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Abstract

Abstract
The primary objective of the work covered in this thesis is the construction of
an optical centrifuge with the final goal of rotating molecules inside superfluid
helium nanodroplets.
An optical centrifuge is a pulse shaping device that creates an output laser
pulse where the polarization is linear and rotates with a constant angular acceleration. The rotation of the electric field reaches a terminal frequency equal
to half the bandwidth of the input laser pulse within a 200 ps. For the pulsed
Ti:Sapphire lasers typically used, rotational frequencies above 10 THz can be
reached. A molecule interacts with the electric field of this shaped laser pulse
through the induced dipole interaction. Depending on the molecular- and pulse
parameters, the molecule can reach a rotational frequency of several THz which
corresponds to having absorbed a few hundred ~ of angular momentum from
the field.
The optical centrifuge built is initially applied to gas phase OCS molecules.
The spinning of the molecules by the centrifuge is characterized by dissociative
ionization with a fs probe pulse and recording of the velocity vectors of S+
and CO+ fragment ions with a velocity map imaging spectrometer. Secondly,
OCS+ molecules, created by single ionization with a fs pump pulse, are exposed
to the optical centrifuge. It is demonstrated that the centrifuge can rotationally
accelerate the OCS+ ion so much that they dissociate due to the centrifugal
force. Information about the dissociation process is obtained by measurement
of the fragment ions’ kinetic energy. Finally the optical centrifuge is applied
to CS2 molecules embedded in helium nanodroplets. No significant angular
acceleration was observed.
In order to understand laser-induced rotation of molecules in the helium
droplets, complimentary experiments to the optical centrifuge studies were
carried out. In particular the rotational dynamics of CS2 and OCS in helium
nanodroplets is studied by observing the alignment of these molecules in the
non-adiabatic and near-adiabatic regimes. Using a 330 fs moderately intense
linearly polarized pulse to ’kick’ the molecules into alignment, the molecules are
observed to transiently detach from the local helium environment and rotate
freely as fast as if they were in the gas phase.
By contrast, when a 15 ps alignment pulse is used, the molecule and the
local shell of helium is found to be rotating coherently within the droplet.
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Dansk Resumé
Det primære mål med arbejdet i denne afhandling er opbygningen af en optisk
centrifuge med målet i sidste ende at rotere molekyler placeret inde i superflydende helium nanodråber.
Den optiske centrifuge er en puls-former som laver en laserpuls hvor polarisationen er lineær og roterer med en konstant angulær acceleration. Rotationen
af det elektriske felt når en terminal rotationsfrekvens lig med halvdelen af laserens båndbredde i løbet af 200 ps. For en pulseret Ti:Safir laser som typisk
benyttes, nås rotationsfrekvenser over 10 THz. Et molekyle interagerer med det
elektriske felt fra laserpulsen gennem den inducerede dipol i molekylet. Afhængigt af molekyle- og puls-parametrene vil molekylet nå en rotationsfrekvens på
flere THz, hvilket svarer til absorptionen af flere hundrede ~ impulsmoment fra
feltet.
Den optiske centrifuge benyttes først på gasfase OCS molekyler. Centrifugens rotation af molekylerne karakteriseres vha. dissociativ ionisation med
en fs probepuls og S+ og CO+ fragmentionernes hastighedsvektore måles vha.
et ’velocity map imaging spectrometer’. Dernæst udsættes OCS+ -ioner, lavet
vha. enkeltionisation fra en fs pumpepuls, for den optiske centrifuge. Det demonstreres at den optiske centrifuge kan accelerere OCS+ ionen rotationelt så
meget at den dissocieres pga. centrifugalkraften. Information vedrørende denne
process fås ved måling af fragmentionernes energi. Centrifugen benyttes på CS2
molekyler i helium nanodråber. Ingen signifikant rotationel acceleration blev
målt.
For at forstå laser-induceret rotation af molekyler i heliumdråber udføres
komplementære forsøg. Specifikt undersøges den rotationelle dynamik for CS2
og OCS molekyler i helium nanodråber ved at observere deres ’ensrettedhed’
(eng: alignment) i det ikke-adiabatiske og nær-adiabatiske regime. Ved brug af
en 330 fs lineært polariseret laser pulse med moderat intensitet til at ’sparke’
til molekylerne for at ’ensrette’ dem, observeres det at molekylerne kortvarigt
separere fra den lokale heliumskal og rotere frit som var det i gasfase.
I kontrast til dette, når en 15 ps laser pulse benyttes, observeres det at
molekylet og den lokale heliumskal roterer kohærent inde i dråben.
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Part I

Building and Characterizing an
Optical Centrifuge

1

Chapter

1

Introduction
This first part of the thesis concerns the the building of an ’optical centrifuge’.
The optical centrifuge is an optical device which, given a broadband input laser
pulse, will create a shaped laser pulse that can be used to excite molecules to
very high rotational states in which they have absorbed several of hundreds of
~ of angular momentum. In these ’superrotors’ the rotational energy is in the
eV range which is comparable to the bond energy in molecules.
Using lasers for real-time measurement of rotational motion of molecules
was first realized in the 1970s, where a picosecond pulse was used to nonresonantly create a rotational wavepacket in CS2 which would periodically
rephase and align along the polarization direction of the laser beam [6, 7].
This non-adiabatic alignment, where the pulse duration is shorter than the
rotational timescale of the molecule, was followed up in the 1990s by adiabatic
alignment where the pulse turns on slowly compared to the rotational timescale
and the field free rotors are transferred to new eigenstates of the field called
pendular states. These pendular states have a potential minumum near the polarization direction of the electric field and the classical motion of the pendular
states is characterized by liberation around the potential minimum [8, 9, 10].
The idea of the optical centrifuge, where the polarization of the electric
field would slowly rotate with constant acceleration, was first proposed in 1999
3
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by Karczmarek et al. [11]. A molecule with an anisotropic polarization would
adiabatically follow the rotation laser polarization through its induced dipole
interaction with the field. The optical centrifuge was first realized experimentally by D. M. Villeneuve et al. [12]. In their work, Cl2 molecules were excited
to J-states of around 420 where the centrifugal force dissociated the molecule.
The fragments where ionized and the kinetic energy of the fragments was measured.
Following the initial experiment [12] and classical description [11], M. Spanner and M. Yu. Ivanov [13] did a detailed quantum mechanical description of
the initial trapping and eventual dissociation of molecules subjected to the
optical centrifuge.
In recent years, high power optical centrifuges with pulse energies up to
50 mJ have been used in two groups - the group of Amy S. Mullin at the
University of Maryland, USA and the group of Valery Milner at University of
British Columbia, Canada. In the former group, L. Yuan et al. used infrared
spectroscopy to study the energy transfer dynamics in CO2 and N2 O accessing
states formed by collisional relaxation of high J-states created by the centrifuge,
which were previously inaccessible to the spectroscopy community [14, 15].
In the group of Valery Milner the centrifuge have been used for many purposes including the exploration of the rotational structure of electronic transitions in O2 , the direct observation of ’superrotors’ by Raman scattering, the
observation of classical like rotation for a two component rotational wavepacket
as well as the interaction of paramagnetic and diamagnetic superrotos in strong
external magnetic fields [16, 17, 18, 19].

4
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2

Theory of the Optical Centrifuge
This chapter will cover the theory behind the interaction between molecules
and intense non-resonant laser fields including alignment theory. Furthermore,
it will briefly describe the quantum mechanical background of the optical centrifuge as well as a classical intuitive model used to choose the parameters for
the optical centrifuge.

2.1

Molecule-laser Interaction

Within the the Born-Oppenheimer approximation the electronic and nuclear
degrees of freedom can be treated separately. For a free molecule approximated
as a rigid rotor the rotational Hamiltonian is described as,
Ĥrot =

Jˆy2
Jˆx2
Jˆ2
+
+ z .
2Ixx
2Iyy
2Izz

(2.1)

Here Ji is the angular momentum operator along the respective axis and
Iii is the moment of inertia along that same axis. For now let us only consider
linear rotors in which case Ixx = Iyy , Izz = 0. This results in a spectrum of
eigenenergies for the rigid rotor given by
5
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~2
J(J + 1) = BJ(J + 1),
(2.2)
2I
with ~ being the reduced Planck constant, I the moment of inertia and J
being the rotational quantum number. The front factor is usually combined into
the so called rotational constant B in units of energy, but is usually tabulated
as the reduced rotational constant B̃ = B/(hc) in units of cm−1 , where c is the
speed of light in vacuum and h is Planck’s constant. For highly rotationally
excited molecules, the rigid rotor approximation fails as the centrifugal force
stretches the bonds of the molecule. In this case the rotational spectrum is
2
described by the Dunham expansion, EJ = BJ(J + 1) − D [J(J + 1)] + ...
The eigenfunctions that are solutions to the time-independent Shröderinger
equation given the hamiltonian in eq. (2.1) are the spherical harmonics |JM i =
YJM (θ, φ). J is a quantum number describing the total angular momentum and
M is the projection of the angular momentum along the a chosen space-fixed
axis. The projection of M goes in integer steps from −J to J and since the
rotational spectrum has no M dependance then each EJ must be (2J + 1)
degenerate.
Introducing now the time dependant electric field of the laser on of the
form,
EJ =

~
E(t)
= E(t) cos(2πν0 t)Ẑ,

(2.3)

where Ẑ is a unit vector describing the direction of the polarization vector,
E(t) is the electric field envelope, and ν0 is the center frequency of the laser
field. The frequency bandwidth determines the minimum temporal duration
of the electric field envelope. For a laser pulse whose temporal- and frequency
profiles are well described by a gaussian shape, the time bandwidth product,
τ δν ≥ τ0 δν = 2 ln 2/π ≈ 0.441, determines the minimum pulse duration τ0
given a bandwidth δν of coherent components of the pulse. Here τ, τ0 and δν
are intensity full width at half maximum values (FWHM).
The electric field from the laser pulse will interact with the molecule through
~ Assuming the laser frequency is far detuned
the dipole interaction V = −µ̂ · E.
from any vibronic transition and assuming the molecule has no electronic angular momentum, one can write the interaction for the electric above as [10]
as,
V̂ = −
6

1
4

X
ρ,ρ0 =X,Y,Z

Eρ αρρ0 Eρ0 .

(2.4)

2.1. Molecule-laser Interaction
Here αρρ is a component of the polarizability tensor, Eρ is a component of
the electric field vector and the sum runs over the space fixed axes X, Y, Z.
Pease note, that any interaction with a non-zero permanent dipole of the
molecule have been omitted since it will average out due to the timescale of
the field oscillation being much faster than typical rotational timescale. Equation (2.4) can be transformed into the molecular frame using so-called ’direction
cosines’ which relate the laboratory fixed-frame and the molecular body-fixed
frame through euler angles [10]. For a linear molecule, where αxx = αyy = α⊥ ,
αzz = αk and all other elements of the polarizability tensor are zero, subject
to a field in eq. (2.3), the resulting interaction is
1
V̂ = − E(t)2 ∆α cos2 θ,
4
V̂ = −U (t) cos2 θ.

(2.5)
(2.6)

where ∆α = αk − α⊥ is the polarizability anisotropy and θ is the angle
between the internuclear axis and the polarization vector of laser. In the above
an angle independent term has been omitted since it has not impact on the
rotational dynamics. The interaction potential only depends on the electric
field envelope and it is minimized for θ = 0, π, that is, when the molecule
aligns its induced dipole along the polarization vector of the electric field the orientation of the molecule being indifferent. The interaction potential has
no dependance on other euler angles which means that the molecules is free to
rotate around the polarization axis. This scheme is called 1D alignment for this
reason. Using an electric field with an elliptical polarization on a asymmetric
top molecule, in which all three diagonal components of the polarization tensor
are different, it is possible to fix all three axis of the molecule to axes in the
laboratory frame. This is called 3D alignment.
The cos2 θ dependance of the potential means it only connects rotational
states of equal parity. The lack of dependance on the φ euler angle means
that the projection of the angular momentum M along polarization axis is
conserved. Therefore the laser interaction allows transitions between |J, M i
and |J 0 , M i where J 0 = 0, ±2
The solution to inserting to time-dependant Schrödinger equation (TDSE)
with the full hamiltonian Ĥrot + V̂ is a superposition of field free states,
|ψ(t)i =

X

dJM (∆ω(t)) |JM i ,

(2.7)

JM

7
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where ∆ω(t) = E(t)2 ∆α/(4B) = U (t)/B is a dimensionless interaction
parameter. The coefficients dJ (ω(t)) can be found by inserting eq. (2.7) into
the TDSE and projecting on a specific state [9]. Only the field envelope carries
any time dependance for the hamiltonian. For a constant field envelope, the
resulting state is a so-called pendular state
|ψi =

X

˜ i,
dJM (∆ω) |JM i = |JM

(2.8)

JM

where J˜ is the value of the angular momentum of the field-free state that
adiabatically corresponds with the pendular state.

2.2

The Optical Centrifuge

In the previous section, the interaction of molecule with a strong non-resonant
field was described. The interaction forces the molecule to align along the
polarization. A naive first approach to making optical centrifuge and making
molecules spin might be to replace the linear polarization of the alignment field
with a circularly polarized field
~
E(t)
= E(t) [cos(ω0 t)x̂ + sin(ω0 t)ŷ] ,

(2.9)

where ω0 = 2πν0 . The problem, however, is that at optical frequencies
the field makes a complete revolution in a few femtoseconds which is much
to fast for even the lightest rotors to follow. A circular polarized alignment
field simply makes the molecules feel an averaged attractive potential to the
plane of polarization, but leaving the molecule free to rotate with or against
the polarization direction.
A linearly polarized light field can be represented by the linear combination of two circularly polarized light fields with opposite helicity. If one of
the fields is ’chirped’, so that its instantaneous frequency increases in time
(’positive chirp’ or ’up-chirp’) and the other field is chirped in the opposite direction so that its instantaneous frequency decreases in time (’negative chirp’
or ’down-chirp’), then the positively chirped beam will ’win’ and slowly drag
the polarization vector in the direction of its helicity. The total electric field
can be described mathematically as,
8
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~
E(t)
= E(t) [cos(ω0 t + φ(t))x̂ + sin(ω0 t + φL (t))ŷ]
+ E(t) [cos(ω0 t − φ(t))x̂ − sin(ω0 t − φL (t))ŷ]
= 2E(t) cos(ω0 t) [cos φL (t)x̂ + sin φL (t)ŷ] .

(2.10)

In eq. (2.10) the polarization vector direction at a any given time is given by
half the phase difference between the two component beams, φL (t). Choosing
a quadratic phase term, φL (t) = 1/2βt2 , for the two original pulses gives an instantaneous frequency of rotation of the polarization vector Ω(t) = ∂φL (t)/∂t =
βt. The instantaneous frequency of the up-chirped and down-chirped beams
respectively is ω(t) = ω0 ± βt. β is called the chirp parameter. In this way, the
resulting polarization vector will be linearly accelerating at a rate β from an
initial frequency of zero to a maximum frequency equal to half the bandwidth
of the laser used [13]. For a standard Ti:Sapphire with a center wavelength of
800 nm and a FWHM bandwidth of 30 nm this amounts to a terminal frequency
over 10 THz.
The terminal frequency, Ωterm , of the optical centrifuge can be adjusted
by blocking the late arriving spectral components in one or both arms. The
situation is sketched in fig. 2.1. At a given instant in time, if only one of
the composing beams is present, the molecules will feel the interaction of a
’regular’ circularly polarized field which rotates in the polarization plane within
an optical cycle. The optical setup (see chapter 3) makes it easy to block out
certain frequencies in the composing beams.
The centrifuge field can also start rotating at a non-zero frequency. If
one introduced as relative delay of Tdelay between the component fields in
eq. (2.10), then as the later beam turns on the earlier one has already accrued
an instantaneous frequency of ω(Tdelay ) = ω0 + βTdelay . The frequency of
rotation is equal to half the instantaneous frequency difference between the
two beams, which is then Ω0 = βT /2.
With the polarization plane of the optical centrifuge in the laboratory XYplane and the field propagating in the Z-direction, the interaction between the
molecule and the centrifuge pulse takes the form,
Vcf = −U (t) sin2 (θ) cos2 (φ − φL (t)).

