet [62,
84].

The alkali dimers and trimers are not doped directly onto the
droplets but instead formed by bonding during cold collisions,
on the droplet surface, of two or three alkali atoms that were
sequentially picked up by the helium droplets [62, 85]. These
systems have been experimentally confirmed to reside on the sur-
face via spectroscopic studies using both pulsed and continuous
lasers, with the primary methods being resonance-enhanced mul-
tiphoton ionization (REMPI) and laser-induced fluorescence [48,
62, 86–95]. Theoretical calculations have furthermore indicated
that the alkali dimers lie parallel to the surface plane of the
droplets [58, 84, 96, 97].

As briefly mentioned in Chapter 1, the alkali dimers are known
to form in two states on the droplets depending on the pairing
of the spin of the electrons, namely the singlet ground state 11Σ+

g

and the lowest-lying triplet state 13Σ+
u . This is known from the

beforementioned spectroscopic studies that confirm the surface
position of the alkalis [48, 89, 90, 92, 98]. The 11Σ+

g state dimers
are covalently bound whereas the 13Σ+

u state dimers are bound
by weak van der Waals forces. Taking Na2 as an example, the
binding energy of the 11Σ+

g state is 5943 cm−1 (0.74 eV), which is
significantly more than the 161 cm−1 (20 meV) binding energy
of the 13Σ+

u state [99]. This can also be seen from the potential
curves of Na2, see Fig. 5.1.

Upon formation of the alkali dimers on the droplet surface,
the binding energy is released and dissipated to the helium
which heats up. This leads to evaporation of a number of helium
atoms until all excess energy has been carried away, such that
the droplet maintains its temperature of 0.37 K. Returning to
the example of Na2, the formation of a 11Σ+

g state dimer will
therefore result in the evaporation of almost 1200 helium atoms
since evaporation of one helium atom from the droplet requires
5 cm−1. In sharp contrast, only around 30 helium atoms will
evaporate if the dimer forms in the 13Σ+

u state [99]. Thus, the
evaporation process is, presumably, more turbulent when 11Σ+

g
state dimers are formed.

The helium evaporation following the release of binding energy
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has been used to explain an interesting phenomenon. In the vast
amount of work conducted on alkali dimers on helium droplets,
the dimers have almost exclusively been in the 13Σ+

u state. The
reason is that the 11Σ+

g state dimers are formed but often desorb
alongside the evaporation of helium atoms initiated by the release
of the large binding energy2 [57, 98, 99, 101, 102]. For 13Σ+

u state
dimers, the evaporation is so gentle and limited that the dimers
are preserved on the droplets. Hence, the 13Σ+

u state dimers
become more accessible. This stands in contrast to gas phase
at higher temperatures, where essentially only the 11Σ+

g state
dimers are available because the 13Σ+

u state dimers fragment
immediately due to their low binding energy [99]. The high
abundance of the 13Σ+

u state is in fact one of the primary reasons
that people have studied the alkali dimers so much on helium
droplets.

In the scenario where three alkali atoms are picked up by
the droplet, they will eventually meet and form a trimer on the
surface [51–53, 56]. By the same arguments as before, trimers
in the weakly bound quartet state 4A′2 are preserved on the
droplets because the released binding energy is rather small, for
example 850 cm−1 for Na3 (see the potential curve in Fig. 7.1).
If the trimers instead form in the much more strongly bound
doublet state 2B2, vast amounts of helium are again expelled by
the droplet. Once more using Na3 as the example, the binding
energy is around 8000 cm−1 [52]. While some 11Σ+

g state alkali
dimers are generally present on the droplet surface, the 2B2 state
trimers have, to my knowledge, never been observed, presumably
because they always desorb [56].

2 For Li2, which has the largest binding energy of the alkali dimers [100], it
appears that desorption always occurs for the 11Σ+

g state. To this date, the
11Σ+

g state has never been observed experimentally on helium droplets.



3
L A S E R - I N D U C E D A L I G N M E N T

In this chapter, I cover the relevant theory about laser-induced
alignment of linear molecules. I am not going to derive any of
the theory myself, but will instead focus on establishing the core
concepts and terminology needed for the later interpretation of
the experimental results.

First, I will discuss the principles of nonadiabatic alignment
and show a simulation of the time-dependent alignment dynam-
ics of a molecule in gas phase. Next, I show how the rotational
structure of the molecule can be retrieved from a spectral analysis
of the alignment trace. Finally, a brief introduction to adiabatic
alignment is given.

3.1 Nonadiabatic alignment

The cycle-averaged potential energy of a rigid linear molecule in
the electric field of a nonresonant linearly polarized laser pulse
is described by the dynamic Stark interaction [10, 12, 18]

V(t) = −E2(t)
4

[
(α‖ − α⊥) cos2 θ + α⊥

]
. (3.1)

Here, E(t) is the envelope of the electric field and θ is the angle
between the internuclear axis of the molecule and the polariza-
tion axis of the laser pulse, while α‖ and α⊥ are the parallel
and perpendicular components of the molecular polarizability,
respectively. From Eq. 3.1 it can be inferred that the potential
energy is lowest for θ = 0 and θ = π (since α‖ > α⊥ for linear
molecules [10]), i. e., when the internuclear axis of the molecule
is aligned parallel to the polarization axis of the laser pulse.

In the nonadiabatic alignment regime, where the rotational
period of the molecules is much longer than the duration of the
laser pulse, the molecules can classically be considered frozen
while the interaction lasts. However, the electric field will ex-
ert a torque τ ∝ −sin(2θ) on the molecules, setting them into

15
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rotation afterward [20]. The angular velocities of the molecules
will depend on the initial angle θ, and as a result, the angular
distribution of the molecules will become more narrow shortly
after the interaction, that is, the molecules become more aligned.
Since the molecules continue to rotate, the increase in the de-
gree of alignment for the molecular ensemble quickly disappears
again [28].

To understand why the molecules will transiently realign in
periodic intervals, as briefly mentioned in Chapter 1, a quan-
tum mechanical treatment is necessary. A useful first step is to
solve the time-dependent rotational Schrödinger equation for a
rigid linear molecule irradiated by a nonadiabatic, nonresonant
alignment pulse [28],

ih̄
∂ψ(t)

∂t
=

[
BĴ2

h̄2 + V(t)
]

ψ(t), (3.2)

where Ĵ2 denotes the squared angular momentum operator, V(t)
describes the interaction with the laser pulse as given by Eq. 3.1,
and B = h̄2/2I is the rotational constant of the molecule [103,
p. 343], with I being the moment of inertia. B is often expressed
in units of both energy (typically in wavenumbers ν̃ = E/hc) and
frequency (ν = E/h), so I will not explicitly convert the units
throughout the thesis, however, the units should be clear from
the context. The general solution to the Schrödinger equation in
Eq. 3.2 is a coherent rotational wave packet [20, 28, 104, 105]

|ψ(t)〉 = ∑
JM

CJM(t) |JM〉e−iEJ t/h̄. (3.3)

In this expression, |JM〉 are the rotational eigenstates of the field-
free linear rotor (equivalent to the spherical harmonics YM

J ) with
J being the rotational quantum number and M the projection of J
on an axis parallel to the laser polarization axis [28]. Meanwhile,
CJM is the expansion coefficients and EJ is the rotational energies
associated with the different J-states of the molecule

EJ = BJ(J + 1). (3.4)

The time-dependent degree of alignment for the found wave
packet can now be determined by calculating 〈cos2 θ2D〉(t), a
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Figure 3.1: The angle θ2D between the projections of the alignment
pulse polarization axis and the internuclear axis of the
molecule can be observed directly in experiments with 2D
velocity map imaging.

measure commonly used in experiments with 2D velocity map
imaging [18]. Here, 〈·〉 denotes the expectation value and θ2D is
the observed angle between the internuclear axis of the molecule
and the polarization axis of the alignment pulse after a projection
onto a 2D plane, see Fig. 3.1. For perfectly aligned molecules
〈cos2 θ2D〉 = 1, while 〈cos2 θ2D〉 = 0 corresponds to perfectly
anti-aligned molecules (alignment perpendicular to the polariza-
tion axis) and 〈cos2 θ2D〉 = 0.5 corresponds to randomly aligned
molecules. Note that 〈cos2 θ2D〉 ≥ 〈cos2 θ〉 so the degree of align-
ment determined via the 2D projection overestimates the degree
of alignment in 3D [106].

As an illustrative example, I have calculated a 〈cos2 θ2D〉(t)
trace for Na2 in the 13Σ+

u state with the Alignment Calcula-
tor program [106] made by former group member Anders As-
pegren Søndergaard. This molecule has a rotational constant
B = 1.65 GHz [107], and the static polarizabilities α‖ = 73.3 Å3

and α⊥ = 41.2 Å3 [108]. The polarizability anisotropy, which de-
termines the strength of the interaction with the laser pulse, is,
therefore, ∆α = α‖− α⊥ = 32.1 Å3. I assumed that the dimers were
initially populated in different rotational states according to the
Boltzmann distribution at a temperature of 0.37 K, weighted by
the 5 to 3 abundance ratio of the even and odd J states resulting
from nuclear spin statistics [103, p. 349]. For the alignment pulse,
I used a duration of 1 ps and an intensity of 5×1010 W/cm2.
Note here that such a high intensity can only be used because
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Figure 3.2: Simulation of the nonadiabatic alignment dynamics for gas-
phase Na2 in the 13Σ+

u state at a temperature of 0.37 K. The
pulse parameters are given in the text.

the interaction is nonresonant, which limits unwanted processes
such as electronic excitation or ionization of the molecules. This
is crucial for the experiments on alignment of the alkali dimers
that I will show in Chapter 8 because the alkali metals have very
low ionization potentials.

Figure 3.2 shows the result of the calculation. The alignment
trace exhibits a transient increase in the degree of alignment
promptly after the molecules have interacted with the laser pulse,
as also predicted with the classical description earlier. Due to
a phase mismatch in the rotational wave packet, the obtained
degree of alignment is limited [18]. After a full rotational period
defined as Trot = 1/2B, the molecules realign because all phase
factors in Eq. 3.3 have evolved by multiples of 2π. This is known
as a full revival. Half revivals also show up halfway in between
the full revivals, and here the maximally obtained degree of
alignment is higher than for the full revivals. Note that the degree
of alignment drops below 0.5 (anti-alignment) immediately after
the half revival, while the order is reversed at the full revivals,
where the degree of alignment first dips below 0.5 and then
increases to a value far above. Finally, quarter revivals are observed
at Trot/4 and 3Trot/4 due to the nuclear spin statistics weights
which skew the populations in the even and odd J states [14, 20,
28, 29].
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Figure 3.3: (a) Spectral analysis of the simulated alignment trace for
Na2 in the 13Σ+

u state (Fig. 3.2). The observed frequencies
can be ascribed to the coupling between the J and J′ = J + 2
rotational states, as annotated above each peak (labeled as
J–J′). (b) Central positions of the frequency peaks in (a)
as a function of the assigned J quantum numbers. A fit
with Eq. 3.5 is shown, enabling the determination of the
rotational constant.

3.2 Spectral analysis

Information about the rotational energies of the Na2 molecules
is encoded in the frequencies that make up the alignment trace
in Fig. 3.2. To illustrate this, I have made a spectral analysis by
calculating the Fast Fourier Transform (FFT) of the alignment
trace, see Fig. 3.3(a)3. The spectrum reveals that the alignment
trace is comprised of several distinct frequencies that are equally
spaced from each other. These arise from coherences between the
J and J′ = J + 2 rotational states in the rotational wave packet4 [25,
28, 29]. Knowing this, the J quantum numbers can be assigned
to each peak in Fig. 3.3(a). Note also that the populations in the
peaks are modulated by the nuclear spin statistics weights.

From the rotational energies, see Eq. 3.4, one can calculate that

3 Before calculating the FFT the data has first been corrected for a constant
detrend (subtraction of the mean), then multiplied by a Hamming window, and
finally zero-padded. This approach has been used for all FFT spectra shown
in this thesis. Readers are referred to reference [109] for an overview of these
concepts.

4 When calculating the matrix elements 〈ψ(t)| cos2 θ2D|ψ(t)〉 for the wave packet
in Eq. 3.3, the terms where ∆J = J′ − J 6= 0 or 2 cancel out. For ∆J = 0, the
time-dependence cancels out, so these couplings only result in a constant
offset [20].
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the frequencies associated with the J and J + 2 coherences are
given as

νJ,J+2 = B(4J + 6). (3.5)

To obtain the rotational constant, a linear fit using Eq. 3.5 can
now be made to the frequencies in Fig. 3.3(a) as a function of the
assigned J values, see Fig. 3.3(b). With this strategy, the rotational
energy levels of the molecule can be determined.

As mentioned in Chapter 1, experiments on nonadiabatic align-
ment of I2, OCS, and CS2 inside helium droplets were previously
conducted in my group. In this study, the rotational energies
were found to be those of nonrigid linear rotors [32]

EJ = BJ(J + 1)− DJ2(J + 1)2. (3.6)

The J and J + 2 coherences thus gave rise to frequencies at

νJ,J+2 = B(4J + 6)− D(8J3 + 36J2 + 60J + 36). (3.7)

Fits with this nonlinear function were then used to extract the
effective BHe and DHe constants for the molecules inside the
helium droplets, as shown in Fig. 3.4.
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3.3 Adiabatic alignment

Molecules can also be aligned adiabatically by a laser pulse with
a duration that is much longer than the rotational period of the
molecule [11, 12, 14, 28, 110–115]. In this scenario, the molecules
can no longer be considered frozen while the interaction, still
given by Eq. 3.1, lasts. When the interaction is turned on slowly,
the induced torque will cause the molecules to start aligning
along the polarization axis and the achieved degree of alignment
will follow the envelope of the pulse intensity profile. The degree
of alignment reaches its maximum at the peak intensity of the
pulse and then starts to decrease again as the intensity drops. If
the turn-off of the interaction is also slow enough, the molecules
ultimately return to their original randomly oriented states after
the interaction is gone.

In the quantum mechanical picture, the process can be under-
stood as an adiabatic perturbation of the rotational eigenstates of
the initially field-free molecule. As the interaction slowly ramps
up, the eigenstates transition to those of the field-perturbed
molecule, called pendular states, which represents molecules un-
dergoing libration around the polarization axis of the laser field.
In these states, the degree of alignment is increased. When the
interaction strength slowly decreases again, the molecules return
to their original rotational field-free eigenstates [28, 111].

An advantage of adiabatic alignment is that it can be used to
align molecules more strongly than with a single nonadiabatic
alignment pulse. In addition, a high degree of alignment can
be maintained for a long time by using a sufficiently long laser
pulse. This is very useful when experiments are to be done on
aligned samples of molecules. However, the disadvantage is that
the molecules are perturbed by the presence of the alignment
laser field, which can, for example, lead to unwanted ionization
and fragmentation of excited state molecules [116]. In contrast,
with nonadiabatic alignment, the molecules periodically align
under field-free conditions but only for brief periods that may be
too short for some experimental purposes [28].

A third option is to induce alignment with a temporally trun-
cated pulse. In this scenario, the interaction is adiabatically
switched on and then rapidly switched off again when peak
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alignment has been reached [39, 117–123]. This prepares the
molecules in a set of pendular states that are then projected back
on the rotational eigenstates of the field-free molecule, thereby
creating a rotational wave packet that will lead to periodic re-
vivals of the alignment. Wave packets formed in this way are
comprised of fewer populated J states than those created by
nonadiabatic alignment pulses (with the same pulse fluence), but
the phase relationships are improved which can lead to stronger
alignment during the revivals [123].



4
E X P E R I M E N TA L S E T U P

The experiments I have conducted require a fairly extensive
laboratory setup. In this chapter, I will give a detailed overview
of the used equipment and the overall setup, before I dig into
the actual experiments in the following chapters.

Figure 4.1 shows a graphic illustration of the alignment experi-
ment with Ak2 on the surface of helium droplets, to be discussed
later. Conducting such an experiment involves multiple steps.
First, the helium droplet beam has to be generated. The droplets
must then be doped with the alkali dimers before the dimers
are then pumped and probed using laser pulses. Finally, the Ak+

fragments produced by the laser-induced Coulomb explosion
must be detected. Generally, all the experiments I have done
are conducted in this fashion, albeit with some changes to the
wavelength and polarizations of the laser pulses. In some of the
experiments, only the probe pulse is used.

As a brief note, it should be mentioned that the experiments
presented in Chapter 6 and Chapter 10 were done on a separate,
but very similar setup to the one I will now present. I will not de-
scribe this other setup here, but a detailed description from 2017
is available in the literature [125]. It has been upgraded some-
what since then to enable experiments with alkali metals and
generally has the same capabilities as the setup I have primarily
used.

4.1 The helium droplet machine

The helium droplet machine consists of four vacuum chambers,
see Fig. 4.2. For the helium droplet experiments, three of those
chambers are used: the helium droplet source chamber (I), the
doping chamber (II), and the target chamber (III). The last cham-
ber is a secondary source chamber (IV) containing a pulsed
Even-Lavie valve that can be used for gas-phase experiments. A
small chamber between the doping chamber and the target cham-

23
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Figure 4.1: Sketch of the experiment conducted to study the rotational
dynamics of Ak2 on helium droplets. First, the helium
droplets are formed and doped with the alkali dimers, and
then the systems are exposed to the pump pulse and the
subsequent probe pulse, producing pairs of Ak+ fragments
to be detected. Own work, adapted from [124].

ber was in place until spring 2023, see Fig. 4.2. This chamber only
contained a liquid nitrogen cold trap and was removed to reduce
the path length in the experiment. For all presented experiments
performed on this machine, with the exception of that presented
in Section 11.2, the cold trap was still in place.

Each chamber is evacuated using attached turbo pumps. Turbo
pumps cannot pump directly to atmospheric pressure and the
exhausts are therefore connected to pipes (“backing lines”). These
pipes are pumped down to ∼ 10−3 mbar by backing pumps,
which can pump directly to the atmosphere. Some of the turbo
pumps are connected to the same backing line, as the backing
pumps can pump large volumes per second. The pumping speeds
for both the turbo pumps and the backing pumps are listed in
Table 4.15.

The chambers are separated by pneumatic gate valves, which
can be used to isolate the chambers from each other. Relays mon-
itor the status of the turbo pumps and also receive information

5 The pump setup has changed a bit over time due to breakdowns, pump
maintenance, and removal of the small chamber with a cold trap, which also
had its own small turbo pump (Leybold Turbovac 361, 400 l/s). The pumping
specifications given here are correct at the moment of writing and differ a bit
from that given in [126].
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Figure 4.2: The helium droplet machine, consisting of a helium droplet
source chamber (I), a doping chamber (II), a target chamber
(III), and an occasionally used secondary source chamber
(IV). A small chamber (removed in spring 2023) with a cold
trap is located between the doping chamber and the target
chamber. A flight tube, located above the target chamber, is
not shown. Figure adapted from [126].

Chamber Turbo pump Pump speed (l/s)

Source (I) Pfeiffer HiPace 2300 1900

Doping (II) Pfeiffer TMU 521 520

Target (III) Pfeiffer HiPace 700 685

EL (IV) Pfeiffer HiPace 700 685

Backing Backing pump Pump speed (m3/h)

Source (I)
Edward Booster EH500
and Edward E2M80

400

Doping (II) Pfeiffer Duo 65 70

Target (III)
and EL (IV)

Leybold Trivac D16B 16

Table 4.1: Pumping speeds for the turbo pumps connected to the differ-
ent chambers, and for the backing pumps.
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about the pressure in the chambers and backing lines. If the
turbo pumps fail, or if the pressure rises above predetermined
threshold values, the relays close the gate valves that surround
the chamber where the incident occurred, thus isolating it from
the rest of the machine.

The pressures in the chambers are monitored by Vacom AT-
MION ATS40C pressure gauges. These are attached to a port
on the outside of each chamber and utilize a combination of a
Pirani gauge and a hot cathode gauge to measure the pressure.
The hot cathode gauge (a Bayard-Alpert ion gauge) measures the
pressure by emitting electrons that ionize the surrounding gas
molecules. The formed ions are collected on a wire and the cur-
rent they produce is measured. This works for pressures down to
around 10−11 mbar. For pressures above 10−1 mbar, the gauge is
at risk of burning out very quickly. Thus, the ATMION automati-
cally switches to the Pirani gauge when reaching this threshold.
Pirani gauges are based on the principle that the pressure of a gas
can be measured via the heat loss of a thin wire. This heat loss
is primarily driven by convection and heat conductance through
the gas. As this does not work properly once the gas becomes
too dilute, Pirani gauges are only used for low vacuum [127].

For the backing lines, only Pirani gauges (InstruTech CVM211
Stinger and Kurt Lesker KJL275808LLMB) are used, since the low
vacuum encountered here is well within their working range.

4.1.1 Helium droplet source chamber

The continuous helium droplet beam is created in the helium
droplet source chamber. In all my experiments, the droplets are
formed via subcritical expansion (see Section 2.2), that is, by
expanding a cold gas of helium at high pressure into a vacuum
through a small nozzle. I will now explain how this is done in
practice.

First, 99.999% purity helium gas is sent through a 2-m long
copper pipe with a diameter of 1/16 inch. The pipe is wrapped
around both the first and the second stage of a coldhead attached
to a closed cycle cryostat (Sumitomo Heavy Industries, RDK-
415D). At the end of the pipe, the helium has been cooled down
to around 4 K, which is too low for the subcritical expansion. It
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is therefore necessary to reheat the helium slightly. This is done
by heating the nozzle assembly, which is mounted at the tip of
the coldhead, where the helium passes through before finally
reaching the nozzle. A set of heating resistors (Farnell MHP35
470F) are directly mounted on the nozzle assembly alongside
a temperature probe (a silicon diode, Lake Shore DT-670B-CU).
These are connected to a temperature controller (Lake Shore
335), which automatically regulates the heating to maintain the
desired temperature. Since heat radiation from the surrounding
parts of the vacuum chamber can affect the temperature of the
nozzle assembly, it is covered with a copper heat shield. The
helium, now reheated to the desired working temperature, is
finally expanded into the vacuum chamber through a platinum
nozzle with a 5-µm diameter (PLANO, 0.6 mm thickness with
2 mm diameter) [126].

The experiments conducted on this machine have been done
with a stagnation pressure of 25 bar and nozzle temperatures
ranging from Tnozzle = 10.5–16 K. Outside this temperature range,
the signal levels in the experiments tend to either become un-
controllably large (big droplets) or too weak to measure (small
droplets)6. I estimate that the mean size of the helium droplets
generated with these expansion conditions varies from ∼ 4000 to
∼ 18000 helium atoms (see Fig. 2.2).

4.1.2 Doping chamber

The helium droplet beam enters the doping chamber through a
small 1-mm skimmer (Beam Dynamics, Model 2), see Fig. 4.2.
This chamber has two aluminum guiding rails attached to the
bottom. A doping cell can be mounted on each rail. The doping
cells can either be ovens, used for solid samples, or gas cells.
For the work presented in this thesis, only the ovens have been
utilized and solely for alkali metals.

The ovens are made of stainless steel and consist of a socket, a
detachable crucible, and a lid for the crucible. Technical drawings
of the doping chamber with the oven assembly in place are

6 The weak signals with small droplets can perhaps be remedied by improving
the droplet flux (via different nozzle designs) and the detection efficiency in
the experiment.
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Guiding rail

Socket

Lid

LN2 trap

Figure 4.3: Technical drawings of the doping chamber, courtesy of
Lorenz Kranabetter. Two oven setups can be fit into the
chamber, one on each side of the LN2 coldtrap. See the text
for details.

shown in Fig. 4.3. Physical pictures of the oven and crucible can
also be seen in Fig. 4.4(a) and (b). Two 3-mm holes have been
drilled through the sides of both the sockets and the crucibles
such that the helium droplet beam can pass directly through.
Having a detachable crucible makes it easy to change samples.
After removing the crucible and loading it with a new sample
(see Section 4.2), it can simply be dropped back into the socket
which is still mounted on the guiding rail in the chamber. Small
grooves have been cut into the socket, such that the crucible locks
correctly into place with the holes for the helium droplet beam
lining up. Thus, no realignment of the equipment is necessary.

A Kapton wire is wrapped around the socket of each of the two
ovens. By sending an appropriate current through these wires,
the ovens can individually be resistively heated to a desired
temperature. This heating process is monitored and controlled
by PID controllers (Eurotherm 3216) outside the chamber via a
set of thermocouples. Both the thermocouples and wires for the
current enter the chamber via a feed-through mounted on a side
port. The current, controlled by the PID controllers, is delivered
by a standard power supply (Aim-TTi CPX400DP).

By heating the ovens, the vapor pressures of the alkalis in the
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(a) (b)

Figure 4.4: (a) Side view of the oven. The 3-mm hole for the helium
droplet beam is visible on the front. (b) Detachable crucible
loaded with a potassium sample, before being covered with
anhydrous n-hexane.

crucibles increase. When the helium droplets pass through the
ovens, they can collide with the atoms in the vapor and pick them
up, as previously explained in Chapter 2. By adjusting the oven
temperatures, the doping conditions can be controlled such that
some of the droplets pick up two or three alkali atoms, which
then form the dimers or trimers. For experiments on homonuclear
alkali oligomers only one oven is used, while both ovens are in
use for heteronuclear alkali oligomers such that the droplets can
pick up atoms of first one species and then the other species af-
terward. Table 4.2 lists temperatures that I have commonly used
when doing measurements on the various alkali homonuclear
dimers and homonuclear trimers. As the temperatures are al-
ways optimized before conducting the experiments to get proper
signal levels, quite some variation may be present in the actual
values. Note also that due to the Poisson pickup statistics, the
listed operating temperatures will not result in exclusive doping
with dimers or trimers (see Section 2.3).

A consequence of the oven design where the helium droplets
pass through via holes in the sides is that some alkali atoms
will manage to escape. The atoms will only exit the oven if they
fly along the same axis as the helium droplet beam. Thus, an
effusive beam of gas-phase alkali atoms will also unavoidably be
present in the experiments. There are possible alternative oven
designs that can mitigate the presence of such an effusive beam7,

7 One possible design is to let the helium droplet beam pass over the top of an
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Operating temperature (°C)

Alkali Dimers Trimers

Li 425 –

Na 170 200

K 120 150

Rb 100 120

Cs 80 100

Table 4.2: Common operating temperatures for experiments with focus
on a particular alkali homonuclear dimer or homonuclear
trimer. Note that these values can vary quite a lot based on
other aspects of the experiment.

but none have been tested or implemented in our group.
The doping chamber also contains a liquid nitrogen filled cold

trap located between the two ovens, see Fig. 4.2 and Fig. 4.3. The
cold trap is shaped like a torus, where the droplet beam can
pass through the center. The cold trap primarily helps reduce
the amount of residual gas-phase atoms and molecules in the
chamber, which may unintentionally be doped onto the droplets.
The cold trap thus helps maintain a clean droplet beam. Since the
cold trap is lined up such that it does not block the droplet beam,
it will not efficiently block the effusive beam of alkali atoms that
escape the oven that is positioned before the cold trap in the
beam direction.

Before entering the target chamber, the doped droplet beam
passes through a 2-mm skimmer (Beam Dynamics, Model 2) and
into a small chamber containing just a liquid nitrogen cold trap.
This cold trap captures parts of the droplet beam and the effusive
beam that are diverging. Since this small chamber adds extra
length to the droplet beam path, it will reduce the wanted signal
levels due to the beam divergence. As already mentioned, it was
therefore removed in spring 2023.

oven with a long slit along the droplet beam axis. The alkali atoms can then exit
through the slit and cross the droplet beam perpendicularly, thereby enabling
pick up.
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4.1.3 Target chamber

After traveling through another 2-mm skimmer (Beam Dynamics,
Model 2), the droplet beam enters the target chamber (see Fig. 4.2).
This chamber contains the velocity map imaging (VMI) spectrom-
eter used for all the experiments and the multichannel plate
(MCP) detector system (see details in Section 4.3). Inside the
spectrometer, the droplet beam is intersected perpendicularly by
the laser pulses used for the given experiment. The laser pulses
enter the chamber via a window with an anti-reflection coating
for 400 nm and 800 nm, mounted on a port on the side of the
chamber.

A feed-through with ports for SHV cables (rated for 15 kV) is
mounted on the side of the chamber. These ports make it possible
to connect the electrostatic plates in the VMI spectrometer to a
voltage supply. The top of the chamber also has a set of feed-
throughs for SHV cables (rated for 5 kV), such that the MCP
detector system can be connected to the voltage supply as well.

A µ-metal cylinder surrounds the VMI setup to shield against
external magnetic fields. This is critical when doing measure-
ments on electrons, but less so when measuring ions as I have
done in all my experiments.

4.1.4 Secondary source chamber

The secondary source chamber is located underneath the target
chamber, see Fig. 4.2. This chamber hosts a pulsed Even-Lavie
valve (EL-7-4-2015-HRR, HT, 1 kHz) used for gas-phase exper-
iments [128, 129]. For the work presented in this thesis, the
valve has been used to produce molecular beams of I2. These
beams have then been used for calibration experiments (see Sec-
tion 10.1.2 and Appendix A).

The Even-Lavie valve can be used for both liquid and solid
samples as well as gasses. Liquid samples can be put onto some
glass microfiber filter paper and solid samples, I2 for example,
can be wrapped up inside the filter paper. The filter paper with
the sample is placed inside a small cylindrical tube in the center
of the valve assembly. Vaporized atoms or molecules from the
sample can then be co-expanded into the vacuum chamber with
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a carrier gas, typically helium at high pressure, in a supersonic
expansion [130]. If needed, the valve can be heated to increase
the vapor pressure of the sample. The valve is typically operated
at 200 Hz, creating a pulsed molecular beam that enters the
target chamber and the VMI spectrometer from below. Inside
the spectrometer, the beam can be crossed perpendicularly with
appropriately timed laser pulses to probe the atoms or molecules.
For corrosive samples, like I2, the sample should be removed
after use and the valve thoroughly cleaned.

4.2 Sample preparation

To avoid the rapid oxidation that happens when alkalis are ex-
posed to oxygen, and the risk of explosions if they come in
contact with water8, the samples are stored and handled in an
inert argon atmosphere inside a glove box. To load a new sample,
the detachable crucible from the oven is brought into the glove
box and a small spoonful of the chosen alkali is scooped up with
a spoon and put into the crucible, see Fig. 4.4(b). The crucible is
then filled with anhydrous n-hexane (an inert liquid) to prevent
the sample from getting into contact with air later in the process,
before storing it in a small jar with a lid on. As the jar is closed
inside the glove box it will be filled with argon, serving as an
additional layer of protection against air. Finally, the closed jar is
taken out of the glove box and transported to the lab where the
crucible (still containing anhydrous n-hexane) can be dropped
into the oven socket in the vacuum chamber. The lid for the
crucible is then put on before the chamber is closed again and
pumped down to ∼ 10−9 mbar. When the pressure drops the
n-hexane quickly evaporates, leaving an isolated alkali sample
ready to use.

