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Abstract

Molecules in the low temperature limit offer fascinating research perspectives in
physics and chemistry, and molecule cooling and deceleration has developed into a
research field of its own. The grand challenge today is to prepare dense samples
with ample cold molecules.

Towards this end, we present an elegant solution to this problem by a non-
conventional approach, employing the centrifugal force in a rotating frame to decel-
erate molecules to a standstill. The centrifuge deceleration is a generic method since
its principle is not associated with any specific internal structure of the molecules.
Moreover, electrostatic guiding of molecules is applied throughout the deceleration
process, which enables for the first time the deceleration of continuous molecu-
lar beams to achieve unprecedented high fluxes of slow molecules. In a proof-of-
principle experiment, we demonstrate fluxes of ~ 10° molecules/s and densities of
~ 10® molecules/cm? below kp-1K in the laboratory frame, originated from a room-
temperature effusive beam source. The efficiency of this decelerator is measured to
be up to 20%, outperforming all the existing molecular deceleration methods. The
generality of this method is demonstrated by the deceleration of several polyatomic
molecular species, CH3F, CF3H, and CF3CCH. In addition to presenting the basic
principle and the results, we also describe thoroughly in this thesis the design of the
centrifuge decelerator, optimized through Monte-Carlo trajectory simulations, and
the technical assembly.

The second focus of this thesis is on the development and implementation of a
simple and robust internal-state thermometry method for cold polyatomic molecules.
The method is based on the combination of resonant radio-frequency depletion spec-
troscopy and Monte Carlo trajectory simulations. The radio-frequency depletion
spectroscopy is capable of addressing 100% of the rotational states populated by
the cold polyatomic molecules, as well as resolving their hyperfine states. With this
tool, various aspects of cryogenic buffer-gas cooling used as a source of internally cold
molecules are characterized. The properties of the cold molecular beams obtained at
different buffer-gas temperature, densities, and cooling regimes, are analyzed. The
cooling processes for different polyatomic molecules are compared. These studies
reveal also two interesting phenomena in the buffer-gas cooling process. Firstly,
evidence is provided that molecular rotational degrees of freedom can thermalize
more efficiently than their translational ones. Secondly, the measurements provide
indications for dependence of the collisional relaxation rate on the rotational states
of the molecules.
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Chapter 1

Introduction

Getting a deeper insight into various subtle properties of matter requires addressing
its individual constituents and their individual quantum states. This can be achieved
by reducing the temperature of the studied system. Microscopically, the degree to
which a physical system is under control can be quantified by its entropy, S =
kg Inf) where € is the number of relevant states. A reduction of entropy, hence a
better control, is accompanied by the extraction of thermal energy from the system.
Thermodynamically, this is described by dS = 0Q/T [1]. As a simple illustration,
when a system is in its ground state, the change in entropy for an excitation to
the next level, with equal probability of occupying both states, is associated with a
thermal energy kgT In2. At a sufficiently low temperature, this amount of thermal
energy can no longer compensate the energy spacing between the two levels, hence
the system is frozen to its ground state.

Achieving lower temperatures has made tremendous impact on our understand-
ing of various physical systems.

For individual particles, the decrease of thermal fluctuations enables both more
precise observations of their structures and manipulation of their states. A temper-
ature reduction in many organic molecules from 300 K to 10 K drastically simplifies
their spectra and reveals their structures in detail [2]. In the ultracold regime, the
atomic states can be controlled so precisely that it enables e.g. the non-destructive
detection of an optical photon [3] with a single atom in an optical cavity.

For two-particle systems, the interactions are governed by quantum effects at
low temperatures [4]. Collisions between two particles can be described by only one
or a few partial wave components. Chemical reactions are usually dominated by the
tunneling effect at the energy barrier. Moreover, various types of resonances in the
collision or chemical reaction processes previously buried under thermal averaging
can be resolved with well-controlled kinetic-energy states.

Also, for many-particle systems, their collective behaviors also exhibit unique
phenomena at low temperatures. Spontaneous magnetization happens below the
Curie temperature because the thermal fluctuation of a spin orientation can no
longer overcome the interaction energy from all nearby spins. The other well-
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known examples are the superconductivity, the superfluidity, and the Bose-Einstein-
condensation. In all these three cases, the relevant ‘particles’ are cooled to a con-
densate in their motional ground state [5].

With this in mind, we would like to extend the study of cold and ultracold matter
into the realm of polar molecules. Polar molecules differ from the well-studied cold
atoms in several aspects, and bring forth a manifold of applications [6, 7]. First of all,
their intrinsic electric dipole moment offers a long-ranged and anisotropic interaction
which is either absent or is orders-of-magnitude weaker for ground-state atoms.
Also, the uniqueness of possessing a rich structure including electronic, vibrational,
rotational, and torsional' degrees of freedom, renders molecules an excellent platform
for studying various problems, e.g., the chirality of matter [8], the proton-to-electron
mass ratio [9], and the shape of electrons [10]. Moreover, many polar molecules
carry great importance in the field of chemistry, biology, and astrophysics, which
are simply unrivaled by the alkali, alkaline-earth, or several other rare-earth atoms
that have been cooled to the ultracold regime. These will be discussed in detail in
Section 1.1.

The advantage for molecules of having rich internal structures, however, comes
with a price. It is hard to find a closed transition-cycle in a molecule, especially a
polyatomic one, to implement laser cooling, which has been a workhorse for creating
ultracold atoms [11]. Over the last one and a half decades, a handful of very diverse
techniques have been invented to produce molecular ensembles at lower temperatures
or smaller kinetic energy. An overview will be given in Section 1.2. These methods,
however, generally have not produced cold molecules at a high density. In this thesis,
a new method is demonstrated, which generates cold molecules at unprecedented
rates, outperforming all existing methods by orders of magnitude. The structure of
this thesis will be introduced in Section 1.3.

1.1 Application of cold molecules

1.1.1 Cold collisions and electric dipole interactions

Collisions and chemical reactions between molecules exhibit quantum properties at
low temperatures. For example, methyl fluoride (CH3F, m = 34u) at 1K tempera-
ture has a mean velocity of 22 m/s and a de Broglie wave-length of 5 A, which exceeds
the size of the molecule (e.g. the F-H distance is only 2 A). Thus, the chemical reac-
tion in this case will be governed by the wave-like properties of the molecules. When
the relative kinetic energy between two colliding partners is close to the magnitude
of the potential barrier, quasi-bound states can form via tunneling. This introduces
resonance structures in the scattering cross section. Loreau et al. [12] has predicted

! resulting from the internal rotation of a function group within a molecule, e.g., the internal

rotational of the -OH group with respect to the -CHgs in methanol molecules.
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shape resonances in ND3-He and NHj3-He systems at collision energy in the range
of 1K and 6 K.

Another implication of being cold is that the relative kinetic energy has a nar-
rower distribution, which allows resolving these energy-dependent collision reso-
nances. An elegant demonstration is the experimental observation of resonances in
Penning ionization by Henson et al. [13]. In this experiment, several resonances in
the He* + M < He + M™ + e~ reaction, where He* is helium in the metastable
(238) state and M is Hy or Ar, have been resolved in the range from 10K to 10 mK.

The intrinsic electric dipole moment possessed by molecules also greatly enhances
their interaction strength. The electric dipole interaction is three orders of magni-
tude stronger than the magnetic interactions. For molecules with a dipole moment
d ~ 1D, the order of magnitude of the dipolar interaction length a towards the
quantum limit can be approximated by equating the dipole interaction energy with
the centrifugal energy [14], which gives a ~ d*m/(4megh?) ~ 107m. Such a huge
interaction length opens up new possibilities in research [15].

1.1.2 High-precision measurements

High-precision spectroscopy not only reveals the structures of particles in great de-
tail, but also turns into a sensitive ruler for verifying the tiny effects predicted by
fundamental laws of physics. The rich internal structure of molecules provides great
opportunities for such measurements.

One example is the search for the electron electric dipole moment (eEDM), d.. A
measurable eEDM requires a violation of the time reversal symmetry [16]. While the
Standard Model of particle physics predicts a value of < 10738 e-cm for eEDM which
is too small to be measured at the moment, various extensions to the Standard Model
predict orders-of-magnitude higher values. For example, the supersymmetry model
predicts an eEDM in the range of 10727-107% e-cm. Thus, a precise measurement
of the value of eEDM provides a test for physics beyond the Standard Model.

The value of d. can be measured via the energy shift U = d; - € where € is
the electric-field. Thus, molecules with internal effective g up to a million times
stronger than the static E-field achievable in any laboratory offer an ideal platform
to probe d, with extremely high sensitivity [16]. In addition, by choosing a particular
molecular state, that is insensitive to the ambient noise, for the EDM measurement,
it allows a suppression of systematic errors [17, 18]. A recent experiment with ThO
molecules makes use of both advantages mentioned above, and provides an upper
limit of |d.| < 8.7 x 107* e-cm [19).

Another example is the measurement of temporal variation of proton-to-electron
mass ratio, y = m,/m.. A spatiotemporal variation of the constants of nature has
not been ruled out, or have even been predicted by theories extending the Standard
Model [20]. A variation in g would result in different amount of shifts in various
types of energy states, e.g. rotational, vibrational, or electronic ones, as their energy
levels have different dependence on u. Therefore, by measuring transition frequen-
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cies between two types of energy states which are close to accidental degeneracy,
the relative shift in g can be probed with enhanced sensitivity [9]. The advantage
with molecules is that their complex internal structures provides great flexibility
in choosing such transitions. For example, Ubachs and Bethlem et al. have in-
vestigated the variation of p using ~ 10 GHz transitions between near accidentally
degenerate rotational and torsional states of methanol [21]. These transitions can
also be observed by radio-telescope from distant objects in the Universe, and this
allows a comparison between laboratory measurements and radio-astronomy data.

1.1.3 Astro-physics and chemistry

With the development of radio telescopes, almost 200 molecular species have been
detected in the interstellar space. Among them, Hy has the largest abundance, fol-
lowed by CO, NHj3, HyO, and HyCO, etc. [22]. These molecules form cold clouds
in space with temperatures of ~ 10K and densities of 103-10°cm3. These cold
clouds undergo various processes and eventually collapse under gravitation to form
protostars [23]. Thus, the interaction and chemistry among these molecules at a
few Kelvin are of great interest for understanding the clouds evolution and star for-
mation. In addition, understanding the spectra of [24] and the chemical reactions
between [25] these species at cold temperatures are vital to understanding the forma-
tions of even bigger molecules with carbon, oxygen, nitrogen, or sulfur constituents
in space. The laboratory studies on cold collisions and chemistry between these
molecules could provide scattering cross sections and reaction rates that are difficult
to obtain from radio-telescope observations, and hence are extremely valuable in
astrophysics and chemistry.

1.2 Methods for the production of cold molecules

Various methods have been invented to circumvent the difficulty in cooling molecules.
Notably, the ‘indirect cooling’” methods of creating ultracold molecules from alkali
atoms using Feshbach resonances or photoassociations, have reached near quantum
degenerate states [26, 27]. These methods take advantage of the well-developed
atom-cooling schemes, assemble the ultracold atoms into ultracold molecules, and
then transfer the population into the rovibrational ground state. However, these
techniques are so far limited to diatomic molecules with alkali-atom constituents
only. In the following, I will focus on available direct cooling methods.

Deceleration methods

A large variety of methods exist in the ‘direct’ production of cold molecules. For
example, Stark decelerators were developed to slow down polar molecules, using the
interaction between time-varying electric fields and the electric dipole moment of
the molecules [28]. They can deliver molecular packets below 1K at an adjustable
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final velocity down to Om/s. However, due to the pulse-mode operation, the duty
cycle of a Stark decelerator is low, and the density of the molecular beam obtained
reaches only 10° ~ 10" cm~2. The magnetic counterpart of the Stark decelerator is
the coil-gun experiment [29]. Another general approach to produce cold and slow
molecules is the counter-rotating nozzle method [30, 31]. In this scheme, the super-
sonic nozzle is mounted on a rotating rod, and sprays in the opposite direction of
rotation. The molecules ejected from the nozzle are internally cooled down by adi-
abatic expansion [32]. Their forward velocities in the laboratory frame are canceled
by the periphery velocity of the counter-rotating nozzle. This method, however, suf-
fers from a low duty cycle as well. Moreover, the minimal velocities achievable are
limited since if the molecules were too slow in the laboratory frame, their passway
would be blocked by the incoming nozzle from the next round of rotation.

Laser and optoelectrical cooling

In addition to the above deceleration techniques, two ‘active’ cooling methods which
compress the phase space density of the ensembles have been developed. One of them
is the direct laser cooling, proposed by Di Rosa [33]. The experimental demonstra-
tions have been carried out by DeMille et al. [34], Ye et al. [35], Hinds et al. [36], and
Doyle et al. [37], on a handful of specially chosen diatomic radicals (e.g. SrF, YO,
and CaF). The application of this method requires the very stringent condition that
the molecules must have very favorable Frank-Condon factors. This minimizes the
number of ‘wrong’ vibrational levels the molecules would populate after the spon-
taneous decay, hence reduces the number of repumping lasers necessary to close the
cooling cycle. With this approach, the first molecular magneto-optical trap (MOT)
has been realized [38], producing ~ 1000 SrF molecules at ~ 400 pK [39].

Another approach is the optoelectrical Sisyphus cooling method developed by
M. Zeppenfeld et al. [40], which extends cooling to also polyatomic molecules. This
method essentially relies on an external electric field to remove the kinetic energy
of molecules, and uses an infrared laser coupling to the excited vibrational levels
to extract the entropy [41]. The number of rotational states populated after the
spontaneous decay is limited by the selection rules of rovibrational transitions. The
population landing in the very few other rotational levels of the ground state can be
coupled to the ‘correct’ rotational level through microwave transitions. With only a
single infrared laser used, ~ 3 x 10° H,CO molecules have been cooled to ~ 400 uK
with this method [42].

Both of these methods, however, require pre-cooled molecular samples to start
the cooling process. On the one hand, in the laser cooling experiments, the diatomic
radicals are typically produced by laser ablation which results in a temperature of
~ 103 K. To obtain sufficiently low kinetic energy and high internal-state purity for
loading into a MOT, these molecules are first cooled in a buffer-gas cell [43], which
helps to reduce the molecular temperature to ~ 1K. On the other hand, in the
optoelectrical cooling experiment, the polyatomic molecules need first loading into
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Figure 1.1: Illustrations of different methods for production of cold molecules.
(a) Buffer-gas cooling. (b) Electrostatic guiding and filtering. (c) Cross
section of an electric quadrupole guide

an electrostatic trap with typically ~ 1K trap depth [44]. This is realized with the
electrostatic filtering technique [45]. A brief overview of the buffer-gas cooling and
electrostatic filtering is given in the following subsections.

1.2.1 Buffer-gas cooling

One powerful technique which has grown increasingly popular for molecule cooling,
and which is also one of the focal points of this thesis is the buffer-gas cooling
method [43]. Helium (or neon) gas is first cooled down in a cryogenic cell to the
temperature of the cell wall (Fig.1.1 (a)). The molecules are then injected into
the buffer-gas cell via a capillary or laser ablation. Collisions with the buffer-gas
atoms lead to thermalization of the molecules to the cell temperature. This cooling
method possesses three main advantages. Firstly, it is a generic method. As long as
the molecules can be introduced into the cryogenic cell, via laser ablation or through
a warm capillary, it can be cooled with the buffer-gas cooling technique. Secondly,
this method can deliver huge output densities and fluxes of cold molecules. Output
intensities up to 10'® moleculess~'ecm™2 have been achieved in different buffer-gas
set-ups [46, 47]. Thirdly, both the translational and the internal degrees of freedom of
molecules are cooled via elastic and inelastic collisions with the buffer-gas atoms [48].
Since the rotational energy spacings of many polyatomic molecules are ~ 1 K, they
can be cooled to the lowest rotational levels. The disadvantage of this method is
however, that since a certain amount of buffer-gas density is necessary for a sufficient
thermalization of molecules, this inherently introduces collisions in the vicinity of
the cell output which accelerates the slowest molecules [49]. Thus, the velocity
distributions at the output are shifted towards higher values.

1.2.2 Electrostatic Guiding and Filtering

Another technique which has been applied through out this thesis is quadrupole
electrostatic filtering and guiding of polar molecules [45], as illustrated in Fig.1.1
(b). This method relies on the fact that there is a small fraction of molecules in
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the lower velocity tail of a Boltzmann distribution. To filter them out, the Stark
interaction between their electric dipole moment and the static field of the electric
guide is employed. Molecules in low-field-seeking states can be confined in the field
minimum along the quadrupole guide (Fig.1.1 (c)), provided their transverse kinetic
energy does not exceed the trap depth. For a typical dipole moment of ~ 1D and
a laboratory electric field strength of ~ 100kV/cm, a trap depth of ~ 1K can
be achieved. The maximal velocity that can be confined is referred to as the cut-
off velocity in the rest of the thesis. The filtering of the longitudinal velocity of
molecules is realized with a 90° bend along the guide (Fig.1.1 (b)). Molecules can
make it through the bend if the Stark interaction provides a sufficient restoring force
to overcome the centrifugal force [45].

1.3 About this Thesis

Despite the impressive progress in producing cold molecules witnessed in the last
one and a half decades, a number of challenges still remain in this field. In this
thesis, two of the long-standing problems will be addressed. Firstly, a comprehen-
sive thermometry of cold polyatomic molecules, on which it is difficult to perform
state-resolved detections with lasers, is demonstrated. Secondly, a centrifuge decel-
erator which outperforms all existing molecular deceleration methods in efficiency
and output intensity is presented.

Chapter 2 presents a novel internal-state detection scheme which employs a res-
onant radio frequency depletion spectroscopy. This method does not involve optical
transitions and is demonstrated with different polyatomic species. This method
applies not only to the rotational-state detection, but also resolves the hyperfine
splittings. In combination with a home-developed full Monte-Carlo trajectory simu-
lation package, a comprehensive thermometry of polyatomic molecules is performed
based on this detection technique.

Chapter 3 discusses the principle and design of a non-conventional molecular de-
celeration scheme. This method relies on a spinning electrostatic guide and employs
the centrifugal force in the rotating frame to decelerate molecules to a standstill. As
the concept of deceleration with centrifugal potential is rather general, this method
works not only for molecules, but could also be extended to atoms and even neutrons.
The design and assembly of this centrifuge decelerator is presented in detail.

Chapter 3 gives the proof-of-principle demonstration of the centrifuge deceler-
ation. The signals obtained during the very first run are presented. Deceleration
results for various polyatomic species, CH3F, CF3H, and CF3CCH, are discussed.
The continuity of the deceleration output is also demonstrated. The efficiency of
the centrifuge decelerator is compared with the prediction of Monte-Carlo trajectory
simulations.

Chapter 5 summarizes the work presented in this thesis and give an outlook.
Especially, the combination of the buffer-gas cooling and the centrifuge deceleration,
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the two main topics of this thesis, has been realized during the final phase of this
thesis. The densities of slow molecules obtained from this combined set-up is so high
that it has enabled the first observation of cold dipolar collisions between polyatomic
molecules.



