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Abstract

This thesis reports on the combination of buffer-gas cooling with electric velocity
filtering to produce a high-density guided beam of slow and internally cold polar
molecules. In the continuous source, warm molecules are first cooled by collisions
with a cryogenic helium buffer gas. Cold molecules are then extracted by means of
an electric quadrupole guide. For ammonia (ND3) the source produces fluxes up to
(7±7

4) × 1010 s−1 with peak densities up to (1.0±1.0
0.6) × 109 cm−3. For formaldehyde

(H2CO) the population of individual rotational states in the guide is monitored
by depletion spectroscopy, resulting in single-state populations up to (82 ± 10) %.
Furthermore, the technical aspects and the operation of the cryogenic source are
described. Several optimization experiments are carried out to obtain the best
performance. The versatility of our source is demonstrated by the production of
guided beams of different molecular species.

This thesis also reports on a technique to produce pulses of slow, guided molecules
with narrow velocity distribution around a tunable velocity. The pulses are gen-
erated by sequentially switching the voltages on adjacent segments of an electric
quadrupole guide. This is done synchronously with the molecules propagating at
the desired velocity. This technique is demonstrated for ND3, delivering pulses with
a velocity in the range of 20−100 m/s and a relative velocity spread of (16±2) % full
width at half maximum. The observations are in good agreement with numerical
simulations and analytical calculations.
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Zusammenfassung

Die vorliegende Arbeit berichtet über die erfolgreiche Kombination von Puffer-
gaskühlung mit dem Verfahren der elektrischen Geschwindigkeitsfilterung. Dies dient
zur Erzeugung eines geführten Molekülstrahls hoher Dichte, der langsame und intern
kalte Moleküle beinhaltet. Warme Moleküle werden in der Quelle zunächst durch
Kollisionen mit einem kryogenen Puffergas gekühlt. Die gekühlten Moleküle werden
anschließend mittels einer elektrischen Quadrupolführung extrahiert. Für Ammoni-
ak (ND3) produziert die Quelle Flüsse bis zu (7±7

4) × 1010 s−1 mit Dichten bis zu
(1.0±1.0

0.6)× 109 cm−3 im Strahlzentrum. Für Formaldehyd (H2CO) wurde die Beset-
zung der Rotationszustände geführter Moleküle durch Entvölkerungs-Spektroskopie
überprüft, wobei sich Besetzungen von bis zu (82±10) % für einzelne Zustände erge-
ben haben. Weiterhin werden die technischen Aspekte und die Bedienung der kryo-
genen Quelle beschrieben. Zahlreiche Experimente zur Optimierung des Leistung-
vermögens wurden durchgeführt. Die breite Anwendbarkeit unserer Quelle wurde
durch die Produktion von kalten Molekülstrahlen unterschiedlicher molekularer Spe-
zies demonstriert.

Des Weiteren wird über eine technische Erweiterung des elektrischen Führens be-
richtet, welche dazu dient Pulse langsamer Moleküle zu generieren. Die Pulse zeich-
nen sich durch eine schmale Geschwindigkeitsverteilung um eine einstellbare Zen-
tralgeschwindigkeit aus. Die Pulse werden durch folgerichtiges Schalten der Hoch-
spannungen an benachbarten Segmenten der elektrischen Führung erzeugt. Dies
wird synchron mit der Bewegung jener Moleküle vollzogen, die die zu selektierende
Geschwindigkeit aufweisen. Das Verfahren wurde an ND3 demonstriert, wo Pulse
mit zentralen Geschwindigkeiten von 20 − 100 m/s und relativen Halbwertsbreiten
von (16 ± 2) % gemessen wurden. Alle experimentellen Ergebnisse stehen in guter
Übereinstimmung mit numerischen Simulationen und analytischen Rechnungen.
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Chapter 1

Introduction

The successful implementation of laser cooling of atoms in combination with evapo-
rative cooling culminated in the spectacular realization of Bose-Einstein condensa-
tion more than a decade ago [And95, Bra95, Dav95]. Nowadays, ultracold atoms are
routinely used in a variety of different experiments, ranging from quantum informa-
tion science to simulations of problems arising in solid-state physics [Rip05, Blo08].

A natural next step seems to be the realization of similar experiments with cold
and ultracold molecules. Their rich internal structure allows for exploring many new
properties, which could lead to the observation of novel physics.

In this chapter we briefly discuss some properties of cold and ultracold molecules
and outline several experiments that can be performed. A broader and more detailed
overview can be found in some recently published articles and special issues on cold
and ultracold molecules [Bal01, Kre08, Kre09, Car09].

1.1 Cold molecules

The temperature below which the energy of molecules becomes comparable to the
interaction energy of the molecules with an external ‘laboratory’ electric (magnetic)
field defines the onset of the cold temperature regime. For polar molecules with
dipole moments around ∼ 1 Debye (∼ 1 Bohr magneton) the cold regime is entered
at temperatures below 1 K [Car09]. In this regime molecules can be trapped in
suitable electric (magnetic) fields due to the Stark (Zeeman) shift of their energy
levels. This allows to isolate the molecules from the environment [Bet00, Rie05,
Wei98].

Electric or magnetic fields can also be used to polarize and align the molecules in
molecular collisions (stereodynamics). This can result in different collision outcomes
compared to the collisions in free space. Thus the effect of external electric (mag-
netic) fields on the collision behavior of the molecules can be exploited to control
inelastic collisions and chemical reactions [Kre05]. Recently, this has been observed
in a collision experiment between a guided beam of cold ND3 molecules and magnet-
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2 Introduction

ically trapped OH molecules [Saw10]. Here it was found that the total cross section
is increased by applying an external electric field over the trap volume.1

The narrowed Maxwell-Boltzmann velocity distribution and the purified internal-
state distribution at low temperatures allow to perform energy- and state-resolved
scattering experiments. For example, state-selective scattering cross sections as func-
tions of the collision energy have been obtained for decelerated OH molecules col-
liding with a beam of Xe atoms [Gil06], He atoms and D2 molecules [Saw08, Kir10].
Here, threshold phenomena for inelastic scattering cross sections are apparent. In
this regime inelastic and reactive collision rates can be favored or suppressed de-
pending on the availability of particular internal states or the availability of sufficient
kinetic energy for the colliding molecules to overcome a barrier or open a certain
reaction channel.

At low temperatures only a few partial waves contribute to molecular collisions
and chemical reactions. Therefore interference effects between scattering states and
shape resonances can dominate in the collision dynamics [Kre03]. External fields can
be used to couple different partial waves and thereby tune a shape resonance [Kre09].

Collisions in this temperature regime attract great interest in the astrophysics
and astrochemistry communities. The lowest temperatures of interstellar space up
to date are located around a Kelvin, which will reduce to even lower temperatures
with the ongoing expansion of the universe. Here, cold molecular collisions in the
laboratory can give insight into reactions of molecules in interstellar clouds for the
present and future cosmic eras [Smi00, Smi06].

Cold molecules are suitable candidates for high-precision spectroscopy experi-
ments. These experiments are performed in the regime of low densities where col-
lisions are strongly reduced. Longer interaction times, reduced Doppler-broadening
and state-selectivity obtained at low temperatures help to enhance the efficiency
of such experiments. In particular, cold molecular samples are beneficial for high-
precision tests of fundamental symmetries (CPT).2 Here, molecules render them-
selves as a particularly suitable tool due to their rich internal structure. As a marked
example the search for permanent electric dipole moments (EDM) of fundamental
particles [Pur50, Lan57, Hun91, Bol08] is discussed in more detail. Permanent elec-
tric dipole moments result from the violation of the parity (P) and time reversal
(T) symmetry. The violation of these symmetries is predicted by several theoret-
ical models within and beyond the standard model [Com99]. For example for the
electron’s EDM the standard model predicts a value < 10−38 ecm, where e is the
elementary charge. On the other hand, extended models including theories beyond
the standard model allow for values of dipole moments up to 10−26 ecm. Therefore
EDM measurements can give information on the validity of different models and
thereby give hints for novel physics.

Measurements of the EDM are based on the following principles. For a particle
(such as an electron or neutron) carrying spin, the EDM must lie along the axis of the

1The increased cross section is deduced from an increased trap loss
2The letters in CPT stand for charge conjugation, parity- and time-reversal transformation.



1.2 Ultracold molecules 3

angular momentum. When an electric field is applied perpendicular to the direction
of EDM the angular momentum precesses about the electric field axes due to the
torque on the particle. This manifests in an energy difference between adjacent
magnetic sublevels. In a typical experiment one probes the difference between the
frequencies of the Larmor precession for the two cases where the electric field is
parallel or antiparallel to a magnetic field, respectively. The longer the interaction
with the electric field is, the greater the sensitivity is. Therefore, the use of cold
particles can lead to a significant improvement in sensitivity. In 1965 P. G. H.
Sanders showed that compared to the free electron case, the EDM of an electron
bound in an atom is enhanced due to relativistic effects by a factor of the order of
α2Z3 (for heavy atoms around 102 − 103), with α being the fine structure constant
and Z the nuclear charge [San65, Com07]. This has been taken advantage of in
experiments using 205Tl [Reg02] or 199Hg [Gri09], which mark the upper bound of
the electron’s EDM of de < 3× 10−29 ecm.

Further improvement could be obtained from measurements using polar molecules.
This can be understood from the following arguments. The EDM interaction of an
electron in an atom polarized by an external electric field Eextẑ results in an energy
−deEeffP (Eext)〈σ̂ ·ẑ〉, where σ̂ is the unit vector along the electron spin, Eeff the elec-
tric field at the position of the electron in the atom and P (Eext) the polarization of
the atom due to external electric field. The polarization P (Eext) caused by the mix-
ing of the atomic orbitals in typical laboratory fields is relatively weak. In contrast
to atoms, diatomic heteronuclear molecules exhibit strong polarization around the
internuclear axis due to the chemical bond. Here, the external field is only needed
to project the polarization from the molecular frame to the lab frame by mixing
the rotational states. In comparison to atomic orbitals these are energetically much
closer to each other and thereby are strongly mixed even by weak external electric
fields. So far, experiments with warm YbF [Hud02] have been performed as a proof
of principle, restricting the electron dipole moment to a value around 10−26 ecm. It
is widely believed that cold molecular samples can allow measurements of the EDM
with accuracies far beyond the current state of the art measurements with heavy
atoms.

1.2 Ultracold molecules

By employing further cooling schemes to dense and cold molecular samples the
subsequent regime of ultracold temperatures could be reached. The ultracold regime
is obtained when a single partial wave dominates the scattering process. For identical
bosons (fermions) this is described by s-(p-)wave scattering.3 Temperatures below
1 mK loosely define this regime [Car09]. Molecules at ultracold temperatures offer
novel properties in molecular collisions and chemical reactions. In this regime the
deBroglie wavelength can become comparable or larger than intermolecular distances

3The cross section for s-wave scattering vanishes for identical fermions due to the Pauli principle.
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and even exceed the separation between different molecules. Molecular collisions and
reactions can be governed by interference and tunneling effects. The exothermic
reaction F + H2 → FH + H is a theoretically well understood example. Despite a
reaction barrier of ∼ 400 K a high reaction rate of 10−12 cm3s−1 should emerge at
ultracold temperatures, as theoretically shown in [Bal01, Bal02]. Tunneling through
the repulsive barrier, enhanced by a virtual state or barely bound state of the van
der Waals well in the entrance channel, should guarantee the continuation of the
chemical reaction.

Ultracold polar molecules offer exciting prospects in molecular collisions as well.
For ultracold fermionic species p-wave scattering is strongly suppressed in case of
short range van der Waals interparticle interactions. This is caused by the cen-
trifugal barrier of the orbital angular momentum (l = 1) resulting in a basically
non interacting gas [Bar01a]. For polar particles the long range dipole-dipole in-
teraction between identical fermionic particles can guarantee sufficient interparticle
interaction in a single component Fermi gas. This is required for evaporative cooling
procedures, which are employed to reach lower temperatures. P-wave collisions in a
polar molecular Fermi gas have been observed in [Osp10], where 40K87Rb molecules
are contained in a pancake shaped dipole trap. The measurements are performed
at 300 nK in zero electric field. The inelastic scattering rate is solely determined by
the tunneling rate through the centrifugal (p-wave) barrier of approximately 24µK.
Here, the scattering leads to losses resulting from atom exchange reactions and bi-
molecular reactions as KRb + KRb→ K2 + Rb2. In a subsequent manuscript [Ni10]
the authors show that applying a weak electric field to orient the trapped molecules
leads to a large increase in the inelastic scattering rate for bimolecular reactions,
resulting from a lowered p-wave scattering barrier for dipolar head-to-tail collisions.
For side-to-side collisions the scattering barrier is increased. This anisotropy of
the dipole-dipole interaction is confirmed by rethermalization experiments with the
trapped molecules. In [Mir10] the anisotropy is used to control the scattering rate.
By enlarging the confinement of the dipole trap to a quasi-two-dimensional trap
with the electric field along the tight binding direction the reaction rate is strongly
suppressed since most of the molecules can approach each other only in side-to-side
collisions. Here, the strength of electric field is also used to tune the suppression in
the reaction.

1.3 Production of cold molecules

In contrast to atoms, laser cooling of molecules is rather challenging due to the
complex internal structure of molecules. The difficulty lies in finding sufficiently
closed cycling transitions [Met99]. Since spontaneous emission of an electronically
excited molecule is accompanied by a simultaneous vibrational transition that is
not bound by strict selection rules, the vibrational state in the excited electronic
state is generally coupled to a large number of vibrational states in the electronic
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ground state. Therefore, the basic prerequisite to apply laser cooling to molecules is
the existence of suitable Franck-Condon factors that favor population in a single or
few vibrational states upon many spontaneous decays [DR04, Stu08, Shu10]. Most
molecules do not meet this criterion.

To circumvent this limitation, alternative schemes are considered. Methods that
use ultracold atoms to generate ultracold molecules are referred to as indirect meth-
ods [Dul06, Car09]. These methods employ magnetic Feshbach resonances [Joc03,
Reg03, Zwi03] or photoassociation [Tho87, Wan98] to create molecules during atomic
collisions. Both are coherent processes which result in molecular samples of roughly
the same temperature as the atoms. Nevertheless, the produced molecules in gen-
eral populate highly excited rovibrational states, resulting from the better coupling
of these states to free atom pair states. For photoassociated LiCs molecules favor-
able Frank-Gondon factors of a suitable exited state with the rovibrational ground
state have allowed for efficient transfer to the rovibrational ground state by sponta-
neous decay [Dei08b]. A large population transfer from highly excited states to the
vibronic ground state for Feshbach associated Cs2, Rb2, KRb molecules has been
accomplished in [Dan08, Lan08, Osp08] using stimulated Raman adiabatic passage
(STIRAP) [Ber98].

Methods that provide cold samples of naturally abundant molecules are classified
as direct methods. Typically, cold molecules are extracted from thermal/cryogenic
reservoirs or produced by supersonic beam sources. Supersonic beams/pulses are
produced by free expansion of a high-pressure gas mixture (molecules in a carrier
gas) through a nozzle into vacuum [Pau00]. The collisions the molecules experience
in the expansion process result in an internally cold sample of molecules (rotational
temperatures of ∼ 1− 10 K) which have acquired supersonic speed. Such molecular
beams exhibit a very narrow velocity distribution in the comoving frame (a few K or
even colder). Stark or Zeeman deceleration can be employed to obtain cold molecular
samples at rest in the laboratory frame [Bet99, Bet02, Van07, Nar07c, Nar08b,
Hog08a]. These techniques allow for deceleration of a certain fraction of molecules
from a pulsed supersonic beam by means of time-varying inhomogeneous electric or
magnetic fields. For example, for polar molecules that experience a Stark shift in
an electric field this is realized by a series of high voltage electrodes aligned along
the propagation direction of the supersonic beam, which are switched on and off in
synchrony with the motion of the pulse. The electric fields are modulated in a way
such that the molecules experience a net force directed opposite to their motion. The
technique is based on the principles of a linear decelerator (accelerator) for charged
particles. Nowadays several types of Stark decelerators are being developed ranging
from optical Stark decelerators that take advantage of the high electric field gradients
in focussed laser pulses [Ful04, Ful06a] to micro-fabricated Stark decelerators on a
chip [Mee08, Mee09]. Experiments including cold collisions [Gil06, Kir10], trap
loading [Bet00, Bet02], lifetime measurements [Gil07], etc., have been performed
with Stark-decelerated and subsequently trapped molecules.
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There are several other methods that can bring samples of cold molecules from a
supersonic-expansion to rest in the laboratory frame. This has, for example, been re-
alized by supersonic expansion from a counter-spinning rotor [Gup99, Gup01]. Other
schemes include reflection of a supersonic beam from a moving surface [Nar07a] or
kinematic cooling [Eli03, Kay09] established by collisions between a molecular beam
and a beam of noble gas atoms.

For applications where only the temperature of the external degrees of freedom
is of importance electric velocity filtering can be used to obtain large samples of
slow polar molecules [Ran03, Jun04a]. An electric guide is used to extract slow
polar molecules from a thermal reservoir. This technique has been developed in
our group and it is discussed in detail in this thesis and in publications from our
group [Jun04a, Jun05, Mot10]. This technique has, for example, been used to study
collisions between slow molecules and ion crystals [Wil08a].

One prominent technique to obtain cold molecules in the gas phase is buffer gas
cooling. Here, an inert buffer gas is enclosed in a container (buffer-gas cell), which is
cooled to cryogenic temperatures by a refrigerator (helium refrigerator, pulse tube
cooler etc.). Molecules entering the buffer-gas cell dissipate their kinetic and internal
energy through collisions with cold buffer-gas atoms. Most experiments use helium
buffer gas, for which temperatures down to ∼ 200 mK can be attained. By adding a
magnetic field minimum in the buffer-gas cell, buffer gas cooled magnetic molecules
can be trapped. This has been accomplished for a variety of molecular and atomic
species [Wei98, Cam07, Hum08, Sto08]. Long trapping times can only be obtained
when the buffer gas is removed after the cooling process has ended. In such a
magnetic trap Bose-Einstein condensation has been achieved for buffer-gas-cooled
metastable helium atoms by evaporative cooling [Dor09].

The molecular gas can be introduced into the buffer-gas cell via a variety of
different techniques, for example by means of laser ablation from a solid target
[Wei98]. Other options are beam loading through a small aperture in the buffer-gas
cell [Ego02, Ego04], or discharge etching in which frozen atoms/molecules on the
surface of the buffer-gas cell are released by an electrical discharge plasma [Ngu05].
Capillary filling [Mes84, Pat07] is another demonstrated method which has been used
for the experiments described in this thesis [vB09, Som09]. Here, the molecules are
injected into the buffer-gas cell by a heated capillary. This technique is particularly
suitable for the production of continuous molecular beams. It is valid for a large
class of naturally abundant molecules. A cold molecular beam can be formed by
employing an additional aperture in the buffer-gas cell through which the buffer gas
cooled molecules can leave the buffer-gas cell. The molecules can be extracted from
the buffer gas environment with a magnetic or electric guide and delivered elsewhere
as shown in this work.
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1.4 This thesis

The generation of cold guided beams of polar molecules by combining buffer-gas
cooling with electric velocity filtering constitutes the main topic of this thesis. These
two techniques are joined in a newly developed setup, which is characterized by
various measurements. Also a new scheme for obtaining molecular pulses by means
of electric velocity filtering is addressed in the text.

In chapter 2 we outline the theoretical background for the Stark effect that
describes the behavior of polar molecules in external electric fields. Here, the Stark
effect is predominantly apparent at the molecular rotational levels due to their close
energy spacing. To determine the Stark splitting between molecular rotational states
the rotational-state structure in the the rigid rotor approximation is explained in
great detail.

In chapter 3 the principles of electric guiding are presented, with an emphasis
on measurements employing the newly developed velocity selection method. This
technique allows to extract molecular pulses with narrow velocity distribution from
the continuous guided beam. The selection procedure as well as the measurement
results are discussed in great detail.

Chapter 4 describes the measurements of cold polar molecules produced with the
cryogenic source during this thesis work. The new setup adds buffer-gas cooling to
our velocity filtering technique. Here, an atomic buffer gas at cryogenic temperatures
is used to cool the warm molecules before they are extracted by an electric guide. The
general principles of buffer-gas cooling are discussed. Afterwards, the setup used in
our experiments is described. Measurements with ammonia (ND3) and formaldehyde
(H2CO) are performed to demonstrate the cooling efficiency for the internal degrees
of freedom. For formaldehyde, quantitative results for cooling the internal degrees
of freedom are obtained from depletion spectroscopy. The generality of the source
is demonstrated by using molecules with different masses, dipole moments, and
rotational constants (CH3F, CF3H and ND3). Furthermore, we have performed a
test case for cold chemistry experiments to demonstrate a possible future application
for such a source. The generation of stable strongly-boosted molecular beams is
addressed in text as well. These beams promise to have orders of magnitude larger
fluxes.
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Chapter 2

Theory of molecules and their
interaction with an external
electric field

In this chapter we outline the theory that is needed to describe the interaction
between a polar molecule and an external electric field. We start with the complete
molecular Hamiltonian to derive the energy and state relations for the rotational
degrees of freedom, which are primarily relevant in this interaction.

2.1 The molecular Hamiltonian

The complete Hamiltonian of a molecule includes the kinetic and potential energies
of all of its constituents, which are the nuclei and the electrons. To simplify this
many-body problem, the Born-Oppenheimer approximation is used [Bor27]. It is
based on the concept that, due to the large difference between the mass of the elec-
trons and nuclei light and thereby fast electrons, respond almost instantaneously to
displacements of the nuclei from their equilibrium positions. In this approximation,
the nuclei are regarded as fixed to their position with respect to the motion of the
electrons. Therefore, the electrons’s motion can be separated from the nuclei’s mo-
tion [Dem03]. In this case the eigenfunctions of the Hamiltonian can be factorized
into electronic and nuclear eigenfunctions

ψ(xe,xn) = ψe(xe,xn)ψn(xn), (2.1)

where xe (xn) and ψe (ψn) represent the generalized coordinates and the wave func-
tions of the electrons (nuclei), respectively. It is important to point out that xn is
not a variable of ψe(xe,xn) but a parameter since the electron distribution follows
the motion of the nuclei adiabatically.1 Therefore, there exists a well-defined wave
function ψe(xe,xn) and electron distribution to each xn.

1No differentiation or integration of ψe with respect to xn takes place.

9
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The total Hamiltonian of a molecule without external electric or magnetic fields
is given by

Hmol = Te + Tn + Vee + Vnn + Vne, (2.2)

where Te and Tn are the kinetic energies of the electrons and nuclei, respectively,
and Vee, Vnn, and Vne are the Coulomb interaction energies between the electrons,
between the nuclei, and between the electrons and the nuclei, respectively. Potential
energy terms considering spin-dependent interactions between the particles are ig-
nored. Using Eq. 2.1, the Schrödinger equation of the full problem can be separated
into the Schrödinger equation for the electrons

He|ψe〉 = [Te + Vee + Vne + Vnn]|ψe〉 = W(e,n)|ψe〉 (2.3)

and the Schrödinger equation for the nuclei

Hn|ψn〉 = [Tn +W(e,n)]|ψn〉 = Wn|ψn〉. (2.4)

Here, the energy W(e,n) of the electronic state depending on xn acts as the potential
energy for the nuclear motion. By setting the zero of energy to the minimum value
of W(e,n) we obtain the Schrödinger equation for the motion of the nuclei in the
potential V(e,n) = W(e,n) −W(e,n)|min:

[Tn + V(e,n)]|ψn〉 = Wn|ψn〉 (2.5)

This equation is in general different for each electronic eigenstate.
The kinetic energy of the nuclei can be expressed by

Tn =
1

2

∑
α

mαẋ
2
α, (2.6)

where xα designates the generalized coordinates of the α-th nucleus. To investigate
the nuclear motion, the kinetic-energy term is modified to include small displace-
ments from the equilibrium configuration of the molecule [Bun06]. Towards this
end, xα is expressed as

xα = xc + S−1(q0
α + rα) (2.7)

which is applicable to each of the N nuclei constituting the molecule. In this expres-
sion, xc is the center-of-mass position in the space-fixed frame and S−1 is the inverse
of a 3 × 3 rotation matrix S. This matrix relates the coordinates in the molecule-
fixed frame q0

α + rα to the coordinates in the space-fixed frame xα by rotations at
the three Euler angles (see Fig. 2.1) [Kro75]. q0

α denotes the equilibrium position
of the α-th nucleus in the molecule-fixed frame with its origin pinned down at the
center of mass xc.2 rα is the displacement of the α-th nucleus from its equilibrium
position.

2
∑
αmαq0

α = 0.
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N

Figure 2.1: The Eulerian angles (ϕ, θ, χ) demonstrate the transformation from the space-
fixed coordinate system (X,Y, Z) to the molecular coordinate system (x, y, z) performed
by the S matrix. Thereby they show the orientation of a molecule with respect to the
space-fixed axes. The N -axis is given by the cut of the XY - and xy-plane. The figure is
taken from [Tow75, Mul09b].