The first time a newly inserted alkali sample is used in the lab
it is often necessary to heat the sample to a higher temperature
than otherwise needed during daily operation (see commonly
used temperatures in Table 4.2) before any appreciable amount
of alkali ions can be observed. This could indicate that a thin

8 Interestingly, the explosion is in part driven by a Coulomb explosion between
alkali cations that are created in the outer layer by rapid transfer of electrons
from the alkali atoms to the water [131].
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Figure 4.5: Illustration of the VMI spectrometer, consisting of the re-
peller, the extractor, and the ground electrodes. The spec-
trometer maps charged particles created in the interaction
region onto a position-sensitive detector. The hit location is
determined by the velocity of the particle.

layer of alkali-metal oxide has managed to form on the sample
surface, even after taking all the precautions to avoid it. Typically,
heating the sample an additional 20 degrees Celsius or so for a
while will be enough to make the signal appear, after which the
temperature can be lowered again.

For alkali samples that have been stored for a long time in the
glove box (or if the glove box has been temporarily out of order),
a beginning layer of oxidation may also have begun to form.
This is seen as a white crust, which should be avoided when
scooping up the alkali. If the crust is colorful (for example yellow),
this is a sign of superoxides which are extremely explosive and
may detonate when, e. g., digging a spoon into it [132, 133]. A
careful inspection of the sample is thus always a good idea before
working with it.

4.3 Detection system

4.3.1 Velocity map imaging

In all experiments presented in this thesis, the basic observables
are the velocities of various ions. These velocities are measured by
using a VMI spectrometer in conjunction with a position-sensitive
detector.
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The VMI spectrometer is based on the original Eppink-Parker
design [134]. It consists of three circular electrodes named repeller
(R), extractor (E), and ground (G), see the drawing in Fig. 4.5.
In the experiments, the ions of interest will be generated in
the center between the repeller and the extractor, where the
helium droplet beam (or the molecular beam from the Even-Lavie
valve) is crossed by the laser pulses. A static inhomogeneous
electric field, created by applying voltages to the repeller and
the extractor plates, can now be used to focus the ions on a
detector a given distance away. Eppink and Parker demonstrated
that by appropriately choosing the electrode voltages, velocity
map imaging can be obtained, where ions with the same initial
velocity are projected onto the same position on the detector
screen [134]. Effectively, this corresponds to a projection of the
3D velocity sphere (a Newton sphere) onto a 2D plane, where
the radial distance r in the projected image is proportional to
the transverse (radial) velocity of the ions. The kinetic energy
associated with the transverse velocity can thus be expressed as

ETr = cr2, (4.1)

where c is a calibration constant. It is however of limited use
to only know the energy associated with the transverse velocity.
Fortunately, the 3D velocity distribution can be reconstructed
mathematically via an inverse Abel transform if the projected
image has cylindrical symmetry [135]. The total kinetic energies
of the ions, only available as a distribution after the inverse Abel
transform, are then proportional to the radial component R in
the 3D velocity distribution [134]

Ekin = kR2, (4.2)

where k is a calibration constant, which can be determined by
recording a velocity map image of ions with known kinetic en-
ergies (see Appendix A). For our setup, the VMI conditions are
obtained with repeller and extractor voltages VR = +6000 V and
VE = +3800 V. The ground plate is kept at VG = 0 V to create a
field-free region before the detector.

Two position-sensitive MCPs (∼ 40-mm active diameter, El Mul
Technologies B050V), stacked in Chevron configuration [136] with
−600 V on the front MCP and +1200 V on the back MCP, are used



4.3 Detection system 35

to detect the ions. The MCPs are located at the top of a flight tube,
which is mounted on top of the target chamber (not sketched
in Fig. 4.2). When the ions hit a channel in the MCP stack, an
avalanche of electrons is released. These electrons are accelerated
toward a phosphor screen (El Mul Technologies Scintimax P47)
kept at +4000 V, where they impinge and create a fluorescent dot.
The time-of-flight (ToF) of the ions are related as

t ∝
√

m
qVR

, (4.3)

where m is the mass of the ion and q is the charge [134], leading
to a whole distribution of different arrival times for the various
ions created in the experiments.

A CCD camera (Allied Vision Prosilica GE680), operating at
100–200 Hz, is used to record frames of the phosphor screen with
a 401×401 pixel resolution, thereby recording the locations the
ions are mapped to. The low frame rate creates an issue because
the camera shutter is open for so long that signals from ions
with different masses will be collected into one frame with no
way to separate the signals afterward. It is therefore necessary
to gate the detector such that it is only sensitive to the wanted
ions. This can be done by keeping the front MCP at 0 V and then
only lowering the voltage to −600 V in the short time window
where the ions of interest arrive. This makes the MCP insensitive
outside the window since a voltage difference of ∼ 1800 V is
needed for normal operation. As different ions can have the same
mass-to-charge ratio m/q, the gating cannot always be used to
isolate a single ion species fully.

Each detected ion hit will be seen as a cluster of pixels lighting
up. The clusters are identified via the DBSCAN clustering algo-
rithm [137] and then centroided to obtain a final value for the
location. Since the lasers used for the experiments run at 1 kHz
(see Section 4.4), one frame recorded by the camera will contain
ions from 5 to 10 laser shots. By stacking many frames, a full 2D
VMI image can be constructed.

Toward the end of my PhD, we installed a Tpx3Cam detector
as a replacement for the CCD camera. The Tpx3Cam has a time
resolution of 1.6 ns which makes it possible to record VMI images
for different ion species at the same time without having to gate
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Figure 4.6: (a) ToF spectrum for a measurement on Na2 where Na+ ions
were created. Peaks for H+ and H2O+ are always present
due to residual gas in the chamber, and can be used to cali-
brate the spectrum. (b) Calibrated ToF spectrum showing
the m/q ratios for the different peaks. This enables identifi-
cation of the various formed ions and confirms that the Na+

ions are indeed formed in the experiment.

the detector and even enables a direct determination of the full 3D
velocities of the ions [138]. This creates many new opportunities
for experiments, some of which will be explored in Chapter 6 as
well as in Chapter 10, where a more thorough introduction to the
Tpx3Cam will also be presented.

4.3.2 ToF mode

The detection system can also be run in a ToF mode where the
arrival times of ions at the detector are recorded. This is a useful
tool for identifying the ions present in the experiment and for
setting up the gate window for the detector. To enable ToF mode,
the front MCP and the phosphor screen must be grounded. The
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voltage on the back MCP is then set to 1800 V to make the
detector sensitive. Via capacitative decoupling of the voltage, the
fluctuations in the voltage on the back MCP, caused by the arrival
of the ions, can be measured and displayed on an oscilloscope.

Figure 4.6(a) shows an example of a ToF measurement recorded
for an experiment on Na2, in which Na+ ions were created. Most
of the present peaks arise from the ionization of residual atoms
and molecules in the target chamber, especially H2O. These peaks
can be used to calibrate the entire ToF spectrum via Eq. 4.3, such
that the m/q ratios of the other peaks can be determined, see
Fig. 4.6(b). In the calibrated spectrum, a peak lies at m/q = 23 u/e,
demonstrating that sodium is present in the experiment and that
Na+ ions are formed. The electronics controlling the detector
gating can now be configured such that the detector is only
active for the ToF interval that contains the Na+ ions.

4.4 Optical setup

The femtosecond laser pulses in the experiments originate from a
Ti:Sapphire tabletop laser system (Solstice Ace, Spectra-Physics)
seeded by an 80 MHz laser oscillator (MaiTai, Spectra-Physics).
The pulses are generated at a 1 KHz repetition rate with a pulse
energy of 7 mJ and are spectrally broad (∼ 50 nm at FWHM)
with a central wavelength of 800 nm. The pulse duration is on
the order of 50 fs (FWHM). A beam splitter is used to split the
pulses into two arms: one that will be used for the probe pulses
and one that will be used for the pump pulses. In the following
paragraphs, I describe the beam paths in each of the two arms.
An overview of the general optical setup is also presented in a
sketch in Fig. 4.7.

To set the alkali dimers into rotational motion, I need a nonres-
onant pump laser pulse. 1300 nm is a good choice of wavelength
since the energy of a single photon is then lower than the energy
gap to the nearest excited states (see Section B.3 for some of the
potential curves) [139–142]. Pulses with that wavelength can be
created from the 800 nm pulses in the pump arm via an optical
parametric amplification (OPA) system (TOPAS Prime, Spectra-
Physics). The generated 1300 nm pulses have a pulse duration
of approximately 50 fs which is too short for the experiments, in
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particular because it typically results in a high intensity which
can ionize the alkali dimers. It is therefore necessary to tempo-
rally stretch the 1300 nm pulses to a more appropriate duration
of around 1 ps. To achieve this, the pulses are sent through a
prism stretcher (see details in Section 4.4.1). After stretching, the
beam is guided toward the target chamber. To obtain spatial
overlap with the probe beam, the pump beam is transmitted
through a dichroic overlap mirror and then aligned through a set
of irises in front of the chamber. Finally, it is focused to a spot
size ω0 ∼ 100 µm at the intersection with the helium droplet
beam by a planoconvex ( f = +300 mm) lens. To adjust the pulse
energy for the experiment, a combination of a polarizer and a
half-wave plate is used before stretching the pulses, thereby also
partly reducing the self-focusing effects that may occur when
passing the initially short pulse through the thick glass prisms in
the stretcher. The transmission axis of the polarizer is always set
to horizontal (p-polarization) to minimize the transmission losses
when passing through the stretcher. This is also the polarization
used for the final experiments.

The pulses in the probe arm are already very suitable for the
experiments and only require a minimum of manipulation. To
enable a time overlap for the pump and the probe pulses at the
target chamber, the probe beam is sent through a delay line to
compensate for the beam path the pump beam must traverse
inside the OPA and the prism stretcher. The detour includes
passing through a motorized delay stage, such that the final time
delay between the pump and the probe pulses can be carefully
adjusted and scanned in the experiments. The probe beam is then
reflected on the dichroic overlap mirror and carefully overlapped
with the pump beam. Ultimately, the beam is focused to a spot
size ω0 ∼ 50 µm at the helium droplet beam by the lens. It
is vital that the spatial overlap of the pump and the probe is
still preserved at the focus such that the pumped molecules are
also the ones that are eventually probed in the experiments. To
achieve this overlap, the focused beams can be redirected (via an
insertable mirror in front of the chamber) toward a small pinhole,
and the beams aligned for maximum throughput. Before starting
the experiments, a half-wave plate and a thin-film polarizer at
the beginning of the probe arm are used to set the desired probe
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power. A second half-wave plate, positioned toward the end of
the beam path, can be used to choose the polarization for the
experiment.

In some of the experiments, probe pulses centered at 400 nm
are used. These pulses are made via second-harmonic generation
by passing the 800 nm probe pulses through a beta barium borate
(BBO) crystal, cut for a phase matching angle at 29.2°, which can
be placed into the setup.

4.4.1 Pulse stretching

A broadband laser pulse can be stretched by adding group delay
dispersion (GDD)9, or, in other words, by chirping the laser
pulses such that some frequency components arrive earlier than
others, thus extending the duration of the pulse. Adding positive
GDD corresponds to up-chirping the pulse (red light arrives
before blue light), while negative GDD down-chirps the pulse
(blue light arrives before red light). For some pulse with an initial
pulse duration τ0, the pulse duration after accumulating some
amount of GDD can be calculated as [143, p. 48]

τ = τ0

√
1 +

(
4 ln(2)×GDD

τ2
0

)2

. (4.4)

Propagation through a material typically adds some positive
GDD (for materials with normal dispersion). In contrast, the
angular dispersion that can be obtained with prisms and gratings
can be used to add significant amounts of negative GDD to a
pulse. Often, prisms and gratings are used to recompress pulses
by counteracting the positive GDD added by passing through
various optical elements in a setup, thus balancing the chirp. In
my case, however, I will use them to introduce large amounts of
negative GDD to the pump pulses, thereby down-chirping them,
to stretch the pulses to an appropriate duration. Note that the
chirp itself is not a problem in the experiments, since the pump
pulses are nonresonant. Thus, the actual temporal distribution of
wavelengths in each pulse is unimportant.

9 Also known as second-order dispersion, calculated as d2φ
dω2 where φ is the phase

accumulated by a plane wave propagating through a dispersive medium [143,
p. 48].
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To create 1300 nm pulses with a duration of around 1 ps, the
pulses are sent through a prism pair, see Fig. 4.8. In such a setup,
the blue wavelengths have a shorter optical path length than
the red wavelengths, thereby giving rise to the wanted pulse
stretching. Figure 4.8 may appear to suggest the opposite, but
the red wavelengths travel through more glass than the blue
wavelengths, which adds a significant contribution to the optical
path length. The prisms are angled such that the beam enters
at the Brewster angle and exits at the same angle, leading to
minimal losses for a horizontally polarized beam. During setup,
this angle is identified as the angle leading to the minimum
deviation in the beam path with respect to the entering beam.
While propagating through the glass in the prisms some positive
GDD is accumulated. The amount of GDD can be calculated by
looking up the amount of group velocity dispersion (GVD) for
the specific glass type and multiplying with the path length L in
the material [143, p. 49],

GDDmaterial = GVDmaterial × L. (4.5)

The (negative) GDD contribution from the angular dispersion
when passing through the prism pair is given as

GDDangular = −
2lλ3

πc2

(
dn
dλ

)2

(single pass), (4.6)

where l is the distance between the prisms, λ is the wavelength,
and n is the wavelength-dependent refractive index of the prism
material [144, pp. 26–28, 143, pp. 81–82]10.

After the first pass through the prism pair, the pulses are
spatially chirped. This chirp can be removed by passing the
pulses through the prism pair one more time, which will also
double the added negative GDD. Thus, a retro-reflector is placed
after the prism pair to redirect the beam upwards and then
back into the prisms again. Moving the beam upwards makes it
possible to separate the output beam from the input beam after
exiting the stretcher.

10 Be aware that reference [144] for unexplainable reasons choose to call GDD
for GVD, which deviates from the established terminology and only serves to
confuse people.
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Figure 4.8: Sketch of the prism stretcher used to down-chirp and stretch
the pump pulses. A roof retroreflector is used to reflect the
beam directly back through the prims a second time to
stretch the pulses even further and eliminate spatial chirp.

The used prisms are made of SF10 glass. SF10 is only moder-
ately dispersive at 1300 nm with a GVD of 62.166 fs2/mm and a
chromatic dispersion dn/dλ = −0.018536 µm−1 [145]. For a dou-
ble pass through the prism pair, with an estimated average total
path length through the glass material of 30 mm11, one can use
Eq. 4.4, 4.5, and 4.6 to calculate that the prisms must be separated
by 1.9 m to achieve the desired pulse duration of around 1 ps.
Longer pulse durations would require an even larger separation
between the prisms, which quickly becomes impossible because
the beam expands too much after the first prism to fit onto the
second. To make pulses longer than around 1 ps, it is therefore
necessary to use a grating stretcher instead, which is extremely
dispersive at high wavelengths. Such a grating stretcher is essen-
tially a drop-in replacement for the prism stretcher in the optical
setup, see Fig. 4.7.

I designed and built a grating stretcher using a pair of volume
phase holographic transmission gratings12 (Wasatch Photonics,
HD 1145 l/mm, 1310 nm), to enable long-pulse alignment ex-
periments. The setup is sketched in Fig. 4.9. To get optimal
transmission through the gratings, the 1st order diffraction is
used (Littrow configuration). The GDD accumulated from the

11 The path length is different for the various wavelength components, but the
deviations are too small to be of interest here.

12 These gratings are neat because they have no etched grooves but instead use
modulation of the refractive index in the glass material. As a result, they can in
principle be cleaned without damaging the component.
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Figure 4.9: Sketch of the grating stretcher, which is much more dis-
persive than a prism stretcher. As for the prism stretcher,
a double pass is used to eliminate spatial chirp and add
additional GDD.

angular dispersion for a single pass through the grating pair is
given by

GDDangular = −
bλ3

2πc2d2 cos3(α)
(single pass), (4.7)

where b is the separation between the two gratings, d is the
grating constant, and α is the diffraction angle [144, pp. 24–26].
The GDD is again negative here, because the optical path length
is shortest for the blue light, and even more so than for the
prisms, since blue light diffracts at a smaller angle than red light.
The gratings are optimized such that the diffraction angle α is
the same as the angle of incidence β = 48.6°. As for the prisms, a
small amount of positive GDD is accumulated while propagating
through the grating material (6-mm thickness). However, the
GDD from the angular dispersion is so large that the contribution
from the material may as well be neglected. To avoid spatial chirp,
a double pass through the grating pair is used in the same way
as for the prism stretcher.

Due to the 35 × 45 mm dimension of the used gratings, the
maximum pulse duration that can be obtained with this setup,
while still fitting the beam nicely onto the second grating, turns
out to be around 200 ps. In that configuration the gratings are
only separated by around 10 cm, demonstrating the very strong
angular dispersion obtained when using gratings for stretching
pulses with large wavelengths.
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4.4.2 Beam characterization

The pulse duration of the stretched pump pulse is characterized
by an optical cross-correlation [146, pp. 209–213]. To make the
cross-correlation, I do sum frequency generation with the pump
and the probe pulses via critical phase-matching (type I) in a BBO
crystal (100–200 µm thickness) [146, pp. 39–43]. The crystal is
inserted into the path of the overlapped pump and probe beams
before the target chamber. A fake window, identical to the one at
the entrance of the target chamber, is placed before the crystal
to emulate the conditions inside the chamber. The position of
the delay stage in the 800 nm beam path is now adjusted until
the pump and the probe arrive simultaneously in the crystal. If
the phase-matching criteria are fulfilled, the photons from the
probe (800 nm) and pump (1300 nm) will then be mixed to create
photons at 495 nm, a visible green color. In practice, it is usually
necessary to rotate the crystal while scanning the delay stage
position to create the green light, since both the timing and the
crystal angle must be correct for the process to take place13.

After the crystal, the green light must be separated from the
original beams. I do this with a prism, thus spatially separat-
ing the different color components. The green light can then
be recorded with a commercial grating spectrometer (Avantes
AvaSpec-3648). To obtain the temporal profile of the pump pulse,
the delay stage is moved in steps, thereby shifting the delay be-
tween the two pulses. The spectrometer is used to integrate the
signal, which is larger for better temporal overlap, at each stage
position. The integration is done across the wavelength spectrum
and the time interval used for the measurement. This produces a
convolution of the two temporal pulse profiles. Since the pump
pulse duration is much larger than the duration of the probe, the
convolution is a sufficiently accurate estimate of the pump pulse
profile.

An example of a recorded cross-correlation is presented in
Fig. 4.10(a). By fitting a Gaussian curve to the data, the pulse
duration and t0, the stage position where the pulses arrive simul-

13 Rotating the crystal is only required because the crystal I use is cut for second-
harmonic generation of 800 nm light, not sum-frequency generation with
800 nm and 1300 nm where the phase matching angle is different.
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Figure 4.10: (a) Integrated signal for the sum frequency generated beam
in the cross-correlation with the pump and probe, shown in
black. The Gaussian fit used to extract the pulse duration,
here 840 fs, is shown in red. The fit has been used to define
t0 and the delay axis. (b) Spectrogram from the same cross-
correlation as in (a). The wavelength increases as a function
of the delay, showcasing the down-chirp of the stretched
pump pulse.

taneously (zero delay) in the experiment, can be extracted. Fig-
ure 4.10(b) shows a spectrogram from the cross-correlation. The
down-chirp introduced to the pump pulse in the prism stretcher
is directly visible here. Notice that the dominant wavelength is
around 515 nm, not the predicted 495 nm, so it seems that the
mixed wavelengths are not exactly 800 nm and 1300 nm but
rather nearby wavelengths present in the broadband pulses. This
is of no consequence to the cross-correlation and the extracted
values.

To characterize the spot size of the focused pump and probe
beams, the beams are intercepted by a mirror after the focusing
lens in front of the target chamber and guided toward a 5 µm slit.
By scanning the slit across the focused beams and integrating the
transmitted light signal on a photodiode, the spatial characteris-
tics can be measured, and the spot size extracted via a Gaussian
fit. Recently, we have acquired beam profilers (Femtoeasy LP6.3
with UV window and Duma Optronics BeamOn HR 1") that
allow for quick and quite reliable measurements of the spatial
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pulse profiles.
The peak intensities of the Gaussian laser pulses are calculated

as

I =
4
√

ln2
π3/2

Epulse

ω2
0τ

, (4.8)

where Epulse is the pulse energy, τ is the pulse duration (FWHM),
and ω0 is the beam radius, that is, the spatial distance from
the center of the beam spot and out to where the intensity has
dropped by a factor of 1/e2 [147]. This formula has been used to
calculate all intensities stated throughout the thesis.
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Q UA N T U M - S TAT E - S E N S I T I V E D E T E C T I O N O F
A L K A L I D I M E R S O N H E L I U M D R O P L E T S

In this chapter, I present results from Coulomb explosion imag-
ing of homonuclear alkali dimers on helium droplets. First, an
in-depth introduction to the laser-induced Coulomb explosion
method will be given. Next, the details of the experiment are
presented. I will then show how Coulomb explosion can be used
to identify whether the dimers were in the 13Σ+

u state or the
11Σ+

g state. In addition, I also show how covariance analysis can
be used to corroborate the identification. Toward the end of the
chapter, I extract the distribution of internuclear distances for
the alkali dimers in both spin states and compare the findings to
theoretical predictions.

The results to be shown are important because they establish
Coulomb explosion of the alkali dimers on helium droplets as
a probing technique that provides information about both the
orientation of the dimers and their structures. In particular, the
Coulomb explosion technique makes it possible to separate the
signal from dimers in the 11Σ+

g state and in the 13Σ+
u state. This

enables quantum-state-sensitive measurements throughout all
my experiments on the alkali dimers.

5.1 Laser-induced Coulomb explosion of Ak2

The principle of the method is to use an intense femtosecond
pulse to double ionize the alkali dimers via multiphoton ab-
sorption. To illustrate this process, Fig. 5.1(a) shows the relevant
potential curves for Na2. As described in Section 2.3.1, Na2 can
form in both the 13Σ+

u state and the 11Σ+
g state on the helium

droplets. Essentially only the respective vibrational ground states
of the dimers will be populated because the droplets cool them
down to the droplet temperature of 0.37 K [92, 99]. When the
dimers are double ionized by the laser pulse, the wave functions
are projected onto the repulsive Na 2+

2 potential curve. Only a

47
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Figure 5.1: (a) Potential energy curves for Na2 in the 13Σ+
u state [107],

the 11Σ+
g state [139], and VQC(R) for Na 2+

2 . The red curves
illustrate the square of the ground state wave functions.
The vertical black arrows (not to scale) depict the nine (ten)
photons at 800 nm used to trigger Coulomb explosion of
Na2 in the 13Σ+

u (11Σ+
g ) state. (b) and (c) Zoomed-in views

of the calculated Na 2+
2 potential VQC(R) and the Coulomb

potential VCoul(R) around the equilibrium distance of the
11Σ+

g state (b) and the 13Σ+
u state (c). Own work, adapted

from [126].

single curve exists for Na 2+
2 , because all valence electrons have

been removed, leaving a closed-shell system. In the repulsive
potential, the systems immediately begin to fragment into a pair
of Na+ ions due to the electrostatic repulsion, thereby converting
the potential energy into kinetic energy.

As I will elaborate on below, the Na 2+
2 potential is to a good

approximation given by the Coulomb potential

VCoul(R) = 14.4 eV/R[Å], (5.1)

where R is the internuclear distance. The pair of Na+ ions created
by Coulomb explosion of Na2 will share the available Coulomb
energy evenly due to momentum conservation, and therefore end
up with kinetic energies Ekin = VCoul(R)/2. For a dimer starting
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from the equilibrium distance Req = 3.08 Å of the 11Σ+
g state [139],

each ion will get an energy of Ekin = 2.34 eV. Meanwhile, Coulomb
explosion for dimers in the 13Σ+

u state will result in Ekin = 1.39 eV,
as dictated by the larger equilibrium distance Req = 5.17 Å [107].
If the kinetic energies of the Na+ fragments are measured, the
internuclear distance of the parent dimers can be retrieved via
Eq. 5.1. I will use this to determine the distribution of internuclear
separation P(R) for the dimers.

The Coulomb potential has previously been used as an ap-
proximation for the dicationic potential in studies on Coulomb
explosion of diatomic molecules and molecular dimers [148–152].
For the alkali dimers, this approximation should be especially
valid due to the closed-shell structure of Ak 2+

2 . To assess how
much the Coulomb potential deviates from the actual potential,
Frank Jensen from Aarhus University has done a quantum chem-
istry calculation at the CCSD(T) level for Na 2+

2 [124]. The found
potential, VQC(R), is plotted alongside VCoul(R) in Fig. 5.1(b)
at R-values around the equilibrium distance for the 11Σ+

g state
of Na2. Figure 5.1(c) shows a similar plot for the equilibrium
distance of the 13Σ+

u state. The two potentials lie very close in
energy with a difference of 27 meV at Req for the 11Σ+

g state, and
3 meV at Req for the 13Σ+

u state. Thus, the Coulomb potential
can with good accuracy be used to determine the internuclear
separation from the kinetic energies of the Na+ ions. Additional
calculations by Frank Jensen point to the same conclusion for the
other alkali dimers [153].

Such a good agreement should however not be taken for
granted. Consider for example Coulomb explosion of the ar-
gon dimer Ar2. In this case, the removal of two electrons leads
to an open-shell structure that can fragment via multiple chan-
nels [152]. Due to this, the Coulomb approximation breaks down
and the kinetic energies of the formed Ar+ fragments cannot be
uniquely related to a single internuclear distance R. The problem
can be remedied by removing all the valence electrons to once
again end up with a closed-shell structure. Such a highly charged
state can possibly be created using ultrashort intense x-ray pulses
at free-electron laser facilities [154].

A final point I want to address here is whether more highly-
charged states than Na 2+

2 can be formed by multiphoton absorp-
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tion. To answer this question, it is necessary to look at the ion-
ization potential of Na. The valence electron is bound by 5.14 eV
and can therefore be stripped from the atom by absorption of a
few photons from an intense 800 nm laser pulse. However, the
energy required to remove a second electron, this time from a
closed shell, is 47.3 eV [74]. It is not feasible to deliver so much
energy to the system with the laser pulses I have used. At most
one electron will therefore be stripped from each of the Na atoms
constituting the dimer, thereby forming the Na 2+

2 state and ini-
tiating the Coulomb explosion. Similar arguments can be made
for the other alkali dimers.

5.2 Experimental setup

Figure 5.2 illustrates the experiment, which I will now present.
First, the droplets were doped with alkali dimers by sequential
pick up of two alkali atoms in a heated oven that contained either
Li, Na, K, Rb, or Cs (see operating temperatures in Table 4.2).
Next, the doped droplet beam was then crossed by a laser beam
consisting of intense ∼ 50 fs linearly polarized pulses inside the
VMI spectrometer to trigger the Coulomb explosion of the dimers,
and the velocities of the fragments recorded. Li2, Na2, and Rb2
were probed with pulses centered at 800 nm, while 400 nm was
used for K2. Cs2 was probed using the nonstretched 1300 nm
output from the TOPAS. The used intensities varied from 1×1013

to 3×1014 W/cm2 [see annotated values in Fig. 5.3(a2)–(e2)]. In
the experiments with Li2 and Na2 the nozzle temperature was
11 K, giving slightly larger droplets than for the experiments
with K2, Rb2, and Cs2 where a temperature of 12 K was used.

5.3 Results

Figure 5.3(ai)–(e1) show a series of 2D velocity map images of the
Ak+ ions recorded in the experiments while gating the detector
such that only the most abundant isotope is observed. All the ion
images have a central region with no signal, due to a small metal
disk, referred to as the beam block, placed in front of the detector.
The purpose of the beam block is to prevent ions with low kinetic
energy from hitting the detector. These ions can be created by
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Pickup cell (Ak)He droplet
beam Skimmer

Probe pulse
~ 50 fs

2D imaging detector

Ak+Ak+
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Figure 5.2: Illustration of the experiment. The droplets were doped
with two alkali atoms to form Ak2. The probe pulses were
then used to trigger Coulomb explosion, producing pairs of
Ak+ fragments which were detected with the 2D imaging
setup.

ionization of Ak atoms in the effusive beam and from ionization
of single Ak atoms doped onto the helium droplets. Due to their
low velocities, they would hit the detector in a small area, which
can quickly cause burn damage. By blocking them, the signal
levels on the remaining parts of the detector can be increased.
Three radial stripes with no signal are also present in the images.
These are due to the thin supporting rods that the beam block
is mounted on. In Fig. 5.3(a1)–(c1) and (e1), part of the center
has furthermore been digitally cut to remove the remaining parts
of ions with low kinetic energy that hit the detector around the
edge of the beam block, thereby improving the visual contrast in
the images.

Several channels are visible in the ion images outside the
blocked centers in the regions marked by the annotated white
rings in Fig. 5.3(a1)–(e1). The inner channel in each image lies
between the solid ring and the dashed ring. The next channel,
termed the outer channel, lies between the dashed and dot-
dashed rings. This channel is not present in the Li+ image, see
Fig. 5.3(a1). A third channel is visible in the K+, Rb+, and Cs+

images, Fig. 5.3(c1)–(e1), outside the dot-dashed rings. These
channels are the topic of Chapter 7 and will be ignored for now.

5.3.1 Energy analysis

To help identify the origin of the Ak+ ions in the inner and outer
channels it is useful to determine their kinetic energies. As men-
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Figure 5.3: (a1)–(e1) 2D velocity map images of Ak+ ions. The polariza-
tion axis of the laser pulses is indicated by the white arrows
in the lower right corners. The regions between the anno-
tated white rings contain ions from the 13Σ+

u and the 11Σ+
g

channels (see the text). (a2)–(e2) Kinetic energy distributions
P(Ekin) for the ion images in (a1)–(e1). (b3)–(e3) [(a4)–(e4)]
show angular covariance maps for the ions in the 11Σ+

g

[13Σ+
u ] channels. The experiments were conducted with

nozzle temperatures Tnozzle = 11 K for the data in (a) and (b)
and 12 K for the data in (c)–(e). Own work, adapted from
[126]. Visual errors in the signal levels in panels (a1)–(e1),
(b3)–(e3), and (a4)–(e4) have been corrected compared to
the original figure, of no consequence to the interpretation.
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tioned in Section 4.3.1, the energies of the ions are related to
their radial velocity components in the 3D velocity distribution.
The radial velocity distribution P(R) can be obtained via an
inverse Abel transform of the ion images if they are cylindrically
symmetric. The requirement is fulfilled here, because the polar-
ization axis of the laser pulses lies in the plane of the detector,
as annotated with the white arrows in the lower right corner of
Fig. 5.3(a1)–(e1). This creates a symmetry because the laser field
imposes a preferred ionization direction in the images, which is
either parallel or perpendicular to the polarization axis due to
resonance effects (see Section B.1).