(2.11)

The potential has a minimum when θ = π/2 so the molecule is attracted to
the XY-plane. Furthermore, the potential depends on the difference between
9
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Figure 2.1: Schematic of the wavelength as a function of time for the ’red’
and ’blue’ component arms of the optical centrifuge with linear chirp. Delaying
the two arms with respect to each other by an amount Tdelay leads to a nonzero starting frequency Ω0 of the centrifuge. Blocking one component beam at
λcutof f terminates the acceleration at the frequency Ωterm . Dashed blue line
shows missing spectrum due to blocking. Insert in blue and cyan shows an
illustration of the shape of the centrifuge electric field starting at zero spinning
frequency.

the euler angle of the molecule, φ, and the time-dependant phase of the centrifuge pulses, φL . This dependance on φ means that the M quantum number
is no longer conserved.
In the quantum picture the molecules undergo stimulated Raman transitions up the rotational ladder as shown in fig. 2.2. For the rigid rotor, the
energy difference between successive J-states is EJ+2 − EJ = B(4J + 6). The
frequency difference of the two beams composing the centrifuge is 2Ω(t) = 2βt
which will match the frequency difference between rotational levels at times
tJ,J+2 = B(2J + 3)/(~β) thus giving rise to transitions roughly every (50100) fs depending on the molecule and chirp rate.
10
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Figure 2.2: Schematic of the rotational ladder climbing at the instant in time
where the component centrifuge beams are resonant between |0, 0i and |2, 2i.
A similar scheme for uneven J-states.

11
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The dependance of φ in eq. (2.11) means that M is no longer conserved.
In the situation where fig. 2.2 where the up-chirped beam is σ+ polarized and
the down-chirped beam is σ− polarized, then the the excitation up the ladder,
∆J = 2 is accompanied by ∆M = 2. If the polarizations of the two beams are
reversed, then ∆M = −2 for excitations up the ladder.
A more thorough quantum mechanical description of the centrifuge were
given by N. V. Vitanov and B. Girard. [20]. The model is a dressed state
model in which the even (odd) J-states of the electronic ground state interact
with other even (odd) J-states through odd (even) J-states in excited electronic
states. Since the detuning of the upper states is much greater than the Rabi
frequnecy, these upper levels can be eliminated adiabatically. The resulting
Hamiltonian consist of the detuning of the rotational levels with the centrifuge
field along the diagonal and with coupling to J 0 = J ± 2 through the Rabi frequency in the superdiagonal and subdiagonal. Diagonalizing the Hamiltonian
for a constant electric field yields the eigenenergies shown in fig. 2.3.
The figure shows the energies of the diabatic states with dashed lines and
the adiabatic energies with full lines. The diabatic energy of J = 6 have been
subtracted from all levels. At points where two adiabatic states cross the two
swap colors. At times tJ,J+2 = B(2J + 3)/(~β) there are level crossings and
if the Rabi frequency Ωr = 1/8∆αE 2 = U0 /2 [21] is sufficiently high, state J
and J + 2 will have avoided crossings. The first avoided crossing is indicated
by the black arrow. Here there is population transfer between the initial J = 0
and J = 2 states. The initial J = 0 has avoided crossings at each subsequent
crossing point in time and ends up in J = 6 indicated by being parallel with
the diabatic line of J = 6. The initial population in J = 2 goes to J = 0 at
the black arrow and at t = 5B/(~β) has an avoided crossing with J = 4 thus
transferring to this state. This ∆J = 4 process is possible due to the high
Rabi frequency and is allowed due to the adiabatic states been superpositions
of field-free states. Following the yellow full line from here, there are several
other avoided crossings before this initial state ends up on J = 8. During this
initial time window, the remaining states end up in J = 0, J = 2 and J = 4
for the initial states J = 4, J = 6 and J = 8, respectively. For a molecule like
OCS and a typical β, fig. 2.3 covers a little less than 1 ps.
The population transfer at the avoided crossing take a finite amount of time.
It is important that β not be too high so there is ample time to complete one
population transfer before the next is due. Centrifugal distortion, which has not
been included in this calculation, makes the spacing between rotational energy
levels increase less than for a rigid rotor at high J. This results in transitions
that become increasingly more frequent in time and can result in population
12
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Figure 2.3: Eigenenergies for diabatic (dashed) and adiabatic (full) states
as a function of time, with the diabatic energy of J = 6 subtracted from all
levels. At points where two adiabatic states cross, the two swap colors. At
points where two adiabatic lines have an avoided crossings, the two do not
swap colors.

being stuck on one or more rotational levels due to not having enough time to
transfer up the ladder.

2.3

Classical Considerations for Centrifuge Parameter
Selection

The optical centrifuge lends itself well to a classical model which can give some
insight into the required centrifuge beam parameters. The following describes
a diatomic molecule in a co-rotating frame rotating with angular frequency
Ω(t) = βt, the motion of an initially aligned molecule (θ0 ≈ 0) can be described
as a marble in a spoon with radial confinement due to the molecular potential
and angular confinement due to the potential of the laser with the induced
dipole. For a diatomic molecule the motion is described by [11],
13
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µR̈ = −



∂
J2
V (R) +
∂R
2µR2

(2.12)



J = µR2 Ω(t) + θ̇ ,

(2.13)

J˙ = −U0 sin(2θ) ≈ −2U0 θ,

(2.14)

Here R is the interatomic distance, V (R) is the electronic ground state
potential, J is the angular momentum, µ is the reduced mass, U0 = −1/4∆αE 2
is the potential due to the laser interaction and θ is the angle between the
molecule and the polarization axis (the latter which is stationary in the corotating frame). Equation (2.12) describes the potential created by the ground
state potential and the rotational energy. The molecule is bound as long as
there is a well in this potential. As the angular momentum increases, the
overall energy increases but the local minimum gets more shallow and moves
to higher interatomic distances, until eventually, the potential becomes purely
repulsive and the molecule dissociates. In the marble in a spoon analogy, the
ever increasing rotational speed results in a centrifugal force on the marble that
pushes it up the edge of the spoon in the radial direction.
For the angular motion, consider the molecule as the angular trap starts
rotating. Initially the molecule will briefly lag behind the field giving it a
negative θ after which a non-zero torque will start dragging the molecule after
the polarization of the field. As long as the molecule’s angular frequency,
J
J/(µR2 ), matches the angular frequency of the centrifuge then θ̇ = µR
2 −Ω(t) =
0 and the molecule will keep chasing the field with a small negative angle θ < 0.
Due to the increasing centrifugal force as the molecules spins faster and faster,
the bonds of the molecule will stretch which, in turn, increases the moment of
inertia. This gives rise to another inertial force - the Coriolis force which makes
θ̇ < 0. This is then compensated by an even higher torque as seen in eq. (2.14).
The coriolis force and field torque compete until, eventually, theta will surpass
−π/4 where the field torque is maximum and can increase no further, thus the
molecule is lost from the rotational trap. In the marble in the spoon analogy,
if the rotational frequency increases faster than the marble can keep up due to
its inertia (in this case mass), then the marble will lag behind getting pushed
up the wall of the spoon by the Coriolis force. It is therefore clear that the
angular acceleration must be sufficiently slow in order to successfully reach high
rotational frequencies.
14
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The ultimate fate of a molecules in the optical centrifuge will be either loss
from the rotational trap due to the coriolis force with underlying cause being
lack of bandwidth, laser power or too rapid acceleration or it may dissociate
due to the centrifugal force.
From the previous discussion, it is clear that a critical parameter for the
optical centrifuge is the chirp parameter β. During the time that the field
adiabatically turns on, ton , the electric field of the optical centrifuge must
sweep out an angle of π for maximum trapping efficiency.
1 2
βt > π.
(2.15)
2 on
During the turn on the molecule will gain kinetic energy equal to the half
the laser induced potential as well as the rotational energy due to the spinning.
Assuming negligible thermal energy the kinetic energy after turn on is,
2

K = U0 /2 + 1/2 I (βton ) ,

(2.16)

The kinetic energy after the turn on must be lower than the trapping potential U0 thus placing an upper bound on β.
s
r
2π
U0
< ton <
,
(2.17)
β
Iβ 2
which can be rewritten into
1 ∆α
β
<
.
(2.18)
E2
8π I
In eq. (2.18) the centrifuge parameters are on the left hand side of the
inequality and the molecular parameters are on the right hand side of the
inequality. The best molecular candidates are ones with a large ratio of polarizability anisotropy to moment of inertia whom will have a large induced dipole
and a large rotational frequency response due to the low moment of inertia.
For a given molecule, one must increase the laser intensity with the chirp rate.
The equation eq. (2.18) can be rewritten to give the required centrifuge
intensity as a function of the molecular parameters as the are usually found
in the literature. The intensity is here denoted Int to distinguish it from the
previous moment of inertia. In the derivation eq. (2.19) 8π 2 /h ≈ 1035 .
Int[1013 W/cm2 ] >

β[ps−2 ]
3

∆α[Å ] × B[cm−1 ]

(2.19)
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In N. V. Vitanov and B. Girard’s quantum mechanical treatment of the
optical centrifuge, they find that upper bound of beta scales with E 4 in the
weak field limit ΩR = 1 < 3B instead of E 2 [20].
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Chapter

3

Experimental Setup
The experiments done during my PhD rely on pulse shaping techniques of
broadband laser pulses as well as temporally short, high intensity laser light
for probing. This chapter aims to describe the femtosecond laser system that
fulfills these two requirements as well as the pulse shaping itself. Furthermore,
the chapter will describe the vacuum setup used in order to have the desired
molecular system available for investigation. Lastly I will describe the imaging
setup used for recording ion images.
The optical setup of the centrifuge was build primarily by me with post
doc help from Dr. Lauge Christensen and Dr. Lars Christiansen. The vacuum
setup used is newly built during the beginning of my project by Dr. Benjamin
Shepperson. All bandwidths and pulse durations are quoted as intensity full
width at half maximum (FWHM) unless otherwise specified.

3.1

Laser System and Optical Setup

The laser system used is a Spectra Physics Spitfire ACE 35F regenerative
chirped pulse amplifier. The seed laser used is a diode pumped Spectra Physics
MaiTai SP which creates laser pulses with a pulse duration of a few tens of
femtoseconds at a repetition rate of 82 MHz. The seed pulses are stretched to
17
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lower the intensity and are then picked out at a 1 kHz repetition rate to be
amplified by multiple passes through a titanium sapphire crystal pumped by
a Spectra Physics Empower-45 Q-switched Nd:YLF laser. The final pulse has
a bandwidth of ∼30 nm and a pulse energy of 5 mJ. Post amplification the
pulse has a duration of 170 ps with a positive chirp meaning higher frequencies
trail lower frequencies. The energy of the pulse can be split between two
different output ports depending on the setting of a motorized half-wave plate
and a polarizer. The transmitted light through the polarizer goes through a
grating compressor and yields the transform limited pulse duration of 30 fs.
The reflected light from the polarizer is remains uncompressed and is the basis
of the creation of the optical centrifuge.
As described in the theory section, to create the optical centrifuge one
needs to interfere two beams with the same initial frequency but with opposite
chirps. Changing the β value requires changing the dispersion of the pulses.
There are three typical ways in which one can affect the dispersion of a laser
pulse. Propagation through a medium will leave some components of the light
delayed with respect to other parts due to the frequency dependence of the
index of refraction and thus the speed of propagation through the medium.
For optical frequencies this normally means that higher frequencies are delayed
with respect to lower frequencies and this is called ’normal dispersion’ for this
reason.
Another way is to create time differences between the different frequencies
is by having some components travel longer in air compared to others. This is
done by the usage of dispersing elements like prism pairs or grating pairs or a
combination of both. The grating pair offers a clear advantage of having very
negligible propagation of the high intensity laser in the material which minimizes unwanted nonlinear effects like self-focusing and self-phase modulation.
A simple setup consisting of a grating pair and a retroreflector will create
negative dispersion and has historically been used to compensate for material
dispersion for short laser pulses. A more flexible version of this setup is the
4F correlator which is imaged in fig. 3.1. The setup gets its name from the
two added lenses of focal lengths f which images the incoming laser spot to
a point a further 4f in the propagation direction. Depending on whether
the placement of the second grating is before or after the image point of the
telescope the added dispersion can be either negative or positive. Another
feature of the setup is that each frequency component is mapped to a different
spatial position in the area between the two gratings. This allows for the
manipulation of individual spectral components by blocking components or by
controlling the spectral phase with more advanced devices like a spatial light
18
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Figure 3.1: Schematic of a 4F correlator. Image credit Sterling Backus et al.
[22]

modulator.
The amount of dispersion the 4F correlator gives to a pulse can be quantified
by the group delay dispersion (GDD), φ2 , usually given in units of ps2 or fs2 .
φ2 = −

λ30 N 2 ∆x
−3/2
[1 − (λ0 N − sin γ)]
.
πc2

(3.1)

Here λ0 is the center wavelength of the pulse, N is the distance between
lines on the optical grating, ∆x is the distance between the second grating and
the image point of the telescope and γ is the angle of the incoming beam with
respect to the normal of the grating.
Disregarding higher order dispersion, the GDD can be used to calculate the
pulse duration τ from the dispersion added by the material, prism pair or, as
in this example, a grating pair.
s
τ = τ0
τ≈

1+



4 ln 2 φ2
τ02

2

4 ln 2 φ2
= ∆ωφ2 , φ2 /τ02 >> 1.
τ0

(3.2)
(3.3)