To treat small molecular vibrations, the following conditions, referred to as Eckart
conditions [Eck35], are imposed: ∑

α

mαrα = 0, (2.8)∑
α

mαq
0
α × rα = 0. (2.9)

The first condition guarantees that the center of mass does not change upon vibra-
tions, while the second one ensures that vibrations do not lead to altering of the
overall angular momentum of the molecule. The constraints require that 3N − 6 of
the 3N displacement coordinates rαi are independent.3 By substitution of xα in the
kinetic energy term using Eq. 2.7 and by ignoring the center of mass motion, one
obtains

Tn =
1

2
ωT Iω +

1

2

∑
α

mαṙ
2
α +

∑
α

mαω · (rα × ṙα), (2.10)

with the angular velocities ω derived from (SṠ−1)ln = −εklnωk and the moment of
inertia tensor Ikl =

∑
αmα(δkl(q

0
αn)2 − q0

αkq
0
αl), where the second subindexes n, k

and l each designate the three spatial coordinates. A detailed derivation is given
in [Kro75]. The first term describes the rotational energy of the rigid molecule,
the second term describes the kinetic energy of its vibrations, and the third term
describes the vibration-rotation interaction term.

33N − 5 for linear molecules.
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In the case of very small vibrations and rotations, the vibration-rotation inter-
action term can be ignored, and the angular momentum can be approximated by
Jk = ∂Tn/∂ωk = Iklωl. This yields the following expression for the rotational energy:

Trot =
1

2
JT I−1J. (2.11)

Diagonalization of the symmetric matrix Ikl leads to the moment of inertia tensor
along its principal axes a, b, c, resulting in

Trot =
1

2
(Iaω

2
a + Ibω

2
b + Icω

2
c ) = AJ2

a +BJ2
b + CJ2

c , (2.12)

where A = 1/(2Ia), B = 1/(2Ib), and C = 1/(2Ic) are the principal rotational
constants.4

In the Hamiltonian Hrot that describes the rotation of the rigid molecule no con-
tribution from the potential V(e,n) is included because V(e,n) depends solely on the
displacement coordinates rαi. Therefore, the Hamiltonian describing the molecular
rotation Hrot is identical to Trot.

2.2 The rigid rotor

In classical mechanics the rotational constants are ordered as A ≥ B ≥ C to satisfy
Ia ≤ Ib ≤ Ic [Kuy83]. Four main groups of rotors are distinguished:

(1) Spherical top molecules Ia = Ib = Ic (2.13)

(2) Symmetric top molecules Ia < Ib = Ic (prolate)

Ia = Ib < Ic (oblate)

(3) Asymmetric top molecules Ia < Ib < Ic

(4) Linear molecules Ia = Ib = 0.

In this section we investigate the symmetric and the asymmetric top Hamiltonians,
which describe the rotational states of the molecules used in our experiments.

2.2.1 Symmetric top molecules

Based on the principles outlined in Eq. 2.13, the rotational Hamiltonian for a prolate
symmetric top is described by

Hpro.
rot = [AJ2

a +B(J2
b + J2

c )] (2.14)

= [AJ2
a +B(J2 − J2

a)]

= [BJ2 + (A−B)J2
a ],

4Energy in units of frequency.
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Figure 2.2: Rotational energy levels for a prolate (a) and an oblate (b) symmetric top
molecule. As an example the rotational energy levels of CH3F (CF3H) molecules are
presented for the prolate (oblate) case. Energy levels up to J = 5 are shown.

while the Hamiltonian for an oblate symmetric top has the form

Hobl.
rot = [B(J2

a + J2
b ) + CJ2

c )] (2.15)

= [BJ2 + (C −B)J2
c ].

Here, Ja (Jc) is the projection of the angular momentum J on the molecular symme-
try axis in the prolate (oblate) case. From these equations we derive the eigenvalues
for the angular momentum eigenstates |JK〉 in the molecular frame (see Fig. 2.2):

W pro.
rot = BJ(J + 1) + (A−B)K2 (2.16)

W obl.
rot = BJ(J + 1) + (C −B)K2. (2.17)

Here, J and K are the quantum numbers associated with J and Ja (Jc) [Kro75].
The angular momentum eigenstates are also eigenstates of the prolate and oblate
symmetric top Hamiltonian.
Ja, Jb and Jc are the projections of the angular momentum on the molecular frame.

Nevertheless, we have to consider the projections on the space fixed coordinates as
well to obtain the general symmetric top eigenstates. The transformation from
the molecule-fixed to the space-fixed projections is given by Jα = SαiJi with α ∈
{A,B,C} and i ∈ {X, Y, Z}. Since the rows and the columns of the S matrix5

are vector operators with respect to Ji and Jα [Kro75], the following relations are
fulfilled:

[Ji, Sαj] = iεijkSαk (2.18)

[Jα, Sβi] = −iεαβγSγi.
5The components of the S matrix are referred to as direction cosine matrix elements. They are

presented in [Kro75].
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Table 2.1: Character table of the D∞ symmetry group and the assignment to the K
quantum number. 2Cφ and ∞C2 are the conjugacy classes of the continuous rotations
around the z-axis and the two-fold rotations around any axis perpendicular to the z-axis,
respectively. The table is adapted from [Bun06, Mul09b].

|K| D∞ E 2Cφ ∞C2

0 Σ1 (even J) 1 1 1
0 Σ2 ( odd J) 1 1 −1
1 Π 2 2 cos(φ) 0
2 ∆ 2 2 cos(2φ) 0
3 Φ 2 2 cos(3φ) 0
...

...
...

...
...

This results in
[Ji, Jα] = 0. (2.19)

Therefore, the eigenstates of the symmetric top Hamiltonian must be simultaneously
eigenstates of J2, JZ and Ja (Jc) in the prolate (oblate) case. They are described by
|JKM〉 and fulfill the relations

J2|JKM〉 = J(J + 1)|JKM〉 (2.20)

Ja|JKM〉︸ ︷︷ ︸
prolate

= Jc|JKM〉︸ ︷︷ ︸
oblate

= K|JKM〉 (2.21)

JZ |JKM〉 = M |JKM〉 (2.22)

J±|JKM〉 =
√

(J ∓K)(J ±K + 1)|JK ± 1M〉 (2.23)

J±|JKM〉 =
√

(J ∓M)(J ±M + 1)|JKM ± 1〉, (2.24)

where J± = (Jx ∓ iJy) (prolate: x = b, y = c, oblate: x = a, y = b) and
J± = (JX ± iJY ).

The general characteristics of a symmetric top can be understood from group
theory as well. The symmetry group of the symmetric top allows to assign symmetry
properties to the individual energy levels of a symmetric top molecule.

The symmetric top rotor belongs to the D∞ symmetry group, which is the rota-
tion group of a cylinder [Bun06, Mul09b]. It includes continuous rotations about
one axis, and two-fold rotations about any axis perpendicular to the previous one.
The infinitely many representations (see Tbl. 2.1) are each assigned to a definite
|K| value, with the exception of |K| = 0 where two representations are assigned de-
pending on whether J is even or odd. The twofold degeneracy of the representations
with |K| > 0 corresponds to the two cases K = ±|K|.

In the upcoming paragraph, the asymmetric rotor eigenstates are defined by su-
perpositions of symmetric top eigenstates. Here, the symmetry representations asso-
ciated with a given symmetric top state can be used to determine which symmetric
top states do and do not contribute in a superposition.
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2.2.2 Asymmetric top molecules

The Hamiltonian of an asymmetric rotor is described by Eq. 2.12. For further
analysis it can be cast into a more convenient form:

Hasym.
rot = AJ2

a +BJ2
b + CJ2

c (2.25)

=
1

2
(A+ C)(J2

a + J2
c ) +BJ2

b +
1

2
(A− C)(J2

a − J2
c )

=
1

2
(A+ C)J2 +

1

2
(A− C)

[
J2
a +

2B − A− C
A− C

J2
b − J2

c

]
=

1

2
(A+ C)J2 +

1

2
(A− C)H(κ).

The constant κ = (2B −A−C)/(A−C) defines the parameter of asymmetry with
κ ∈ {−1, 1} [Kin43]. For B = C we obtain κ = −1 and Hasym.

rot reduces to the prolate
symmetric top Hamiltonian, while for B = A with κ = 1 the oblate symmetric top
Hamiltonian is obtained.

The matrix elements of the asymmetric top Hamiltonian can be expressed in the
symmetric-top basis states |JKM〉:

〈JKM |Hasym.
rot |JKM〉 =

1

2
(A+ C)J(J + 1) +

1

2
(A− C)〈JKM |H(κ)|JKM〉

(2.26)

〈J,K ± 2,M |Hasym.
rot |JKM〉 = 〈J,K ± 2,M |H(κ)|JKM〉. (2.27)

Non-vanishing matrix elements exist only for ∆K = 0 and ∆K = ±2. The matrix
elements of the reduced Hamiltonian H(κ) are given by

〈JKM |H(κ)|JKM〉 = F [J(J + 1)−K2] +GK2 (2.28)

〈J,K ± 2,M |H(κ)|JKM〉 = H[f(J,K ± 1)]1/2, (2.29)

where the function f(J,K ± 1) is defined by

f(J,K ± 1) =
1

4
[J(J + 1)−K(K ± 1)]× [J(J + 1)− (K ± 1)(K ± 2)]. (2.30)

To obtain the matrix elements given in Eq. 2.28 and Eq. 2.29, the relations

〈JK|J2
x |JK〉 = 〈JK|J2

y |JK〉 =
1

2
[J(J + 1)−K2] (2.31)

〈JK|J2
y |J,K + 2〉 =

1

4
{[J(J + 1)−K(K + 1)]× [J(J + 1)− (K + 1)(K + 2)]}1/2

= −〈JK|J2
x |J,K + 2〉 (2.32)

have been used. The coefficients F,G,H are given in Tbl. 2.2 for the different iden-
tifications of the principal axes a, b, c with a right-handed, body-fixed, coordinate
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Table 2.2: Identifications of the principal axes a, b, c in a right-handed, body-fixed,
coordinate system x, y, z and the corresponding coefficients F,G,H used in the matrix
elements (see Eq. 2.28 and Eq. 2.29) of the Hamiltonian. The table is adapted from [Kin43].

x y z F G H
Ir b c a 1

2
(κ− 1) 1 −1

2
(κ+ 1)

IIr c a b 0 κ 1
IIIr a b c 1

2
(κ+ 1) −1 1

2
(κ− 1)

system x, y, z. Note that the resulting energy-level structure is independent of the
representation. The choice of a specific representation has, however, consequences
for the ease of calculating the energy-level structure. For an asymmetry value κ→ 1
the identification IIIr is most convenient, while for κ → −1 and κ → 0 the identi-
fications Ir and IIr are the best choice. This is due to the fact that the coefficient
H of the off-diagonal elements becomes small and vanishes in the limiting cases of
(κ = 1, IIIr) and (κ = −1, Ir) (Tbl. 2.2). For κ = 0 in the IIr identification H does
not vanish but the coefficients for the diagonal elements F and G do.

Diagonalization of the asymmetric top Hamiltonian leads to the eigenstates and
eigenenergies (see Fig. 2.3)

|JτM〉 = |JKAKCM〉 =
∑
K

aJτMK |JKM〉 (2.33)

WJτM =
1

2
(A+ C)J(J + 1) +

1

2
(A− C)WJτM(κ). (2.34)

The eigenstates, which are labelled either by |JτM〉 or |JKAKCM〉, are defined
in the symmetric top basis. τ = KA − KC is a pseudo-quantum number derived
from the quantum numbers KA and KC of the limiting prolate and oblate case. The
parameter τ ranges from −J to J and labels the states with increasing energy. The
assignment is described in the following. The quantum numbers KA and KC are
alternately increased and decreased from 0 to J and from J to 0, respectively. This
assignment guarantees that there are no crossings of the energy levels over the entire
range of κ (see Fig. 2.3).

The quantum numbers KA and KC display the symmetry properties of the asym-
metric rotor states: In contrast to the symmetric rotor, which belongs to the D∞
symmetry group (rotations about the symmetry axis), the asymmetric rotor belongs
to the D2 symmetry group consisting of the group elements (E,Ca

2 , C
b
2, C

c
2) [Kin43].

Here, E is the identity and Ci
2 is a rotation by π about the i-axis. Table 2.3 shows

the irreducible representations of the group and the character assignments to the
conjugacy classes which in this case are given by the group elements themselves.
Here, the representation A behaves symmetrically with respect to rotations by π
about any axis, while the representations Bi behave symmetric only for rotations
about the i-axis. All representations are one-dimensional. Therefore the action of a
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Figure 2.3: Rotational energy levels for J = 1 (a), J = 2 (b) and J = 3 (c) of the
asymmetric rotor as a function of the asymmetry parameter κ . The rotational constants
A = 9.4 cm−1 and C = 1.3 cm−1 are taken from formaldehyde (H2CO), and B is varying
linearly with κ [Mot08]. The rotational energy levels of formaldehyde are obtained for
B = 1.13 cm−1 corresponding to κ = −0.96, which is indicated by the red dashed lines.
For κ = −1 (κ = 1) the asymmetric rotor passes into a prolate (oblate) symmetric top.
In (d) the energy levels of formaldehyde up to J = 9 are presented as functions of the
pseudo-quantum number τ .

group element and its attributed character in a given representation are the same.
The assignment of an asymmetric rotor eigenstate with quantum numbers KA and
KC (or τ) to an irreducible representation presented in Tbl. 2.3 is therefore obtained
from the relations

Ca
2 |JKAM〉 = ei2πKA/2|JKAM〉 = (−1)KA|JKAM〉 (2.35)

Cc
2|JKCM〉 = ei2πKC/2|JKCM〉 = (−1)KC |JKCM〉, (2.36)

which are valid in the limiting prolate and oblate cases.
The asymmetric rotor states |JτM〉 are eigenstates of the D2-symmetry group.

As denoted by Eq. 2.33 the asymmetric rotor eigenstates can be expanded as super-
positions of symmetric top eigenstates |JKM〉. These are, however, not eigenstates
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Table 2.3: Character table for the symmetry group D2 and symmetry properties of the
asymmetric rotor levels as a function of KA and KC . e and o designate even and odd
parity of the quantum numbers KA and KC . The table is adapted from [Kin43].

D2 E Ca
2 Cb

2 Cc
2 KA KC

A 1 1 1 1 e e
Ba 1 1 −1 −1 e o
Bb 1 −1 1 −1 o o
Bc 1 −1 −1 1 o e

Table 2.4: Representation classification of symmetric rotor Wang linear combinations
(D∞) under the representations of the asymmetric rotor (D2) states. The representation
assignments are given for a general coordinate system (x, y, z) in the molecular frame,
which can be identified with Ir, IIr and IIIr. (Table adapted from [Kin43] and [Mul09b].)

K D∞ J + γ D2 Ir IIr IIIr

0 Σ1 e A A A A
0 Σ2 o Bz Ba Bb Bc

o
o

Π,Φ, etc.
e
o

By

Bx

Bc

Bb

Ba

Bc

Bb

Ba

e
e

∆,Γ, etc.
e
o

A
Bz

A
Ba

A
Bb

A
Bc

of the D2-symmetry group. On the other hand, Wang linear combinations of sym-
metric top eigenstates belong to the D2-symmetry group [Kro75]. They are defined
by

|J |K|Mγ〉 =
1√
2
{|J |K|M〉∗ + (−1)γ|J − |K|M〉∗} (2.37)

|J0M0〉 = |J0M〉∗, (2.38)

where |JKM〉∗ = (−1)β|JKM〉 with β = max{K,M} and γ ∈ {0, 1}.6 They can
be used to assign irreducible representation of the D2-symmetry group to irreducible
representation of the D∞-symmetry group, as shown in Tbl. 2.4. In an expansion
of an asymmetric rotor state by Wang linear combinations the symmetry must be
preserved. This can be used to find out which symmetric top eigenstates contribute
in an expansion. This leads to a significant simplification in the diagonalization of
the asymmetric rotor Hamiltonian.

6γ = 0 for K = 0.
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2.3 The response of a neutral molecule to an ex-

ternal electric field

The properties of molecules exposed to an electric field are versatile. Irrespective
of the charge neutrality, an asymmetric charge distribution will lead to interactions
with an external electric field. In this section the basic properties of polar molecules
in a static electric field are described. To derive an expression for the behavior of
a neutral molecule in an external electric field, the Hamiltonian describing the dy-
namics of its charged building blocks and their interaction with the external electric
field is used. The Hamiltonian is given by

H = Hmol +Hint, (2.39)

where Hmol is the field-free Hamiltonian of the charged particles including electrons
and nuclei (see Eq. 2.2) and Hint describes the contribution of the external electric
potential. These individual parts are represented by

Hmol =
n∑

α=1

p2
α

2mα

+
1

4πε0

n∑
α=1

∑
β<α

qαqβ
| xα − xβ |

(2.40)

Hint =
n∑

α=1

qαφ(xα). (2.41)

The scalar potential of the external field is given by φ(x). Here, n is the number
of charged particles and xα (pα) are the spatial coordinates (momenta) of the α-th
particle of charge qα. To derive the collective response of the particles in the external
field a Taylor-expansion of the scalar potential at the center of mass fixed at x = 0
is used:

φ(x) = φ(0) + x · ∇φ(0) +
1

2

∑
i

∑
j

xixj
∂2φ

∂xi∂xj
(0) + . . . . (2.42)

We can neglect the second-order quadrupole term and higher-order terms of the
Taylor-expansion using the assumption that −∇φ(0) = E(0) is constant over the
dimensions of the molecule. This results in the interaction term

Hint =
n∑

α=1

−qαxα · E(0), (2.43)

which is referred to as the Stark-interaction Hamiltonian. The sum
∑n

α=1 qαxα is
defined as the dipole moment d of the molecule.

In our model we assume that the influence of E(0) on the structure of the molecule
is small. In comparison to the inner electric forces between its charged components,
the influence of E(0) on the trajectories xα can be treated as a small perturbation.
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Nevertheless, this does not imply that d is constant. In general d depends on the
external electric field E.

For a molecule in the state |ψ〉 the average dipole moment 〈d〉 can be obtained
from the average value of the interaction Hamiltonian

Wint = 〈ψ|Hint|ψ〉 . (2.44)

Making use of the Hellmann-Feynman theorem [Atk05], the average molecular dipole
moment is obtained from

〈d〉 = −∇EWint = −〈ψ|∇EHint|ψ〉 . (2.45)

With the expansion of Eq. 2.44 with respect to the electric field E

Wint(E) = Wint(0) +∇EWint(0) · E +
1

2

∑
i

∑
j

∂2Wint

∂Ei∂Ej
(0)EiEj + . . . , (2.46)

and considering Eq. 2.45, the dipole moment can be approximated by

〈d〉(E)i = −∇EWint(0)i −
1

2

∑
j

∂2Wint

∂Ei∂Ej
(0)Ej − . . . (2.47)

= d0
i +

∑
j

aijEj + . . . (2.48)

Here d0 is the permanent dipole moment and a the linear polarizability tensor,
which defines the components of the induced dipole moment to the first order.

2.4 Stark interaction of a rigid rotating molecule

The Born-Oppenheimer approximation outlined in section 2.1 allows for a separation
of the molecular state into an electronic |ψe〉 and a nuclear part which describes
the rotational and vibrational (rovibrational) motions of the nuclei |ψrv〉, |ψ〉 =
|ψe〉 |ψrv〉. The rovibrational state can be factored further into a vibrational and
rotational part |ψrv〉 = |ψv〉 |ψr〉. This is a valid approximation in the limit of
low excitations, where the vibration-rotation interaction term in Eq. 2.10 can be
neglected. Therefore, the average value of the dipole moment can be expressed by

〈ψ|d|ψ〉 = 〈ψr|〈ψv|〈ψe|d|ψe〉|ψv〉|ψr〉 = 〈ψr|dev|ψr〉. (2.49)

Here, the operator dev is obtained from the dipole moment operator d evaluated
for the electronic state |ψe〉 and vibrational state |ψv〉. The molecules used in our
experiments are in their electronic and vibrational ground state, except for the
molecules experiencing vibrational inversion motion as discussed in section 2.4.1.
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In an external electric field the Stark effect mixes states which are coupled by
the electric dipole moment. For typical laboratory electric fields strong mixing is
particularly pronounced for the rotational states |ψr〉, due to their closely spaced
energy levels.7 This results in the orientation of the molecule and with it the dipole
moment dev along the electric field direction. Therefore, we strongly focus on the
rotational states in the following discussions.

In the case of a rigid rotating molecule, in the rotational state |ψr〉 the dipole
moment operator can be expressed by

(dev)i = S−1
iα µα = Sαiµα, (2.50)

where µα are the projections of the dipole moment on the molecule-fixed axes and
S the matrix which relates the molecule-fixed axes (α) to the space-fixed axes (i)
[Kro75]. The S-matrix determines the orientation of the molecule with respect to
an external electric field E, which defines the space fixed axes.

Since all types of rigid rotor states |ψr〉 can be described by a sum |ψr〉 =∑
JKM aJKM |JKM〉 of the symmetric rotor states |JKM〉, the evaluation of the

matrix elements

〈JKM |(dev)i|J ′K ′M ′〉 = µα〈JKM |Sαi|J ′K ′M ′〉 (2.51)

is sufficient. By employing the Wigner-Eckart theorem [Sak94], we derive

〈JKM |Sαi|J ′K ′M ′〉 = 〈J‖S‖J ′〉〈JK|sα|J ′K ′〉〈JM |si|J ′M ′〉, (2.52)

where the Clebsch-Gordan coefficients 〈JK|sα|J ′K ′〉 and 〈JM |si|J ′M ′〉 contain the
K and M dependence and 〈J‖S‖J ′〉 describes the reduced matrix element [Sak94].
The values of these factors are taken from [Kro75] and listed in Tbl. 2.5.

2.4.1 Stark effect for symmetric top molecules

In the case of a symmetric-top molecule the states |JKM〉 are eigenstates of the un-
perturbed symmetric-top Hamiltonian (see subsection 2.2.1). The applied external
electric field E = EZeZ defines the quantization axis Z. This results in

(dev)Z = µZ = SxZµx + SyZµy + SzZµz (2.53)

= SzZµz, (2.54)

since µx = µy = 0 for symmetric top molecules.8 This leads to the matrix elements

〈JKM |µZ |J ′K ′M ′〉 = µz〈JKM |SzZ |J ′K ′M ′〉 (2.55)

= µz〈J‖S‖J ′〉〈JK|sz|J ′K ′〉〈JM |sZ |J ′M ′〉δKK′δMM ′ ,

7Apart from accidental degeneracies, the energy-level spacing for electronic and vibrational
states is typically orders of magnitude larger than the spacing between rotational energy levels
[Dem03].

8Here, z = a (z = c) for a prolate (oblate) symmetric rotor. x and y are assigned to principal
axes concordantly.
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Table 2.5: Direction cosine matrix elements for symmetric top states. The table is
adapted from [Kro75].

J ′ = J + 1 J ′ = J J ′ = J − 1
〈J‖S‖J ′〉 1

(J+1)
√

(2J+1)(2J+3)

1
J(J+1)

1

J
√

(2J+1)(2J−1)

〈JK|sz|J ′K〉
√

(J +K + 1)(J −K + 1) K
√

(J +K)(J −K)

〈JK|s±|J ′K ± 1〉 ∓
√

(J ±K + 1)(J ±K + 2)
√

(J ∓K)(J ±K + 1) ±
√

(J ∓K)(J ∓K − 1)

〈JM |sZ |J ′M〉
√

(J +M + 1)(J −M + 1) M
√

(J +M)(J −M)

〈JM |s∓|J ′M ± 1〉 ∓
√

(J ±M + 1)(J ±M + 2)
√

(J ∓M)(J ±M + 1) ±
√

(J ∓M)(J ∓M − 1)

a s± = sx ± isy and s∓ = sX ∓ isY .

which are diagonal with respect to K and M . Using the expressions for the direction
cosines provided in Tbl. 2.5 we obtain

〈JKM |µZ |JKM〉 = µz
KM

J(J + 1)
, (2.56)

〈JKM |µZ |J + 1KM〉 = µz

[
(J +K + 1)(J −K + 1)(J +M + 1)(J −M + 1)

(J + 1)2(2J + 1)(2J + 3)

]1/2

,

(2.57)

〈JKM |µZ |J − 1KM〉 = µz

[
(J +K)(J −K)(J +M)(J −M)

J2(2J − 1)(2J + 1)

]1/2

. (2.58)

To obtain the eigenenergies and eigenstates for a symmetric top molecule in an
electric field, the full Hamiltonian Hsym

rot + Hint has to be diagonalized. This is
shown for CH3F and CF3H in Fig. 2.4a and Fig. 2.4b, respectively.

A rough estimate of the Stark splitting in an electric field can be obtained by the
perturbation method. To second order the Stark-energy is given by

Wint = 〈JKM |Hint(|JKM〉+ |Φ′〉+ . . . ) (2.59)

= 〈JKM |Hint|JKM〉+
∑
J ′ 6=J

〈JKM |Hint|J ′KM〉〈J ′KM |Φ′〉+ . . .

= 〈JKM |Hint|JKM〉+
∑
J ′ 6=J

〈JKM |Hint|J ′KM〉〈J ′KM |Hint|JKM〉
WJK −WJ ′K

+ . . .

= −µzEZ
KM

J(J + 1)

+
µ2
zE

2
Z

2Bh

[
(J2 −K2)(J2 −M2)

J3(2J − 1)(2J + 1)
− [(J + 1)2 −K2][(J + 1)2 −M2]

(J + 1)3(2J + 1)(2J + 3)

]
+ . . . .
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Figure 2.4: Stark splittings for CH3F (prolate) and CF3H (oblate) are presented in (a)
and (b), respectively. The lines are obtained from a diagonalization of the respective
symmetric rotor Hamiltonian’s. In (a) the energy levels up to 10 cm−1 are magnified.