I use the polar onion peeling algorithm for the inverse Abel
transform [135]. This algorithm first determines the contribution
from the ions at the outer edge of the image, and then subtracts
this from the inner parts. It then moves one step inward and
repeats the process until it has worked its way through the entire
image, thereby reconstructing the full 3D velocity distribution
from which the radial velocity distribution P(R) can be extracted.
By using this approach, the center part screened by the beam
block does not affect the retrieved distribution for the parts of
the image that contain the signal of interest. With P(R) at hand,
the kinetic energy distribution P(Ekin) can now be obtained by
applying Eq. 4.2. Since this is a transformation of a probability
distribution, the distribution must be multiplied by the appropri-
ate Jacobian elements to conserve the probabilities [155, p. 119],

P(Ekin) = P(R)
∣∣∣∣ dR
dEkin

∣∣∣∣ = P(R) 1
2kR . (5.2)

The found P(Ekin) distributions are shown in Fig. 5.3(a2)–(e2).
Each distribution features several peaks, except for the Li+ ions
where only one peak is observed, see Fig. 5.3(a2). The central
positions of the peaks associated with the inner and the outer
channels in the ion images can now be compared with the ex-
pected energy releases for Coulomb explosion of the alkali dimers.
To do so, I fit a Gaussian curve to each of the peaks to determine
their central positions. For Na2, see Fig. 5.3(b2), I find that the
peaks associated with the two channels lie centered at 1.39 eV
and 2.15 eV. I estimate that the uncertainty on these values, pri-
marily arising from the fitting procedure and the finite energy
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resolution of the spectrometer, is less than 50 meV. The central
positions match the expected energy release for Na2 in the 13Σ+

u
state and the 11Σ+

g state, 1.39 eV and 2.34 eV respectively. I there-
fore ascribe the ions in the peak at 1.39 eV to Na+ fragments
produced during Coulomb explosion of Na2 in the 13Σ+

u state.
Likewise, the ions in the 2.15 eV peak are then ascribed to the
11Σ+

g state dimers. I will further corroborate these assignments
with covariance analysis in Section 5.3.2.

Table 5.1 presents an overview of the found peak positions for
the different alkali dimers. As for Na2, the uncertainty on the
peak positions is estimated to be less than 50 meV. Note that for
some of the dimers, multiple isotopologues are present in the
experiment, but this will only lead to very minor uncertainties in
the energies (see the discussion in Section 5.3.3). The table also
shows the expected kinetic energy release for the 13Σ+

u state and
the 11Σ+

g state dimers, based on equilibrium distances from the
literature. In all cases, the energy of the ions in the inner channel
agrees well with the expected energy, according to the Coulomb
potential (see Eq. 5.1), for ions from the corresponding 13Σ+

u state
dimer. Similarly, the energies for the outer channels match the
expectation for the 11Σ+

g states. The origin of the ions in all the
peaks can therefore be identified. Note that for Li2 only the 13Σ+

u
state is observed, which is consistent with the literature [95, 99].

5.3.2 Twofold covariance analysis

To strengthen the interpretation that the two channels in the ion
images, Fig. 5.3(a1)–(e1), contain ions from Coulomb explosion
of the 11Σ+

g state and 13Σ+
u state dimers, I have conducted a

twofold covariance analysis of the data. Covariance is used as a
statistical tool to investigate the correlation between fragments.
It has frequently been used to identify and study fragments that
originate from Coulomb explosion of molecules in gas phase [26,
156–165] and inside helium droplets [26, 125, 161, 166, 167]. The
principle is as follows.

In the experiments, distributions of events of various random
variables are recorded in each camera frame14. This includes the

14 Note here that each camera frame contains data from 10 consecutive probe
pulses, as mentioned in Section 4.3.1. Ideally, a distribution is measured for
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Peaks in P(Ekin) (eV) 1
2 ECoul(Req) (eV)

Inner Outer 13Σ+
u 11Σ+

g

Li2 1.69 – 1.73 2.69

Na2 1.39 2.15 1.39 2.34

K2 1.25 1.80 1.26 1.83

Rb2 1.16 1.65 1.19 1.71

Cs2 1.03 1.41 1.14 1.55

Table 5.1: Central positions of the P(Ekin) peaks in Fig. 5.3(a2)–(e2)
associated with the inner and the outer channels in the ion
images, Fig. 5.3(a1)–(e1). For comparison, theoretical kinetic
energies for Ak+ ions formed in Coulomb explosion of the
alkali dimers are also listed, based on equilibrium distances
for the 13Σ+

u state and the 11Σ+
g state taken from the liter-

ature [107, 108, 142]. The uncertainty on the experimental
peak positions is estimated to be less than 50 meV.

angular distribution of ions in the image, the radial distribution
of ions, the distribution of pixels that events are observed at, and
so on. Mathematically, a chosen distribution can be denoted as Xi,
where i is a label for the i’th camera frame. The distribution can
be evaluated at a specific value x, to determine how many times
an event was observed at that value in that particular camera
frame. The covariance between two values from two distributions
(which may be the same) is then calculated for a large sample of
data as [156]

cov(x, y) = 〈XY〉 − 〈X〉〈Y〉, (5.3)

where the terms 〈X〉 and 〈XY〉 are given as

〈X〉 = 1
N

N

∑
i=1

Xi(x), (5.4)

〈XY〉 = 1
N

N

∑
i=1

Xi(x)Yi(y), (5.5)

each probe pulse, but that was not possible here due to the limited trigger rate
of the CCD camera.
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with N being the number of camera frames. The first term in
Eq. 5.3 models the probability of measuring one ion with value x
and another with value y within the same camera frame. Mean-
while, the second term models the probability of measuring one
ion with value x independently of another ion with value y in the
same camera frame and serves to correct the statistical measure
for random coincidences. In total, Eq. 5.3 expresses how likely
it is to observe x and y together in a frame, compared to the
uncorrelated case where x and y are randomly observed.

The emission angles θ, see definition in Fig. 5.3(a1), of the Ak+

ions released in Coulomb explosion of the 11Σ+
g state and the

13Σ+
u state dimers should be correlated with a 180° difference,

since the ions must be ejected back to back as demanded by
momentum conservation. Similarly, momentum conservation dic-
tates an even sharing of the released Coulomb energy between
the two ions, so their radial velocities vr in the ion image must
be equal in magnitude. I can check if these criteria are fulfilled
for the channels associated with the 11Σ+

g state and the 13Σ+
u

state dimers by calculating cov(θ,θ) (“the angular covariance”)
and cov(vr,vr) (“the radial covariance”) for all the possible val-
ues of θ and vr, and then displaying the results as covariance
maps. In practice, the events are collected in bins of manageable
sizes before doing the calculation (for example bins of 1° for the
emission angles), to reduce the computation time.

Figure 5.3(b3)–(e3) and (a4)–(e4) show the angular covariance
maps calculated for the ions in the channels associated with the
11Σ+

g state and 13Σ+
u state dimers in Fig. 5.3(a1)–(e1). Since the

maps show the covariance, and thus the correlations, between
the emission angles, an autocorrelation line on the diagonal of
the map will be present because each event always correlates
with itself. The diagonal is therefore filtered out. Each covariance
map reveals two diagonal lines with θ2 = θ1± 180°. This demon-
strates that the ions are correlated with a relative emission angle
of 180°, as expected for Coulomb explosion, similar to previous
works [125, 166, 167]. Note that the modulations in the covari-
ance along the two diagonal lines are due to anisotropies in the
emission directions of the fragment Ak+ ions (see Section B.1).

The angular covariance lines in Fig. 5.3(b3)–(e3) and (a4)–(e4)
have a significant transverse width. For instance for Rb2, the
width is 19° for the channel ascribed to the 13Σ+

u state, and
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14° for the channel ascribed to the 11Σ+
g state. This is much

wider than what is typically observed for Coulomb explosion
of a diatomic molecule in gas phase. As an example, in a study
on gas-phase I2 the width of the angular covariance lines was
reported to be around 1° [125]. The large widths observed here for
the alkali dimers indicate that the trajectories of the recoiling Ak+

fragments are influenced by the helium droplets. I investigate
this in Section 10.2.

The radial covariance maps are calculated for the distributions
of vr in the 13Σ+

u state and 11Σ+
g state channels in the upper

half and the lower half of the ion images in Fig. 5.3(a1)–(e1).
Splitting the images in halves is mostly a matter of preference,
but one advantage here is that it removes the autocorrelation
contribution along the diagonal, since the events are no longer
matched up with themselves. This is important, as the real signal
should lie on the diagonal if pairs of Ak+ fragments with the
same radial velocities are present. Figure 5.4 display the radial
covariance maps calculated for the Na+ ions in the channels
associated with 13Σ+

u state and 11Σ+
g state Na2 in Fig. 5.3(b1). For

each channel, a clear island is present in the radial covariance
map. The islands demonstrate that the Na+ ions in the channels
are created pairwise with the same radial velocities, and thereby
support the assignment of these channels to Coulomb explosion
of Na2, again similar to previous work in the literature [161]. The
radial covariance maps for the channels in the other ion images,
Fig. 5.3(a1) and (c1)–(e1), show similar correlations and are left
out due to the strong similarity to the plots shown for Na2 in
Fig. 5.4.

Overall, the twofold covariance analysis corroborates that the
channels in the ion images indeed contain Ak+ ions that originate
from Coulomb exploded 11Σ+

g state and 13Σ+
u state alkali dimers.

With this established, various types of analysis of the Ak+ ions
originating from Coulomb explosion of the 11Σ+

g state and the
13Σ+

u state dimers can now be conducted. It is a key point here
that measurements for both spin states are done simultaneously
in the lab, and that the contributions from the different states
can then be separated afterwards. This makes it possible to ob-
tain quantum-state-sensitive results, with the same experimental
conditions, in a straightforward manner.
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Figure 5.4: (a) and (b) Radial covariance maps for the Na+ ions in the
13Σ+

u channel (a) and the 11Σ+
g channel (b) in Fig. 5.3(b1).

5.3.3 Wave function imaging of Ak2

I will now demonstrate that the distribution of internuclear dis-
tances can be determined for the alkali dimers, similar to what
has previously been shown in the literature for other diatomic
systems [149–151, 168]. I will do this via the one-to-one corre-
spondence between the kinetic energy of the recorded Ak+ ions
and the internuclear distance R of the dimers, for both the 13Σ+

u
states and the 11Σ+

g states. The idea is to transform the distri-
bution of kinetic energies P(Ekin) [from Fig. 5.3(a2)–(e2)] into
the distribution of internuclear distances P(R) by applying the
probability transformation [152]

P(R) = P(Ekin)

∣∣∣∣dEkin

dR

∣∣∣∣ = P(Ekin)

∣∣∣∣12 dV(R)
dR

∣∣∣∣ . (5.6)

Though I argued earlier that the Coulomb potential is a good
approximation for the Ak 2+

2 potentials, I will here use the poten-
tials that Frank Jensen determined with the quantum chemistry
calculations, since I have them available. When applying the
above equation, I therefore set V(R) = VQC(R).

The results are shown by black curves in Fig. 5.5(a)–(e) for
the different alkali dimers. The figure also shows the theoretical
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red curves depict the theoretically calculated |Ψ(R)|2 dis-
tributions for isolated 11Σ+

g state dimers, while the blue
curves are for the 13Σ+

u state dimers. Own work, adapted
from [126].

|Ψ(R)|2 distributions for the vibrational ground state of the 13Σ+
u

state and the 11Σ+
g state dimers with blue and red curves, respec-

tively. I calculated those distributions by solving the stationary
vibrational 1D Schrödinger equation for the isolated dimers via
available potential curves from the literature [107, 139–142]. To
enable a direct comparison between the experimental results and
the theory, I have normalized the theoretical distributions to the
same area as the corresponding experimental peaks. First, I ex-
tracted the experimental areas for the 13Σ+

u and the 11Σ+
g states

simultaneously by fitting the P(R) distributions with a sum of
two Gaussians. With this approach, the fit had to take the overlap
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Central position (Å) FWHM (Å)

P(R) |Ψ(R)|2 P(R) |Ψ(R)|2

Na2 11Σ+
g 3.32 3.10 0.7 0.18

K2 11Σ+
g 3.96 3.94 0.8 0.18

Rb2 11Σ+
g 4.25 4.21 0.8 0.19

Cs2 11Σ+
g 4.97 4.59 0.8 0.18

Li2 13Σ+
u 4.22 4.22 1.2 0.65

Na2 13Σ+
u 5.13 5.22 1.4 0.58

K2 13Σ+
u 5.73 5.77 0.9 0.48

Rb2 13Σ+
u 6.09 6.09 0.9 0.41

Cs2 13Σ+
u 6.90 6.32 1.3 0.35

Table 5.2: Central positions and widths (FWHM) of the experimentally
determined P(R) distributions, alongside theoretical values
for the |Ψ(R)|2 distributions calculated using potentials from
the literature. See the text for a discussion of the uncertainties.
Own work, adapted from [126].

between the two peaks into account. Next, the areas found by
the fit were individually used to normalize the related |Ψ(R)|2
distributions. In the case of Li2, I only used a single Gaussian for
the fit.

By visual inspection of Fig. 5.5, it is clear that the experimental
P(R) distributions are wider than those predicted by the theory.
To investigate this quantitatively, I have compiled a list of the
widths (FWHM) for both the theoretical and the experimental
distributions, extracted via Gaussian fits. This is presented in
Table 5.2. The experimental widths for the 11Σ+

g states are ob-

served to be about 4 times larger than the corresponding |Ψ(R)|2
distribution. In contrast, the widths are only about 2 times larger
for the 13Σ+

u states, except for Cs2 where the width is about 4
times larger.

The experimental distributions are also observed to be shifted
with respect to |Ψ(R)|2 for some of the systems, as seen in Ta-
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ble 5.2 where the central positions of the distributions are listed.
For Li2, K2, and Rb2 the shifts are below 0.05 Å for both spin
states. In contrast, quite substantial shifts are observed for Na2
and Cs2. The 13Σ+

u states are shifted with 0.09 Å and 0.58 Å, re-
spectively, while the 11Σ+

g states are shifted by 0.22 Å and 0.38 Å.
Note here that the shift in energy for Na2 in the 11Σ+

g state is
about twice as large as the shift for Cs2 in the 11Σ+

g state. This
can be inferred from Table 5.1. The reason that the observed shift
in P(R) turns out to be larger for Cs2 is due to the shape of the
Ak 2+

2 potentials. For larger internuclear distances, the potentials
become more flat, and as a result, any shift in the energy trans-
lates to a larger shift in the perceived internuclear distance. The
equilibrium distance becomes larger when going to the heavier
alkalis, so for Cs2 a small energy shift will affect P(R) more than
the same energy shift would for the lighter alkalis.

There are multiple factors, which can affect the observed P(R)
and lead to deviations from the |Ψ(R)|2 distributions. The first
factor is nuclear motion in transiently excited electronic states of
Ak2 and Ak +

2 during the ionization process, which can lead to
shifts of P(R). The ∼ 50 fs duration of the probe pulses might
not be short enough to avoid that such motion can occur. It is
difficult to say which exact electronic states there is a possibility
of populating, so I will not attempt to make any estimates of
the precise shifts. Depending on the potentials, the shifts may
be toward higher R-values or lower R-values. How big the shifts
become will depend on the shape of the potential, but also the
mass of the system. The effect will therefore most likely be largest
for the lighter systems and could be a part of the explanation for
the shifts in P(R) observed for Na2. For Cs2, which also exhibited
large shifts in P(R), the effect should be small due to the very
high mass. It is therefore possible that those shifts are primarily
caused by other factors.

Motion in electronically excited states can also give rise to
some of the broadening observed for P(R). Again it is difficult
to make quantitative estimates without knowing the involved
potentials. I will however remark that a straightforward way to
investigate such broadening, and also the beforementioned shifts,
would be to shorten the probe pulses, thereby limiting the time in
which the nuclear motion can occur. In addition, Franck-Condon
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factors associated with the transitions can possibly also affect the
observed P(R) to some extent.

Interaction between the helium droplet and the recoiling Ak+

fragments is another factor that can influence the results. As I
will show in Chapter 10, the Ak+ fragments are affected by an
attraction to the helium which makes their trajectories bend. Pos-
sibly, this can lead to a small loss of kinetic energy. In particular,
Cs2 may be strongly affected by this, because the interactions
with the droplets are larger for slowly moving fragments (see
discussion in Section 10.2). Furthermore, if a dimer does not lie
completely flat on the surface15, one fragment might be slowed
down by the helium, causing the other fragment to take a larger
portion of the available Coulomb energy. Such interactions can
lead to both broadening and shifts of P(R).

The next factor is the energy resolution of the VMI spectrome-
ter, which I have loosely estimated to be at most 100 meV, based
on the widths of peaks in P(Ekin) for the photodissociation exper-
iment on I2 used for the energy calibration (see Appendix A for
details on the calibration). The width of the P(R) distributions
will be influenced by this resolution, in particular for the heavier
alkalis, where the equilibrium distances are larger and the Ak 2+

2
potentials thus more flat. The estimated resolution can explain
up to around 15% of the observed width for Rb2 and Cs2. Other
students in the group are actively working on a new spectrometer
design, which will hopefully improve the energy resolution and
thereby enable better measurements.

A final minor factor is the presence of isotopologues in the
experiment. If a dimer consists of two different isotopes of the
same alkali, the Coulomb energy will not be equally shared due
to momentum conservation. The effect will be largest for 6Li7Li,
where the relative mass difference is around 15%. The abundance
of this dimer is however only around 13% [169], so it will not
contribute much to the P(Ekin) distribution and thus also not
to the P(R) distribution. Note that since the detector is only
gated on the most abundant isotope, only the 7Li+ fragments

15 Figure 8.6 shows the distribution of orientations with respect to the surface
for Na2, K2, and Rb2 in both the 13Σ+

u states and the 11Σ+
g states. While it is

most likely to find the dimers parallel to the surface, the distributions are quite
broad, illustrating that the dimers may also be found at an angle to the surface.
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are observed, which receive less energy than 6Li+. For 39K41K
(12% abundance) the relative mass difference is lower and will
therefore not cause any significant broadening. Similar is the
case for 85Rb87Rb even though the abundance is fairly significant
(around 37%). Na and Cs are isotope pure, so isotopologues play
no role in the discussion of Na2 and Cs2. In experiments with
the new Tpx3Cam detector that has been mounted on the setup,
it is possible to disentangle the contributions from the various
isotopologues entirely. This will be demonstrated in a study of
the heteroalkali dimers in Chapter 6.

5.4 Conclusion

In conclusion, I have demonstrated that Coulomb explosion can
be used to identify homonuclear alkali dimers on helium droplets
in both the 13Σ+

u state and the 11Σ+
g state. The identification was

done via the kinetic energy of the fragment Ak+ ions, which dif-
fer depending on the spin state of the dimer due to the different
internuclear distances. Twofold covariance analysis revealed that
the Ak+ fragments were formed in pairs with matching velocities
but ejected in opposite directions, as expected for Coulomb ex-
plosion of a diatomic molecule, thereby corroborating the identi-
fication. In addition, I determined the distribution of internuclear
distances for the alkali dimers in the 13Σ+

u state and the 11Σ+
g

state. This was done via the unique one-to-one correspondence
between the kinetic energy of the Ak+ ions and the initial inter-
nuclear distance, as dictated by the Ak 2+

2 potential curves. The
distributions were found to be broader than the theoretically
expected |Ψ(R)|2 by a factor of 2–4. Small shifts along the inter-
nuclear distance coordinate were also observed, in particular for
Na2 and Cs2. I highlighted transient nuclear motion in electron-
ically excited states of Ak2 and Ak +

2 , the interaction between
the recoiling Ak+ ions and the helium, and the resolution of the
spectrometer as primary factors that might affect the observed
results.





6
C O U L O M B E X P L O S I O N I M A G I N G O F
H E T E R O N U C L E A R A L K A L I D I M E R S O N
H E L I U M D R O P L E T S

I will now present results that have been obtained in our lab for
Coulomb explosion imaging of heteronuclear alkali dimers on
helium droplets. The experiments were conducted by Simon H.
Albrechtsen, Jeppe K. Christensen, and Rico M. P. Tanyag, while
I assisted with parts of the experimental analysis (mostly that to
be presented in Section 6.2.2) and following interpretation of the
results. I include these results in my thesis because they provide
additional perspectives to what I presented for the homonuclear
alkali dimers in Chapter 5. Large parts of the analysis to be
presented are identical to what was done for the homonuclear
dimers, and I will therefore keep the explanations rather brief
and primarily focus on the new aspects. Since the laser-induced
Coulomb explosion principle was already introduced for the
alkali dimers in Section 5.1 it will be skipped entirely here.

In brief, a description of the experimental setup will be given,
after which I demonstrate that the heteronuclear alkali dimers
can be experimentally identified via Coulomb explosion. The use
of coincident filtering to clean the data from contaminating sig-
nals, originating from an unavoidable presence of homonuclear
dimers on the droplets, is then discussed. Finally, the distribution
of internuclear separations is determined for the heteronuclear
alkali dimers and compared to theory.

6.1 Experimental setup

These experiments were conducted on the other helium droplet
machine in the lab. A description of this machine has been
published in the past [125], and the setup has since then been
equipped with two doping ovens of the same type as described
in Section 4.1.2, which are needed for the experimental investiga-
tions done here.

65
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Figure 6.1: Sketch of the experiment. First, the droplets were doped
with two species of alkali, Ak and Ak', to form heteronuclear
alkali dimers. Next, Coulomb explosion of the dimers was
triggered by an intense femtosecond pulse. The velocities of
the Ak+ and Ak'+ fragments were recorded simultaneously
with a 2D VMI spectrometer equipped with a Tpx3Cam
detector.

The helium droplets were doped with one alkali atom Ak
in the first oven, and then subsequently one atom of another
alkali species Ak' in the second oven, as illustrated in Fig. 6.1.
The two atoms then formed an AkAk' dimer on the surface of
the droplet [99, 101]. However, in some cases, a droplet would
manage to pick up either two Ak atoms or two Ak' atoms since
the doping probabilities follow Poisson statistics as explained
in Section 2.3. As a result, Ak2 and Ak'2 were also formed on
some droplets. To trigger the Coulomb explosions via double ion-
ization, the dimers were then probed by linearly polarized laser
pulses with a ∼ 50 fs pulse duration, centered at a wavelength of
800 nm and with an estimated intensity of 1.3×1014 W/cm2.

In this experiment, the velocities of the formed ion fragments
were recorded with a 2D VMI spectrometer equipped with a
Tpx3Cam detector. The Tpx3Cam has sufficient time resolution
to enable simultaneous measurement of ions with different m/q
values and entirely removes the need to gate the detector (see
Chapter 10 for an in-depth introduction to the Tpx3Cam) [138,
170–172]. This feature was used in the present experiment to
record ion images for Ak+ and Ak'+ at the same time. Note that
the ion images not only contain contributions from Coulomb
explosion of the AkAk' dimers but also Coulomb explosion of
Ak2 and Ak'2.

Different expansion conditions were used to form the helium
droplets in this experiment, compared to the settings given in
Section 4.1.1. The nozzle temperature was set to 16 K while the
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stagnation pressure of the helium was set to 50 bar. For this
helium droplet machine, these parameters are expected to create
droplets with a mean size of ∼ 10000 helium atoms (see Fig. 2.2).

6.2 Results

Results have been obtained for two different heteronuclear alkali
dimers. In one case, the droplets were doped with Li and K to
form LiK, and in the other case, the droplets were doped with
Na and K to form NaK. I will focus on the experiments with LiK
and only treat the results with NaK at the end of the chapter.

Figure 6.2(a1) and (b1) show 2D velocity images of 7Li+ and
39K+ ions recorded simultaneously with the Tpx3Cam. No beam
block was used for these measurements, but a small rectangular
part of the image centers have been digitally cut to remove the
otherwise dominating effusive signal. The images contain signals
from dissociative ionization of dimers at small radii, and then
multiple channels of interest at larger radii.

The kinetic energy distributions P(Ekin) for the ions, obtained
via Abel inversion and calibration, are displayed in Fig. 6.2(a2)
and (b2). The P(Ekin) distributions contain new peaks not seen
in the distributions shown previously for the experiments with
only the homonuclear dimers 7Li2 and 39K2, see Fig. 5.3(a2) and
(c2). For 7Li+ the new peak shows up centered at 2.38 eV, while
the new peak for 39K+ lies at 0.42 eV. The peaks at 1.69 eV for 7Li+

and 1.23 eV for 39K+ match the kinetic energy releases previously
observed from Coulomb explosion of 7Li2 and 39K2 in the 13Σ+

u
state (see Table 5.1), indicating that the homonuclear dimers are
indeed still formed on the droplets in these experiments also16.

According to the literature, the equilibrium distance of 7Li39K
in the 13Σ+ state is Req = 4.97 Å [173]. If a Coulomb explosion
is triggered by forming (7Li39K)2+ at this internuclear separation,
the fragment 7Li+ ion receives a kinetic energy of 2.46 eV in the

16 A very faint peak is also present at 1.70 eV for 39K+. This matches the energy
expected for Coulomb explosion of 11Σ+

g state K2, see Table 5.1. It is unclear
why so few 11Σ+

g state dimers are present in this measurement series compared
to the results shown previously in Fig. 5.3(c2). Note however that the probe
wavelength is different, which may change the intensity needed to saturate the
Coulomb explosion probing probability of the 13Σ+

u state and the 11Σ+
g state

dimers.
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Figure 6.2: Simultaneously recorded 2D velocity map images for 7Li+

(a1) and 39K+ (b1). The probe polarization axis is indicated
by the white arrows in the lower right corners. The kinetic
energy distribution is shown in (a2) for the 7Li+ ions and in
(b2) for the 39K+ ions. (c) Angular covariance map between
the 7Li+ and 39K+ ions in the kinetic energy ranges that
correspond to Coulomb explosion of 13Σ+ state 7Li39K. (d)
Radial covariance map between the 7Li+ and 39K+ ions. Own
work, inspired from [174].

Coulomb approximation, while the 39K+ ion receives 0.44 eV as
required to conserve momentum. These energies are in good
agreement with the new peaks that show up in the P(Ekin) distri-
butions when doping the droplet with both Li and K. The peak
at 2.38 eV in Fig. 6.2(a2) and the peak at 0.42 eV in Fig. 6.2(b2) are
therefore ascribed to Coulomb explosion of 7Li39K in the 13Σ+

state.
To corroborate the identification of the dimers, twofold covari-

ance analysis (see Section 5.3.2) is once more useful. First, angular
and radial covariance maps are calculated for the 7Li+ ions asso-
ciated with 13Σ+

u state 7Li2 [the 1.69 eV peak in Fig. 6.2(a2)]. The
results of the calculations look like the angular covariance map
shown in Fig. 5.3(a4) and the radial covariance maps in Fig. 5.4
(only shown for Na2), and I have therefore excluded the figures.



6.2 Results 69

Likewise, for the 39K+ ions from 13Σ+
u state 39K2 [the 1.23 eV peak

in Fig. 6.2(b2)], the angular covariance map matches that shown
in Fig. 5.3(c4) and the radial covariance map again looks like that
obtained for Na2, see Fig. 5.4. The correlations thus support that
those 7Li+ and 39K+ ions originate from 7Li2 and 39K2.

Now, to strengthen the identification of ions from Coulomb
explosion of 7Li39K in the 13Σ+ state, the angular covariance
map between the 7Li+ ions in the P(Ekin) peak at Ekin = 2.38 eV,
Fig. 6.2(a2), and the 39K+ ions in the peak at Ekin = 0.42 eV,
Fig. 6.2(b2), is calculated. The resulting covariance map is dis-
played in Fig. 6.2(c). A clear 180° correlation is present in the
emission directions of the 7Li+ and 39K+ ions, similar to that seen
for the homonuclear dimers in Fig. 5.3(b3)–(e3) and (a4)–(e4). This
indicates that they are created pairwise and ejected back to back
as expected for Coulomb explosion of 7Li39K. A radial covariance
map calculated between all the 7Li+ and 39K+ ions, presented
in Fig. 6.2(d), also reveal a correlation between 7Li+ ions with
a radial velocity of around 8.1 km/s (Ekin = 2.38 eV) and 39K+

ions with a radial velocity of around 1.4 km/s (Ekin = 0.42 eV).
This supports that these channels contain the ion signal from
Coulomb explosion of 7Li39K.

6.2.1 Coincident filtering

Since the contributions from 7Li2 and 39K2 overlap the signal
from 7Li39K in the P(Ekin) distributions, it is not possible to
determine the distribution of internuclear separations for 7Li39K
from the raw energy distributions. Therefore, a way to separate
the signals in the data analysis must first be established.

One solution is to use a coincident filter. The idea is to look
for pairs of Ak+ and Ak'+ ions, created within the same probe
pulse, that fulfill the momentum conservation criteria sufficiently
well, that is, they must have momentum of equal magnitude
but in opposite directions within some tolerance. In practice, it
can be decomposed into two criteria: one that their emission
directions must be related by close to 180° and the other that
the difference in the magnitude of their momenta in the detector
plane must be close to zero. Ions that do not fulfill the criteria
are discarded. To isolate the heteronuclear dimer signal, the filter
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Ak+ Ak'+ θtol ptol (u·km/s)

7Li+ 7Li+ 15° 9.1
7Li+ 39K+ 20° 9.1
39K+ 7Li+ 20° 23.4
39K+ 39K+ 15° 23.4

Table 6.1: Combinations of filter tolerances used when filtering the
Ak+ data by checking for coincident partner ions Ak'+. The
filter tolerances are based on the transverse widths of the
covariance lines in the angular and radial covariance maps,
see Fig. 6.2(c) and (d).

should look for 7Li+ ions with a matching 39K+ ion partner, while
the homonuclear dimer signal would be isolated by looking for
7Li+ with a 7Li+ partner or 39K+ with a 39K+ partner.

The filters can be expressed mathematically as17

−θtol <
∣∣θ1(Ak+)− θ2(Ak'+)

∣∣− 180° < θtol (6.1)∣∣mAk+vr(Ak+)−mAk'+vr(Ak'+)
∣∣ < ptol, (6.2)

where Ak+ is the ion species for which the signals are currently
being separated, Ak'+ is the partner ion species for the filter, and
mAk+ and mAk'+ are the masses. All the filter tolerances for the
different combinations of Ak+ and Ak'+ are listed in Table 6.1.