Chapter 2

Internal-state detection and
thermometry of cold molecules

Cryogenic buffer-gas cooling has proven to be a very general and powerful method
to produce internally and translationally cold molecules [43, 46, 50]. It has been
applied to the cooling of various polyatomic species [51, 52|, achieving molecular
temperatures of the order of ~ 1 K at much lower beam velocities compared to those
generated by cooling via supersonic beam expansion [32]. In view of the great po-
tential of buffer-gas cooling as a method for production of cold and slow polyatomic
molecules for numerous experiments and applications, it is of paramount importance
that the so-produced to be characterized. A general and robust method for prob-
ing the internal states and performing internal-state thermometry of polyatomic
molecules, however, has been missing. The main challenge lies in the complex-
ity of these molecules’ structures, which restricts the application of the conventional
methods e.g. light-induced fluorescence (LIF) and resonance-enhanced multi-photon
ionization (REMPI). On the one hand, the LIF method would suffer from low pho-
ton scattering rate due to the lack of cycling transitions for polyatomic molecules.
Unlike the alkali atoms or some of the diatomic radicals with good Frank-Condon
factors [33, 53] which can scatter ~ 102 to 10* photons before decaying to the wrong
levels, most polyatomic molecules can scatter at best 1 photon per particle. More-
over, many of the states in polyatomic molecules even have < 1 quantum yield due
to non-radiative decays. On the other hand, the REMPI method would be limited
by pre-dissociation of most polyatomic species. Pre-dissociation occurs when either
the electronically excited level happen to be a repulsive state, or the the vibronic
level in the excited state happen to cross with a repulsive state. Such crossings are
more likely to happen on a multidimensional potential energy surface of polyatomic
molecules than on the two dimensional potential energy curves of diatomic species.
In addition, the transitions to the first electronically excited state for most poly-
atomic molecules are in the ultra-violet (UV) or deep UV. To realize a linewidth of
< 1 GHz (corresponding to the typical rotational constants of polyatomic molecules)
of these UV lasers is technically challenging.
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We have developed a new method for state detection, which has been applied
to perform a full characterization of the properties of buffer-gas-cooled molecular
beams, and, on this basis, to provide various insights into buffer-gas cooling [54]. The
state detection is based on resonant radio-frequency (RF') depletion spectroscopy in a
parallel-plate capacitor, which not only reveals the rotational-state distribution, but
also resolves the hyperfine structures of the cold polyatomic molecules. To perform a
thermometry of the buffer-gas-cooled molecular beams, the state detection method
is combined with three other components. Firstly, we extract cold molecules from a
buffer-gas cell by electrostatic guiding in a quadrupole guide [46]. Secondly, time-of-
flight measurements are used to derive the longitudinal velocity distribution of the
molecules at the end of the guide [55]. Thirdly, Monte-Carlo trajectory simulations
of the electrostatic guiding allow for the properties of the molecules directly after
the buffer-gas cell to be inferred from the signal at the end of the guide.

With this tool box, we have achieved the following results. We demonstrate
rotationally resolving 100% of the population in the guided beams emerging from
our cryogenic buffer-gas source, operated in either the effusive [49, 50] or the super-
sonic [56] regime. We have applied this method to different species of polyatomic
symmetric-top polar molecules, fluoromethane, CH3F, and 3,3,3-trifluoropropyne,
CF3CCH, and have compared their cooling processes. We provide clear evidence of
the efficient control over the internal cooling of the guided molecular beams through
varying the buffer-gas-cell temperature and the buffer-gas density, demonstrating the
possibility of cooling far below the cell temperature in the supersonic regime. The
detailed study of the buffer-gas cooling reveals two interesting phenomena. First,
comparing the rotational with the translational temperature, we provide evidence
that rotational cooling takes place more efficiently than translational cooling for the
CHj3F-He system in the low He density regime. Second, the measurements provide
indications of the dependence of the collisional relaxation rate on the rotational
states of the molecules.

This chapter is structured as follows. Section 2.1 reviews the two different
regimes of cryogenic buffer-gas cooling. Section 2.2 summarizes the relevant prop-
erties of the symmetric-top molecules studied in this work. Section 2.3 mentions
briefly the results of electrostatic filtering. In Section 2.4 we explain the princi-
ple of our method for rotational-state detection of guided molecules, followed by
the description of the experimental set-up in Section 2.5. The discussion of the
line-assignment and diagnostics is given in Section 2.6. The characterization and
analysis of the radio-frequency depletion measurements of rotational states and hy-
perfine states are described in Section 2.7 and Section 2.8, respectively. The Monte
Carlo trajectory simulations used to calculate the guiding efficiencies for all relevant
rotational states are described in Section 2.9. Finally, in Section 2.10 we present the
results from the comprehensive characterization of our buffer-gas source. There we
analyze the cell’s output for different operating regimes and for different molecular
species, and draw inferences on the cooling mechanisms in the buffer-gas cell.
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Figure 2.1: Schematics of (a) the effusive regime, and (b) the hydrodynamic
regime in a buffer-gas cell. D, L, and d denote the diameter and length of
the cell, and the diameter of the nozzle, respectively. A represents the mean
free path for collisions between molecules and buffer-gas atoms. This figure
is adapted from [58].

2.1 Two regimes of buffer-gas cooling

This section gives an overview of the two different regimes of the cryogenic buffer-gas
cooling, namely the effusive and the hydrodynamic regime. Due to the distinct gas
dynamics in the cell, both the molecular extraction efficiency from the buffer-gas
cell and the final molecular temperature after the cooling are different between the
two regimes. In the following only an intuitive picture of the buffer-gas dynamics
is presented, and the main conclusions are outlined. For further details, the readers
are referred to D. Patterson’s and C. Sommer’s Ph.D theses [48, 57].

Although the principle of cryogenic buffer-gas cooling is very basic (see Sec. 1.2.1),
the extraction of the cold molecules out of the cryogenic environment is less straight-
forward. Generally molecules have very low vapor pressure at ~ 5-20K, and the
vast majority of them end up freezing on the inner surface of the cell. Depending
on the particle densities in the cell, different gas dynamics can ensue, as follows:

e The effusive regime: in the low density limit with typically a few 104 cm =3
buffer-gas atoms in the cell, molecules undergo primarily random walk, as
illustrated in Fig.2.1 (a). Through the process of diffusion, the molecules
either leave the cell through the exit hole or freeze out on the inner surface
of the cell. The cell extraction efficiency is approximated by the ratio of
the area of the nozzle and the area of the inner surface. For our setup, the
nozzle dimension d ~ 2mm, and the cell dimension L (or D)~ 2 cm, hence the

. . 2 _
extraction efficiency ~ &5 ~ 1072,

e The hydrodynamic regime: in the high density limit with typically a few
10'® cm ™2 buffer-gas in the cell, the collision mean free path A is much smaller
than the nozzle size d, and the large pressure gradient across the nozzle creates
a macroscopic flow. In this case, molecules are entrained in the buffer-gas
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flow and leave the cell before they diffuse to the cell wall, as illustrated in
Fig.2.1 (b). The cell extraction efficiency approaches unity for high buffer-gas
densities.

It should be mentioned that the hydrodynamic enhancement of the cell extraction
efficiency only holds if no vortices build up, which could trap molecules in the cell.
When such vortices are formed in the cell, cold molecules could spend longer time
circulating and eventually may diffuse to the cell wall, as suggested by the work from
Bulleid, et al. [59]. The formation of vortices depends not only on the gas density
and cell temperature, but also on the geometry of the cell. Hence, the prediction of
vortex formation requires comprehensive numerical fluid dynamics simulations.

The different gas dynamics also results in different final temperatures of the
molecules. In the effusive limit, molecules are expected to thermalize eventually
to the temperature of the cell, T},,; = Teen, in both their translational and rota-
tional degrees of freedom. The mean velocity of the extracted molecular beams is
~ \/3kpT i/ Mmor, where kg is the Boltzmann constant and m,,,, is the molecular
mass. In comparison, molecules can be cooled to much below T..; in the hydro-
dynamic limit. Due to the large pressure gradient in the vicinity of the nozzle,
particles undergo adiabatic expansion, in which they convert their internal energy
into kinetic energy [32]. In this process, particles get colder in the co-moving frame
but move forward faster in the lab frame. In the very high density limit, the gas
mixture expands to a supersonic beam after leaving the cell. The final temperature
reached in this limit is given by [32]

Tmol o 1
Tcell B 1"‘%(’7_1)/\42’

(2.1)

where v is the heat-capacity ratio for the buffer gas with a value of 5/3 for monatomic
gases used here, and M is the Mach number defined by the ratio between the flow
velocity vy and the local speed of sound v,. From Eq.2.1 and the definition of M,
vy after the adiabatic expansion can be obtained,

kTmo /2k: Tce
vy = Mo, = My [y \/2+ ——yY B cell (2.2)

where m is the mass of a buffer-gas atom. The terminal velocity of the flow at the
limit of M > 1 after the supersonic expansion is given by,

5 [2ksTe 2% Tce
U supersonic ~ hm Uf = \/7 Bcell ~ 1.58 & ” (23)

This last step gives the maximum flow velocity for a monatomic gas under supersonic
expansion. A more rigorous derivation can be found in [60].
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2.2 The symmetric-top molecule

Before starting the explanation of our method for the rotational-state detection, we
shall give a brief overview of the relevant properties of symmetric-top molecules,
which are used in the current study. For the detailed description of symmetric-
top molecules, one can refer to different standard literature, e.g. Townes and
Schawlow [61]. The rotational states of symmetric-tops can be fully described by
three quantum numbers, the total angular momentum, J, its projection on the
molecule’s symmetry axis, K, (K = —J,...,J), and its projection on a laboratory-
fixed axis, M, (M = —J, ..., J). Hereinafter the rotational states will be designated
as |J, K, M) or |J, K), depending on the need to specify the quantum number M.
In a field-free region, the energy of symmetric-tops in the rigid-rotor approxi-
mation is Ej = h[BJ(J + 1) + (A — B)K?|, where h is Planck’s constant, and A
and B are the rotational constants of a symmetric-top molecule. For |J, K) states
with K # 0, they are degenerate with the |J, —K) states. This gives rise to linear
Stark-shifts in the presence of an external electric field. The external electric field
splits every |J, K) state (Stark effect) into 2J + 1 M-sublevels, corresponding to all
possible projections of J on the electric-field axis. The first-order Stark splitting is

given by the expression
KM

J(J+1)
where d and & stand for the permanent electric dipole moment of the molecule
and the electric-field strength, respectively. Sublevels with a positive Stark shift
are referred to as low-field-seeking states (states that can be guided). Since states
|J, =K, M) are degenerate with states |J, K, —M) under inversion symmetry, we
ignore hereinafter the sign of K and adopt the convention that states with positive M
are low-field-seeking. However, when calculating the statistics of state-distribution,
this double contribution is considered. An example of the Stark effect is presented
in Figure 2.2(a) for the |1,1) and |2, 1) states of CH3F.

For |JK) states with K = 0, the first-order Stark splitting is zero. In this case,
low-field-seeking states due to the second-order (quadratic) Stark shift exist, if they
satisfy the condition J(J + 1) > 3M?, which derives from the expression for the
quadratic Stark shift at K =0 [61],

d2E2 3M? — J(J+1)
T2nBJ(J+1) | (2] —1)(2J + 3>} '

EW = —dg (2.4)

2
Eé():o =

(2.5)

This is deduced from the general expression of E?),

de { (S = K*)(J)P = M?)  [(J+1)? = K?[(J+1)* = M?] } (2.6)

2hB B

E® = J3(2J —1)(2J + 1) (J+ 122 +1)(2] +3)

Clearly, the quantum numbers M and K are symmetric in the expression of E(?).
Thus, the states with M = 0 can also be low-field-seeking, provided that J(J+1) >
3K2.
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2.3 Electrostatic filtering

Following the linear and quadratic Stark shift discussed in Sec. 2.2, we now summa-
rize the electrostatic filtering results. In Sec. 1.2.2, we have briefly mentioned the
electric quadrupole guiding and filtering. In the transverse direction of the guide,
the cut-off velocity of molecules is given by vy cut = \/2Emaz/Mma When the trans-
verse kinetic energy is equal to the trap depth, where F,,., is the maximal Stark
shift, and m,,. is the molecular mass. The filtering of the longitudinal velocity of
molecules is realized with a 90° bend along the guide. The maximal longitudinal
velocity of the molecules is obtained when the Stark interaction provides a restoring
force &~ F,,4. /7 equal to the centrifugal force at the bend mmolvj% /R, where r is the
distance from the guide center to the electrode surface, vy is the forward velocity,
and R is the bend radius. The cut-off velocity in the longitudinal direction is then

given by [49], v maex = \/EmaxR/(rmmol) = \/R/(Qr)vtcut.

2.4 Method

Having briefly reviewed both the cooling method (Sec. 2.1), the type of molecules
subjected to the buffer-gas cooling (Sec. 2.2), and the electrostatic guiding and
filtering, here we outline the method developed in this thesis for performing internal-
state thermometry of the buffer-gas cooled molecules. The principle of rotational-
state detection is based on state-selective addressing and elimination of molecules
from a guided population by applying an RF field resonant to the DC Stark splitting
in a homogeneous field. This leads to a depletion of the measured signal and reveals
the relative state population.

The detailed scheme is illustrated in Figure 2.2. Molecules emerging from the
cryogenic source populate different rotational states |J, K). Only molecules in low-
field-seeking M-sublevels (red lines in Figure 2.2(a)), however, are confined in the
guide. Subsequently, the guide is interrupted by a parallel-plate capacitor creat-
ing a homogeneous offset electric field. At low field, this causes equidistant Stark
splitting of the M-sublevels for a given |J, K), K # 0 state. The magnitude of the
splitting is unique for most of the low-lying |J, K) states for a given offset field (see
Figure 2.2(a)). This allows for |J, K) states to be addressed individually. To ad-
dress a particular the rotational state, an RF field resonant to the Stark splitting
between its M-sublevels is applied to the capacitor, and transfers the molecules into
different M-sublevels. Those molecules which land in non-guidable states (blue lines
in Figure 2.2(a)) are lost from the guide after the capacitor, leading to a depletion
signal on the detector.

To know accurately the ratio between the depletion signal and population be-
tween the addressed state, it is necessary to achieve a good control over the resulting
M-substate distribution. The approach we take is to broaden the RF signal with
white noise and hence eliminate coherent effects in the population transfer process.
Thereby we ensure molecules are equally redistributed among all the M-sublevels
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Figure 2.2: (a) Stark splittings as a function of the applied electric field for
two rotational states of CH3F, |1,1) and |2,1): red lines show guidable sub-
levels, and blue lines show non-guidable ones. The |2,1,0) state is weakly
guidable due to its second-order Stark shift. The vertical dashed line desig-
nates the applied homogeneous electric field (220 V cm™!) used in the radio-
frequency scans shown in Figure 2.7(a). The arrows show the magnitude of
the Stark splitting corresponding to the applied electric field. (b) Scheme of
the experimental set-up.

within the given |J, K) rotational state (Figure 2.2(a)), when the state transfer is
power-saturated. To a first approximation, the depletion ratio in this case is given
by the fraction of molecules converted from guidable to non-guidable states, and
this is the ratio between the number of non-guidable M-sublevels and the total
number of M-sublevels, i.e., 2{]%11 for a linear Stark shift. The fraction of guided
molecules populating the probed rotational state is therefore obtained by dividing
the magnitude of the saturated depletion by this ratio.

This simple depletion ratio mentioned above is obtained under the assump-
tion that all low-field-seeking M-sublevels have the equal guiding efficiency in the
quadrupole guide. A more realistic scenario is however that a guidable state with
a smaller M-value typically has a weaker Stark shift, hence a lower guiding effi-
ciency than a guidable state with larger M. Therefore, it also contributes to the
depletion signals when population is transfered from a low-field-seeking level with
larger M-value to the ones which are still guidable but with smaller M-values. Thus
the simplified depletion ratio needs to be corrected including the subtle effects of
guiding efficiency for different M-sublevels. This correction is described in detail in
Section 2.9.
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2.5 Experimental Set-up

The experimental set-up is sketched in Figure 2.2(b). In our experiment, molecules
and buffer-gases come from lecture bottles. The buffer-gas cooling takes place in
a cryogenic cell where a continuous flow of polyatomic polar molecules is mixed
with a continuous flow of helium or neon at cryogenic temperatures of 5K or 18 K,
respectively. The exact cell temperature can be monitored by diode sensors and
controlled by an electric heating block. The gas inflow is monitored by capacitance
gauges (CMR series, Pfeiffer Vacuum) and regulated by needle valves (UDV 040,
Pfeiffer Vacuum) along the corresponding gas lines. In the later development, these
have been replaced by Alicat flow meters and controllers. After the cold molecules
leave the cell, they are captured by a quadrupole guide, which delivers them to a
detector or to further experiments. The experimental set-up is an upgraded version
of the set-up described previously [55] to enable RF depletion spectroscopy on the
guided molecules.

Our buffer-gas set-up can be operated in both the effusive and the hydrodynamic
regimes, which require different geometries. For the effusive regime, the guide is
distanced about 2 mm from the cell nozzle. In the case of the hydrodynamic regime,
that spacing is about 20mm to allow enough distance for the supersonic beam
formation. The cell exit aperture used in our experiments has a diameter of 2 mm.
The maximum electric field that can be achieved between the guiding electrodes is
about 100 kV em™t. The guides before and after the capacitor region are both 20 cm
in radius and are bent by 45°. We use a quadrupole mass spectrometer (QMS,
Model No. Pfeiffer QMA410) to detect the molecules after they leave the guide.

The capacitor for driving RF transitions is made of two parallel (2 cm x 2.7 cm)
plates with a 2.75mm spacing between them. A bias voltage from ~ 10V up
to ~ 1kV is applied to the capacitor, providing a homogeneous electrostatic field
between the plates. The capacitor is separated from the two guide segments by gaps
of 1 mm.

The plates are made from plain FR-4 printed circuit boards (PCB) of 1.5 mm
thickness. High-vacuum test has shown that this FR-4 PCB of several cm? is com-
patible with down to 107® mbar vacuum at a nominal pumping speed of c.a. 7001/s
(HiCube 700 Classic, Pfeiffer Vacuum). The RF power connection from the SMA
coaxial cable to the PCB was soldered with ultra high vacuum compatible material
(UHV Solder, Allectra). During the actual experiment, the pumping speed from
the cryogenic charcoal surface is ~ 3 x 10%1/s [48], hence the outgassing problem of
this homemade structure is negligible. One of the plates is a plain board, whereas
the other one features a T-shaped microstrip (see Figure 2.3) used to apply the RF
field. This structure was homemade with a milling machine specialized for circuit
board prototyping (ProtoMat S63, LPKF). The T-shaped microstrip is connected
to the core of the SMA cable carrying the RF signal. The outer flat surface of this
plate is connected to the grounding shield of the SMA cable. As the top edge of
the T-shape is aligned with the molecules’ flow axis, the RF field is expected to
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Figure 2.3: Topview of one of the parallel capacitor plates which features
a T-shaped microstrip. The RF power is connected to the T-shaped struc-
ture. The metal rods at the two sides are the input and output quadrupole
guide, which are fized by the stainless steel holders. The blue crosses indicate
the direction of the homogeneous offset E-field which is used to polarize the
molecular orientation.
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Figure 2.4: Schematic of the RF connection.

be predominantly perpendicular to the homogeneous field in the molecules’ transit
region. This configuration enables driving of AM = 41 transitions.