The expression

|Φ′〉 =
∑
J ′ 6=J

〈J ′KM |Hint|JKM〉
WJK −WJ ′K

|J ′KM〉 (2.60)

is the first-order correction of the unperturbed molecular state |JKM〉 due to the
interaction potential. The first term of Eq. 2.59 describes the linear Stark-shift d0

ZEZ
due to the permanent dipole moment (see Eq. 2.48), while the second-order term in
Eq. 2.59 determines the linear polarizability contribution aZZE

2
Z of the Stark-shift.

The sum over the K and M values is ignored because the matrix elements shown in
Eq. 2.55 are diagonal for these quantum numbers.

A particle possesses a permanent electric dipole moment and linear Stark shifts
only if a degeneracy of opposite parity eigenstates exists. This leads to non-parity
eigenstates of the Hamiltonian in the presence of an external electric field [Sak94].
The appearance of a permanent electric dipole moment for symmetric-top molecules
results from the ±|K| degeneracy, as evident from Eq. 2.16 and Eq. 2.18. The
|J |K|M〉 states are not parity eigenstates.9 Since the molecules have to obey par-
ity conservation in free space, they appear in the degenerate superposition states

9The |JKM〉 states are not eigenstates of the parity transformation σv|JKM〉 = (−1)J+K |J −
KM〉 (see [Kro75]), which describes a reflection in the ac-plane when c is the symmetry axis
(Cb2E

∗ = σv).
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Figure 2.5: (a) Potential energy of the inversion vibration motion. The inversion motion
is described by the coordinate h along the molecular symmetry axis. The positions of the
potential minima are designated by ±he. The two lowest lying states are given by the
symmetric vibrational ground state |+〉 and the antisymmetric first excited state |−〉. In
(b) the wave functions of the non-stationary states |R〉 (|L〉) as superpositions of |+〉 (|−〉)
are illustrated.

|ψ±〉 = 1/
√

2{|J |K|M〉±|J−|K|M〉}, which are eigenstates of opposite parity. They
are eigenstates of Hsym.

rot but not eigenstates of Hsym.
rot +Hint in the asymptotic limit

|E| → 0. On the other hand, the degenerate symmetric-top eigenstates |J ± |K|M〉
which are superpositions of the |ψ±〉 states, are eigenstates of Hsym.

rot + Hint in the
asymptotic regime. Therefore, symmetric-top molecules possess a nonvanishing per-
manent electric dipole moment and show a linear Stark shift (described by Eq. 2.59)
in an electric field.

Inversion splitting

For symmetric top molecules experiencing vibrational inversion such as NH3, the
Stark interaction behavior as discussed previously has to be revisited. When the
space inversion symmetry operation E∗ (see appendix B) becomes a feasible sym-
metry operation no permanent dipole moment and thereby no linear Stark shift
exists in the vibrational-ground state[Bun06]. In the case where the (symmetric)
ground-state |+〉 and the (antisymmetric) first excited state |−〉 of the inversion
vibrational motion (states of opposite parity) are close to degeneracy a permanent
dipole moment appears when these states are strongly mixed by an external electric
field.10

Here, for each rotational state |JKM〉 we obtain two by an energy of Winv dif-
ferent Stark-interacting states |±〉|JKM〉. If the Stark energy for these two states

10This is the case, when the energy difference of these vibrational states lies in the energy range
of the Stark energy.
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Figure 2.6: Stark splitting for ND3 including inversion splitting (Winv = 0.053 cm−1).
The curves are obtained from a diagonalization of the ND3 rotational Hamiltonian. The
curves for J = 1 are magnified.

|±〉|JKM〉 with respect to a given electric field strength is comparable or greater
than the inversion energy Winv, the states are strongly coupled and a solution can
no longer be obtained by means of perturbation theory.

By neglecting all other higher-lying rotational states that can interact with the
given rotational state |JKM〉 (see Tbl. 2.5) an exact solution that incorporates
the closely spaced inversion states can be found. The Schrödinger equation of this
problem is formed by

H|ψ〉 = (Hrot +Hinv +Hint)|ψ〉 = W |ψ〉, (2.61)

which leads to the matrix equation(
〈+|H|+〉 〈+|H|−〉
〈−|H|+〉 〈−|H|−〉

)
J,K,M

(
a1

a2

)
= W

(
a1

a2

)
(2.62)

⇔

(
Wrot −W −µ±|E| MK

J(J+1)

−µ±|E| MK
J(J+1)

Wrot +Winv −W

)(
a1

a2

)
= 0 (2.63)
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for a given rotational state |JKM〉. The coefficients a1 and a2 describe the super-
position ratios of |±〉|JKM〉 for the new eigenstates, where µ± = 〈+|µ|−〉 is the
dipole moment evaluated for the inversion vibration states, and Winv describes the
inversion energy splitting. Solutions for the molecular energy in an electric field are
given by

W1,2 = Wrot +
Winv

2
±

√(
Winv

2

)2

+

(
µ±|E|

MK

J(J + 1)

)2

. (2.64)

The corresponding eigenstates are formed by |ψ1〉 = (a2|+〉 + a1|−〉)|JKM〉 and
|ψ2〉 = (a1|+〉 − a2|−〉)|JKM〉. The electric-field dependence for the mixing coeffi-
cients is given by the equations [Tow75]

a1,2(|E|) =


√
W 2
inv + 4

(
µ±|E| MK

J(J+1)

)2

±Winv

2

√
W 2
inv + 4

(
µ±|E| MK

J(J+1)

)2


1/2

. (2.65)

In the case when µ±|E|MK/(J(J + 1)) is smaller than the inversion splitting Winv,
the Stark energy depends on |E|2, while a linear dependence on the electric field
is observed in the case where µ±|E|MK/(J(J + 1)) is greater than the inversion
splitting. In the limiting cases of the electric field, the coefficients a1,2 take on the
following values:

lim
|E|→0

⇒ a1 → 1 a2 → 0 (2.66)

lim
|E|→∞

⇒ a1 →
1√
2
a2 →

1√
2
. (2.67)

In high electric fields the molecular inversion is strongly hindered due to the higher
splitting caused by the electric field. This results in the asymptotic states |R〉 =
1/
√

2(|+〉 + |−〉) and |L〉 = 1/
√

2(|+〉 − |−〉). These are not parity eigenstates.
They display the fixed orientation of the molecular symmetry axis with respect to
the electric-field axis. This can be visualized by the corresponding wave function
(see Fig. 2.5b), which is largely concentrated on the right (|R〉) or left side (|L〉)
with respect to the mirror plane of the molecule inversion. An example for the
Stark effect of a molecule exhibiting inversion splitting is presented in Fig. 2.6 for
ND3. Note that we use ND3 and not NH3 due to the larger inversion splitting of the
latter one (WND3

inv = 0.053 cm−1 and WNH3
inv = 0.79 cm−1). The larger energy spacing

for NH3 results in lower mixing of the Stark interacting states and therefore in a
weaker Stark shift as compared to ND3.
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Table 2.6: The dipole-moment-coupling relations for the different rotational states of
an asymmetric rotor are shown in the table. The selection rules for the quantum numbers
KA and KC are presented as well. The table is adapted from [Kro75].

µa A↔ Ba Bb ↔ Bc ∆KA = even
ee eo oo oe ∆KC = odd

µb A↔ Bb Ba ↔ Bc ∆KA = odd
ee oo eo oe ∆KC = odd

µc A↔ Bc Ba ↔ Bb ∆KA = odd
ee oe eo oo ∆KC = even

2.4.2 Stark effect for asymmetric-top molecules

The interaction Hamiltonian for an asymmetric top molecule in an external electric
field E = EZeZ is given by

Hint = −(dev)ZEZ = −µZEZ = −EZ(SaZµa + SbZµb + ScZµc). (2.68)

When the eigenstates |JτM〉 of the unperturbed asymmetric rotor Hamiltonian,
are expressed in terms of their expansion in the symmetric top basis described by
Eq. 2.33, the matrix elements of the dipole moment operator are found to be:

〈JτM |µZ |J ′τ ′M ′〉 =
∑
α

µα〈JKM |SαZ |J ′K ′M ′〉 (2.69)

=
∑
α

µα〈J‖S‖J ′〉〈JM |sZ |J ′M ′〉δMM ′

×
∑
KK′

aJτMK aJ
′τ ′M ′

K′ 〈JK|sα|J ′K ′〉

In contrast to the matrix elements of the symmetric top given in Eq. 2.55, the
matrix elements are diagonal in M only. Due to the larger number of coupling
terms, a rough estimate of the Stark splitting from perturbation theory as described
in subsection 2.4.1 is hardly possible. Therefore, the eigenenergies and eigenstates
are in general obtained from the diagonalization of the full HamiltonianHasym.

rot +Hint.
This is shown for formaldehyde (H2CO) in Fig. 2.7.

To understand which eigenstates of the free asymmetric rotor Hamiltonian are
coupled by the dipole moment, we use the assignment of the molecule-fixed compo-
nents µα of the dipole moment operator with respect to the D2 symmetry group.
Since the vector component µαSαZ must change sign when rotations by π are applied
on the axes perpendicular to the α-axis, we derive from Tbl. 2.3 that µaSaZ , µbSbZ
and µcScZ belong to the Ba, Bb and Bc representation of the D2 symmetry group,
respectively [Kro75]. The matrix element 〈JτM |µZ |J ′τ ′M ′〉 is non-zero only if the
product of the representations Γ of the rotational states |JτM〉, |J ′τ ′M ′〉 and the
dipole moment µZ fulfills

Γ(|JτM〉)× Γ(µZ)× Γ(|J ′τ ′M ′〉) = A, (2.70)
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Figure 2.7: Stark splitting for H2CO (µa = 2.34 D) for electric fields up to 100 kV/cm
and rotational energies up to ∼ 90 cm−1. The curves are obtained from a diagonalization
of the H2CO asymmetric rotor Hamiltonian in the presence of an external electric field.
The curves up to J = 1,KA = 1,KC = 0 are magnified.

where A is the totally symmetric representation of the symmetry group. This results
from the vanishing integral rule [Bun06]. By using Eq. 2.70 we derive the coupling
relations which are listed in Tbl. 2.6.



Chapter 3

Electric guiding and production of
velocity-selected molecular
pulses

The Stark effect, that was introduced in the preceding chapter, can be used to
apply a force on (neutral but) polar molecules. This allows the confinement of slow
molecules with kinetic energies in the regime below ∼ 1 K in suitable electric fields.
In our experiments we use a two dimensional trapping configuration to produce a
guided slow molecular beam. The principles of this electric guiding technique are
outlined in this chapter.

In its original form, the technique of electric guiding is a method for produc-
ing a continuous beam of slow molecules [Ran03, Jun04a]. Here, we demonstrate
an extension of this technique which allows for the production of mono-energetic
molecular pulses by velocity selection. The latter is reminiscent of the first velocity-
selection experiment carried out by Eldrige in 1927 [Eld27] and employed in many
other experiments afterwards [Sco88]. In these experiments velocity selection was
achieved by mechanically chopping a continuous molecular beam effusing from a
slit. In our setup the selection is done electrically by switching the voltages ap-
plied to the electrode segments of the guide on and off in a specific sequence. The
switching times are adjusted to the desired molecular velocity. In this way molecular
pulses with a narrow velocity distribution around a desired velocity are obtained.
The main advantage of our method in comparison to a mechanical approach is the
transverse confinement of the molecular pulses by the ambient electric field. This
guarantees spatial addressability over large distances, which is a necessity for many
further applications [Wil08a, Saw10].

29
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3.1 Trapping polar molecules

To confine polar molecules in an inhomogeneous electric field the divergence of the
Stark-force field ∇ ·F(x) = −∇2Wint(|E|) needs to be negative within the region of
the trapping volume. This is known as the application of Earnshaw’s theorem for
polar neutral particles [Ear42]. In the case of polar molecules with a linear Stark
shift Wint = −µeff |E|, where µeff is the effective dipole moment, we obtain the
expression

F(x) = µeff∇|E(x)| (3.1)

=
µeff
|E|

3∑
i,j=1

(
∂2φ

∂xi∂xj

)(
∂φ

∂xi

)
ej (3.2)

for the Stark force, where φ is the scalar potential. With φ obeying the Laplace
equation

∇2φ(x) = 0, ∀x ∈ R3 (3.3)

the divergence of the Stark force is given by

∇·F =
µeff
|E|3

3∑
i,j,k=1

[(
∂φ

∂xk

)2(
∂2φ

∂xi∂xj

)2

−
(
∂φ

∂xi

)(
∂φ

∂xk

)(
∂2φ

∂xi∂xj

)(
∂2φ

∂xk∂xj

)]
,

(3.4)
where the contributions of the sum are always greater or equal to zero due to
Schwarz’s inequality. Therefore, the sign of the divergence depends solely on the
sign of µeff . For molecules experiencing a quadratic Stark shift Wint = −1/2αeffE

2,
where αeff describes the effective linear polarizability. In this case the divergence
of the Stark force is given by

∇ · F = αeff

3∑
i,j=1

(
∂2φ

∂xi∂xj

)2

. (3.5)

Analog to the linear Stark shift is the sign of the divergence in the case of the
quadratic Stark shift solely determined by αeff . In both of these cases, the sign of
µeff and αeff respectively, depends on the rotational state of the molecule as de-
scribed in section 2.4. Therefore, we can distinguish between two classes of molec-
ular rotational states. Molecules in ‘high-field-seeking’ (hfs) rotational states de-
fined by µeff > 0 (linear), αeff > 0 (quadratic) experience a negative Stark shift
while molecules in ‘low-field-seeking’ (lfs) rotational states with µeff < 0 (linear),
αeff < 0 (quadratic) experience a positive Stark shift when an electric field is
applied. Therefore, only molecules in low-field-seeking rotational states can be
trapped in a static inhomogeneous electric field around a field minimum (except
[Sek96, Jon97]).

As pointed out before the energetic limit for molecules with masses below 100 amu
that can be trapped in an electric field is around kinetic energies of ∼ 1 K. This
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Figure 3.1: The two dimensional electric guiding potential created by four identical
electrodes of alternating voltages is presented in (a). The SIMION software package is used
to simulate the electric field [Man06]. In (b) a contour plot visualizing the equipotential
lines is shown. The electric field along the x-axis for y = 0 and along the diagonal d-axis
is shown in (c) and (d), respectively.

is explained by the fact that low-field-seeking molecular states transform into high-
field-seeking states upon increasing electric fields beyond a certain field strength. As
can be seen from Eq. 2.59 and Tbl. 2.5 higher order contributions start to dominate
the Stark shift for increasing electric fields leading to this behavior.

The electric field used to confine molecules in our experiment is formed by ap-
plying high voltage to four parallel electrode rods (see Fig. 3.1). In the transverse
directions the electrodes, carrying alternating voltages of the same absolute value,
are positioned at the vertices of a square. In this configuration, a two dimensional
trapping potential is created, in which the molecules are confined in two directions
and can freely propagate in the longitudinal direction. The electric field is very
well approximated by the second order polynomial solution of the two dimensional
Poisson equation (see section A.1), which leads to the electric quadrupole potential

|E|(x) = a2

√
x2 + y2, (3.6)
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where a2 is the amplitude and x, y are the directions of confinement. Here, the
voltage and the spatial separation of the electrodes give the criterium for the electric
field strength.

3.2 Velocity filtering with an electric guide

The electric quadrupole transversely confines polar molecules in lfs-states, provided
their kinetic energy does not exceed the potential barrier. The Stark shiftWint(Emax)
at the maximum of the trapping field Emax determines the trap depth and thereby,
the maximum transverse velocity

vt,max = (v2
x + v2

y)
1/2 =

√
2Wint(Emax)

m
(3.7)

of the molecules in the guide. Here m is the mass of the molecule. As shown
in Fig. 3.2, a bend in the guide’s electrodes limits the molecular velocity in the
longitudinal direction. The longitudinal cutoff velocity is obtained by equating the
centrifugal force mv2

z/R to the restoring force ∼ Wint/r provided by the electric
field:

vz,max =

√
Wint(Emax)R

rm
=

√
R

2r
vt,max. (3.8)
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Here, R is the radius of curvature of the bend and r is the inner radius of the
guide given by the smallest distance between the guide center and the surface of the
electrodes (see Fig. 3.1a). This relation is valid for the case where R� r.

3.3 Flux of guided molecules

The flux of the guided molecules can be derived from the velocity distribution of a
free thermal gas in the case of a effusive source [Jun04a]. For molecules in a specific
rotational state |n〉 with Stark energy Wint,n, the flux Φn of guided molecules is very
well approximated by

Φn ∝
∫
Dvx,vy

f 1D(vx)f
1D(vy)

(∫ vz,max

vz=0

vzf
1D(vz)dvz

)
dvx,y, (3.9)

where Dvx,vy =
{
vx, vy ∈ R2 : v2

x + v2
y ≤ 2Wint,n/m

}
. Here, f 1D(vx,y,z) describes the

1-dimensional velocity distributions f 1D(vx,y,z) = (
√
πα)−1 exp(−v2

x,y,z/α
2), where

α =
√

2kBT/m, kB the Boltzmann constant and T the temperature. For α �
vt,max, vz,max we obtain from Eq. 3.9 and Eq. 3.8 that

Φn ∝ v4
t,max ∝ (Wint,n)2. (3.10)

This relation is not valid anymore for a small bend radius (R ∼ r) where Eq. 3.8
breaks down and/or a low temperature thermal gas (α ∼ vz,max or α ∼ vt,max, vz,max).

To obtain an expression for the total flux the thermal occupation of rotational
states |n〉 has to be considered. The occupation for a fixed temperature T is given
by

pn =
1

Z
gngIe

−Wn/kBT , (3.11)

with the partition function Z, the rotation energy Wn and the degeneracy factors gn
and gI for the rotational state and the nuclear spin states, respectively. The total
guided flux is given by

Φ =
∑
n

pnΦn ∝
∑
n

pnW
2
int,n. (3.12)

This yields that for molecules with only linear Stark shifts the flux depends quadrat-
ically on the trapping field (Φ ∝ E2

max). Molecules experiencing only quadratic Stark
shifts yield a quartic dependence between the flux and the trapping field (Φ ∝ E4

max)
[Mot09b].

An additional factor exp(−b/vz) is included in the integral of Eq. 3.9 to account for
collision losses in the vicinity of the molecule injection where the density is relatively
high. The factor b is proportional to the density at the injection region. As described
in [Mot09a], losses from the guided beam in this region are proportional to the time tc
spend in this region and thereby inversely proportional to the molecule’s longitudinal
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velocity vz, since tc ∝ 1/vz. In particular, the amount of guided molecules with
small longitudinal velocities is strongly affected by this attenuation effect. With
this included in our model, the flux is given by

Φn ∝ v2
t,max

∫ vz,max

vz=0

vze
−b/vzf 1D(vz)dvz ∝ v2

t,max

∫ vz,max

vz=0

vze
−b/vzdvz, (3.13)

in the case α � vt,max, vz,max. By omitting the velocity term vz in the integral for
the longitudinal velocities we obtain the guided density

nn ∝ v2
t,max

∫ vz,max

vz=0

e−b/vzf 1D(vz)dvz ∝ v2
t,max

∫ vz,max

vz=0

e−b/vzdvz. (3.14)

This is derived from the relation Φn = nnvzA between the flux and density of a
molecular beam with cross section A [Laf98].

3.4 Experimental setup

A schematic of the setup used to guide polar molecules is shown in Fig. 3.3. This
is the same setup that has been used for previous experiments and has been de-
scribed in detail elsewhere [Mot09a, Mot09b, Mot10]. It consists of three inter-
connected ultrahigh-vacuum chambers accommodating the electrodes of the electric
quadrupole guide. Four stainless-steel rods with a diameter of 2 mm in a quadrupole
configuration separated by 1 mm from each other constitute the electrodes of the
guide. Ceramic insulator mounts fix the position of the metallic holders for the
guide electrodes and thereby preserve the spacing between the electrodes.

The guide is split into four segments. Each guide segment is separated by a 1 mm
gap from its neighboring guide segments. The guide segments A and C made of bent
electrodes with a curvature radius of 5 cm are located in the first and second vacuum
chamber, respectively, while the segments B and D are placed in the differential
pumping sections connecting the vacuum chambers (see Fig. 3.3). The purpose of
the differential pumping sections is to isolate the different vacuum chambers from
each other. Each differential pumping section is made of two Macor brackets which,
when clamped together enclose a long distance of the guiding electrodes. Only the
hole given by the guiding volume in the section allows particles to travel from one
vacuum chamber to the other, thereby allowing to maintain a pressure difference
between the two adjacent vacuum chambers.

Molecules from a gas reservoir are injected into the guide through a ceramic tube
with 1.5 mm diameter, that is 1 mm distant from the first guide segment to avoid
discharges. The ceramic tube is thermally connected to a liquid nitrogen reservoir
to reduce the temperature of the incoming molecules and thus increase the amount
of slow, guidable molecules.1 A heater is installed to make temperature adjustment

1In addition, cooling of the nozzle/gas reduces the number of thermally populated states, as
discussed in [Mot10] and serves as a basis for the idea to use buffer-gas cooling.
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Figure 3.3: The experimental setup consists of three differentially pumped vacuum cham-
bers. In the first vacuum chamber molecules are injected into the guide through a ceramic
nozzle. A fraction of these molecules is guided via the four-segment electric guide to a
quadrupole mass spectrometer (QMS) where they are detected. The inset in the lower
right part of the figure depicts the transverse profile of the electric field. r is the free inner
radius of the guide, at which the maximum trapping field is reached. The lengths, l, and
curvatures, R, of the four segments are detailed in the table in the upper left corner of the
figure.

within a range of 100−400 K. This is needed to keep a reasonably high vapor pressure
and avoid resublimation of molecules on the tube. A turbo-molecular pump with a
pumping speed of 500 l/s is employed, to maintain a low pressure in the first chamber.
A base pressure of 10−9 mbar can be achieved without gas flow. Measurements are
typically carried out at an ambient pressure of 10−7 mbar.

The guided molecules are detected in the third vacuum chamber by a quadrupole
mass spectrometer (QMS, Pfeiffer QMG422) positioned 2.2 cm downstream from the
guiding electrodes. The guided molecules are ionized by electron impact and mass
filtered. Using a secondary-electron multiplier, single-ion counting is performed.
The electronic signal of the single-ion counts is amplified and shaped to TTL pulses.
With a multi-channel scalar card the TTL pulses representing single ion events are
summed up in a histogram. A typical time range in an experiment is ∼ 200 ms with
a time resolution of 10µs.
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Figure 3.4: The time-of-flight signal from a continuous guided beam of ND3 is presented
in (a). At t = 10 ms high voltage is applied to the guiding electrodes. The fastest
molecules reach the QMS after a few milliseconds. They are followed by slower molecules
and molecules of the same velocity that were injected into the guide at a later time. This
culminates in a steady-state-value. In (b) the velocity distribution extracted from the
TOF signal in (a) is presented. The velocity distribution is derived by differentiating the
TOF signal with respect to time and the conversion from time to velocity via Eq. 3.15.

3.5 Continuous guided beam

The molecules in the guide originate from a thermal (150 K) reservoir and popu-
late therefore many rotational states. Also velocities in a wide range are accepted
in the continuous beam (see section 3.3). Time-of-flight (TOF) measurements for
different guiding settings are performed to determine the guided beam properties
(see Fig. 3.4a). To perform these measurements, the high voltage on the guiding
electrodes is switched on and off in a fixed sequence. The signal obtained by the
QMS is proportional to the density of the guided molecules inside the QMS ion-
ization volume [Mot09a]. The arrival times of the fastest molecules after having
applied high voltage and the rising slope of the signal give information about the
velocity distribution of the guided molecules (see Fig. 3.4b). From the steady-state
QMS signal that appears after molecules of nearly every velocity of the full velocity
distribution are apparent in the beam the total density and flux of molecules can
be obtained. Also, the flux dependence with respect to the electrode voltage can
be derived. Therefore, according to section 3.3 the guided flux is related to the
signal via S(Emax) ∝ Φ(Emax)/

√
Emax due to Φ = n〈v〉A, where 〈v〉 is the average

longitudinal velocity and A the effective area of the beam.
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3.6 Velocity-selected molecular pulses

The molecules which are trapped in the electric guiding potential cover a large
range of longitudinal velocities. In our experiment we start with a continuous flow
of guided molecules whose flux is described by Eq. 3.13. This implies that under
steady-state conditions molecules with all possible longitudinal velocities are present
in the guide at every instant of time. To filter molecules with a certain longitudinal
velocity out of the total flux, a velocity-dependent selection scheme is applied. All
our experiments are performed at a relatively low reservoir pressure (1×10−2 mbar)
to avoid modifications of the velocity distribution stemming from collisions of slow
molecules with fast molecules near the exit of the ceramic tube [Mot09a].