Figure 6.3 shows the P(Ekin) distributions for 7Li+ and 39K+

without the filters and after applying filters to isolate the contri-
bution from 7Li2, 39K2, and 7Li39K. In Fig. 6.3(a2) the filter has
been used to isolate the 7Li2 contribution in the 7Li+ data. The re-
sulting P(Ekin) distribution can then be compared to the P(Ekin)

distribution obtained after applying the filter to a measurement
in which only homonuclear dimers were formed [akin to that
shown in Fig. 5.3(a2)], shown in red. The agreement is excellent,
demonstrating that the filter can be used to isolate the homonu-
clear dimer contribution. Similarly, it works well for the isolation
of the 39K2 contribution in the 39K+ data, see Fig. 6.3(b2). If the
filter is instead used to isolate the contributions from 7Li39K, the

17 The form used here is different but equivalent to the form used in the published
paper [174].
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Figure 6.3: Kinetic energy distribution P(Ekin) for 7Li+ (a1) and 39K+

(b1) ions extracted from the 2D velocity map images in
Fig. 6.2(a1) and (b1). (a2) and (a3) [(b2) and (b3)] P(Ekin)
distributions for the 7Li+ [39K+] ions after filtering the data
with the homonuclear and heteronuclear dimer filters as
annotated on the panels. The red curves in (a2) and (b2)
show P(Ekin) distributions for 7Li2 (a2) and 39K2 (b2) ob-
tained from a measurement series where only homonuclear
dimers were formed on the droplets. Own work, inspired
from [174].

peaks associated with the homonuclear dimers are filtered out
and only the peaks at 2.38 eV for 7Li+ and 0.42 eV for 39K remain,
as illustrated in Fig. 6.3(a3) and (b3). In this way, P(Ekin) distri-
butions that only contain the signal from the heteronuclear alkali
dimers can be obtained and subsequently used to determine the
distribution of internuclear separations, as presented in the next
section.

6.2.2 Wave function imaging of AkAk'

The procedure for extracting the distribution of internuclear
separations P(R) for the heteronuclear alkali dimers is similar to
the one used for the homonuclear alkali dimers in Section 5.3.3.
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In the present case, I will use the Coulomb potential VCoul(R)
to connect the kinetic energies of the 7Li+ and 39K+ fragments
to R. To do so, the released Coulomb energy ECoul must first
be determined, which can be done starting from the kinetic
energy Ekin of either the 7Li+ ions or the 39K+ ions. Ideally, the
determined Coulomb energy, and thus also the determined P(R),
should be the same no matter which of the ions form the basis
for the calculation.

In practice, I use two subsequent transformations to retrieve
P(R) from the isolated P(Ekin) distributions associated with
7Li39K [see Fig. 6.3(a3) and (b3)]. The first is the conversion
from Ekin to ECoul, which is done via the equations

ECoul = κEkin (6.3)

and

P(ECoul) = P(Ekin)

∣∣∣∣ dEkin

dECoul

∣∣∣∣ = 1
κ

P(Ekin). (6.4)

Here, κ = 1+7/39 when doing the calculation for the 7Li+ ions
and κ = 1+39/7 when doing it for the 39K+ ions, as dictated by
momentum conservation. The next transformation is then from
ECoul to R via the Coulomb potential, where P(ECoul) transforms
as

P(R) = P(ECoul)

∣∣∣∣dVCoul(R)
dR

∣∣∣∣ . (6.5)

The results found via these transformations are presented
in Fig. 6.4(a), together with the theoretical |Ψ(R)|2 distribu-
tion which I calculated by solving the stationary vibrational
1D Schrödinger equation for the isolated 13Σ+ state dimer via
a potential from the literature [173]. The heights of both the ex-
perimental results and |Ψ(R)|2 have been normalized to unity to
make the curves comparable. Normalization of the areas does not
work so well here, because the result obtained via the 7Li+ ions
has a significant shoulder towards lower R-values, see Fig. 6.4(a).
It is thus difficult to define the part of the peak for which the
area should be calculated.

Table 6.2 presents an overview of both the central positions and
the widths for PLi(R) and PK(R), the distributions determined
from the 7Li+ ions and 39K+ ions respectively, and for |Ψ(R)|2.
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Figure 6.4: (a) Experimental P(R) distributions for 7Li39K extracted
from the 7Li+ kinetic energies (black) and the 39K+ energies
(red), in comparison to the theoretical |Ψ(R)|2 distribution
for an isolated 7Li39K dimer (blue). (b) Similar to (a) but for
23Na39K, where the experimental P(R) distributions were
extracted from the 23Na+ and the 39K+ kinetic energies. Own
work, inspired from [174].

The centers for PLi(R) and PK(R) are observed to lie within
0.1 Å of the value for |Ψ(R)|2 and are thus in good agreement
with theory. Concerning the widths, quite some discrepancy is
observed. The width is found to be 3 times larger for PK(R)
compared to |Ψ(R)|2. However, PLi(R) is only about twice as
wide as |Ψ(R)|2, and thus also more narrow than PK(R).

The explanation for the difference in widths for PLi(R) and
PK(R) is found in Eq. 6.3. In that equation, P(Ekin) is multiplied
by κ to determine the released Coulomb energy based on the
kinetic energy of the ions. P(Ekin) is, however, broadened and
shifted by the same mechanisms that were discussed for the
homonuclear alkali dimers in Section 5.3.3, that is, transient mo-
tion in electronically excited states, interactions between the Ak+

fragments and the helium droplets, and the energy resolution
of the detection setup. When multiplying by κ, the broadening
and shifts are amplified. Since κ is much bigger when doing
the transformation for the 39K+ ions than for the 7Li+ ions, the
width of PK(R) is expected to be affected significantly more by
broadening than PLi(R), consistent with the observations.

Results were also obtained for 23Na39K in the 13Σ+ state. The
initial identification of the dimers was done in the same way
as for 7Li39K, that is, via the kinetic energies of the 23Na+ and
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Central position (Å) FWHM (Å)

7Li39K 13Σ+

PLi(R) 5.10 0.86

PK(R) 5.14 1.5

|Ψ(R)|2 5.04 0.50

23Na39K 13Σ+

PNa(R) 5.33 0.92

PK(R) 5.28 1.1

|Ψ(R)|2 5.50 0.55

Table 6.2: Central positions and widths (FWHM) of the experimentally
determined P(R) distributions for 7Li39K and 23Na39K along-
side theoretical values for the |Ψ(R)|2 distributions calculated
using potentials from the literature [173, 175].

39K+ ions and via covariance analysis. I will not go through the
details, but the ion images, kinetic energy distributions, and
covariance images between the 23Na+ and 39K+ ions can be found
in Appendix C. In this case, it is also necessary to use coincident
filtering to clean the 23Na+ and 39K+ P(Ekin) distributions, see
Fig. C.2, before determining P(R). Having done that, P(R) can
be determined via Eq. 6.3, 6.4, and 6.5, with κ = 1+23/39 when
P(Ekin) for 23Na+ is used and κ = 1+39/23 when P(Ekin) for 39K+

is used.
Figure 6.4(b) presents the results for 23Na39K, alongside |Ψ(R)|2

calculated by solving the Schrödinger equation for the isolated
molecule with a potential from the literature [175]. The central
positions and widths of these distributions are also listed in Ta-
ble 6.2. Small shifts of around 0.2 Å are observed in the central
positions for both PNa(R) and PK(R) with respect to |Ψ(R)|2. The
width of PK(R) is only a bit larger than that found for PNa(R),
and the widths of both distributions are about 2 times larger than
the width of |Ψ(R)|2. Here the mass difference between 23Na and
39K is smaller than between 7Li and 39K, so it is expected that the
widths of PNa(R) and PK(R) are more similar, just as observed.
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Finally, it is interesting to note that PLi(R) extracted for 7Li39K
is the experimental distribution of internuclear separation which
is closest to the width of the corresponding |Ψ(R)|2 distribution,
taking the results for both the homonuclear alkali dimers (see
Table 5.2) and the heteronuclear alkali dimers (see Table 6.2)
into account. An even better system for accurate determination
of P(R) could be 7Li85Rb, or maybe even 7Li133Cs, where the
large mass difference would give a κ value very close to 1 for
the 7Li+ fragments, thereby further reducing the influence from
broadening of P(Ekin) on the retrieved P(R) distribution.

6.3 Conclusion

In this chapter, I have shown results from Coulomb explosion
imaging of the heteronuclear alkali dimers 7Li39K and 23Na39K.
Using a Tpx3Cam detector, 2D velocity map ion images were
recorded simultaneously for the 7Li+ and 39K+ ion fragments
in the experiment with 7Li39K, and likewise simultaneously for
23Na+ and 39K+ in the experiment with 23Na39K. The ion images
were unavoidably contaminated with ions from homonuclear
alkali dimers that also formed on the droplets during the ex-
periments. A combination of twofold covariance analysis and
an analysis of the kinetic energy of the fragments enabled the
identification of 7Li39K and 23Na39K dimers in the 13Σ+ state,
despite the contaminated P(Ekin) distributions. Via coincidence
filtering, the contributions from the heteronuclear alkali dimers
were isolated in the P(Ekin) distributions and then used to re-
trieve the distribution of internuclear separations P(R) for 7Li39K
and 23Na39K. Only minor shifts on the order of 0.1–0.2 Å were
observed for the central positions of the experimentally deter-
mined P(R) distributions compared to the theoretical |Ψ(R)|2.
Meanwhile, the widths of the determined P(R) distributions
were broader than the theoretical predictions by a factor of 2–3.





7
S T R U C T U R E D E T E R M I N AT I O N O F A L K A L I
T R I M E R S O N H E L I U M D R O P L E T S

In this chapter, I show the results from experiments on Coulomb
explosion imaging of homonuclear alkali trimers on the surface of
helium droplets. In the first section, I will give a brief introduction
to the theoretically predicted structures of the alkali trimers
and briefly recap the laser-induced Coulomb explosion method.
Next, the experimental details are presented. Via a combination
of threefold covariance analysis of the fragment ion ejection
directions and an analysis of the kinetic energies of the ions, I
then show that the alkali trimers Na3, K3, and Rb3 on the droplets
have an equilateral triangular structure consistent with the 4A′2
state. In addition, the internuclear distances of the trimers are
retrieved, something which, to my knowledge, has not been done
directly before. I also present results for Coulomb explosion
of Cs3. Finally, under the assumption of fixed bond angles the
distributions of internuclear separations P(R) for Na3, K3, and
Rb3 are determined and compared to theoretical predictions.

7.1 Laser-induced Coulomb explosion of Ak3

The alkali trimers can form in two quantum states on the helium
droplets, namely the 4A′2 state and the 2B2 state. Theory predicts
that the 4A′2 state of the trimers has an equilateral triangular
structure with D3h symmetry [51, 54], while the 2B2 state has
an obtuse triangular structure with C2v symmetry. As an exam-
ple, the structures for the two spin states of Na3 are shown in
Fig. 7.1(a) and (b). The 4A′2 state has the lowest binding energy
and is therefore expected to be preserved on the droplets after
the formation process, as previously explained in Section 2.3.1.
For the low-spin state, 2B2, the released binding energy is much
larger, which is expected to lead to immediate desorption from
the droplet again.

Figure 7.1(c) shows the potential curve for the 4A′2 state of Na3.

77
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Figure 7.1: Sketch of (a) Na3 in the 4A′2 state [176] and (b) the 2B2
state [177]. For reference, the atoms are labeled 1, 2, and 3.
The emission directions of the Na+ ions produced during
Coulomb explosion are visualized by the annotated arrows
and the angles between neighboring fragments are indicated
by θ. (c) Potential curve for Na 3+

3 , here approximated as the
Coulomb potential VCoul(R), and extrapolated potential for
the 4A′2 state [51]. The red curve illustrates the square of the
vibrational ground state wave function. The vertical black
arrows (not to scale) depict the eight 400 nm photons used
to trigger Coulomb explosion of Na3. Own work, adapted
from [178].

Similar to the dimers, the droplets cool the trimers down to the
droplet temperature of 0.37 K [179]. The trimers on the droplets
are therefore essentially only populated in the vibrational ground
state. By removal of three electrons via multiphoton absorption
of photons from an intense femtosecond probe pulse, Na 3+

3 is
formed. Again there is only one potential curve associated with
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this state due to the closed shell structure, similar to the earlier
presented cases with double ionization of the alkali dimers. It
can therefore be approximated by the available Coulomb energy
in the system, VCoul(R) = 3/R (in atomic units), for a given bond
length R in the equilateral triangular structure18. The internal
electrostatic repulsion then makes the ion fragment immediately
in a Coulomb explosion, producing three Na+ fragments. The
potential energy is shared equally between the three ions, so the
kinetic energy of each ion after the Coulomb explosion is19

Ekin = VCoul(R)/3 = 14.4 eV/R[Å]. (7.1)

The strategy in the experiments is, completely analogous to the
experiments on the dimers, to record the velocity of the fragment
ions and use a combination of the ejection directions and the
kinetic energies to identify the Coulomb exploded trimers and
assign their quantum states.

7.2 Experimental setup

Figure 7.2 shows a sketch of the experiment. The helium droplets
were doped with three alkali atoms of the same species, either Na,
K, Rb, or Cs, which then formed alkali trimers Ak3 on the surface
(see operating temperatures for the doping oven in Table 4.2). The
doped droplet beam then entered the VMI spectrometer where
the trimers were probed with a laser beam of intense, linearly
polarized ∼ 50 fs pulses that triggered Coulomb explosion. Fi-
nally, the velocities of the formed Ak+ fragments were recorded
with the 2D VMI spectrometer.

For K3 and Rb3, the results I will show are from the same ex-
periments presented in Chapter 5, where strong signals from the
trimers were also present. In the case of Na3, the experiment was
conducted with a nozzle temperature of 11 K, and the wavelength

18 One could make a quantum chemistry calculation of the Na 3+
3 potential, as

done for Ak 2+
2 in Chapter 5, but the correction to the energies is estimated to

be smaller than other uncertainties in the experiment and therefore neglected.
19 Equation 7.1 is correct if the fragments have the same mass. This is the case

for Na3 and Cs3 since Na and Cs are isotope pure. For K3, and Rb3, multiple
isotopologues may play a role in the experiments, making it necessary to
modify Eq. 7.1 as explained in Section 7.3.2.



80 Structure determination of alkali trimers on helium droplets

Ak+

Ak+
Ak+

Pickup cell (Ak)He droplet
beam Skimmer

Probe pulse
~ 50 fs

2D imaging detector

x
y

z

Figure 7.2: Sketch of the experiment conducted to investigate the struc-
ture of Ak3 on helium droplets. The trimers were first
formed by picking up three alkali atoms on the droplets,
and then Coulomb exploded by a beam of intense femtosec-
ond laser pulses. The created Ak+ ions were detected with
the 2D VMI spectrometer. Own work, adapted from [178].

of the probe pulses was centered at 400 nm with an estimated
intensity of 1.5×1013 W/cm2. A series of measurements with
different nozzle temperatures, in the range from 10.5 to 15 K,
was conducted for Cs3. Of these, the measurement at 12 K was
also already shown in Chapter 5. All Cs3 measurements were
done with a wavelength of 1300 nm and an estimated intensity
of 1×1013 W/cm2.

7.3 Results

Figure 7.3(a1)–(d1) show the 2D velocity map images obtained
for the various Ak+ ions in the experiments while gating on the
23Na+, 39K+, 85Rb+, and 133Cs+ ions. The centers of the images
are screened by the beam block (see Section 5.3). Outside the
screened areas, three channels are present. The channels between
the annotated white rings are those ascribed to the 13Σ+

u state
and 11Σ+

g state Ak2 dimers, as explained in Section 5.3. I will
now focus on the outermost channel in the images, which lies
outside the annotated dot-dashed rings.

7.3.1 Threefold covariance analysis

The first step in my analysis of the Ak+ ions in the outermost
channels in the ion images, Fig. 7.3(a1)–(d1), is to look for cor-
relations in the emission angles of the ions. For this purpose, I
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employ a threefold covariance analysis. It is a direct extension of
twofold covariance analysis (see Section 5.3.2) which has been
used to investigate correlations between three fragment ions in
gas-phase experiments [160, 163, 164, 180–182].

Mathematically, the threefold covariance is defined as [160]

cov(x, y, z) = 〈XYZ〉 − 〈XY〉〈Z〉 − 〈XZ〉〈Y〉
− 〈YZ〉〈X〉+ 2〈X〉〈Y〉〈Z〉, (7.2)

where, as for the twofold covariance, 〈X〉, 〈XY〉, and 〈XYZ〉 are
given as

〈X〉 = 1
N

N

∑
i=1

Xi(x), (7.3)

〈XY〉 = 1
N

N

∑
i=1

Xi(x)Yi(y), (7.4)

〈XYZ〉 = 1
N

N

∑
i=1

Xi(x)Yi(y)Zi(z). (7.5)

The 〈XYZ〉 term in Eq. 7.2 is a measure for the probability of
measuring three ions with values x, y, and z, associated with
some distribution, within the same camera frame. The remaining
terms describe the probabilities for measuring either three ions
where two are correlated or three uncorrelated ions.

While the extension from twofold to threefold covariance seems
straightforward, one complication does arise. If the number of
ions recorded in each camera frame follows a Gaussian distri-
bution, the threefold covariance becomes zero even if the ions
are correlated. This is however not the case for a Poissonian dis-
tribution of ions per frame, which is the statistical distribution
normally observed in photoionization experiments. In fact, for
a Poissonian distribution, the threefold covariance can be inter-
preted in the same way as the twofold covariance [183]. Due
to this, it is important to conduct the experiment with stable
parameters, since fluctuations in probe pulse intensity, doping
conditions for the droplet beam, etc., can alter the Poissonian
distribution of ions to a Gaussian distribution.

Representing threefold covariance can be done in a useful
2D format by creating recoil-frame covariance images in pixel
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Figure 7.3: (a1)–(d1) 2D velocity map images of Ak+ ions. The polariza-
tion axis of the laser pulses is indicated by the white arrows
in the lower right corners. The regions between the anno-
tated white rings contain ions from the 13Σ+

u and the 11Σ+
g

channels of Ak2 (see Section 5.3), while the channels out-
side the dot-dashed rings contain ions from Ak3. (a2)–(d2)
Threefold covariance images calculated for the ions within
the Ak3 channel in the 2D velocity map images. Note that
the covariance images have been oversaturated to improve
the visual contrast. (a3)–(d3) Angular distributions P(θ) for
the covariance images shown in (a2)–(d2). Annotations on
the figures show the central positions of the two peaks. The
FWHM of the peaks is 11°, except for (b3) where the FWHM
is 9°. Own work, adapted from [178].

space [158, 159, 163, 181]. The idea is to select one Ak+ ion
recorded in each camera frame as the ’reference ion’, and then
calculate the threefold covariance between the Ak+ ions within
that camera frame in the recoil frame of the selected reference
ion20. This is then repeated with a new ion selected as the refer-
ence ion until all possible permutations for the data in that frame

20 It is possible to not only select a reference ion but also constrain the recoil di-
rection of a second ion. Doing so can make it possible to separate contributions
from different enantiomers of a molecule and to retrieve information about
molecular conformations [181].
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have been treated. In this way, a series of individual covariance
images for each camera frame is obtained. The final step is to
rotate the covariance images for all the camera frames such that
the reference ions lie along the same vector, and then sum all the
images together into one final recoil-frame covariance image.

In practice, calculating the recoil-frame threefold covariance
images can be quite difficult. It is necessary to use large, nested
for-loops to iteratively add the contributions from the various
terms in Eq. 7.2 to the final result. This is very slow, so I have
written a program in C++ to handle it. The program is based
on Fortran code provided by James Pickering, a former PhD
student in the group. I have adapted parts of the code to my
needs and implemented further optimizations to speed up the
overall computation time.

Figure 7.3(a2)–(d2) show the recoil-frame threefold covariance
images for the ions in the outermost channel in each of the im-
ages in Fig. 7.3(a1)–(d1). The images indicate that two partner
Ak+ ions are likely to show up in two isolated islands in the
recoil frame of the reference Ak+ ion. The locations of the ions
can be determined by integrating the covariance images along
the radial direction, thereby obtaining the angular distribution
P(θ) of the covariance. Each of the P(θ) distributions, presented
in Fig. 7.3(a3)–(c3), exhibit two large peaks that correspond to
the two islands in the covariance images. The central positions of
these peaks are at 120° and 240°, as also annotated in Fig. 7.3(a3)–
(c3). From this I interpret that the Ak+ ions in the outermost
channel are correlated with two other Ak+ ions, all ejected with
an angle of 120° between neighboring Ak+ ions. From symmetry
arguments, this is what one would expect to observe for the
previously discussed Coulomb explosion process of Ak3 in the
equilateral triangular 4A′2 state, see Fig. 7.1(a). My observations
are therefore consistent with alkali trimers in the 4A′2 state resid-
ing on the helium droplets. It turns out, however, that Coulomb
explosion, again via triple ionization, of alkali trimers in the
2B2 state leads to very similar ejection angles, even though the
structure of the 2B2 state trimers are obtuse, as illustrated for Na3
in Fig. 7.1(b). This was determined via classical trajectory calcu-
lations carried out by Constant Schouder [178]. The calculations
reveal that for Na3 and Cs3 the angles between the neighboring
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ejected fragments are 121° and 118°. Similarly, the angles are 121°
and 117° for K3 and Rb3. These angles are all very close to those
observed in the experiments. Distinguishing between ions origi-
nating from Coulomb explosion of 4A′2 state and 2B2 state alkali
trimers will require a better resolution since the small deviations
in the ejection angles lie within the 11° FWHM of the peaks in
Fig. 7.3(a3), (c3), and (d3), and the 9° FWHM of the peaks in
Fig. 7.3(b3). On its own, the threefold covariance analysis cannot
rule out one or the other spin state, but it supports that the Ak+

ions in the outermost channel indeed come from alkali trimers.

7.3.2 Energy analysis for Na+, K+, and Rb+

The second step in my analysis of the Ak+ ions in the outer-
most channels is to study their kinetic energies. As explained in
Section 5.3, the distribution of kinetic energies P(Ekin) can be de-
termined for the ions in each of the ion images in Fig. 7.3(a1)–(d1)
via Abel inversion and application of a calibration. Figure 7.4
presents the obtained P(Ekin) distributions.

I will first discuss the results for the Na+, K+, and Rb+ data
sets, for which three peaks are present in the P(Ekin) distribu-
tions, see Fig. 7.4(a)–(c). The two peaks that lie at the lowest
energies in each distribution were ascribed to the 13Σ+

u state and
11Σ+

g state dimers discussed in Chapter 5. The last peak in each
distribution (marked with vertical dashed lines in Fig. 7.4), which
lie at significantly higher energies than the dimer peaks, are the
ones associated with the outermost channels in the ion images
and therefore the ones of interest for the current discussion.

In the P(Ekin) distribution for Na+, Fig. 7.4(a), the peak to be
identified lies at 3.10 eV (found by a Gaussian fit). This is close to
the kinetic energy Ekin = 3.33 eV that each Na+ ion would receive
from Coulomb explosion of Na3 in the 4A′2 state if it is initiated
at the equilibrium distance Req = 4.33 Å [176]. For Na3 in the
2B2 state, the classical trajectory calculations reveal that Coulomb
explosion would produce one Na+ ion with Ekin = 4.3 eV [this
is fragment 1 in Fig. 7.1(b)], and two Na+ ions [fragments 2 and
3 in Fig. 7.1(b)] with Ekin = 4.0 eV. These energies are in poor
agreement with the experimental peak. From these arguments,
and corroborated by the threefold covariance analysis, I identify
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Figure 7.4: P(Ekin) distributions for Na+, K+, Rb+, and Cs+ obtained
from the 2D velocity map images in Fig. 7.3(a1)–(d1). (e)
Excerpt of the Cs+ P(Ekin) distribution ascribed to Cs3 for
measurements with Tnozzle = 10.5 K (black dotted line) and
Tnozzle = 15 K (red dot-dashed line, upscaled by a factor 10).
The vertical dashed lines are used to mark the centers of the
peaks associated with Ak3. Own work, adapted from [178].

the peak at 3.10 eV [and thus the Na+ ions in the outermost
channel in Fig. 7.3(a1)] as ions that originate from Coulomb
explosion of Na3 in the 4A′2 state.

For K+, Fig. 7.4(b), the peak at 2.86 eV matches Coulomb
explosion of K3 in the 4A′2 state, which would produce three K+

ions with Ekin = 2.85 eV when the fragmentation starts from a
distance of Req = 5.05 Å [54]. Coulomb explosion of the 2B2 state
trimer in its equilibrium configuration [54], would produce K+
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ions with a kinetic energy of 3.5 and 3.2 eV, which does not match
my observation. Similarly, 2.62 eV would be expected for Rb3
in the 4A′2 state, while 3.0 and 3.2 eV would be expected for the
2B2 state [54]. Also here, the 4A′2 state matches the experimental
observation of 2.64 eV for the Rb+ peak in Fig. 7.4(c). Therefore, I
conclude that K3 and Rb3 form in the 4A′2 state on the droplets,
and that Coulomb explosion of these is the origin of the ions in
the outermost channel in Fig. 7.3(b1) and (c1).

I can now utilize the correspondence between the energy re-
lease and the initial internuclear distances to retrieve experimen-
tal values for the equilibrium internuclear distances Req for the
4A′2 state trimers. For Na3, which is isotope pure, this can be
done via Eq. 7.1, but for K3 and Rb3 the presence of different
isotopologues must be taken into account. The abundance ratios
for the various isotopologues are presented in Table 7.1. The
effect of the isotopologues is most pronounced for K3, where the
relative mass difference between the two isotopes of K (39K and
41K) is larger than for Rb (85Rb and 87Rb), leading to the largest
difference in the momentum sharing during Coulomb explosion.
For 39K39K41K, the isotopologue with the second largest abun-
dance (17.6%) for K3, the kinetic energy obtained for the 39K+

ions during Coulomb explosion can be derived from momentum
considerations and is given as

Ekin =
3

2 + 39
41

14.4 eV
R[Å]

, (7.6)

which replaces Eq. 7.1. These 39K+ ions will therefore have 50 meV
more kinetic energy than 39K+ ions from Coulomb explosion of
(39K)3, calculated at the equilibrium distance. However, only
about 13% of the 39K+ ions detected in the experiment will come
from 39K39K41K (since it only produces two 39K+ fragments), so
the contribution to the observed 4A′2 state peak in Fig. 7.4(b) is
minor. For Rb3 the deviations in the kinetic energy of the 85Rb+

fragments are smaller, but (85Rb)3 is not the most abundant
isotopologue. It does however still produce the majority of the
observed 85Rb+ ions in the 4A′2 state peak in Fig. 7.4(c), making
up 52% of the signal. One way to handle these isotope effects
is to treat it as an uncertainty in the energy and then apply
Eq. 7.1 which holds for the majority of the ions observed from
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K3 Abundance (%) Rb3 Abundance (%)

(39K)3 81.2 (85Rb)3 37.6
39K39K41K 17.6 85Rb85Rb87Rb 43.5
39K41K41K 1.27 85Rb87Rb87Rb 16.7

(41K)3 0.0305 (87Rb)3 2.15

Table 7.1: Abundances for the different isotopologues of K3 and Rb3.
The values are based on the isotope abundances of K and
Rb [169]. Note that Na3 and Cs3 are isotope pure.

the trimers. Some uncertainty from the spectrometer itself is also
present, and likewise for the fitting routine used to determine
the central positions of the peaks in P(Ekin). Overall, I estimate
the total uncertainty on the center of the experimental peaks to
be around 100 meV.

The retrieved equilibrium distances Req for Na3, K3, and Rb3,
after taking the uncertainties into account, are presented in Ta-
ble 7.2. The table also provides theoretical values for Req found
in the literature. The agreement between the experiments and
the theoretical values is good, especially for K3 and Rb3 where
the found values of Req lie within 0.1 Å of the predictions. In
the case of Na3, a shift of 0.2–0.3 Å is observed compared to the
calculations. Such a shift was likewise also observed for Na2 in
Chapter 5, where I ascribed it to internuclear motion in tran-
siently excited states during the probing process. I believe the
cause for the shift is the same here for Na3. It is a light system, so
within the 50 fs probe pulse duration, some internuclear motion
can occur in Na3, Na +

3 , and Na 2+
3 potentials. For K3 and Rb3,

the larger masses will cause motion in transiently excited states
to be slow, such that only very small shifts can occur within the
50 fs, leading to a better agreement between the experimental
observations and the predictions in the literature.

7.3.3 Energy analysis for Cs+

I now turn my attention to the measurements on cesium. The
P(Ekin) distribution for the Cs+ ions in Fig. 7.3(d1) are presented
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P(Ekin) peak (eV) Req (Å)

Na3 3.10 ± 0.10 4.65 ± 0.15

Na3 Theory – 4.33, 4.41

K3 2.86 ± 0.10 5.03 ± 0.18

K3 Theory – 4.95, 5.05

Rb3 2.64 ± 0.10 5.45 ± 0.22

Rb3 Theory – 5.35, 5.50, 5.31, 5.45

Table 7.2: Central positions of the P(Ekin) peaks, Fig. 7.4(a)–(c), associ-
ated with 4A′2 state alkali trimers, and the corresponding Req
values. Also given are Req values found in the literature for
the various trimers [51, 54, 176, 184, 185]. Own work, adapted
from [178].

in Fig. 7.4(d). Multiple peaks are present in the distribution,
of which two peaks contain ions from Coulomb explosion of
13Σ+

u state and 11Σ+
g state Cs2, as identified in Section 5.3. At

kinetic energies around 2.5 eV, a double peak structure that
corresponds to the ions in the outermost channel in Fig. 7.3(d1)
is observed. I have fitted a sum of two Gaussians to the peaks
to find their central positions, 2.36 and 2.57 eV. The threefold
covariance analysis, see Fig. 7.3(d2) and (d3), indicates that the
peaks contain ions that can be associated with Coulomb explosion
of Cs3, though it cannot distinguish between the 4A′2 state and
the 2B2 state. I have also performed the threefold covariance
calculations separately for the ions in each of the two overlapping
peaks, but the resolution still hinders any further identification.
Note that Cs is isotope pure, so the presence of two peaks cannot
be explained by isotopologue effects.

To investigate the two peaks further, and in particular to test
if some of the ions can originate from 2B2 state Cs3, a series
of measurements were conducted for Cs3 with different nozzle
temperatures in the range between 10.5 and 15 K. The motivation
for doing this was that the quartet-to-doublet ratio of Cs3 on
the droplets should vary with the droplet size if both states are
present. This has been theoretically predicted [102], and I have
also observed such a droplet size dependence for the triplet-to-
singlet ratio for the alkali dimers (see Section B.2).
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Figure 7.5: P(Ekin) distributions for Cs+ ions obtained for various noz-
zle temperatures. The plot is zoomed in on the part of the
distribution associated with the outer channel in the ion im-
ages [see Tnozzle = 12 K image in Fig. 7.3(d1)]. An upscaled
plot of the curve for Tnozzle = 15 K is shown in the inset in
Fig. 7.4(d).