Here τ0 = 4 ln 2/∆ω is the transform limited pulse duration and ∆ω is the
FWHM angular frequency bandwidth.
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The optical centrifuge is a modified version of the 4F correlator in which a
mirror is placed within the Fourier plane reflecting half the spectrum at a perpendicular to the remaining spectrum. The reflected spectrum passes through
a separate second lens, grating and retroreflector allowing one to control the
dispersion of two different beams independently. The schematic for the setup
is shown in fig. 3.2.
Before reaching the first grating, the incoming beam is telescoped down
in order to more easily fit the beam on the following optics. The beam is
reflected by a mirror strip onto a 1800 lines/mm Spectrogon blazed holographic
reflective grating after which the light is dispersed in its spectral components.
A f = 150 mm, 2" diameter Thorlabs spherical achromatic doublet is placed
one focal length after the first grating. The lens collimates the light in the
plane parallel to the laser table, so that the spectral components of the initial
pulse are now travelling parallel. A distance f after the lens, the line of light is
focused in the vertical direction to a line focus. At this point, which is known
as the Fourier plane, a D-mirror is placed at a 45◦ angle, reflecting the high
frequency part of the spectrum the direction perpendicular to the former. This
beam is henceforward referred to as the ’blue beam’ and this part of the setup
is known as the ’blue arm’ of the setup. In the same way the part of the setup
pertaining to the low frequency part of the spectrum is referred to as the ’red
arm’ and the beam is the ’red beam’.
A further distance f from the pick-off mirror another similar lens is placed
this time collimating in the vertical and focusing the spectral components. The
light forms an image of the original beam another f from the second lens. In
either arm, the beams are given negative dispersion determined by the distance
between the second lens and this image position. After being diffracted on the
second grating, the spectral components in either arm will no longer diverge if
the grating was placed so that its angle exactly matches the first grating. If
this is not the case then the resulting centrifuge beam will suffer from so-called
spatial chirp which means that the frequency components are unevenly across
the beam focus.
The collimated spectral components encounter a retroreflector which changes
the vertical position and reflects the light back throughout the setup. The blue
beam is raised and the red beam is lowered, but as they pass back through the
telescope they will swap vertical positions. The beam height is critical as it
must be changed enough that the two returning beams can go under and over
the 8 mm mirror strip, but changing the height too much is detrimental to the
beam focus quality in the end due to aberrations, namely coma. The retroreflector in the blue arm is on a micrometer stage to facilitate precise temporal
20
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Figure 3.2: Optical Setup for the centrifuge. Incident 800 nm p-polarized beam coloured pink. After
the grating, the spectral components of the beam are coloured with respect to their frequency i.e. low
frequency=red, center frequency=green and high frequency=blue. Dashed lines indicate beampath lower
than the incoming beampath. Dotted lines indicate higher. MS: Mirror Strip, DG: Diffraction Grating,
POM: Pick-off mirror, L: Lens, RR: Retroreflector, PS: Periscope, PBS: Polarizing beam splitter, HWP:
Half-wave plate. Unlabeled optics are all broadband coated, low-dispersion mirrors.
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overlap between the two arms.
The centrifuge shaper is limited in power by the line focus on the pick off
mirror. Average powers above 2.5 W burns a line in the mirror, which can then
be moved up or down to be used again. The efficiency of the setup is around
50%.
The remaining optical setup for the pump probe setup is illustrated in
fig. 3.3. The centrifuge beam is telescoped larger in order to achieve a small
spot size in the final focus and thus a high intensity. It encounters the quarter
wave plate as the last optical element before being overlapped with the ionizing
beam on the dichroic mirror.
The second beam, the ionizing beam, is made from the compressed pulse
output from the regenerative amplifier. The beam is passed on a delay stage to
control its arrival time with respect to the centrifuge beam. The beam passes
through a β-barium borate crystal which is a non-linear crystal that allows for
the frequency doubling of the incoming beam resulting in a beam centered near
400 nm. Before overlapping the beam with the centrifuge beam on the dichroic
mirror, it is passed through a half wave plate and quarter wave plate to allow
for complete control of the ionizing beam polarization state.
The beams are focusing into the chamber by a 1.5", f = 300 mm focusing
lens that has anti-reflective coating for both 800 nm and 400 nm radiation.
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Figure 3.3: Illustration of the optical setup guiding the ionization and centrifuge beam toward the vacuum chamber. T: Telescope, BBO: β-bariumborate crystal, HWP: half wave plate, QWP: quarter wave plate, DM: Dichroic
mirror, FL: Focusing lens. Unlabeled mirrors are broadband coated mirrors
with low dispersion for the respective wavelength regions.

Beam Characterization
In order to determine the beam intensities and to ensure only centrifuged
molecules are probed the beam focus sizes need to be determined. Since the
foci are inside the chamber itself, the foci are imaged to a unused part of the
laser table using a mirror after the focusing lens in fig. 3.3. The beam is passed
through a piece of glass identical to the window in the chamber to take into
account any effect that this may have on the profile. This effect is especially
important in two-colour experiments. The profile is measured using a Thorlabs DET10A/M Si based photodiode placed on a xyz-stage and connected to
a LeCroy WaveSurfer 64MXs-B. The photodiode is masked by a 5 µm diameter
pinhole. The beam intensity is lowered by several orders of magnitude using
neutral density filters. First the focus in the z-direction (beam propagation
direction) is found by looking for the value of z that gives the highest voltage
overall as the x and y positions are optimized. At the optimal z value, the x
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Beam
Red arm
Blue arm
Ionization

wh [µm]
13.7
11.7
10.9

wv [µm]
13.0
12.8
11.9

Table 3.1: Measured beam waists for the various beams in the centrifuge experiments

and y directions are scanned one by one and the voltage traces recorded and
fitted to gaussian profiles to retrieve the beam waists (intensity 1/e2 radius).
The measured beam waists are tabulated in table 3.1. The photodiode or a
cheap web camera mounted on the xyz-stage is used to overlap all three beams
in the focus.
To determine the chirp and the temporal profiles of the centrifuge arms
a non-collinear cross-correlation frequency-resolved optical gating (xFROG)
is performed of each beam by themselves using a the ionization pulse as a
short reference. The ionization is used for this measurement without frequency
doubling it - repurposing the BBO normally used for frequency doubling the
the ionizing beam for the xFROG measurement. The signal is recorded using
a Avantes AvaSpec-3648 fiber coupled spectrometer. The resulting frog trace
is shown in fig. 3.4.
The beams show a 10%-90% rise time of about 5 ps after which they both
gradually decay - reaching 50% at around 75 ps. For each time step a Gaussian
fit is made to the spectrum. Despite the broadband reference pulse used, the
center frequency can easily be determined giving access to the time dependant
frequency and thus the chirp. The fitted peaks at each time steps is indicated
with red or blue dots on fig. 3.4. The fitted chirps are βred = 0.53 ps−2 and
βblue = 0.60 ps−2 . The pulse duration of the ionization pulse is not measured
but inferred from the bandwidth. The pulse duration is minimized by tuning
the compression of the laser while looking for maximum signal from residual
gas inside the chamber. The estimated pulse duration is 30 fs.
The pulse energy is measured using a Thorlabs PM100D power meter with
an attached S310C thermal power sensor head. With the recorded average
thermal power deposited by a laser beam and the knowledge of the repetition
rate of the laser system, the pulse energy can be found as E = Pavg /frep . The
peak intensity for a gaussian pulse can be calculated as follows
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Figure 3.4: Lower: The xFROG trace of both beams recorded independently.
The superimposed points indicate the centers of the Gaussian fits for each
time step. Upper: The Beam profiles integrated along the frequency axis and
re-scaled to a maximum value of 1.
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√
4 ln 2 E
I0 = 3/2
,
wh wv τ
π

(3.4)

where E is the pulse energy, w is the beam waist (intensity e−2 radius) with
h or v indicating the horizontal or vertical direction respectively and τ being
the FWHM duration of the pulse. For the half gaussian pulse form of each of
the centrifuge arms, the formula is still valid if one substitutes the half width
at half maximum for τ .
Another useful value is the peak fluence. The peak fluence is the amount
of energy per unit area at center of the pulse. It is often referred to as the
’fluence’ rather than the more correct ’peak fluence’. The peak fluence can be
calculated by integrating the pulse with respect to time,
r
π
2 E
τ
=
,
(3.5)
F0 = I0
2 ln 2
π wh wv

3.2

Helium Droplet Machine

All the experiments where done on the helium droplet machine shown in fig. 3.5
which was designed and build by Dr. Benjamin Shepperson. The machine
allows experiments to be run on molecules doped in helium droplets as well as
on a beam of supersonically expanded molecules. This first part of the thesis
exclusively deals with supersonically expanded molecules, but here follows a
description of the entire machine
The machine consists of four chambers named the ’Source chamber’, ’Doping chamber’, ’Target chamber’ and ’Supersonic Chamber’. When the machine
is operating in droplet mode, only the former three chambers are being used
whereas when experiments are done on a supersonic jet using the Even-Lavie
valve, only the latter two chambers are in use. The target chamber contains the
velocity map imaging spectrometer and detector setup needed for both types
experiments. The chambers are separated by pneumatic gate valves made by
VAT which allows for isolation for maintenance purposes or for background
measurements. In the event of sudden pressure increase in one of the chambers
or in one of the backing lines or if a pump fails, an interlock system automatically isolates one or more chambers to preserve the vacuum.

26

3.2. Helium Droplet Machine

Figure 3.5: Rendering of a cut-through of the droplet machine used for the experiments with false colouring. Chambers from left to right: Source Chamber,
Doping Chamber, Target Chamber. The chamber below the target chamber is
the Supersonic Source Chamber. Red: skimmers, magenta: doping cell and/or
ceramic ovens, cyan: liquid nitrogen cold trap, yellow: electrostatic lens for
velocity map imaging spectrometer, green: detector stack, blue/violet: EvenLavie valve. The laser light enters the target chamber from the oppositely
facing side.
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Source Chamber
The source chamber, as the name implies, is the source of the helium droplets
used for experiments. The chamber contains a 0.6 mm thick platinum iridium nozzle with 2 mm diameter and 5 µm aperture. The nozzle is cooled to
cryogenic temperatures using a closed cycle liquid Helium cryostat (Sumitomo
Heavy Industries Cryogenics RDK-415D 4K) which is driven by a Sumitomo
Heavy Industries F-50H compressor. Outside the nozzle a copper heat shield
is placed and cooled to around 50 K. To reach a suitable set point temperature
of the nozzle, two resistors (MHP35470F 47 Ω 1% 35 W) are placed on the nozzle to heat it. The temperature is monitored using a silicon diode (LakeShore
DT-670B-CU) and the supplied current to the resistors is regulated using a
Lakeshore Cryogenics 335 temperature controller. Typical set point temperatures for the nozzle is 12 K-16 K. Continuously expanding high purity helium
gas (6.0 or 99.9999% pure) through the nozzle at these temperatures and a
stagnation pressure of 25 bar leads to the formation of helium droplets with
a log-normal distribution of sizes averaging around 2500 to 12000 atoms [23],
with higher temperatures leading to smaller droplets on average. Once formed
the droplets cool to 0.37 K by evaporation. The droplets are skimmed by a
3 mm diameter skimmer before entering the doping chamber. The theory of
liquid helium and nanodroplets will be explained more in detail in the second
part of this thesis.

Doping Chamber
The doping chamber is where one or more different species of molecules are
introduced into the droplet. The droplet beam passes through a doping cell
which is a 7.4 cm long cylinder with a inner diameter of 1.4 cm. The cylinder is
connected via Swagelok tubing to the outside of the chamber by an adjustable
leak valve (Kurt Lesker VZLVM940R) which allows for control of the partial
pressure of the molecule of interest inside the doping cell. Following the doping
cell is a cylindrical drum with a 4 mm diameter hole. The drum can be filled
from the outside with liquid nitrogen, making the walls of the cylinder approximately −196 ◦C, thus trapping any molecules randomly diffusing about the
chamber and thereby helping to prevent background signal from molecules not
inside droplets. After the cold trap, the beam encounters another doping cell
which can optionally be used for sequential doping of different species. Finally,
the beam passes through a 2 mm diameter skimmer.
A molecular sample that is a liquid is placed in the end cap of some Swagelok
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tubing and is leaked into the doping cell of the chamber. Alternatively, a gas
canister with a regulator can be directly connected from the outside to the leak
valve. For solids, either of the doping cells themselves can be replaced with
ceramic ovens that are heated by imbedded resistive elements. The sample is
placed directly in the ovens, however, this requires the vacuum to be broken
each times this is done.

Supersonic Chamber
The Supersonic chamber is the lower chamber on fig. 3.5. Here a Even-Lavie
valve (EL-7-4-2011-HRR, 600 Hz) produces a cold beam of molecules by supersonic expansion of a high pressure carrier gas into vacuum. If the sample is
solid at room temperature it be a placed into the valve and optionally heated
while high pressure helium carrier gas is passed through it. A liquid sample can
be placed externally within the Swagelok tubing on some filter paper - again
having the carrier gas take some sample with it into vacuum. Finally, some
samples can be bought in a pre-mixed gas cannister in a typical concentration
of around 500 ppm. With a stagnation pressure of around 80 bar, the molecular
beam will reach a rotational temperature of less than 1 K [24]. The molecular
beam is passed through a skimmer with a diameter of 3 mm before reaching
the target chamber.

Target Chamber
In the target chamber, the droplet beam coming from the left on fig. 3.5 passes
through a smaller volume cold trap with a 4 mm diameter. This helps capturing
even more effusive background from the doping chamber as well as trapping
non-volatile unwanted molecules in the target chamber. The droplet beam
intersects the molecular beam from below (although both are never run at the
same time) between the two lower plates of the electrostatic lens of the velocity
map imaging spectrometer (VMI). Here the droplet beam and supersonic beam
also intersect one or more laser beams coming out of the page on fig. 3.5.
The ions or electrons created by the laser beam(s) are accelerated toward the
detector in the top of the chamber by the electric field of the electrostatic lens.
The target chamber depicted in fig. 3.5 has been extended by adding a socalled ’flight-tube’ on the top flange. The flight tube extends the flight distance
from roughly 220 mmeter to 475 mm. The added distance lowers the maximum
energy that the VMI can record, but increases the resolution. The flight path
from the electrostatic lens of the VMI to the flange where the flight tube is
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connected is shielded by a µ-metal shield. The shield has a high permeability
which provides a low reluctance path for the magnetic flux from the earth and
diverts this around the flight region. The µ-metal shield, however, does not
extend into the flight tube which consequently is not suitable for photoelectrons
due to their light mass.

Vacuum Setup
Each chamber is evacuated by different turbomolecular pumps - ’turbos’ for
short. The exhaust of the turbos are connected to manifolds which are then
again evacuated by backing pumps. The Pumping setup can be seen in table 3.2.
The pressure in the chambers are monitored using Vacom Atmion ATS40C
gauges. These are full range pressure guages consisting of a Pirani guage which
uses heat loss of heated wire to determine the pressure at pressures between
(103 -10−1 ) mbar. For lower pressure (until ∼ 10−11 mbar) operation it uses
a Bayard-Alpert ion gauge, that determines the pressure from the current of
ions created by electron impact ionization within the gauge itself. The backing
pressure in the two manifolds are measured using InstruTech CVM211GBAB-L Pirani gauges. Typical operational pressures (with cold traps filled) are
10−4 mbar, 10−6 mbar 10−8 mbar and 10−5 mbar for the Source, Doping, Target
and Supersonic chamber respectively. The backing pressure is usually around
10−2 mbar.