The scheme of the RF circuit outside the vacuum chamber is shown in Figure 2.4.
The RF source is an AnaPico APSIN3000 signal generator, operating in the range
from 9kHz to 3 GHz. When coherent effects in the RF transition need to be elim-
inated, the RF signal is mixed with white noise which is generated by an Agilent
33220A arbitrary waveform generator and filtered by a 2.5 MHz low-pass filter. The
power of the frequency-broadened signal is regulated via a voltage-variable attenu-
ator followed by a fixed amplifier. Before the RF power is sent to the T-shape in
the vacuum, it passes through a circulator which prevents the reflected power from
entering the amplifier and directs it into a spectrum analyzer after attenuation for
monitoring. The RF cable inside vacuum is a UHV-compatible SMA cable.
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2.6 Line assignment and diagnostics

Before quantitatively studying the results of the resonant radio frequency deple-
tion measurements, we need to identify all the observed lines, and diagnose any
unexpected spectral features. According to the principle discussed in Sec. 2.4, the
assignment of real lines should be straightforward. For a molecule with a permanent
electric dipole moment d and an offset electric-field strength &, any of its | JK') states
with linear Stark-shifts would give rise to a depletion line at h v = —dEK/[J(J+1)].
The line assignment in Figure 2.7 is based on this simple rule.

In addition, some unexpected depletion lines were also observed in the initial
spectrum, which turned out to be independent of any particular molecular transi-
tions. Our speculation is that this non-resonant depletions might originate from the
excessive RF power deposited into the molecular passage region, when the frequency
accidentally hits the resonance of the RF circuit inside the vacuum. In fact, we have
eventually found out that by grounding one SMA connection inside the vacuum,
or by re-arranging the RF cables and connection inside the vacuum, we could shift
these lines to outside the spectral window of the measurement.

Here, an example of such ‘fake’ transitions, and how we performed the diag-
nostics are summarized. During the early stage of the experiment where CH3F
(d = 1.85D) was used, and 30V was applied across the capacitor (corresponding
to £ ~ 110V /cm), an unexpected depletion line at 40 MHz was observed. This
line does not correspond to any rotational state. In addition, by grounding both
parallel plates of the capacitor, this line shifted to about 37.5 MHz. By changing
the molecule species from CH3F to ND3 and CFsH which possess different values of
d and neither is expected to have lines at around 40 MHz, this dip in the spectrum
was always present. At the same time, a feature at 40 MHz also appeared on the
spectrum analyzer monitoring the RF power reflected from the T-shape (see Fig-
ure 2.5). It also shifted to 37.5 MHz on the spectrum analyzer when grounding both
capacitor plates. These imply the feature does not depend on the molecular species,
but probably on the instruments.

To track where this reduction of molecular signal occurred, we applied a pulsed
RF power (with 2ms pulse-width) to perform time-of-flight (TOF) measurement
with CF3H. As shown in Figure 2.6, three separate measurements were performed
with the following parameters: 1) with 30 V across the capacitor and 22.5 MHz RF
corresponding to the AM = =£1 transition for the |3,3) state (real transition); 2)
with 30 V across the capacitor and 40 MHz RF (‘fake’ transition); 3) with grounding
the capacitor plates and 37.5 MHz RF (shifted ‘fake’ transition). The three traces
have been rescaled vertically to match their amplitudes. The RF pulses were applied
at Oms and the horizontal scale shows the time-of-flight response of the depletion.
For the real transition (Measurement 1), the depletion started at about 7.5ms. This
was expected because the molecules were moving at a peak velocity of 180 m/s, and
the distance from the capacitor plates to the detector was about 1.3m. The traces
of the two ‘fake’ dips overlap approximately with the trace from the real transition.
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Figure 2.5: Snapshot of the Spectrum Analyzer monitoring the reflected RF
power from the setups in the vacuum chamber. The red box highlights the
dip in the spectrum at 40 MHz.
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Figure 2.6: Tracing the location of molecule depletion with time-of-flight
method. The blue line results from a real transition of the CH3F molecules
applied, while the green and the red lines are from the ‘fake’ transitions.

This same temporal response implies the ‘fake’ depletion around 40 MHz indeed
happens in the capacitor region.

This non-resonant (‘fake’) depletion of molecules as well as the dip of the re-
flected power on the spectrum analyzer could be simultaneously eliminated from
the spectrum by grounding one SMA connection inside the vacuum.

2.7 Resonant radio frequency depletion measure-
ments

In this Section we present the characterization and the analysis of radio-frequency
depletion measurements of buffer-gas-cooled and electrically guided molecules, and
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Figure 2.7: (a) RF depletion spectra of CH3F for different He densities in the
buffer-gas cell (T.en = 6.7K). The most prominent dips are assigned to the
corresponding |J, K) rotational states. (b) Depletion saturation measurement
for the |1,1) state of CH3F. The fit to the experimental points is a sum of
an ezxponential and a linear power dependence (For details, see text).

the derivation of their rotational-state distribution based on these measurements.
Results from both the effusive and the hydrodynamic regimes are shown.

2.7.1 Effusive regime

Figure 2.7(a) shows the relative count rate of guided cold fluoromethane, CHsF, as
a function of the applied RF frequency, in the effusive regime of buffer-gas cool-
ing. The buffer-gas densities in the cell are 3.7 x 10*cm ™3, 1.3 x 10*cm ™3, and
3.2 x 10"cm ™3, and the cell temperature is 6.7 K. The applied homogeneous elec-
tric field of 220 Vem ™! was the same for all three scans. The linear Stark splittings
for different |J, K') rotational states of fluoromethane have been calculated for the
applied homogeneous electric field, and, on this basis, the observed features in the
depletion spectrum have been assigned. The assignments of the most prominent dips
are shown in the figure. The broadening of the lines is attributed to the inhomo-
geneity of the electric field, which leads to a linewidth proportional to the scanning
frequency.

Figure 2.7(a) shows a clear change in the dip pattern and in the relative dip
depth as the buffer-gas density is changed. Increasing the buffer gas density in
the cell increases the number of collisions and therefore leads to a lower rotational
temperature. This effect is clearly visible, as the depletion signal corresponding to
the low-lying rotational states |1,1) and |2,1) increases, while the signal from the
other states of higher rotational energy decreases, and eventually vanishes.

The magnitude of the depletion signal depends not only on the thermal pop-
ulation of the probed state, but also on the applied RF power. To eliminate this
effect, we performed RF power scans for each |J, K') rotational state to obtain its
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State Depletion Nominal DR Simulated DR Population

|JK) (%) (70) (0)
11, 1) 16.96 (0.14) 2/3 66.7 25.4(0.2)
12,1)[]3,2)] 19.07(0.11) 3/51[4/7] 57.3 [58.8] 32.8(0.2)
13,1) 5.08 (0.12) 4/7 54.3 9.4 (0.2)
14,1) 1.02(0.13)  5/9 55.6 1.8(0.2)
12,2) 1.88(0.11)  3/5 62.2 3.0(0.2)
11,0) 12. 32 (0 15) 2/3 66.7 18.5(0.2)
12,0) 6 (0.4) 2/3 66.0 8.5(0.6)
Total 62.6 (0.5) 99.4 (0.8)

Table 2.1: Experimental relative populations of the |J, K) rotational states
of CHsF, derived from saturated depletion signals measured for each of the
rotational states at Teen = 6.4K and npge = 1.6 x 10 cm™3. Nominal and
stmulated depletion ratios (DR), are defined and explained in the text. The
values in parentheses of the depletion and the population columns are the
statistical errors. The |3,2) state in the square brackets in the second row
shares the same Stark splitting with the |2,1) state, and its contribution to
the depletion signal is also taken into account. The corresponding depletion
ratios for the |3,2) state are also given in square brackets in the third and
fourth column.

power-saturated depletion level. Coherent effects, which lead to Rabi oscillations
between the M-sublevels and therefore hinder an equal redistribution of population
among all M-sublevels, were eliminated by broadening the RF signal to 5 MHz with
white noise as explained in Sec. 2.5 (the white noise is not applied in the frequency
scan in Figure 2.7(a)). An example of an RF power scan is shown in Figure 2.7(b)
for the |1,1) state of CH3F, where the relative signal is plotted as a function of the
applied RF power spectral density. The data were fitted with a sum of an exponen-
tial and a linear function. The exponential term is attributed to resonant driving of
the transition of interest, while the linear decay term is attributed to off-resonant
driving of transitions in other states taking place in the non-homogeneous-field re-
gions near the quadrupole guide, as well as to transitions driven by higher harmonics
produced by the RF amplifier that are not perfectly filtered out. The sought value
of the saturated depletion for each of the considered rotational states is taken to be
the amplitude of the exponential function. For CH3F we have performed saturation
scans only for states with J < 4, as these states account for > 99.7% population
below 10 K according to a Boltzmann distribution.

Results from the RF depletion measurements of CH3F for T, = 6.4K and
= 1.6 x 10 cm™3 are shown in Table 2.1. The values listed in the second
column show the measured depletion signal for a given rotational state |JK) from

the RF depletion scans. The nominal depletion ratio, 2{;;11 (discussed in Section 2.4),
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Figure 2.8: RF depletion spectra of CHsF' for different Ne densities in the
hydrodynamic regime. The buffer-gas cell is operated at about 17 K. All the
depletion dips are assigned to the corresponding |J, K) states. As in the
experiment shown in Figure 2.7(a), the 5 MHz white noise was not applied
in the radio frequency scan.

is listed in the third column. The more accurate simulated depletion ratio obtained
from the trajectory simulations described in detail in the next Section is listed in the
fourth column of Table 2.1. The relative population of each of the rotational states
|JK) present in the guided beam can be deduced from the ratio of the measured
depletion signal and the simulated depletion ratio. Note that the sum of the state
populations is ~ 100 %, indicating our ability to account for the entire population
of rotational states of CH3F present in the guided beam.

2.7.2 Hydrodynamic regime

Section 2.7.1 demonstrates that our detection method is capable of resolving 100%
of the population in the guide, here we show further that by operating the buffer-gas
cell with neon atoms in the hydrodynamic regime (see Sec. 2.1), almost the entire
guided population can be obtained in a single rotational state. When the buffer-
gas density in the cell is increased to a level where the collision mean-free-path at
the nozzle is much smaller than the nozzle dimension, adiabatic expansion at the
nozzle vicinity takes place. This cools down further both the translational and the
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rotational degrees of freedom of the molecules. As shown in Figure 2.8, when the
buffer-gas density was increased to above 10 cm ™2, about all the guided population
was found eventually in the lowest guidable rotational state, the |1, 1) state. Since
only the M = 1 sublevel of the |1, 1) state has positive Stark-shift, almost all the
population in the guide then is effectively in the single |J, K, M) state. It will be
shown later in Sec. 2.10.4 that the rotational temperature for the supersonically
cooled CH3F beam is (2.1 +0.1) K.

2.8 Resolving hyperfine splittings of polyatomic
molecules

After demonstrating the production of cold polar molecules in a single |J, K, M)
state (see Sec. 2.7.2), we would like to check whether our resonant RF depletion
method is capable of resolving also the hyperfine splittings. In this section, we show
the ability of our method to resolve the hyperfine structure of NDj3 resulting from
the nuclear quadrupole coupling of the nitrogen atom.

2.8.1 Theoretical review

To understand the experimental results, we set out first with a brief review of the
theory of molecular hyperfine structures. A thorough theoretical treatment on this
topic have existed since the 1950s, and the readers should refer to [62] for more
details. To summarize the relevant results, the Hamiltonian for the hyperfine inter-
action includes two terms,

Hhyp = Huas + Hg. (2.7)

The first term is the nuclear magnetic coupling, Hyrgs = bl-S+ clzSy, —i—Cﬂ\7-[,
where b, ¢, and C} are the nuclear coupling constants, I is the nuclear spin, I, (Sz)
is the projection of I (5’) on the quantization axis. However, for a closed-shell
molecules (typically chemically stable) e.g. ND3, or CH3F, etc., their electron spins
pair up and leave S = 0, Thus, we are left with only the last term CrN - f, the
nuclear spin-rotational coupling, which is fairly weak.

The second term, Hy, is the interaction of the intra-molecular field gradient with
the electric quadrupole moments of the nuclei. This is the strongest interaction,
provided the nuclear quadrupole moment exists, which is the case for all nuclei
with spins > 1. Whereas nuclei with spins 0 or 1/2 are spherically symmetric, and
consequently do not possess a quadrupole moment [62]. To sum up the results, the
following expression can be obtained after a lengthy derivation,

_ T. —I-J—-1 ) 2.
s —nyiei—1 Ul =1 (2:8)

Here, e is the elementary electric charge. @) is a scalar with the units of area called
the quadrupole coupling constant, and is related to the intrinsic quadrupole moment

Heq
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F 2 1 0
C 2 2 4
C(C+1) 6 2 12

Table 2.2: The corresponding values of C' and C(C + 1) for each F, in the
case of I =1 and J = 1.
of the nuclei Q* by Q = 2=LQ*. ¢, is the electric-field gradient along the space-

2(1+1)
fixed Z axis averaged over the states M; = J, q; = <J, J J, J>. In a field-free

2V
022

region, J and I directly couple to form F = J+ I, hence
[-J=1/2(F*—J - ). (2.9)

Substituting Eq. 2.9 into Eq. 2.8 and knowing the basic results of the angular mo-
mentum operator, we get the eigenvalues of Hg,

[ eQqs 3
©T2J@RJ—1)I(2I—1) |4

C(C+1)— J(J+DI(I+1)], (2.10)

where

C=FF+1)—JJ+1)—I(I+1). (2.11)

2.8.2 Experimental demonstration

Before explaining the measured hyperfine spectrum, we summarize the relevant
properties of the molecule used in the experiment, NDj. Firstly, the rotational
constant of NDj3 is 5.1cm™!, much larger compared to that of CH3zF (0.85cm™!)
used in the rotational-state detection measurement (Sec. 2.7). This ensures that in
both the effusive regime or the hydrodynamic regime of the buffer-gas cooling, the
guided population of this molecule is predominantly in its lowest guidable state, the
|1,1,1) state. Secondly, ND3 has an inversion splitting of around 1.59 GHz. In a
simplified classical picture, this is the frequency at which the nitrogen atom oscillates
between the two sides of the plane formed by the three deuterium atoms. In the
quantum mechanical description, this is the energy splitting between the two parity
states |+) and |—), formed by a symmetric and an anti-symmetric superposition of
the |L) and the |R) states, respectively. The |L) (|R)) state corresponds to the N
atom located at the left (right) side of the plane formed by the three D atoms. The
hyperfine structure we have resolved is on top of this transition between the |4) and
|—) states. Thirdly, the nuclear spin of the nitrogen-14 atom in ND3 has spin I = 1,
hence gives rise to the nuclear quadrupole coupling discussed in Sec. 2.8.1. Since
J = 1 as mentioned earlier, F' can be 2, 1, or 0. The relation between C' and F
given by Eq. 2.11 is summarized in Table 2.2. The frequency shifts to the transition
between the two inversion-doublets, resulting from this hyperfine interaction can be
derived from Eq. 2.10 and are summarized in Table 2.3.
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F 2 1 0
2 0 —4A 6A
1 4A 0 10A
0 —6A —10A 0

Table 2.3: The frequency shifts to the transition between the inversion-
doublets due to the hyperfine interaction from the nuclear quadrupole cou-
pling of the nitrogen atom in NDs. The first row and first column show
the hyperfine quantum number of the initial and the final state, respectively.
Each element of the matriz gives the frequency shift of the corresponding
transition. A = %QQQJ according to Eq. 2.10.
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Figure 2.9: Resolving the hyperfine structure in the transition for the about
1.6 GHz inversion splitting of NDs. The blue dashed lines indicate the theo-
retical value of the hyperfine lines [63].

The experimental conditions are presented in the following. The buffer-gas cell
was operated at 17 K. Neon was used as buffer-gas with an input flow rate of 10 sccm,
well in the hydrodynamic regime. NDj3 input line was kept at 215 K, and the flow rate
was kept low, 0.005sccm. The two parallel capacitor plates were both grounded, so
the molecules passed through a field-free region between the plates. An RF signal
around 1589 MHz was applied to the T-shaped structure on one of the capacitor
plates. The frequency was scanned without applying white noise. The obtained
depletion spectrum is shown in Figure 2.9, with the assignment of F’ « I for each
line labeled on top of the figure, where F’ is the hyperfine quantum number of the
final state.

A careful comparison between the spectrum shown in Figure 2.9 and the calcu-
lation shown in Table 2.3 provides insights into the hyperfine transitions. Based on
the values listed in Table 2.3, 7 lines would be expected. However, maximally only 5
of the lines were observed in the spectrum. The reason is that the F' = 0 level of the
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|1, 1) state has almost zero Stark-shift [63], and hence is hardly guidable. The nearly
supersonic velocity distribution of the ND3 beam eliminates the molecules initially
populating the ' = 0 state very quickly from the guide before they reach the ca-
pacitor plates. Therefore, transitions for F/ = 1,2 « F' = 0 are not present, and
the remaining 5 lines can be found in Figure 2.9. The line at 1589.0 MHz is stronger
because it consists of two contributions, /" =1« F=1and ' =2 « ' = 2,
both of which possess zero correction to the inversion splitting. On the contrary, the
F'= 0« F = 2 line is extremely weak because it is a dipole forbidden transition.
In addition, the spacing between the 5 lines should obey the ratio 2 : 2 : 1: 2 from
left to right, based on the values listed in Table 2.3. This agrees fairly well with the
observation in Figure 2.9.

The line-width in Figure 2.9 is limited by the time-of-flight broadening. For
a molecular beam moving at about 200m/s (in the hydrodynamic regime), and a
size of ~ 1cm RF interaction region, the interaction time is ~ 50 us. This gives a
TOF broadening of ~ 20kHz. As a result, further improvements of this setup are
necessary for observing higher order hyperfine interactions. The next nearest term
is from the nuclear quadrupole coupling at the D atoms of ND3, which possess also
1 nuclear spin each. The splitting produced by this interaction is < 10kHz [63].

The easiest way to improve the line-width is to enlarge the interaction region.
Given that the current setup was homemade on a simple PCB (see Figure 2.3), an
extension of the capacitor plates along the molecular flow axis seems straightforward.
One potential problem is that once the gap between the two electric guides become
too large, the molecule signal would suffer from beam divergence in the free-flying
region. This could be suppressed by including a horn-shaped molecular lens at the
ends of the guides [41] for focusing and re-collecting the molecules. Alternatively, one
can decelerate or translationally cool the molecular beams, as discussed thoroughly
in Chapter 3 and 4.

2.9 Monte Carlo trajectory simulations

So far, we have only discussed the internal-state detection of molecules after the
electric guiding. To characterize the buffer-gas source and to quantify the effect
of buffer-gas cooling for different cell operating regimes, it is, however, necessary
to determine the rotational-state and velocity distributions of the molecules upon
emerging from the cryogenic buffer-gas cell. To retrieve this information from the
measurements at the end of the guide, we have performed comprehensive Monte
Carlo trajectory simulations, which yield the guiding efficiencies for the molecules
in the quadrupole guide. In this section, we describe the basic principle and some
crucial elements of the simulations.