The obtained P(Ekin) distributions are presented in Fig. 7.5. For
the measurement with Tnozzle = 15 K, where the mean droplet size
is estimated to be around 5000 helium atoms, the peak at 2.36 eV
dominates [see also upscaled plot in the inset of Fig. 7.4(d)]. This
suggests that the peak at 2.36 eV contains ions from Coulomb
explosion of Cs3 in the 4A′2 state since the 4A′2 state trimers should
be preserved much better on small droplets than 2B2 state trimers.
However, the energy deviates from the expected kinetic energy
of 2.59 eV that each Cs+ ion would obtain from Coulomb ex-
plosion of Cs3 starting from the predicted equilibrium distance
Req = 5.56 Å of the 4A′2 state [176]. The expected kinetic energy
instead matches the other observed peak at 2.57 eV. As the nozzle
temperature is decreased, creating larger droplets, the peak at
2.57 eV becomes more dominant, and at Tnozzle = 10.5 K, it is
larger than the peak at 2.36 eV. This is not expected if the peaks
arise from both 4A′2 state and 2B2 state trimers, since there should
be a higher amount of 4A′2 state trimers than 2B2 state trimers on
the droplets at all droplet sizes. On a final note, Coulomb explo-
sion of Cs3 initiated at the equilibrium configuration of the 2B2

state [186] would produce two Cs+ ions with Ekin = 2.8 eV and
one Cs+ ion with Ekin = 3.0 eV, according to the classical trajectory
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simulations21. The difference in these fragment energies is similar
to the 0.21 eV difference between the central peak positions of
2.36 and 2.57 eV in the experiment, but the 2:1 formation ratio
of the fragments does not properly match the ratios between the
two peaks in P(Ekin) observed for the various nozzle tempera-
tures in Fig. 7.5. To conclude, the current data is not sufficient to
determine the quantum states of Cs3 present in the experiment.

7.3.4 Wave function imaging of Ak3

As a last thing in this chapter, I will once more discuss wave
function imaging, this time for the alkali trimers. In Section 5.3.3
and Section 6.2.2 it was demonstrated for the alkali dimers that
the distribution of internuclear separations P(R) can be extracted
directly from the kinetic energies of the Ak+ fragments. The mat-
ter is, however, more complicated for the trimers because they
can stretch asymmetrically, such that the three bond lengths are
not identical. The internuclear wave function Ψ(R1, R2, R3) there-
fore depends on all three bond lengths, which are not directly
available in the experiment. To move forward, it is necessary to
make an assumption that simplifies the problem. Following the
procedure used in published studies on wave function imaging
of Ne3 and Ar3 via Coulomb explosion [150], I assume that the
bond angles are fixed, such that the trimers are in an equilateral
structure at all times and can only undergo symmetric stretching.
When this assumption is applied, the wave function can be ex-
pressed in one coordinate as Ψ(R). P(R) can now be calculated
as

P(R) = P(Ekin)

∣∣∣∣dEkin

dR

∣∣∣∣ = P(Ekin)

∣∣∣∣13 dVCoul(R)
dR

∣∣∣∣ , (7.7)

where the expression for Ekin from Eq. 7.1 was used.
The resulting P(R) distributions for Na3, K3, and Rb3 are

shown in Fig. 7.6(a)–(c) alongside theoretical predictions for
|Ψ(R)|2. I calculated |Ψ(R)|2 by solving the stationary vibra-
tional 1D Schrödinger equation for the isolated 4A′2 state trimers

21 Due to degeneracy there are two doublet states for Cs3 that are very close
to each other in energy. The fragment energies for Coulomb explosion of the
acute triangular 2A1 state at the equilibrium distance [186] is Ekin = 2.61 eV
and 2.89 eV, which does not match the experimental results.
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Figure 7.6: Distributions of internuclear separations P(R) (black) for
4A′2 state Na3, K3, and Rb3, obtained via a transformation of
the experimental P(Ekin) distributions in Fig. 7.4(a)–(c), and
a subtraction of a flat background. The red curves show the
|Ψ(R)|2 distributions calculated for the isolated 4A′2 state
trimers. Own work, adapted from [178].

via potentials found in the literature [51, 184, 187]. The area of the
P(R) distributions and the corresponding |Ψ(R)|2 distributions
are normalized to the same value, after an initial flat background
subtraction for P(R), to make them comparable. Via Gaussian
fits I have determined the FWHM of the P(R) distributions to
be 0.8 Å, 0.6 Å, and 0.4 Å for Na3, K3, and Rb3, respectively.
This should be compared to a FWHM of 0.3 Å for the theoretical
distributions for Na3 and K3, and a FWHM of 0.2 Å for Rb3. The
widths of the experimental P(R) distributions are thus 2–3 times
larger than the widths of the theoretical distributions, a ratio
similar to what I obtained for the alkali dimers in Section 5.3.3
and Section 6.2.2.

I believe the observed P(R) distributions are wider than the
corresponding theoretical |Ψ(R)|2 distributions due to the same
factors listed for the alkali homonuclear dimers in Section 5.3.3.
To be brief, the first factor is transient nuclear motion in electron-
ically excited states, which is expected to influence Na3 most, as
also mentioned in Section 7.3.2. The second and third factors are
the limited resolution of the detection setup and the presence
of different isotopologues. The last factor is the attractive force
between the formed Ak+ ions and the helium, which will depend
on how the trimers are oriented at the surface. To my knowledge,
the orientation of the trimers has not been studied. I assume
that the plane of each trimer lies roughly parallel to the surface



92 Structure determination of alkali trimers on helium droplets

plane since the trimers in the 4A′2 state are essentially just three
distant Ak atoms that barely remain bound to each other. Each of
the atoms that make up the trimer therefore most likely hovers
roughly equally far from the droplet surface. If that is indeed the
case, the ejected Ak+ ions will rarely collide with the helium, but
the attractive force toward the helium will still deflect the Ak+

trajectories a bit and potentially cause the fragments to lose some
kinetic energy. The effect should however be smaller than for the
dimers because the Ak+ fragments have larger velocities when
produced by Coulomb explosion of the trimers. This results in
less interaction with the droplet (see discussion in Section 10.2).

7.4 Conclusion

In summary, I have shown that Coulomb explosion imaging
can be used to identify Na3, K3, and Rb3 residing on helium
droplets. Via a combination of threefold covariance analysis of
the fragment Ak+ ions and an analysis of the fragment kinetic
energies, the trimers were found to be in the 4A′2 state with an
equilateral triangular structure. The equilibrium bond distances
were determined to be 4.65±0.15 Å for Na3, 5.03±0.18 Å for
K3, and 5.45±0.22 Å for Rb3. This is in good agreement with
theoretical predictions for K3 and Rb3, while a shift of around
0.3 Å is observed for Na3 compared to expectations. The shift
was ascribed to transient nuclear motion in excited states. Distri-
butions of the internuclear separations P(R) were additionally
obtained under the assumption that the bond angles were fixed.
I found the width of the distributions to be 2–3 times larger than
for the corresponding theoretical |Ψ(R)|2 distributions. I listed
the resolution of the detector setup, the interaction between the
helium and the fragment Ak+ ions, and once again nuclear mo-
tion in electronically excited states as factors that may influence
the found results.

Finally, measurements were also done with cesium. Here, the
threefold covariance analysis supported that three Cs+ fragments
pairwise correlated by 120° in the emission angle were formed,
consistent with Cs3 in the 4A′2 state. However, two peaks were
present in the kinetic energy distribution of the Cs+ fragments,
and they could not be assigned unambiguously to specific quan-
tum states of Cs3.



8
A L I G N M E N T A N D R O TAT I O N A L D Y N A M I C S O F
A L K A L I D I M E R S O N H E L I U M D R O P L E T S

The topic of this chapter is the experiments on nonadiabatic
alignment of homonuclear alkali dimers on the surface of helium
droplets. I explained the fundamental details of laser-induced
alignment in Chapter 3 and will therefore start directly with a
description of the experimental details in the first section of this
chapter. Following that, I present the results for both the 11Σ+

g

states and the 13Σ+
u states of Na2, K2, and Rb2. The rotational

dynamics of the dimers are found to be strongly influenced by
the presence of the helium droplet surface. Finally, a theoretical
model is developed and compared with the experimental mea-
surements to facilitate an in-depth interpretation and to retrieve
information about the rotational energy levels.

8.1 Experimental setup

A sketch of the alignment experiment is presented in Fig. 8.1.
Helium droplets were first doped with either Na2, K2, or Rb2 (see
operating temperatures for the doping oven in Table 4.2). The
droplets were created with a nozzle temperature of Tnozzle = 11 K
for Na2 and Rb2 while Tnozzle = 12 K was used for K2.

Inside the VMI spectrometer, the doped droplets were then
crossed by two beams of focused laser pulses. The first beam
contained the alignment pump pulses and was used to set the
dimers into rotation. To enable nonadiabatic alignment, a nonres-
onant wavelength of 1300 nm was used, and the pulse duration
was adjusted to ∼ 1 ps with a prism stretcher (see Section 4.4).
The pump pulses were linearly polarized parallel to the detector
plane. After an adjustable delay t, the dimers were irradiated
by linearly polarized laser pulses from the second beam. These
pulses had a duration of ∼ 50 fs and were used to probe the alkali
dimers by triggering Coulomb explosion into two Ak+ fragments.
Once again, the detector was gated such that the velocities were

93
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Pickup cell (Ak)He droplet
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Probe pulse
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Figure 8.1: Sketch of the experiment conducted to study nonadiabatic
alignment dynamics of Ak2 on helium droplets. Na2, K2,
and Rb2 were individually doped onto the droplets and
set into rotation by a nonresonant pump pulse. A delayed
probe pulse was used to trigger Coulomb explosion of the
dimers, forming Ak+ ions that were detected with the 2D
imaging setup. Own work, adapted from [124].

only measured for the most abundant isotopes 23Na+, 39K+, and
85Rb+.

To avoid unwanted influence from anisotropies in the emission
directions of the Ak+ ions caused by the ionization process, see
Section B.1, the probe pulses were polarized along an axis per-
pendicular to the detector plane. Furthermore, as mentioned in
Section 4.4, the focused spot size of the probe beam was adjusted
to around half of the focused spot size for the alignment beam.
This was done to ensure that the probed molecules had been
rather uniformly pumped by the alignment pulses.

The intensities of the alignment pulses were kept moderate to
avoid premature ionization of the alkali dimers, see Table 8.1. The
table also lists the used probe pulse intensities and wavelengths.
Note that while the signal from the 13Σ+

u state and the 11Σ+
g state

of the dimers can be recorded simultaneously, as demonstrated
in Chapter 5, the optimal pulse conditions for conducting the
experiments are not necessarily the same for both states. For
this reason, separate measurements have been conducted for the
13Σ+

u state and the 11Σ+
g state of Na2 and K2 to obtain the results.
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Ipump Iprobe λprobe

(1010 W/cm2) (1013 W/cm2) (nm)

Na2 13Σ+
u 5.0 0.5 800

Na2 11Σ+
g 6.7 7.1 800

K2 13Σ+
u 2.6 2.9 800

K2 11Σ+
g 4.2 9.3 400

Rb2 13Σ+
u 3.4 3.5 400

Rb2 11Σ+
g 3.4 3.5 400

Table 8.1: Pulse intensities and probe wavelengths used for the experi-
ments on nonadiabatic alignment of Ak2.

8.2 Results

Figure 8.2(a) shows a 2D velocity map image of K+ ions recorded
in a measurement with K2 where only the probe pulses were used.
As for the earlier presented results, the center is screened by the
beam block. The image contains two channels with K+ ions from
Coulomb explosion of K2 in the 13Σ+

u state and the 11Σ+
g state.

Annotated white rings mark the location of the channels, with the
13Σ+

u channel being between the solid and the dashed ring and
the 11Σ+

g channel between the dashed and the dot-dashed ring
(see identification in Section 5.3). The angular distributions of K+

ions in both channels are isotropic, as expected when probing
randomly oriented dimers.

An example of a 2D velocity map image of K+ ions measured
using both the alignment pulse and the probe pulse is displayed
in Fig. 8.2(b). The timing of the probe pulses was adjusted such
that the dimers were probed 10 ps after the alignment pulses
had set them into rotation. In this image, the majority of the
ions in both channels are coming out in a direction close to the
polarization axis of the alignment pulse. As the ion fragments
recoil along the internuclear axis during the Coulomb explosion
process, this indicates that the dimers have been aligned.

The use of crossed polarization axes for the alignment pulses
and the probe pulses results in a lack of cylindrical symmetry in
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Figure 8.2: 2D velocity map images of K+ ions (a) recorded with the
probe pulse only and (b) recorded with the alignment pulse
and the probe pulse, using a probe delay of 10 ps. The polar-
ization directions of the probe pulses (⊗) and the alignment
pulses (l) are depicted at the bottom corners of the images.
Annotated white rings mark the regions that contain ions
from the 13Σ+

u and the 11Σ+
g channels of K2 (see Section 5.3).

the ion images. As a direct consequence, the ion images cannot be
Abel inverted to reconstruct the angular distribution of the ions
in 3D [24]. This leads to a potential problem with signal leakage
since some ions from Coulomb explosion of the 11Σ+

g state dimers
will be projected onto locations inside the region associated with
the 13Σ+

u state dimers. However, the number of 11Σ+
g state dimers

present in the experiment is generally 3–5 times lower than the
number of 13Σ+

u state dimers. This can be deduced from the areas
of the P(Ekin) peaks in Fig. 5.3(b2)–(d2), which were recorded
under quite similar experimental conditions (see also the detailed
discussion in Section B.2). The influence of signal leakage in the
present experiments is therefore expected to be minor. In future
experiments, the issue may be circumvented entirely by directly
measuring the 3D velocities of the ions, thereby removing the
need for Abel inversions. Such 3D imaging is investigated in
Chapter 10, although not in relation to alignment.

8.2.1 Experimental alignment dynamics for Na2, K2, and Rb2

The alignment dynamics were measured by recording a sequence
of ion images with various probe delays. For Na2 and K2 in
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the 11Σ+
g state, the probe delay was scanned from t = −20 ps to

t = 600 ps, while a range from t = −20 ps to t = 1200 ps was used
for Rb2 in the 11Σ+

g state and for all the 13Σ+
u state measurements.

The step size ranged from 1 ps to 5 ps. To characterize the degree
of alignment, 〈cos2 θ2D〉 is now calculated for the ions in the 13Σ+

u
and 11Σ+

g channels in each ion image, with θ2D defined as shown
in Fig. 8.2(b).

Figure 8.3(a2)–(c2) show the determined alignment traces
〈cos2 θ2D〉(t) for the 11Σ+

g state dimers with black curves, while
Fig. 8.4(a1)–(c1) show the results for the 13Σ+

u state dimers, again
using black curves. Minor corrections have been made to the
alignment traces (apart from Na2 in the 13Σ+

u state and K2 in
the 11Σ+

g state) such that 〈cos2 θ2D〉 = 0.5 before the interaction
with the alignment pulse and such that the interaction starts
at t = 0 ps22. This is done to ease later visual comparison with
theoretical calculations.

To start with, I will narrow down the scope and focus on the
case of Na2 in the 13Σ+

u state, displayed in Fig. 8.4(a1). In this
trace, the degree of alignment starts at a value around 0.5 for
delays t < 0 and then rapidly increases to a maximum value
of 0.66 at t = 6 ps. This increase in the degree of alignment
takes place after the interaction with the 1 ps alignment pulse
and thus demonstrates field-free alignment, as expected in the
nonadiabatic regime (see Section 3.1). Following the prompt
alignment peak, the trace oscillates with a gradually decreasing
amplitude and with multiple revival structures appearing in
regular intervals. Qualitatively, the observed trace differs from
the simulation shown in Fig. 3.2 for alignment of gas-phase Na2
in the 13Σ+

u state, a simulation done with the experimentally
used laser parameters. In addition to the decay in amplitude, the
revivals appear to be delayed and the phase of the half revivals is
opposite, that is, the degree of alignment first rapidly decreases
and then sharply increases, in contrast to what is observed in
the gas-phase simulation. The shapes of the oscillations in the
experimental trace also do not fully match what has been found
previously for linear molecules inside helium droplets [32].

22 The offsets in the delay presumably arose due to slight inaccuracies in the
cross-correlations performed to determine t = 0 ps. It is unclear why some of
the traces had a slight offset in the degree of alignment.
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Figure 8.3: (a2)–(c2) Alignment traces for Na2, K2, and Rb2 in the 11Σ+
g

state. The black curves show the experimental data and the
red curves show the calculated traces obtained using the
3D model with VHe, including inhomogeneous broadening.
(a1)–(c1) FFT spectra for the corresponding traces in (a2)–
(c2). The peaks are assigned numbers n given above each
panel and marked with colored stripes (blue: even n, red:
odd n). The calculated traces were made by Areg Ghazaryan
(private communication).

The alignment trace for K2 in the 13Σ+
u state, Fig. 8.4(b1), ex-

hibits the same qualitative features as just explained for Na2. For
Rb2 in the 13Σ+

u state, Fig. 8.4(c1), the prompt alignment peak
is observed but there are no clear dynamics or revivals in the
rest of the trace. Finally, the traces for the 11Σ+

g states also do
not qualitatively resemble what is typically observed for align-



8.2 Results 99

0 300 600 900 1200

0.
4

0.
5

0.
6

0.
7

0 20 400.
0

0.
5

1.
0

0 300 600 900 1200

0.
5

0.
6

0 10 200.
0

0.
5

1.
0

0 300 600 900 1200

0.
50

0.
55

0.
60

0 10 200.
0

0.
5

1.
0

n = 0 1 2 3 4

n = 0 1 2 3 4

(a1)
Na2 13Σ+

u

(b1)
K2 13Σ+

u

(c1)
Rb2 13Σ+

u

(a2)
Na2

13Σ+
u

(b2)
K2

13Σ+
u

(c2)Rb2
13Σ+

u

BHe = 1.27 GHz
∆B = 0.1 GHz

BHe = 0.66 GHz
∆B = 0.05 GHz

BHe = 0.28 GHz
∆B = 0.05 GHz

Frequency (GHz)t (ps)

Sp
ec

tr
al

po
w

er
(a

rb
.u

ni
ts

)

〈c
os

2 θ 2
D
〉

Figure 8.4: Similar to Fig. 8.3. (a1)–(c1) Alignment traces for Na2, K2,
and Rb2 in the 13Σ+

u state. (a2)–(c2) FFT spectra for the
corresponding traces in (a1)–(c1). The peaks for Na2 and K2
are assigned numbers n while only noise is observed for
Rb2. The calculated traces were made by Areg Ghazaryan
(private communication).

ment in gas-phase [15, 17, 25, 29] or in helium droplets [32],
see Fig. 8.3(a2)–(c2). However, the 11Σ+

g traces do contain clear
revival features and a prompt alignment peak, which for Rb2 is
in sharp contrast to the observation for the 13Σ+

u state.
To investigate the frequency content in the alignment traces, I

have calculated the FFT spectra, see Fig. 8.3(a1)–(c1) for the 11Σ+
g

states and Fig. 8.4(a2)–(c2) for the 13Σ+
u states. Each spectrum

shows distinct peaks, except for Rb2 in the 13Σ+
u state, Fig. 8.4(c2),

where the spectrum is filled with noise. I have labeled the dis-
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Figure 8.5: Central frequencies, shown with black dots, of the FFT
spectra peaks in Fig. 8.3(a1)–(c1) and Fig. 8.4(a2)–(b2) as a
function of the assigned n. The black lines show linear fits
to the data points. In addition, the gas-phase frequencies
(4J+6)Bgas with J = n is shown with crosses. The used Bgas
values are listed in Table 8.2.

tinct peaks with integer values n, starting from zero for the peak
at the lowest frequency in each measurement, as shown with
the annotated values above the panels in Fig. 8.3(a1)–(c1) and
Fig. 8.4(a2)–(b2). The central positions of the peaks lie on almost
perfectly straight lines when plotted as a function of n, as illus-
trated in Fig. 8.5 with black dots. This is supported by linear
fits, shown with black lines, that follow the data points very
accurately.

If the alkali dimers rotate like isolated molecules, the frequen-
cies that make up the alignment trace are given by

νJ,J+2 = B(4J + 6), (8.1)

as explained in Section 3.2. The black crosses in Fig. 8.5 show



8.2 Results 101

BHe (GHz) Bgas (GHz) Bgas/BHe

Na2 11Σ+
g 4.53 ± 0.02 4.64 1.02 ± 0.01

K2 11Σ+
g 1.65 ± 0.02 1.68 1.02 ± 0.01

Rb2 11Σ+
g 0.66 ± 0.02 0.67 1.02 ± 0.03

Na2 13Σ+
u 1.27 ± 0.02 1.65 1.30 ± 0.02

K2 13Σ+
u 0.66 ± 0.02 0.79 1.20 ± 0.04

Rb2 13Σ+
u - 0.32 -

Table 8.2: Experimentally found BHe values retrieved via fits with the
3D model including VHe(Θ). Also shown are Bgas values cal-
culated for the most abundant isotopologue of each dimer via
equilibrium distances Req from the literature [107, 108] and
the ratios Bgas/BHe. BHe is excluded for Rb2 in the triplet state
because a value cannot be reliably assigned, see Section 8.2.5.
The stated uncertainties for BHe have been qualitatively esti-
mated, see the discussion in Section 8.3, and propagated to
Bgas/BHe.

the frequencies expected for this model, calculated via the gas-
phase rotational constants Bgas listed in Table 8.2. For Na2 and
K2 in the 13Σ+

u state, Fig. 8.5(d)–(e), the model deviates strongly
from the experimental observation, in particular with respect to
the slope of the line. Judging from the data points at n = 0, the
constant offsets in the experimental frequencies are also reduced
compared to what is predicted by the model. In the case of the
11Σ+

g state dimers, Fig. 8.5(a)–(c), the observed frequencies follow
lines with slopes that lie close to those given by the models, but
still with offsets toward lower frequencies. The spectral analysis
thus corroborates that the alignment dynamics observed for
the alkali dimers are not accurately described by normal gas-
phase rotation for linear molecules. Note finally that the linear
relationships for the measured frequencies differ from what was
seen for linear rotors inside helium droplets (see Fig. 3.4), where
the large effective centrifugal distortion constants DHe gave rise
to nonlinear spectra.
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8.2.2 Theoretical modeling of alignment traces

To get a better understanding of the observed dynamics, it is
useful to develop a theoretical model. This has been done in
collaboration with Frank Jensen from Aarhus University, Robert
Zillich from the Johannes Kepler University in Linz, and Areg
Ghazaryan and Mikhail Lemeshko from the Institute of Science
and Technology Austria. The main goal is to solve the time-
dependent rotational Schrödinger equation for the Hamiltonian

H =
BĴ2

h̄2 −
E2(t)

4
[
(α‖ − α⊥) cos2 θ + α⊥

]
+ VHe(Θ). (8.2)

I previously showed the first two terms in Section 3.1, where I
described how they can be used to model laser-induced align-
ment of isolated linear molecules. The third term, VHe(Θ), is an
effective static mean-field potential for the alkali dimer at the sur-
face of the helium droplet, with Θ describing the angle between
the surface normal and the internuclear axis of the dimer [see
Fig. 8.9(a)] [58].

As a first step toward the goal, Frank Jensen made CCSD(T)
level calculations of the Ak2–He potentials for the alkali dimers
in both the 13Σ+

u state and the 11Σ+
g state [188]. These potentials

were then used in the next set of calculations, carried out by
Robert Zillich, where VHe(Θ) was determined for the different
alkali dimers in both quantum states. The strategy applied by
Robert was to first determine the angular distribution P(Θ) of
the alkali dimers on the surface of a thin helium film using path
integral Monte Carlo simulations. Next, the VHe(Θ) potentials were
extracted from the P(Θ) distributions [58, 188]. In the case of
13Σ+

u state Rb2, the Rb2–He and VHe(Θ) potentials, as well as the
P(Θ) distribution, were already available from the literature, and
thus not calculated here [58]. All the angular distributions and
the effective potentials are shown in Fig. 8.6. For all the dimers,
P(Θ) peak at Θ = π/2, corresponding to an orientation parallel
to the surface of the droplet.

With VHe(Θ) at hand, it is now possible to solve the Schrödinger
equation for the Hamiltonian in Eq. 8.2 with pulse parameters
equal to those used in the experiments (see Section 8.1 and
Table 8.1). This part of the calculations was handled by Areg
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Figure 8.6: Calculated angular distributions P(Θ) (black) for Na2, K2,

and Rb2 in the 11Σ+
g state and the 13Σ+

u state on the surface
of helium droplets. Θ denotes the angle between the sur-
face normal and the internuclear axis of the dimer. The red
curves show the determined VHe(Θ) potentials for the differ-
ent systems. The calculations were made by Robert Zillich
with support from Frank Jensen (private communication).

Ghazaryan with support from Mikhail Lemeshko. The static
polarizabilities for the alkali dimers were taken from the litera-
ture [108], while an effective rotational constant BHe was used
instead of B and treated as a free parameter to be determined by
the best fit to the experimental results. In addition, inhomoge-
neous broadening of the rotational frequencies, arising from the
different droplet sizes present in the experiment [189–191], was
included as a Gaussian distribution of BHe values. The FWHM
of this distribution, ∆B, was also treated as a free parameter. The
inhomogeneous broadening will lead to dephasing (that is, the
phase components in the wave packet drift apart), which has
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previously been demonstrated as a necessary ingredient in the
modeling of alignment dynamics for molecules inside helium
droplets [32].

In the calculations, the dimers are assumed to reside on the
droplet at a location where the surface plane is parallel to the
detector plane, that is, the calculations are not averaged over
all the possible dimer locations on the surface. This is a simpli-
fication, but it is somewhat justified because the experimental
alignment traces were retrieved for the Ak+ ions in the identi-
fied 13Σ+

u state and 11Σ+
g state channels in the ion images, see

Fig. 8.2(a). These ions have the largest transverse velocities of
the Ak+ ions produced in Coulomb explosion of the 13Σ+

u state
and 11Σ+

g state dimers. Thus, the ions should primarily originate
from dimers that were lying quite parallel to the detector plane
prior to Coulomb explosion23.

Temperature effects were taken into account by thermal averag-
ing of the calculated 〈cos2 θ2D〉 values according to the Boltzmann
factors for the systems at the droplet temperature of 0.37 K. The
even and odd abundances of J states due to nuclear spin statistics
are also included in the calculations. For K2 and Rb2, multiple
isotopologues are present in the experiment, even though we
gate on the most abundant isotopes in the experiment (39K+ and
85Rb+). In the case of K2, both 39K2 and 39K41K are therefore
taken into account, weighted by their abundance ratios, and simi-
larly both 85Rb2 and 85Rb87Rb are included for Rb2. Note that the
abundances of odd and even J states for 39K41K and 85Rb87Rb
are not affected by nuclear spin statistics because the dimers are
no longer completely symmetric.

For all the simulations, with the exception of those on Na2
in the 13Σ+

u state, focal volume averaging (FVA) has not been
included, that is, the spatial intensity profiles of the alignment
pulses and the probe pulses have not been taken into account [192].
The spatial dependence tends to smear out the finer details in
alignment traces and to reduce the obtained degree of alignment.
However, the effect of FVA is expected to be minor in this work

23 Note that the dimers can lie parallel to the detector plane without being at a
position on the droplet where the surface plane is parallel to the detector plane.
The contributions from all such positions are neglected with the used model.
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because the spot sizes of the alignment pulses were around twice
as large as those of the probe pulses, leading to a quite uniform
alignment pulse intensity in the probed region. This is supported
by the calculations on Na2 in the 13Σ+

u state, where including
FVA only changed the simulated alignment traces insignificantly.

Finally, the calculated 〈cos2 θ2D〉(t) traces are normalized such
that the degree of alignment at the maximum of the prompt
alignment peak is the same as that observed in the corresponding
experiments. This is done to make it easier to compare the traces
qualitatively. Note that the calculated traces would generally
reach higher degrees of alignment than the experiment. I believe
the primary reason for this is non-axial recoil during the Coulomb
explosion process producing the Ak+ fragments. As observed
from the widths of the angular covariance lines in Fig. 5.3(b3)–
(e3) and (a4)–(e4), the angle between the ejected Ak+ ions often
deviates significantly from 180°. The result is that the observed
degree of alignment is reduced. It has previously been shown
that it is possible to deconvolve the nonaxial recoil effect from
the experimentally observed degree of alignment by utilizing the
information obtained from the angular covariance maps [193].
This has, however, not been attempted for the results presented
here.

8.2.3 Theoretical results for K2

I will first treat the theoretical results for K2, starting with the
11Σ+

g state. Figure 8.7(a2) presents the calculated alignment
trace (red curve) that was found to describe the experimental
measurement (black curve) most accurately. The calculation was
done with BHe = 1.65 GHz, a minor reduction compared to
the gas-phase value Bgas = 1.68 GHz (see Table 8.2) [108], and
∆B = 0.05 GHz. By visual inspection, the predicted locations of
the revivals appear to match those observed in the experiment.
Note also that the applied inhomogeneous broadening creates
a slow decrease in the degree of alignment, as can be inferred
from a visual comparison of the calculation in Fig. 8.7(a2) and
the calculation in Fig. 8.7(b2), which was done with the same BHe

value but without broadening.
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Figure 8.7: (a2) Experimental alignment trace (black) for K2 in the 11Σ+
g

state and calculated alignment trace (red) using the 3D
model with VHe(Θ) including inhomogeneous broadening.
(b2) Calculation for the 3D model with VHe(Θ) without in-
homogeneous broadening. (c2) and (d2) Calculations for
the 2D model and the 3D model, respectively. (a1)–(d1) FFT
spectra for the alignment traces in (a2)–(d2). The peaks are
assigned numbers n given above panel (a1) and marked
with colored stripes (blue: even n, red: odd n). The calcu-
lated traces were made by Areg Ghazaryan (private com-
munication).

The theoretical model does not fully capture the measured
gradual decay in the degree of alignment. Increasing ∆B will
lead to a faster decay but will also gradually broaden the revival
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Figure 8.8: Similar to Fig. 8.7 but for K2 in the 13Σ+
u state. The align-

ment traces are shown in (a1)–(d1) while (a2)–(d2) show the
respective FFT spectra. The calculated traces were made by
Areg Ghazaryan (private communication).

features, causing the positions of the minima and maxima to
shift in a way that cannot be accounted for by selecting another
value for BHe. As a consequence, changing ∆B will not improve
the overall agreement with the measurement. This indicates that
homogeneous broadening may also play a role in the experiment.
I will discuss this in more detail in Section 8.3.

Figure 8.7(a1) shows the frequency spectra for the experimental
and the theoretical trace in Fig. 8.7(a2). The height of the tallest
peak in each spectrum has been normalized to unity. Both the
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central positions and the relative amplitudes of the peaks are in
agreement for the two spectra, showing that the model captures
the essential rotational dynamics.

At this point, it is instructive to consider the effect of the VHe(Θ)
potential. Figure 8.6(c) shows that the potential forces the dimers
to lie mostly parallel to the surface plane. The consequence is that
rotational motion out of the plane is restricted. As mentioned
in Chapter 1, this is what Grüner and coworkers speculated in
an earlier publication, although for Rb2 [57]. To test this inter-
pretation, the alignment dynamics have also been calculated for
a 2D rotor model by solving the time-dependent Schrödinger
equation [194]. Once again, an effective rotational constant B2D

was employed and treated as a free parameter to be determined
by the best fit.