Chamber

Turbomolecular Pump

Source
Supersonic
Doping
Target

Edwards
Edwards
Edwards
Edwards

STP-iXR2206 (2200 l/s)
STP-iXR1606 (655 l/s*)
STP-iX455 (450 l/s)
STP-iXR1606 (655 l/s*)

Backing Pump
Edwards iGX600L (620 m3 /h)
Busch COBRA BA 0100 (85 m3 /h)

Table 3.2: Turbomolecular pumps and backing pumps for the four chambers.
Pumping speeds are quoted for N2 . * The pumps are 1600 l/s but are mounted
on reduced flanges CF250/CF160
30

3.3. Detection System

3.3

Detection System

The detection system in the target chamber is a velocity map imaging spectrometer (VMI) consisting of three plates at high voltage composing an electrostatic
lens in the bottom of the chamber. At the top of the target chamber there is a
grounded stainless steel plate, a micro channel plate (MCP), a phosphor screen,
and a camera.
The three plates making up the electrostatic lens are named, from the
bottom up, the ’Repeller’, ’Extractor’ and ’Ground’. The three plates are made
of stainless steel and have a diameter of 120 mm and a thickness of 1 mm. The
Repeller and Extractor are separated by 35 mm and the extractor and ground
are separated by 20 mm. The repeller has a 3 mm diameter hole in it to allow in
the molecular beam from the supersonic chamber below. The two other plates
both have 20 mm diameter holes to allow for extraction of charged particles.
With the correct high voltage ratio on the plates, charged particles created
between the Repeller and the Extractor are accelerated towards the detection
region in the top of the chamber. At any given point in time the position vector
of the charged particle in the plane perpendicular to time-of-flight (ToF) axis
is proportional to the momentum vector in the perpendicular plane when the
charged particle was created. For the experiments in the following part of
this thesis concerning positive molecular ions and their fragments, the voltages
were 6 kV and 4 kV for the repeller and extractor respectively. A negative high
voltage supply is available for experiments on negative ions or photoelectrons.
The first part of the detector stack is a El-Mul Technologies B050V chevron
multi-channel plate with a 38 mm diameter active region. The MCP stack
actually consists of two MCPs oriented with their channels 180◦ away from
each other. When the back side is raised by 1800 V compared to the front side,
a charged particle colliding with the front side will create an electron cascade
throughout the two MCPs effectively amplifying the signal by 103 per MCP
resulting in a total amplification of the signal of 106 . The detector stack can
be run two acquisition modes; ToF mode and imaging mode.
In time-of-flight mode, the front size of the MCP grounded and 1800 V
is applied to the backside of the MCP. Upon impact of a charged particle
with the MCP, the created electron cascade within the MCP will transiently
lower the voltage. This voltage drop can be recorded using an appropriate
high pass filter on the back-side voltage supply. The filtered signal is sent to
a Lecroy WaveSurfer 64MXs-B 600 MHz, 10 GS/s oscilloscope which records
the signal intensity as a function of time. Since the voltage gradient inside the
electrostatic lens is small compared to the focus of the laser, all created charged
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species are born at approximately the same potential. This means that they
will hit the detector corresponding to their flight
p time which is proportional to
the square root of their charge to mass ratio m/q.
Another way to utilize this electron signal inside the MCP is to accelerate
the electrons into a ScintiMax p47 phosphor screen kept 2300 V above the backside potential of the MCP. The phosphor screen will produce approximately
50-100 photons per electron hit depending on the kinetic energy of the electron. The light emitted from the backside of the phosphor screen exits through
a window in the top of the chamber and is captured by a Prosilica GE 680
camera. The camera has a resolution of 640 by 480 pixels and an 12-bit ADC.
Its maximum frame rate is 205 frames per second. The camera is connected to
a PC via a dedicated gigabit ethernet connection. Most often in the imaging
mode, one chooses a specific m/q to image to restrict oneself to one observable
as much as possible. This is done in practice by keeping the back side of the
MCP at 1200 V while shortly pulsing the front side of the MCP to −600 V thus
only having the required voltage difference of 1800 V across the MCP when the
pulse is on. The time window that matches the m/q of interest is found from
a recorded ToF. The custom in-house-built high voltage pulser creates short
pulses of −600 V down to 50 ns in width.
The timing of the experiments are controlled by a Stanford Research System
DG delay generator. The delay generator is fed the 1 kHz trigger from the
laser system and the delay generator triggers the different components of the
acquisition system. The pulse delay and width used for pulsing the MCP is
chosen on the delay generator. For experiments using the supersonic jet, the
acquisition rate is limited by the camera at 200 Hz. This means triggering the
camera and Even-Lavie valve a little under 5 ms after a previous laser shot,
with the MCP being triggered on the same laser shot. For these experiments,
the signal density is usually so great that every recorded frame contains only
one laser shot and no bunching is done. This means that 4 out of 5 laser shots
are wasted.
For droplet experiments, in order to maximize the signal, everything is
triggered at 1 kHz. The camera is unable to keep up with this repetition rate,
but the opening time is adjusted to 10 ms thus capturing 10 laser shots into
one single frame and effectively limiting the repetition rate of the camera to
100 Hz
In this work the charged particles observed in the VMI are created in different ways. In the first part of this thesis concerning the optical centrifuge,
a relatively weak ’ionizing pulse’ is used to singly ionize the target molecules.
Some of the created molecular ions are created in a dissociative state and the
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Figure 3.6:
Ion images showing CO+ ions from OCS molecules with the
ionization pulse polarized in the y-direction. (a): Ionization pulse alone. (b):
Centrifuge pulse included 200 ps before the ionization pulse. Laser beams propagate in the +z direction. Middle part of the images blocked is blocked out
during post-processing. White rings indicate the radial ranges in which the
hcos2 θ2D i is calculated.

molecule dissociates with the fragments gaining kinetic energy in the low eV
range. The charged fragment from this dissociation is then recorded using the
VMI.
For higher intensity, the ionizing pulse will multiply ionize the molecule
resulting in two or more charged fragments that will repel due to the strong
Coulombic forces. This process is usually called a Coulomb explosion and
the laser pulse that creates it is usually called the Coulomb pulse. For are two
body breakup with one positive charge on each fragment, initially separated by
a distance R, the potential energy is V [eV ] = 14.4/R[Å], which is distributed
among the two fragments as kinetic energy according to their masses, so that
each gains equal momentum.
Two example images recorded with the experimental setup are shown in
fig. 3.6. The images depicts recorded CO+ ion hits from the OCS molecule. The
position of the ion fragments in the images are indicative of their momentum
33

3. Experimental Setup
in the plane parallel to the detector when they were created in the interaction
region. Image (a) depicts a situation in which the ionization pulse is sent into
the chamber alone with its polarization vector perpendicular to the detector
screen. The resulting ion fragments form an isotropic distribution. In image
(b), the situation is quite different. By sending the optical centrifuge first and
then at a later point sending the ionization pulse, the resulting ions have gained
speed in the x-direction and localize around the x-axis due to the rotation in
the xy-plane.
A way to characterize how isotropic or directional the ion hits on the image are, is to use hcos2 θ2D i. The angled brackets refer to the average value of
cos2 θ2D of all the ions within the bounds of the two circles in fig. 3.6 and where
θ2D is the angle with respect to the vertical. A completely isotropic distribution has a hcos2 θ2D i 0.5 whereas a perfectly confined molecular distribution
would have a hcos2 θ2D i of 1. The hcos2 θ2D i value is not something usually
associated with the optical centrifuge, but due to the involvement of the group
with the alignment community, it seems like a natural observable for how well
the centrifuge is working on a day-to-day basis.
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4

Extreme Rotational Excitation of
Gas Phase OCS Molecules
The first tests of the optical centrifuge were performed on gas phase OCS
molecules. The OCS molecules comes in a pre-mixed bottle in a concentration
of 500 ppm with helium as a carrier gas. The gas mixture is supersonically
expanded into vacuum from a backing pressure of 60 bar cooling the OCS to
a rotational temperature of around 1 K. OCS is an excellent candidate for
centrifuge experiments due to the high ratio of its polarizability anisotropy to
its moment of inertia.
For the experiments presented here, the peak intensity of the centrifuge
pulse is 5.7 · 1012 W/cm2 and 1.5 · 1014 W/cm2 for the ionizing pulse.

4.1

Time-of-flight

Operating the detection setup in ToF mode, a spectrum is recorded comparing
the ionizing pulse alone against including the centrifuge 200 ps prior to the
ionizing pulse. The spectrum is seen in fig. 4.1. A ToF recorded with the target
chamber isolated showed no significant signal, meaning that in the following,
there is no contribution from rest gas present in the chamber.
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Figure 4.1:
(Dashed, yellow) Time-of-flight spectrum of gas-phase OCS
molecules with the ionizing pulse polarized perpendicular to the detector. (Full,
blue) Centrifuge pulse sent 200 ps before the ionization pulse. Insert shows a
zoom-in on selected mass peaks.

The immediate signal is calibrated by assuming the highest signal peak at
longest delay is due to the molecular ion OCS+ at m/z=60 and then assuming
the two prominent peaks at earlier times is due to the S+ ion at m/z=32 and
the CO+ ion at m/z=28. With the centrifuge included, the amount of OCS+
ion signal is reduced due to the fragmentation of the highly rotationally excited
molecular ion. No higher charge states of the parent ion are observed.
Besides the molecular ion, the peaks at m/z=28 and m/z=32 which encompasses the fragments CO+ and S+ respectively, dominate the ToF both with
and without the centrifuge. The ions are created through dissociative ionization and not via Coulomb explosion since, in the latter, the fragments would
be created with high velocity in the up-down direction due to the selectivity
of the probe. This in turn will result in a clear double peak structure in the
ToF trace with the ionization pulse alone. By increasing the intensity of the
ionization pulse, Coulomb explosion channels do appear.
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The primary fragmentation channels are OCS+ → CO+ + S and OCS+ →
CO + S+ . With the centrifuge on, these two peaks show a broadening with
respect to flight-time (m/z) which stems from the tangential velocity from the
spinning molecules adding to or subtracting from the velocity component along
the ToF-direction.
The peak at m/z=16 shows a single peak with the centrifuge off indicating
a small probability of the creation of O+ ions most likely through the channel
OCS+ → O+ + CS. With the addition of the centrifuge the peak does indeed
get a double peak structure. It is unlikely that the O+ ions comes from the
further fragmentation of CO+ ions since that would create C+ ion fragments
with significant higher kinetic energy compared to the dissociative ionization.
Lastly there is relatively tiny peak at m/z=44 to which there is no difference
whether the centrifuge field is on or not. This comes from the formation of
CS+ through OCS+ → O + CS+ .

4.2

Time-resolved Spin-up

In order to follow the spin-up dynamics of the centrifuge, the ion-gating is set on
the mass peak m/z = 32 and the arrival time difference between the centrifuge
pulse and the ionizing pulse is varied. At each of the time steps an ion image
is recorded. For each images the hcos2 θ2D i is calculated between the radial
ranges indicated in fig. 4.2 and the total ion yield is recorded. The hcos2 θ2D i
value indicates how confined the ion fragments are to the polarization plane of
the optical centrifuge. The resulting spin-up dynamics is shown in fig. 4.2
It is observed that at t = −20 ps, where the ionization pulse precedes the
centrifuge pulse, that the hcos2 θ2D i level is offset from the isotropic value of
0.5. This is interpreted as the centrifugal dissociation of the OCS+ ion which
will be the topic in chapter 5.
As the centrifuge pulse turns on at t = 0 there is a slight increase in both
hcos2 θ2D i and the total amount of ions recorded. The hcos2 θ2D i gradually
increases until around 45 ps where there suddenly is a rapid increase in the
hcos2 θ2D i value. The value increases to around 0.97 and decays slightly as
the centrifuge weakens in intensity. Using the longest delay available in the
laboratory, a hcos2 θ2D i value has been recorded above 0.95 for a few ns (not
pictured). The rapid increase in the hcos2 θ2D i value is somewhat artificial due
to the value being calculated from ions between the two radial ranges, thus
there is a threshold effect as the rotational energy of the molecules increases.
The total ion yield has a slight increase at t = 0 and stays constant until
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Figure 4.2: Center: hcos2 θ2D i (blue, left scale) and ion yield (dashed yellow, right scale) from S+ ion images stemming from OCS molecules as the
centrifuge-ionization pulse delay is varied. The gray outline is a sketch of the
cross-correlation of the centrifuge-pulse. Below and above depicts ion images
at select times. Each image is scaled individually and consists of 10000 laser
shots and.
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around 50 ps where it shows a sharp increase until it reaches a maximum at
around 65 ps after which it levels off.
Using a two-dimensional morse potential for the molecular ion OCS+ , which
will be covered more in-depth in chapter 5, it is estimated that the dissociation
frequency of the ion is around νd = 5 THz. At this frequency there is no longer
a minimum in the potential energy surface of the rotationally excited ion and
it falls apart. With the recorded (angular) frequency chirp from the cross
correlation of the optical centrifuge of β = 0.6 ps−2 , it can be calculated that
the critical frequency is reached after approximately 52 ps. Beyond this point
in time, any spinning neutral molecules once ionized would dissociate which
leads to the increase in ion yield. A. Milner et al. used a refined Morse-cosine
potential to estimate the frequency at which the neutral OCS is lost from the
rotational trap νc = 6.2 THz. The corresponding rotational state is Jc = 650.
This frequency corresponds to t = 65 ps which is the peak in the ion yield.
Looking at the ion images, it is observed that as time goes on the ion hits
are more confined near the vertical axis. The distance in the up/down direction
increases as time goes on, indicating an increase in projection of the velocity
vector in this direction. The images corresponding to t = 50 ps and t = 55 ps
show a very prominent ’island’ with the images at latter times showing a more
uniform stripe. The reason behind this is not completely understood.
Another way to visualize the data is with a contour plot showing the ion
yield as a function of the radius from the centre and as a function of time
shown in fig. 4.3. A bright is observed feature near 50 ps corresponding to
the island feature in the ion images. The feature has a linear slope toward
higher radii with the increase terminating at around 65 ps at a pixel radius of
130. After 65 ps the signal stays peaked around this radius indicating that the
acceleration has seized. This is in good accordance with previous estimates
that νc is around this time.
The bright feature fig. 4.3 can be used to estimate the effective angular
acceleration of the molecules. Assuming J >> 1 and treating the molecule
as rigid rotor, the resonance condition for two-photon Raman transition is
4BJ ≈ 2βt and the rotational energy E ≈ BJ 2 . Combining the two yields,
β2 2
t .
(4.1)
4B
Since the ion images a measurements of the 2D velocity with the velocity
component in the ToF direction projected out, one would have to do a Abel
Inversion in order to retrieve the full 3D velocity distribution and couple the
kinetic energy with pixel radius. This cannot be done due to the polarization
E≈
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Figure 4.3: Contour map showing the intensity of S+ -ions versus pixel radius
and time. The red line corresponds to an acceleration of the molecules of
0.60 ps−2

of the ionization pulse being perpendicular to the detector and thus breaking
the required cylindrical symmetry in the plane of the ion image. For this very
crude estimate it is assumed that the velocities of the ions are primarily in the
x-direction. Using a known calibration (see appendix A), the pixel radius is
related to the kinetic energy,

2
E ≈ αr2d
,

(4.2)

where α is a calibration constant and r2d is the radial distance in the ion
image. Using the rotational constant of OCS of 0.202 86 cm−1 [25] and a β =
0.60 ps−2 gives the red line in fig. 4.3. Considering the crudeness of the model
and no Abel inversion, there is good agreement between the measured angular
acceleration and the chirp from the xFROG measurements.
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4.3

Limiting the Terminal Rotational Frequency of the
Optical Centrifuge

A crucial aspect of the optical centrifuge is the ability to limit the terminal
spinning frequency. To study this, the delay is fixed so that the ionizing pulse
comes 200 ps after the centrifuge pulse and the terminal spinning frequency of
the centrifuge is limited by blocking out part of the spectrum in the Fourier
plane of the centrifuge pulse shaper. The spectrum is blocked by placing a
physical beam block inside the pulse shaper in the Fourier plane. At each
’blocking setting’, the blocking wavelength is measured with a spectrometer
and an ion image is recorded. From the ion image the hcos2 θ2D i and the ion
yield is determined. The blocking wavelength is used to calculate the terminal
frequency from the highest instantaneous frequency difference between the two
arms. The resulting figure is shown in fig. 4.4.
The hcos2 θ2D i value gradually increase as the terminal frequency increases.
As in fig. 4.2, the count rate increase rapidly as the terminal frequency increases
beyond νd = 5 THz of OCS+ and levels off around the νc = 6.2 THz of OCS
where the centrifuge can no longer add more rotational energy to the molecule.
To compare the dynamics of a full bandwidth centrifuge and the centrifuge
with reduced terminal frequency, the centrifuge is limited to 4.5 THz and the
degree of alignment as function of time is measured. The experimental parameters are equal to the full bandwidth centrifuge except reduced pulse energy in
the centrifuge beam due to the blocking of spectrum. The result is shown in
fig. 4.5
The dashed trace shows the hcos2 θ2D i and ion yield for the centrifuge with
a terminal frequency of 4.5 THz. At times before t = 0 the hcos2 θ2D i value is
lower than that of the full centrifuge but still above 0.5. Despite the terminal
frequency being lower than the predicted dissociation frequency of OCS+ , there
is still some ions created in the polarization plane of the optical centrifuge. For
t > 0, the hcos2 θ2D i value increases and catches up with the full bandwidth
centrifuge until around 45 ps where the limited centrifuge has reached its terminal frequency of 4.5 THz. The reduced bandwidth optical centrifuge never
sees the rapid increase in the ion yield compared to the full bandwidth optical
centrifuge. This fits with the interpretation that a higher rotational frequency
is needed to dissociate the molecular ion created by the ionization pulse.
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4.4