The electric-field distribution along the entire molecule guide is calculated using
the SIMION software package, and, on this basis, the molecular trajectories from
the cell output to the QMS are simulated. In particular, this includes the two 20 cm-
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Figure 2.10: (a) Normalized exact Stark-shift curves as a function of the
electric field for states with different types of Stark-shift curvatures: convex
(11,1,1) rotational state of CH3F) and concave (]2,0,0) rotational state of
CHsF ). They were obtained based on diagonalizing the rigid-rotor Hamilto-
nian. The linear approximation to the Stark-shift curve is shown for com-
parison (black dashed line). (b) Demonstration of the necessity of using the
exact Stark-shift curves: comparison between the relative depletion signals
for simulation I , simulation II, and the measurement. The simulated deple-
tion signals are taken at the fitted Tior, with the fitting procedure explained
in details in Section 2.10.1. The major difference between simulations I and
11 is that the former uses only linear approximations to the Stark curves
while the latter uses the exact Stark curves. Very good agreement with the
experimental results is obtained only for simulation II.

radius 45-degree bends, the capacitor plates, and the divergence of the molecular
beam between the end of the guide and the QMS, as shown in Figure 2.2(b). To
determine the longitudinal velocity distributions, experiments and simulations are
also performed for the case of a continuous guide, in which the capacitor plates are
replaced by a straight piece of guide, as here the capacitor plates are not necessary.
The effect of applying an RF field to the capacitor plates is simulated by evenly
redistributing the population of a given |J; K') state across all of its M-sublevels in
the middle of the capacitor. The ratio of the simulated signals with and without
reshuffling the population across the M-sublevels gives the simulated depletion ratio.

In the following, we describe the initial conditions and the method for the tra-
jectory simulations. The transverse spatial distribution of the molecules at the
guide input is taken to be flat, and the transverse energy distribution is taken as
the Boltzmann distribution (~ Te) truncated by the transverse acceptance of the
guide (~ 1K trap depth). The initial longitudinal velocity, vy, is varied, allowing



28 Internal-state detection and thermometry of cold molecules

a guiding efficiency as a function of v to be extracted from the simulation. Di-
viding the measured v-distribution after the guide by the corresponding guiding
efficiencies yields the initial v-distribution before the guide (see Figure 2.14(a)).
Assuming this initial v-distribution is the same for all internal states, we simulate
the guiding efficiency for every relevant |J, K, M) state with the above-determined
initial v-distribution taken as an input. Once these state-dependent guiding effi-
ciencies become available, we could recover the initial rotational-state distribution
before the guide (see Figure 2.12(a)) from the depletion measurements described in
Section 2.7. One subtlety here is that the simulations for the v distribution and for
the rotational-state distribution need each other’s results as their inputs. This in-
terdependence can be resolved by realizing that the vj-dependent guiding efficiency
is only weakly influenced by the state composition, and the two simulations can be
performed iteratively. In practice, we start with a state distribution corresponding
to the Boltzmann distribution at 7T¢ey in order to determine the initial v)-distribution
at the guide input. This in turn helps us calculate the theoretical depletion values
for various states between the capacitor plates, assuming a Boltzmann distribution
in the cell. By fitting the measured RF depletion data to the so-obtained theoret-
ical values, we can determine the rotational temperature of the molecules exiting
the cell. This last assumption of reaching a Boltzmann distribution in the cell at a
fitted temperature is validated by the results shown in Section 2.10.1.

To achieve a good agreement between the simulated and the experimental results,
a key requirement is to take into account the exact dependence of the Stark shift on
the electric field, rather than using a linear or quadratic approximation. As shown
in Figure 2.10(a), the Stark shift for certain states deviates strongly from a linear
approximation for fields up to 100 kV /cm, as present in the experiment. Employing
the exact Stark-shift curve dramatically improves the match between the measured
and simulated depletion signal, as shown in Figure 2.10(b). In particular, including
the exact Stark curve decreases the simulated depletion signal for states with a
convex Stark shift and increases the simulated depletion signal for states with a
concave one, with a less pronounced effect for states with a Stark shift more closely
following a linear behavior, as might be expected.

Another useful development on the trajectory simulation is to simulate the tra-
jectories in a three-dimensional quadrupole bend (Figure 2.11(a)) with only a two-
dimensional electric field distribution (Figure 2.11(b)). Our simulation package is
capable of taking both 3-D and 2-D electric field distributions. However, there are
two problems with taking the 3-D electric field distribution of a bend quadrupole
guide. Firstly, it is numerically costly to simulate a bend of large radius R at a
high resolution (d grids per unit length). To have a higher resolution (i.e. higher
value of d) is necessary to obtain a smoother spatial distribution of the electric-
field and hence to avoid artifacts in the trajectory calculations. For simulating a
bend with R = 20cm (see Sec. 2.5) at d = 50 grids/mm is simulated, about 10
grids are needed. This number scales with o« R2d3. Secondly, as visible in Fig-
ure 2.11(a), it is also very wasteful to have a great part of the empty geometry
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\4

Figure 2.11: Illustration of the geometry used to simulate a bent electric
quadrupole guide. (a) Full geometry of a 90° bend, the quadrupole electrodes
have a radius of 1 mm and inter-electrode spacing of 1 mm. The radius of
the bend in this illustration is only 5cm. (b) A cross section of the bent
quadrupole guide.

outside the bend, which is not relevant for the trajectory calculation. Transforming
the 3-D quadrupole bend into only a 2-D guide (Figure 2.11(b)) is possible due to
the cylindrical symmetry of the bend. Subsequently, at each step of the trajectory
simulation, only the electric-field distribution calculated from the 2-D structure (as-
suming translational symmetry) is stored in the memory. The potential energy P.FE,
of the molecule in the cylindrical coordinate system is

117

P.E.[z,y] =Ulz,y] + IRz (2.12)

where the molecular mass is normalized, P.E.[z,y| is the total potential energy
distribution in the x-y coordinate system, U|x, y] is the potential energy distribution
for a straight electric quadrupole guide, L is the angular momentum of the molecule
calculated from its initial position and velocity, and R = R + yo — y is the radial
position in the cylindrical coordinate system with gy, being the distance from the
top boundary to the center of the quadrupole in Figure 2.11(b). The second term
on the right-hand side of Eq. 2.12 is simply the centrifugal potential of the molecule
inside the system. Making this transformation has saved an enormous amount of
memory when performing the trajectory simulation.
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Figure 2.12: (a) Measured depletion signals (data points) for different rota-
tional states |JK) of CHsF and different buffer-gas cell temperatures at a
fired He fluz of ®Pye = 2 x 10'7s™! and simulated depletion signals (lines)
for different rotational temperatures for different rotational states. The grey
columns group sets of measurements performed at the same Teen. Measure-
ments at five different cell temperatures have been performed. The rotational
temperature of the molecules leaving the buffer-gas cell was determined by
columnuwise simultaneous fitting of the measured depletion signals to the cal-
culated curves. (b) Relation between the measured cell temperature, Teen,
and the fitted rotational temperature, Tyor, for CH3F at a fized helium fluz.

2.10 Analysis and discussion

Sections 2.7 and 2.9 have described the measurement and the simulation methods.
In this Section we apply these tools for a comprehensive characterization of the
buffer-gas-cooling process in the cryogenic cell. First, we explore in Sections 2.10.1
and 2.10.2 the influence of cell parameters on the buffer-gas cooling. Next, we
investigate in Sections 2.10.3 and 2.10.4 the cooling of different molecular species
and in the supersonic operating regime of the cell. At the end, in Sections 2.10.5
and 2.10.6 we discuss and draw conclusions on the cooling effect for different degrees
of freedom and for different rotational states.

2.10.1 Rotational temperature vs. cell temperature

The first property we study is the dependence of the rotational temperature on the
cell temperature. Here, we would like to address two questions: first, whether the
rotational states of molecules obey a Boltzmann distribution in the cell; second, how
Trot compares to Tie. Figure 2.12(a) shows the measured depletion (in percentage
of the total signal) for different rotational states |J, K) of CH3F for different cell
temperatures, Teop, along with their theoretical predictions (solid curves). The mea-
surements were done at a fixed He flux of &g, = 2 x 10'7s™! (corresponding to a
density of nyg. = 1.6 x 10" ecm ™ at T,y = 6.4 K for our cell geometry). The data for
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each T.e are grouped in a separate vertical column in Figure 2.12(a). The theory
curves are based on the assumption of a Boltzmann distribution for the rotational
states at the cell (as mentioned in Section 2.9), with T, being an independent vari-
able on the horizontal axis. The guiding efficiencies are simulated using the method
described in Section 2.9. In particular, we have included all 64 guidable |JK M)
states of CH3F (rotational constants A = 155GHz and B = 26 GHz), with rota-
tional energies below 72 K. For a source at 10 K those states account for 99.7 % of
the thermal population. Note that T4 is the only fit parameter in Figure 2.12(a),
which sets the horizontal position of each column via a least-y? fit to the theory
curves. The good agreement between measurement and theory confirms the as-
sumption that a Boltzmann distribution is reached for the rotational states in the
cell, at the He flux applied in this particular measurement. Moreover, the plot in
Figure 2.12(b) also shows a relatively good agreement between T and 7. This,
however, is not a universal effect, but rather a consequence of the applied He flux.
In fact, as will be shown in the next section, by varying the He density in the cell,
we also vary Tie.

2.10.2 Rotational temperature vs. buffer-gas density

Next, we would like to discuss the relation between rotational temperature and the
buffer-gas density in the cell. As already pointed out qualitatively (see Section 2.7),
increasing the buffer-gas density in the cell increases the cooling capacity, and,
consequently, results in a better cooling of the molecules. To quantify this effect, we
determined the rotational temperature of CH3F for different He densities ranging
from 2.2 x 10™em™3 to 7.1 x 10"cm™ at a fixed cell temperature of Ty = 6.4 K.
The dependence is plotted in Figure 2.13(a) (red squares). We observe cooling of
rotational states to near the cell temperature for minimal He density below 1 x
10%em =2 for our cell geometry. It is also particularly interesting to note that for
buffer-gas densities above 2 x 10ecm ™3, the rotational temperature of the CHzF
molecules leaving the cell is lower than the cell temperature. This evidences further
cooling as a result of the adiabatic expansion of the gas upon streaming out of
the cell [56, 64]. The higher the buffer-gas density, the stronger the effect of the
adiabatic cooling. For a He density of 7.1 x 10®cm =3, the rotational temperature is
determined to be (4.2 £0.1) K.

2.10.3 Cooling of a heavier molecule

The dependence of the cooling process on the molecular species is also investi-
gated. Here we cool the rotational degrees of freedom of a heavier molecule, 3,3,3-
trifluoropropyne, CF3CCH (mass m = 94 u, rotational constants A = 5.7 GHz and
B = 2.8 GHz), and compare the results with those for CH3F. The at least 10-fold
decrease in energy spacing (x A, B) for CF3CCH compared to that of CH3F not
only greatly reduces the signal per state in the measurement, but also requires more
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Figure 2.13: (a) Rotational temperatures of two molecular species, CHsF
and CF3CCH, as a function of the He buffer-gas density in a cell operated
i the boosted regime. The cell temperatures were kept constant, 6.4 K and
8.5K, for CHsF and CF3CCH, respectively. (b) Rotational temperature of
CHsF as a function of the Ne buffer gas in a cell operated in the supersonic
regime. The cell temperature was kept fixed at 18 K.

energy levels to be included in the simulation. In this case we have performed trajec-
tory simulations including the exact Stark curves for all 2869 guidable |JK M) levels
below 72 K (corresponding to 99.7% thermal population at 10 K). We have derived
the rotational temperature of CF3CCH for different He densities in a similar range
as for CH3F, from 1.6 x 10%cm ™3 to 8.9 x 10%cm ™3, and for a fixed buffer-gas cell
temperature of Tie = 8.5 K, as shown in Figure 2.13(a) (blue circles). The higher
cell temperature in this case results from the maintained higher temperature of the
molecule feed line, as CF3CCH has a considerably higher freezing point than CH3F.
The trend of better cooling for higher buffer-gas densities is clearly observed. Nev-
ertheless, even for the largest He density applied here, the rotational temperature
remains slightly above the cell temperature, i.e., the molecules are not fully thermal-
ized. Various effects play a role in determining the thermalization rate. A possible
reason for the worse cooling of the rotational degrees of freedom for CF3CCH com-
pared to CH3F for similar buffer-gas densities includes the larger density of rotational
states populated by CF3CCH requiring more collisions to thermalize.

2.10.4 Rotational temperatures in the supersonic regime

In Sec. 2.7.2 we discussed buffer-gas cooling in the supersonic regime qualitatively.
Here, our simulation toolbox provides a quantitative study on the rotational tem-
perature of the CH3F cooled in the supersonic regime. The supersonic beams are
formed when a large number of collisions take place near the cell nozzle during
expansion into a vacuum. During this process, the particles convert their internal
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Figure 2.14: (a) Derived longitudinal velocity distribution for CH3F at the
input of the guide for T.aqn = 6.4K and different He densities, along with
their fits. (b) Mean longitudinal velocity, v), from the fits as a function of
the corresponding nye. The solid curve is based on a momentum transfer
model described in the text.

energy into a kinetic one whereby they get colder [32]. In this case, we used Ne as
a buffer gas since at T.a1 = 18K it has a supersonic flow speed below 200ms™!,
lower compared to the supersonic flow velocity of He at 6 K, which makes guiding
feasible. The other benefit of using Ne is the better pumping of the background
gas. The dependence of the measured rotational temperature, Ty, as a function
of the buffer-gas density is shown in Figure 2.13(b). Here we demonstrate that the
supersonic expansion leads to a reduction of the rotational temperature by almost

an order of magnitude below the cell temperature, allowing us to cool molecules
down to (2.1 £0.1) K.

2.10.5 Rotational vs. translational temperatures

Our toolbox is able to characterize not only the rotational-state distribution of
the molecules emerging from the cell, but also their longitudinal velocity distribu-
tion (v-distribution). This enables the measurement of the translational temper-
ature, and its comparison to the rotational one. The procedure of deducing the
v|-distributions at the cell output is explained in Section 2.9. Figure 2.14(a) shows
the v-distributions of CH3F for the same cell parameters as those used in the T
measurement in Section 2.10.2. The solid curves in Figure 2.14(a) are fits to the
distributions. Gaussian fits centred at peak velocities have been applied to all but
the lowest-density distribution (ng. = 7.8 x 10" ¢cm™3). The latter has been fitted
with a Maxwell distribution corrected for the boosting effect [49]. The use of a
different fit function is substantiated by the quantitative model below.

To further analyze the changes in the v-distribution, we plot in Figure 2.14(b)
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the mean longitudinal velocity, v}, as a function of nyg.. The value of v is extracted
from the fits in Figure 2.14(a). Its increase at higher ny, is understood to result
from collisions between molecules and He atoms in the vicinity of the nozzle [50].
The lighter He atoms move at a higher speed and kick the heavier molecules from
behind whereby the molecules get accelerated in the forward direction. To quantify
this effect, we have built the following model based on the momentum transfer for
elastic collisions. From conservation of energy and momentum, the change in the
molecules’ velocity per head-on collision is Avy = B(vie — v)), where 8 = mjon;He
with Mmmeire) being the mass of the molecule (He atom), and vy, is the longitudinal
velocity of the He atom. As the He density in the nozzle region is typically much
higher than the molecule density, we assume vy, to be constant and approaching
the supersonic velocity, which sets the upper bound for the mean velocity of He
in the limit of high density [32]. This leads to vj(l) = Uue — (Vne — vo)exp(—pl),
where [ is the number of head-on collisions in the molecular-beam direction, vy, is
the centre velocity of a He supersonic beam at T, and vy is the initial longitudinal
velocity of the molecules. [ is related to nge by | = dgonge, where d = 2mm is the
nozzle diameter setting a rough estimate of the distance where collisions take place,
o is the CH3F-He elastic collision cross-section, and g is a proportionality factor on
the order of unity taking into account the fact that only collisions in the direction
normal to the nozzle plane contribute to the change in v|. Assuming the molecules
have translationally thermalized to T..; before arriving at the nozzle, and hence vy
is approximately their thermal mean velocity at Tee, our model (the solid curve in
Figure 2.14(b)) describes very well the dependence of © with respect to nge with
the exception of the lowest-density point. The only fit parameter in the model is
go = 2.0 x 1071 cm?, which agrees within one order-of-magnitude with the typical
CH3F-He collision cross-section at this temperature range [65]. Moreover, the fact
that the lowest-density data stays above the model curve shows that the translational
degree of freedom of molecules is not yet thermalized to T, at this point, in line
with the finding in the T, measurement at low He densities (see Section 2.10.2).

This also justifies using a different fit function for the lowest-density v)-distribution
(Figure 2.14(a)).

In the following we discuss the translational temperature of molecules, T},, and
compare it to the rotational one. While the width of a Gaussian fit to the v-
distribution defines T}, in the high-density limit, where molecular beams approach
the supersonic regime, it provides only a lower bound to 7}, in the low-density limit
where a Maxwellian distribution describes vj better, as shown in Figure 2.14(a).
Thus we assign a lower bound to Tj, of 15.7 + 1.7K for the distribution at ng. =
7.8 x 10 ecm™3 based on its width, while its mean kinetic energy corresponds to
28 + 3 K. In comparison, Ty at this density is found to be 9.5 + 0.1 K (the second
point in Figure 2.13), which is clearly lower than the value of Ti,. Having a colder
Tt than Ti. might not be surprising for the given system because of the large
mass imbalance between CH3F and He, which makes cooling of the centre of mass
motion inefficient. On the other hand, the v-distribution for the highest density in
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Figure 2.15: Measured depletion signals (data points) for different rotational
states of CH3F and different He densities, (a) nge = 2.2 x 10'ecm™3, (b)
nhe = 7.8 x 10Mem ™3, and (¢) npe = 1.6 x 10%ecm ™3, at a fized cell temper-
ature Teen = 6.4K, and simulated depletion signals for different rotational

states and different rotational temperatures (lines) for each of the applied He
densities.

Figure 2.14(a) (nge = 7.1 x 10 cm™3) has a width corresponding to 4.7 4+ 0.4 K,
which is very similar to T, = 4.2 + 0.1 K found in Section 2.10.2. Presumably, in

the high-density limit, T3, and 7. should converge due to the sufficient number of
collisions.

2.10.6 Rotational-state-dependent thermalization rates

In Section 2.10.2 we have investigated the dependence of fitted T;,; on the He den-
sity in the cell. In this Section we take a closer look at the state distribution in the
low He density limit. Figure 2.15 shows a comparison between the measured deple-
tion signals and the corresponding theory curves in increasing order of He density,
Nie = 2.2 X 10Mem™2, 7.8 x 10Mem ™2, and 1.6 x 10%cm™ and at T = 6.4K,
corresponding to the first three points of the CH3F data in Figure 2.13(a). Similarly
to Figure 2.12(a), the data are grouped in columns, and the only fit parameter is
the horizontal position of the column, which determines T,,,. Here, the data has
to be split up into different graphs because the v-distribution and therefore the
theory curves (solid lines) differ for different buffer-gas pressure. The results clearly
demonstrate that with increasing He density, the rotational states are better ther-
malized, and the fitted T, approaches T.o;. Moreover, at lower He density, the
larger deviation between the measured depletion signals and the theoretical curves
also indicates that the internal states are not fully thermalized. In particular, we
would like to point out that the depletion signals for the |3, 3) state (orange diamonds
in Figure 2.15) appear far above their theoretical curves, and would correspond to
a much higher rotational temperature if the |3,3) state were fitted alone. This is
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an indication that the [3,3) state thermalizes more slowly than the other states.
Based on nuclear spin statistics, states with K being a multiple of 3 (ortho-CH;3F)
are not interconvertible with states of K not being a multiple of 3 (para-CH3F') [62]
via buffer-gas collisions. Hence, CH3F from the |3, 3) state can only relax to states
with K = 0. Since the rotational energy scales as K2, a transition of the type
K =0« K = 3 requires 3 times more energy to be taken away than a transition
of the type K =1 «+ K = 2 does. Thus we attribute the above-observed effect to
the larger energy difference between the initial and the final state, which makes the
13, 3) state thermalize at a lower rate than the other probed states.