Figure 8.7(c2) presents the calculated 2D trace. In this case,
B2D = 1.68 GHz gave the best match with the measured trace.
This rotational constant is equal to Bgas and thus corresponds to
completely unhindered rotation in the surface plane. A compar-
ison with the trace in Fig. 8.7(b2) shows that the 2D alignment
dynamics are qualitatively very similar to those obtained with
the 3D model including VHe(Θ), at least for the first 300 ps. How-
ever, the rotations are too slow in the 2D model, as seen from the
positions of the minima and maxima which show up increasingly
late as time progresses. The FFT spectrum in Fig. 8.7(c1) likewise
shows that the rotational frequencies in the 2D model are lower
than for the 3D model with VHe(Θ), Fig. 8.7(b1), although the
relative heights of the peaks are very similar. In principle, the
issue could be solved by increasing B2D, but it does not seem
plausible that the rotational constant for the dimer on the droplet
is larger than for the isolated molecule.

The reason that the rotations are too slow with the 2D model,
even though B2D > BHe, can be explained with a classical ar-
gument. Consider a dimer rotating in 2D around the normal n̂
of the surface plane, see Fig. 8.9(a). The rotational constant Bn̂

associated with rotation around n̂ is in this case equal to B2D. In
contrast, if the dimer is tilted out of the surface plane but still
rotates around n̂, see Fig. 8.9(b), then the value of Bn̂ will increase
because the moment of inertia for the rotation is decreased. As a
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(a) (b)

Figure 8.9: (a) Sketch of a dimer undergoing 2D rotation in the surface
plane (Θ = π/2) around an axis n̂ normal to the surface. (b)
A dimer rotating in 3D around n̂. The rotational constant
Bn̂ of the dimer with respect to n̂ is larger for the situation
in (b) compared to that in (a).

result, Bn̂ > B2D. The observed rotations will thus be faster for the
3D model with VHe(Θ), where the dimer is allowed to fluctuate
out of the surface plane, compared to the 2D model, even if the
same rotational constant is used for both calculations. B2D must
therefore be increased to compensate, but in the present case, the
rotations are still too slow for B2D = Bgas.

Finally, the alignment dynamics have been calculated for the
isolated dimer in 3D, that is, excluding the VHe(Θ) potential, see
Fig. 8.7(d2). The calculation was done using the previously found
BHe value. Qualitatively, the trace resembles neither the measured
trace nor those calculated with the other models. Additionally, the
frequency spectrum illustrated in Fig. 8.7(d1) also deviates from
the other spectra in Fig. 8.7(a1)–(c1). Evidently, the observations
cannot be described by the rotation of isolated molecules.

I will now discuss the results for K2 in the 13Σ+
u state. Using the

3D model with the respective VHe(Θ) potential, see Fig. 8.6(d), the
alignment dynamics have been calculated. Once again, the simu-
lated trace is in good qualitative agreement with the measured
trace, see Fig. 8.8(a1). In particular, the minima and maxima line
up quite well. The effective rotational constant was found to be
BHe = 0.66 GHz, which deviates from Bgas = 0.79 GHz [107], while
∆B = 0.05 GHz. Note that increasing ∆B would again model the
observed decay in 〈cos2 θ2D〉 better, but result in worse agreement
with respect to the positions of the revivals.

Figure 8.8(b1) shows the alignment trace obtained for the 13Σ+
u

state when excluding the inhomogeneous broadening. This trace
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is almost identical to the trace obtained with the 2D model24, see
Fig. 8.8(c1), and vastly different from that obtained with the gas-
phase 3D model, displayed in Fig. 8.8(d1). Considering that the
P(Θ) distribution for the 13Σ+

u state, Fig. 8.6(d), is more narrow
than for the 11Σ+

g state, it is not surprising that the 2D model
agrees so well with the 3D model including VHe(Θ).

A spectral analysis supports the observations, see Fig. 8.8(a2)–
(c2). The positions of the frequency spectra are quite consistent
throughout, but the relative height of the peaks from the calcu-
lations do not fully match those from the experiment. However,
the 3D model with VHe(Θ) and inhomogeneous broadening does
give a better agreement than when the broadening is excluded,
as seen by comparison of Fig. 8.8(a2) and (b2).

8.2.4 Theoretical results for Na2

The theoretical treatment of Na2 follows the same strategy as for
K2. For Na2 in the 13Σ+

u state, the rotational dynamics are again
well-described by a 2D rotor model. This agrees with expectations
since the P(Θ) distribution, see Fig. 8.6(b), is very similar to those
for K2 shown in Fig. 8.6(c) and (d). The best fit with the 3D model
including VHe(Θ) is illustrated with the red curve in Fig. 8.4(a1)
and gives BHe = 1.27 GHz and ∆B = 0.1 GHz. As for K2 in the
13Σ+

u state, BHe deviates noticeably from the gas-phase value,
here Bgas = 1.65 GHz [107].

Na2 in the 11Σ+
g state breaks the pattern. This dimer has a

much wider P(Θ) distribution, Fig. 8.6(a), than all the other
dimers. As a consequence, the qualitative features of alignment
traces calculated with the 2D rotor model (not shown) no longer
match the features in the measured trace shown in Fig. 8.3(a2).
Nonetheless, including VHe(Θ) in the 3D calculation once more
results in a trace that agrees well with the measurement, see
the red curve in Fig. 8.3(a2). This is corroborated by the fre-

24 Keen-sighted readers may notice that the minima and maxima in Fig. 8.8(c1) are
shifted to slightly earlier times compared to Fig. 8.8(b1). This is because the 3D
model with VHe(Θ) was fitted to the experimental data with the inhomogeneous
broadening included. Removing the broadening causes the minima and maxima
to shift a small amount. As a result, it does not line up perfectly with the 2D
trace, which was fitted directly to the measurement.
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quency spectra presented in Fig. 8.3(a1). From the fit, the values
BHe = 4.53 GHz and ∆B = 0.19 GHz are obtained. While BHe is
close to Bgas = 4.64 GHz [108], ∆B is by far the largest amount of
inhomogeneous broadening observed for any of the alkali dimers
in the experiments. Overall, the rotational dynamics of Na2 in
the 11Σ+

g state are closer to that of isolated linear molecules com-
pared to the other alkali dimers, but the rotations are still affected
by the droplet surface.

8.2.5 Theoretical results for Rb2

Figure 8.3(c2) presents the results for Rb2 in the 11Σ+
g state, calcu-

lated with the 3D model including VHe(Θ) using BHe = 0.66 GHz
and ∆B = 0.05 GHz. This system primarily lies in the surface
plane, as seen from the P(Θ) distribution in Fig. 8.6(e), and is
therefore also described very well by a 2D rotor model (not
shown). The found BHe is very close to Bgas = 0.67 GHz [108] and
∆B = 0.05 GHz, similar to the results for K2.

Concerning Rb2 in the 13Σ+
u state, the lack of alignment dy-

namics after the prompt alignment peak in the measurement
[Fig. 8.4(c1)] makes it impossible to fit calculated traces to the
data reliably. Fortunately, Robert Zillich and coworkers have
previously calculated the effective rotational constant for this
dimer at a helium surface to be BHe = 0.28 GHz [58], which is
slightly lower than Bgas = 0.32 GHz [107]. Using this BHe and
∆B = 0.05 GHz, the same amount of inhomogeneous broaden-
ing as for Rb2 in the 11Σ+

g state and K2, an alignment trace has
been calculated with the 3D model, again including VHe(Θ). The
result is shown in Fig. 8.4(c1) with the red curve. Remarkably,
the calculation predicts that 〈cos2 θ2D〉 remains very close to 0.5
from t = 100 ps and out to t = 700 ps where the calculated de-
gree of alignment dips before the half revival. The apparent lack
of alignment dynamics in the measured trace may therefore fit
well into the overall picture. Presumably, the half revival is not
observed experimentally due to the same mechanisms that cause
the gradual decay in the degree of alignment for the other alkali
dimers. It is interesting to note that alignment dynamics are still
observed for Rb2 in the 11Σ+

g state around the time scale of the
missing half revival for the 13Σ+

u state, as seen by comparing
Fig. 8.3(c2) and Fig. 8.4(c1). This might indicate that the mecha-



112 Alignment and rotational dynamics of alkali dimers on helium droplets

nisms causing the gradual decay happen on a faster time scale
for 13Σ+

u state Rb2 than for 11Σ+
g state Rb2.

It should be stressed that the results here cannot provide com-
pletely reliable values for BHe and ∆B for Rb2 in the 13Σ+

u state.
If ∆B is chosen sufficiently large, the revivals will always be
washed out in the calculated alignment trace and thus resemble
the experimental observation. In addition, the calculation is not
very sensitive to the chosen value for BHe because there are no
experimental revivals to compare to. The findings presented here
thus merely demonstrate that the experimental observation is
consistent with the model if the values for BHe and ∆B follow the
trends for Rb2 in the 11Σ+

g state and K2 in both quantum states.

8.3 Discussion

To assess how precisely BHe can be determined via the fits with
the 3D model including VHe(Θ), a series of alignment traces
have been calculated with slight changes to BHe. From these cal-
culations, I qualitatively estimate that BHe can be determined
with a precision of 0.02 GHz. Larger variations result in notice-
able disagreement between the measurements and the calculated
alignment traces, especially with respect to the central positions
of the frequency peaks revealed by spectral analysis. The esti-
mated uncertainty is also denoted in Table 8.2 where the found
BHe values are listed for convenience.

Table 8.2 show the Bgas/BHe ratios for all the dimers except
Rb2 in the 13Σ+

u state where BHe could not be properly deter-
mined. The ratios are significantly smaller than the ratios of 2–6
observed for linear molecules inside helium droplets [32]. This
indicates that the alkali dimers interact much more weakly with
the droplets than molecules embedded inside the droplets do.
While the ratios for Na2 and K2 in the 13Σ+

u state show approxi-
mately a 20% reduction in B compared to gas phase, the ratios
for the 11Σ+

g state dimers only deviate with about 2%. Note that
the uncertainties on the ratios denoted in Table 8.2 were found by
simple propagation of the uncertainty in BHe and do not take the
possible uncertainties in the Bgas values from the literature into
account. The uncertainties given here may therefore be slightly
understated.
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The primary shortcoming of the developed 3D model including
VHe(Θ) and inhomogeneous broadening is that it does not fully
capture the gradual decay in the degree of alignment observed
in the experiments. As mentioned previously, this indicates that
the rotational wave packets may also be subject to significant
homogeneous broadening in the form of decoherence (loss of
phase) and loss of population in the excited rotational states [46,
195]. This is in stark contrast to the observations for nonadiabatic
alignment of molecules inside helium droplets, where it was only
necessary to include inhomogeneous broadening to model the
alignment dynamics [32]. It is unclear why the case is different
for molecules at the surface. Likewise, it is currently not under-
stood why the inhomogeneous broadening appears to be more
significant for Na2 than for K2 and Rb2, in particular for the 11Σ+

g
state.

With the current experimental scheme, it is not possible to dis-
tinguish between the homogeneous and inhomogeneous broad-
ening effects. However, rotational echo experiments can perhaps
be used to investigate the broadening effects more closely [196,
197]. The principle of the rotational echo method is to use two
consecutive alignment pulses spaced by some delay to create
echoes (revival-like structures) in the degree of alignment. Echoes
formed in this way will occur at regular time intervals that can
be controlled via the delay between the two alignment pulses.
The technique has previously been used to study collisional ef-
fects for rotational dynamics of molecules in a gas [198, 199].
Rotational echoes are also particularly useful in cases where the
alignment signal has decayed before any prominent revivals have
been observed because the experiment can be tailored to create
echoes at much earlier times than the revivals. It would therefore
be interesting to apply this technique to Rb2 in the 13Σ+

u state
where only the prompt alignment peak was observed. If such
rotational echo experiments can be successfully conducted, it
might reveal insight into the coupling between the rotation of
the alkali dimers and the ripplon and phonon excitations of the
helium droplets [64, 200]. Additionally, it would be interesting
to record the alignment dynamics of the alkali dimers for vari-
ous droplet sizes to test how much the droplet sizes affect the
inhomogeneous broadening.
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8.4 Conclusion

In conclusion, I have shown that homonuclear alkali dimers can
be set into rotation and aligned on the surface of helium droplets.
The rotational dynamics deviate from those observed for linear
molecules in gas phase and inside helium droplets, indicating
that the rotations are affected by the presence of the helium
surface. Comparisons with theoretical calculations reveal that
the surface potential causes Na2 and K2 in the 13Σ+

u state to
undergo 2D-like rotation in the surface plane with rotational con-
stants that are only slightly reduced from the gas phase values,
Bgas/BHe = 1.30 ± 0.02 and 1.20 ± 0.04 respectively. Similar is
observed for the 11Σ+

g states of K2 (Bgas/BHe = 1.02 ± 0.01) and
Rb2 (Bgas/BHe = 1.02 ± 0.03). To my knowledge, these measure-
ments are the first time-resolved measurements of 2D molecular
rotation ever.

For Na2 in the 11Σ+
g state, the surface potential does not fully

confine the dimer to the surface plane. As a result, the rota-
tional dynamics are closer to what is observed for isolated linear
molecules. Here, Bgas/BHe = 1.02 ± 0.01. The alignment trace
for Rb2 in the 13Σ+

u state exhibits a prompt alignment peak but
no clear oscillations or revivals afterward. This might be due
to interactions with the helium droplets. As a result, it has not
been possible to make proper comparisons to the model for this
system.

In contrast to linear molecules inside helium droplets, inho-
mogeneous broadening of the rotational constants cannot alone
describe the observed decay in the degree of alignment for any
of the studied dimers. This invites further experimental studies
to obtain a better understanding of the broadening mechanisms
involved in the rotational dynamics of the alkali dimers on the
droplets.



9
V I B R AT I O N S O F A L K A L I D I M E R S O N H E L I U M
D R O P L E T S

This chapter is dedicated to my exploration of vibrational wave
packets in homonuclear alkali dimers on helium droplets, in-
duced by the alignment pulses used for the nonadiabatic align-
ment experiments presented in Chapter 8. People have already
studied vibrational wave packets for the alkali dimers on droplets
before, and the dynamics are by now fairly well understood [90,
91, 201–203]. However, since vibrations can affect the rotations of
molecules it is interesting to assess whether vibrational dynamics
are present under the experimental conditions used in the study
of the rotational dynamics of the alkali dimers.

I will first explain how the dynamic Stark effect can lead to the
formation of vibrational wave packets in the alkali dimers. After
that, I show experimentally that the vibrations can be detected
via timed Coulomb explosion. The results are from my early
experimental investigations on Rb2 which were obtained before
the project was handed over to Nicolaj Jyde from our group.
The following analysis is kept on a rudimentary level. It mainly
aims to identify the level of vibrational excitation and to address
whether the vibrations may influence the simultaneous rotational
dynamics.

9.1 Inducing vibrational motion via the dynamic Stark effect

In Chapter 3, I explained how a nonresonant laser pulse can
set the alkali dimers into rotation via the dynamic Stark interac-
tion. I, however, neglected an important detail which is that the
polarizabilites of the alkali dimers depend on the internuclear
separation R [204]. Taking this into account, the interaction can
now be written as

V(R, t) = −E2(t)
4

{
[α‖(R)− α⊥(R)] cos2 θ + α⊥(R)

}
. (9.1)

The R-dependence turns out to be quite significant for the
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Figure 9.1: Parallel (fully drawn) and perpendicular (dashed) static
polarizabilities for the alkali dimers in the 13Σ+

u state (black)
and the 11Σ+

g state (red). Based on tabulated values from
the literature [108].

alkali dimers, as can be inferred from Fig. 9.1 which shows
α‖(R) and α⊥(R) using data found in the literature [108]. As a
direct consequence, the interaction with the alignment pulse will
distort the potential curve of the dimers along the R-coordinate,
shifting the minimum of the potential to a new position. This
will set the dimer into vibrational motion when the nuclei start
shifting due to the forces in the new potential. An illustration
of this is shown in Fig. 9.2 for Rb2 in the 13Σ+

u state. If the
duration of the interaction with the alignment pulse is shorter
than the vibrational period of the dimer and the shift in energy
is larger than the gap between vibrational states, it is possible to
create a vibrational wave packet that remains after the interaction
switches off [204, 205].

If the alkali dimers in the nonadiabatic alignment experiments
(see Chapter 8) are vibrating after being subjected to the ∼ 1 ps
pulse used to induce alignment, it should be reflected in the
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Figure 9.2: Potential energy curve for Rb2 in the 13Σ+
u state (black) [107]

and for the Stark shifted 13Σ+
u state potential (blue), cal-

culated for a perfectly aligned dimer (cos2 θ = 1) and an
assumed intensity of 5×1010 W/cm2. The black and blue
dashed lines mark the minima of the unperturbed poten-
tial and the Stark-shifted potential, respectively. The shift
starts vibrational motion, as indicated for the sketched wave
function shown in red.

kinetic energies of the Ak+ ions produced in the Coulomb ex-
plosions. This follows from the fact that the released Coulomb
energy is dictated by the distance between the two Ak+ ions at
the instant they are formed. The nonadiabatic alignment experi-
ment is therefore conducted again, but this time with the probe
pulse polarization in the detector plane as illustrated in Fig. 9.3.
This is done to obtain the required cylindrical symmetry in the
ion images such that the Abel inversion routine can be applied
and P(Ekin) extracted. The fundamental idea is then to observe
if the positions of the 13Σ+

u state and 11Σ+
g state peaks in P(Ekin)

change as a function of the delay between the alignment pulse
and the probe pulse.

9.2 Experimental setup

A beam of helium droplets was created with the nozzle tem-
perature set to Tnozzle = 12 K, then doped with Rb2, and finally
intersected by the pump and probe beams inside the VMI spec-
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Figure 9.3: Sketch of the experiment conducted to investigate vibrations
of Ak2 on He droplets. The pump pulse starts vibrations in
the dimers, alongside the rotations (see Chapter 8), which
are then probed with an intense ∼ 50-fs pulse. Own work,
adapted from [124].

trometer. For the pump, the 1300 nm pulses were used. These
pulses were stretched to a duration of 0.8 ps with the prism
stretcher and had an intensity of 5×1010 W/cm2. The 800 nm
pulses were again used for the probe, with a pulse duration of
∼ 50 fs and an intensity of 7×1013 W/cm2. Both the pump and
the probe pulses were linearly polarized parallel to the detector
plane. As the vibrational dynamics of Rb2 are much faster than
the rotational dynamics, the experiment was conducted with
a step size of 250 fs for the pump-probe delay, which is much
shorter than the step size that was used while recording the
alignment traces. Once again, the detector was gated on the most
abundant isotope, 85Rb+.

9.3 Results

The pump-probe delay was scanned from t = 0 ps to t = 100 ps.
The result of the scan is a series of Rb+ VMI images, which can all
be individually Abel inverted to extract the P(Ekin) distribution
for the Rb+ ions at each time step, giving results similar to that
shown in Fig. 5.3(d2). A Gaussian function is then fitted to the
P(Ekin) peak associated with the 13Σ+

u state of Rb2 to determine
the central peak position Epeak for the given pump-probe delay.
Finally, the Epeak values are converted to internuclear distances
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Figure 9.4: (a) Vibrational trace recorded for Rb2 in the 13Σ+
u state,

derived from the central position of the 13Σ+
u peak in the

P(Ekin) distributions for Rb+ as a function of the pump-
probe delay t. (b) FFT of the trace in (a), showing one domi-
nant frequency at 398 GHz.

Rpeak by applying Coulomb’s law.
The Rpeak values are presented as a function of the pump-probe

delay in Fig. 9.4(a). The curve exhibits a clear rapidly oscillating
structure, which indicates that the 13Σ+

u state dimers are indeed
set into vibration by the alignment pulse. In this particular mea-
surement series the determined pump-probe overlap time t0 was
a bit off [not corrected in Fig. 9.4(a)], so unfortunately no data
was recorded where the probe pulse arrived before the pump
pulse. Other measurements (not shown), however, clearly demon-
strate that the oscillations in Rpeak start when the alignment pulse
irradiates the dimers.

During the first 20 ps, Rpeak undergoes a large shift from
around 6.2 Å to 6.0 Å, while the fast oscillations are occurring.
The shift coincides in time with the prompt alignment peak seen
in the alignment trace in Fig. 8.4(c1), suggesting that it may be
due to some alignment-dependent probing effect. Nothing fur-
ther is known about this shift at the moment of writing. The rapid
oscillations have an amplitude of around 0.12 Å at the beginning
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of the trace, which quickly diminishes to an amplitude of around
0.04 Å after about 20 ps. The driving mechanism behind this
quick loss of amplitude is also not understood at the moment
but is presumably due to some coupling to the droplet. For the
rest of the trace, the amplitude remains somewhat constant with
no significant decay.

To identify the vibrational levels populated in the wave packet,
I have made a spectral analysis of the vibrational trace, see
Fig. 9.4(b). Only a single prominent peak is observed in the
frequency spectrum. According to a Gaussian fit, the peak is
centered at 398 GHz, which corresponds to a vibrational pe-
riod of 2.51 ps. This fits the vibrational period of 2.52 ps for a
wave packet consisting of v = 0 and v = 1 in isolated 13Σ+

u state
Rb2, according to my solutions to the stationary vibrational 1D
Schrödinger equation using a potential curve for the dimer from
the literature [107]. The result also matches the vibrational period
of 2.50 ps previously reported for the v = 0–1 coherence in 13Σ+

u
state Rb2 on helium droplets measured using photoionization
spectroscopy [201]. Based on this, I conclude that the nonadia-
batic alignment pulses used to set the dimers into rotation on the
helium droplet surfaces also create vibrational wave packets.

I also analyzed the 11Σ+
g state channel in the Rb+ VMI images.

In this case, no oscillations are observed, indicating that only
the 13Σ+

u state dimers are set into vibration by the alignment
pulse. The vibrational period for a wave packet in the 11Σ+

g state
consisting of v = 0 and v = 1 is only 0.572 ps according to my
calculations for the isolated dimer, again obtained by solving the
Schrödinger equation with a potential from the literature [142].
Since the 0.8 ps pulse duration of the alignment pulse is longer
than the vibrational period, the 11Σ+

g state dimers can adiabati-
cally follow the change in the potential caused by the laser field,
leaving them in their original state after the field switches off.
This explains why no vibrations are present for the 11Σ+

g state
dimers.

Similar measurements (not shown) on Na2 and K2 have been
conducted in the group. The findings in these experiments are the
same as for Rb2. Vibrational wave packets, again only containing
significant population in v = 0 and v = 1, can be created in the
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13Σ+
u state dimers due to the interaction with the alignment pulse.

However, the vibrations are faster since Na2 and K2 are lighter
than Rb2. To more efficiently create the wave packets the pulse
duration was therefore decreased to ∼ 0.6 ps for these measure-
ments. As for Rb2, the observed vibrational periods of the wave
packets match that expected for the isolated dimers. This was
also the conclusion in previous experiments on vibrational wave
packets of Na2 and K2 (in the 11Σ+

g state) on helium droplets [90,
91]. Concerning the 11Σ+

g states of Na2 and K2, the vibrational
periods are still much shorter than the used pulse duration, so
wave packets are not formed.

9.4 Discussion

The observed vibrations for the 13Σ+
u state dimers are interesting

in the context of the rotational dynamics presented in Chapter 8.
It is striking that the dimers vibrate with essentially the gas-
phase frequencies, in stark contrast to the rotations which are
strongly affected by the droplet surface, see Fig. 8.3(a2)–(c2)
and Fig. 8.4(a1)–(c1). Furthermore, the rotational wave packets
were observed to decay rather quickly, especially for Rb2, which
does not appear to be the case for the vibrations. People have
speculated that perhaps the vibrating alkali dimers desorb from
the helium droplets within a few picoseconds and therefore
vibrate as isolated molecules [90, 91, 201–203]. This can however
be excluded in the experiments shown here since the vibrations
take place at the same time as the strongly affected rotations. It
thus appears that the vibrational motion for some reason couples
much weaker to the droplet than the rotational motion but the
explanation is not clear at the moment.

It is also interesting to address whether the vibrational motion
of the 13Σ+

u state dimers significantly affects the rotational fre-
quencies. Upon excitation from v = 0 to v = 1, the internuclear
separation in the dimers changes due to the anharmonicity of
the 13Σ+

u state potentials [107]. This affects the moment of inertia
and thus also the rotational constant B. For Rb2 in the 13Σ+

u state,
the change in the value of B is only 1% [201], so this will not
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have any pronounced effect on the rotations25. The difference
should likewise be small for Na2 and K2 in the 13Σ+

u state where
we know that we also only excite v = 1. If the alignment pulse
could excite the dimers to higher-lying vibrational states, things
would change. Again using Rb2 in the 13Σ+

u state as the example,
the value of B for a dimer excited to v = 5 would be reduced
by around 7% compared to v = 0 [201]. A difference that large
would definitely be noticeable in the rotational dynamics, but
fortunately the alignment pulse does not excite such high-lying
vibrational states.

Since the full P(Ekin) distributions of the Ak+ ions are recorded
for each pump-probe delay in the experiments, it is possible to
do time-resolved wave function imaging of the vibrational wave
packet by applying the steps presented in Section 5.3.3. Such a
reconstruction of P(R, t) for a vibrational wave packet has previ-
ously been demonstrated via timed Coulomb explosion imaging
of H +

2 and D +
2 vibrations [149, 206], and also via timed electron

diffraction for vibrations in I2 [207]. Ideally, the distributions
obtained from our measurements can then be compared to simu-
lations of the vibrational wave packet motion obtained by solving
the Schrödinger equation for the dimers and their interaction
with the alignment pulse. This analysis, including the theoretical
simulations, is handled by Nicolaj Jyde, and I will therefore not
present the results here.

9.5 Conclusion

To conclude, I have shown that vibrational wave packets can
be formed in 13Σ+

u state Rb2 on the surface of helium droplets
by the same nonresonant laser pulses used to align the dimers
nonadiabatically. A wave packet consisting of a superposition of
v = 0 and v = 1 was measured by timed Coulomb explosion and
found to oscillate with a period matching that expected for the
isolated molecule. In addition, the amplitude of the vibrations
exhibited no significant decay on the time scale of the measure-
ment. An analysis of Rb2 in the 11Σ+

g state found no vibrations,

25 Admittedly, this is a somewhat bad example since we do not observe any
rotational dynamics for Rb2 in the 13Σ+

u state in our experiments after the
prompt alignment peak [see Fig. 8.4(c1)].
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indicating that the pulse durations are too long to excite those
dimers vibrationally. Measurements done by others in the group
show that the conclusions for Rb2 also apply to Na2 and K2 on
helium droplets.

For Rb2 in the 13Σ+
u state, excitation to v = 1 only changes the

rotational constant by 1%. The vibrational dynamics are therefore
of no significant consequence to the simultaneous rotational
dynamics. Similarly, the effect for Na2 and K2 in the 13Σ+

u state
must be small.
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3 D V E L O C I T Y M A P I M A G I N G O F A L K A L I I O N S

To enable the next generation of ion imaging experiments, the
CCD camera used for recording the hits on the MCP has been
replaced with a Tpx3Cam detector toward the end of my PhD
studies. The 1.6 ns time resolution of the Tpx3Cam detector
makes it possible to record velocity map images simultaneously
for ions with different mass-to-charge ratios, making it a signif-
icant upgrade to the old CCD camera. Additionally, the time
resolution is sufficient to enable 3D velocity map imaging of the
ions. This removes the need for Abel inversions and vastly in-
creases the amount of information that can be extracted from the
experiments, including the future possibility of directly determin-
ing the degree of alignment 〈cos2 θ〉 without the 2D projection.

In this chapter, I will first give a brief introduction to the
Tpx3Cam detector and show how 3D imaging can be obtained, in-
cluding necessary corrections to the raw data from the Tpx3Cam.
After that, I will present results from static Coulomb explosion
of alkali dimers on helium droplets, the same experiment as in
Chapter 5 but this time recorded with the Tpx3Cam. The data,
now in 3D, reveal a deflection in the Ak+ trajectories due to
interaction of the recoiling Ak+ ions with the helium droplets. I
find that the deflections in particular depend on the fragment
velocities and the size of the helium droplets. In an attempt to
extract the droplet size distribution from the deflection measure-
ments, the results are compared to TDDFT calculations. Finally, I
demonstrate that the Ak+ deflections enable studies of the parent
alkali dimers’ locations on the helium droplets, paving the way
for location-resolved studies of Ak2 dynamics on droplets.

10.1 Principle of the Tpx3Cam detector

The Tpx3Cam detector is an event-based detector, where each
pixel in the 256×256 pixel grid acts as an independent sen-
sor [171]. Instead of reading out the status of each pixel at given
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time intervals, like an ordinary camera, it only registers the x and
y positions of pixels that are triggered, as well as the time they
get triggered (called the time-of-arrival, ToA) and for how long
(called the time-over-threshold, ToT). Commonly, ToA is just called
ToF since the only difference is a small constant offset due to the
response time of the MCP stack and the phosphor screen. As the
following sections become somewhat technical, I will adhere to
the accurate terminology and call it ToA, before later switching
back to calling it ToF.

The 1.6 ns time resolution of the electronics makes it possible to
separate hits from ions with different mass-to-charge ratios based
on their different ToA [138, 170–172, 208]. With the Tpx3Cam, it
is therefore no longer necessary to gate the MCP since all the
different ions are recorded at once and then separated in the
analysis afterward. This was utilized in the experiment with the
heteroalkali dimers in Chapter 6.

The ToA of the ions is, however, not only determined by their
mass-to-charge ratios but also by their velocities. If the ions
formed in the experiments are created with some velocity in the
direction toward the detector, their ToA will be slightly reduced.
Meanwhile, if the ions initially fly away from the detector, their
ToA will be slightly increased because the ions must first turn
around in the extraction field, before heading to the detector. It
has recently been demonstrated that if the ToA is determined
precisely enough, then it is possible to extract the component of
the velocity that lies perpendicular to the detector plane, that is,
the vx velocity component that is normally lost in 2D velocity
map imaging (see coordinate system in Fig. 10.7) [172, 182, 209,
210]. In a few cases, this has even been achieved for electrons [211,
212].

Unfortunately, the ToA value read out from the Tpx3Cam is
not accurate enough from the get-go to do 3D imaging. To under-
stand why this is, it is necessary to look at how the pixels respond
to being hit by light. The pixels work as constant threshold dis-
criminators, which means that the pixels register an event once
the signal from the light crosses the threshold value, see Fig. 10.1.
The crossing time is what is registered as the ToA. However, no
matter how strong the signal is, the rise time is the same, and
as a consequence, two signals starting at the same time can be
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Figure 10.1: Sketch illustrating the time-walk effect for two different
signals. A larger signal has a longer ToT but a smaller
time-walk (TW). Figure inspired from [138, 213].

registered as having different ToA. The difference in the detected
ToA and the true ToA, which is when the light starts to appear
at the pixel, is known as the time-walk [138, 213]. As shown in
Fig. 10.1, the size of the time-walk is smaller for pixel events with
higher signal levels.

It turns out that while the rise time of the signal is always the
same, the discharge is happening at a constant rate. Thus, an
event with a high signal level will keep the pixel triggered for
longer than an event with a low signal level, see Fig. 10.1. This
leads to a correlation between the registered ToT values and the
size of the time-walk, which can be exploited to make corrections
that drastically improve the ToA values [138, 213].