Optical Centrifuge with non-zero Starting Frequency

Another parameter of the spinning that can be controlled with the optical
centrifuge, is the initial frequency. If one beam is delayed by T with respect to
the other, then as this delayed beam turns on the frequency difference between
the two beams is already βT and the centrifuge starting frequency is half of
that Ω0 = βT /2. This effect is explored by delaying the two beams in the
centrifuge with respect to each other and recording ion images at each delay.
This is done in practice with a delay stage under the retroreflector in the blue
arm of the centrifuge setup. The resulting contour map is shown in fig. 4.6.
It is observed that the centrifuge works within a relative delay of roughly
±5 ps. During the turn-on the kinetic energy must remain below half the value
of the potential (due to the virial theorem; as mentioned in section 2.2). A
relative delay of 5 ps corresponding to Ω0 = 1.5 THz results in the molecules
no longer being trapped initially and they can therefore not be spun to a
frequency where they would dissociate upon ionization. Using the moment of
inertia for OCS of I = 1.38 · 10−45 kgm2 , one can estimate the potential U0
to U0 = IΩ20 = 19 meV. The interaction potential calculated from the peak
intensity of the centrifuge beam and the polarizability anisotropy of OCS yields
U0 = 28 meV. The agreement is fairly good considering the uncertainty of the
estimation of T and the peak intensity of the optical centrifuge.
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Figure 4.6: Contour map showing the intensity of S+ -ions versus pixel radius
and relative delay between the red arm and blue arm of the optical centrifuge.
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5

Rotational dissociation of OCS+
Optical centrifuges have previously been used to rotationally dissociate neutral
molecules like Cl2 [12] or CS2 [26]. These experiments detected the fragments
following dissociation by either ionizing the fragments and measuring them in
a time-of-flight setup or by looking for the depletion of a Raman signal of the
parent molecule. Here results are presented from centrifugal dissociation of
the OCS+ molecular ion. The rotational dissociation of molecular ions using
the optical centrifuge is especially elegant since once the molecular ions are
created, the rotational excitation of the molecular ion and the creation of the
observable fragment ion is a result of the centrifuge beam alone. In a sense,
the centrifuge beam acts as the ’pump’ and the ’probe’ at the same time. An
advantage of this is that the rotational energy of the molecular ion can be
measured directly through the energy of its fragments and the recorded energy
need not be deconvoluted from any energy gained during Coulomb explosion
or dissociative ionization. The results of this chapter is currently being written
up in a manuscript, that will be submitted for publication.
The optical setup from chapter 4 is reused for this experiment. The 400 nm
ionization beam with peak intensity I0 = 1.5 · 1014 W/cm2 is incident on the
cold OCS molecular beam and creates the OCS+ ions. The optical centrifuge
pulse, with a peak intensity of I0 = 5.7 · 1012 W/cm2 , follows 50 ps later.
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Figure 5.1:
(Dashed, yellow) Time-of-flight spectrum of gas-phase OCS
molecules with the ionizing pulse polarized perpendicular to the detector. (Full,
blue) Centrifuge pulse sent 50 ps after the ionization pulse. Insert shows a
zoom-in on selected mass peaks.

5.1

Time-of-flight

Figure 5.1 show ToF spectra recorded for OCS molecules. One spectrum is
recorded with the ionization pulse alone polarized in the ToF direction and
one is recorded with the centrifuge pulse following the ionization pulse after
50 ps. A reference ToF with the target chamber isolated from the molecular
beam and with the ionization pulse alone shows no signal.
The optical centrifuge depletes the OCS+ ion signal at m/z=60 which means
that some of molecular ions are fragmented by the optical centrifuge. The
centrifuge enhances the amount of C+ ions (m/z=12), O+ ions (m/z=16), CO+
ions (m/z=28) and S+ ions (m/z=32). Of these, only the S+ ion signal shows
a broadening of the peak which indicate S+ ions with added velocity either in
or against the ToF-direction. This indicates that these ions originate from a
molecular ions with significant rotational kinetic energy. The increased signal
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in the other peaks is a result of fragmentation due to the strong, persistent
electric field of the optical centrifuge. The fragment CS+ at m/z=44 is created
in very low quantities by the ionizing beam and the amount is almost completely
depleted by the centrifuge.

5.2

Photoelectron Spectrum

To gain insight into any vibrational excitation in the OCS+ ion created by
the ionizing pulse, a photoelectron spectrum is recorded. This is done by
reversing the polarity of the VMI’s electrostatic lens and recording images
with no gating. The polarization of the ionization beam is changed to circular
polarization so that there is cylindrical symmetry around an axis parallel to
the detector. This allows for the retrieval of the full 3D radial distribution of
the electrons through the inverse abel transformation. The specific algorithm
used is Polar Onion Peeling. Using a well known calibration (see appendix A)
the peaks in the 3D radial distribution are converted to an energy.
In fig. 5.2 the peaks are separated by the photon energy E = 3.1 eV. The
lowest energy peak at approximately 0.7 eV fits with the absorption of 4 photons
to overcome the ionization potential of OCS of 11.190 eV [25] as well as a
ponderomotive potential of 1.9 eV which corresponds to a laser intensity of
I = 1.3 · 1014 W/cm2 . This is fairly close to the calculated peak intensity
considering that the real laser spot has a spatial distribution of intensities and
the average intensity of the spot will be lower than the peak intensity. The
peaks above 0.7 eV are the result of above threshold ionization (ATI), in which
electrons absorb additional photons from the field and gain the photon energy
as kinetic energy.
According to the NIST Chemistry WebBook, The OCS+ has a bending
mode as the the lowest vibrational frequency at 476 cm−1 or 59 meV. The
peaks at 0.7 eV, 3.8 eV and 6.9 eV have FWHM widths of 330 meV, 185 meV
and 170 meV, respectively. Taking the signal of the 3.8 eV as an example;
the peak has a value of 75% of its maximum value at 59 meV away from its
center. There could be some population in v = 1 of this mode where the
structure would be hidden by the main peak. The C-S stretch frequency has
an energy of 86 meV and it would lie at 54% of the maximum intensity. With
the resolution of the recorded photoelectron spectrum it cannot be ruled out
that there are some vibrational excitation of the OCS+ ion, but the amount is
limited with respect to the vibrational ground state.
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Figure 5.2: Photoelectron spectrum of OCS recorded using the 400 nm ionization pulse with a peak intensity of I0 = 1.5 · 1014 W/cm2
.

5.3

Imaging of S+ ions from Centrifugally Dissociated
OCS+

Using the same ionization pulse as above to create OCS+ ions, the centrifuge
at different terminal frequency settings is sent 50 ps after the ionization pulse
and the resulting S+ ions are imaged. The terminal frequency is set in a similar
way as previously described in section 4.4. To account for the creation of S+
through other means than rotational dissociation, another set of ion images
are recorded at each terminal frequency setting in which the centrifuge effect
is broken and these images are subtracted from the images recorded with the
working centrifuge. The centrifuge effect is broken by de-syncing the centrifuge
arms thus increasing the starting frequency to the point where the molecules
are no longer initially trapped and, as a results, are not rotationally excited.
This way, the molecules are exposed to the same laser fluence albeit with a
slightly different intensity profile.
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Figure 5.3: S+ ion images resulting from using the optical centrifuge pulse on
OCS+ ions in the vibrational ground state. The delay between the ionization
pulse and the onset of the optical centrifuge is 50 ps. Each image has subtracted
background signal from the broken centrifuge (see text) and is nomarlized to
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5. Rotational dissociation of OCS+
The resulting images are shown in fig. 5.3. As the terminal frequency of
the optical centrifuge is increased beyond 4.3 THz a small feature develops
at non-zero velocity in the x-direction. The ions are very confined along the
x-direction indicating that it originated from molecular ions confined to the
xy-plane. This is consistent with the optical centrifuge creating ions in highJ, high-M states where the angular momentum is overwhelmingly in the laser
propagation direction.
The feature increases in brightness as the terminal frequency increases.
From 4.8 THz to 5.0 THz there is hardly any difference in the appearance of
the ion images. The ions are strongly confined around the The ion distribution
can be converted into kinetic energy distributions by doing an inverse abel
transformation and using the calibration described in appendix A. The kinetic
energy is shown in fig. 5.4.
For the lowest terminal rotational frequencies the majority of the recorded
ions have measured kinetic energies below 0.5 eV indicative of dissociative ionization. However, as the terminal rotational frequency is increased beyond
4.3 THz, the distribution gains a small bump near 1.6 eV. This feature grows
in size and moves to higher energies progressively as the terminal frequency is
increased, eventually peaking around 1.8 eV.
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Figure 5.4:
Kinetic energy of S+ fragments from rotationally dissociated
+
OCS with varying terminal frequency settings of the optical centrifuge.

5.4

Theoretical Model

To model the dissociation of the molecular ion, the potential energy surface
(PES) at high J must be known. A simple 2D morse potential is employed
to model the PES of the electronic ground state of the molecular ion. The
rotational energy at a given J is then added on top of this ground state energy.
Vtot (RCS , RCO , J) = Vmorse (RCS , RCO ) + Vrot (RCS , RCO , J)
2

eq
= DCS {1 − exp [−aCS (RCS − RCS
)]}

2

eq
+ DCO {1 − exp [−aCO (RCO − RCO
)]}

(5.1)

2

+

~ J(J + 1)
.
2I(RCS , RCO )

Here D is the dissociation energy of the particular bond, a is a positive
constant, R and Req are the bond and equilibrium bond distances, J is the
53

5. Rotational dissociation of OCS+
rotational quantum number and I is the moment of inertia. At J = 0 the
potential surface defines the ground state potential with a minimum at the
equilibria positions of both bonds. As J increases the potential energy surface
is determined by the rotational energy added to the electronic ground state,
with more energy being added at low R vs. high R due to the R2 scaling of
the moment of inertia. Consequently, the minimum within the PES moves to
higher values in R in both dimensions resulting in bonds that are stretched
compared to their equilibrium value. The energy at the minima of successive
J-states can be used to calculate the classical rotational frequency
νJ = [EJ+1 − EJ ] /h.

(5.2)

The classical rotational frequency for the rigid rotor is νJ = 2B(J + 1)/h.
At high J, as the bonds of the molecule starts stretching and the moment
of inertia increases, the energy difference between successive J-states starts
to become less than what is predicted by the rigid rotor model. This results
in a lower rotational frequency increase as J increases i.e. a lower angular
acceleration. Eventually the molecule can reach a point where the angular
acceleration is zero and two successive transition will have the same rotational
frequency. At this point the molecule can no longer increase in J since the
optical centrifuge frequency keeps increasing leaving not enough time for the
molecule to do two or more transitions instantaneously. The classical analogue
is that the molecule being lost due to the Coriolis force and the rotational
state at which this happens is thusly named Jc and the corresponding classical
rotational frequency is named νc .
When the molecule reaches a J-state in which there no longer is any potential well, then the molecule will dissociate. The rotational state at which
this happens is similarly called Jd and the corresponding rotational frequency
is called νd .
To model the electronic ground state Spanner and Ivanov [13] used a onedimensional Morse Potential. Milner et al. [26] used a fourth-order MorseCosine potential that was fit to high energy vibrational transitions in order to
model the triatomics N2 O, OCS and CS2 . Finding a potential energy surface
(PES) for the open shell OCS+ has so far not been possible. The molecular
ion is modelled using the a parameters that Milner et al. used for neutral OCS
and scale them using the dissociation energies from Hubin-Fraskin et al. [27].
The PES for selected J-states can be seen in fig. 5.5. From J = 0 to J = 250
a substantial amount of rotational energy is added but the two bonds are only
stretched a couple of percent. At J = 500 the bond in the C-S direction has
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stretched substantially and is around 10% longer compared to the equilibrium
value. At this point potential is very flat toward higher values of RCS and the
ion is nearing dissociation. On the contrary, the C-O bond is only stretched
very slightly.
For each J-state the minimum energy is determined and the classical frequency is calculated using eq. (5.2). The energy of the local minimum at each J
is used to calculate an expected kinetic energy of the S+ fragment. This is done
by subtracting the dissociation energy of the C-S bond from the energy in the
minimum of the PES. This difference is the rotational energy of the molecular
ion. Upon dissociation the kinetic energy is split between the fragments according to mass of each fragment so that there is conservation of momentum. In the
dissociation of OCS+ into S+ and CO, the expected kinetic energy of the S+ ion
is KS + = (Emin (J) − DCS )(mtot − mS + )/mtot = (Emin (J) − DCS )28 u/60 u.
The resulting theoretical rotational frequency and expected S+ ion kinetic
energy if dissociated is displayed in fig. 5.6. At low J the kinetic energy shows
a quadratic dependence on J and the rotational frequency shows a linear dependence on J as expected from the rigid rotor model. At higher J, there
is a negative curvature in the rotational frequency curve and eventually at
J = Jc = 496 the gradient is zero. At Jd = 507 there is no local minimum anymore within the grid and the molecule dissociates. The two related frequencies
are νc = 4.879 THz and νd = 4.816 THz.
The molecule need not reach Jd before dissociating. A very shallow potential well might not facilitate any bound vibrational states and therefore
the molecule dissociates even though there is a local minimum. Since Jd does
not take this into account it may overestimate the J at which the molecule
dissociates. The fact that rotationally dissociated molecules are observed at
all, despite the model predicting that the molecule is lost from the rotational
trap before reaching dissociation, further substantiates this possibility of the
overestimation of Jd .
The maximum expected kinetic energy of the S+ ion at Jc is 1.64 eV. This is
not too far from the observed kinetic energy in fig. 5.4. The 2D morse potential
predicts the rotational frequency region at which rotational dissociation occurs
and makes a good estimate for the kinetic energy of the S+ fragment.
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Figure 5.5: Potential Energy surfaces for OCS+ as a function of the C-S and
C-O bond length for J = 0 (bottom), J = 250 (middle) and J = 500 (top).
The local minimum is indicated by the red circle.
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5.5

Conclusion & Outlook

The rotational dissociation of OCS+ ions close to the vibrational ground state
was directly observed using an optical centrifuge. This is the first measurement
of the rotational dissociation of a molecular ion. The method used provides an
elegant way of measuring both the dissociation frequency and the rotational
energy of the ion at the moment of dissociation. The dissociation occurs already
for rotational frequencies above 4.3 THz but the amount of dissociated ions and
the final energy measured increases until 5.0 THz. The dissociation rotational
frequency and expected kinetic energy release was estimated with a simple
2D morse potential model. CS2 + have also been dissociated with our optical
centrifuge. The study of centrifugal dissociation could be used to develop more
refined models for the potential energy surfaces for ions at high rotational
states.
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Part II

Femtosecond time-resolved study
of rotation of molecules in helium
nanodroplets
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Chapter

6

Introduction
In chemical reactions the relative orientation of the reactants is of crucial importance. In the bi-molecular SN 2 reaction the orientation of the reactants has
to be such that the one reactant - the nucleophile can ’attack’ from one side
of the other reactant whilst leaving space for the leaving group to exit. Routinely in many laboratories around the world, laser fields are used to fix one or
more axes of molecules in space. By controlling the molecular orientation in
space one can in future do chemistry and study these reactions in a controlled
manner.
Another crucial aspect of the chemical reaction is the solvent. The solvent
acts as an energy bath for the reactants and products and can stabilize certain
transition states allowing, or greatly increasing the reaction rates, of certain
reactions. Superfluid liquid helium is a good candidate to use for studying
reactions in a solvent due to its low temperature, high thermal conductivity
and transparency to a wide range of laser radiation wavelengths. The superfluidity makes the environment frictionless for speeds below the Landau critical
velocity, which preserves coherences that would otherwise be lost to collisions
with the solvent molecules.
As long as both reactants are picked up by the droplet, they will, in most
cases, move toward the center of the droplet and meet which makes the prospect
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of chemistry more likely. So far, the range of chemical reactions that have been
done in helium droplets have been limited to van der Waals dimerization and
dissociation reactions.
In addition, to a physicist, the helium droplet itself is an interesting system
to study. The droplet doped with a molecule is essentially a quantum manybody system with an impurity to which one can impart energy and angular
momentum using laser radiation. In a pump-probe scheme using a short alignment pulse to ’kick’ the molecules and following the alignment dynamics as
time goes on, one can gain an understanding of the role of the helium solvent
and the coupling of energy and angular momentum to the environment on a fs
and ps timescale.
This part of the thesis covers three different time-resolved experiments in
which the rotation of molecules inside helium droplets is explored. First, in
chapter 10 CS2 and OCS molecules are exposed to a moderately intense 330 fs
alignment pulse which exerts a very large torque on the molecule so that it
transiently detaches from its local helium environment. This experiment was
done by Dr. Benjamin Shepperson and I. The work is currently being written
up in a manuscript that will be submitted for publication.
Secondly, in chapter 11 the same molecules are exposed to a 15 ps alignment
pulses resulting in a less abrupt rotational acceleration which leaves the local
helium environment sufficiently unperturbed for coherent rotation and rotational revivals to occur. This experiment was done by Dr. Lars Christiansen
and I with theory support from Prof. Mikhail Lemeshko’s group from IST in
Vienna. The work is currently being written up in a manuscript that will be
submitted for publication.
Finally, in chapter 12 the optical centrifuge from part I of this thesis is used
on CS2 molecules in helium droplets.
In the beginning of this part of the thesis, additionally, some background
theory on the creation of helium droplets as well as non-adiabatic alignment
theory is covered.
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7

Superfluid Liquid Helium
Nanodroplets
Liquid helium is a material with many applications in modern society. Its uses
include cryogenic cooling of the superconductors in magnetic resonance imaging
(MRI) used in hospitals to image patients and in chemistry departments around
the world for nuclear magnetic resonance imaging (NMR) to determine the
structure of molecules. Its cooling properties is also used in big science projects
like for the magnets used to guide the proton beams in the Large Hadron
Collider located underground between France and Switzerland.
In recent decades, liquid helium has been used in molecular science as a
transparent, ultra cold medium in which to study molecules. This chapter
describes the historical background and properties of liquid helium and helium
droplets.