3.6.1 Velocity-selection scheme

As described in section 3.4, the guide is composed of four segments, which can be
switched independently to a guiding or non-guiding configuration. By applying an
appropriate switching sequence to the guide segments, ideally only molecules that
continuously experience a guiding field are steered to the end of the guide. Most
of the other molecules are lost from the guide and do not reach the detector. This
results in molecular pulses characterized by a certain velocity and velocity spread.
The process is schematically presented in Fig. 3.5. At time t = 0 segment A is in
guiding configuration while segment B and C are switched off. Segment D is on
all the time to avoid switching transients in the response of the mass spectrometer.
Segment A remains on for time tA (tA ≡ toff

A ), during which molecules with all
possible longitudinal velocities below vz,max are guided. They cannot, however,
propagate farther through segment B. At time ton

B (ton
B < toff

A ), shortly before the
segment A is turned off, segment B is turned on. This gives rise to an overlap
time interval ∆tAB = toff

A − ton
B during which both segments are in the guiding

configuration. This ensures that in this time window molecules in the gap and
its immediate vicinity will experience a continuous electric quadrupole field and
can enter the subsequent segment without being disturbed by the switching of the
electric field. Thus the overlap interval defines a molecular pulse with duration
∆tAB containing molecules with all longitudinal velocities below the cutoff velocity
vz,max. This pulse traverses the gap and is launched into segment B, while segment
C remains off. The time interval during which segment B is in guiding configuration
depends on the desired longitudinal velocity vz,set according to tB = lB/vz,set, where
lB is the length of segment B. Just before segment B is switched off at time toff

B ,
segment C is turned on at time ton

C , resulting in the overlap interval ∆tBC = toff
B −ton

C .
This opens up a pathway for molecules to bridge the gap and enter segment C.
Segment A remains in non-guiding configuration. It is important to point out that
when moving along segment B, the initially short molecular pulse spreads along
the propagation line as a result of longitudinal velocity dispersion. Molecules that
arrive at the gap between segments B and C before segment C is switched on are
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Figure 3.5: In (a) the switching sequence of the electrodes is presented. In the time
intervals [ton

B , t
off
A ] and [ton

C , t
off
B ], respectively, two consecutive segments are in guiding con-

figuration. The pulse-production process is sketched in (b). z1, z2, and z3 are the distances
from the exit of the ceramic tube to the entrance of segment B, to the entrance of segment
C, and to the QMS, respectively. The transmission for certain velocities is schematically
presented in the z − t diagram in (c). The slopes of the black lines represent molecules
from different starting times that can overlap each other at the QMS position. The slopes
of the red dashed lines show the maximal and minimal velocities of the molecules in the
pulse.

lost. The same occurs for molecules which are too slow and are still in segment B
when the latter is turned off. Only the molecules whose velocity is matched to their
arrival time at the gap between segments B and C experience a continuous guiding
field and are accepted by segment C. Since the overlap intervals ∆tAB and ∆tBC are
not infinitesimally short, the velocity distribution of the molecules has a finite width
around the selected velocity. The center velocity as well as the minimum and the
maximum velocity of the molecules comprising the output molecular pulse arriving
at the detector can be graphically derived with the help of the z− t diagram shown
in Fig. 3.5. The guiding configurations are designated by the white boxes, while
the grey shading designates the non-guiding configurations. The slopes of the black
lines represent the lower and the upper boundaries for the velocity of the molecules
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arriving at the detector at time t. The slopes of the red dashed lines mark the lowest
and the highest admissible velocities in the produced pulse.

From the switching times, the maximal repetition rate of the pulses can be deter-
mined. The rate is given by the time the molecules need to move from the entrance
of the first segment to the exit of the second segment. This stems from the fact
that the first segment can be switched on again only when the molecular pulse has
entered the third guide segment. In our setup repetition rates of the order of a
few hundred Hertz can be realized for molecular pulses with velocities of a few tens
of m/s. To give an example, at a velocity of 60 m/s a maximal repetition rate of
∼ 210 Hz can be employed. In principle, higher repetition rates are attainable by
using a configuration with shorter segments.

3.6.2 Formation of molecular pulses

To determine the properties of the molecular pulses we have performed time-of-
flight measurements. The obtained information includes the shape of the pulse,
its intensity, its width, and its center velocity. Figure 3.6 shows the time of flight
signal S(t) of a molecular pulse with a center velocity of 60 m/s. The velocities of
the detected molecules are determined from their arrival times by converting the
acquired signal S(t) from the time domain to the velocity domain. This is done via
the relation

S(t)∆t =

[
S(t)×

(
t2

l

)]
∆vz = P (vz)∆vz, (3.15)

where t stands for the arrival time of the molecules relative to the middle of the
time interval [ton

C , t
off
B ], and l is the traversed length. The bin width of the histogram,

∆t = 10µs, is much smaller than all relevant time scales.
To rationalize the pulse formation we analyze velocity distributions at a selected

center velocity of 60 m/s (see Fig. 3.7). First, we performed time-of-flight measure-
ments switching off all four electrodes of the respective segments of the electric guide
to achieve the non-guiding regime. This non-guiding configuration of the electrodes
is referred to as grounded off-configuration (Fig. 3.7 (left inset)). The resulting ve-
locity distribution is given by the black filled-dotted curve in Fig. 3.7. The broad
shape results from molecules that survive in the guide during the off-configuration.
In our further discussion these molecules are referred to as residual molecules. These
molecules are not guided by an electric field but manage to reach the next guiding
segment simply by free rectilinear flight. The asymmetric shape of the broader ve-
locity distribution results from the bend in segment C after the gap (see Fig. 3.3).
Residual molecules whose velocities are higher than the desired velocity vz,set set by
the switching time ton

C can make it through the gap and enter segment C by free
rectilinear flight. If these molecules reach the bend of segment C at times t < ton

C

they escape from the guide. This leads to a reduction of the broadening at the high-
velocity side of the velocity distribution. On the other hand, residual molecules
whose velocities are smaller than the desired velocity vz,set, can remain in segment
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Figure 3.6: Time-of-flight signal for a pulse with a center velocity of 60 m/s. The
detector response is plotted against the arrival time of the molecules. The middle of the
time interval [ton

C , t
off
B ] corresponds to t = 0 in the plot. The distance the molecules traverse

during the time-of-flight measurement is the sum of the lengths of segments C and D, and
the gap of 2.2 cm between the end of the guide and the QMS. The depicted pulse has been
obtained with the gradient off-configuration (see text). Background contributions have
been subtracted from the raw data.

B and manage to reach segment C even at times t > toff
B by free rectilinear flight.

These molecules are guided in segment C since this segment is on for times t > toff
B ,

and thus contribute to the broadening of the velocity distribution at its low-velocity
side. To reduce the contribution of residual molecules to the pulse, we applied an-
other non-guiding configuration, termed gradient off-configuration, in which three
of the electrodes of the guide are switched off and one of the electrodes remains at
+4 kV [Fig. 3.7 (right inset)]. This non-guiding scheme results in a deflection field of
13 kV/cm in the guide center pushing the residual molecules out of the guide. This
leads to the narrowed velocity distribution given by the red open dots in Fig. 3.7.
The temporal profile of the corresponding pulse is shown in Fig. 3.6.

The overlap intervals have been optimized to maximize the number of molecules
per pulse without significantly increasing the width of the velocity distribution. The
duration of the overlap intervals has been adjusted proportional to 1/vz,set to ensure
that for every vz,set the molecules travel the same distance d during the overlap
times. In our experiment d = 8.4 mm. In this way molecules of all velocities experi-
ence the same switching transient fields. For our setup optimal overlap times around
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Figure 3.7: Normalized velocity distributions of pulses with an average velocity of 60 m/s
measured in two modes of operation: with the grounded off-configuration (black filled dots)
and with the gradient off-configuration (red open dots). For the guiding configuration,
+4 kV are applied to one pair of opposite electrodes while the other pair of opposite
electrodes is at 0 V, this leading to electric fields of up to ∼ 40 kV/cm. In the gradient
off-configuration the deflection field reduces the amount of molecules that can still enter
the successive guide segment. The asymmetric shape of the grounded off-configuration
peak results from the bend in segment C of the guide.

hundred microseconds are found. For example an overlap time of 140µs has been
used for ∆tAB and ∆tBC for the data shown in Fig. 3.7. An important parameter
of the segmented-guiding technique is the number of molecules in a pulse. To de-
termine this value we have used the background-subtracted data of the histograms
representing single-molecule detections of the QMS. Using a calibration of the QMS
discussed in subsection 4.3.2, we have estimated that the pulse at 60 m/s contains
105 molecules. This number can be increased to 106 molecules by increasing the
pressure in the reservoir [Mot09a]. As a next step, we compare the velocity dis-
tributions at different center velocities. In Fig. 3.8 the experimentally determined
velocity distributions of molecular pulses for several center velocities are displayed
by red dots. Overall, good agreement between the heights of the velocity distri-
butions of the velocity-selected pulses and the measured velocity distribution for
a continuous beam of guided molecules is found. This demonstrates that electric
switching does not lead to a reduction of the number of molecules at the desired
center velocity of the pulse.
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Figure 3.8: Experimental velocity distributions obtained from the continuous beam
(black dots with error bars from statistical uncertainties) and from the segmented guiding
(red dots). Monte-Carlo simulations of the velocity distributions are shown for continuous
and pulsed operation of the molecular guide by black solid curves. Both experimental and
simulated velocity distributions have been rebinned to 1 m/s.

To further substantiate the experimental results we compare them to the results
from Monte-Carlo simulations for a bent electric guide. The simulations employed
a model guide accounting for all physical aspects of the experiment and propagated
molecules with the appropriate parameters and starting conditions. The input range
of longitudinal velocities was from 10 m/s to 240 m/s. Simulations for pulsed opera-
tions as well as for continuous guiding (with all segments of the guide being on at all
times) have been carried out. As in the experiment, the velocities are obtained from
their arrival time in the detector with respect to the time ton

C + 1/2(∆tBC). Due to
the relatively large statistical uncertainties the simulated peaks have been smoothed
using the Savitzky-Golay smoothing filter [Pre96] employing a third-order polyno-
mial with 6 points. The simulated continuous velocity profile has been smoothed
as well using the above method with 30 points. The results of the simulations are
presented in Fig. 3.8 (black solid curves). Good agreement is found between the
experimental data and the simulations for the continuous beam as well as for the
pulses at different longitudinal velocities vz,set.
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3.6.3 The widths of the velocity distributions

The full width at half maximum (FWHM) of the velocity distributions, ∆vz, are
obtained from fits with Voigt profiles [Oli77]. In this way the ratios ∆vz,set/vz,set can
be derived. Overall, a value of ∆vz,set/vz,set = (16± 2)% is obtained for the relative
velocity spread. The non-zero width of the velocity distributions is attributed to
two effects, the finite duration of the overlap intervals proportional to 1/vz,set, and
the presence of residual molecules. In the following we describe these two effects
and their contributions to the widths of the velocity distributions in more detail.
The desired longitudinal velocity is determined by vz,set = lB/tB (see subsection
3.6.1). By differentiating this expression with respect to time and by substituting
lB/vz,set for tB, we obtain the following relationship between the pulse width and
the width of its velocity distribution,

|∆vz,overlap| =
(
v2
z,set

lB

)
∆tB. (3.16)

The two short but non-zero overlap intervals ∆tAB = ∆tBC = d/vz,set (d � lB)
determine a triangular velocity distribution resulting from a convolution of two
rectangular velocity distributions. Therefore we obtain the following relation for
the FWHM of the velocity distribution stemming from the finite overlap intervals,

∆vz,overlap =

(
d

lB

)
vz,set. (3.17)

We determine that ∆vz,overlap/vz,set = 5% for our settings. From the measured widths
we can conclude that residual molecules substantially contribute to the observed
broadening. Therefore, decreasing the overlap intervals to smaller values does not
lead to much narrower velocity distributions. Indeed, we have observed that for
shorter overlap intervals of a few tens of microseconds the widths of the velocity
distributions do not decrease significantly. They are an order of magnitude broader
than expected from Eq. 3.17 for these short overlap times. Additionally, a substantial
reduction in peak height is observed for the slowest pulse with a center velocity of
20 m/s. This additional reduction has not been seen with overlap times of a few
hundred microseconds. The residual molecules manage to reach the subsequent
segment shortly before or shortly after the overlap intervals. The number of these
molecules depends on the mean survival time τ they can spend in the gradient off-
configuration before being kicked out by the deflection field. This time τ depends
on the transverse velocity of the molecules and on the strength of the deflection
field. For a straight guide, both the transverse velocity and the strength of the
deflection field are independent of the set velocity vz,set. Indeed, we have verified
this by fitting the transverse velocity distributions obtained from the Monte-Carlo
simulations with Gaussian profiles. The fits demonstrate that for all longitudinal
velocities vz,set the average value of the transverse velocity roughly equals 7 m/s.
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To account for the broadening resulting from residual molecules in addition to
the broadening stemming from the finite overlap time, we use the following model
including both effects. Let tB = toff

B − ton
B (see Fig. 3.5). Let us also first assume that

there are no residual molecules in the vicinity of the gap between segments A and
B, and the overlap time ∆tAB = 0. This assumption implies that the broadening of
the velocity distribution originates only from the finite overlap time ∆tBC and from
residual molecules in the vicinity of the gap between segments B and C. The mini-
mum velocity vmin

z at which molecules in segment B can still reach the subsequent
segment C is

vmin
z =

lB
(tB + τ)

. (3.18)

The maximum velocity vmax
z at which some molecules remain guided in segment C

is

vmax
z =

lB
(tB − τ −∆tBC)

. (3.19)

After substituting tB = lB/vz,set, the above expressions are transformed into

vmin
z =

lBvz,set

(lB + vz,setτ)
(3.20)

vmax
z =

lBvz,set

(lB − vz,set(τ + ∆tBC))
, (3.21)

respectively. The difference between vmax
z and vmin

z defines a rectangular distribution
of longitudinal velocities determined by the overlap time ∆tBC and the survival time
τ of the residual molecules in the vicinity of the gap between segments B and C. By
analogy, the same model is applicable to the gap between segments A and B if we
assume that now there are residual molecules only in the vicinity of the gap between
segments A and B, ∆tAB > 0, and ∆tBC = 0. The overall velocity distribution is
thus obtained by the convolution of the two rectangular velocity distributions. The
resulting velocity distribution has a triangular profile with a FWHM given by the
formula

∆vz =
lBv

2
z,set(2τ + ∆tBC)

(lB − vz,setτ)(lB + vz,set(τ + ∆tBC))
(3.22)

for a guide without bends. It is obvious that for infinitesimally short survival times
τ (τ → 0) and for overlap times satisfying the condition d� lB, the above formula
reduces to Eq. 3.17. In this model the survival time τ can be considered as an
effective additional overlap time.

To be able to verify the analytical model and to determine τ , we have performed
simulations for a segmented straight guide with experimental conditions similar to
the ones in the real experiment with the bent guide. The FWHM of the velocity
distributions of the molecules reaching the QMS have been fitted to ∆vz, result-
ing in τ = 244µs as shown in Fig. 3.9. This value agrees with our estimate of
∼ 100µs based on typical field strength of our deflection field. Note that the mean
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Figure 3.9: FWHM of the velocity distributions are presented as a function of the mean
velocity of the distribution for both the experimental data (red circles) and the Monte-
Carlo simulations for the bent guide (black inverted triangles) and the straight guide
(gray triangles). The widths are obtained from fits of the velocity distributions with Voigt
profiles. The solid curve represents the analytical model for τ = 244µs (see text and
Eq. 3.22). There are no points for the bent guide for velocities above 100 m/s since these
velocities approach the longitudinal cut-off velocity of our electric guide, and hence the
molecular flux is strongly reduced (see Fig. 3.8).

longitudinal velocities tend to shift to values higher than vz,set, especially for large
vz,set (See gray points in Fig. 3.9). This effect is caused by non-deflected molecules
as well, which are more likely to reach the detector at high longitudinal velocities.
For vz,set ≥ 120 m/s disagreement between the analytical model and the simulation
appears due to the limited range of generated velocities. This shows that molecules
with velocities beyond the generated range of velocities contribute to these pulses.
That is why bends are required to avoid contributions from high-velocity molecules
and to keep the mean velocity close to vz,set. The FWHM of the velocity distri-
butions for the bent guide are presented as a function of the mean velocity of the
distribution for both the experimental data and the Monte-Carlo simulations in
Fig. 3.9 (red circles and inverted triangles, respectively) as well. The results were
obtained from fits of the velocity distributions with Voigt profiles. Good agreement
is found between experimental data and simulations. This indicates that the main
broadening effects, finite overlap times and contribution of residual molecules, are
well understood. Compared to the straight guide, the widths increase less strongly
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at high vz,set. This is caused by the second bend, which accepts molecules only while
being in guiding configuration whereas in a straight guide larger contributions arise
from residual molecules (which can survive the deflection fields during time τ). This
clearly shows that the second bend reduces the broadening of the peaks.

An interesting aspect is the effect of the different elements of the guide on the
behavior of the molecular pulses which is important for the optimization of the
experimental setup. Towards this end, we looked at the results from the Monte-Carlo
simulations. We recorded the instantaneous velocities of the propagated molecules
at the beginning of the guide and at the detector and compared them with velocities
obtained from their time of flight. The pulses in the time domain for the velocities of
80 m/s and 100 m/s produced at the beginning of the guide are much narrower than
the ones produced at the detector. This can be explained by velocity dispersion in
the guide. Another reason for this effect, however, might be velocity mixing, which
is most likely to occur in the bends of the molecular guide. To study this effect we
compared the simulated initial (at the entrance of the guide) velocity distribution of
the molecules reaching the detector with their simulated final velocity distribution
at the position of the detector. The two velocity distributions are very similar, which
implies that the longitudinal velocities do not alter strongly during the propagation
in the guide. Therefore, we conclude that no observable velocity mixing occurs in
the bends and that the only reason for the pulse broadening in the time domain
under our experimental conditions is the velocity dispersion.

3.6.4 Transverse velocity distribution of velocity-selected
molecular pulses

To further characterize the molecular pulses obtained by velocity selection, the QMS
ionization volume is swept perpendicular to the propagation axis. This allows to map
out the transverse velocity distribution of the molecules leaving the electric guide
(Fig. 3.10). The QMS is placed 2.2 cm downstream from the guiding electrodes. The
spatial profile of the field-free molecular beam at that distance is already determined
by the transverse velocity distribution of the guided molecules and not by the spatial
distribution of the molecules in the guide anymore. Note that the ionization volume
is much smaller than the extent of the beam at that distance (total width of ∼ 2 mm
along the sweep direction [Mie10]). A rigorous treatment on electric guiding of polar
molecules in a quadrupole guide is set out in the Appendix A.3.

Due to the well-known velocity of a molecular pulse in the longitudinal direction
the spread of the spatial profile in the transverse directions can be directly related to
transverse velocities. The error margin is dominated by the width of the longitudinal
velocity distribution of the molecular pulse. From simulations we have derived that
the transverse velocity distribution in the guide is independent of the longitudinal
velocity. This is shown in Fig. 3.10b. The small differences in the transverse velocity
distributions for the different longitudinal velocity distributions in Fig. 3.10 result
from the finite size of the ionization volume.



3.6 Velocity-selected molecular pulses 47

-1 -0.5 0 0.5 1
0

0.2

0.4

0.6

0.8

1

x (cm)

N
o
rm

a
liz

e
d
 s

ig
n
a
l

-30 -20 -10 0 10 20 30
0

0.2

0.4

0.6

0.8

1

Velocity (m/s)

N
o
rm

a
liz

e
d
 s

ig
n
a
l

(b) (c)

40 m/s
60 m/s
80 m/s

100 m/s

40 m/s
60 m/s
80 m/s

100 m/s

2.2 cm

electric guide
ionization
volume

ionization
volume

x-axis

z-axis

2.2 cm

z-axis
electric guide

(a)

longitudinal
velocity vz

longitudinal
velocity vz

Figure 3.10: The process to obtain the transverse profiles is explained in (a). In (b)
the transverse spatial distributions of pulses with different longitudinal velocities ranging
from 40 to 100 m/s measured at a distance of 2.2 cm downstream from the guide exit are
presented. In (c) the corresponding transverse velocity distributions are derived from the
longitudinal velocity, the distance between the guide exit and the ionization volume of the
QMS as shown previously, and the distance x of the ionization volume to the guide axis
presented in (b). The solid lines represent Gaussian fits to the measured data.

The transverse velocity distribution of a molecular pulse can be actively manip-
ulated. By variation of the electrode voltage of the quadrupole guide in the last
segment (segment D) with respect to the voltages on the other segments, the trans-
verse velocity distribution can be broadened by going to higher voltages or narrowed
by going to lower voltages. Here, the transverse velocity distribution is not altered
solely by changing of the trap depth. The voltage difference between the quadrupole
fields of segments C and D creates a longitudinal component of the electric field in
the gap region. Thus this field couples the transverse motion to the longitudinal
motion. Thereby changes in transverse velocities (with a corresponding change in
the longitudinal velocity due to energy conservation) can happen in this region. By
going from a high quadrupole field in segment C to a weaker field in segment D,
the field in the gap is collimating the guided beam. This causes a decrease in the
transverse spread and an increase in the the longitudinal spread (see Fig. 3.11a).
Therefore, an increased intensity is observed in the QMS detection signal, at the
central position where the QMS is facing the exit of the guide (see Fig. 3.11d).
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Figure 3.11: Transverse spatial distributions for pulses with longitudinal velocity vz =
60 m/s. The profiles are manipulated by the voltage difference between segment C and
D. The positive voltages on segment D are changed to +2 kV (a), +6 kV (b) and +0.5 kV
(c) (red data points), while segment A, B and C are kept at +4 kV. This is compared
to the case where all guide segments carry +4 kV (black data points). Gaussian profiles
are fitted to the data. The fraction of molecules that remains guided when the voltage is
changed to +2 kV (a), +6 kV (b), and +0.5 kV (c) on the last segment is 87 %, 94 %, and
32 %, respectively. In (d) the voltage dependence of the signal at position x = 0 is shown.
A typical errorbar for the data points is shown at 4 kV. Here, the solid curve serves as a
guide to the eye.
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3.7 Summary

In this chapter electric guiding of polar molecules has been discussed including the
production of molecular pulses. From the theoretical description on the confinement
of polar molecules in electric fields, the basic properties of an electric quadrupole
guide are discussed. In our experiment the electric guide is used to filter slow polar
molecules out of a gas originating from a thermal reservoir. In this way contin-
uous beams of slow polar molecules are generated. The most important features
of such beams are discussed in the text. A novel technique for the production of
velocity-selected molecular pulses with narrow velocity distribution extracted from
a continuous beam in the guide is presented. The properties of those pulses are dis-
cussed in great detail including an analytical model of the pulse-formation process
and comparison of the experimental results with those obtained from Monte Carlo
simulations.

Our method for the production of velocity-selected pulses of polar molecules offers
prospects for further improvements. If required, the pulse width can be reduced by
applying shorter overlap times at the expense of a reduced number of molecules per
pulse. This demands for a higher gradient field in the non-guiding configuration,
eliminating contributions of rectilinearly flying molecules more strongly. Another
approach to minimize these undesired contributions is to use a bent-guide geometry,
in which the molecules are more easily expelled from the guide during the deflection
period. Higher overall fluxes can be obtained by running the experiment at higher
repetition rates. By segmenting the guide into more and smaller parts and employing
faster switching times, multiple pulses can be stored in the guide at the same time,
resulting in even higher rates. Our technique has promising applications in collision
and cold-chemistry experiments. For example, collision experiments like those in
[Gil06, Wil08a] can now be performed at even lower collision energies by crossing two
velocity-selected pulses as proposed in [vdM09] or by guiding the slow molecules into
a trapped sample. Velocity selected molecules could then collide with laser-cooled
atoms stored in an electric trap [Rie07b, Sch07b]. Another realm of application of
our method could be molecular interferometry. A major challenge in this field is the
production of molecules with well-defined and controllable velocities [Bre03, Ger07].
The velocity-selection technique might be well-suited for such experiments with
molecules having sufficiently large dipole moments.
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Chapter 4

Slow molecules extracted from a
cryogenic source

A warm source of polar molecules strongly limits the efficiency of electric velocity
filtering due to the on average large molecular velocities exceeding the maximal
(capture) velocity of the guide. Using higher fluxes at the input to circumvent
this problem fails because of collisional losses that particularly effect the slowest
molecules [Mot09a]. A decrease of the temperature of the molecular gas before the
electric filtering process results in a higher flux of guided molecules due to a larger
fraction of slow and guidable polar molecules in the thermal velocity distribution
(see Fig. 4.1). This has been shown in several electric guiding experiments [Jun05,
Mot07]. Lowering the temperature of the molecules also reduces the number of
populated internal states [Mot07]. This results in dense samples with high state
purity in which most of the molecules can be addressed by a single frequency optical
or microwave radiation source [Kre09].

The nozzle temperature of an effusive source is limited by the resublimation tem-
perature of the molecular gas, at which the vapor pressure is reduced enormously.
This causes the signal of guided molecules to drop significantly. Besides the nozzle
can be clogged by the resublimated molecules. With the technique of buffer-gas
cooling this can be circumvented. Here, the molecules are loaded into a volume
containing a buffer gas at cryogenic temperatures. The buffer gas is an inert gas
used to dissipate the translational and internal energy of the molecules by collisions.
The internally cold molecules and the buffer-gas atoms/molecules effuse from the
gas cell through a small orifice and enter an electric quadrupole guide. Only the
polar molecules are guided, since the non-polar buffer-gas atoms/molecules do not
experience a strong Stark shift in the electric field of the guide.

The cooling does not strongly depend on the energy-level structure of the particles,
and hence it is applicable to a large variety of species. In most applications helium
is used as a buffer gas due to its appreciably high saturated vapor density down
to temperatures below 1 K. For 3He (4He) with temperatures above ∼ 180 mK (∼
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Figure 4.1: Maxwell-Boltzmann-velocity distributions for ND3 at T = 300 K (red curve)
and T = 5 K (blue curve). The grey shaded area indicates velocities corresponding to
temperatures below 1 K that can be confined by electric fields. For T = 300 K (T = 5 K)
this corresponds ∼ 0.01 % (∼ 10 %) of the overall velocity distribution.