10.1.1 Demonstration of ToA corrections

Since the time-walk effect is due to the pixel response itself, it
is independent of the studied ion species. ToA correction curves
can therefore be determined using any ion signal available in
the experiments. We typically use the strong H2O+ signal that is
always present due to ionization of residual H2O in the vacuum
chamber.

Figure 10.2(a) shows a 2D histogram, represented as a color
map, for the pairs of ToA and ToT values in the range that
corresponds to the H2O+ signal. The figure clearly illustrates that
events with a high ToT value tend to have an earlier ToA, as
expected due to the time-walk effect. As a first step toward a
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Figure 10.2: Example of a precorrection of raw data from the Tpx3Cam.
(a) 2D histogram, visualized as a color map, for the pairs
of ToA and ToT values in the raw data that are associated
with H2O+, illustrating a clear dependency due to time-
walk. The red curve shows the determined precorrection
curve. (b) 2D histogram of the H2O+ data after correcting
the raw values in (a) with the correction curve. (c) and (d)
1D histograms of the raw and corrected ToA data for H2O+.
The uneven stripes in (c) appear due to uneven binning of
the raw data.

correction, the mean ToA is found for each ToT bin in the data.
Those mean values make up the correction curve, which is also
shown in Fig. 10.2(a). Since the time-walk effect is smallest for
the bin with the highest ToT values in the data, the mean ToA
for that bin is assumed to be the true mean ToA. To correct the
data in the other ToT bins, the ToA values of the individual
events must be shifted by the difference between the mean ToA
for the corresponding ToT bin (represented by the correction
curve) and the assumed true mean ToA. Doing so gives the result
shown in Fig. 10.2(b), where the mean ToA in each ToT bin now
all lie at the same value. I will refer to this correction as the
precorrection because it is done before any other processing of the
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raw data. Figure 10.2(c) and (d) show 1D histograms of the ToA
data before and after the precorrection. After the correction, the
peak is much more symmetric and narrow, which better reflects
what is expected for ions created from residual H2O. Note that
only one correction curve is determined and used to correct the
measurements from all the pixels. In principle, the response may
vary from pixel to pixel, but this is hard to accommodate for
in my experiments since the signal is generally quite unevenly
distributed across the detector, causing a lack of useful signal in
some regions.

In the next paragraphs, I will demonstrate that the precorrec-
tion alone is unfortunately not enough to get rid of the time-walk
effect in our data. The reason for this is due to the next step
in the overall data analysis. Whenever an ion hit is registered
by the Tpx3Cam, a group of pixels will register the signal, in
the same way as for the CCD camera (see Section 4.3.1). The
precorrected data must therefore be centroided, which is done
in two steps. First, the clusters of pixels related to the same ion
hit are identified with the DBSCAN algorithm [137]. Next, the
averages of the x, y, and ToA values for the pixels in the clusters
are found, using the ToT values as weights, since the ToT gives
a measure for the intensity of the light that hits the pixel. It is
not clear what is the most meaningful way to assign a single
ToT value to the clustered hit. Currently, the highest ToT value
present in the cluster is used.

Figure 10.3(a) displays a 2D histogram of the ToA and ToT
values for the now centroided data. Once again, a systematic
dependency is observed between the ToA and ToT values. The
dependency can be removed again by doing a second round of
corrections, referred to as the postcorrection, in the same way as
for the precorrection, see Fig. 10.3(b). Why the postcorrection
becomes necessary is uncertain, but it has also been observed by
another group in the scientific community [172].

The distribution of ToA values, after this routine of precorrect-
ing, centroiding, and then postcorrecting the data, is shown in
Fig. 10.3(d). The peak is very symmetric, and the resolution is
now high enough to make 3D velocity map imaging feasible. As
mentioned earlier, the corrections are due to the pixel response,
and the correction curves obtained for H2O+ can therefore be
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Figure 10.3: Example of a postcorrection of already precorrected and
centroided data from the Tpx3Cam. (a) 2D histogram, visu-
alized as a color map, for the pairs of ToA and ToT values
in the H2O+ data, illustrating that some time-walk effect
has re-emerged after centroiding the precorrected data.
The red curve shows the determined postcorrection curve.
(b) 2D histogram of the data after postcorrecting the data
in (a) with the postcorrection curve. (c) 1D histogram of the
precorrected and centroided ToA data. (d) Postcorrected
version of the data in (c).

used to correct all the data acquired with the Tpx3Cam, including
the signal from Ak+ ions. The correction curves are usually rede-
termined from day to day to make them as accurate as possible,
in case there is any fluctuation in the pixel response over longer
time periods.

10.1.2 Conversion from ToF to vx

I will now return to the ordinary use of ToF instead of ToA, to
emphasize the physics in the experiments again.

As briefly mentioned earlier, the ToF of each ion contains infor-
mation about their vx velocity component, that is, their velocity
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along the ToF-axis. The task is now to establish a relationship
between the ToF values and the values of vx, so a calibration must
be made. To do this, a ToF spectrum must be recorded for ions
with a known velocity in the vx direction. I achieve this via an
experiment with Coulomb explosion of gas-phase I2, as detailed
in the following.

A molecular beam of gas-phase I2 is created with the Even-
Lavie valve (see Section 4.1.4). The beam is then crossed in the
center of the VMI spectrometer by a laser beam consisting of
linearly polarized, intense ∼ 50-fs pulses centered at 800 nm.
The pulses multiply ionize I2, leading to Coulomb explosion
into I++I+ or I++I2+. The atomic iodine ions are detected with
the VMI spectrometer using the Tpx3Cam. In this experiment,
the ionization probability is much higher when the internuclear
axis of I2 is parallel to the laser polarization axis. Thus, the
ejection direction of the ions can, to some extent, be controlled
by selecting the polarization axis. I exploit this to first record a
velocity map image where the ions are primarily ejected in the
detector plane, and then an image where the ions are primarily
ejected perpendicular to the detector plane, along the ToF-axis.

Figure 10.4(a) and (b) show the 2D velocity map images for I+

ions recorded with the probe polarization parallel and perpen-
dicular to the plane. No beam block was mounted in front of the
detector for these measurements because I+ ions with large vx

velocity components will land close to the center of the image.
A strong unwanted signal was however present in a confined
region in the center. I have therefore removed the data in a small
square region from the images and the further analysis.

The ToF distributions of the I+ ions that constitute the im-
ages are shown in Fig. 10.4(c) and (d), respectively. The angular
anisotropy of ejected I+ ions is clearly visible in Fig. 10.4(a) and
the ToF distribution, Fig. 10.4(c), follow a bell-shaped distribu-
tion. When the polarization is rotated the ion image becomes
more isotropic, as shown in Fig. 10.4(b), but the ToF distribution,
Fig. 10.4(d), splits into six peaks. These peaks have previously
been assigned in the literature as I+ ions from the I++I2+ Coulomb
explosion channel [annotated as (2), indicating the charge of the
partner iodine fragment], the I++I+ Coulomb explosion channel
[annotated as (1)], and various dissociative channels [annotated
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Figure 10.4: (a) and (b) 2D velocity map images of I+ ions recorded with
the probe polarized in the plane (a) and perpendicular to
the plane (b). The polarizations are also indicated with
the annotated white ↔ and � symbols. (c) and (d) ToF
distributions for the I+ ions in the ion images in (a) and
(b). (e) P(Ekin) distribution for the ions in (a). (f) Linear
fit to obtain a relationship between the vx velocities of
the ions and their ToF values relative to the center of the
distribution in (c). The peaks in (d) and (e) are labeled with
the charge of the partner iodine fragment.

as (0)] [214]. The ions with ToF values lower than the mean ToF
are the ones ejected toward the detector (positive vx), while the
ions with a ToF larger than the mean are ejected away from the
detector (negative vx).

To enable the assignment of velocities to the ToF peaks in
Fig. 10.4(d), the P(Ekin) distribution of the ions in Fig. 10.4(a)
is determined via a standard 2D calibration [see Appendix A].
The obtained P(Ekin) distribution, shown in Fig. 10.4(e), exhibits
three peaks. By symmetry, these can also be assigned to the dis-
sociative channels and the Coulomb explosion channels. From
the central positions of the Coulomb explosion peaks, the veloci-
ties of the I+ ions are calculated. A calibration fit is then made
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to these velocities as a function of the associated ToF-shifts ∆T
with respect to the center of the distribution in (c), which should
correspond to I+ ions with vx = 0. This is shown in Fig. 10.4(f). I
use a linear fit since SIMION simulations that I have conducted
indicate that this should be appropriate for our specific VMI
setup. Other groups have also studied this and likewise found
that the calibration curve is to a good approximation linear [211].

Finally, using classical laws of motion it is possible to show
that the velocity of the ions only matters for the ToF in the region
between the repeller and the extractor. One can also calculate that
the shift in ToF, due to the vx velocity, scales with m/q. When
the found calibration is applied to other ions, it must therefore
be scaled accordingly.

To showcase the viability of the calibration, I have used it to
determine the vx velocities of the I+ ions and plotted the 3D
velocity map images, see Appendix D. The images demonstrate
that the vx velocity component is properly retrieved when using
the found calibration function. I have not estimated how the
temporal resolution, and thus the resolution of vx, compares to
the spatial resolution. It is, however, known from the literature
that the temporal resolution is generally at least an order of
magnitude worse, especially for light ions [172]. Because of this,
it is still better to Abel invert the ordinary 2D images if one wants
to accurately determine for example the distribution of kinetic
energies P(Ekin) of the fragments. Nonetheless, actually knowing
the 3D velocity of the individual fragments, even if somewhat
less precise for the vx component, is still a major advantage
that enables many new experiments. In the next sections, I will
demonstrate how it can be used to extract even more information
from my Coulomb explosion experiments.

10.2 Deflections of Ak+

In the vast amount of studies done in the last few decades on
Coulomb explosion of molecules, there has been a clear trend:
The Coulomb explosion technique has been used to obtain in-
formation about the probed molecules themselves. I will stray
from this course now, and investigate a different question: Can
Coulomb explosion of a molecule be used to study the properties
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of a different object in the vicinity of the molecule?
I therefore return to the static Coulomb explosion measure-

ment of homonuclear Ak2 on helium droplets that I already
presented in Chapter 5. This is an example of exactly such a
scenario, where a small molecule is probed next to a much larger
helium droplet. There, I found that the widths of the angular co-
variance lines were much larger than what is typically observed
for Coulomb explosion of diatomic systems in gas-phase. Briefly,
I mentioned that this indicated an interaction with the droplet,
which affected the direction of the ejected Ak+ ions. I will now
describe why these deviations arise, and show how it can be
more quantitatively investigated with the Tpx3Cam.

The moment an Ak+ ion is formed at the surface of a helium
droplet, it will experience an attractive force that will pull the ion
toward the droplet interior. This is known both theoretically and
from experiments [94, 215–218], including a recent result from
our group where the solvation process of a single Na+ ion on a
helium droplet was studied in a time-resolved experiment [219].
The consequence of this attractive force in my Coulomb explosion
experiments on Ak2 is that as the two Ak+ ions repel each other
they simultaneously both get pulled toward the surface of the
droplet, as illustrated in Fig. 10.5. Because Coulomb explosion
proceeds very quickly, the Ak+ fragments however leave the vicin-
ity of the droplet before they hit the surface and start solvating.
The result is a deflection of the trajectories of the Ak+ fragments,
which explains the broad lines in the angular covariance maps
in Fig. 5.326. It should be noted immediately that the scenario
will depend on the orientation of the dimer on the surface. If
the dimer stands at a large angle on the surface, one Ak+ ion
will recoil into the droplet, changing the outcome. However, as
known from Fig. 8.6, the dimers typically lie quite parallel to the
surface, especially for K2 and Rb2. These are the systems I will
be focusing on in this section.

The deflection of each Ak+ ion should depend on how long

26 Due to the way the emission angles of the Ak+ fragments are determined in the
ion images, the deflections will lead to a symmetric broadening of the angular
covariance lines. Additionally, since the deflections make it less likely to observe
two Ak+ ions with 180° difference in the emission angle, the covariance should
be lower along the middle of the angular covariance lines. This is visible to the
trained eye in Fig. 5.3(d4) for Rb2 in the 13Σ+

u state.
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v2v1

Ak+ Ak+

Figure 10.5: Illustration of the deflection of Ak+ ions created from
Coulomb explosion of Ak2 at the surface of a helium
droplet, assuming the dimer was sitting parallel to the
surface. θ denotes the final angle between the velocity vec-
tors ~v1 and ~v2. The trajectories of the ions are marked with
dashed lines.

the ion interacts with the nearby helium environment. If the
droplet is large, it will take longer for the recoiling ions to fly far
enough away tangentially to leave the influence of the droplet
potential, compared to a smaller droplet. Similarly, faster ions
will be influenced by the droplet for a shorter time duration than
slower ions. As a consequence, Ak+ ions created from Coulomb
explosion of a 11Σ+

g state dimer should deflect less than Ak+ ions
from the corresponding 13Σ+

u state dimer, because the energy
release, and thus the velocities of the fragments, are larger for
the 11Σ+

g state dimers. Furthermore, Ak+ ions from the lighter
alkali dimers will generally have larger velocities than Ak+ ions
from the heavier alkali dimers due to the lower mass of the
fragment ions, but also because the released Coulomb energy
is lower for the heavier dimers, see Table 5.1. Based on these
factors, the deflections should therefore be most pronounced for
the heavier alkalis. The strength of the attractive force exerted
on the ions, however, depends on the alkali species, and will
also impact the deflections. The depth of the VAk+–He potentials
increases when going to lighter alkalis [218], which will typically
lead to a larger force and thereby a much larger acceleration due
to the lighter mass. In addition, the lighter alkalis sit closer to
the helium droplet surface than the heavier alkalis, and the 11Σ+

g

state dimers sit closer than the 13Σ+
u state dimers. This can be

inferred from Fig. 10.6 which shows the perpendicular distance
between the alkali dimers and the surface (with an unknown
offset), calculated by Robert Zillich in relation to the calculations
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Figure 10.6: Center of mass distributions of the alkali dimers as a func-
tion of the perpendicular distance z + z0 from the surface
of the helium droplet, with z0 being an unknown offset.
z0 is the same for all dimers, enabling relative compari-
son. The calculations were done by Robert Zillich (private
communication).

he made for the modeling of Ak2 rotations on the droplets (see
Section 8.2.2). These additional factors point to larger deflections
for lighter alkalis than for the heavy alkalis, and can potentially
somewhat balance the effects of the different velocities from the
Coulomb explosions.

In itself, it is interesting to investigate how the various factors
influence the deflections and I will do so. However, perhaps
most interesting of all is whether the deflections of a pair of Ak+

ions can be used to estimate the size of the droplet the parent
dimer resided on. If so, the droplet size distribution present in
the experiments can potentially be extracted from a distribution
of deflection angles obtained from many Ak+ ions. This would
be an innovative application of the Coulomb explosion technique
since the Coulomb explosion of Ak2 is then used to probe the
size of the nearby droplet. Finding good ways to determine
the experimental droplet size distribution is also something the
helium droplet community has struggled with for many years,
making the possible results even more interesting.

To investigate the deflections thoroughly, the static Coulomb ex-
plosion measurements are repeated, this time with the Tpx3Cam
detector, such that the 3D velocity of the Ak+ ions can be recorded.
Figure 10.7 illustrates the experiment once again. This was done
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Figure 10.7: Sketch of the repeated experiment with static Coulomb
explosion of Ak2 residing on the surface of helium droplets,
this time done with 3D imaging via the Tpx3Cam. Own
work, adapted from [124].

on the machine that was also used for the heteroalkali dimer
experiments presented in Chapter 6. The stagnation pressure of
the helium was set to 50 bar, and the nozzle temperature varied
from 14 to 22 K, producing droplets with an estimated mean
size of 4000–10000 He atoms (see Fig. 2.2). The droplets were
doped with either K2 or Rb2 using samples heated to 90 °C and
65 °C, respectively. As for the experiments shown in Chapter 5,
the dimers were probed with a ∼ 50 fs pulse linearly polarized in
the detector plane, centered at 400 nm for K2 and at 800 nm for
Rb2. The intensity was 1×1014 W/cm2 for the 400 nm pulses and
2×1014 W/cm2 for the 800 nm pulses. Note that the ion images
were recorded without the beam block to enable the measure-
ment of ions with large vx velocity components, as also discussed
for the calibration experiment with I2 in Section 10.1.2. Jeppe
Kjædegaard Christensen kindly conducted the measurements to
be shown while I was on secondment.

The first step in the treatment of the recorded data is to perform
the pre- and postcorrection routines explained in Section 10.1.1.
After that, the vx velocities of the Ak+ ions can be determined
from the individual ToF values by applying the calibration func-
tion (see Section 10.1.2), such that all three velocity components of
the ions are known. To retrieve information about the deflections,
it is now necessary to identify pairs of Ak+ ions that originate
from the same parent dimer. I therefore first isolate the ions that
come from either 13Σ+

u state dimers or 11Σ+
g state dimers, based

on the kinetic energies of the individual ions which are directly
available from the 3D velocities. Next, I apply a coincident filter
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to the isolated data, akin to what was done in the analysis of
the heteroalkali dimers in Section 6.2.1. This time, however, the
filtering is based on the kinetic energies of the fragments, instead
of directly on the velocity components of the ions. This is crucial
to avoid biasing the results because I do not know how much the
ion trajectories will be affected by the deflections, or in which di-
rection in space. I can therefore not make any claims about which
directions partner ions should move in. The energies should still
be similar though, since the interaction with the droplet is quite
symmetrical for two fragments that originate from a parent dimer
residing (roughly) flat at the surface. Finally, the angle θ between
the 3D velocities of identified pairs of Ak+ ions is determined
by taking the inner product of the two vectors. Since the value
of interest is how much the Ak+ are deflected away from their
unperturbed trajectories, I will in the following parts use the
term deflection angle to refer to 180°− θ, that is, the deviation in
angle from perfect axial recoil.

Figure 10.8(a1)–(a5) shows the distribution of deflection an-
gles for pairs of Rb+ ions from 13Σ+

u state Rb2, measured for
different nozzle temperatures. The corresponding distributions
from 11Σ+

g state dimers are shown in Fig. 10.8(b1)–(b5). To obtain
these results, I used quite a large energy tolerance of 200 meV
for the filtering. A more narrow tolerance could be used, but
it also comes with a risk of discarding real ion pairs, if there
are scenarios where the ion energies are vastly different. I have
analysed the data with different tolerances and the results are
generally quite robust with no big deviations for smaller or larger
tolerances. To estimate the number of false ion coincidences that
pass through the filter, one can look at the number of counts at
the deflection angles far from where the main part of the distri-
butions in Fig. 10.8 are located. False coincidences should have
no correlation in the angles, and therefore be evenly distributed
across all θ values. As the measured distributions go nicely to
essentially 0, with the amplitude of the noise level below 2% of
the number of counts at the most observed deflection angles, the
number of false coincidences is very small.

To characterize the distributions in Fig. 10.8, I fit with a log-
normal curve with the general form [220]

f (x) =
1

xδN
exp

[
− (lnx− µ)2

2δ2

]
, (10.1)
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Figure 10.8: (a1)–(a5) Distributions of the deflection angles, defined
as 180°− θ, for pairs of Rb+ ions from Rb2 in the 13Σ+

u
state on droplets formed with various nozzle temperatures
(see annotations on panels). The black lines illustrate log-
normal distributions fitted to the data. The peak positions
and the standard deviations S of the distributions are an-
notated on the panels. (b1)–(b5) Same as for (a1)–(a5), but
this time for Rb+ ions from Rb2 in the 11Σ+

g state.

where x = 180°− θ and N, µ, and δ > 0 are parameters to be
determined by the fit. The found fits are shown with black lines
in Fig. 10.8, and generally capture the shape of the distributions
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very well. The position of the peak (also known as the mode) can
be calculated as [220]

xmax = exp
(
µ− δ2) , (10.2)

and the standard deviation as

S = exp
(

µ +
δ2

2

)√
exp (δ2)− 1. (10.3)

The peak positions and the standard deviations extracted from
the fits are annotated on the panels in Fig. 10.8. Several trends
can be observed in these values. First of all, when the nozzle
temperature is increased, and the mean droplet sizes thereby
decreased, the peak positions shift to lower values. This makes
sense, since smaller droplets lead to a shorter interaction time
between the droplet and the Rb+ ions, resulting in less deflec-
tion. When the mean droplet size becomes smaller, the width
of the droplet size distribution also decreases (see Section 2.2).
As a consequence, the width of the deflection distributions, here
characterized by the standard deviation, should also decrease.
This is observed for the 13Σ+

u state results in Fig. 10.8(a1)–(a5).
For the 11Σ+

g state results, Fig. 10.8(b1)–(b5), the widths do not
monotonically decrease, but fluctuate a bit. This might be due
to slightly poor fits not fully capturing the shape of the distribu-
tions. Especially the fits in Fig. 10.8(b3) and (b4) appear to be a
bit off, as they do not capture the peak positions very accurately.

Direct comparisons between the 13Σ+
u state results and the

corresponding 11Σ+
g state results recorded with the same nozzle

temperature show that the distributions are wider and peak at
larger deflections for the Rb+ ions from 13Σ+

u state Rb2. This
matches the expectations since the velocities are lower for Rb+

ions originating from the 13Σ+
u state dimers, so these should

deflect more.
I have also conducted the analysis for the experiments with

K2, here using an energy tolerance of 200 meV for the coincident
filter. Figure 10.9(a1)–(a5) and (b1)–(b5) presents the results for
the 13Σ+

u state dimers and the 11Σ+
g state dimers, respectively.

Once more, log-normal distributions have been fitted to the data
to determine the peak positions and the standard deviations. The



10.2 Deflections of Ak+ 141

fits reveal the overall same trends that were observed for Rb2.
The K+ fragments deflect more when coming from the 13Σ+

u state
than from the 11Σ+

g state, and the deflections are reduced when
the droplets become smaller. For the 13Σ+

u state the width of the
distribution again becomes smaller when the nozzle temperature
is increased from 14 to 18 K. At higher temperatures, no further
difference in width is observed, even though the peaks still shift
toward smaller deflections. Some change is also observed for the
widths of the distributions for the 11Σ+

g state, but similar to the
case for Rb2 there is no clear trend.

To summarize the results and make comparisons between the
deflections for K2 and Rb2, the peak positions are plotted as
a function of the nozzle temperature in Fig. 10.10(a), and the
standard deviations likewise in Fig. 10.10(b). The peak positions
lie at larger angles for Rb2 in the 13Σ+

u state and the 11Σ+
g state,

compared to the K2 counterparts. This is what one would predict
if the differences in fragment velocities play a larger role than
the variations in VAk+–He, resulting in larger deflections for the
heavier alkalis. Somewhat surprisingly though, the widths of
the distributions are significantly larger for K2 than for Rb2. This
does not harmonize with the fact that the distributions peak at
larger angles for Rb2. Why this is the case is currently not entirely
clear, but one possibility could be that the K+ ions are more likely
to collide with the helium because K2 lies less parallel to the
surface compared to Rb2, as shown in Fig. 8.6(d) and (f). Such
collisions might change the trajectories of the ions, leading to
much broader distributions.

A brief investigation of the influence of the doping pressure
has also been done for K2. The experiment was repeated for
three different nozzle temperatures with the sample heated to
80 °C instead of the previous 90 °C. Only small fluctuations were
observed for the peak positions and the standard deviations,
indicating that the doping pressure is a noncrucial parameter.
The additional data points are also shown in Fig. 10.10. Interested
readers can find the actual distributions in Appendix D.

I will now investigate if the deflection distributions can be
used to determine the size of the droplets. For this purpose, Rb2
in the 13Σ+

u state should be a good candidate. It lies very parallel
to the surface [see Fig. 8.6(f)], thus making the deflections for
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Figure 10.9: (a1)–(a5) Distributions of the deflection angles, defined as
180°− θ, for pairs of K+ ions from K2 in the 13Σ+

u state on
droplets formed with various nozzle temperatures (see an-
notations on panels). The black lines illustrate log-normal
distributions fitted to the data. The peak positions and the
standard deviations S of the distributions are annotated on
the panels. (b1)–(b5) Same as for (a1)–(a5), but this time
for K+ ions from K2 in the 11Σ+

g state.

pairs of Rb+ fragments more symmetrical, and reducing the risk
of a direct collision with the helium due to the dimer standing at
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Figure 10.10: (a) Peak positions xmax for the deflection distributions
in Fig. 10.8 and Fig. 10.9, as a function of the nozzle
temperature. (b) Standard deviations S for the deflection
distributions. Additional data points for K2, recorded
at a lower vapor pressure (Toven = 80 °C compared to
Toven = 90 °C), are marked with ×-symbols.

an angle on the surface. Additionally, the deflection distribution
changed in a clear pattern when the droplet size distribution was
varied, as shown in Fig. 10.8(a1)–(a5).

There is, however, no way to extract the size directly from
the experimental data, so to progress we need theoretical pre-
dictions to establish a relationship between the deflections and
the droplet sizes. Such theoretical endeavors have been under-
taken by Ernesto García-Alfonso and Nadine Halberstadt from
the University of Toulouse together with Manuel Barranco and
Martí Pi from the University of Barcelona. Using time-dependent
density functional theory (TDDFT), they have made simulations
of the trajectories of Rb+ fragments originating from Coulomb
explosion of 13Σ+

u state Rb2 residing parallel to the surface of a
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helium droplet. The simulations were done for various droplet
sizes, ranging from 50 to 20000 helium atoms. Such TDDFT sim-
ulations are computationally heavy, and generally considered
unfeasible for droplet sizes above 5000 helium atoms. To enable
the simulation of larger droplets, they optimized the starting
configuration with the full set of calculations and then treated
the helium density as frozen for the actual simulation of the
dynamics. This strategy appears to be robust, as it can repro-
duce the outcome of the full TDDFT calculations for the smaller
droplets.

Figure 10.11 presents the theoretically predicted deflections
for the different droplet sizes. The magnitude of the deflections
changes rapidly for droplet sizes up to around 5000 helium
atoms. After that, it almost stagnates, with only a slow increase
in the deflection when going toward even larger droplet sizes.
Overall, the simulations only predict a deflection of up to around
6° for the treated droplet sizes. This is significantly less than
what I observed for a large part of the distributions for Rb2,
where values up to around 30° are present. The mean droplet
sizes in the experiments should not be larger than around 10000
helium atoms for the lowest nozzle temperature, with the largest
droplets in the distributions around twice that size, so within
the range of the calculations. Since the mismatch is so large,
it is unfeasible to convert the experimental distribution into a
droplet size distribution via an interpolation of the calculated
relationship.

I believe the current limitation in the determination of the
droplet size distribution is the experimental resolution. As men-
tioned in Section 10.1.2, the resolution of vx, determined from
the ToF values, is at least an order of magnitude worse than the
resolution of vy and vz. This most likely leads to a broadening of
the deflection distributions. As a test, I ran the deflection analysis
for I+ fragments from Coulomb explosion of gas-phase I2, and
there a small distribution of deflection angles was also observed,
even though the ions should eject back to back with perfect axial
recoil. This corroborates that the resolution is too poor to conduct
this experiment properly with the current experimental setup.

If the droplet sizes can eventually be recovered from the de-
flection angles it will also enable filtering of the Ak+ ions based
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Figure 10.11: TDDFT calculated deflection angles for Rb+ ions from
Coulomb explosion of Rb2 in the 13Σ+

u state on helium
droplets of various sizes. The helium density was kept
frozen during the dynamics for calculations with more
than 5000 He atoms. A black line is included to guide
the eye. The calculations were done by Ernesto García-
Alfonso, Nadine Halberstadt, Manuel Barranco, and Martí
Pi (private communication).

on the droplet sizes, simply by discarding the pairs of Ak+ ions
that exhibit deflections that do not match the droplet sizes of
interest. Doing so would enable direct studies of how dynamics,
like the rotations and vibrations studied in Chapter 8 and Chap-
ter 9, depend on the droplet size. This would be an improvement
compared to the current approach of just regulating the expan-
sion conditions for the droplet beam, which always produces a
somewhat broad distribution of droplet sizes.

On a final note, the deflections must affect the observed degree
of alignment found for the alkali dimers in Chapter 8. As long as
both Ak+ fragments from Coulomb explosion of an aligned dimer
are deflected roughly the same amount, it should be possible to
deconvolute the deflections and obtain a corrected value for the
degree of alignment in future alignment experiments with the
Tpx3Cam. Because this can be done individually for each dimer
in the experiment, I expect that it would give better results than
deconvolving the nonaxial recoil effect via information from the
angular covariance maps as previously done for molecules in
gas-phase and inside helium droplets [193].
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10.3 Locating the parent Ak2

The fact that the Ak+ ions are deflected by the helium droplets
during Coulomb explosion has an additional quite interesting
potential application. No matter where the dimer resides on the
droplet surface, the formed Ak+ ions will always deflect toward
the droplet. By determining which way in space the ions are de-
flected, one thus obtains information about the relative position
of the droplet compared to the dimer. This should essentially
make it possible to pinpoint the location where each parent dimer
was residing on the droplet, by measurement of the 3D veloci-
ties of the Ak+ fragments. Such information can be very useful,
and for example make it possible to determine how the dimers
are distributed across the droplet surfaces, potentially after ma-
nipulating them with an earlier laser pulse. A highly relevant
possible application would be to combine it with the alignment
experiments. This should make it possible to study whether the
alignment dynamics depend on where on the droplets the dimers
are located.

In the next section, I will show how the dimer locations can be
pinpointed in practice and extract the distribution of locations
for one of the data sets used to investigate the deflections in
Section 10.2.

10.3.1 The pinpointing method

In the following, I will make two assumptions. The first assump-
tion is that the pairs of Ak+ fragments will experience symmetri-
cal deflections, that is, that they both deviate the same amount
from their original trajectories. This should be a quite good as-
sumption for Rb2 in the 13Σ+

u state, again because it lies quite
flat on the surface. The second assumption is that the helium
droplets are completely spherical. For the droplet sizes used
in my experiments, this should be a good approximation, in
contrast to very large droplets on the order of 108–1011 helium
atoms, where nonspherical droplets are sometimes observed due
to large amounts of angular momentum leading to the formation
of quantum vortices and distortion of the droplet shapes [77, 79,
80, 221].
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Figure 10.12: Illustration of the procedure used to pinpoint the location
of Ak2 on the droplet surface. No matter where on the
droplet the dimer was residing, the sum of the 3D velocity
vectors of the Ak+ fragments will point to the droplet
center. The location on the droplet can thus be retrieved.