7.1

Liquid Helium

Helium comes in two isotopes: the bosonic 4He which comprises 99.9998% of all
helium and the remaining consisting of the fermionic 3He. Whilst both of the
isotopes exhibit superfluity among other novel properties at temperatures below
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respectively 2.18 K and 3 · 10−3 K at saturated vapour pressure, the rarity and
thus price of 3He as well as its very low transition temperature makes it an
impractical candidate for usage in the laboratory. For this reason 4He is used
exclusively in our laboratory and it will from heron be referred to as He.
Helium was first liquefied by Onnes in 1908 in an experiment where the
liquid’s low density, viscosity and large capillary action was noted [28]. Later
measurements in 1935 by Keesom and Keesom [29] found a λ-shaped curve
when measuring the heat capacity vs temperature of helium at low temperature
with the peak of the λ-shape at the so-called λ-point, Tλ = 2.172 K. The peak
separates liquid helium into two phases - HeII below Tλ and HeI above Tλ .
Keesom and Keesom noted that HeII had a very large thermal conductivity
compared to HeI. The superfluid properties flow was confirmed independently
by Allen and Misener [30] and Kapitza [31] in 1938.
A two-fluid model was made by Landau [32] to explain the superfluidity of
HeII. Landau argued that the measured values for the specific heat of helium
near the λ point indicated a different type of excitation from phonons which he
called ’rotons’. These rotons have a parabolic dispersion relation which results
in a local minimum in the dispersion curve of the excitations at a nonzero
momentum. If the atoms stay below a velocity given by the ratio of the energy
and the momentum of the excitation at this local minimum, it can be shown
that it will not be possible to create excitations and thus the atoms to lose
energy to these excitations. Therefore the atoms in the fluid should move
without resistance.
The dispersion curve was measured using neutron scattering by Heenshaw
and Woods [33] and from the values recorded the then called Landau critical
velocity, vL , was estimated to 58 m/s. The Landau velocity was later measured
to around 45 m/s for ions injected into bulk helium by Allum et al. [34].
Superfluid helium can also have macroscopic excitations in the form of
quantum vortices. G.W Rayfield et al. discovered that one could create charge
carrying quantized vortex rings by accelerating ions with a sufficiently strong
electric field within the superfluid [35]. For these vortices, the integrated momentum of a helium atom in a vortex integrated around a closed loop is quantized in integer times h. Another feature of liquid helium is its low and constant
dielectric function from vacuum ultraviolet to the near infrared [36] allowing a
molecule to interact with external electric fields or dipoles from other molecules
inside the droplet without influence or from the helium [37].
The low temperature, high thermal conductivity, superfluidity and transparency to radiation makes helium an ideal environment for molecules to be
investigated. The downside of using liquid helium as a solvent is the low solu64
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bility resulting in the tendency the solute to condense on the walls of container
of the helium. This obstacle can be overcome using helium droplets [38].

7.2

Helium Droplets

Several methods have existed throughout the last hundred years of creating
very large helium droplets, however, most commonly now helium droplets are
created using free gas expansion of precooled gaseous helium [36]. The helium
gas is cooled using a closed-cycle cryostat to between (5 − 20) K and expanded
through a small orifice of for instance 5 µm diameter with a stagnation pressure
of (20-100) bar [36]. The helium atoms passing through the orifice will adiabatically cool down through collisions and the forming droplets will cool down
further through evaporation until reaching a final temperature of 0.37 K.
The size distribution of the droplets is a log-normal distribution becoming
increasingly broad as the mean droplet atom number increases [39]. The radius
of a droplet is given by R = 2.22N 1/3 Å, where N is the number of helium atoms
in the droplet [36].
The droplet can pick up dopant molecules through collisions. All closed shell
molecules and atoms investigated in the literature will decrease the overall free
energy of the system by being immersed in the helium droplet [40]. Contrary
to this are the alkali-metal atoms, hydrogen, 3He and electrons which are all
generally heliophobic and move to and reside on the surface of the droplet.
In special circumstances electrons can be found inside the droplet. The solute molecules or atoms experience significant radial delocalization inside the
droplet as well as a localization of one or more shells of helium atoms around
the solute molecule through van der Waal interactions. This local helium environment increases the moment of inertia thereby correspondingly reducing
the rotational constant, however, the helium environment is readily distorted
as indicated by the centrifugal distortion constant increasing by several orders
of magnitude in the droplet compared to the gas phase value [41]
The pick-up process follows a Poisson-distribution with the probability of
picking up k molecules given by
k

Pk =

(nσL)
exp (−nσL) ,
k!

(7.1)

where n is the number density of the dopant molecules, σ is the cross section
for the pickup process and L is the interaction length between the droplet
and the dilute gas of the dopant molecules [38]. A partial pressure of around
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(10−5 -10−4 ) mbar gives a sufficient number density for primarily single doping
at typical droplet sizes [36], but due to the statistical nature of the pickup,
droplets with zero or more than one dopant molecule will also occur. Once
absorbed the dopant will rapidly transfer kinetic and any internal energy to
the droplet until it reaches the equilibrium temperature of 0.37 K. The transfer
of energy to the droplet causes helium atoms to evaporate and in the process
each helium atom takes away 5 cm−1 of energy [42].
A major experiment on the superfluidity of helium droplets was made by
Grebnev et al. [41, 43]. In the experiment the rotational spectrum of an OCS
molecule imbedded in a helium droplet was recorded using depletion spectroscopy. The gas phase and droplet spectra are shown in fig. 7.1 a) and b).
The relative signal of the different peaks in the rotational spectrum confirms
a temperature of the molecules inside the droplet of 0.37(2) K. The linewidth
of the peaks in the rotational spectrum is increased from a few MHz due to
collisions in the gas phase to 160 MHz in the droplet, indicating free rotation
for around 1 ns. The spectrum is red shifted by 0.57 cm−1 consistent with the
attractive potential from the droplet. The helium environment decreases the
rotational constant of the OCS molecule by a factor of 2.8 which can be seen by
the contraction of the rotational lines in fig. 7.1. This decrease of the rotational
constant is interpreted by the authors as a result of the increase in the moment
of inertia due to the molecule dragging around 17 helium atoms as it rotates.
The bottom of fig. 7.1 shows the recorded spectrum for OCS in 3He recorded
by [44]. The rotational lines are not resolvable due to the droplet temperature
being higher than the λ temperature of 3He which means that the solvent is
not superfluid.
Just like in bulk helium, quantized quantum vortices have also been observed in helium droplets. Experiments by Gomez et al. show that relatively
large droplets with diameters between (100-1000) nm naturally form on the order of 100 vortices [45, 46]. In the earlier experiment, the droplets were doped
with silver atoms which were attracted with the vortex core and upon colliding
the doped droplet with a target surface, the silver atoms could be detected
using a transmission electron microscope (TEM) and inferring the existence
of the vortex from the deposited pattern. The later experiment detected the
vortices using the coherent scattering of x-rays from the free electron laser at
LCLS on xenon clusters trapped inside the vortex cores of the droplet.
The rotation of molecules in helium droplets have also been studied in a
time-resolved manner. Penthelner et al. [47] used a linearly polarized laser
pulse with a FWHM duration of 450 ps to create a rotational wavepacket
in both iodomethane (CH3 I), carbon disulfide CS2 and iodobenzene (C6 H5 I)
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Figure 7.1: Rotational spectrum recorded near the ν3 mode of O 32CS. a)
Spectrum recorded from gas phase OCS. b) Spectrum recorded from OCS
imbedded in helium droplets consisting of an average of 6000 atoms per droplet.
c) Spectrum recorded in 3He above the critical temperature for superfluidity..
Figure taken from [36].
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molecules solvated in helium droplets of various sizes. The alignment dynamics
of the molecules were noticeably slower than predicted by the lower rotational
constant from spectroscopy. Furthermore no re-phasing of the wavepacket leading to rotational revivals was observed which is the case for gas phase experiments. Laster experiments by Shepperson et al. did observe rotational revivals
consistent with coherent rotation inside the droplet [48].
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8

Non-adiabatic Alignment in Helium
Droplets
8.1

Non-adiabatic Alignment in the Gas Phase

In section 2.1 the interaction between a molecule and a strong non-resonant
laser field was described in the gas phase. Using a linearly polarized laser
pulse with a temporal duration τ much lower than the classical rotational time
τ << Tcl = (2B̃c)−1 , the resulting wavefunction after the laser pulse is is a is
a superposition of field free states [10],
|ψ(t)i =

X

cJM exp (−iEJ t/~) |JM i .

(8.1)

JM

This is equivalent to eq. (2.7) but with the time dependent phase explicitly written as a separate factor and the cJM coefficients otherwise timeindependant. The hcos2 θ2D i value already introduced in previous chapters has
a full 3D version, hcos2 θi, where the angle is the euler angle between the molecular principle axis and the laser polarization axis in the laboratory frame. This
value can be calculated analytically for the wavepacket in eq. (8.1).
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hcos2 θi(t) =

XX
JM J 0 M 0

cJM cJ 0 M 0 exp (−i (EJ − EJ0 ) t/~) hJ 0 M 0 | cos2 θ |JM i
(8.2)

The value of hcos θi is equal to 1/3 for randomly aligned molecules, 1
for perfectly aligned molecules and 0 for anti-aligned molecules. The matrix
elements hJ 0 M 0 | cos2 θ |JM i are non-zero for ∆J = 0, ±2 [49]. For a given J,
the non-zero phase in the sum can be rewritten as EJ+2 − EJ = B(4J + 6)t/~.
The alignment pulse incident on the molecular sample shortly before t = 0,
creates prompt alignment at t = 0. At times near t0 = (nTrev ) where n is
an integer and Trev = π~/B is the revival time, the time dependant phase in
eq. (8.2) will be close to integer multiples of 2π for all J, which means that
the components of the wavepacket will rephase to give the same pattern of
hcos2 θi that there was near time t = 0. In a similar fashion, at times near
t0 = mTrev /2, where m = 1, 3, 5... the phases will be uneven multiples of π
for all J which results in the hcos2 θi pattern opposite to the one at the full
revival. At t = mTrev /4 the (non-zero) phases in eq. (8.2) will take opposite
signs for even and uneven J-states. For distributions of J where even and
odd J-states are represented equally, the contributions from the even and odd
states cancel each other out and no feature is seen in the hcos2 θi time trace.
Some molecules only allow even J-states or odd J-states due to nuclear spin
statistics. An example of this is CS2 which only allows the population of even
J-states. This results in quarter revivals in the hcos2 θi time trace. It is possible
to retrieve the hcos2 θi from the hcos2 θ2D i usually measured in an experiment
through Fourier analysis [50].
2

An ensemble of molecules with a low rotational temperature has a limited
distribution of J and M . The alignment pulse increase J via stimulated Raman
transitions but leaves M unchanged. This shift in population toward high-J,
low-M state has hcos2 θi > 0.3, hcos2 θ2D i > 0.5 independent of the phase,
thus outside the revivals the molecules are partially aligned. This is called the
permanent alignment level.
Collisions with between the molecules in the ensemble or rest gas molecules
can lead to dephasing or depopulation of the high-lying J-states which will
deteriorate the quality of the revivals and lower the permanent alignment level.
High vacuum apparatus ensures that this effect is negligible in the gas phase
and on the timescales of typical experiments.
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8.2

Classical Torque and resulting Angular Frequency

Since the alignment pulse is very short compared to the rotational motion of
molecules, one can model the alignment pulse classically as giving the molecules
a ’kick’ through the time-dependant torque from the interaction of the electric
field and the induced dipole. This classical description is only valid for the early
time scales and cannot be used to explain quantum behavior like rotational
revivals.
Given the potential V (θ, t) = −U (t) cos2 θ = −1/4∆αE(t)2 cos2 θ the classical torque can be found from the 2D Lagrantian,
1 2
Iω − V (θ, t).
2
The Euler-Lagrange equation is given by,

(8.3)

L(θ, ω, t) =

∂L
d ∂L
=
∂q
dt ∂ q̇

(8.4)

Setting q = θ the right hand side of eq. (8.4) yields,
d
d ∂L
= (Iω) = τ (t)
dt ∂ω
dt
Equating this with the left hand side of eq. (8.4),

(8.5)

∂L
= U (t) sin 2θ
(8.6)
∂θ
For a kick pulse with a duration shorter than the rotational timescale of
rotation of the molecule, one can treat the molecule as stationary having an
angle θ0 with respect to the laser polarization while the laser pulse is on.
Assuming the molecule has a negligible angular frequency before the laser pulse,
the final angular frequency is given by,
τ (t) =

1
ω=
I

Z

∞

1
τ (t)dt = − ∆α sin 2θ0
4I
−∞

Z

∞

−∞

E(t)2 dt =

∆αF0 sin 2θ0
.
2c0 nI

(8.7)

Here ∆α is the polarizability anisotropy, F0 is the fluence of the laser pulse,
c is the speed of light in vacuum, 0 is the permittivity of free space, n is the
index of refraction and I is the moment if inertia.
This theoretical value for ω will be used to determine the linear speed of
helium atoms in the inner shell of molecules embedded in helium droplets.
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8.3

Influence of the Helium Droplet on Alignment

The molecules inside the helium droplet causes one or more shells of helium
to localize around the molecule due to the van der Waals attraction between
the molecule solute and the helium environment [36]. As a results the moment
of inertia of the molecular-helium complex increases on average by a factor of
2.5 relative to the bare molecule. This equivalent decrease of the rotational
constant results in broader wavepackets since the energy spacing is reduced.
Furthermore the dynamics are slowed in the droplet which results in longer
revival times of the wavepacket. The rotational states in the droplet accessible
via spectroscopy, has a lifetime of ∼ns which is roughly a factor of a thousand
shorter than in the gas phase, depending on the pressure of the gas.
The low temperature of the droplet of 0.37 K confines the initial thermal
ensemble of molecules to the vibrational ground state and the lower echelon
of rotational states. Limiting the initial population to low values of the M
quantum number leads to higher degrees of alignment. When determining
the degree of alignment, the atoms in the droplet scatter the observable ions
as they pass through the droplet creating (further) deviation from non-axial
recoil. Correlation techniques can be utilized to deconvolute this effect and
retrieve the true value of hcos2 θ2D i [51].