500 mK) saturated vapor densities higher than 1014 cm−3 are obtained [Kre09]. At
higher temperatures other buffer gases can be used as well.

4.1 Theory of buffer-gas cooling

In this section the basic principles of buffer-gas cooling of external and internal
degrees of freedom are summarized. The description of the cooling process as well
as the characteristics of buffer-gas-cooled molecular beams are adapted from [Laf98,
Kre09, Pat10].

4.1.1 Translational thermalization

In this section we theoretically treat the cooling of the external degrees of freedom of
molecules by elastic collisions with buffer-gas atoms. The number of collisions that
is needed to reduce the translational temperature of the molecules to the buffer-gas
temperature for the translational degrees of freedom is derived in the following. The
theoretical treatment is based on the model of hard-sphere elastic collisions. The
model is schematically presented in Fig. 4.2.

Let vi and Vi be the velocities of the two colliding partners in the lab frame
prior and after the impact, respectively. We decompose the above velocities into
components which are parallel (‖) and perpendicular (⊥) to the line connecting the
centers of the two particles at the time of impact, respectively. Thus we can write
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vi = vi,‖e‖ + vi,⊥e⊥ and Vi = Vi,‖e‖ + Vi,⊥e⊥, i ∈ {1, 2}. For hard sphere collisions,
we obtain from momentum conservation

m1v1 +m2v2 = m1V1 +m2V2. (4.1)

Note that vi,⊥ = Vi,⊥ because the collision changes only the velocity components
which are parallel to the line connecting the two centers at impact. Thus the ex-
pression for momentum conservation in this case can be cast in the form:

m1(v1,‖ − V1,‖) = m2(V2,‖ − v2,‖). (4.2)

On the other hand, from energy conservation

1

2
m1v

2
1 +

1

2
m2v

2
2 =

1

2
m1V

2
1 +

1

2
m2V

2
2, (4.3)

we obtain the relation:

m1(v2
1,‖ − V 2

1,‖) = m2(V 2
2,‖ − v2

2,‖). (4.4)

If we divide Eq. 4.4 by Eq. 4.2, we get the following relationship between the in-
coming and the outgoing velocities:

v1,‖ + V1,‖ = V2,‖ + v2,‖. (4.5)

Combining this relation with relation 4.2 allows us to express the velocities of the
colliding partners after impact with the ones before impact:

V1,‖ =
(m1 −m2)v1,‖ + 2m2v2,‖

m1 +m2

(4.6)

V2,‖ =
(m2 −m1)v2,‖ + 2m1v1,‖

m1 +m2

. (4.7)

Let us now apply the above model to the collision between a molecule and a buffer-
gas atom. Let, for definiteness, |v2| be the initial velocity of the buffer-gas atom,
which, in general, is much smaller than the magnitude of the molecule’s velocity. We
make the rather crude assumption that |v2| = 0. This leads to ∆E = (1/2)m2V

2
2 =

(1/2)m1(v2
1 −V2

1) for the energy loss of the molecule per collision. The fractional
loss per collision is given by

κ−1 =
(v2

1 −V2
1)

v2
1

=
4m1m2

(m1 +m2)2

(
v2

1,‖

v2
1

)
, (4.8)

where κ−1 = ∆E/Etot and Etot = (1/2)m1v
2
1 the total collision energy. Here,

v2
1,‖/v

2
1 = cos2(θ), where θ is the angle of incidence between v1 and the center line
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Figure 4.2: Velocity components in the hard-sphere elastic collision. The velocities
before and after the impact are marked by black and grey arrows, respectively. Here, (‖)
and (⊥) designate the parallel and perpendicular velocity components to the line going
through the centers of the two particles at the time of impact, respectively. The plane
perpendicular to the line of centers is shown in red. The figure is adapted from [Laf98].

at the collision in the lab-frame. Since 〈cos2(θ)〉 = 1/2 the inverse of the fractional
loss averaged over all directions is given by

κ =
(m1 +m2)2

2m1m2

. (4.9)

If each molecule experiences on average one collision with a buffer-gas atom the
energy ∆E = (3/2)kB∆T = (3/2)kB(T1−T2) is removed from the thermal-molecular
gas. Here, T1 and T2 are the temperatures of the molecular gas and the buffer
gas before the two gases have collided. In contrast to the buffer gas, which is
permanently cooled by the cell walls to the temperature T2, the temperature of the
molecules T will change in the mixture until T = T2. The continuous change of
temperature as a function of the average number of collisions l can be modeled by
the differential equation

dT

dl
= −(T − T2)

κ
. (4.10)

Using the initial condition T (0) = T1 the solution of the differential equation is given
by

T (l)

T2

=

(
T1

T2

− 1

)
e−l/κ + 1. (4.11)

The number of collisions needed for the temperature of the molecular gas to fall
within a close vicinity of the buffer-gas temperature T2 can be obtained from l =
−κ ln[(T (l) − T2)/(T1 − T2)]. For example, for a helium buffer gas of ∼ 5 K and
initially hot ammonia (ND3) molecules of ∼ 295 K, l ∼ 19 collisions are needed to
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Figure 4.3: The thermalization of the translational temperature described by Eq.4.11 is
shown in (a) for mass 20 (ND3), mass 30 (H2CO) and mass 70 (CF3H) in helium buffer
gas at T2 = 5 K. In (b) the same is presented for neon buffer gas at T2 = 20 K. The
initial temperature of the molecular gas is set to be T1 = 180 K. Except for the higher
thermalization temperature neon buffer gas is better suited for cooling heavier molecules
because of faster thermalization.

cool to within 30 % of the helium buffer-gas temperature. For T1 = 180 K, l ∼ 17
collisions are needed to reach the same temperature. Several examples of Eq. 4.11
are presented in Fig. 4.3 for helium and neon buffer gas, which are both used in this
work. As can be seen from Fig. 4.3, the heavier neon gas is better suited to cool
heavier species. Note, however, that the final temperature achievable with neon is
higher due to its lower saturation density.

4.1.2 Rotational relaxation and rotational state population

In contrast to elastic collisions, which govern translational relaxation, a simple ex-
pression for the number of collisions necessary for rotational thermalization cannot
be found easily. The rotational relaxation rates depend strongly on the molecu-
lar structure.1 There are not many restrictions in the sense of collisional selection
rules. For example for symmetric top molecules these are outlined in the appendix
chapter C.1. Keeping this in mind we see that a transition from a highly excited
rotational state to a lowly excited state is possible by a single collisional process if
the cross section is sufficiently high. Therefore the steps needed to obtain thermal-
ization are strongly dependent on the ratios of the cross-sections for the different
relaxation channels and the thermal occupations at the beginning of the cooling
process.

1The rotational relaxation rates depend strongly on the anisotropy of the molecules, which
mostly defines the angular anisotropy of the collision potential.
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The probability for a rotational deexitation step can be higher by many orders of
magnitude compared to a vibrational relaxation step. At low temperatures typical
rotational relaxation occurs in the range of every 10 to 100 elastic collisions while
vibrational relaxation typically takes place after more than ∼ 108 elastic collisions
[For99, Kre09]. This is confirmed for rotational relaxations by measurements of
De Lucia and coworkers [Bal98, Bal99, Men00]. There, inelastic cross sections in
the range of 1 × 10−16 cm2 to 1 × 10−15 cm2 at temperatures around a few Kelvin
have been found, which are about one to two orders of magnitude smaller than
typical elastic cross sections at these temperatures [Wei98, Wei02, Cam07]. This
is explained by the fact that a typical vibrational motion is much faster than a
collision of a molecule with a cold buffer-gas atom [Kre09]. Therefore, changes in
the interaction potential are basically averaged out. On the other hand, the collision
timescales are of the same order as the molecular rotation periods. This explains
the larger inelastic collision cross sections for rotational deexitations in comparison
with vibrational deexitations.

In thermal equilibrium the population of an internal rotational state of a molecule
with quantum numbers (J, n,M)2 is given by the evaluation of the canonical ensem-
ble

〈JnM |Z−1 exp

(
− 1

kBT
Hrot

)
|JnM〉 = Z−1gM,I exp

(
− 1

kBT
WJ,n,M

)
, (4.12)

where Z =
∑

J,n,M gM,I exp(−WJ,n,M/kBT ) is the partition function and WJ,n,M is
the rotational energy of the state |J, n,M〉. The degeneracy of the state is given by
the factor gM,I = gMgI which is the product of the M degeneracy (gM = 2J+1) and
the nuclear spin degeneracy factor gI . In contrast to gM the spin degeneracy factor
depends strongly on the symmetries of the molecule (see appendix chapter B). For
example, for symmetric-top molecules with a threefold axis of symmetry like ND3,
CF3H, CH3F etc., where three identical nuclei lie equidistantly in a plane perpen-
dicular to the molecular symmetry axis, the nuclear spin statistical weights depend
on the ortho and para states labeled by the K quantum number (see appendix B
and C.1). The results of the spin statistical weights for a symmetric top with a three-
fold axis of symmetry are given in Tbl. 4.1. The weights are obtained by finding all
possible eigenstates of an eigenvalue of the Hamiltonian that are also eigenstates of
the symmetry operations of the molecular symmetry group, which preserve the right
symmetry upon exchange of identical nuclei. This is described in the appendix B.
The spin statistical weights for a planar asymmetric rotor molecule like H2CO with
a twofold axis of symmetry are listed in Tbl. 4.2. These two classes of molecules are
used in our experiments.

Unlike the molecule-molecule collisions, collisions between molecules and (isotropic)
buffer-gas atoms do not result in the same thermal-equilibrium state for the rota-
tional degrees of freedom. As described in the appendix C.1, for a molecule with

2n is given by K in the case of a symmetric top and by τ in the case of an asymmetric top
molecule
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Table 4.1: Statistical weights for a symmetric-top molecule with a threefold axis of
symmetry. Examples for such molecules are ND3, NH3, CFH3, CH3F etc., all of which have
been used in this work. Here, a nucleus from the indistinguishable hydrogen (deuterium)
atoms of such a molecule can have a nuclear spin I = 1/2 (I = 1). The table is adapted
from [Tow75] and derived in appendix B.

statistical weights gI type
K ∈ {K|K = ±3n, n ∈ N} 1

3
(2I + 1)(4I2 + 4I + 3)

K ∈ {K|K 6= ±3n, n ∈ N0} 1
3
(2I + 1)(4I2 + 4I)

K = 0 no vib. inversion 1
3
(2I + 1)(4I2 + 4I + 3)

K = 0 vib. inversion 1
3
(2I + 1)(2I − 1)I fermion

J even, |+〉 or J odd, |−〉 1
3
(2I + 1)(2I + 3)(I + 1) boson

K = 0 vib. inversion 1
3
(2I + 1)(2I + 3)(I + 1) fermion

J odd, |+〉 or J even, |−〉 1
3
(2I + 1)(2I − 1)I boson

Table 4.2: Statistical weights for formaldehyde H2CO, a planar asymmetric top molecule
with a twofold axis of symmetry. Each of the indistinguishable hydrogen atoms possesses
a nuclear spin I = 1/2. The table is adapted from [Tow75] and derived in appendix B.

KA KC I = 1/2
e e (2I + 1)I
e o (2I + 1)I
o e (2I + 1)(I + 1)
o o (2I + 1)(I + 1)

a n-fold axis of symmetry, the ortho and para levels do not mix by collisions with
buffer-gas atoms. In this case the thermalization process with the cold buffer-gas
atoms must be considered separately for the ortho and para configuration of the
molecules. This is presented for ND3 (H2CO) molecules in Fig. 4.4 (Fig. 4.5).
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Figure 4.4: In (a) the rotational-state distribution for ND3 at T = 295 K is presented.
The degeneracy in M and nuclear spin statistics are included. The state distributions
in (b) and (c) are given for the para and ortho states at T = 5 K, respectively, which
thermalize separately when cooled by an atomic buffer gas.
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Figure 4.5: In (a) the rotational-state distribution for H2CO at T = 295 K is presented.
The rotational states are labeled by |Jτ〉 quantum numbers. The state distributions in
(b) and (c) are given for the ortho and para states at T = 5 K, respectively.
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4.1.3 Molecular beams emerging from a buffer-gas source

Cold beams of molecules can be created by making an exit aperture in one of the
walls of the buffer-gas container (buffer-gas cell). After being cooled by collisions,
most molecules will diffuse to the cell walls and stick. A small fraction will find
the exit aperture and form a beam. In our experiment, we use an electric guide
to extract these beams from the cryogenic environment and transport them to a
detection region at room temperature. The beam parameters are determined by the
dimensions of the buffer-gas cell, where the buffer-gas cooling takes place, the exit
through which molecules leave the cell, as well as by the densities and temperatures
of the buffer gas and the molecular gas in the cell.

In our experiments, the ratio between the densities of the molecules nmol and
the buffer-gas atoms nBG is small (nmol/nBG � 1). This guarantees that molecule-
molecule collisions can be neglected. The buffer-gas density nBG is kept constant
by continuously flowing cold buffer gas into the buffer-gas cell. This is necessary
because of the loss of atoms through the exit aperture.

In the following discussion we use a cuboid cell geometry with volume D×D×L,
where L ≤ D (see section 4.2). The area of the cuboid holding the molecule input
or exit aperture is given by D2. The length L determines the distance between
the molecule input and the exit aperture. Here, we assume that the molecule inlet
and the exit aperture are facing each other. The diameter of the exit aperture is
designated by d (d� D,L).

It is desirable that the molecules have already thermalized to the buffer-gas tem-
perature before they leave the cell through the exit aperture. Therefore, it must be
guaranteed that the molecules have experienced a sufficient number of collisions lT
over the dimensions of the buffer-gas cell. Here, the number of collisions lT is de-
rived from Eq. 4.11. With lT and the mean free path λT of the molecules undergoing
thermalization in the buffer gas, the spatial expansion characterized by the thermal-
ization length RT of the molecular sample during the thermalization period can be
estimated. The mean free path in the thermalization process is given by [Pre58]

λT =
1

nBGσT
√

1 +mmol/mBG

. (4.13)

Here, σT is the thermal average of the elastic collision cross-section for molecule-
atom collisions [Pat10]. This results in the thermalization length

RT = αλT , (4.14)

where α depends only on lT . In the regime where the molecular motion in the buffer-
gas cell is characterized by diffusion the relation α =

√
lT is obtained. This is derived

from the diffusion length r = 2
√
δτT during the thermalization period τT , where δ

is the diffusion constant [Pre58]. The diffusion length can be identified with the
thermalization length RT in the diffusive regime.3 Since τT ∝ lT we obtain RT ∝

√
l

3The diffusion length r describes how far the molecules have propagated in one direction in a
buffer gas during a time τ .



4.1 Theory of buffer-gas cooling 61

warm
molecules

cold
molecule

warm
molecules

cold
molecules

L

�C
d

(a) (b)

cold buffer-gas
cell

cold buffer-gas
cell

cold helium
atoms

cold helium
atoms

D

Figure 4.6: Schematic of (a) the diffusive and (b) the hydrodynamic regime in a buffer-
gas cell. The figure is adapted from [Kre09].

in the diffusion regime. In the purely ballistic flow regime which is characterized by
few or zero collisions with buffer-gas atoms, we obtain α = lT . To obtain molecules
in the beam that are fully thermalized the condition L ≥ RT must be fulfilled.

Hot molecules originating from a common starting point diffuse to the cell walls.
Only those molecules that propagate to the location of the exit aperture can leave the
cell. As a result of d� D,L, most molecules hit the cell walls and form an ice layer
that grows over time. At low buffer-gas densities the ratio between molecules leaving
the cell through the exit and the ones sticking to the cell walls is approximated by
the ratio Aexit/(4π(L/2)2), which gives the geometric probability for a molecule to
exit the cell, when it starts diffusing from the center of the cell.4 Here, Aexit is the
area of the exit aperture.

By increasing the buffer-gas density a different regime can be reached, where the
limit on the output efficiency set by the geometric probability can be overcome. In
this regime the molecules are entrained in a macroscopic (hydrodynamic) buffer-gas
flow which is directed to the exit of the cell.

For a given set of parameters (densities and cell geometry) a distinction which
regime is dominant (diffusive or hydrodynamic) can be made. A relation that de-
termines which case is present is obtained from the ratio between the diffusion time
τdiff and the pump-out time τpump. The diffusion time τdiff describes the average
time a molecule needs to reach the cell wall and it is expressed by:

τdiff ∼
L2

4δ
. (4.15)

4If no buffer gas is applied (purely ballistic flow) and the input and exit of the molecules are
facing each other the ratio is much better approximated by Aexit/L

2. This is derived from the fact
that for a straight beam the molecular flux density changes with 1/r2 over a distance r.
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Here δ = 3/(16σcnBG)×
√

2πkBT/µ describes the diffusion constant [Pre58], where
σc is the elastic collision cross-section for molecule-atom collisions at buffer-gas tem-
perature and µ = (mBGmmol)/(mBG+mmol) is the reduced mass. Again the diffusion
time is derived from r = 2

√
δτdiff . The diffusion length r is set to L, which defines

the shortest cell dimension and therefore defines the shortest time period during
which molecules can reach the cell wall.

The pump-out time τpump describes the time that is needed for molecules to tra-
verse the cell by being entrained along with the macroscopic buffer-gas flow. It is
expressed by:

τpump =
Ntot

ΦBG

∼ 4D2L

d2vBG,c

. (4.16)

Here, vBG,c =
√

2kBTBG/mBG is the buffer-gas velocity and Ntot = D2LnBG is the
number of buffer-gas atoms in the cell. Eq. 4.16 uses the definition of the buffer-gas
flux through an aperture in the molecular flow regime [Ram90]:

ΦBG = (vBG,cnBGAexit)/4 ∼ (vBG,cnBGd
2)/4. (4.17)

The velocity of the macroscopic buffer-gas flow through the cell is approximated by
vflow ∼ (d/D)2vBG,c, which results from τpump = L/vflow. The regime governing the
molecular outflow of the cell can be determined from the ratio

ξ =
τdiff

τpump

=
κ̂Ld2σcnBG

3D2
. (4.18)

Here, κ̂ is a dimensionless constant of order unity [Pat10]. For ξ � 1 the molecular
motion in the cell is diffusive. In this case most of the molecules stick to the wall
and the fraction of thermalized molecules that leave the cell through the exit is
determined by the solid angle subtended on the exit aperture (see Fig. 4.6a). For
ξ � 1 the molecular motion is governed by the macroscopic flow in the cell (see
Fig. 4.6b). This macroscopic flow drags the molecules to the exit aperture, resulting
in a much higher cell transport efficiency and therefore to a much higher outgoing
flux. Unfortunately, these molecules have a much higher velocity vmol,c < vmol ≤ vBG

and there are hardly any slow molecules left that can be trapped in electric or
magnetic fields. This is explained in the following.

The effect described here is similar to the collision-loss effect described previously
in section 3.3 for a thermal source. The velocities of the molecules are influenced by
collisions in the proximity of the exit aperture. Due to a large density gradient in this
region, molecules leaving the cell undergo collisions primarily with forward (towards
the exit aperture) moving buffer-gas atoms. Therefore, the forward velocities of the
molecules exiting the cell are shifted (boosted) to higher values [Max05]. This effect,
called ‘boosting’, is described by the following model. The time molecules need to
traverse the proximity of the exit aperture is roughly approximated by te ∼ d/vmol,c,
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where vmol,c describes the molecular velocity at buffer-gas temperature. The number
of collisions with buffer-gas atoms in this region can be estimated by

Ne ∼ nBGσcvBG,cte ∼
(
d

λc

)√
mmol

mBG

. (4.19)

For each collision a molecule with a velocity vmol experiences a momentum trans-
fer of ∆pmol,c = mmol∆v ∼ 2µ(vBG,c − vmol). For collisions between a helium
buffer-gas atoms at T ∼ 5 K (vHe = 144 m/s) and ammonia (ND3) molecules with
vND3 ∼ 0 m/s, a change of ∆v ∼ 48 m/s is expected for approximately one colli-
sion. The change of velocity ∆v is already close to the thermal velocity vND3,c =√

2kBT/mND3 = 64 m/s. From Eq. 4.19 it is apparent that when the exit aperture
dimensions are comparable to the mean-free path dimensions (λc ' d), the boosting
effect can alter the thermal velocity distribution significantly although the molecular
motion in the cell is still diffusive.

4.2 Experimental setup

In our setup we have combined the buffer-gas technique with electric filtering and
guiding to produce a slow beam of cold polar molecules. The guide can deliver
the buffer-gas cooled molecules to a separate ultrahigh vacuum environment where
the molecules can be used for further experiments [Rie05, Wil08a]. The technical
implementation of buffer-gas cooling in our setup is presented in detail in this section.

The basic structure of the cryogenic source is described in the following (see
Fig. 4.7). The source consists of a cryogenic cooler to which a copper buffer-gas
cell is mounted. The copper cell can be filled with the buffer-gas via a gas supply
line which can be thermally connected to the cooling stages of the cryogenic cooler.
Via a second gas supply line which is thermally isolated from the buffer-gas cell,
molecular gas is introduced. At a distance of 1 mm from the exit aperture of the cell
the electric-quadrupole guide is mounted to extract the buffer-gas cooled molecules.
These parts of the system are located in a stainless steel vacuum vessel (height
∼ 60 cm and ∅ ∼ 40 cm). The electric guide extends to a separate ultrahigh vacuum
chamber located on top of the main vacuum vessel. Except for the turbo-molecular
pump (∼ 550 ls−1), all components are mounted on the top flange to allow for easy
servicing of the system. In the following subsections the individual parts of the
system are discussed in more detail.
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Figure 4.7: Experimental setup. The inner assembly is mounted directly to the refriger-
ator. With two capillaries, buffer gas and molecular gases are injected into the buffer-gas
cell. With an electric quadrupole guide molecules are extracted from the buffer gas and
transported to a ultrahigh vacuum environment, positioned above the vessel. During warm
up, a mechanical valve can isolate these two regions.
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4.2.1 Cryogenic system

The buffer-gas cell where the cooling of the molecules takes place is mounted on
the second cooling stage of a cryogenic cooler. We use a commercially available
pulse-tube cryocooler (CRYOMECH PT410). A pulse-tube cooler is a device where
the refrigeration is provided by a closed-loop system. This avoids, as required in
systems with liquid helium, the continually refilling of the refrigerant. The principle
of operation is illustrated in [Rad00, Eki06] and outlined below.

A simplified description of the cooling process in a pulse tube cooler is presented
in the following. The refrigeration cycle starts by connecting the pulse tube cooler
to the high pressure helium reservoir provided by a compressor. The compressed
helium gas flows into the regenerator (heat exchanger). The regenerator is made
of materials with a high volumetric heat capacity and low thermal conductivity
(porous metal). Therefore during the compression cycle heat from the compressed
helium gas is taken up and stored in the regenerator matrix material thus making
the process isothermal. The regenerator acts as a precooler for the helium gas. Due
to the increased pressure helium gas on the other end of the regenerator enters the
pulse tube by passing the cold stage. The pulse tube is basically an open tube that
thermally isolates the incoming helium gas. The pulse tube insulates the processes
at its two ends which are the cold stage at the bottom and the room temperature
heat exchanger at the top. It guarantees that the gas in the pulse tube traverses only
part way from each end. Thereby, the helium flow from the cold end never reaches
the warm end and vice versa. The gas in the middle portion of the pulse tube never
leaves the pulse tube and forms a temperature gradient that insulates the two ends.
The gas in the middle acts like a displacer (gas plug) for the gas of the cold and
the warm end. Due to the increased pressure, helium gas in the pulse tube close
to the warm end of the pulse tube is adiabatically compressed. This gas possesses
a higher pressure and temperature than the gas in the buffer (room-temperature
reservoir) (see Fig. 4.8). This results in a flow of helium gas into the reservoir. In
the buffer the gas can thermalize to room temperature. Via an inertance tube (or
orifice) used for flow restriction the helium gas enters the buffer. The gas flow out of
the pulse tube stops when the average pressure in the reservoir equals the pressure
in the pulse tube. This leads to the second half of the cooling cycle where the system
on the entrance at the regenerator is connected to the low pressure reservoir of the
compressor. The gas in the pulse tube is adiabatically expanded and thus cools
down. Cold helium gas flows now in the reverse direction past the cold stage at the
lower end of the pulse tube where it absorbs heat and enters the regenerator. Note
that the helium gas also traverses only part way through the generator in both half
cycles. The helium gas at the cold end oscillates between the regenerator and the
pulse tube and stays closely around the cold stage. The helium gas at the warm end
oscillates between the pulse tube and the buffer. Therefore, the pulse tube transmits
hydrodynamic power (acoustic power) in an oscillating gas from the cold end to the
warm end across a temperature gradient.
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Figure 4.8: Pulse-tube cryostat. In (a) the CRYOMECH PT410 is presented. A
schematic drawing of the apparatus is given in (b). Here, R1, R2 are helium gas reservoirs;
PT1, PT2 are pulse tubes; RG1, RG2 are regenerators and I1, I2 are the inertance lines.
D1 and D2 are secondary orifices that allow direct flow, between the compressor line and
the warm end of the pulse tube for a small fraction of the gas [Eki06]. The schematic is
adapted from [Yan04].

For our experiment a two stage pulse tube cooler is used (see Fig. 4.8). Here, the
first stage can be used to insulate the second stage from thermal radiation of the
vacuum vessel. This is achieved by a round gold-plated copper radiation shield that
is installed on the cold plate of the first stage. A second radiation shield is installed
on the cold plate of the second stage to reduce the heat load from the first stage.