2.11 Summary

We have developed a versatile and robust method for internal-state detection and
thermometry of cold polyatomic molecules emerging from a cryogenic buffer-gas
source. The detection method via resonant radio-frequency depletion is capable of
addressing 100 % of the molecular population, as well as resolving their hyperfine
states. The rotational and translational thermometry consists of three independent
tools, time-of-flight measurements yielding the longitudinal velocity distribution,
the above mentioned rotational-state-selective detection of guided molecules, and a
complete Monte-Carlo simulation package resolving the guiding efficiencies for all
present states.

The obtained results make possible the full characterization of buffer-gas sources
and provide insight into the cooling processes in a cryogenic cell operated in differ-
ent regimes. Studying those mechanisms, we have established an efficient control
over the rotational and translational cooling of guided molecular beams by tuning
the buffer-gas-cell temperature and the buffer-gas density. We have demonstrated
rotational cooling below the cell temperature for the strongly boosted and super-
sonic regimes, achieving rotational temperatures more than an order of magnitude
lower than the cell temperature. Interesting physical phenomena have also been
observed. Comparing the rotational with the translational temperature, we have
shown evidence of faster thermalization of the rotational degrees of freedom for the
CHsF-He collisions at the limit of low ny.. We have also observed manifestations
of rotational-state-dependent cooling rates, and we have provided an explanation of
this effect.

The presented detection and thermometry method is a very general one, which
can be applied to a vast variety of molecules. It is particularly useful for probing cold
molecules that are not amenable to other techniques, e.g., LIF or REMPI. Moreover,
the thorough understanding of the cooling mechanisms in a cryogenic buffer-gas cell,
provided by the new method, is the key to optimizing the production of internally
and translationally cold molecules.



Chapter 3

Principle and design of the
centrifuge decelerator

In Chapter 2, we have presented a new method for internal-state detection and
thermometry of cold polyatomic molecules. It enables a full characterization of
buffer-gas-cooled molecular beams, and, on this basis, various aspects of buffer-gas
cooling can be studied. To apply the so-produced molecular beams as a source for
various experiments, e.g. collision studies, cold chemistry, high precision measure-
ments, or simply as a step to further cooling of molecules [38, 40], however, we
still need to slow them down to almost a standstill. In this chapter, we discuss a
novel approach for particle deceleration, by employing the centrifugal potential in a
rotating frame.

This chapter is organized in the following way. Firstly, the principle of cen-
trifuge deceleration, and the analysis in both the rotating and the laboratory frame
are discussed in Sec. 3.1. Secondly, the deceleration effects, including the final ve-
locities, the velocity spreads, and the relation to phase space densities are discussed
in Sec. 3.2. The design of the centrifuge decelerator that enables the deceleration
of continuous beams is presented in Sec. 3.3. The methodology for optimizing the
guiding efficiency of the guide on the rotating disk and the resulting shape of the
guide are described in Sec. 3.4. Next, the technical realization of the rotating elec-
tric guide and the numerical simulation of the overall efficiency are summarized in
Sec. 3.5. Finally, the complete assembly of the centrifuge decelerator is presented in
Sec. 3.6.

3.1 Basic principle

A basic idea for decelerating a particle is to make it climb up a potential hill thereby
transforming its kinetic energy into potential energy. If the height of the potential
hill matches exactly the kinetic energy of the incoming particle, the particle will be
brought to a standstill upon arriving at the top of the hill. Following this concept,
one could, in principle, employ the gravitational field of the Earth to decelerate

37
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molecules from a cryogenic buffer-gas source. If, for example, a molecule with a
velocity of 200 m/s is shot upwards, it will stop at an elevation of 2000 m.

To reconcile this deceleration approach with the length scale of a typical lab-
oratory, one needs much stronger interaction than the one provided by the Earth
gravitation. Here, we present an elegant and non-conventional solution, which em-
ploys a non-inertial system, in particular, harnesses the centrifugal force in a rotating
frame (Fig.3.1) [66]. As this principle is independent of the detailed structure of a
particle (be it a molecule, an atom, or even a neutron), the method can be generally
applied, as long as the particle can be guided.

The centrifugal potential energy which is responsible for the deceleration in the
rotating frame, is given by (details see Section 3.1.1)

m /= \2
Ecentrifugal - _3 (Q X T) ) (31)

where m is the mass of the particle, Q is the angular velocity of the rotating frame,
and 7 is the radial vector pointing from the center of the rotation to the position
of the particle (Fig.3.1). A particle traveling from the periphery (r = R, the radius
of the rotating disk) to the center of a rotating frame (r = 0) climbs up a potential
hill of AE = mQ?R?/2. This equals the decrease of particle’ s kinetic energy.

3.1.1 Dynamics in the rotating frame

This section summarizes important results from classical mechanics for a particle in
a rotating frame.

The Lagrangian of a particle traveling inside a rotating frame (Fig.3.1(a)) is
given by

mu*

L:T—Hm?-(ﬁxF)—k%(QxF)Q—U, (3.2)
where v is the velocity of the particle in the rotating frame, Q) is the angular velocity,
and U is the corresponding confining potential of the particle. For molecules, this is
the electrical guiding potential (given by Eq. 2.4 for molecules experiencing linear
Stark-shifts in an electric guide). In addition, the second and the third terms in
Eq.3.2 represent the Coriolis and the centrifugal energies, respectively.

The momentum of the particle in the rotating frame is given by

oL -
*z%zmmm(QxF), (3.3)
and hence the total energy of the particle in the rotating frame
E = p-v-1L (3.4)
72 o 2
— %-%(quﬁ) LU (3.5)

The second term in Eq.3.5 is the centrifugal potential in the rotating frame. The
conservative potential U is independent of the rotating frame, and only contributes
to the confinement and guiding of molecules but not to the deceleration process.
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Figure 3.1: (a) Centrifuge decelerator, top view. Molecules enter from the
injector, propagate through the periphery guide and the rotating spiral, before
coming out from the exit bend at the center of the rotation. The radius
R = 20em. (b) Zoom-in of the exit bend. It bends up by 90° from the
rotating plane, so that the decelerated molecules leave the decelerator along
the axis of rotation. The radius of curvature of the exit-bend is 5 about
cm.(c) Transverse E-field distribution of the periphery guide, in a quadrupole
configuration. Color bar labels L and H stand for low and high electric field.
(d) Force diagram explaining the origin of the deceleration force in the lab
frame (for details, see Sec. 3.1.2). Red curve A: spiral-shaped quadrupole
guide (‘longitudinal’ molecular trajectory in the rotating frame) rotating with
an angular velocity Q about the axis O; blue curve B: trajectory in the
laboratory frame for a given molecule’s input velocity v, and a centrifuge
angular velocity Q.

3.1.2 Dynamics in the laboratory frame

The centrifugal potential brings about the deceleration in the rotating frame, as
outlined in Sec. 3.1.1. In the laboratory frame, however, it is the electric confining
force from the spiral-shaped guide that does the deceleration. (For decelerating
particles other than molecules, it would be the corresponding confining force that
guides them.) This is not surprising since the force exerted by the guide is the only
physical force experienced by a molecule in the decelerator.

Figure 3.1(d) illustrates the force diagram in the lab frame. The red and the
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blue curves represent molecule’s ‘longitudinal’ trajectory! in the rotating and in the
lab frame, respectively. The former is identical to the central line of the guide by
definition. The latter is simply a superposition of the former with a rotation at the
constant speed (). The intersection of the two curves represents the instantaneous
position of the particle. At a point M along the trajectory, the electric trapping force
F< exerted on the molecule is perpendicular to the quadrupole guide, or equivalently
to the red curve in the figure, hence also labeled as FI”. F!* can be decomposed
into Fffb and Fiab, the normal and the tangential components, with respect to the
trajectory in the lab frame (the blue curve). F* is non-zero and anti-parallel to
the particle’s propagation, since the trajectory is a spiral and not a circular one.
Therefore, Fiab decelerates the molecule in the lab reference frame. In other words,
if there is no external power to drive the rotation of the guide, and if the bearings

were frictionless, the molecular beam would push the guide to rotate in the direction
of Q.

3.2 Deceleration effects

Our design of the centrifuge decelerator enables a two-fold deceleration. One part is
the subtraction of kinetic energy by a centrifugal potential, as discussed in Sec. 3.1.
The other part comes from a velocity subtraction when molecules transit from the
lab frame onto the rotating frame, given by

Ty = T+Q %R (3.6)
= U+ Upem’pherya (37)

where 01, and U are the particle’s velocities in the lab and in the rotating frame,
respectively. Tperipnery is the peripheral velocity of the rotating electrodes. The latter
happens along the circular periphery guide of the decelerator, and is similar to the
principle employed in the counter-rotating nozzle experiments [30, 31].

After the particles transit into the rotating frame, they are guided from the
periphery to the center, where the centrifugal potential comes into play. The output
velocity from the centrifuge decelerator voupy: is the same in both the lab frame
and the rotating frame, since the particles exit along the axis of rotation, as shown
in Fig. 3.1(a) and (b). The value of the output velocity can be derived from the
conservation of energy, with the energy expression given in Eq.3.5 and velocity
transformation given in Eq.3.7,

2 — — 2
MUGutput _m (" )2 - m(vlab — vperiphery) _m <_, _»)2
g g \#x0) = 5 5 (A= R) (38)

_ 2
= Uoutput - \/Ulab - 2’Ulabvperiphe7“y7 (39)

I Molecules can certainly oscillate in the transverse direction inside the quadrupole guide while
propagating forward. What is shown is only the projection of their trajectories onto the tangential
direction of the guide.
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Figure 3.2: Illustration of the three different regimes of deceleration. The
right and left vertical planes indicate the cut-off velocities in the periphery
guide (R = 20 c¢m), and in the exit-bend (R’ =~ 5cm) at the center of the
rotation, respectively.

or,

Voutput = \/vfab — 20102R. (3.10)

3.2.1 Three regimes of deceleration

As the angular speed of the rotating frame 2 is tunable, three different regimes can
be identified from Eq.3.9, and are illustrated in Fig. 3.2.

e Too slow rotation: If Qo R = Uperiphery < Vian/2, Eq.3.9 gives

2 1/2

periphery ~ ~

Voutput = Ulab (1 - U—) ~ Viab — Uperiphery ~ Vlab (311>
lab

This means when the rotation is too slow, the deceleration is negligible. This is
illustrated by the Qg curve (the lower one) in Fig. 3.2. The area under the red
curve is lost already along the periphery, and the part under the blue curve is
not able to make through the exit-bend. Only the part under the green curve
reaches the output. Thus, without much rotation, the signal at the centrifuge
output is low.

e Optimized rotation: if the rotating frame spins right below half of the particle’s
velocity in the lab frame

QR = Uperiphery é Ulab/27 (312)
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the particle can be decelerated down to ~ 0m/s, as derived from Eq.3.9. This
is the optimized rotation speed, as illustrated approximately by the €); curve
(the middle one) in Fig. 3.2.

e Too fast rotation: If QR = Vperiphery > Vian/2. It can be easily verified that
the kinetic energy of the particle in the rotating frame mv?/2 = m(vyp —
Uperiphery)>/2 is less than the centrifugal potential hill AE = $mQ?R?. This
means particles are repelled back by the centrifugal potential before they can
reach the center of the rotating frame, hence gaining negative velocities. As
illustrated by the Qy curve (the upper one) in Fig. 3.2, the majority of the
velocity distribution is below 0 m/s (under the orange color dashed curve), and
the output signal (the green area) is low.

In summary, to set Q < L0ab /R should be a rule of thumb when operating the
centrifuge decelerator.

3.2.2 Phase-space density

Next, we take a look at the influence on the number density, velocity spread, and
phase space density. As discussed earlier, the centrifuge decelerator only subtracts
the velocity (on the periphery) and the kinetic energy (in the rotating spiral), and
both steps conserve the phase space density according to Liouville’s theorem. The
first step results in a shift of the whole input velocity towards 0 m/s by an amount
equal to the peripheral velocity. Both the width of the velocity distribution and the
number density remain the same, while the flux of molecules is not conserved at this
transition. In the second step, where kinetic energy (not velocity!) is subtracted and
transformed into potential energy, the total flux is conserved, which entails compres-
sion of position density with decreasing molecules’ velocity. To satisfy Liouville’s
theorem, the velocity spread must increase. Fig. 3.3 shows clearly this effect.

Figure 3.3 represents a numerical calculation for an example of decelerating
molecules with input velocities vy, around 200m/s. The radius of the rotating
disk is 20cm. As suggested by Eq.3.12, we need Uperiphery ~ Uiap/2 = 100m/s for
optimized deceleration. Thus, we operate the rotating disk at {2 = 78 Hz. In Fig.3.3,
we plot the velocity of the molecules inside the rotating frame as a function of both
the input velocity v, (the vertical axis on the right) and the radial distance to the
center of the rotating frame (z-axis). The curves of different colors in Fig.3.3 indi-
cate the velocity decreases of molecules with different input velocities. They have
hyperbolic shapes, as expected from Eq.3.9.

3.2.3 Acceptance window

Figure 3.3 also helps us to track the acceptance window of the input velocity dis-
tribution for a desired output velocity interval. For example, the depths of most
molecular trap is ~ 1 K. For CH3F (m=34 u), this corresponding to voyuput ~ 20m/s
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Velocity of molecules as a function of both radial distance r and
input velocity v_, when Centrifuge Decelerator spins at 78Hz
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Figure 3.3: Molecules’ velocity v in the rotating frame (left axis) as a function
of both the input velocity viqp (right axis) and the radial distance to the center
of the rotating frame r (horizontal axis). Curves of different color show the
dependence of v on r for different input velocities. Adjacent curves differ by
1m/s in input velocity. The red shadow highlights the velocity decrease of
all molecules that end up with Voutpur < 24 m/s (~ 1 K kinetic energy) upon
leaving the decelerator.

as highlighted by the red shadow in the figure. The input acceptance window is
indicated on the right axis of the figure. All molecules at v, within this window
are able to reach the output and fall within the trap depth. All molecules at input
velocities outside this acceptance window will be either too slow to reach the out-
put or too fast to be trapped after leaving the centrifuge. The width of the input
acceptance can be approximated by differentiating Eq.3.9,

Avout. (313)

Eq.3.13 shows that the width of acceptance scales approximately inversely to vq.
Thus, the higher the initial velocity, the narrower the acceptance window at the
input. For the numerical example of v, = 200m/s, Avyg, ~ 3m/s.
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Figure 3.4: Layout of the centrifuge design (top view). a) Static part of the

centrifuge (including the injector). The brown and green curves represent
electrodes of opposite polarities. b) Rotary part of the centrifuge. The blue
and red curves represent electrodes of opposite polarities. c¢) Design assembly.
The blue rotating electrodes and the brown static electrodes have the same

polarity. The periphery storage ring is highlighted.
3.3 Design concept for a continuous deceleration

After explaining the principle of the centrifuge decelerator in Sec. 3.1 and 3.2, here we
present an overview of the design concept, which enables a continuous deceleration
The

of molecular beams.
The centrifuge decelerator consists of two parts: static electrodes along the pe-

riphery (Fig.3.4(a)) and rotary electrodes in the inner region (Fig.3.4(b))

static part comprises two parallel electrodes of opposite polarities, covering almost

the entire periphery except at the opening for an injector. The injector is a straight
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quadrupole guide, with the tips tapered so that it can be inserted deeply into the de-
celerator to minimize the loss of molecular flux (details are given later in Sec. 3.5.1).
The rotary guide has a spiral shape from the periphery to the center, and consists
of four parallel electrodes in a quadrupole configuration. The two inner electrodes
of the four rotary ones extend in a circular shape, parallel to the outer static elec-
trodes. This ‘sweeping tail’ and the two outer static electrodes form a storage ring
of molecules around the periphery (Fig.3.4(c)).

This storage ring is an important feature of the design because it enables a quasi-
continuous operation of the centrifuge decelerator. Without this structure, molecules
could only be collected by the rotating spiral once per cycle, namely when the ‘pick-
up’ point of the spiral guide directly faces the injector. Whereas with the periphery
storage ring included in the design, molecules will be temporarily stored along the
periphery even if they enter the centrifuge while the ‘pick-up’ is away from the
injector (as sketched in Fig.3.4(c), or Fig. 3.1(a)). These molecules are able to catch
up with the rotating guide after propagating along the periphery ring for a while,
under the assumption that their velocity in the lab frame v, is about two times the
peripheral velocity of the rotating spiral vperiphery, @s pointed out in Eq. 3.12 for the
optimized operation. If Vi < Uperiphery, the centrifuge is simply too fast.

This intake of fast molecules by the ‘sweeping’ spiral on the periphery is only
quasi-continuous. The periphery storage guide opens up at the position of the
injector. Thus the continuous intake also breaks down when it has almost completed
one full cycle there. This discontinuity looks like a very minor portion on the
schematic in Fig.3.4(c), but as will be shown later, this gap is about 30% of the
full circle in a real set-up (see the topview in Fig. 3.7) due to practical reasons (e.g.
mechanical stability).

3.4 Design of the rotating spiral

The centrifuge potential in the rotating frame is conservative. The amount of energy
removed is independent of the exact trajectory taken, but only depends on the initial
and final radial distance inside the rotating frame (assuming a constant angular
velocity Q) Therefore, the exact trajectory taken up by a molecule inside the
rotating frame does not matter for the deceleration. Even a straight line along the
radial direction instead of a spiral-shaped trajectory should work in principle.

3.4.1 The ‘constant force’ constraint

There exists, however, a practical constraint that the polar molecules have to be
confined in the electric quadrupole guide so that they follow the rotation. This
requires that, for any chosen trajectory, the sum of the centrifugal force and Coriolis
forces exerted on the molecule must always remain smaller than the guiding force,
which depends on the electric field gradient and the dipole moment of the molecule.
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This force has two properties. Firstly, its magnitude is constant along the entire
trajectory because the voltage on the electrodes, the inter-electrode spacing, and
the electric dipole orientation of a molecule? are not expected to change during this
process. Secondly, this confining force is always perpendicular to the molecule’s
‘longitudinal’ trajectory since the quadrupole field gradient only exists transversely
to the guide.

The above-mentioned constraint can be satisfied by a trajectory of a constant
force. More precisely, this force exerted on the molecule is constant in magnitude
along the path in the lab frame and perpendicular in direction to the trajectory in
the rotating frame. In addition, the trajectory requires three initial conditions, the
initial radial distance R (in our centrifuge design R = 20cm), the initial velocity
of the molecules in the rotating frame v, and the constant angular velocity of
the rotating frame ). For any given set of (R, Uinitials ﬁ), by varying the magnitude
of the constraint force \ﬁ |, one can obtain a family of ‘constant-force’ curves which
only differ from one another in the radius of curvature. With an appropriate value
of |ﬁ |, one can pass the curve exactly through the center of the rotating frame.