8.4

Previous Alignment Experiments in Helium
Droplets

Initial experiments by Pentlehner et al. [47] used a 450 fs laser pulse linearly
polarized, parallel to the detector, to align a sample of CH3 I molecules inside
helium droplets. The droplets consisted of 11000 atoms corresponding to a
radius of 50 nm. The dynamics of the alignment process is followed by scanning
the delay between the alignment pulse a ’Coulomb Pulse’ which is an intense,
30 fs pulse used to Coulomb explode the molecules after which the fragment I+
ions are imaged in a VMI setup.
In fig. 8.1, a comparison between the non-adiabatic alignment behavior of
CH3 I in the gas phase and inside the helium droplets, is made. The peak
intensity of the alignment field is 1.2 · 1013 W/cm2 and the peak fluence is
3.2 J/cm2 . The gas phase trace show a high degree of permanent alignment level
separated by recurring revivals at intervals of Trev = 66.7 ps. The first peak in
the gas phase trace occurs after 300 fs, whereas the droplet peak is around 20 ps.
The droplet dynamics is much slower than any measured rotational constant
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Figure 8.1: The degree of alignment, represented by hcos2 θ2D i determined
from I+ of isloted CH3 I molecules (black squares) and of CH3 I in helium
droplets (red squares). Figure taken from [47]

from IR or microwave spectroscopy would predict. Further measurements in
the same paper showed no significant difference to the dynamics when changing
the sample molecule to CS2 or C6 H5 I or changing the droplet size
Another observation is the lack of any rotational revivals in the droplet trace
even at lower alignment fluences. The lower peak alignment in the droplet is
due to the deviation from non-axial recoil which results from the scattering of
the I+ on He atoms on the way out or due the Coulombic repulsion of the I+
with He+ created during the Coulomb explosion process.
In later experiments by Shepperson et al. [48], using a 450 fs linearly polarized laser pulse on I2 molecules in helium droplets, different types of behavior
was observed. The alignment characterized by hcos2 θ2D i as a function of time
is shown in fig. 8.2. At low fluences (0.25-1.2) J/cm2 , the rotational half- and
full-revival for I2 in the helium droplet is observed indicated by the red arrows.
In the gas phase, the revival time for I2 is 446 ps [50]. From path integral
Monte Carlo calculations, the moment of inertia of I2 in the helium droplet
is expected to increase by a factor of 1.7 with respect to the gas phase value,
which makes the full revival time in droplets 758 ps. This fits with the half- and
full revival indicated in fig. 8.2. At F = 1.2 J/cm2 , oscillations are observed in
the alignment trace. These oscillations are a new type of behavior that are not
seen in gas phase alignment traces. These two types of behavior is interpreted
as coherent oscillations inside the droplet and will be the topic of chapter 11,
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where the behavior is replicated using CS2 molecules in helium droplets.
At fluence from (3.7-8.7) J/cm2 a substructure appears in the initial alignment peak immediately after the alignment pulse at t = 0. The sharp peak results from the molecule rotating so fast that the helium in the local shell bound
to the molecule gains enough kinetic energy to detach from the molecule. With
knowledge of the I2 -helium interaction potential and calculating the rotational
frequency after the kick pulse using eq. (8.7), the expected kinetic energy for the
helium atoms at the various kick fluences can be calculated. This model agrees
with measurements in what laser fluence is required for the molecule to break
free. This behavior is studied using OCS and CS2 molecules in chapter 10.
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Figure 8.2: Degree of alignment characterized by the hcos2 θ2D i value of I+
ions from I2 molecules in helium droplets at different alignment fluences. Figure
taken from [48].
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Chapter

9

Experimental Setup
The following chapters concern non-adiabatic and near-adiabatic alignment
of CS2 and OCS molecules in helium droplets and in the gas phase. The
experiments are carried out using the same machine that was described in
chapter 3. The droplets are created by expanding pre-cooled helium at 14 K or
16 K in chapter 10 and chapter 11, respectively. The backing pressure of the
helium is 25 bar. This results in mean droplet sizes of around 7000 and 2500
atoms respectively.
The OCS molecules comes in a gas bottle with a regulator and is connected
to the doping cell inside the doping chamber by Swagelok tubing. The CS2
sample is liquid at room temperature and is placed in an endcap of some
Swagelok tubing. In each case, the doping level is controlled by a needle valve
and the doping level is adjusted for single doping.
For the gas phase reference measurements the OCS comes in a premixed
bottle with helium in a concentration of 500 ppm. It is expanded into vacuum using an Even-Lavie valve at a backing pressure of 60 bar, which is the
maximum pressure the particular regulator can handle. For the CS2 gas phase
reference measurements, the liquid CS2 sample is dripped onto some filter paper and placed into a U-bend in the Swagelok gas line going to the Even-Lavie
valve. The U-bend is submerged in a cold bath consisting of acetone and dry ice
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Delay
Stage
BS1

TG
Ti:Sa

ND

λ/2 BS2

λ/2
FL

Vacuum
Chamber

T

Figure 9.1: Schematic of the optical setup. The laser pulse is split into two
beampaths by the beamsplitter, BS1, and combined on BS2. TG: Transmission
diffraction gratings, T: Telescope, ND: Tunable neutral density filter. λ/2:
Half-wave plate. FL: focusing lens. Unlabeled optics are low dispersion mirrors
coated for 800 nm.
which has a equilibrium temperature of −78 ◦C. This suppresses the amount
of CS2 going into the chamber to a reasonable level as helium gas at 80 bar is
passed around the sample to the Even-Lavie valve.
The optical setup is shown in fig. 9.1. The compressed output from the
Ti:Sa laser system with a center wavelength of 800 nm, FWHM bandwidth of
30 nm and FWHM pulse duration of 30 fs is split into two beam paths - one
for the alignment beam or pump beam and one for the probe beam used for
Coulomb exploding the molecules to create charged fragments for imaging. The
alignment pulse is send through a grating stretcher where the pulse is stretched
to 330 fs (FWHM). The pulse duration is chosen as short as possible while still
allowing to dump the desired amount of energy into the molecule without
ionizing it or the droplet. The alignment beam is then telescoped down to
increase the final focus size. It then passes through an tunable neutral density
filter for power control and a half wave plate for controlling the polarization
state before being overlapped with the probe beam on a beam splitter. The
probe pulse is send onto a computer-controlled delay stage and then through a
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half wave plate before being overlapped with the alignment beam. The pulses
are focusing into the vacuum chamber using a f = 300 mm.
The pulses are characterized in the same way as described in section 3.1.
For the experiments in chapter 10, the probe pulse is polarized perpendicular to the detector screen, with a pulse energy of 100 µJ, a FWHM duration
of 30 fs and a focus defined by beam waists of 22 µm by 19 µm which gives a
peak intensity of 4.8 · 1014 W/cm2 . The alignment pulse is polarized parallel
to the detector screen. It has a FWHM duration of 330 fs and a focus defined
by beam waists of 41 µm by 33 µm. For the alignment pulse energies used in
the experiment, the corresponding fluences range from (2.4-9.5) J/cm2 .
For the experiments in chapter 11, the probe pulse energy is increased to
250 µJ with the same pulse duration, focus size and polarization. The peak
intensity is 1.2 · 1015 W/cm2 . The alignment pulse is stretched to 15 ps and the
beam focus is 32 µm by 29 µm. For the alignment pulse energies used in the
experiment, the corresponding fluences range from (0.4-13.9) J/cm2 .
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10

Time-resolved non-adiabatic 1D
alignment in superfluid helium
droplets: Breaking free from the
environment
This chapter presents the results for non-adiabatic 1D alignment of OCS and
CS2 molecules in helium droplets and in the gas phase with a moderately
intense linearly polarized alignment pulse. The purpose of the experiments were
to explore the behavior seen in previous I2 experiments [48], where the I2 would
detach from the helium environment due to the high torque of the alignment
pulse. The experiments were performed by Dr. Benjamin Shepperson and me.

10.1

Experimental results of OCS molecules in droplets

Figure 10.1 shows the alignment represented by the hcos2 θ2D i value of S+ ions
from OCS molecules in gas-phase as well as in helium droplets. The gas phase
trace shows prompt alignment immediately after the laser pulse followed by
half- and full-revivals in accordance with the expected full revival time related
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Figure 10.1:
Degree of alignment of OCS molecules represented by the
hcos2 θ2D i value of S+ ions from OCS in gas phase (orange) and in helium
droplets (blue). The alignment pulse fluence is F0 = 9.5 J/cm2 . Left: Full
trace. Right: Zoom-in on the first 5 ps.

to the rotational constant by Trev = (2B̃c)−1 = 83 ps [25]. The even and odd
J-states contribution to the quarter-revivals cancel out and the effect. Between
the revivals the permanent alignment level is around 0.62 with a slight decay
in the permanent alignment level at the longest delay.
The alignment of the OCS molecules inside the droplets shown an immediate increase in the alignment level and the dynamics almost follow the gas-phase
trace. This is in stark contrast to the slow alignment of the CH3 I molecules
in droplets from Pentlehner et al. [47]. After this initial rise the permanent
alignment level slowly drops to 0.5 as the population of high lying J-states
decays.
The first 5 ps is investigated for a range of fluences and the alignment curves
are plotted in fig. 10.2 with the alignment fluence increasing from the bottom
to the top. In the gas phase, the initial peak is reached a bit earlier when
increasing the fluence from 4.7 J/cm2 to 7.1 J/cm2 , however, further increasing
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in the alignment fluence does not fasten the dynamics. Otherwise, there is a
slight increase in the permanent alignment level as the fluence increases. The
droplet trace for 4.7 J/cm2 has an initial slight increase in hcos2 θ2D i but no
peak with respect to the degree of alignment observed over the first 5 ps. As
the fluence increases a more pronounced peak appears with lower magnitude
but roughly the same dynamics as the gas phase trace.
The initial interpretation from the experimental traces is that the OCS
molecules break free from the helium environment. Whether the OCS molecule
is breaking free from its environment can be estimated by calculating the linear
speed and thereby the kinetic energy of helium loosely bounded to the molecule
and comparing that with the interaction energy of the helium with the OCS
molecule [48]. The speed of the helium can be calculated from the vHe = rHe ω,
where rHe is the distance of the helium from the center of mass and ω is
found from eq. (8.7) using an effective moment of inertia inside the droplets
of Ief f = 2.8I as was measured from spectroscopy [52]. The initial angle
between the molecule and the laser polarization is set to θ0 = 45◦ , thus the
calculated values are for the fastest rotors experiencing the highest torque. The
3
polarizability anisotropy, ∆α = 3.74 Å l, is found in NIST’s computational
database and the method/basis set used is MP2=FULL/aug-cc-pVTZ. The
interaction potential between OCS and He used is from an ab initio calculation
by Kelly Higgens and William Klemperer [53]. The bound ground state of HeOCS complex is Eb =19.1 cm−1 where the helium atom is placed a distance of
rHe =3.379 Å from the center of mass.
Using these values the angular frequency of the molecule, as well as the
linear speed and kinetic energy of the helium is calculated and tabulated in
table 10.1. The velocities far exceed the Landau velocity which means that
the helium in the helium shell experiences significant friction. It is seen that
for the lowest pulse fluences, not even the molecules with the highest torque
have kinetic energy higher than the binding energy of the helium. As the peak
fluence increases, some helium atoms attached to molecules will gain kinetic
energy higher than the binding energy. This matches the behavior observed
in fig. 10.2 where the three highest fluences show a more peaked structure
indicating the transient free motion of the OCS. The experiments support the
interpretation that the OCS molecules break free from the environment.
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Figure 10.2:
Degree of alignment of OCS molecules represented by the
hcos2 θ2D i value of S+ ions from OCS in gas phase (orange) and in helium
droplets (blue). The fluence of the alignment pulse is indicated in each plot.
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Falign [J/cm2 ]
4.7
7.1
8.3
9.5

ω[THz]
0.97
1.45
1.70
1.94

vHe [m/s]
327
491
573
655

EHe [cm−1 ]
17.9
40.3
54.8
71.6

Table 10.1: Calculated rotational frequencies of the OCS-He complex as well
as linear velocities and energy for helium atoms attached to the OCS molecule.
The values are calculated for the fastest rotors initially having its principal
axis θ0 = 45◦ with respect to the laser polarization. The binding energy of the
helium is Eb =19.1 cm−1 [53]

10.2

Experimental results of CS2 molecules in droplets

CS2 molecules have been subject to the same pulse as for the OCS molecules
and similar data has been recorded using S+ as an observable. Figure 10.3
shows the alignment represented by the hcos2 θ2D i value of S+ from CS2 molecules
in gas phase as well as in helium droplets. For the gas phase trace, the full
revival is observed at 153 ps in good accordance with the rotational constant
measured from spectroscopy [25]. Furthermore, both half- and quarter-revivals
are visible, the latter due to the nuclear spin statistics of CS2 only allowing
rotational states with even J. The droplet trace shows a transient spike in the
hcos2 θ2D i and then a gradual decay to the isotropic value of 0.5.
Like in the OCS case, the first 5 ps is investigated for a range of fluences.
The alignment curves are plotted in fig. 10.4. For the gas phase, the alignment
peak comes earlier and grows narrower as the laser power is increased. For
the droplet traces, only for fluences at and above F = 4.7 J/cm2 is there any
significant peak higher than the post-pulse alignment level. The peak that
develops is only slightly slower compared to the gas phase equivalent.
The analysis done for OCS is repeated for CS2 . The minimum of the potential is found at rHe = 3.407 Å with a binding energy of Eb = 20.8 cm−1
[54]. No measurement of the moment of inertia for CS2 droplets is known,
so the moment of inertia is increased by a factor of 3 to account the droplet
environment. This increase of a factor of 3 is substantiated in chapter 11. The
3
polarizability anisotropy, ∆α = 9.134 Å , is found in NIST’s computational
database and the method/basis set used is B3LYP/aug-cc-pVTZ.
The velocities and energies for the helium attached to the CS2 is shown in
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Figure 10.3:
Degree of alignment of CS2 molecules represented by the
hcos2 θ2D i value of S+ ions from CS2 in gas phase (orange) and in helium
droplets (blue). The alignment pulse fluence is F0 = 7.1 J/cm2 . Left: Full
trace. Right: Zoom-in on the first 5 ps.
table 10.2. The velocities far exceed the Landau velocity which means that the
helium in the helium shell experiences significant friction. For peak fluences
above 4.7 J/cm2 the kinetic energy of the helium exceeds the binding energy
and the molecule is predicted to break free from its environment. This is in
good accordance with what is observed in fig. 10.4.
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Figure 10.4:
Degree of alignment of CS2 molecules represented by the
hcos2 θ2D i value of S+ ions from CS2 in gas phase (orange) and in helium
droplets (blue). Fluences indicated in each plot.
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Falign [J/cm2 ]
2.4
3.6
4.7
5.9
7.1

ω[THz]
0.53
0.80
1.1
1.3
1.6

v[m/s]
181
271
361
452
542

EHe [cm−1 ]
5.5
13.3
21.8
34.1
49.1

Table 10.2: Calculated rotational frequencies of the CS2 -He complex as well
as linear velocities and energy for helium atoms attached to the CS2 molecule.
The values are calculated for the fastest rotors initially having its principal
axis θ0 = 45◦ with respect to the laser polarization. The binding energy of the
helium is Eb =20.8 cm−1 [54]

10.3

Conclusion & Outlook

The results of aligning CS2 and OCS in helium nanodroplets using a 330 fs,
moderately intense, linearly polarized laser pulse shows noticeable gas-like characteristics at early times in the alignment trace represented by hcos2 θ2D i. The
behavior is observed for laser fluences for which it is estimated that the laser
gives sufficient kinetic energy to the helium in order for it to overcome the
ground state binding energy of the molecule-helium complex. The work further substantiates the findings by Shepperson et al. [48] and contributes to an
overall understanding of alignment dynamics in helium droplets.
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Intermediate pulse duration
non-adiabatic alignment in helium
droplets: Oscillations and revivals
As described in section 8.4 the alignment of I2 in helium droplets with a 450 fs
moderately intense, linearly polarized alignment pulse show a distinct behavior
at low alignment fluences. At the lowest fluences a half-revival structure is seen
consistent with the increased moment of inertia of the I2 molecule due to the
helium environment [48]. At slightly higher fluence, an oscillatory pattern in
the hcos2 θ2D i value characterizing the alignment is observed immediately after
the alignment pulse. The interpretation given to both these types of behavior
is that the alignment pulse at low enough fluences leaves the velocity of the
helium atoms in the local shell lower than the critical Landau velocity of 56 m/s
and thus the co-rotation of the molecule and its helium shell can occur without
friction in a coherent manner.
The goal of the experiments in this chapter is to further explore this behavior. To achieve a less abrupt acceleration of the molecules, the pulse duration
of the alignment pulse is increased to 15 ps. The experiments were done by
Dr. Lars Christiansen and me. The angulon theory used in this chapter is
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developed by Prof. Mikhail Lemeshko and coworkers.