We use silicon diode temperature sensors (LAKESHORE DT470) and (PT-100)
resistance thermometers to monitor the temperature on the radiation shields, the
buffer-gas cell and the gas-supply lines. The diode temperature sensors allow tem-
perature measurements in the range of 1.4 K to 475 K with an accuracy of ±0.5 K
at low temperatures. A typical cool down of the experiment is shown in Fig. 4.9.

The inside of the radiation shield mounted to the second stage is covered with a
layer of activated charcoal (see Fig. 4.10). At cryogenic temperatures activated char-
coal acts as an adsorbent pump for helium. Large pumping speeds can be obtained
due to its large effective area. Because of its simplicity it represents the optimal
solution for our experiment. It is applied in our setup to keep the pressure within
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Figure 4.9: Measurement of temperature at various positions during a typical cool-down
of the cryogenic source source [Poh07]. Radiation shields are mounted on stage 1 and
2. Temperature sensors (LAKESHORE DT470) are attached to the first (second) stage
(stage.1(2)(top)) and to the bottom of the corresponding first (second) radiation shield
(stage.1(2)(bottom)).

the radiation shields as low as possible. From test experiments we concluded that for
pressures lower than ∼ 10−6 mbar collisions of guided molecules with background gas
are negligible. A reasonable vacuum is also required to prevent discharges between
oppositely charged guiding electrodes. We use coconut-based granular activated
carbon (Chemviron Carbon 207C). A surface of roughly 1000 cm2 is covered with a
layer of this material, resulting in a pumping speed of ∼ 5000 ls−1 at cryogenic tem-
peratures. The gas (mainly helium buffer gas) adsorbed by the charcoal is released
during warm up of the cryogenic system after which it is pumped out of the vacuum
vessel by the turbo-molecular pump at the bottom of the vessel.
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Figure 4.10: Charcoal layer on the inner surface of the second-stage-radiation shield.
We use Stycast glue to attach the charcoal to the copper surface [Poh07].

4.2.2 Buffer-gas cell and gas supply system

The buffer-gas cell consist of a gold-plated hollow copper block that is clamped
to the lower (low temperature) stage of the cryostat (see Fig. 4.7 and Fig. 4.11).5

The inner volume of the main body of the buffer-gas cell is 4.2 × 4.2 × 1 cm3. The
side walls are 0.6 cm thick. Additional extensions can be inserted in between the
exit plate and the main body of the cell (see Fig. 4.11a). Here we use 1 cm long
extensions given by 0.6 cm thick copper frames that have a 5.4 cm outer and 4.2 cm
inner dimension. On the side walls of the extension frames several screw holes are
drilled that allow for access to the closed buffer-gas cell (for example wiring for
sensors). The wall on the back has a large hole with a diameter of ∼ 3.6 cm, which
is covered by a patch of a 25µm thick polyamide (Kapton) foil clamped to the outer
side of the wall (see Fig. 4.11b). An aperture in the Kapton foil is punched against
the molecule gas-supply line, which serves as an inlet for the warm molecules into
the buffer-gas cell. The foil is used to reduce the heat conductance between the
cell and the warm molecular gas line. The opposite side of the cell is a ∼ 0.5 cm
thick copper plate (exit plate) with a 1 cm opening in the middle. This opening is
covered by a Kapton foil sheet, which is clamped onto the plate by stainless-holders.
An 1 mm aperture in the middle of the Kapton foil sheet serves as the exit for the
molecules from the cell. The thin foil is used to limit clogging and allows for local
heating (see section 4.4.2). The exit aperture is placed against the input aperture.

5The position of the cell is adjustable along the electric guide direction
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A vacuum feed through for several 6 mm wide gas lines (inner diameter) is installed
on the top plate (top vacuum flange) of the vessel to bring both the molecular gas
and the helium gas into the buffer-gas cell. The molecular gas line as well as the
buffer-gas line are attached to one of the feed through lines. Inside the vacuum the
buffer-gas line has a 3 mm outer and 1 mm inner diameter. The total buffer-gas line
consists of four connected segments. The first segment is given by a stainless steel
pipe which is connected to the feed through by a SWAGELOK adaptor (6 mm to
3 mm outer diameter), and on the other side to the second segment. The stainless-
steel line contains several windings to increase the length and thereby reducing the
heat conductance of the gas line. Since the buffer-gas needs to be cooled down on
its way to the cell, the second segment is given by a copper line with the same
dimensions as the former one. This copper part of the line is tightly connected to
the first stage of the cryocooler for pre-cooling of the buffer gas to the first stage
temperature (∼ 35 K). It then enters into the volume enclosed by the outer radiation
shield, where it is connected to another stainless steel pipe of equal dimensions
forming the third segment of the buffer-gas line. Also for this line segment the
heat conductance is reduced by several windings. The stainless steel gas line is
again passed over into another copper line segment, which is tightly mounted to
the second stage of the cryocooler. This line is the fourth and last segment of the
buffer-gas supply line. Its terminal part is clamped with an indium-sealed copper
block to an opening of the cell wall.

The molecular-gas line is made of a stainless steel pipe of 6 mm outer and 5 mm
inner diameter, The gas line goes directly from the feed through to the cell inlet and
is thermally isolated from the cold parts of the experiment. Several electric heaters
are installed on various locations to maintain a sufficiently high vapor pressure and
to avoid resublimation of the gas. To regulate the temperature of the heaters PT100
and DT470 temperature sensors are placed nearby. For the molecules employed in
this work, we used temperatures of the input capillary above 140 K (for ND3 above
180 K and H2CO at room temperature). The end of the line is inserted into a gold
plated copper inlet (∅3 mm) that has a reduced inner diameter of 1 mm close to the
end (see Fig. 4.12).
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Figure 4.11: (a) General view of the buffer-gas cell in the cryogenic environment. The
helium line enters the copper cell from the back side. The heated molecular line is con-
nected to a special inlet assembly, which has a bad thermal connection to the buffer-gas
cell. This allows for heating of the inlet without considerably affecting the temperature of
the buffer-gas cell much. The length of the cell can be varied by placing 1 cm long copper
extensions in between the main frame of the cell and the exit plate. (b) Buffer-gas cell
interior. (c) Assembly view: buffer-gas cell and quadrupole guide.
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A small Viton O-ring is used to seal the transition between the gas line and the
inlet. To avoid heat transport from the molecular gas line to the cell, the inlet frame
is clamped to stainless steel rods of the cell via small glass balls. The used materials
and point contacts of the balls heavily reduce the thermal coupling of the gas line
to the cell. The conical tip of the inlet is glued onto the Kapton foil. Due to the low
thermal conductivity of Kapton the heat conductance from the heated inlet tip to
the cell metal frame is minimized. Therefore cryogenic temperatures are maintained
even for a gas line temperature of ∼ 300 K.

The flow of the molecular and buffer gas is controlled via a gas handling system
(see Fig. D.1). To sensitively regulate the gas flows, electrically controlled needle
valves adjust and maintain the inlet pressure with the assistance of a pressure gauge
(capacitance gauges) mounted on the room-temperature part of each line.
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Figure 4.12: The molecule-line-inlet is presented in (a). The molecular gas line is
connected to this inlet. It ends in a conical shape which is glued to a thin Kapton foil
to reduce heat loads. This foil is clamped to the cell and forms the back wall of the cell.
Stainless steel rods and glass balls are used to position the inlet without high additional
heat load. A picture of the inlet attached to the buffer-gas cell is shown in (b).

4.2.3 Electric guide

The electric quadrupole guide in the cold source is constructed in a similar way as
in the room-temperature setup discussed in chapter 3, except for smaller bends with
a 2.5 cm radius of curvature. The total guide consists of four quadrupole segments
separated by 1 mm gaps. Two segments are located in the vacuum vessel that con-
tains the buffer-gas cell. The first segmented with a length of 12 cm includes a bend
of 90 ◦ while the second segment measures 31.4 cm and contains two bends of 18 ◦

each. The other two segments with lengths of 36.6 cm and 26.8 cm, respectively, are
in the high-vacuum region, placed above the vacuum vessel enclosing the cryogenic
source. The fourth segment also contains a bend of 90 ◦ at the beginning before it
passes into a straight run. These segments are used to deliver the guided molecules
to the detector where the last straight part of the fourth segment allows for deple-
tion spectroscopy by overlapping the central axis of the guide with a laser beam (see
section 4.5.2).

We use a similar quadrupole mass spectrometer with a crossbeam ion source
(PFEIFFER QMA 410), as for the experiments described in chapter 3. The mass
spectrometer is mounted on a translation stage to be able to vary the position of
the ionization volume relative to the guide exit.



4.2 Experimental setup 73

Viton
O-ring

open

closed

pull-push

(a) (b)

differential pumping
section

Figure 4.13: Mechanical valve and differential pumping sections. In (a) the mechanical
valve is presented. Here, a small stainless sheet is pushed into the space between two guide
segments and onto an isolating O-ring. In (b) the differential pumping section above the
valve is shown. It consists of two Macor brackets that enclose the electric guide. Its
purpose is to reduce the conductance to the next vacuum section.

4.2.4 Ultrahigh-vacuum chamber and differential pumping

The ultrahigh-vacuum region is separated from the vessel by a thin valve (see
Fig. 4.13a). The valve consists of a stainless-steel mechanical shutter, which can
be pushed through the 1 mm gap between the second and third guide segment.
From below it is sealed by a Viton O-ring. In this way a vacuum better than
∼ 10−8 mbar can be maintained in the next ultrahigh vacuum region, even when
atmospheric pressure is applied inside the vessel. This enables us to warm up the
source without polluting the ultrahigh-vacuum region. Also modifications can be
made to the source without breaking the vacuum near the detection. Therefore, the
detection chamber is constantly pumped and permanently under ultrahigh-vacuum
condition. This ensures low background contributions in our detection. To preserve
a low pressure (< 10−9 mbar) in the detection chamber during measurements with
large amounts of buffer gas, we use differential pumping stages. The first stage is
placed above the mechanical valve and the other one between the two cubes inside
the high-vacuum region (see Fig. 4.13b). The differential pumping sections consist
of two Macor brackets of ∼ 10 cm length, which are clamped directly to the guide
rods via metallic holders. In doing so the Macor brackets do not touch the guide
electrodes. It allows molecules to travel between the different vacuum regions only
through the small opening in the middle of the quadrupole guide.

To maintain a low pressure in the high-vacuum region, we use three turbo molecu-
lar pumps (two with pumping speeds of ∼ 60 ls−1 and one in the detection chamber
with a pumping speed of ∼ 210 ls−1) backed by another turbo pump and membrane
pump. Pressures of 10−9 mbar in the region behind the valve and 10−10 mbar in
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the detection chamber are obtained. Pressure values in this range are measured by
Bayard-Alpert pressure gauges.

4.2.5 Data acquisition

To determine the number of guided molecules with the QMS and to distinguish the
signal they produce from the background signal, we switch the high voltage on the
guide on and off repeatedly. The difference in count rate reflects the contribution
of guided molecules. Velocity distributions can be obtained from the time-of flight
(TOF) signal after switching on the high-voltage, as described in section 3.5 and
shown in Fig. 3.4. The first and the second guide segments are connected to high-
voltage transistor push-pull switches (BEHLKE HTS 151− 03−GSM), each housed
in a copper box to prevent the generated radio frequency from being radiated. TTL
pulses from a pulse generator are applied to the switches to set the on (TON = 110 ms)
and off (TOFF = 100 ms) configurations. This timing scheme allows for detection of
molecular velocities down to about 10 m/s, well within the regime where noise and
systematic errors become dominant. This is comparable to the effects found in our
previous guiding experiments [Jun04a, Mot09a]. The third and fourth segment are
permanently at high voltage to avoid pick-up currents on the QMS electrodes.

The QMS ion counter signal is sent to a TTL pulse shaper that generates ∼ 100 ns
TTL pulses if the amplitude of the incoming count signal exceeds a fixed threshold
voltage. The threshold is used to eliminate noise. The TTL pulses are recorded by
a MCS (Multi Channel Scalar) card, which creates histograms of the counts as a
function of time. The trigger for the scalar card is generated by the pulse generator
and starts 10 ms before the high voltage is switched on. Data from the temperature
and pressure sensors are recorded every 8 s with a LabVIEW interface.

4.3 Flux and density calibration

To determine the number of molecules guided to the mass spectrometer and thereby
extract the respective flux as well as densities inside the guide, calibrations have to
be performed. The densities of molecules and buffer-gas atoms inside the cell can
be estimated from calibrations of the gas flows through the gas line. The methods
that have been applied to obtain these numbers are discussed in this section.

4.3.1 Gas line calibration

The calibrations of the gas-supply lines of the buffer-gas cell are used to convert
the pressures at room temperature into densities in the buffer-gas cell at a few
Kelvin. To determine the conductance of the gas lines we have removed the radiation
shields. Gas is fed through one of the gas lines into the vacuum vessel and pumped
by the turbo molecular pump. The pressures in the gas handling system (pgas),
and in the vessel (pvessel) are recorded together with the signal of a quadrupole mass
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spectrometer (PFEIFFER Prisma QMS 200) mounted on the side of the vessel. The
mass spectrometer is used to confirm whether the flown gas is responsible for the
change in pressure. For various values of pgas the flux into the chamber is determined
via

Φ =
pvesselSpump

kBTroom

, (4.20)

with Troom = 295 K.6 The conductance Cline of the gas line can be obtained by taking
the pressure in the gas handling system pgas into account. We derive

Cline =
ΦkBTroom

pgas

. (4.21)

The conductances of the molecular line are obtained for N2 and ND3 at room tem-
perature. We observe a strong deviation from direct scaling valid for the molecular
regime (Cmol

line = Cline

√
mN2/mmol).

In a similar way, we have obtained the fluxes through the buffer-gas line. Here, the
measurements are done at low temperature (Tcell = 18 K). Lower temperatures could
not be reached without radiation shields. We assume that the buffer gas thermalizes
with the warm vessel before being pumped. Therefore, Troom can be employed in
Eq. 4.20.

Using the conductance of a 1 mm aperture in the exit plate,[Laf98]

Cexit = A

√
R0Tcell

2πMm

, (4.22)

where Mm is the molar mass of the species used for calibration, R0 the universal
gas constant and A the aperture area at Tcell, we determine the buffer-gas density
in the cell from

ncell =
Φ

Cexit

. (4.23)

No corrections are being made for changes in Tcell. Note that these corrections will
be relatively small.

4.3.2 Guided flux calibration

To determine the flux of guided molecules, the sensitivity of the QMS for the guided
species has to be determined. To calibrate the QMS, a constant flow of molecular
gas (of the same species as the molecules that have been guided) is applied to
the detection chamber through a needle valve, mounted on a side flange of the
detection chamber. The density inside the chamber is determined from the pressure
measured by an Bayard-Alpert gauge. After the pressure has stabilized, a mass

6The pumping efficiency of the turbo pump (located at the bottom of the vessel) is specified
by the manufacturer for nitrogen gas (Spump = 550 ls−1 for N2), ammonia or neon gas (Spump =
551.4 ls−1 for ND3) and helium gas (Spump = 600 ls−1 for He).
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Figure 4.14: Measurement of the beam shape in the y- and x-directions fitted by a
Gaussian distribution. The distance between the guide exit and the ionization volume of
the mass spectrometer is ∼ 25 mm along the z-direction. The profile in the y-direction is
wider compared to the x-direction due to the larger width of the ionization volume along
this direction [Mie10]. The larger integration area widens the profile. For the beam in the
guide a profile with a radial standard deviation of σ = 400µm is assumed.

spectrum (1 − 100 amu) is taken to determine the masses that contribute to the
increase in pressure. The next step is to measure the count rate at the mass of the
guided molecules. This is repeated for various densities in the detection chamber.
To determine the density in the detection chamber, the ionization probability of
the used species needs to be taken into account. Since the mass spectrometer is
operated in a regime far from saturation for our guided molecules, the QMS signal
is proportional to the density of the molecules in its ionization volume [Mot09a]. By
variation of the ionization current no signs of saturation have been apparent, not
even for slow molecules.

Since the mass spectrometer detects only molecules that enter the ionization vol-
ume, the fraction of the guided beam reaching the QMS ionization volume has to
be determined. By varying the position of the QMS in the plane perpendicular
to the guide exit, the beam spread is obtained (see Fig. 4.14). Since the width of
the ionization volume is smaller than the expanded beam [Mie10], the beam shape
can be resolved.7 The beam profile in the plane is well described by a Gaussian
distribution. With this distribution the ratio of undetected to detected molecules is
determined by a simple integration of the normalized Gaussian over its peak, with
the integration boundaries given by the ionization region. Using this factor together
with, the average velocity of the guided molecules obtained from the measured ve-
locity distribution and the measured density inside the ionization volume, a total
guided flux of (7±7

4)× 1010 s−1 for ND3 is obtained. Also, we obtain a peak density
in the guide of (1.0±1.0

0.6)× 109 cm−3.

7The total width is ∼ 2 mm along the x-direction and ∼ 1 cm along the y-direction according
to [Mie10]. The asymmetry is due to the assembly of the ionization stage of the QMS.
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Figure 4.15: Normalized QMS signal for ND3 as a function of the helium density in
a 2-cm-long cell. The density of ND3 is fixed to ∼ 1.4 × 1016 cm−3 at the input of the
cell. The buffer-gas density is varied over about one order of magnitude. The rising edge
indicates the region of insufficient cooling. The falling edge displays the effect of boosting
as discussed in the text. At the peak position of nHe a flux of order of 1010 − 1011 s−1 is
obtained. The curve connecting the data points is a guide for the eye.

4.4 Optimization of the source

Several parameters of the source are optimized to maximize the flux of slow molecules
and to optimize the cooling process. Different cell lengths, gas densities and exit
apertures are tested in our setup. Ultimately a compromise is found since optimal
parameters for the flux, internal cooling and runtime of the source are not concur-
rent.

4.4.1 Flux optimization

In this section, the optimization of the flux with respect to the buffer-gas and
molecular-gas densities is presented. Most of the discussed measurements are per-
formed with a 2 cm long cell, although we also investigated other cell lengths. Helium
is used as a buffer-gas.

The normalized QMS signal of guided molecules is shown for different buffer-
gas densities in Fig. 4.15. The characteristics of this curve are explained in the
following. For low helium densities, where only few or no collisions take place most
of the molecules are too fast and escape from the bent quadrupole guide (as pointed
out in section 3.2). With higher buffer-gas densities the cooling increases, and the
signal rises to the maximum. If the density is raised to higher values the signal
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begins to drop. This is explained by the boosting that is described in section 4.1.3.
At the maximum signal, the exit aperture dimension (∅ 1 mm) becomes comparable
and for higher densities larger than the mean free path between the helium atoms
in the cell. This leads to a high probability for molecules, which are leaving the cell,
to be accelerated (boosted) in the forward direction.

From the ammonia density scans at fixed helium densities we can see that the
molecular flux saturates. Here, various amounts of ND3 are injected into the cell at
fixed helium densities (see Fig. 4.16). We attribute the saturation to the limited heat
capacity of the helium gas. For low He densities only a limited amount of ammonia
can be cooled down to cryogenic temperatures. This explanation is supported by the
fact that a larger helium density can support a larger ND3 flux at a larger saturation
density.

Similar examinations performed with a 1 cm and 3 cm cell length indicate that the
maximal flux is obtained in a 2 cm long cell. This can be understood as follows. In a
shorter cell less collisions take place to cool down the molecules for equal buffer-gas
densities. Therefore, higher buffer-gas densities have to be applied to a 1 cm long
cell to obtain efficient cooling, in comparison to a 2 cm long cell. However with a
higher helium density the boosting is increased, which reduces the flux. For 1 cm
cell length the guided flux is by a factor of two lower than in the 2 cm configuration.
If the cell is extended to 3 cm, we get a reduction of the flux due to the smaller ratio
of exit aperture to inner surface of the cell as described in section 4.1.3. This means
that less molecules find their way to the exit and a large fraction of them adhere
to the walls of the cell. Lowering the temperature on the inlet of the molecular
input capillary helps to increase the guided flux. By reducing the temperature of
the molecular-gas line from ∼ 295 K to ∼ 180 K a gain in flux by a factor of two
to three can be achieved. This can be explained by the reduced heat load on the
buffer gas close to the vicinity of the injection and the decreased number of collision
needed for thermalization (Eq. 4.11).

We conclude that the highest flux is obtained for a buffer-gas density of nHe ∼
2 × 1015 cm−3 and an ammonia density of nND3 ∼ 5 × 1016 cm−3 in the inlet of
a 2 cm long cell at a temperature just above the point where molecules condense.
We define these parameter settings as the optimal flux settings for ND3 for helium
buffer-gas cooling at 5 K, which can be different for other molecules, buffer-gases and
cell temperatures. It is worth pointing out that the ammonia density varies over the
cell extension from the inlet to the exit (see section 4.1.3, illustrated by Fig. 4.16a).
The highest value is obtained at the inlet, which is reduced approximately by more
than two orders of magnitude to the exit.



4.4 Optimization of the source 79

0 5 10
0

0.2

0.4

0.6

0.8

1

N
o

rm
a

liz
e

d
 Q

M
S

 s
ig

n
a

l

L = 2 cm

~ 1.6 x 10 cm
15 -3

n
He

n
He

~ 0.5 x 10 cm
15 -3

n (10 cm )ND

16 -3

3

inlet

~d /L
2 2L

exit

(a)

(b)

exitinlet

z

d

z

electric
quadrupole

guide

d

Figure 4.16: Optimization of the ammonia density in the buffer-gas cell. In (a), a sketch
shows how the ammonia density changes from the inlet to the exit of the cell. Since most
of the ammonia is pumped away by the cell walls, the density close to the exit of the
buffer-gas cell will be two orders of magnitude lower than its original value at the inlet. In
(b) the values for the ammonia density are given for the inlet tube exit. The helium density
is fixed to 0.5× 1015 cm−3 and 1.6× 1015 cm−3, the latter respectively, being close to the
optimum value derived from the buffer-gas scan (see Fig. 4.15). In both cases the QMS
signal reaches a steady-state value. For the low buffer-gas density case, we see that the
signal starts to drop for higher ammonia densities, which might be explained by insufficient
cooling power of the helium to cool down the molecules. For the higher buffer-gas density
the signal saturates, and no signal drop is visible even for much higher ND3 densities. For
all other measurements the ammonia density was set to a value of ∼ 1.4× 1016 cm−3. At
this setting a lower flux is obtained, but it allows for longer measuring times due to less
formation of solid ammonia. The solid curves are guides to the eye.
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4.4.2 Runtime optimization

The measurement time in our setup is limited by the sticking of molecular gas to
the walls of the buffer-gas cell, which happens long before the saturation of the
charcoal by adsorbed helium gas. The charcoal can pump helium gas for several
days in the density regimes we use in our system. However, we observe a steady
decrease of the flux of guided molecules with a half life of ∼ 5 hours, which we
attribute to molecules clogging the entrance and the exit aperture of the cell. The
ice formation has been observed directly after the installation of viewing ports in
the vacuum vessel and radiation shields [Poh07]. In particular, in the exit aperture,
large blocks of molecular ice appear after several hours of operation; for a small
opening of ∼ 0.5 mm instead of 1 mm this time reduces to barely 30 min. The ice
reduces the diameter of the exit aperture and with it the amount of molecules that
can enter the guide. Since the warm up of the complete setup takes ∼ 8 hours,
a different solution had to be found. We use a Nichrome heater wire (10 Ω/m),
attached with cyanoacrylate based fast-acting glue to a 4 mm diameter copper foil
that has a 1 mm opening in the middle. This heater plate is glued to a Kapton foil
with the wires pointing into the cell.8 The coil is additionally covered with Stycast
2850 epoxy for better adherence and thermal connection. To carefully monitor the
temperature a Pt100 temperature sensor is glued to the copper plate as well. Since
the heater is glued to the Kapton foil and has a very low thermal contact with the
buffer-gas cell we can easily rise the temperature of the exit aperture. From Fig. 4.17
we see that the signal indeed recovers each time a heater pulse is applied to the exit
aperture. However, we see that the measurement periods after recovery get smaller.
We attribute this to the growing ammonia layer within the cell. Effectively the cell
dimensions are reduced due to the growing layer. Therefore, molecules have a higher
probability to hit a wall.

After 9 hours of measurement with optimal flux settings of the helium density
and an ammonia density of ∼ 1.4 × 1016 cm−3 at the inlet of the cell, we approach
the time limit for continuous operation. At this ammonia density we achieve ∼ 50%
of the maximum flux (see subsection 4.3.2). Of course, we could run at higher
ammonia densities, but at the expense of shorter running times due to faster solid
ammonia formation. The initial flux can be fully recovered by warming up the cell
to release the frozen molecular gas. Then the system is ready for operation again.

8to avoid problems with the charged electrodes of the guide.
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Figure 4.17: (a) ND3 guiding signal as a function of time showing the decrease in signal
due to ice formation for a period of ∼ 9 hours and three de-icing heater pulses, indicated
by red arrows. Heater pulses of ∼ 0.3 W are applied for ∼ 1 min. The formation of solid
ammonia at the exit aperture is shown in (b) and (c) [Poh07].