To pinpoint the location of the parent dimers, the matching
pairs of Ak+ ions must again be determined. This is done in
the same way as for the deflection analysis in Section 10.2. For
each pair of Ak+ ions, the 3D velocity vectors are added together,
which under the assumed symmetry gives a vector ~R that points
exactly to the droplet center, see Fig. 10.12. By flipping the sign
and normalizing the length, a unit vector P̂ is found, which
points to the location of the parent dimer on a unit sphere that
represents the droplet. Using this procedure I can now plot the
found locations of all determined parent dimers in an experiment.
As a demonstration, I will use the data from the measurement
of Rb+ deflections for 13Σ+

u state Rb2 on droplets created with
a nozzle temperature of 14 K, presented in Section 10.2. The
found locations are shown on a unit sphere in the lab frame in
Fig. 10.13(a).

To investigate the distribution of locations further, the posi-
tions, represented by P̂, can be converted to the corresponding
pairs of Θ and ϕ values in spherical coordinates [see definition in
Fig. 10.13(b)]. These can then be plotted as histograms, as shown
in Fig. 10.14(a) and (b). Due to symmetry, there should be no
preferred locations on the surface, so the true distribution of the
dimers must be spherically uniform. In that case, the dimer loca-
tions should follow a sin(Θ)/2 distribution for the Θ-coordinate
and a uniform distribution for the ϕ-coordinate, shown with red
curves in Fig. 10.14(a) and (b). The agreement is fairly good but
with some deviation for the distribution along Θ. More dimers
are found to reside close to the poles (Θ = 0 and π) compared
to the expectation, while fewer are found close to the equator
(Θ = π/2).
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Figure 10.13: (a) Locations of 13Σ+
u state Rb2 on the helium droplets in

the lab frame, visualized on a unit sphere. Only 25% of
the dimer locations are plotted to avoid saturating the plot
with data points. (b) Spherical coordinate system used for
the description of locations on the helium droplets.

Two factors are likely to contribute to the observed experimen-
tal distribution of locations. The first factor is again the velocity
resolution, in particular for the vx component, for the Ak+ ions
used to calculate p̂. This will most likely broaden the observed
Θ and ϕ distributions, which can explain why more dimers are
found to be located around the poles. Since the distribution along
ϕ is already very uniform, the broadening will presumably not
be visible there.

The second factor is the ionization probability. As addressed in
Section B.1, the angular distribution of Rb+ fragments should be
anisotropic, due to resonances enhancing the ionization probabil-
ity for Rb2 oriented with the internuclear axis perpendicular to
the polarization axis of the 800 nm pulse [see the polarization axis
~Eprobe annotated in Fig. 10.13(a)]. Consider now that the possible
orientations of the dimers are dictated by the droplet surface,
restricting the orientation of the dimers along the direction per-
pendicular to the surface plane while the dimer can still rotate
freely in the plane. Due to this restriction, the specific location
on the droplet will affect the ionization probability, because it
determines to what extent the dimers can lie parallel and perpen-
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Figure 10.14: (a) Observed distribution of 13Σ+
u state Rb2 across the

Θ-angle on the droplet surface. (b) Distribution of the
positions of the dimers across the ϕ-angle. The red lines
show the expectations for a spherically uniform distribu-
tion of points on a sphere. The binning is different in the
two plots, resulting in different scales along the y-axis.

dicular to the polarization axis. As an example, a dimer residing
at the equator (Θ = π/2) will always lie perpendicular to the
polarization axis if it lies at ϕ = 0 or π. In contrast, if the dimer
is moved along the equator to ϕ = π/2 or 3π/2 it can lie both
parallel and perpendicular to the polarization axis, depending on
how it is rotated in the surface plane. This argumentation can be
repeated for all locations on the droplet surface. Ultimately, this
creates a bias in which dimers are most likely to be probed, based
on their location, which should affect the observed distributions
of Θ and ϕ in Fig. 10.14(a) and (b). While not attempted, this
can be studied further by varying the probe polarization and
wavelength, changing which locations the dimers are most likely
to be ionized at.

In future experiments, it should be possible to use the pinpoint-
ing method to isolate dimers from specific parts of the droplet
in the data analysis. As briefly mentioned earlier, this opens the
opportunity for studying the degree of alignment of alkali dimers
based on their location on the droplet. I will present early results
in Section 11.2, where I attempt to do exactly this for a new series
of experiments where the alkali dimers are adiabatically aligned.
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10.4 Conclusion

To conclude, I have shown that I can correct the data from the
Tpx3Cam for the time-walk phenomenon via our implemented
precorrection and postcorrection routine, thereby improving the
ToF resolution enough to make 3D velocity map imaging achiev-
able. I have then demonstrated that a calibration curve, which
establishes a relationship between the ToF values and the vx

velocity, can be determined from a Coulomb explosion measure-
ment of gas-phase I2, making it possible to retrieve the full 3D
velocity for other ion fragments. With this at hand, I investigated
the deflection of Rb+ and K+ ions from Coulomb explosion of
Rb2 and K2 on helium droplets, and found that the deflections
especially appear to depend on the fragment velocities and the
helium droplet size distribution. Unfortunately, the deflections
currently cannot be used to retrieve the droplet sizes via com-
parison with TDDFT theory because the deflection angles are
unreasonably large, most likely due to broadening caused by the
current resolution of the experimental detection method. Finally,
I demonstrated that the deflections can be used to pinpoint the
location of Ak2 on the droplets. The distribution of 13Σ+

u state
Rb2 on the surface was found to be in fairly good agreement
with a spherically uniform distribution, but with some deviation
which can perhaps be explained by a location-dependent ion-
ization probability. Also here, the resolution may be a limiting
factor.
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C O N C L U S I O N S A N D O U T L O O K

The main research question during my PhD was if it is possible to
rotate and align alkali dimers on the surface of helium droplets by
irradiating them with a laser pulse in the nonadiabatic alignment
regime. If successful, the next research questions were whether
the alignment dynamics can be used to obtain insight into the
rotational energy levels of the systems and the coupling between
the alkali dimers and the helium droplet surface.

As a first step toward the goals, I demonstrated that laser-
induced Coulomb explosion can be used to identify alkali dimers
on helium droplets with quantum-state sensitivity. I then used
this technique to probe the time-dependent alignment of Na2, K2,
and Rb2, on the surface of helium droplets, following irradiation
by a nonresonant laser pulse with a duration of around 1 ps. The
alkali dimers were observed to undergo rotation and align in
periodically spaced, narrow time intervals. These observations
answer the main research question.

Comparisons with theoretical calculations revealed that the
observed rotational dynamics result from both the way the dimer
responds to the dynamic Stark shift induced by the laser pulse
and to the surface potential of the droplet. Particularly interesting,
the rotational dynamics of Na2 and K2 in the 13Σ+

u state and of K2
and Rb2 in the 11Σ+

g state are very well described by a 2D rotor
model. To my knowledge, these results are the first time-resolved
experimental observations of 2D quantum rotation. For Na2 in
the 11Σ+

g state, the rotations were also found to be modulated
by the surface potential. However, the interaction is weaker and
the laser-induced rotation is closer to that of the widely studies
case of isolated gas-phase molecules. The theoretical modeling
enabled the determination of the effective rotational constants of
the dimers, but could not fully describe the gradual decay of the
degree of alignment.

In contrast to the other dimers, Rb2 in the 13Σ+
u state exhib-

ited no clear alignment dynamics after the initial response to
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the laser pulse, perhaps because of interaction with the droplet.
This inhibited comparisons with the theoretical model and the
rotational dynamics of this dimer on the helium droplet surface
are therefore still not fully understood.

Overall, the remaining research questions have thus also been
quite successfully answered. However, more experimental and
theoretical work is needed in the future to get a better under-
standing of the mechanisms that cause the gradual decay of the
degree of alignment.

Several other experimental results have also been presented
throughout the thesis. I have demonstrated that the structure
sensitivity of the Coulomb explosion technique can be used to
determine the distributions of internuclear separation for both
homo- and heteronuclear alkali dimers on helium droplets and
likewise for homonuclear alkali trimers. Overall, the central po-
sitions of the distributions agree well with the square of the
ground state vibrational wave functions for the isolated dimers
and trimers but the experimental widths were found to be larger,
in part due to nonoptimal experimental conditions which can
perhaps be remedied in future experiments.

I have also proved that the nonresonant alignment pulses
used to set the alkali dimers into rotation can induce vibrational
motion in Rb2 in the 13Σ+

u state residing on the droplet surface.
The vibrations were tracked via timed Coulomb explosion and
found to be essentially unaffected by the nearby helium droplet
surface, in sharp contrast to what has been observed for the
rotational motion of the alkali dimers. Furthermore, I found
that the vibrations do not affect the rotational dynamics in any
significant manner. While not shown in this thesis, experiments
confirm that the alignment pulses also start vibrations in Na2
and K2 in the 13Σ+

u state.
Lastly, I have shown that Coulomb explosion of the alkali

dimers can be used to study the properties of the nearby helium
droplet. I demonstrated that the droplets deflect the trajectories
of the Ak+ ions produced in the Coulomb explosions and that the
deflection angles can be measured via 3D velocity map imaging
and possibly be directly related to the size of the helium droplets.
In addition, I suggested a way to determine the location of the
alkali dimers on the helium droplets via the 3D velocities of the
Ak+ fragment ions.
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The work presented in this thesis paves the way for many
new experiments, particularly on alignment of alkali dimers on
helium droplet surfaces. In the following, I will outline a few of
such possible experiments.

11.1 Nonadiabatic alignment of Ak2 using multiple laser pulses

A fundamental limitation in the nonadiabatic alignment exper-
iment of the alkali dimers is that the intensity must be kept
moderate to avoid ionization of the dimers. This limits the inter-
action strength and ultimately the degree of alignment that can
be achieved. However, the issue can most likely be circumvented
by using two alignment pulses with moderate intensity. The idea
is to first prealign the dimers with one alignment pulse and then
irradiate them with another alignment pulse when the degree of
alignment peaks. The interaction with the second pulse should
cause the angular distribution to narrow further, thereby increas-
ing the degree of alignment beyond that obtained with only a
single pulse. Previous works demonstrated that this approach
works for molecules in both gas phase [24, 222, 223] and inside
helium droplets [36]. In addition, it has also been demonstrated
that one can use a train of synchronized pulses to repeat the pro-
cess and thus obtain even stronger alignment [36, 224]. It would
be interesting to extend such results to encompass molecules on
a surface.

Another type of experiment using two alignment pulses was
mentioned in Section 8.3. There I explained that a second align-
ment pulse can perhaps be used to create rotational echoes in the
degree of alignment for the alkali dimers on the helium droplet
surfaces. If it works, such echoes may be the key to understanding
the broadening mechanisms that affect the alignment dynamics
for the alkali dimers. The technique can perhaps also provide
insight into the coupling between the rotations and the excita-
tions of the helium droplet. Rotational echo experiments would
therefore be exciting to attempt in the future.

11.2 Long-pulse alignment of Ak2

Having demonstrated nonadiabatic alignment of the alkali dimers
on helium droplet surfaces, it is interesting to show that the
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Figure 11.1: (a) On some parts of the helium droplets, alkali dimers
can align themselves along the polarization axis ~Epump of
a long alignment pulse while still being parallel to the
droplet surface. If the dimer cannot align along ~Epump
while staying parallel to the surface, will it then (b) mini-
mize the energy of the interaction with the laser pulse by
moving to a position where it can, or will it (c) remain in
place and align despite the surface interaction?

dimers can also be aligned by much longer laser pulses. We
therefore recently started doing experiments with the alignment
pulses stretched to around 200 ps (obtained with the grating
stretcher, see Section 4.4.1) in the group.

The preliminary results from the experiments show that the
alkali dimers can be aligned strongly with such long pulses. For
example, the peak degree of alignment reaches 〈cos2 θ2D〉 = 0.78
for Na2 in the 13Σ+

u state and 〈cos2 θ2D〉 = 0.92 for K2 in the
13Σ+

u state (Emil Hansen, private communication)27. This raises a
question that has taken my interest toward the end of my studies.
Consider an alkali dimer that lies flat on the surface of a helium
droplet. If the dimer interacts with a 200 ps alignment pulse with
the polarization axis parallel to the surface plane at the point
where the dimer resides, then the alkali dimer should be able to
align while still lying flat on the surface. This scenario is sketched
in Fig. 11.1(a). The question is now, what would happen if the
dimer is located at a position on the droplet, where the dimer
cannot stay flat on the surface while also aligning along the
polarization axis? In this case, the interaction with the laser pulse
competes against the interaction with the droplet surface. Will
the dimer respond by moving along the surface of the droplet
until it reaches a position where it can align while staying flat
on the surface, as sketched in Fig. 11.1(b)? By doing so, it would
minimize the energies involved in both the interaction with the

27 These values are without any corrections for the nonaxial recoil.
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Figure 11.2: 〈cos2 θ2D〉 values for Na2 in the 13Σ+
u state for different

zones on the helium droplet surfaces (visualized as a unit
sphere). The data was collected at peak alignment.

laser pulse and the surface. It would take the dimer some time to
move, and while it is certainly not possible during the interaction
with the ∼ 1 ps nonadiabatic alignment pulses, it can perhaps
be achieved within a pulse duration of 200 ps. Alternatively, will
the dimer remain in place at the same point on the droplet and
align along the polarization axis even though it then no longer
lies flat on the surface, as illustrated in Fig. 11.1(c)?

I have conducted a rudimentary analysis of the recently ac-
quired data for Na2 in the 13Σ+

u state to begin the investigation
of this question. In brief, I first used the pinpointing method
presented in Section 10.3.1 to identify parent dimers from differ-
ent zones on the droplet surface. Next, I calculated the average
degree of alignment for the dimers in each zone. Figure 11.2
shows the results obtained when data is collected at the peak
of alignment. It appears that the degree of alignment indeed
depends on where the dimers are located on the surface. The
underlying data also indicate that the dimers do remain in place
during the interaction. When the experiment is done without the
alignment pulse (not shown), the degree of alignment has the
expected value of 0.5 in all zones on the droplet.

I am hesitant to conclude too much from the current results, in
particular, because we know that the resolution of the detection
setup can be improved. However, as soon as the data quality is
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better, I believe it would be very interesting to continue these
experiments, as it might provide more insight into the interaction
between the alkali dimers and the helium droplet surfaces. Ide-
ally, the experiment should be repeated for different alkali dimers,
different pump-probe delays, and perhaps also with different
alignment pulse durations, to more carefully assess how each
dimer reacts to the alignment pulse. It will also be important to
check if the pinpointing method can be reliably used in the anal-
ysis. If some dimers stand quite erect on the surface due to the
alignment interaction [for example as illustrated in Fig. 11.1(c)],
the pinpointing method will break down. The solution, in that
case, might be to use a weaker alignment pulse such that the
dimers stay flatter on the surface.
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A
V M I C A L I B R AT I O N

The VMI images must be calibrated to retrieve information about
the velocity or, equivalently, the energy of the ions. One way to
obtain such a calibration is to create ions with known kinetic
energies and record a 2D velocity map image of them with the
VMI spectrometer. With the image at hand, a relationship can be
established between the radial position of the ions in the image
and the energies.

Ions with well-defined energy can be created in a pump-probe
experiment utilizing photodissociation of I2. First, a molecular
beam of gas-phase I2 in the ground state is created via supersonic
expansion with the Even-Lavie valve housed in the secondary
source chamber (see details in Section 4.1.4). Inside the VMI
spectrometer, the I2 is pumped with a ∼ 50 fs laser pulse centered
at 650 nm, obtained by frequency doubling the uncompressed
1300 nm output from the TOPAS. The pump pulse can excite
the I2 molecules to three different dissociative states. One state
is accessed via a 1-photon transition and dissociates into two
ground-state iodine atoms I(2P3/2)+I(2P3/2) (labeled channel C1).
The other two states are reached by 2-photon transitions and
dissociate into either one ground-state atom and one excited-
state atom I(2P3/2)+I(2P1/2) (channel C2) or two ground-state
atoms (channel C3).

The different dissociation channels give rise to iodine atoms
with three different kinetic energies

Ekin =
1
2
(hν− D0) (C1), (A.1)

Ekin =
1
2
(2hν− D1) (C2), (A.2)

Ekin =
1
2
(2hν− D0) (C3). (A.3)

Here, h is Planck’s constant and ν is the frequency of the photons,
while D0 = 12441 cm−1 and D1 = 20044 cm−1 are the dissociation
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Figure A.1: (a) Radial distributions P(R) of I+ ions, after Abel inversion
of the recorded 2D velocity map image, with the probe only
(solid line) and with pump and probe (dashed line). (b)
Radial distribution for pump and probe after subtracting
the probe-only distribution. The dominant peaks have been
assigned to the three dissociative channels C1, C2, and C3.

energies for the I(2P3/2)+I(2P3/2) and I(2P3/2)+I(2P1/2) atomic
limits, respectively [225].

To measure the dissociation fragments it is necessary to turn
them into ions. In practice, this is done by ionizing the iodine
atom with an intense ∼ 50 fs laser pulse centered at 800 nm. To
ensure ample time for the dissociation, the probe pulse is delayed
by around 150 ps compared to the pump pulse. At this point, the
dissociation fragments are so far apart that the Coulomb energy
between the created ions is negligible. The ions, still having the
energy released from the dissociation, are now projected onto the
detector by the VMI spectrometer, and a 2D velocity map image
is recorded.

Figure A.1(a) shows the radial distribution P(R) of I+ ions
after Abel inverting the pump-probe image, as well as for an
image recorded with the probe only. Three additional peaks
are seen in the pump-probe radial distribution. To isolate the
contribution from the pumped molecules, the pump-probe radial
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distribution can be corrected by subtracting the probe-only radial
distribution, see Fig. A.1(b). The peaks can now be paired up
with the three different photodissociation channels as annotated
in Fig. A.1(b).

We can now work out the energy calibration. A convenient
way to do this is to utilize the fact that the energy difference
between the ions in the C3 channel and the C2 channel must be
given by D1 − D0. The benefit of using this relation is that it is
independent of the wavelength used for the pump pulses. Now,
as mentioned in Section 4.3 the kinetic energy scale as

Ekin = kR2. (A.4)

Using this, we can calculate the calibration coefficient

k =
Ekin,C3 − Ekin,C2

R2
C3 −R2

C2
=

D1 − D0

R2
C3 −R2

C2
. (A.5)

Here, RC2 and RC3 are the central radial positions of the two
channels in the radial distribution, see Fig. A.1(b), which can be
determined by a fit.
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S U P P L E M E N TA RY I N F O R M AT I O N – C H A P T E R 5

B.1 Angular anisotropies

Several of the ion images in Fig. 5.3(a1)–(e1) are anisotropic.
This is supported by the angular distributions P(θ) shown in
Fig. B.1, which I have obtained by integrating the ion yield in
the channels along the radial axis. Figure B.1(a)–(c) reveal that
Li+ and Na+ are more often ejected along the laser polarization
axis, i. e., close to 0° and 180°, than perpendicular to the axis. In
contrast, the Rb+ ions are more likely to come out in a direction
perpendicular to the polarization, as shown in Fig. B.1(f) and
(g). For K+ [Fig. B.1(d) and (e)] and Cs+ [Fig. B.1(h) and (i)] the
angular distributions are almost isotropic.

Angular anisotropies, such as the ones observed, can arise
if one or multiple electronically excited states in the systems
are resonant or close to resonant with the photons involved
in the multiphoton ionization process. The resonances affect
the transition probabilities according to the transition dipole
moments associated with the involved states. As a result, it
becomes easier for the probe to doubly ionize dimers with a
specific orientation with respect to the probe polarization. This
leads to the measured angular anisotropies since the emission
directions of the fragments are governed by the orientation of
the molecule being Coulomb exploded [5].

In the experiments, excited states in the alkali dimers can gen-
erally be reached already after absorption of one photon from
the laser pulse (see the potential curve diagrams in Section B.3).
Using Na2 as an example, I will now show that resonant absorp-
tion of the first photon can explain the observed anisotropies in
the ion images.

Figure B.4 show selected potential curves for Na2. One photon
at a wavelength of 800 nm can bring Na2 in the 11Σ+

g state close to
the 11Σ+

u state. Such a transition from 11Σ+
g → 11Σ+

u would be an
allowed parallel transition, for which the absorption probability is
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Figure B.1: P(θ) distributions for the Ak+ ions in the 13Σ+
u state

and the 11Σ+
g state channels in the velocity map images

in Fig. 5.3(a1)–(e1). The definition for θ is annotated in
Fig. 5.3(a1).

maximized for dimers with the internuclear axis oriented parallel
to the laser polarization axis. This indicates that Na+ ions from
Coulomb explosion of Na2 in the 11Σ+

g state should preferentially
come out in directions close to 0° and 180°. This agrees with the
angular distribution obtained in the experiment, see Fig. B.1(c).
Similarly, Na2 starting in the 13Σ+

u state can be brought close to
the 13Σ+

g state by a single photon, which is again an allowed
parallel transition. Thus, the Na+ ions from Coulomb explosion
of Na2 in the 13Σ+

u state should also preferentially come out close
to 0° and 180°, which again match the experimental observations,
see Fig. B.1(b).

Higher-lying electronic states likely affect the absorption of
the next photons. However, since the density of electronic states
gets very high as the energy increases, it becomes difficult to
determine which states may affect the multiphoton ionization
process after the absorption of the first photon. For this reason,
no such attempt has been made. It is however unlikely that the
higher-lying states will lead to any significant anisotropy in the
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ion images since both parallel and perpendicular transitions will
most likely be available.

The fact that we observe vastly different angular anisotropies
depending on the wavelength used to probe a given dimer
strengthens the presented interpretation. In a different measure-
ment where Na2 was Coulomb exploded by a 400 nm probe pulse
[see ion image in Fig. 7.3(a1)], the angular distributions for the
ions in the 13Σ+

u state and 11Σ+
g state channels were only slightly

anisotropic, with a small increase in the direction perpendicular
to the probe pulse. The reason for that is most likely that many
electronic states are accessible with one 400 nm photon, mak-
ing both parallel and perpendicular transitions about equally
probable. Similar has been observed for K2 in the 13Σ+

u state,
which was also probed with 400 nm. The angular distribution
in Fig. B.1(d) is essentially isotropic, while a measurement with
an 800 nm probe (not shown) shows an increased likelihood for
ionization of the dimers that lie perpendicular to the polarization
axis.

B.2 Triplet-to-singlet ratios

The large presence of 13Σ+
u state alkali dimers on helium droplets

was clear from the very first experiments conducted with the
dimers on the droplets. Much more unclear has been what the
ratio of the 13Σ+

u state dimers to the 11Σ+
g state dimers are, that is,

how many 11Σ+
g state dimers are present on the droplets in the

experiments? According to spin statistics, the triplet-to-singlet
formation ratio should be 3:1 [99]. However, as mentioned in
Section 2.3.1, the energy released during the formation of the
dimers causes some of the 11Σ+

g state dimers to desorb from the
droplets. This should increase the observed triplet-to-singlet ratio.
Surprisingly, a direct experimental determination of the ratios
has been lacking, apart from a single measurement indicating
a 50:1 triplet-to-singlet ratio for Na2 on helium droplets with a
mean size of ∼ 10000 He atoms [48, 102].

I have investigated the triplet-to-singlet ratios of the alkali
dimers present in my experiments by analyzing the ion yield
in the channels associated with Coulomb explosion of the 13Σ+

u
state and 11Σ+

g state dimers. Specifically, I have done systematic
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Figure B.2: (a) P(Ekin) distribution for Rb+ ions formed in a series
of Coulomb explosion measurements with Rb2 on helium
droplets using different probe intensities. (b) Triplet-to-
singlet ratios at different probe intensities, obtained as
the ratio of the areas of the peaks assigned to 13Σ+

u state
and 11Σ+

g state Rb2 in (a). (c) Rb2 triplet-to-singlet ratios
for different nozzle temperatures Tnozzle, and thus differ-
ent droplet sizes, all recorded with a probe intensity of
I = 3.3×1013 W/cm2 (P(Ekin) distributions not shown).
The data in (c) was previously shown in [124].

measurements with Rb2. First, to ensure that I probe each spin
state equally, I used the 800 nm probe beam with different inten-
sities to record a series of VMI images of Rb+ ions while keeping
the nozzle temperature at 12 K. Figure B.2(a) shows the P(Ekin)

distributions obtained for the various intensities. The triplet-to-
singlet ratio has then been determined for each measurement
as the ratio of the 13Σ+

u peak area and the 11Σ+
g peak area, cal-

culated by numerical integration. The ratios are presented in
Fig. B.2(c). For the lowest used intensity, the ratio is around 5:1.
However, as the intensity is increased, the ratio drops to a lower
threshold of around 4.2:1. From this I conclude that the double
ionization done by the probe is saturated for both spin states
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and that the triplet-to-singlet ratio extracted from the P(Ekin)

distribution reflects the actual ratios present in the experiment.
Notice that the overall ion yield, see Fig. B.2(a), continues to
rise as the intensity is increased. This is because the effective
interaction volume in the experiment grows as the intensity in
the wings of the laser spot becomes large enough to also start
double ionizing the dimers.

I then made another series of measurements, this time keeping
the intensity at I = 3.3×1013 W/cm2, well within the saturation
regime. This time the nozzle temperature, and thus the droplet
size, is instead varied from Tnozzle = 11 K to 16 K. The triplet-to-
singlet ratios obtained in those measurements are displayed in
Fig. B.2(c). All data points lie within ratios of 4.0:1 and 4.8:1, with
the smallest droplets having the largest ratios. Some uncertainty
is expected to be present in the results, especially because the
13Σ+

u state peaks in Fig. B.2(a) have large shoulders on the low-
energy side. This makes it somewhat difficult to assign the area
associated with ions from the 13Σ+

u state dimers with any high
degree of accuracy. Overall, the results are in good agreement
with the tendency predicted by theoretical modeling, where the
ratio is expected to drop closer and closer to the spin-statistics
ratio of 3:1 as the droplet size increases [102]. My results are in
stark contrast to the ratios of 50:1 and above mentioned in the
literature, even when taking some uncertainty into account, and
suggest that the amount of 11Σ+

g state dimers desorbing from the
droplet surface may be much smaller than previously expected.

I have not done a systematic droplet size scan for the other
alkali dimers, but I expect the results to be similar for all of them.
This is supported by the quite similar triplet-to-singlet ratios in
the kinetic energy distributions in Fig. 5.3(a2)–(e2), which were
recorded with nozzle temperatures Tnozzle = 11 K and 12 K and
intensities that are expected to be in the saturation regime, or
at least close to it. Furthermore, the ratios appear to be similar
across experiments and tests carried out in the group over the
years, including those carried out on the other helium droplet
machine.
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B.3 Selected potential curves for Ak2

Figure B.3: Selected potential curves for Li2 [141] and Li 2+
2 [126]. The

solid black arrows depict 800 nm photons, while the dashed
black arrow illustrates the last 800 nm photons involved in
the multiphoton ionization process leading to the formation
of Li 2+

2 .



B.3 Selected potential curves for Ak2 169

Figure B.4: Selected potential curves for Na2 [107, 139] and Na 2+
2 [126].

The solid black arrows depict 800 nm photons, while the
dashed black arrows illustrate the last 800 nm photons
involved in the multiphoton ionization processes leading to
the formation of Na 2+

2 .
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Figure B.5: Selected potential curves for K2 [140] and K 2+
2 [126]. The

solid black arrows depict 400 nm photons, while the dashed
black arrows illustrate the last 400 nm photons involved in
the multiphoton ionization processes leading to the forma-
tion of K 2+

2 .
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Figure B.6: Selected potential curves for Rb2 [142] and Rb 2+
2 [126].

The solid black arrows depict 800 nm photons, while the
dashed black arrows illustrate the last 800 nm photons
involved in the multiphoton ionization processes leading to
the formation of Rb 2+

2 .
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Figure B.7: Selected potential curves for Cs2 [142] and Cs 2+
2 [126].

The solid black arrows depict 1300 nm photons, while the
dashed black arrows illustrate the last 1300 nm photons
involved in the multiphoton ionization processes leading to
the formation of Cs 2+

2 .
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Figure C.1: Simultaneously recorded 2D velocity map images for 23Na+

(a1) and 39K+ (b1). The probe polarization axis is indicated
by the white arrows in the lower right corners. The kinetic
energy distribution is shown in (a2) for the 23Na+ ions
and in (b2) for the 39K+ ions. (c) Angular covariance map
between the 23Na+ and 39K+ ions in the kinetic energy
ranges that correspond to Coulomb explosion of 13Σ+ state
23Na39K. (d) Radial covariance map between the 23Na+ and
39K+ ions. Own work, inspired from [174].
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Figure C.2: Kinetic energy distribution P(Ekin) for 23Na+ (a1) and 39K+

(b1) ions extracted from the 2D velocity map images in
Fig. C.1(a1) and (b1). (a2) and (a3) [(b2) and (b3)] P(Ekin)
distributions for the 23Na+ [39K+] ions after filtering the
data with the homonuclear and heteronuclear dimer filters
as annotated on the panels. The red curves in (a2) and
(b2) show P(Ekin) distributions for 23Na+ (a2) and 39K2 (b2)
obtained from a measurement series where only homo-
dimers were formed on the droplets. Own work, inspired
from [174].
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D.1 3D velocity map images for Coulomb explosion of I2

In Section 10.1.2, I determined the calibration function needed
to convert the individual ToF values of ions into their vx velocity
components. With the calibration at hand, it becomes possible to
plot 3D velocity map images of ions. This is demonstrated here
for the I2 data sets used to make the calibration in the first place.

Figure D.1 shows the result for the measurement where the
probe polarization was in the plane of the detector (along the
y-axis). The amount of data points has been reduced by a factor
of eight, such that the finer details become more pronounced. The
illustrated projection in the x-y-plane corresponds to the ordinary
2D velocity map image, which was also shown in Fig. 10.4(a).
Similarly, the measurement where the probe polarization was
along the x-axis (the ToF-axis) is shown in Fig. D.2. With this
polarization, only a quite isotropic round distribution of ions was
observed in 2D [see the colored image in Fig. 10.4(b)]. In 3D, the
clear lobes that were observed along the vy-axis in Fig. D.1 are
now observed along the vx-axis as expected, demonstrating that
the vx velocity component has been retrieved.
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Figure D.1: 3D velocity map image of I+ ion fragments from Coulomb
explosion of I2, shown in blue, recorded with a probe polar-
ization along the y-axis. Projections onto the three planes
are shown in black to help visualize the 3D image. The vx
velocity component was extracted from the ToF values of
the ions.
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Figure D.2: 3D velocity map image of I+ ion fragments from Coulomb
explosion of I2, shown in blue, recorded with a probe polar-
ization along the x-axis. Projections onto the three planes
are shown in black to help visualize the 3D image. The vx
velocity component was extracted from the ToF values of
the ions.
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D.2 Additional data for deflections of K+

To investigate whether the vapor pressure of potassium in the
doping oven influences the droplet size distributions and thus
also the deflections, a series of measurements was done using
a lower vapor pressure (Toven = 80 °C) than that used for the
results shown in Fig. 10.9 (Toven = 90 °C). The found distributions
of deflection angles are presented in Fig. D.3 for three different
nozzle temperatures.
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Figure D.3: (a1)–(a3) Distributions of the deflection angles, defined as
180°− θ, for pairs of K+ ions from K2 in the 13Σ+

u state
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