The so-produced curve for \ﬁ | works also for all initial velocities below |Upitial
and for all angular velocities smaller than |Q|, since the confining forces required in
these cases are smaller than |F.

3.4.2 Exit-bend

Near the center of rotation, the decelerated molecules need to be extracted out of
the decelerator. As already pointed out in Fig. 3.1(a) and (b), our solution is to
bend the quadrupole guide by 90° away from the rotation plane near the center,
so that molecules can leave the centrifuge along the rotation axis. Thus, the whole
guiding trajectory is 3-dimensional. To simplify the design and manufacturing, we
separate the exit-bend near the center of rotation from the spiral-shaped curve in
the outer region. The outer spiral stays in the rotating plane, hence remains 2D. The
exit-bend curve is chosen under a co-planar condition, which requires it to stay co-
planar with the axis of rotation. Thus, the original 3D trajectory splits into two 2D
segments. This considerably reduces the difficulty in manufacturing the electrodes.

3.4.3 Combining the in-plane and exit-bend curves

As discussed in Section 3.4.1 and 3.4.2, we are searching for a spiral segment in the
rotating plane and a bend-up segment co-planar with the rotating axis. The former
starts from the periphery pointing in the azimuthal direction, and ends when it
points towards the rotation center. The latter starts immediately afterwards, and
terminates when its tangent overlaps with the rotating axis.

2 This holds as long as there is no AM-changing inelastic collision happening in the guide. Such
losses due to collisions would not be mended by the trajectory design, hence are irrelevant here.
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The equations of motion for the spiral trajectory are derived with the constraints
laid out in Section 3.4.1, and are summarized below,

O
0y =i = - |, (3.14)

VO (2 + )+ + 9 + 20 (v — )

N

ay = ij = v —_Jal, (3.15)

VO (@ +¢°) + 4 + 97 + 20 (v — )

and

a,=2=2=2=0, (3.16)

where a,, a,, a., x, y, and z are the acceleration and coordinates of the molecule in
the lab frame, |@ = |F|/m is the magnitude of acceleration, and © is the angular
frequency of the rotating frame. The transformation from the lab frame to the
rotating frame is given by,

rr\ [ cosQt sinQt x
(yR) N (— sinQt  cos Qt) (y) ’ (3.17)
where xr and ygr are the coordinates in the rotating frame.

The equations of motion for the exit-bend are based on the considerations in
Section 3.4.2, and are summarized below,

. la]? — 4Qp?

b=¢=0, (3.19)

. : |C_i]2 — 4Qp?
= -\ —— 3.20
=y PR (3.20)

where p, ¢ and z are the cylindrical coordinates in the rotating frame. Note that
Eq.3.19 stems from the co-planar constraint (Section 3.4.2).

Solving these coupled differential equations numerically yields the ‘constant-
force” curve (Fig.3.5). The curves in Fig.3.5 (a) and (b) have been obtained for
the upper limits of the values for the following set of parameters: constant force
|F|/m = |@| = 3.5 x 10°m/s2, input velocity v, = 263m/s, and frequency of
the rotating frame /27 = 90Hz. The value of |@| is within the safety mar-
gin, since the force experienced by our polar molecules (dipole moment d ~ 1D,
mass M ~ 20amu) in the quadrupole guide (field gradient VE ~ 10°V/m?) is
2> 10°m/s?%. The chosen value for the input velocity is higher than the typical ve-
locities for molecules which we want to decelerate (see Chapter 4). Therefore, the
red curve in Fig.3.5 (the trajectory in the rotating frame) has been chosen as the
shape of the rotating electrodes in our centrifuge design.

and
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Figure 3.5: The numerically calculated ‘constant-force’ curve for molecules
launched into the rotating frame at X = 0m, Y = —0.2 m, along x direction,
with vigy = 263 m/s, Q/27 = 90 Hz, and |@| = 350200 m/s*. (a) The in-plane
part of the trajectory. The green curve shows the trajectory in the lab frame,
while the red curve shows the trajectory in the rotating frame. The straight
segment at the end of the red curve is the projection of the bend-up part in
the rotating plane. (b) The bend-up part of the ‘constant force’ curve, which
s planar and contains the axis of rotation.

3.5 The interior of the centrifuge

After the spiral-shaped trajectory has been thoroughly elaborated based on the
‘constant force’ constraint in Sec. 3.4, the technical realization of this trajectory
and other critical components inside the centrifuge decelerator are presented here.

Figure 3.6(a) shows the interior of the centrifuge from a 3D perspective. All
the visible important components are labeled in the figure. For mechanical stability
and to facilitate the high-precision manufacturing, the four cylindrical electrodes
are replaced by the carved edges of four solid disks which are stacked on top of one
another (see Fig. 3.6(b)). These carved edges of the stacked disks give rise to a
quadrupole guide, as shown in the zoom-in of Fig. 3.6(b). The disks are separated
and insulated from each other by nested ceramic spheres (SizN,), and mechanically
clamped together with titanium screws (see Fig. 3.6(c) and its zoom-in). The spacing
between the neighbouring disks is 3mm. The photo of one of the machined centrifuge
disks is shown in Fig. 3.6(d). The top view of the already assembled exit-bend plates
is shown in Fig. 3.6(e). The disks are made of AlZnMgCu, alloy, which is as light
as Al but more rigid. Holes are drilled in the Al alloy disks to balance them, and as
a side benefit, to reduce their mass. The total mass of the four rotating disks is less
than 12 kg.
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Figure 3.6: (a) 3D technical drawing of the centrifuge assembly. Two of the
rotating disks are not shown deliberately to allow view of the spiral guide.
(b) Cross section of the stacked metal disks with a zoom-in of their carved
edges. (c¢) Cross-section of half of the stacked disks showing the ceramic-
sphere isolation with a zoom-in of the structure. (d) Photo of the in-plane
rotating electrode disk, with some ceramic spheres placed in dimples on the
top surface of the disk. (e) Photo of the assembled exit-bend plates (topview).
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Figure 3.7: (a) Technical drawing (topview) of the centrifuge decelerator
housed in its vacuum chamber, including a zoom-in of the injector region.
The two top rotating disks are not sure to keep the spiral trajectory visible.

Figure 3.7 shows the interior of the centrifuge from a top-view perspective. It
can be seen clearly that the edges of the electric disks have the same spiral shape
as the ‘constant force’ curve plotted in Fig. 3.5(a). In addition, over 30% of the
periphery guide (on the left side in Fig. 3.7) is open. The rotating disks are not
extended into this region to prevent mechanical instability (as discussed at the end
of Sec. 3.3). The longer this tail extends, the narrower it gets, and the easier it is
to bend it outwards by the centrifugal force. On the top right of Fig. 3.7, a zoom-in
of the injector region is shown.

In the remaining of this section, we will take a closer look at the optimized design
of the critical components. These include the injector, the ‘pick-up’ (the entrance
into the ‘sweeping’ spiral guide), and the exit. The optimization of each component
is based on Monte-Carlo trajectory simulations which examine the performance of
various design geometries. For each simulation, an ensemble of initial trajectories
which would otherwise survive the quadrupole guiding is sent into an electric field
array corresponding to a given geometry. The efficiency for a given design is defined
as the transmission coefficient (ratio of the number of output trajectories and the
number of input ones) obtained from the simulation, and it is the figure of merit.
The geometry with the best performance in the simulation, or the one with a good
balance between the simulated performance and engineering feasibility has been
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chosen in the final design. The procedure of the simulation is very similar to the
one explained in Sec. 2.9, and for this reason, only the final results are summarized
here.

3.5.1 Injector

Figure 3.7 includes structures around the centrifuge input and a zoom-in of the
injector region. The injector is a straight quadrupole guide with tapered tips, which
allow for a deeper insertion of the injector into the centrifuge to minimize the loss of
molecular flux. The open region between the tip of the injector and the peripheral
electrodes is characterized by a weak confinement due to the relatively large distance
between the electrodes. Molecules with large transverse velocity components can
therefore easily escape sideways. This is to the main loss mechanism at the input.

The distance by which the injector can be inserted into the decelerator is criti-
cally limited by the spacing required between the upper tip of the injector and the
‘sweeping’ spiral guide. If the moving electrodes and the injector are too close by,
discharges or even physical scratches could happen between the two. The smallest
distance can be achieved by applying the same high voltage (HV) configuration (in-
cluding both the polarity and the amplitude) on both the upper two electrodes of
the injector and their neighboring rotating electrodes. This avoids discharges, and
relaxes the spacing requirement so that we only need to prevent physical contact.
This is much smaller than the distance necessary to avoid discharges if the injector
electrodes and the rotating electrodes would have opposite polarities.

The dimensions in the final design are summarized here. The gap between the
upper tip of the injector and the rotating spiral-shaped electrodes is 200 um. This
interspace should be sufficiently safe to avoid a physical contact, taking into account
the tolerance for vibration (measured to be of the order of several 10 ym) and me-
chanical deformation due to large centrifugal force (estimated to be of the order of
~ 10 pm). In addition, the tips of the injector electrodes (with 2mm diameter) are
tapered to 1 mm thickness, and the edges are rounded. It is difficult to produce even
sharper tips mechanically without bending or deforming the straight electrodes.

The efficiency of this design predicted by Monte-Carlo trajectory simulations is
given in Fig. 3.8. The prototype molecule used in the simulation is ND3 at ~ 10 K,
this mostly in the |1, 1, 1) state. The plot reveals two features. Firstly, the efficiency
of the injector stays well above 60% for most of the input velocities, and goes even
beyond 75% for velocities above 200m/s. Secondly, at low input velocities the
injection efficiency drastically drops. These two features can be easily understood
from the divergence angle of the trajectories. The transverse cut-off velocity in the
quadrupole guide is 25m/s in the simulation. This corresponds approximately to
the position of the kink in Fig. 3.8. Therefore, trajectories with initial longitudinal
velocities below 25m/s are more likely to fly sideways, and escape from the region
of weak confinement. On the contrary, trajectories with large longitudinal velocities
have smaller divergence angles, and hence can fly almost straight into the peripheral
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Figure 3.8: Efficiency of the injector vs. molecular longitudinal input velocity
in lab frame predicted by a Monte Carlo simulation.

guide. It is important to remind that only the efficiency for high input velocities
is relevant, since since those are namely the molecules which need to be centrifuge-
decelerted.

Many other designs of the injector have also been simulated with the same nu-
merical methods. However, they either reduce the efficiencies or require a more
complicated electrode configuration.

3.5.2 ‘Pick-up’

‘Pick-up’ refers to the entrance into the rotating spiral-shaped guide (Fig.3.9(a)). It
rotates along the periphery of the centrifuge, and accepts molecules almost contin-
uously during each cycle.

The 'pick-up’ is another critical component of the centrifuge because its efficiency
limits the transfer rate of molecules from the periphery guide into the rotating guide.
Moreover, the tips of the rotating electrodes are expected to move at ~ 100m/s
relative to its neighboring static electrodes, for slowing down incoming velocities of
about 200m/s (see Sec. 3.2.1), while the interspace is only tiny (Fig.3.9(a)). Thus,
the ‘pick-up’ needs a careful design for both the efficiency and safety.

The electric field distribution along the longitudinal plane through the center of
the guide for the optimized design is shown in Fig.3.9(b), and the cross-section of
the optimized electrode configuration is shown in Fig.3.9(c). In this configuration,
the tips of the outer rotating electrodes have a thickness of 300 um and the gap
between the tips and its neighbouring static electrode is 200 pm. In addition, the
tips of the rotating electrodes are grooved on the side facing the static electrodes.
It is possible to manufacture a thinner tip here than for the injector (see Sec. 3.5.1)
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Figure 3.9: (a) Sketch of the electrode configuration in the ‘pick-up’ region.

The high voltage polarities on the electrodes are labeled. (b) An electric field

contour plot in the longitudinal plane containing the center line of the periph-

ery guide, from the optimized design of the ‘pick-up’. (c) Cross-section of the

optimized electrode configuration at the ‘pick-up’, from the actual technical
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Figure 3.10: Simulated efficiency of the ‘pick-up’ for different tip thicknesses
and different gap sizes between the moving tips and the static electrodes. (a)
Plots of the ‘pick-up’ efficiency vs. longitudinal velocity of the molecules in
the rotating frame, for a 300 um gap and various tip thicknesses. (b) Same
plots for 300 um tip thickness and various gap sizes.

because it is made from the edge of a metal disk which is more rigid and stable than
a thin metal rod used for the injector. The radius of curvature of the carved edge
of the metal disk is 1 mm and the spacing between electrodes of opposite polarities

1s 1 mm.

The efficiency of the ‘pick-up’ is simulated via a Monte Carlo method similar to
the one used for the injector, except that now the input trajectories are prepared
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from the output of the injector simulation, followed by an additional electric filter-
ing through a quadrupole bend of 90° and a radius of 20 cm. This bend is included
to mimic the influence of the periphery guide of the centrifuge, which confines the
molecules before they arrive at the ‘pick-up’. Simulation results for different ‘pick-
up’ designs are presented in Fig.3.10. Fig.3.10 (a) shows the input velocity depen-
dence of the ‘pick-up’ efficiency for a 300 um gap and three different tip thicknesses.
There is no significant variation in the efficiency when the tip thickness is increased
from 200 pm to 300 um. Thus, the tip thickness of 300 um has been chosen in the
design. Fig.3.10 (b) shows the input velocity dependence of a 300 yum tip thickness
and 300 pm, 400 pm, 500 pm, and 700 pm gap size, respectively. A decrease in the
efficiency for increasing gap sizes is apparent. The smallest gap size simulated is
300 pm. In the final assembly of the centrifuge, an even smaller gap size of 200 pm
has been realized, hence a higher efficiency at the ‘pick-up’ could in principle be ex-
pected. According to the simulation results, over 70% efficiency should be possible
at the ‘pick-up’ for velocities up to 200 m/s.

3.5.3 Centrifuge exit

The exit-bend has already been mentioned in the earlier part of this chapter, with
its 3D visualization given in Fig. 3.1(b) and Fig. 3.6(a). Fig. 3.11 illustrates the
structures around the exit in the central plane of the exit-bend plates. It can be
seen clearly that in the outer region, the rotating disks all lie in the rotating plane.
Near the exit region, the guide bends up by 90° and output molecules along the
rotating axis. The shape of the exit-bend follows exactly the curve calculated in
Sec. 3.4.3 and is plotted in Fig. 3.5(b). It has a radius ~ 5cm. It is also apparent
that this exit-bend curve is a 2D structure.

The most critical loss channel of the centrifuge happens at the gap between the
end of the exit bend which rotates with the centrifuge and the straight quadrupole
guide outside the centrifuge which is static in the lab frame collecting the decelerated
molecules. As molecules arriving here are longitudinally slow after the deceleration,
their divergence is significant, and that is why those molecules are prone to escaping
in the gap region, which entail losses. This is especially the case for the slowest
molecules. The trajectories of a sample of slow molecules (v, &~ 6 m/s) lost around
the gap region at 0° phase angle (explained in Fig. 3.14 later) are simulated, and their
projections in the x-z plane and in the y-z plane are plotted in Fig. 3.12 and Fig. 3.13,
respectively. The red dashed lines in each plot indicate the guide volume at both
sides of the gap. The zoom-in in Fig. 3.11 illustrates the distance at the gap, which
has been designed to be 1.2 mm. This gap can not be narrower because a mechanical
valve needs to be accommodated here, to separate the centrifuge chamber from the
detector chamber. This valve when being closed is capable of maintaining ultra-high
vacuum in the detection chamber while the centrifuge chamber is at atmospheric
pressure [48]. In order to maximize the transmission efficiency, the alignment of
the straight static guide to the rotating guide should be perfect, such that the trap
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Figure 3.11: Technical drawing of the cross-section of the centrifuge in the
plane containing the exit-bend. The curved groove on the disk forms the
molecular guide. The straight static guide outside the centrifuge is aligned
along the rotation axis. The zoom-in illustrates the gap between the rotating
and the static guide.

minima of both segments match each other.

An interesting feature is that the relative rotation between the static and rotating
guides does not have a significant influence on the passing molecules. The rotation
of the centrifuge at even the maximum speed (90 Hz) is too slow to be ‘seen’ by the
molecules. The typical time scales molecules spend in the gap is given by,

gap size 1mm
v 10m/s

=10""s, (3.21)

Trol ™

whereas the typical time scale for the relative rotation is,

1 -2

~ oo = 1070 (3.22)

TQ

Thus, the time scale for the relative rotation is at least two orders of magnitude
larger than that spent by the molecules in the gap. What the passing molecules
see is the instantaneous electric field distribution in the gap. The field distributions
for three particular phases of the relative rotation, 0°, 90°, and 180°, are given in
Fig. 3.14.

The transmission efficiencies of the rotating-to-static interface for the three rel-
ative phase angles are obtained from Monte Carlo simulations. Fig.3.15 shows the
simulation results. The transmission efficiency is defined as the ratio of the number
of molecules arriving at the end of the static segment and the number launched at
the rotating segment. The general trend for all three phases (as shown in Fig.3.15)
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Figure 3.12: Projections in the x-z plane for the individual trajectroies of a
sample of slow (v, ~ 6 m/s) molecules (a-1) that are lost around the 1.2 mm-

wide gap. The red dashed lines outline the guide volume of the two segments
at both sides of the gap.
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is that the coupling efficiency stays above 60% for relatively fast molecules, and de-
creases for slower velocities. The drop in efficiency at lower velocities is due to the
divergence at the gap. As mentioned at the beginning of this section, it is techni-
cally more difficult to reduce the gap at the interface and hence extract more slower
molecules out of the centrifuge.

In addition, Fig.3.15 shows that the coupling efficiency at 180° phase angle (when
the two guiding segments are at the opposite phases) is, in general, lower than for
the other phases. It is clear from the electric field contour plots in Fig.3.14(d)-(f)
that at 180° phase angle, there are four leak channels along the transverse direction
at the gap center.

The overall efficiency of the exit is given by an average over one cycle of rotation.
As the three simulated phases 0°, 90°, and 180° occur 2, 4, and 2 times per rotation
cycle, respectively, a simply weighted average of their efficiency gives 58% at 10 m/s.
The exact efficiency at the exit region depends on the target velocity.

3.5.4 Total efficiency of the centrifuge

The total efficiency of the centrifuge is estimated by the product of the simulated
efficiencies of each component, and the input duty cycle. Apart from the above
mentioned injector, ‘pick-up’, and exit region, the guiding efficiency of the periphery
guide is also taken into account. Additionally, a factor of 1/2 from the input duty
cycle should be included.

The input duty cycle of the ‘pick-up’ is only 50% at the optimized deceleration
condition. As discussed in Sec. 3.2.1, the molecular input velocity is roughly twice
the peripheral velocity here. Therefore, the molecules entering the centrifuge when
the ‘pick-up’ is beyond =~ 180° away from the injector (the opposite position of the
injector on the periphery) could not catch up with the ‘pick-up’ before the next
rotation cycle starts. This means we lose half of the input cycle.

Moreover, the efficiency of the periphery guide is simulated simply with a 90°
quadrupole bend with 20 cm radius, which is identical to the radius of the periphery
of the centrifuge. The initial trajectories are prepared from the output of the injector
simulation. The result predicts an efficiency of about 45% for 200 m /s input velocity.