4.5 Internal cooling

In this section the cooling of the rotational degrees of freedom is discussed. A signa-
ture of cooling is obtained from velocity distributions of buffer gas cooled ammonia
(ND3). With an additional laser setup, allowing for the implementation of depletion
spectroscopy for the guided beam, quantitative characterization of the rotational-
state population is obtained for formaldehyde (H2CO), which gives clear evidence
of rotational cooling.

4.5.1 Qualitative measurement

Information about the internal cooling of the molecules can be extracted from the
velocity distributions for different buffer-gas densities. This is possible because the
cut-off velocity in the longitudinal direction (highest velocity that is present in the
velocity distribution) depends on the state-dependent Stark shift of the molecules.
In a test case measurement we use ND3. The Stark shift of ammonia is given in the
first order approximation by the formula

∆W =

((
Winv

2

)2

+

(
µ|E|max

MK

J(J + 1)

)2
)1/2

− Winv

2
(4.24)
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Table 4.3: Rotational energies, Stark energies, and longitudinal cut-off velocities for the
lowest-lying low-field-seeking rotational states of ND3 up to J = 2. The Stark shifts and
the corresponding maximal longitudinal velocities of the rotational states are calculated for
an electric field strength of ∼ 90 kV/cm. The rotational constants of deuterated ammonia
are taken from [Her45].

J |K| |M | Erot/cm−1 Stark energy/cm−1 vJ,KMz,max / (m/s)

1 1 1 8.29 1.13 123
2 1 1 28.85 0.38 71
2 1 2 28.85 0.76 100
2 2 1 22.88 0.76 100
2 2 2 22.88 1.51 142

derived from Eq. 2.64, which is valid for electric fields |E| in the range 0−100 kV/cm.
The dipole moment of deuterated ammonia is µ = 1.5 D, and Winv = 0.053 cm−1 is
the inversion splitting of ND3. The Stark shift of the different rotational states is
shown in Fig. 2.6. From Eq. 3.8 the state dependent cut-off velocities for the first
five guidable states are determined and listed in Tbl. 4.3 for |E|max ∼ 90 kV/cm
corresponding to voltages of ±5 kV applied to the guide electrodes. The cut-off
velocity is a marker for the state with the largest Stark shift contributing to the signal
of the guided molecules. To obtain information on the cooling process for the internal
degrees of freedom, we compare the calculated cut-off velocities from Tbl. 4.3 with
measured velocity distributions. Large populations in low-lying rotational states are
expected at low temperatures. In particular for ND3 at ∼ 5 K approximately 29% of
the molecules leaving the buffer-gas cell are predicted to be in the (J = 1,MK = −1)
state (see Fig. 4.4). Note that the extracted beam is expected to be pure with 99%
of the guided molecules in the lowest guidable state (J = 1,MK = −1).

The velocity distributions presented in Fig. 4.18a for a 1 cm long buffer-gas cell
show no signature of internal cooling, even for relatively high buffer-gas densities
(nHe = 4.2× 1015 cm−3) where significant boosting is apparent. No (trace of) a shift
of the cut-off velocity of the velocity distribution towards the cut-off velocity of the
lowest guidable state (J = 1,MK = −1) is visible.

On the other hand, the velocity distributions obtained with a 2 cm long buffer-
gas cell show a different behavior. As can be seen from Fig. 4.19, the fraction of
the normalized distribution above the cut-off velocity of the lowest-lying guidable
rotational state (J = 1,MK = −1) is reduced for helium densities above 0.2 ×
1015 cm−3. If the helium density is increased above 0.4 × 1015 cm−3 the cut-off
velocity does not change any more.
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Figure 4.18: In (a) velocity distributions at nHe = 1.2 × 1015 cm−3 and nHe = 4.2 ×
1015 cm−3 are presented for a 1 cm long cell. The cut off velocity for the lowest guidable
rotational state is marked by a straight line. The corresponding helium buffer-gas density
scan is shown in (b). Even for a high buffer-gas density of nHe = 4.2×1015 cm−3, at which
the maximal flux is obtained, no signature of cooling of the rotational degrees of freedom
is observed.

Therefore the conclusion can be drawn that the population of higher rotational
states and especially of those with a higher Stark shift than (J = 1,MK = −1)
is negligibly small in these cases. The velocity distributions presented in Fig. 4.19
indicate that the molecules are rotationally cooled in the buffer-gas environment of
a 2 cm long buffer-gas cell.
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Figure 4.19: Normalized velocity distribution for a 2 cm long buffer-gas cell for different
helium densities. The molecular density of ND3 at the cell entrance is fixed to ∼ 1.4 ×
1016 cm−3. The cut-off velocities of the lowest-lying low-field-seeking rotational state (J =
1,MK = −1) and of the first higher-lying low-field-seeking state (J = 2,MK = −4) are
marked by straight lines. The data taken at the lowest buffer-gas density (0.2×1015 cm−3)
show contributions of velocities higher than the cut-off velocity of the (J = 1,MK =
−1) state. This indicates the presence of higher-lying rotational states and, therefore,
insufficient rotational cooling. Compared to this, the curve at 0.4×1015 cm−3 is shifted to
lower velocities, indicating better cooling. The identical high-velocity sides of the largest
two densities indicate that the internal state distribution has stabilized. However, the high
helium densities above 0.4× 1015 cm−3 do lead to boosting, the shift of the rising edge to
higher velocities. For these high densities, the signals at vz < 20 m/s are not trustworthy
due to noise and systematic effects that become dominant in the TOF signals close to the
steady-state value. The curves connecting the data points are guides to the eye.
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4.5.2 Quantitative measurement by depletion spectroscopy

To quantitatively determine the rotational-state population and thereby the purity
of the cold guided beam, individual rotational states have to be resolved. The de-
tection by a quadrupole mass spectrometer is not state selective, since the measured
signal is proportional to the sum of the populations of all guided rotational states.
To distinguish between individual rotational states, we combine the QMS detection
with laser spectroscopy (depletion spectroscopy). Since ND3 has no easily accessible
optical transitions, we performed these measurements with formaldehyde (H2CO)9.
Here a UV laser beam (waist 150−200µm) is overlapped with the guided molecular
beam (waist ∼ 0.4 mm from simulation) to excite molecules occupying a certain
rotational state. The laser beam and the guided molecular beam are overlapped in
the straight section before the ionization volume of the QMS. Molecules in a specific
rotational state are addressed via the X̃1A1 → Ã1A2 transition (around 330 nm,
see Tbl. 4.5) and excited in the 21

043
0 rovibrational band [Mot08].10 Upon excitation

to the Ã1A2 electronic state, the molecules dissociate and are lost from the guide
(dissociation efficiency > 90 % [Moo83]). The loss is visible by a drop in the QMS
signal, which is proportional to the occupation of the addressed rotational state in
the guided beam for sufficient laser power [Mot07].

The laser setup is presented in Fig. 4.20. Tunable UV laser light is produced by
second-harmonic generation of the light from a continuous-wave (cw) ring dye laser
in an external enhancement cavity (Coherent MBD-200, BBO crystal). This light
is narrow band to ensure that only an individual rotational state is addressed. The
ring dye laser (Coherent 899, pumped by a Coherent VERDI) is frequency stabilized
to a temperature-stabilized reference cavity resulting in a linewidth of ∼ 0.5 MHz.
The resonance frequency of the enhancement cavity is locked to the frequency of
the ring dye laser light by the Hänsch-Couillaud method [Hän80]. To observe and
correct shifts in the beam-pointing when the frequency of the UV light is varied,
two CCD cameras are used to monitor the beam position. With a telescope of two
cylindrical lenses for astigmatism compensation11 and a pinhole for mode cleaning
a high-quality Gaussian beam profile is obtained. The UV laser beam is brought
to the cryogenic setup via free space. Using two additional CCD cameras for the
beam-pointing correction, the laser beam is overlapped with the beam of the guided
molecules.

For the measurement the guide is switched to a voltage of ±3 kV, which comprises
between high flux and small line broadening due to the inhomogeneous electric field
in the guide [Mot10, Sch07]. The data shown here are taken at high laser power
(Plaser ∼ 100 mW) for which the depletion values reach ∼ 99% of the high-power
limit, determined by extrapolating the measured power dependence (see Fig. 4.21).

9Switching these gases required only minor changes to the gas handling system (see Fig. D.1).
10The X̃1A1 → Ã1A2 transition is a symmetry forbidden transition. Due to the transition into

the out-of-plane bending mode ν4 designated by 43
0 the symmetry is lifted.

11The UV beam shows a different divergence in the horizontal and vertical direction resulting
from the Type II phase matching used in the second harmonic generation.
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Table 4.4: X̃1A1 → Ã1A2 transitions in formaldehyde (H2CO) that have been used in
this work. The table is adapted from [Mot10].

X̃1A1 → Ã1A2

|J ′′, K ′′A, K ′′C〉 → |J ′, K ′A, K ′C〉 Frequency (cm−1)
|1, 1, 0〉 → |2, 2, 1〉 30364.38
|2, 1, 1〉 → |3, 2, 2〉 30365.74
|2, 2, 0〉 → |3, 3, 1〉 30377.26
|3, 3, 0〉 → |4, 4, 1〉 30387.98

The states of H2CO are labeled by |J,KA, KC〉 according to subsection 2.2.2. Be-
cause of varying electric field strength and orientation along the laser beam, all
guidable sub-states with different M values contribute to the measured depletion
signal. We have simulated the experiments assuming that the molecules are in-
jected into the buffer-gas cell from a thermal ensemble at temperature T = 295 K.
Nuclear spin statistics and Stark shifts of the rotational states in the guiding fields
are included. The Stark shifts are calculated by numerical diagonalization of the
asymmetric rotor Hamiltonian in the presence of an electric field (see Fig. 2.7). Dur-
ing the cooling in the inert buffer gas the ortho and para states of H2CO do not mix
as described in C.1.

From simulations at T = 5 K, we expect contributions higher than 1% from the
|1, 0, 1〉, |1, 1, 0〉 and |2, 1, 1〉 low-field seeking states. These are measured together
with the |2, 2, 0〉 and |3, 3, 0〉 states, which possess relatively large Stark shifts and
which contribute at higher temperatures. For all measured states the depletion
signal changes as function of Tcell as shown in Fig. 4.22. Highest populations are
found for the |1, 1, 0〉 state. At Tcell ∼ 5 K no contribution of the |1, 0, 1〉 state is
found. Since this state is expected to have its highest contribution at our minimal
Tcell due to its low rotational energy of 2.4 cm−1 we did not probe it in the other
measurements. For the data shown in Fig. 4.22, the pressure in the buffer-gas line
measured at room temperature was kept constant at the optimal settings described
in subsection 4.4.1, causing variations in nHe depending on Tcell. Still, the increase
of the |2, 2, 0〉 and |3, 3, 0〉 data (rotational energies of 40 and 88 cm−1, respectively)
and the decrease of the |1, 1, 0〉 and |2, 1, 1〉 data (rotational energies of 11 and
16 cm−1, respectively) indicate clearly a dependence of the rotational temperature
on the temperature of the buffer gas. From the data we can not conclude whether
the molecules completely thermalize inside the buffer-gas cell. Therefore, a further
increase of the |1, 1, 0〉 population might be feasible by increasing nHe at minimal
Tcell, as discussed below.

In Fig. 4.23 depletion measurements as function of nHe at Tcell ∼ 5 K are pre-
sented. Again, highest populations are found for the |1, 1, 0〉. At low densities, the
population increases strongly with nHe, caused by the onset of rotational cooling of
the molecules by collisions with cold helium gas.
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Figure 4.20: Laser setup for depletion spectroscopy in the cold source. A ring dye laser
(Coherent 899), pumped by a Coherent VERDI at 532 nm, is used to generate cw laser light
around 660 nm. With a polarizing beam splitter (PBS) a small part of the beam is reflected
in the perpendicular direction. Via a single mode optical fiber it is sent to a wavemeter
(High Finesse WS7) and a Fabry-Perot interferometer. The beam transmitted through the
PBS is brought to a BBO crystal placed in the focus of an external enhancement cavity. By
second-harmonic generation, (cw) UV-laser light at 330 nm is produced. An astigmatism
compensation stage formed by two cylindrical lenses as well as a mode cleaning pinhole is
used to generate a high-quality Gaussian beam profile. This ensures a proper overlap with
the molecular beam when the UV light is focused into the electric guide of the cryogenic
setup. Drifts in beam pointing resulting from wavelength tuning are monitored by CCD
cameras before the mode cleaning stage and shortly before overlapping the beam with
the electric guide. Here, steering mirrors SM1, 2 and SM3, 4 are used, respectively, to
adjust deviations in the beam pointing. The transport of the laser beam in the direction
perpendicular to the plane is represented by the

⊗
symbols.
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Figure 4.21: In (a) the normalized QMS signal with and without UV-laser light is
shown for the |1, 1, 0〉 state at Tcell = 5 K, nHe ∼ 2× 1015 cm−3 and ±3 kV on the guiding
electrodes. The laser frequency is set to the maximum of the transition |1, 1, 0〉 → |2, 2, 1〉
[Mot07]. A laser power of Plaser ∼ 100 mW is used to obtain the data. According to the
power dependence measurement presented in (b) depletion is close to the high-power limit.

Also a decrease in the relatively high-energetic |3, 3, 0〉 state is visible. For nHe ≥
3× 1015 cm−3 the populations converge to constant values. In this range, the total
depletion signal of the addressed states sums up to 80%-90%, illustrating the low
number of states in the guided beam. The remaining 10%-20% is attributed to
molecular orbits which do not interact with the laser beam and to molecules which
do not dissociate, but decay back into guidable states. A similar fraction was found
in our previous experiments performed at room temperature [Mot07]. Taking this
into account the population in the |1, 1, 0〉 state of H2CO is (82 ± 10)% for the
optimal setting of nHe.

A possible explanation for the absence of the |1, 0, 1〉 state in the beam is given by
its relatively low Stark shift. We know from the velocity distributions (see Fig. 4.19)
at high nHe, that molecules can be accelerated when leaving the cell (see subsection
4.1.3). Therefore, this Stark shift might be too low to keep the molecules guided in
the quadrupole bend. At low nHe the velocity boost is small, but in this case the
data (nHe ≤ 2× 1015 cm−3 in Fig. 4.23) indicate higher rotational temperatures for
which the population in |1, 0, 1〉 is expected to decrease rapidly.

To understand this behavior we model the guided state distribution for differ-
ent temperatures. The model includes the boosted guided densities from Eq. 3.14
for the different rotational states, weighted with the state population according to
Eq. 3.11, which are summed to the total guided density. The model assumes that
the molecules are fully thermalized in the buffer-gas. The rotational-state distribu-
tion of formaldehyde at 295 K (see Fig. 4.4) is used to normalize the ortho and para
rotational-state distributions at low temperatures. In Fig. 4.24 the results of the an-
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Figure 4.22: Depletion as a function of Tcell for different rotational states. The helium
density is fixed to nHe ∼ 2 × 1015 cm−3 and ±3 kV are applied to the guide electrodes.
The solid curves are guides to the eye.

alytic model are presented for different buffer-gas temperatures. A boosting factor
of b = 220 m/s is used in the analytical model. The data shown in Fig. 4.22 are com-
pared with the analytical model. Note that the data points are shifted by ∆T = 13 K
and corrected by 10 % upwards to compensate for molecules moving on non address-
able molecular orbits. Quite good agreement is found between the model and the
temperature-shifted data points. Except for the slight deviation of the data points
for the |3, 3, 0〉, all data points coincide with the calculated lines. Also the absence of
the |1, 0, 1〉 state in the depletion data is reproduced from the temperature shift and
the strong boosting. Notwithstanding the good agreement it is not clear whether
the buffer gas temperature is slightly higher than the cell temperature or whether
the molecules are fully thermalized at a buffer-gas density of nHe ∼ 2 × 1015 cm−3.
An explanation for the higher buffer-gas temperature can be given by the temper-
ature gradient that extends from the molecule inlet (Tinlet = 295 K) to the exit foil
of the buffer gas cell. This could result in a higher average temperature, which the
molecules experience in the buffer-gas cell. The large heat load from the inlet and
the long distance to the cell walls (see section 4.2.2) in the transverse directions
could result in a local increase of the buffer gas temperature. This argument is
supported also by the fact that the signal of guided molecule increases when the
inlet temperature is reduced (see section 4.4.1).
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Figure 4.24: The depletion data as a function of Tcell, shown in Fig. 4.22, are compared
to the values derived from an analytical model of the guided state population (solid lines).
Good agreement is found with the analytical model for a uniform temperature shift of
the measured data points by 13 K resulting in T = Tcell + 13 K. The analytical model
uses the boosted velocity distribution (b = 220 m/s) of molecules injected into the guide
presented in Eq. 3.14 and includes the population of the individual rotational states at a
temperature T (see Fig. 4.5) weighted with their respective Stark shifts (see Fig. 2.7). The
data points are shifted upwards by 10 % to account for non-addressable molecular orbits
in the guide. A low contribution of the |1, 0, 1〉 state in the guided beam (grey colored
line) is predicted by the model. The large guided population of the |1, 1, 0〉 state even
at very low temperatures results from the fact that the |1, 1, 0〉 state is the ortho ground
state of formaldehyde.
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4.6 Cold beams of different molecular species

Most of our measurements are performed with deuterated ammonia (ND3) and
formaldehyde (H2CO) because these molecules have been used in our previous room-
temperature experiments [Jun04a, Mot07] and because ND3 has also been employed
in buffer-gas cooling experiments [Wil04]. To demonstrate that our cryogenic source
is a versatile tool for generating cold molecules, we also investigated the production
of cold guided beams consisting of other symmetric top molecules such as trifluo-
romethane (CF3H) and fluoromethane (CH3F). The masses, dipole moments and
cut-off velocities of the lowest guidable state (J = 1, MK = −1) of these molecules
are listed in Tbl. 4.5. Note that we determined the cut-off velocity for CH3F and
CF3H from

vJ,KMz,max =

[(
µ|E|max

MK

J(J + 1)

)
R

mmolr

]1/2

, (4.25)

since they lack inversion splitting. The measurements with CF3H and CH3F are
performed without any change to the cryogenic source except for the gas handling
system. Due to the higher vapor pressure of these molecules, the molecular gas line
was heated to only T ∼ 140 K instead of T ≥ 180 K as is necessary for ND3. In
Fig. 4.25a, buffer-gas scans are presented for the different species. To cool down
heavy molecules, more collisions with helium are needed than for light molecules.
Therefore the position of the peak of the buffer-gas scan for the heavier CF3H is
shifted to higher nHe as compared to the lighter molecules. This is in agreement with
the prediction made by Fig. 4.3. The QMS signals obtained for CF3H and CH3F are
only a factor of two lower than the ND3 signal. Since we have calibrated the QMS
only for ND3, we cannot determine absolute numbers for the guided fluxes of the
other species. However, we conclude from these high signals that fluxes and densities
comparable to those for ND3 are feasible with this setup, showing the universality of
our source. In these measurements we have not compensated for the change in the
conductance of the molecular gas line resulting from the different molecular masses
and different gas-line temperatures. This change causes the molecular densities in
the inlet to vary for the different data sets but we expect no large effects on the
results. Note the shift in the peak position of the buffer-gas scan of ND3 in Fig. 4.25a
in comparison to Fig. 4.15. This probably results from a rebuild of the buffer-gas

Table 4.5: Masses, dipole moments and maximal longitudinal velocities evaluated for
the (J = 1, MK = −1) state of of deuterated ammonia ND3, fluoromethane CH3F, and
trifluoromethane CF3H.

mass/ amu dipole moment/ D vJ,KMz,max / (m/s)

ND3 20 1.5 123
CH3F 34 1.86 105
CF3H 70 1.65 69
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Figure 4.25: (a) Buffer-gas scans for ND3, CH3F and CF3H, normalized to the peak value
of the ND3 curve. For higher masses the optimal value of the buffer-gas scan is shifted to
higher densities since more collisions are needed to slow down the heavier molecules. The
curves in (a) are guides to the eye. In (b) the velocity distributions for the three different
species at a similar buffer-gas density (nHe ∼ 1.7× 1015 cm−3) are compared. The cut-off
velocities of the distributions are shifted to lower velocities for higher masses. The vertical
lines indicate the calculated positions of the cut-off velocities for the |J = 1,MK = −1〉
low-field-seeking state.

cell between these two measurements. As observed from several rebuilds, the peak
position can shift by ∼ (±1)×1015 cm−3 after such an intervention. Therefore buffer-
gas scans are performed after each rebuild of the system to relocate the optimal
setting for nHe.

The velocity distributions of the three different species are shown in Fig. 4.25b for
a fixed helium density of nHe ∼ 1.7×1015 cm−3. The vertical lines indicate the cut-off
velocities of the lowest guidable state for each molecule. The velocity distributions of
both ND3 and CH3F converge to zero at the cut-off velocities of the lowest guidable
state. This is not the case for CF3H as discussed below. Since ∆W for states with
J2 = |MK| increases for higher J values for symmetric top molecules in first order
according to Eq. 2.59, the CH3F and ND3 data indicate that the beams consist
mainly of states with J = 1.12 Large populations in higher J states would show
higher cut-off velocities due to contributions of states with J2 = |MK| > 1. In other
words, Fig. 4.25b shows that the ND3 and CH3F molecules are rotationally cooled by
collisions with the buffer-gas. We also performed measurements at different buffer-
gas densities for CF3H and CH3F. Fig. 4.26 shows two velocity distributions for both
CH3F and CF3H. One distribution is taken at the optimal flux setting of nHe and
the other for a lower value of nHe. The data taken at low nHe display a marginally
smaller boosting than the data taken at the optimal flux settings for both gases.

12For ND3 Eq. 2.64 is valid.
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Although the low nHe data of CH3F exhibit smaller boosting, the data show larger
contributions at high velocities. This is explained by population in higher rotational
states for which the cut-off velocities are larger than for the (J = 1, MK = −1)
state.

We have shown in Fig. 4.23 that the internal cooling for H2CO is already near its
maximal value at the optimal flux setting of nHe and also the velocity distributions
of ND3 and CH3F indicate qualitatively that most of the molecules are in the lowest
guidable state at this setting. Therefore, we could expect that the CF3H molecules
are rotationally cold at their optimal flux setting of nHe as well. However, comparing
data taken at different buffer-gas densities does not reveal any effect of internal
cooling as shown in Fig. 4.26b. This can be explained by the small rotational
constants of CF3H (C = 0.19 cm−1 and B = 0.35 cm−1 [Wen79]), causing population
in higher states even at temperatures around 5 K. Since Wint (in the first order
approximation of Eq. 2.59) converges to µ|E|max for high J states with J2 = |MK|,
a distinct shift towards smaller cut-off velocities is only visible between molecules
populating mainly J = 1 states and molecules populating states with higher J .
Therefore, we conclude that although the guided beam of CF3H is not pure, it is
likely to consist of a few states only with low rotational quantum numbers and
low rotational energy. To increase the purity even more, one could deplete higher
rotational states if light for the transitions is available. This would, however, cause
an overall reduction of the flux. A better option would be to reduce the temperatures
of the buffer gas even further. For CF3H, temperatures around 1 K would suffice to
increase the purity strongly. The cooling of CaH and CaF molecules in buffer gases
with temperatures below 1 K has already been demonstrated [Mau05, Wei98]. In
summary, we were able to produce cold guided beams of several different molecular
species. Our data suggest that these beams consist of molecules in low rotational
states, where the number of populated states depends on the density of rotational
states at low temperature.
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Figure 4.26: Velocity distributions of CH3F (a) and CF3H (b), normalized to the
maximum value. Helium densities resulting in maximum flux and below the optimal
value are used to illustrate the effect of cooling. In the case of CH3F the data at low
nHe ∼ 0.5× 1015 cm−3 show a negligibly smaller boosting than the data taken at the opti-
mal flux settings of nHe ∼ 0.7× 1015 cm−3. Even with this smaller boosting, the low nHe

data show higher contributions at high velocities. This indicates population in higher ro-
tational states for which the cut-off velocities can be higher than for the J = 1,MK = −1
state. The vertical lines indicate the calculated positions of the cut-off velocities for the
(J = 1,MK = −1) low-field-seeking state. A similar behavior is shown for ND3 in
Fig. 4.19. For CF3H we do not observe any change in the cut-off velocity in the data
at different nHe, however we observe a very small difference in boosting. This can be
explained by the small rotational constants of CF3H, causing populations in higher states
even at temperatures around 5 K.
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Figure 4.27: Instabilities of the guided signal. The QMS (a), RGA (b), Bayard-Alpert
gauge (c) and cell-temperature signal (d) at optimal settings for ND3 are plotted over a
time of 7.2 min. The spikes in the signals from the RGA and the Bayard-Alpert gauge,
respectively, and the cell temperature coincide in time with the dips in the QMS signal
for the largest instabilities.
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4.7 Stability of the cold beam

The measurement presented in Fig. 4.17 shows the signal of the guided molecules
over a time period of ∼ 9 hours with a time resolution of ∼ 1/2 minute at optimal
settings. The cell temperature is ∼ 5 K. If one zooms in and takes a closer look
many signal drops become apparent (see Fig. 4.27a). These instabilities of the
guided signal are not periodic but appear with large probability after a certain time
period (∼ 1min).

To investigate the cause for this behavior the setup has been modified. The mass
spectrometer (rest gas analyzer “RGA”) monitoring the presence of residual gases in
the vessel is relocated to the flange straight against the exit aperture of the buffer-
gas cell. The windows on the two gold coated copper shields, which allowed for
direct visual access to the exit aperture, are removed.13 Thereby the RGA is facing
the exit aperture. Straight flying molecules from the cold source, which are not
extracted by the guide can be detected by the RGA. The RGA detects also buffer
gas from the cell moving in forward direction as well as residual gases residing in
the vessel. Changes in the ion-currents for individual masses give information about
both slow and abrupt changes in the vessel. This combined with data from the
QMS and the pressure gauges of the vessel allows to fully monitor the output of the
buffer-gas cell (see Fig. 4.27).