11.1

Experimental results

The alignment traces of CS2 molecules represented by the hcos2 θ2D i value at
various alignment pulse fluences is shown in fig. 11.1. For the lowest fluence
of 0.4 J/cm2 a weak sine like wave is observed for the entirety of the scan. At
t = 235 ps, indicated with a vertical dotted line, there is a prominent feature
which also is present for the fluence of 0.7 J/cm2 . The peak of this feature
is roughly a factor of three later than the 76 ps half-revival of gas phase CS2 ,
leading to the interpretation of the feature that it is the half-revival of the CS2
dressed with helium which effectively increasing the moment of inertia by a
factor of 3.
As the fluence of the alignment beam is increased further, there is a very
prominent oscillatory pattern emerging at early times. This pattern grows
steadily until 2.8 J/cm2 after which the pattern weakens and completely vanishes at 13.9 J/cm2 . Starting at the low fluences, the peaks of the oscillations
shift to earlier times as the power of the alignment laser is increased. However, from 2.8 J/cm2 to 10.4 J/cm2 there is almost no change in the period of
oscillation. This cannot be explained by gas phase alignment and thus it must
be an environment effect. In a classical picture, it makes sense that the period
of oscillation cannot increase due to the frictional torque that would appear
should the molecule-he complex exceed the Landau critical velocity.
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Figure 11.1:
Degree of alignment of CS2 molecules represented by the
hcos2 θ2D i value of S+ ions from CS2 . The alignment pulse temporal shape
is sketched in the grey outline.
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11.2

Angulon Thory

The Angulon Theory, developed by Richard Schmidt and Mikhail Lemeshko,
can be used to further explain the quantum dynamics of the molecule-helium
system. The theory describes the molecule as an quantum rotor impurity in a
many body bath of harmonic oscillators [55]. The molecule can couple with the
bath to create phonons. The combined Hamiltonian describes the energy of
the quantum rotor, the energy of the phonons with a given dispersion relation
and the interaction energy between the phonons and the rotor. Going from
zero interaction and increasing the interaction strength it is shown that all
states in which the angular momentum of the molecule is non-zero have a
finite lifetime due to coupling with phonons and the lifetime decreasing with
increasing angular momentum.
Including the laser interaction in the model, the population in each angular
momentum state can be determined as a function of time. In fig. 11.2, the
population of different angular momentum states of CS2 is displayed in the
helium droplet and in the gas phase. The same pulse from fig. 11.1 is used
with some select fluences. The figure was produced in the group of Mikhail
Lemeshko.
In the gas phase (right column) at a fluence of 0.42 J/cm2 , the population
start transferring from L = 0 to L = 2 as the alignment pulse turns on, reaching
its maximum intensity at t = 0. From L = 2 there is further coupling back
to L = 0 and to L = 4, resulting in a final distribution of angular momentum
states with L = 0 and L = 2 each with a population a little under 50% and
the remaining population in L = 4. Increasing the fluence further results in
faster dynamics and a more intricate pattern of oscillations between states with
∆L ± 2 while the alignment pulse is on and results in a final distribution with
a higher expectation value of L.
In the droplets, the angular momentum states are close together in energy
due to the reduced rotational constant. An example of this is the very slight
population of L = 6 during the pulse for 0.42 J/cm2 , which did not occur in
the gas phase. Furthermore the low lifetime of states with L > 4 and the
limited population transfer to these states for the lowest fluence, means that
the resulting distribution consists of L = 4, L = 2 and L = 0. Increasing
the fluence results in more transfer to higher L states during the pulse which
then almost immediately decay. As a results, the higher the fluence, the lower
the expectation value of L. Another consequence is the overall loss Angulon
population to phonons of the droplet.
The correlation between the different the three lowest even states in the
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Figure 11.2: The quasiparticle population of CS2 in helium droplets as a
function of time starting from L = 0 and using the kick pulse from fig. 11.1.
Left side: Inside the helium droplet. Right side: In the gas phase. The figure
was produced in the group of Mikhail Lemeshko.
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Figure 11.3: The correlation between different Angulon states of CS2 repre0
|. The figure
sented by the product of the quasi-particle weight CLL0 = |gL ||gL
was produced in the group of Mikhail Lemeshko.

0
droplets is displayed in fig. 11.3 by the parameter CLL0 = |gL ||gL
|. For all
fluences the two states most highly correlated are L = 0 and L0 = 2. For
the lowest fluence there is significant correlation between L = 2 and L0 = 4,
however this correlation drops as the alignment fluence is increased. The same
pattern is true for the L = 0 and L0 = 4 correlation.
The energy difference between the correlated states obtained from the angulon theory is E2 − E0 = 0.132 cm−1 , E4 − E2 = 0.552 cm−1 and E4 − E0 =
0.684 cm−1 . The period of oscillation corresponding to the above energies are
T0,2 = 253 ps, T2,4 = 60 ps and T0,4 = 49 ps. T0,2 corresponds to the half revival structure observed at lower fluences in fig. 11.1. While there is significant
correlation between L = 2 and L = 0 for all fluences it is not yet understood
why there are no revivals for high fluences.
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Figure 11.4: (Black) The experimentally fitted oscillation periods of CS2 in
helium droplets as a function of the alignment fluence. (Red) The oscillation
period predicted by the angulon theory.

The two other periods correspond to the oscillations at early times. The
contribution of the T2,4 and T0,4 oscillations change respective to the alignment fluence used. At low fluences the oscillations observed is dominated by
the longer period oscillation of T2,4 whilst at higher fluences the oscillations
are dominated by the lower period oscillation T0,4 . In fig. 11.4, the resulting
oscillation period of the weighted sum of these two oscillation periods, multiplied by a scaling factor, is displayed along with the experimentally observed
oscillation period from fig. 11.1. The period predicted by the angulon theory
fits the experimentally observed values.
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11.3

Conclusion & Outlook

The results from the alignment of CS2 in helium droplets in the near adiabatic
regime shows coherent oscillations that disappear with increasing alignment
fluence. The angulon theory describes the oscillations of CS2 in the droplets
as a results of coherences between the three lowest angular momentum states
of the angulon quasi-particle. As the fluence increases, the dynamics becomes
faster due to the increased correlation between L = 0 and L = 4 compared to
the L = 2 and L = 4 correlation. The coherences between the states are lost
as the fluence increases washing out any features in the hcos2 θ2D i time trace.
With the same experimental setup, coherent rotations were observed in
OCS, iodomethane (CH3 I), and iodoacetylene (C2 HI). The experimental results are not presented in this thesis have yet to be compared with the angulon
theory. The experimental work further substantiates earlier observations in I2
[56].
The experiments are directly probing the superfluid properties of the helium
droplet and its limits and in combination with the promising results from the
angulon theory, help to give a better understanding of the rotational dynamics
in helium droplets.
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Optical centrifuge inside droplets
The main purpose os this thesis has been to construct an optical centrifuge and
use it on molecules solvated in helium nanodroplets. This chapter presents the
results of attempting to spin CS2 in helium droplets.
This experiment uses the optical centrifuge with a peak intensity of
5.7 · 1014 W/cm2 and a ionizing pulse polarized perpendicular to the detector
and with a peak intensity of 3.0 · 1014 W/cm2 . The droplets are created using a
nozzle temperature of 14 K and a pressure of 25 bar yielding droplets containing
around 7000 helium atoms. The CS2 sample is prepared in the same way as in
chapter 9 and the doping pressure is adjusted so that to ensure single doping
in the droplets. The time delay between the ionizing pulse and the optical
centrifuge is varied and images of the resulting S+ ions from CS2 at each time
delay is recorded.

12.1

Experimental Results

The main result is shown in fig. 12.1. The bottom graph displays the confinement to the polarization plane of the centrifuge characterized by the hcos2 θ2D i
value. There is a very slight increase in hcos2 θ2D i which reaches a maximum value at around 120 ps after which the signal decays toward the baseline.
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Although there is very slight anisotropy in the ion images while the optical
centrifuge is on, there is no difference whether the centrifuge is de-synced or
not, which would indicate that the observed effect is not an effect of rotation,
but rather an effect of the electric field of the centrifuge adiabatically aligning
the molecules to the polarization plane of the centrifuge. The images (a) and
(b) are ion images depicting the centrifuge and the de-synched centrifuge at
the maximum anisotropy. It is observed that there is no quantitative difference
between the two images.
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Figure 12.1:
(c): Degree of confinement to the polarization plane of the
centrifuge characterized by the hcos2 θ2D i value of S+ ions between pixel radii
80 to 180 of the optical centrifuge (blue) and the de-synced (broken) optical
centrifuge (yellow). (a): Ion image of S+ ions at maximum confinement t =
123 ps with the optical centrifuge. (b) Same as (a) but with de-synced (broken)
centrifuge.
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12.2

Conclusion & Outlook

In light of the results in chapter 11, it seems that in the helium droplets, the
molecules rapidly decay to lower angular momentum steps after a few steps
up the rotational ladder thus falling behind the optical centrifuge and making
further excitation and creation of superrotors impossible with the current setup.
A further complication is the increase of the effective moment of inertia
by a factor of 3, which demands higher intensities of the optical centrifuge.
The optical centrifuge intensity cannot be increased both due to the pulse
shaper pick-off mirror as well as the ionization of the CS2 molecule from the
high intensity of the centrifuge. Furthermore, the large centrifugal constant
of the molecule inside the helium droplet will results in transitions that are
non-equidistant in time and occurring more and more rapidly [36]. This can
make it difficult to transfer the population up the ladder in time before the
next step of the ladder. [20]
A proposed molecule to try with the optical centrifuge in helium droplets is
acetylene (C2 H2 ). This molecule has a high ratio of polarizability anisotropy to
moment of inertia in the gas phase and spectroscopy shows and increase of the
moment of inertia once inside the helium droplets of only 13% [40]. This could
very well be key in determining whether or not the centrifuge will work at all
in helium droplets. The problem with acetylene, however, is its high vapour
pressure which will make it difficult to suppress the signal from unsolvated
molecules that are difficult to trap on the liquid nitrogen cold traps or to pump
away. To solve this, the plan is to use a newly constructed helium droplet
machine which has another differential pumping stage which would allow for
even more background suppression for volatile molecules. This experiment is
planned be carried out in the autumn of 2018.
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Appendix

A

Energy Calibration
The experiments described in this thesis utilizes a VMI spectrometer which
maps the momentum of charged particles like ions or electrons in the plane
perpendicular to the ToF direction to a corresponding pixel on the detector
screen. In order to map the recorded pixel distance from the center to a kinetic
energy one must do a calibration. A common method is to record a photoelectron spectrum from a monoatomic gas like argon and relate the peak separation
to the photon energy of the ionizing laser used. This, however, does not work
with the flight tube on because it lacks a µ-metal shield and the magnetic fields
from the earth and/or from the turbomolecular pumps’ magnetic bearings distort the trajectories of the light electrons. To calibrate the VMI with the flight
tube on, the kinetic energy release from Coulomb exploding the CS2 -dimer is
used instead.

A.1

Calibration using the CS2 -dimer

In the seeded beam of CS2 in helium described in chapter 9 there will occur three body collisions between two CS2 molecules and a third body either
another CS2 molecule or a helium atom. If the two CS2 molecules are cold
enough, they form the van der Waals dimer (CS2 )2 , with the excess energy
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and momentum being carried away by the third body. The (CS2 )2 structure is
known from spectroscopy [57]. It takes a cross-shape with equilibrium distance
between the two carbon atoms in the monomers of 3.539 Å.
The CS2 dimers can be coulomb exploded using a short, intense laser pulse
and the CS2 + ions are imaged by setting the gating of the MCP on the m/z =
76-peak. The recoiling ions gain equal kinetic which can be calculated from
Coulomb’s law ECS + = 14.4 eV Å/(2 · 3.539 Å) = 2.04 eV.
2
To do the calibration, an ion image is recorded using a short, intense laser
pulse polarized parallel to the detector. An example ion image is shown in
fig. A.1 (a). The ion image shows a circular symmetric distribution of CS2 +
ions with are very sharp cut-off radially. Due to the cylindrical symmetry
around the laser polarization axis, one can retrieve the full 3D ion distribution
using an inverse Abel transform. I this case, a method called Polar onion
peeling, is used. The method fits legendre polynomials from high radii to low
radii. At each radius step the contribution to the lower radii on the projected
image is subtracted off.
Image (b) in fig. A.1 shows a slice through the 3D radial distribution. Noticeably it has a distinct ring at a radius of 91 pixels from the centre of the
image. The 3D radial distribution, for which any angular coordinate has been
integrated out, also shows the distinct peak at 91 pixels. The velocity at this
pixel radius corresponds to the velocity of a CS2 + with m = 76 u and kinetic
energy 2.04 eV. CS2 + created from monomer CS2 gains kinetic energy from
the recoil of the photoelectron, however, this quantity is so small that it can
be neglected. If the VMI voltages are correct, then the VMI will focus these
0 KE ions into a single pixel of the camera and this point is to be used as the
second point in the calibration.
Although only having two points in this calibration, it has been shown to be
in good accordance with previous calibrations made with and without the flight
tube. The calibration depends on the voltages of the VMI and, more subtly,
the position of the laser beam in the ToF direction of the VMI, since both of
these changes the potential at which the ions are born. Different optical setups
out on the laser table might shift around the focus in the VMI by a couple of
mm. With any doubt in an old calibration given a new optical setup, a new
calibration can be done within a very short time using the CS2 dimer method.
Besides speed, another feature is its simplicity. There is no need for a µ-metal
shield nor a negative high-voltage power supply as is the case if calibrating
with photoelectrons.
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Figure A.1: (a): Ion image of CS2 + recorded with Vrepeller = 8000 V and
Vextractor = 5345 V, with no flight-tube and with centre part of the image
artificially blocked out. (b): Centre slice of the full 3D ion distribution which
is retrieved using the Polar Onion Peeling-algorithm [58] with L = 0, 2 on the
image in (a). Bottom: The full 3D radial distribution of the ions. The negative
count rate is an artifact of the blacked-out part in (a) & (b). The velocity axes
are found by correlating the radius of the outer ring with the kinetic energy
release of 2.04 eV of the CS2 + .
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