Multiplying the efficiencies of all four components and the factor of 1/2 input
duty cycle gives a total efficiency of the centrifuge of about 7% for 200m/s input
velocity.

The machined parts of the centrifuge interior are shown in Fig. 3.16.

3.6 Assembly of the centrifuge decelerator

After introducing the principle, design concept, and the interior of the centrifuge
decelerator, we present in this section the assembly of the entire device. The focus
here is on the engineering realization of the centrifuge. Fig. 3.17 shows the cross-
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rotating
electrodes

Figure 3.16: Photos of the centrifuge components. (a) The rotating disks. (b)
The ezit-bend. (c) The injector. (d) A close-up of the the injector, including
the blade of one rotating electrodes.

section of the decelerator, taken in a plane containing the axis of rotation. The
important components are labeled inside the figure. The red dashed box highlights
the structure for the high-voltage high-vacuum rotary feedthrough, and a zoom-in
of this region is given in Fig. 3.18.

3.6.1 Driving motor

The motor chosen to drive the centrifuge disks is a synchronous servomotor from
SEW-EURODRIVE (Model No. CMPZ80S/KY/HRIM/SM1). It turns at maxi-
mum 6000 rpm (or equivalently, 100 Hz), and output static torque of 13.4 Nm. Here,
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a synchronous motor means the rotation of the motor’s shaft is synchronized with
the frequency of the supply current. A servomotor is one which employs a feedback
loop to control the position and speed of the shaft. The error signal is typically
provided by a rotary encoder which converts the angular position and speed of the
shaft to an analog or digital code. Thus, a servomotor has the advantage of precise
position and motion control, compared to a stepper motor. Whereas, a stepper mo-
tor relies on built-in output steps to control the motion, without using any feedback
encoder. Thus, a stepper motor needs an initialization every time on power up,
usually by scanning towards the two ends to recalibrate its position.

3.6.2 Flexible bellows coupling

The driving motor is connected to the shaft via a flexible belows coupling (Smartflex
0/932.333, Mayr). It can rotate at maximally 10000 rpm, with a nominal torque of
16 Nm. This type of connection is necessary to mechanically decouple the motor
from the centrifuge decelerator.

3.6.3 High voltage feedthrough

Realizing the high voltage (HV) connection is one of the engineering challenges,
since the £5kV HV feedthrough should also be compatible with high vacuum and
rotation. The details of the structure are illustrated in Fig. 3.18. The HV contact
is made via two bearings, one for each polarity. These two bearings are not for
supporting the weight of the rotor, but for using the metal bearing balls and the
electroconductive bearing grease (Kliiberlectric BE 44-152) inside to make contacts
to the rotating part. Two Kapton-insulated wires embedded in the hollow shaft are
connected to the bearings’ inner cages, and extend to the centrifuge disks. The ends
of the wires make HV contact to the exit-bend plates via a spring-loaded metal pins.
As the Kapton wires and the spring-loaded contact follow the rotation of the shaft,
they have no relative rotation with respect to the centrifuge disks. These structures
make the HV rotary connection.

The high-vacuum rotary problem is resolved by the following design. Firstly,
between the main vacuum chamber (~ 1 x 10~® mbar) housing the centrifuge disks
and the motor, there is a fore vacuum chamber (~ 10~" mbar). Secondly, the shaft
is embedded in a magnetic fluid rotary feedthrough (see Sec. 3.6.4) at the interface
between the fore vacuum chamber and the atmosphere. In addition, inside the hollow
shaft is also atmospheric pressure and it is sealed by rubber O-rings at the end near
the spring-loaded contact. The main vacuum chamber is evacuated by a 600 L/s
turbo molecular pump (TMP, TURBOVAC 600C, Leybold), and the fore vacuum
chamber is pumped by a smaller TMP (60L/s, TMU 071 P, Pfeiffer Vacuum).
Both TMPs are backed by the same pumping station (HiCube 700 Classic, Pfeiffer
Vacuum).
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Figure 3.17: Assembly of the centrifuge. The enlarged version of the high
voltage connection region highlighted by the red dashed-line box is shown in
Fig. 3.18. For details on the important components, see text.



63

3.6 Assembly of the centrifuge decelerator

seje|d puag-jixe sBuleaq ulew

1%
/

-
F—)

=y

N

~ Yo=al

a7

sbuleaq buioddns

S10BJU0D 26e)|0A sbuljess Bunds ybnouyjpasy
piny; onaubew

ybiy papeol-bulids Bul-0 Buipeo)

SalIM
pale|nsul uoydey

sbulieaq 10e1U0D
abejjon ybiy

voltage high-vacuum rotary con-

Figure 3.18: Detailed structure of the high-

nections highlighted in Fig. 3.17. For description, see text.



64 Principle and design of the centrifuge decelerator

3.6.4 Magnetic fluid rotary feedthrough

The magnetic fluid feedthrough we installed is a customized unit from Metallicflex.
It makes dynamic sealing via oil-based liquid containing magnetic particles, which
are held magnetically between the rotor and stator. The design rotation limit is
6000 rpm.

3.6.5 Main bearing

The load of the centrifuge rotating disks is supported by two high precision ball
bearings (KH 6006 and 6008, from GMN). The dimensions (bore diameter, outer
diameter, and thickness) of the two bearings are slightly different, 30 x 55 x 13 and
40 x 68 x 15, all units in mm. The smaller one has a maximum speed of 25500 rpm,
while the larger one can turn maximally at 20000 rpm, well above the intended use.
The mounting of the pair of main bearings is also illustrated in Fig. 3.18. From
the side of the main chamber, the bigger bearing is rigidly fixed by a ring-shaped
stainless steel clamp. The cross-section of the ring is shown in Fig. 3.18 as the two
white structures above and below the HV spring-loaded contact. From the side of
the fore vacuum chamber, the smaller bearing is embedded in a stainless steel ring,
which is then pressed onto the vacuum chamber by three loading springs, exerting
~ 100N each on the smaller bearing. The cross-section of one of the springs is
shown in Fig. 3.18. Between the two main bearings, there is a ring-shaped stainless
steel spacer (its cross-section is shown as the two blue structures between the two
bearings in Fig. 3.18).

3.7 Summary

In this chapter, we have developed the idea, and outlined the design of a molecular
decelerator employing the centrifugal potential in a rotating frame. The dynamics of
the centrifuge deceleration has been analyzed in both the rotating and the laboratory
frames. The shifts of the input velocity distribution, the changes of the velocity
spread, and the influence to the number density and phase-space density have been
discussed. The specific design which enables a continuous deceleration has also been
illustrated. Through Monte-Carlo trajectory simulations, an overall efficiency of 7%
has been estimated for decelerating molecular beams at ~ 200m/s input velocity.
In the end, the technical realization of the rotating electric guide and the design of
various critical components of the decelerator have been summarized. The ingenious
design and the careful assembly of every single piece was critical for the successful
operation of the centrifuge decelerator.



Chapter 4

Demonstration of centrifuge
deceleration

After having explained the principle, design concept, and assembly of the centrifuge
decelerator in Chapter 3, here we present the proof-of-principle demonstration of
centrifuge deceleration of polar molecules. After giving an outline of the experi-
mental scheme in Sec. 4.1, the first signal obtained from the centrifuge decelerator
is presented in Sec. 4.2. The continuous output of the centrifuge decelerator is il-
lustrated in Sec. 4.3. Sec. 4.4 and Sec. 4.5 demonstrate the deceleration results for
CF3H and CF3CCH from a liquid-nitrogen-cooled effusive nozzle. Sec. 4.6 presents
the measurements of the centrifuge efficiencies for decelerating a supersonic beam
and an effusive beam. In the end, Sec. 4.7 discusses important systematic effects
in the time-of-flight measurements, which are critical for analyzing the molecular
velocity distributions after the centrifuge.

4.1 Experimental scheme

To demonstrate the centrifuge deceleration, the experimental set-up sketched in
Fig. 4.1(a) has been used. Molecules from lecture bottles are delivered to a ceramic
nozzle, which can operate in the temperature range from 100 K to 400 K. The nozzle
is cooled by liquid nitrogen, and the temperature is controlled by a feedback loop
containing an electric heater and a PT100 temperature sensor. Upon leaving the
nozzle, the molecules form an effusive beam. They are then guided and pre-filtered
by a quadrupole bend in the input chamber, before arriving at the injector of the
centrifuge (see Fig. 4.1(a)). The radius of this bend is 20cm, the same as the
radius of the peripheral guide of the centrifuge. Thus, molecules that are initially
in non-guidable states or are too fast to be guided around the centrifuge periphery
will be filtered out before reaching the centrifuge chamber. After the deceleration,
the molecules coming out of the centrifuge, are collected by a 0.5m long straight
guide which delivers them to the detector, a quadrupole mass spectrometer (QMS).
The high voltage (HV) of this straight guide can be toggled on and off to make
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time-of-flight (TOF) measurements, to determine the velocity distributions of the
centrifuge-decelerated molecules. The QMS ionizes the incoming molecules, and in
the ion counting mode, it outputs one TTL pulse for each detected ion. The number
of TTL pulses per unit time, i.e. the count rate, corresponds to the molecular density.
The QMS signal is read and histogrammed by a multi-channel scalar card (MCS-pci,
Ortec) with an adjustable temporal resolution. The MCS card can be synchronized
with the switching sequence of the TOF measurement, as illustrated in Fig. 4.1(b).
The top row of Fig. 4.1(b) shows an example of the TOF data recorded by the MCS
card. By differentiating the TOF signal, the corresponding velocity distribution
of the decelerated molecules can be obtained [48]. The middle row of Fig. 4.1(b)
indicates the timing of a trigger signal for the starting the MCS card. The bottom
row shows the switching of the TOF guide.

Details of the QMS detection, including various systematic effects will be dis-
cussed later in Sec. 4.7.

4.2 First signal from the centrifuge

Thanks to the careful design and assembly of the centrifuge, we were able to detect
signals at the output on the first run (see Fig. 4.2)! The signals were obtained with
CH3F from a room-temperature nozzle. HV of +2.5kV was applied to all electrodes,
including the centrifuge. No switching was applied to the TOF guide, in this par-
ticular measurement. The screenshot in Fig. 4.2 shows a temporal dependence of
the count rate, which started after we manually turned the centrifuge shaft. The
modulation in the signal comes from the gap on the centrifuge periphery, which is
about 30% of the full circumference (see the technical drawing in Fig. 3.7 or the
photo in Fig. 3.16(a)). The modulation became faster when manually speeding up
the centrifuge rotation. The highest rotation speed reached here was about 0.7 Hz.
This corresponds to a deceleration of about 1m/s.

Once the motor was powered up and the HV switching was applied to the TOF
guide, velocity distributions after the centrifuge were measured. Fig. 4.3 shows the
first velocity distribution obtained from the centrifuge, with 50 Pa CH3F (measured
at the gas line input for all the measurements reported in this chapter) applied
to the room temperature nozzle. All guides were at +4kV. The vertical scale in
Fig. 4.3, AR/Av, represents count rates per velocity interval. The unit is given
in [(counts/s)/(m/s)]=[counts/m]. Thus, the area under the curve corresponds to
the total signal at the detector. The distributions with the centrifuge at stationary
(blue) and at 33 Hz (red) are compared in Fig. 4.3. The area below 22m/s (~ 1K
kinetic energy for CH3F) under the red plot is much larger than the one under the
blue plot. This clearly demonstrates the deceleration of CH3F molecules to below
1 K by spinning the centrifuge. The explanation for the increase in signal for the
centrifuge at 33.3Hz is that the loss of molecules at the sharp exit bend (bend
radius 5cm) is reduced. As a result of the centrifuge deceleration, many initially
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Figure 4.1: (a) Schematic top view of the experimental apparatus for the cen-
trifuge deceleration. The blue and red curves represent the top two electrodes
of the quadrupole guide. For simplicity, the centrifuge disks are represented
by a blue hatched rectangular box in the figure. The quadrupole mass spec-
trometer is represented by the square to the right of the time-of-flight (TOF')
guide. (b) Switching protocol for a TOF measurement. Typical TOF data
histogrammed by the MCS card are also shown.

fast molecules now arrive at the bend with smaller velocities and thus can be guided
to the exit (as illustrated in Fig. 3.2).

4.3 Continuous deceleration
A unique feature of the centrifuge design is its ability to decelerate continuous beams

(Sec. 3.3). In this section, we demonstrate the continuous output of the centrifuge
decelerator. Towards this end, all guiding segments were constantly on, and the data
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Figure 4.2: Screenshot of the data-acquisition monitor showing one of the
very first signals from the centrifuge. No switching was applied to the guid-
ing, and high voltage was constantly on. The modulation of the signal came
from turning the centrifuge shaft manually. The modulation became faster
due to an increase in rotation frequency.
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Figure 4.4: Continuous centrifuge output. The dependence of the output
count rate on the phase position of the centrifuge is plotted for different
rotation speeds. This measurement was conducted with CF3H molecules pro-
duced with a nozzle at 125 K. All electric guides were kept constantly on at
+5kV.

acquisition at the MCS card was synchronized with the phase of the rotation. This
was achieved by using the built-in rotary encoder in the synchronous servomotor
(Sec. 3.6.1), which returns the position and speed of the rotation precisely. Fig. 4.4
shows the dependence of the centrifuge output on the phase position at various
rotation speeds. The vertical scale is the count rate, and the horizontal scale is the
phase of the centrifuge rotation.

The continuity of the centrifuge deceleration is demonstrated very clearly in
Fig. 4.4. At 0.04 Hz (black curve), there is almost no deceleration, and the output
signal is only from electric guiding through the centrifuge. The output signal is
on for about 2/3 of the period, and off for the remaining 1/3, as expected from
the gap on the peripheral guide (see Fig. 3.7 and Fig. 3.16(a)). As the centrifuge
speeds up, three features are observed. Firstly, the output signal goes up with
increasing rotational speed. This has been explained with Fig. 4.3. More molecules
are decelerated to below the cut-off velocity of the 5cm radius exit-bend, resulting
in an increase of output signal. Secondly, the phase of the signal appears delayed at
higher rotation speeds. This is simply due to the shorter rotation period at higher
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Figure 4.5: Deceleration of CFsH from a liquid-nitrogen-cooled source (at
138 K). (a) Longitudinal velocity distribution with 100 Pa nozzle pressure,
45 kV guiding, for various centrifuge rotation speeds. (b) Longitudinal ve-
locity distribution with 31 Pa nozzle pressure, +2kV guiding, for various
centrifuge rotation speeds.

rotation speeds. In fact, the phase delay in Fig. 4.4 is roughly proportional to the
rotation speed, hence inversely proportional to the rotation period. Thirdly, the gaps
in the output signal smears out at higher rotation speeds. On the one hand, this
is due to deceleration. As molecules get slower, it takes them longer time to travel
to the detector. This time scale becomes longer than the centrifuge rotation period
at higher rotation speed. On the other hand, the velocity distribution gets broader
when molecules are slower (see Sec. 3.2.2). Both effects contribute to smearing out
of the gap in the output signal. At 30 Hz (cyan curve in Fig. 4.4), the output from
the centrifuge is continuous, with a small periodic modulation superimposed on it.



4.4 Deceleration of pre-cooled beams 71

4.4 Deceleration of pre-cooled beams

In this section, we present the deceleration results for CF3H (mass= 70u, d =
1.65D), under three different conditions. The first measurement was made with
100 Pa pressure at a 138 K nozzle. HV of £5kV was applied to all guiding segments
(maximum electric field strength ~ 90kVem ™), corresponding to a guide depth of
1.8 K for the lowest guidable state. The experimental results are shown in Fig. 4.5(a),
and confirms the deceleration effects illustrated in Fig. 3.2. The measured velocity
distributions correspond to the low-velocity part of the green shaded areas in Fig. 3.2.
The lack of sharp fall-offs at the flanks stems from the transverse spatial distribution
of the molecules in the guide as well as from the distribution of the input molecules
over many guidable states with different Stark shifts [67, 68], and therefore with
different cut-off velocities. The lack of slow molecules in the output signal for 0 Hz
rotation is due to the boosting effect [69]. Collisions in the vicinity of the nozzle
have higher chance to deplete the very slow molecules, as they spend longer time in
the region with high densities. In Fig. 4.5(a), we observe very clearly a shift of the
peak of the output velocity distribution and a manifold increase of the measured flux
with increasing the rotation speed. Taking into account all the factors determining
the detection efficiency, we measure a total output flux of molecules with kinetic
energies below 1K (=~ 15m/s for CF3H, highlighted in Fig. 4.5a) on the order of
~ 3 x 108s7! for centrifuge rotation speed of 43 Hz.

Next, we demonstrate the effect of over-deceleration when the centrifuge rotates
too fast, as illustrated by the upper curve in Fig. 3.2. In order to show this effect
without actually spinning the centrifuge at very high speed, we reduced the input
velocity by lowering the guiding voltage to £2kV (maximum electric field strength
~ 36kVem™!). This corresponds to a guide depth of 0.7K for the lowest guidable
state, leading to a significant decrease in the number of fast molecules at the input
of the centrifuge. The experimental results are shown in Fig. 4.5(b). As seen,
for rotation speeds above 30 Hz the signal progressively drops down. This result
corresponds to the case presented by the upper curve in Fig. 3.2, where the majority
of the input molecules have kinetic energies below the centrifugal potential and hence
are repelled back before arriving at the output.

In the following, we look at the dependence of slow (< 1K kinetic energy in the
lab frame) flux of CF3H on the nozzle pressure for a stationary centrifuge and a
centrifuge spinning with 33 Hz rotation speed. The slow signal shown in Fig. 4.6
is equivalent to the green shaded area under the curves in Fig. 4.5(a). The signals
obtained in the two cases differ significantly in their amplitudes. The increase of
the source pressure produces a shift of the input distribution to higher velocities
(boosting effect [69]), thus depleting the amount of slow molecules entering the
centrifuge (almost no slow molecules at the input of the centrifuge) and consequently
decreasing the measured signal of slow molecules for 2 = 0Hz (no deceleration
takes place). For the centrifuge spinning at 33.3 Hz the deceleration overcomes the
boosting effect and thus many initially fast molecules injected into the centrifuge exit
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Figure 4.7: Comparison of velocity distributions for CF3CCH at 100 Pa noz-
zle pressure and 219 K nozzle temperature, at 0 Hz and 43 Hz centrifuge ro-
tation speed, respectively.

with velocities below 15ms™!, which corresponds to < 1K kinetic energy in the lab

frame. At 30 Pa, the obtained count rate corresponds to a density of ~ 1 x 108 cm ™3
and a flux of 6 x 108s7! in the guide. Here, values of density and flux at the
centrifuge output have a factor of 2 systematic error due to uncertainties in the
detector sensitivity calibration.

4.5 Deceleration of larger molecules

To demonstrate the generality of the centrifuge deceleration, we have also performed
measurements with a larger species CF3CCH (mass= 94u, d = 2.36 D). It consists
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of 7 atoms and a C' = C bond. Due to the relatively low vapor pressure of CF3CCH,
the nozzle needs to be heated up to about 220 K to prevent freezing. All the electric
guides were at £5kV. Fig. 4.7 shows the comparison of the output velocity distri-
butions obtained at a stationary centrifuge and at 43 Hz rotation speed. Clearly,
without turning the centrifuge, there is hardly any signal below 30 m/s. As already
explained in Sec. 4.4, this is due to the boosting effect at the nozzle. When the
centrifuge rotates at 43 Hz, a significant increase of the amount of slow molecules is
observed in Fig. 4.7. The area under the 43 Hz curve between 0 and 13 m/s indicates
the density of CF3CCH < 1K kinetic energy in the lab frame.

4.6 Measurement of the centrifuge efficiency

In Sec. 3.5.4, we have estimated from Monte-Carlo trajectory simulations a 7%
centrifuge efficiency for decelerating molecules at 200m/s input velocity. In this
section we verify the simulated efficiency with experimental results.

4.6.1 Supersonic input

The beam velocity of 200 m /s can be produced by a supersonic expansion from a 20 K
Ne buffer-gas cell (refer to Eq. 2.3 in Sec. 2.1). This requires combining the centrifuge
decelerator with the cryogenic buffer-gas cooling set-up. Such a combination has
been accomplished during the final stage of this thesis, and will be described in
detail in the doctoral thesis by Thomas Gantner. Here, only the result of a centrifuge
deceleration of a supersonic beam is presented, which provides a comparison to the
simulated centrifuge efficiency.

The result of decelerating a supersonic CHsF beam is shown in Fig. 4.8. The
input distribution was rescaled by a factor of 0.2 in order to be displayed at a
similar amplitude with the output distribution. The vertical scale has already been
converted to molecular density per velocity interval in the guide. The experimental
conditions are summarized in the caption of Fig. 4.8. The peak of the input velocity
distribution is at 165m/s, which requires a much faster centrifuge rotation of 62 Hz
than the typical speed for decelerating effusive input beams.

The centrifuge efficiency for decelerating molecules at about 165m/s can be
deduced from the data presented in Fig. 4.8. The blue area under the output
distribution depicts the density below 1K. The corresponding input window is indi-
cated by the red stripe. The vertical scale An/Awv is proportional to the molecular
phase space density, under the reasonable assumption that molecules fill the trans-
verse phase space volume up to the trap depth. Additionally, we have explained
in Sec. 3.2.2 that the centrifuge deceleration conserves the molecular phase space
density, assuming no loss. Therefore, the ratio of the heights of the two colored area
gives the output efficiency of the centrifuge decelerator, which is about 8%. This
agrees very well with the prediction from trajectory simulations.
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Figure 4.9: Comparison of the input and the output velocity distributions of a
CF3H effusive beam decelerated by the centrifuge. The molecular beams were
produced by a room-temperature nozzle at 60 Pa pressure. The centrifuge was
operated in two regimes, stationary (blue) or 33 Hz rotation speed (red). The
vertical scale is in count rates per velocity interval, directly obtained from
differentiating the time-of-flight signal.
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4.6.2 Effusive input

The efficiency for decelerating an effusive beam can be measured without using a
cryogenic buffer-gas cell as a source of molecules. We performed this measurement
with a CF3H beam, produced at room temperature, and 60 Pa nozzle pressure.
Fig. 4.9 shows a comparison of the input and two output distributions, obtained
at either a stationary centrifuge, or at 33 Hz rotation speed. No rescaling has been
applied to the amplitude of the input distribution. As discussed in Sec. 4.6.1, the
vertical scale in the plot is proportional to the phase space density of the molecules.
Thus, the ratio of the heights of the red and black plots gives a rough estimate of
the centrifuge efficiency for the effusive beam, which is ~ 15%. The real efficiency
would be somewhat higher than this value because the faster input distribution has a
smaller beam divergence to the detector, and this is not included in the plots shown
in Fig. 4.9. A more systematic measurement with effusive beams from a buffer-gas
cell, and with the beam divergence included, has confirmed a 20% efficiency of our
centrifuge. This more recent work will be included in the doctoral thesis by Thomas
Gantner.

It is not surprising that the centrifuge guiding efficiency is higher for effusive
beams than for supersonic beams. Beams with smaller longitudinal velocities can
have better transverse confinement in a bent electric guide, where the transverse
confinement is weakened by the centrifugal potential of molecules [48]. Thus, effusive
beams can be better guided around the periphery of the centrifuge, as well as in the
rotating spiral of the centrifuge.

4.7 Systematics in the TOF measurement

Most of the results shown in this chapter have been obtained from TOF measure-
ments, with the simple scheme outlined in Sec. 4.1. In the actual TOF measure-
ments, however, a number of systematic effects have appeared. These are discussed
in this section, including the velocity dependence of the QMS sensitivity, the ‘space-
charge-effect’ in the QMS ionization volume, and the background-pressure pumping
effect. Each of the these effects will be treated comprehensively in the subsections
below.

4.7.1 Velocity dependence of the QMS sensitivity

It has been confirmed in a measurement by Michael Motsch that the QMS signal
is proportional to molecular density [70]. While this conclusion is generally true, it
does not hold for the very slow (< 1K kinetic energy) molecules from an electric
guide. Instead, the QMS signal for these very slow molecules are proportional to
their flux. Of course, this effect has not been relevant until the centrifuge decelerator
became available.



76 Demonstration of centrifuge deceleration

Quadruple QMS ionization
electric guide volume
l J
.H
([ J PY N
P v e © ([ ® o P
e TS vams
(DI n, AI VZ' VJ_ L

Figure 4.10: Sketch of the interface between the electric guide and the QMS
tonization volume. The green spheres represent molecules. The relevant
quantities are labeled in the figure. In the quadrupole electric guide, molecules
have a flux ®, density n, guiding cross section A, longitudinal velocity v,
and transverse velocity vy . In the QMS ionization volume, molecules have
a total particle number N and total velocity vonms. The ionization volume
has a dimension L.

The reason is explained in the following, and Fig. 4.10 helps to visualize this
process. The QMS detects the incoming molecules via electron beam impact ion-
ization. As the electrons move much faster than the molecules, the QMS signal S
at a given instant of time is proportional to the number of molecules N present in
the ionization volume. On the other hand, N is proportional to the product of the
molecule flux entering the ionization volume, ®gyrg oc @ and the time molecules
spend inside it 7 ~ L/vgars, where @, L, and vgys are all defined in the caption of
Fig. 4.10. Thus, we expect,

L n-v,

SocNoc@-T:(n-A-vz)-vQMsochMS.

(4.1)

When molecules fly from the electric guide towards the QMS, their transverse po-
tential energy in the guide is converted into their kinetic one. Thus, their velocity
in the QMS, vous = /vZ+v?, where v, and v, are defined in the caption of
Fig. 4.10, and v; ~ 1K, the transverse trap depth. Therefore, we have the following
two limiting cases.

e when v, > v, ~ 1K, vgus = \/v2 + v? &~ v,. Consequently, Eq. 4.1 becomes
S o< (n-v,)/voms =~ n, hence the QMS signal is proportional to the molecular
density, as confirmed by Michael Motsch [70].

e when v, < v ~ 1K, vous = \/vg—i—vi ~ v, ~ 1K. Eq. 4.1 reduces to
S o (n-v,)/vous x (n-v,) o< ®. Thus, the QMS signal is approximately
proportional to the molecular flux, for molecules below 1 K kinetic energy.

This velocity dependence of the QMS sensitivity is essentially due to the acceler-
ation of molecules after they leave the electric guide. This acceleration is negligible
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Figure 4.11: Comparison of wvelocity distributions, measured with 100 uA
and with 400 uA emission current on the QMS. From left to right, the three
figures show the measured distributions from a source with no molecules below
20m/s, 40 m/s, and 60 m/s, respectively.

if molecules are originally much faster than 1 K. However, it makes the detection
sensitivity velocity dependent, if molecules are slower than 1K in the guide, e.g.
after the centrifuge deceleration.

4.7.2 ‘Space-charge-effect’

The electron beam in the detection volume is responsible for ionizing the incoming
molecules, but it can also alter the temporal response if the electron current is
too high. This is known as the ‘space-charge-effect’ in literature [71]. When the
electron cloud in the detection volume is dense enough, it disturbs the extraction of
the produced ions via electrostatic interaction, and subsequently causes a delay in
the arriving time at the ion-counter [72]. As a result, the measured v,-distribution
would appear slower than the actual one.

This is very clearly demonstrated in Fig. 4.11, which shows velocity distributions
measured with 100 A and with 400 pA emission current on the QMS. The higher
the emission current, the denser the electron cloud in the ionization volume. In
these measurements, no centrifuge deceleration was applied, and the signals were
produced from electrostatic guiding from a room temperature source. In addition,
to verify the temporal response, we applied the segmented guiding technique [73],
which deplete molecules slower than 20m/s, 40m/s, and 60 m/s, respectively, from
the source. Thus, in Fig. 4.11, signals below the corresponding cut-off velocities
(the green dashed lines) should be absent. In all three tests, the 400 yA measure-
ments gave ‘fake’ signals below the cut-off velocities, while the 100 ©A measurements
consistently follow the minimum velocities of the inputs.

Moreover, to verify whether the emission current was sufficiently low to avoid the
‘space-charge-effect’, we compared the velocity distribution measured at 100 uA with
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Figure 4.12: Ratio of wvelocity distributions taken at 100 uA and at 60 uA
QMS emission current, respectively. The two sets correspond to measure-
ments carried out on two different days.

the one measured at 60 uA, and checked whether the detector responded linearly
in this range. The ratio between these two velocity distributions at 100 A and
at 60 uA is shown in Fig. 4.12. Two sets of comparisons were measured on two
different days. The ratios of the two sets overlap and are flat. This confirms that
the distribution measured at 100 yA has the same shape as the one measured at
60 1A, and hence our QMS behaves linearly in this range of electron current. The
large error bars at velocities below 30m/s were due to the lack of slow signals, as
molecules were not decelerated in these measurements.

Thus, in all the measurements, we were forced to reduce the electron emission
current to 100 pA, instead of the typical range of 400 to 600 uA for a general appli-
cation of the QMS recommended by the manufacturer.

4.7.3 Background-pressure pumping effect

Last but not least, we will discuss the influence of background pressure pumping
on the TOF signal. We noticed a small rising-slope in the TOF signal when HV
is turned on, even after the TOF signal is expected to reach a steady-state value.
This can be seen on the raw TOF data in Fig. 4.13(a) (black data points). Taking
a time-derivative of such TOF data would result in artificial signals of very slow
molecules, as shown by the velocity distribution derived from the raw TOF data in
Fig. 4.13(b). To avoid such a systematic effect, all the data above a given threshold,
typically 99%, of the TOF steady-state value, were excluded in the evaluation of the
velocity distribution in the past [69].

For the output of the centrifuge deceleration, however, this is no longer applica-
ble, since we are interested in precisely these very slow molecules. Instead, we have
found out the cause for this artifact, the background pressure pumping effect in the
detection chamber. In the following, we show how it can be removed from the data
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Figure 4.13: (a) Time-of-flight signal and (b) the derived velocity distri-
bution without and with canceling the background-pressure pumping effect.
The measurement was made with molecule beams from a room temperature
nozzle, before the centrifuge input, i.e. no deceleration was applied.

analysis.

Pumping rate

The ultra high vacuum in a detection chamber is typically produced by an ion getter
pump, with an approximately constant pumping speed S, for a given pressure range.
S, is conventionally defined as the volume evacuated per unit time (in the unit of e.g.
[L/s]). Assuming the pressure, temperature, and volume of the detection chamber
are p, T', and V, respectively, the rate at which molecule density is pumped out from
the detection chamber, 1, is given by

P - (4.2)

where £ is the Boltzmann factor. Under the assumption of the ideal gas law p =
nkT/V, we get from Eq. 4.2,
S

Npump = vnu

(4.3)

Input rate

When the TOF guide is turned on, molecules enter into the detection chamber.
Once the input reaches the steady-state, i.e. molecules at all velocity classes have
arrived at the detector, the incoming flux becomes constant.

o @Ainput o "
= Ninput = CONSL.,

%

(I)input

%

(4.4)

Ninput =
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where @, is the input flux, v, A, and n are the average velocity, the area of
the guide cross section (see Fig. 1.1(c)), and density, respectively, of the incoming
molecules in the guide. The density or pressure equilibrium of the detection chamber
requires the total density in the detection chamber to satisfy n = 0.

Rate equation

The rate equation for molecular density inside the detection chamber is given by

o @Ainput S

n = 7;L'mpui& - npump - Vv Ninput — Vn (45)

The equilibrium condition is obtained when n = 0, i.e.

S ﬁAinput

_/n/eq g V

7 Ninput = const., (4.6)

where n., is the density at equilibrium. The solution of Eq. 4.5 with the boundary
condition Eq. 4.6 is then
t
n = Neyg — noexp(——), (4.7)
TOTL
where the amplitude of the exponential ng needs an additional condition to deter-
mine, and the time constant for the rising slope 7,, = V/S. For our QMS chamber,
V ~5L, S ~50L/s, and 7,, ~ 100 ms.

Rate equation with the guide turned off

When the TOF guide is turned off, 1,y = 0, and the rate equation reduces to,

S
R = Ty = — . (4.8)

%

The solution is simply,
t

Tof f

n = nyexp(——), (4.9)
where the time constant for the falling slope 7,7y = V/S.

From the above results, it is clear that the slow rising-slope and the falling-slope
in Fig. 4.13(a) share an identical time constant, which is the time scale for pumping
the detection chamber. Thus, these two slopes should be identical to each other
except the sign. That is why overlapping the slow falling slope when the guide turns
off with the slow rising slope when the guide turns on (see Fig. 4.13(a)) is justified.
Hence we can subtract this background pumping effect in the rising slope and obtain
a clean velocity distribution for small velocities (see Fig. 4.13(b))
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4.8 Summary

In this chapter, we have presented the first proof-of-principle demonstration of the
centrifuge deceleration of polar molecules. The first signal and deceleration was
obtained with CH3F molecules from a room-temperature nozzle. The continuity
of the centrifuge output was demonstrated with the signal versus rotation phase
measurement. We have shown that at about 30 Hz rotation speed, which is typically
required for slowing down molecules from an effusive source, the centrifuge output is
continuous. With a liquid-nitrogen-cooled CF3H effusive source, we have obtained
slow (< 1K kinetic energy in the lab frame) molecules with a flux and density
of 6 x 10®s™! and ~ 10%cm™2, respectively. The deceleration of a larger species,
CF3CCH has also been demonstrated.

We have verified the centrifuge guiding efficiency for decelerating a supersonic
beam generated from a cryogenic buffer-gas cell. The measurement has shown about
8% efficiency for an input velocity of about 165m/s, in a very good agreement with
the results from Monte-Carlo trajectory simulations in Sec. 3.5.4. For deceleration
of an effusive beam, the centrifuge efficiency has been estimated to be about 15%
to 20%.

In addition, we have explained and accounted for the three most significant
systematic effects in the TOF measurement in our system. They include the velocity
dependence of the QMS sensitivity, the ‘space-charge-effect’ in the ionization volume,
and the artificial slow signals due to background pressure pumping in the detection
chamber.

The centrifuge decelerator demonstrated here employs solely an inertial force, a
universal means for deceleration. Thus it can be applied to any guidable molecule,
and in principle also to atoms and even neutrons [74]. Once assembled, the deceler-
ator does not require a sophisticated control, it is robust and easy to operate.
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Chapter 5

Outlook

This thesis has covered two main topics. Firstly, a simple but extremely robust
internal-state detection technique for cold polyatomic molecules has been presented.
It is based on a resonant radio-frequency depletion spectroscopy, which is capable
of resolving both the rotational and hyperfine states of polyatomic molecules. In
combination with a full Monte-Carlo trajectory simulation, the above technique is
extended into a thermometry method, which enables a comprehensive characteri-
zation of buffer-gas cooling of polyatomic molecules. Secondly, a novel molecular
deceleration method, which employs only a centrifugal force in a rotating frame, has
been demonstrated. As the basic principle of the deceleration is independent of any
specific internal structure of the molecules, it is a very generic method, which could
be applied even to slowing down atoms and neutrons. The design concept of the
centrifuge decelerator enables continuous deceleration, which tremendously improves
the duty cycle and the efficiency of the production of slow molecules, compared to
all of the existing molecular deceleration methods.

Both the buffer-gas cooling and the centrifuge deceleration have exhibited great
performance when operated separately. A natural further step is the combination
of the two techniques, which is expected to deliver cold molecules below kg - 1 K at
unprecedented rates.

Cryofuge

The combination of the cryogenic buffer-gas-cooling technique and the centrifuge de-
celeration gives rise to a new method for the production of cold and slow molecules
named Cryofuge to emphasize the two components it consists of. The cryofuge
has just been realized during the final stage of this thesis, and the results from it
will be covered in great detail in the doctoral thesis of Thomas Gantner, as well
as in a dedicated publication [75]. We have demonstrated the capabilities of the
cryofuge by showing internal-state cooling and deceleration of the test molecule flu-
oromethane (CH3F). The generality of the method is demonstrated by an extension
to several other cold species, including ammonia (NDj3), methanol (CH;OH), tri-
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fluoromethylacetylene (CF3CCH), and isopropanol (C3HgO). Fluxes and densities
of over 10 s™! and 10° cm™3, respectively, have been achieved at kinetic energies
below ~ kp-1K at the output of the cryofuge. This outperforms all existing sources
by several orders of magnitude. The high density of the decelerated molecules also
enables the observation of cold dipolar collisions.

Cold dipolar collisions

At the output of the cryofuge, we have measured a collision rate of ~ 10 Hz between
polar molecules [75]. This corresponds to a collision cross section of ~ 1072 cm?
at collision energy of ~ kg - 1K and density of ~ 10°cm™3. Thus, even at ~ 1K
temperature, we have already achieved an interaction length a ~ 200 ay, where ag
is the Bohr radius, greater than the s-wave scattering length of ultra cold rubidium
atoms. Such a large interaction length results from the strong electric dipolar inter-
action. Moreover, as the temperature decreases, the dipolar scattering cross section
o oc d*/\/T [14], where d is the dipole moment of the molecules, will increase until
entering the quantum limit when the collision becomes a single-partial-wave process.
In the quantum limit, the value of a can be as large as ~ 1 um (Sec. 1.1.1). The
explorations of these collisions with such gigantic interaction strengths are of great
interest for quantum chemistry [76] as well as for evaporative cooling of molecules
to quantum degeneracy [77, 78]. The long-range dipole-dipole interaction also fa-
cilitates novel strongly correlated [79, 80] and dipole blockaded [81, 82, 83| systems
that, in contrast to short-lived atomic Rydberg systems, promise a practically infi-
nite lifetime.

High-precision measurements and further cooling

In addition to enabling the observation of cold dipolar collisions, the versatility
of the centrifuge could drastically extend the scope of the current cold-molecule
research, e.g., the cold beams of methanol we have produced could be well-suited
for measuring the proton-to-electron mass ratio, as introduced in Sec. 1.1.2. The
production of intense beams of cold and slow YbF molecules would also boost the
eEDM measurement [84], in terms of providing much longer interaction length due
to the slow velocity and a short measurement time from the enhanced signal level.
Moreover, the centrifuge could serve as an ideal source for ongoing experiments with
laser cooling of diatomic molecules [36, 39] and the optoelectrical Sisyphus cooling
of polyatomic molecules [42], as many of the species considered in both approaches
possess rotational states with very favourable Stark shifts for applying the centrifuge
technique.
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