Different settings have been probed. For these tests we increased the rate at which
the data is read out to have better temporal resolution. For example, if helium is
applied to the cell without ND3, no abrupt changes in the ion current of the RGA
or changes in the pressure gauge values as well as in the monitored temperatures are
visible. When ND3 is added to the buffer-gas cell strong fluctuations are detected
after a couple of minutes by the various sensors. The RGA and the Bayard-Alpert
gauge detect an increase in the ion current (spikes) while the guided signal is reduced
at the same time (dips). The temperatures measured on the cell, the exit foil and the
charcoal-coated shield increase at such events. On average every minute a small spike
is detected. Other gases such as CF3H, CF3CCH etc. also show similar behavior.

By resolving the shape of a single spike (or dip) by a higher time resolution in
the detection, as it is shown in Fig. 4.27b, it is apparent that a sharp rising edge is
followed by a slow decay. This could indicate that a given volume needs to be refilled
or pumped down after a sudden change in pressure. In Fig. 4.28a the QMS signal
of the guided molecules during such a dip is shown with respect to the ion current
of the RGA at the helium mass.14 The data show exactly the same outline as the
buffer-gas scan presented in Fig. 4.15. This behavior can be explained as follows. At
the beginning of a dip in the QMS signal (see Fig. 4.27a) the helium gas in the cell is
suddenly emptied (burst) leading to a fast increase in the ion current of the helium

13The windows were placed in ∅ 2.5 cm and ∅ 1 cm apertures in the inner and outer shield and
used to look around and in the cell with a microscope to observe ice formation [Poh07].

14Fig. 4.28b demonstrates the linear relation between the measured current in the RGA and the
observed pressure in the vessel.
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Figure 4.28: In (a) the signal of the guided molecules from the QMS is shown as a
function of the RGA signal for mass 4. The same shape as in the buffer-gas scan of
Fig. 4.15 is observed. The grey arrows indicate the direction of time in the measurement.
In (b) the linear behavior of the RGA signal with respect to the pressure in the vessel
detected by an Bayard-Alpert gauge is visualized. This gives the correlation to the helium
density in the cell.

mass and a similar increase in the ion current of mass 20 at the RGA (see Fig. 4.27b).
The increase in detected mass 20 at the RGA results from ammonia transported by
the helium burst and from ammonia which due to the missing helium-buffer gas
is not cooled and therefore not guided anymore. After the burst the ion current
of helium at the RGA drops quickly to a lower value compared to the stable flow
condition. Thereafter the helium density in the cell is slowly restored to its original
value. This is isochronous with the reduction of the detected ammonia at the RGA
and an increase in the guided signal at the QMS due to increased cooling.

If the cell temperature is increased to a higher temperature the occurrence of
instabilities in the guided flux is reduced. At a cell temperature above ∼ 12 K a
nearly complete removal of the fluctuations is present indicating that a stable signal
demands higher cell temperatures (see Fig. 4.29). Unfortunately, this sacrifices
internal state purity and flux of guided molecules.

These instabilities have also been observed in other experiments with buffer-gas
cooled beams [Pat10]. The current hypothesis to explain for this phenomenon is
the following. When icicles of resublimated molecular gas reach the heated inlet
they evaporate and create a massive heat load on the system. Due to the sudden
increase in pressure the buffer-gas is rapidly released from the cell. This leads to
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Figure 4.29: Recovery of stable signal by raising the buffer-gas cell temperature. The
dots show the variation of the RGA current due to spikes measured for different cell
temperatures. The black and blue colors are used to distinguish between different sets of
measurements, because the spikes can slightly change the cell temperature.

the behavior that has been described above. This is a plausible explanation but it
has not been experimentally confirmed since.

4.8 Applications

Several additional experiments are discussed in this section. For example, the imple-
mentation of the velocity-selection scheme presented in chapter 3 is demonstrated for
the cold source. The application of the cold source for cold chemistry experiments
is exemplified by hydrogen-deuterium exchange reactions for a NH3-ND3 mixture
in a helium buffer-gas environment. These measurements emphasize the usability
of our source for cold chemistry experiments. Thus the buffer-gas technique can
be a feasible alternative to cold chemistry experiments performed with other tech-
niques e.g. CRESU (Cinetique de Reaction en Ecoulement Supersonic Uniforme)
technique [Smi06].
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Figure 4.30: Velocity distributions of state- and velocity-selected molecular pulses. The
filtering scheme discussed in chapter 3 has been used. In light blue the velocity distribution
of the 60 m/s pulse is shown, which concerning the magnitude serves as a reference for the
other pulses.

4.8.1 Buffer-gas cooling with Neon

For cell temperatures above 16 K, where a stable flux of guided molecules can be
obtained, neon (Ne) can be used as a buffer gas as well. Neon has a larger mass
(mNe = 20 amu) compared to helium and therefore a lower thermal velocity vNe,16 K =
115 m/s. This is even lower than helium at 5 K, vHe,5 K = 144 m/s. Experiments are
undertaken for a cell temperature of ∼ 20−25 K with ND3 gas. In comparison with
data from helium buffer-gas cooling at similar conditions no significant differences
are visible in the guided flux and velocity distribution.

4.8.2 Velocity-selected molecular pulses from the cold beam

As it has been shown in the previous sections, molecular beams of high state purity
can be obtained by means of buffer-gas cooling. To obtain molecular samples that
apart from a high internal state purity show also well defined kinetic properties,
we apply the velocity selection method presented in section 3.6.1 to the continuous
guided beam of the buffer-gas cooled molecules. The switching times are matched
to the guide segments. Always two subsequent measurements are performed. A
measurement of a pulse with the selected velocity is followed by a measurement
of a reference pulse. The velocity of the reference pulse is given by the average
velocity of the continuous guided beam (∼ 60 m/s) due to its high contrast. The
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Figure 4.31: Normalized mass spectrum resulting from fragmentation of NH3 (mass
17)(a) and ND3 (mass 20) measured with QMS and RGA, respectively.

magnitudes of the reference pulses are compared for the different measurements.
This procedure guarantees that the signal is not influenced by changes in the guided
flux which can result from resublimation of molecular gas in the cell and the exit
aperture as discussed in subsection 4.4.2, or signal instabilities as discussed in section
4.7. The reference is used to rescale the magnitudes of different velocity selection
measurements. A joint velocity distribution composed of individual velocity-selected
molecular pulses at different velocities is obtained (see Fig. 4.30).

4.8.3 Reactions at low temperatures

In this section we investigate the applicability of our cryogenic system for cold
chemistry experiments. In a test case experiment with NH3 and ND3 we attempt to
witness hydrogen-deuterium exchange reactions in a helium buffer-gas environment
around ∼ 18 K in our setup. Measurements at room temperature with and without
buffer gas are used as a reference to determine changes in the distributions of the
reactants. To perform these measurements the setup has been modified. An addi-
tional entrance capillary for hot molecules is installed. It is displaced from the first
input capillary to make sure that the different species only interact with each other
within the buffer-gas cell. One of the threaded holes on the side of the extension
frame is used for the input (see Fig. 4.11). The second molecular input capillary is
made similar to the buffer-gas capillary. It has an inner diameter of ∅ 1 mm and can
be attached to the cold plates of the cryo cooler by small copper blocks.15 However
this is not done in these experiments to prevent resublimation of the molecular gases
inside the line. A small stainless needle of ∅ 0.2 mm is attached to the end part of
the capillary. The needle is loosely covered with Kapton foil and inserted in the side

15Therefore, it can be used as a secondary buffer-gas line.
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Figure 4.32: Hydrogen-deuterium exchange reaction for ND3 and NH3, with and without
helium gas. In (a) a sketch of the modified setup is shown. In both measurements an
entrance density of nNH3,ND3 ∼ 2× 1014 cm−3 for NH3 and ND3 is used. In (b) the QMS
fragmentation data of the mixture measurements at room temperature are presented.
The lower plot shows an experiment where warm helium buffer gas was added (nHe ∼
1 × 1014 cm−3). In (c) the detection results by the RGA for the unguided molecules is
presented. The RGA signal is recorded simultaneously with the QMS signal.

aperture of the extension frame of the buffer-gas cell. The Kapton guarantees that
the thermal connection between the needle and the copper frame of the buffer-gas
cell is marginal. To avoid cold spots heater wires are wrapped around the capil-
lary at several positions. The heater wires are covered with Stycast to improve the
thermal contact with the supply line. The heater close to the needle is used to set
the temperature of the molecules before they are injected into the buffer gas. The
temperature of the line is monitored with PT-100 resistance thermometers. The
two mass spectrometers are used to detect the contribution of the different species.
The detection with the QMS can resolve smaller abundances than the RGA due
to the lower background in the QMS detection chamber and the higher detection
efficiency. On the other hand, this signal is convoluted with the guiding efficiency
of the contributing species.
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Table 4.6: Fragmentation distribution of the different species. The factors fi (i ∈
{1, 2, 3}) are obtained from the signal of the ND3 and NH3 fragments in Fig. 4.31, nor-
malized to the non-fragmented contribution, where i hydrogen or deuterium atoms are
removed. Since ND3 and NH3 have similar fragmentation rates the factors fi are used for
both species.

mass NH3 ND3 NH2D ND2H
20 0 1 0 0
19 0 0 0 1
18 0 f1 1 f1/3
17 1 0 2f1/3 2f1/3
16 f1 f2 f1/3 + f2/3 2f2/3
15 f2 0 2f2/3 f2/3
14 f3 f3 f3 f3

At first, measurements are performed at room temperature without buffer gas
to observe the background contribution at different masses. Note that background
subtraction is included in the QMS signal for guided species due to the detection
sequence with high voltage on and off (see section 4.2.5). These are followed by
separate measurements of the individual species without helium buffer gas. The
two mass spectrometers monitor the masses of the respective species. Also different
masses than the actual mass of ND3 or NH3 have to be observed. The detection of
the mass spectrometer by electron impact ionization can lead to fragmentation of the
detected molecule. Hence all fragmentation mass channels must be monitored (see
Fig. 4.31). This is necessary to distinguish in upcoming experiments between species
originating from exchange reactions appearing at a certain mass channel and species
appearing at the same mass channel but descending simply from fragmentation of
the input molecules. Therefore, the fragmentation distributions from the QMS and
RGA for NH3 (see Fig. 4.31a) and ND3 (see Fig. 4.31b) respectively are later used
to extract the contributions from the reactants and their fragments. From these
measurements we confirmed that the loss of one hydrogen or deuterium atom is
equal in a fragmentation process. This is also valid for the loss of two or three atoms.
We use the observed fragmentation rates to extract the fragmentation fractions of
ND2H and NH2D, respectively (see Tbl. 4.6).

The mixture experiments presented in Fig. 4.32 where both ND3 and NH3 are in-
troduced into the buffer-gas cell via the two molecule injection lines are performed at
room temperature for similar densities of ND3 and NH3 (nNH3,ND3 ∼ 2× 1014 cm−3)
without helium buffer gas and with helium buffer-gas (nHe ∼ 1 × 1014 cm−3). For
these different experiments the contributions of the reactants ND2H and NH2D are
extracted. Especially the contribution of the mass of ND2H (mass 19) is easily ob-
tained because its mass does not coincide with the masses from the fragments of
ND3. To obtain the contributions of other reactions, we need to subtract contribu-
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Figure 4.33: Hydrogen-deuterium exchange reaction for ND3 and NH3 at Tcell ∼ 18 K.
The QMS data, shown in (a), consists mainly of the fragments of the injected species.
Therefore, there is no evidence for reactions at low temperatures. The RGA signal shown
in (b), does however provide information that reactions have occurred. For example see
mass 19. The upper plots show measurements with a helium buffer-gas density nHe ∼
4×1014 cm−3. The lower plots show measurements where the same conditions are applied
except that more helium buffer gas is added (nHe ∼ 1 × 1015 cm−3). The RGA signal is
recorded simultaneously with the QMS signal.

tions of fragments from the observed signal. For example the contribution SNH2D of
NH2D at mass 18 is estimated by

SNH2D = S18 − SND3f1 − SND2H
f1

3
, (4.26)

where S18 is the observed signal at mass 18, SND3 is the signal of ND3 at mass 20
and SND2H is the signal of ND2H at mass 19 (see Tbl. 4.6).

In Fig. 4.32 the measurements with and without helium buffer gas are compared.
The only significant difference is seen in the height of the contributions from the
guided beam measured by the QMS. When helium buffer gas is applied the contri-
butions are reduced equally for all the different masses. This is due to the increased
boosting. The relative amount of reactants remains the same.

The same measurements are repeated at low temperature (Tcell ∼ 18 K) including
helium buffer gas. The results are shown in Fig. 4.33. Much higher NH3 and ND3

entrance densities (nNH3,ND3 ∼ 1× 1015 cm−3) are applied to the system due to the
fact that most of the molecules are pumped by the walls (and just a few find their way
to the exit). Also the buffer-gas density is increased to guarantee sufficient cooling.
Here, basically no guided reactants are detected by the QMS (see Fig. 4.33a). In
the RGA signal however relatively large contributions from reactants are observed
(see Fig. 4.33b). This indicates that it is much more difficult to guide the reaction
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products. The measurements are performed for low (nHe ∼ 4× 1014 cm−3) and high
(nHe ∼ 1× 1015 cm−3) buffer-gas densities. This is done to verify that the reactions
happened at low temperatures. As expected (with respect to the results shown in
Fig. 4.19), the data in Fig. 4.33b show no significant difference for these two density
settings.

A direct comparison between the data obtained at room temperature (see Fig. 4.32)
and the data acquired at 18 K (see Fig. 4.33) is hampered by various reasons. Those
descend primarily from differences in the experimental conditions, which are diffi-
cult to quantify and control. For instance, one has to take into consideration the
differences in the ratios of ND3 and NH3 as well as the large difference in the number
of reactive collisions in case of the room temperature and the cold regime, respec-
tively. Those differences stem from the different pumping of the cell walls at the
two temperature regimes.

The measurements demonstrate that it is possible in principle to perform cold
chemistry experiments in a cryogenic buffer-gas cell. Still, our measurements re-
quire improvements for detection and control. Especially, low temperatures are ex-
pected, but it is not absolutely clear at what temperatures the reactions happened.
In a more sophisticated setup which enables precise temperature measurements and
state-selective detection in the buffer-gas cell [Wei98, Sko10], more quantitative re-
sults could be obtained.

4.9 Operation of the cryogenic source in the hy-

drodynamic regime

The measurements presented so far are all carried out with low buffer-gas densities.
The buffer-gas density is optimized for minimal boosting and sufficient cooling to
obtain large samples of slow and internally cold polar molecules. This is motivated
by the applicability of our setup as a cold molecule source in further experiments. For
example experiments investigating cold collision [Saw10] or experiments employing
sympathetic and optical cooling schemes [Bar09, Zep09], where long interaction
times and spatial addressability of the molecules are required. These needs can be
met by a trap which confines molecules in three dimensions. Since electric traps are
limited to trap depth of ∼ 1 K (see section 3.1 or [Rie05]) only molecules from a
source with corresponding low velocities can be trapped.

On the other hand, the fluxes and densities in the guided beam obtained from
buffer-gas cooling in the diffusion regime are limited. The limitations are conditioned
by the geometric probability for a molecule to find the exit aperture of the buffer-gas
cell and the probability for a subsequent acceptance by the quadrupole guide. These
limitations are overridden when working in the hydrodynamic regime. In the latter
the probability for a molecule to leave the buffer-gas cell can be brought to nearly
unity. Also, more molecules exit the cell in the forward direction because of the
boosted velocity distribution [Max05, Pat07].



106 Slow molecules extracted from a cryogenic source

In this section results of measurements that show the performance of our source
in the strongly boosted hydrodynamic regime are presented. For detection we use
the RGA mounted to the vessel (see section 4.7) and the pressure gauges. The QMS
only detects guided molecules at low buffer-gas densities since the guide has a bend
radius of 2.5 cm and cannot extract molecules from a strongly boosted beam.

The measurements are done with ND3 and CF3H in helium and neon buffer gas,
respectively.16 Except for the higher temperature of the neon buffer gas which
results in a lower guided flux and a broader rotational state distribution, it provides
several advantages over helium in our setup. The major improvement is given by
the reduced background-gas density at high buffer-gas flows, which results from the
improved pumping efficiency of the cold surfaces including the charcoal. In contrast
to helium, neon gas resublimates on the ∼ 5 K shields due to its higher resublimation
temperature. It allows for higher heat loads on the shields and thereby guarantees
that larger buffer-gas densities can be applied to the system before the absorbed
gas gets released. Also, the thermal velocity of neon at 20 K (vNe = 129 m/s) is
slightly lower than the thermal velocity of helium at 5 K (vHe = 144 m/s) as stated
in subsection 4.8.1.

In Fig. 4.34 a buffer-gas scan of ND3 with helium densities reaching up to 1017 cm−3

is presented. Here both the QMS and the RGA are used as detectors. The QMS
data are represented by the black data points in Fig. 4.34 and show the buffer-gas
scan region where electric guiding is still efficient. The signal of the RGA drops af-
ter helium buffer-gas is applied but strongly increases for densities above 1016 cm−3.
The drop of the signal at the beginning is explained by the increased cooling due
to helium-buffer gas in the cell. Without helium buffer-gas the molecules are not
cooled and most of them can escape the guiding fields. Also, due to the higher
velocity of the warm molecular beam (vND3 → vHe) more molecules reach the RGA
by free rectilinear flight. Applying buffer gas diffuses the molecular beam inside the
cell and reduces the average velocity of the molecules. The strong signal increase for
densities above 1016 cm−3 cannot be explained by boosting alone, which contributes
to the gain only by a more forward directed beam. Because of the higher transfer
efficiency of molecules from the inlet to the exit in the hydrodynamic regime (see
section 4.1.3) a larger signal is achieved.

16We choose CF3H instead of ND3 for Ne-buffer gas since deuterated ammonia and neon possess
the same mass and cannot be differentiated in a mass spectrometer.
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Figure 4.34: Hydrodynamic enhancement. The blue (black) points show the average
magnitude of the signal obtained with the RGA (QMS). The black data points describe
a typical buffer-gas scan (see Fig. 4.15), where no signal is observed for high buffer-gas
densities because of boosting. The blue data points show a signal drop in the diffusive
regime (nHe < 1016 cm−3) where molecules are extracted by the guide. This is followed
by a strong increase in signal in the hydrodynamic regime. We attribute the second
drop to ice formation on the guide electrodes, blocking the path to the RGA. The data
show an increase by a factor of two in the hydrodynamic regime, compared to the case
without buffer gas (see first blue dot on the left). Much higher values (up to two orders of
magnitude) can be obtained. The gain is only limited by scattering with background gas
at high densities and the heat load on the cryogenic system. The temperature of the cell is
∼ 7 K. The solid lines are guides to the eye. Note that both curves have been individually
normalized.
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4.10 Summary

In this chapter a newly developed source for cold polar molecules has been presented.
In the source a continuous beam of polar molecules is cooled in of a cryogenic buffer
gas, after which it is delivered into a separate ultrahigh vacuum chamber by means
of an electric quadrupole guide. The source can operate for many hours with fluxes
up to (7±7

4)×1010 s−1 and peak densities of (1.0±1.0
0.6)×109 cm−3 for ammonia (ND3)

inside the quadrupole guide. The internal temperature of the molecules is reduced
by collisions with the helium buffer gas. This results in a strong increase of the state
purity in the guided beam, which is shown for formaldehyde (H2CO) by depletion
spectroscopy measurements of the guided molecules. at optimal settings a state
purity of ∼ 80% is obtained. Signatures of internal cooling are obtained as well
from the velocity distributions of ND3 taken at different buffer-gas densities. The
characteristics of the source are examined with respect to variations in the molecular
density, helium buffer-gas density and cell length. From these studies, optimized
settings for the system are found to produce maximal fluxes. By comparing the
cooling and guiding characteristics for four different species, we have shown that
our source is applicable to a wide variety of molecular gases.

Also, we have demonstrated that sophisticated experiments can be performed with
our setup. For example, we have observed hydrogen-deuterium exchange reactions in
buffer gas cooled NH3, ND3 mixtures. Also hydrodynamic enhancement is witnessed
by applying high buffer-gas densities to the cell [Max05, Pat07].

With the current setup further experiments can be carried out. For example,
molecules in the ro-vibrational ground state (high-field-seeking states) could be
guided by applying alternating electric fields to the guide [Jun04b]. The laser de-
pletion technique itself could be used as a tool for further purification of the guided
beam. The extracted beam can be employed to load electric traps [Rie05] in which
collisions and chemistry at low temperatures can be observed. Slow molecules from
the same or different species could be brought into collision under controlled con-
ditions [Wil08a]. Because of the high purity of our beam, these processes can be
investigated in a state-selective manner. Our source can also be employed to improve
the resolution in high-precision experiments [Hud02, Kaw04].



Chapter 5

Outlook

In this thesis we have demonstrated that the method of electric guiding and velocity
filtering of polar molecules can be combined with buffer-gas cooling. In this way
not only the slowest molecules are filtered out of a molecular source (see chapter 3)
but also the number of populated internal states is strongly reduced (see chapter 4).
We have also shown that the method of electric guiding can be extended towards
the production of mono-energetic molecular pulses (see chapter 3). This allows for
a wider variety of applications, as outlined in the respective chapters.

Despite these new developments some issues still remain. The main shortcomings
of the technique and the existing experimental setup, are addressed in the following.
Possible solutions to these limitations as well as new concepts are also highlighted.

To obtain molecular samples with well-defined velocity by means of velocity se-
lection our source must operate in a pulse mode. As a result a large number of
molecules from the continuous beam, having the desired properties, are inevitably
sacrificed, and thus the out-coming flux is largely reduced. Additionally, the disper-
sion of the molecules in the electric guide results in pulses which are spatially and
temporally broadened along the guiding direction. The broadening increases pro-
portionally to the length of the guide segment remaining after the pulse generation
process. This leads to a reduction in density. The reduction can be minimized by
producing the molecular pulse as close as possible to the end of the guide. In this
way a high density for subsequent applications is retained. Nevertheless, no active
way for preserving the size of the molecular package along the guiding direction and
thereby maintaining the phase space density of the sample is present in the current
setup. Since the longitudinal velocity distribution is narrow one could in principle
use a buncher as in a Stark decelerator [Cro02], to obtain longitudinal focussing.

An adverse effect accompanying the formation of cold molecular beams from a
buffer-gas source is the large boosting caused by the buffer gas emerging through the
aperture of the cell. Therefore cold molecules with kinetic energies below a typical
trap depth are hardly available. The problem could be solved by a new deceleration
scheme for continuous guided beams, which is currently under development in our
group. The deceleration scheme is designed to slow down the velocity boosted
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Figure 5.1: Centrifuge decelerator for continuous guided beams of cold polar molecules.
The molecules are guided from the periphery to the center of the rotating spiral shaped
electric guide, where their kinetic energy is transformed into centrifugal potential energy.

molecular beam from the cryogenic source by employing the centrifugal potential in a
rotating frame (see Fig. 5.1). The concept is to electrically guide the molecules from
the periphery to the center of the rotation along a spiral trajectory, thus transforming
their initial kinetic energy into centrifugal potential energy. Only molecules within
a certain velocity range are decelerated towards the end of the guide. The rotational
speed of the centrifuge decelerator is tunable, which enables it to operate in a wide
range of input velocities. By varying the rotational speed of the centrifuge one can
transfer different ranges of input velocities into a certain range of output velocities
determined by the particular purposes.

This setup can be employed after the buffer-gas source to obtain a source that de-
livers a (quasi)-continuous beam of slow and internally cold polar molecules, where
the molecules possess velocities that can be confined in an electric three dimensional
trap. The highest yield is expected to be obtained with our cryogenic source op-
erated in the hydrodynamic regime (see chapter 4). In this mode reasonably high
buffer-gas flows are used to efficiently transfer the molecules through the buffer-
gas cell. The molecules undergo large boosting in this regime, but by tuning the
rotation frequency of the centrifuge to the maximum of the velocity distribution
of the output beam from the cryogenic source in the hydrodynamic regime, high
fluxes of slow and internally cold molecules could be obtained. These molecules
can be loaded into electric traps, where further experiments ranging from controlled
collision experiments [Kre08] to novel cooling schemes [Zep09] can be realized.



Appendix A

Theoretical aspects of polar
molecules in a quadrupole guide

In this appendix we investigate models and analytical solutions for the motion of
polar molecules in an electric quadrupole guide.

A.1 Electric guiding potential

The electric fields that are used to confine the moving molecules by altering their
trajectories result from a scalar potential [Jac99]. Here the Laplace equation is valid,
which constrains the possible solutions,

∆φ(x) = 0 ∀x ∈ R3. (A.1)

Due to symmetry, the coordinate parallel to the guide axis can be omitted. This
results in the Laplace equation in two dimensions. Solutions of the Laplace equation
in two dimensions can be found by mapping R2 to the complex numbers C by
(x, y) 7→ z = x+iy = ρ exp(iϕ). Due to the connection of harmonic and holomorphic
functions by the Cauchy-Riemann equations for complex differentiability [Jae04],
general solutions are formed by expansions

φ =
∞∑
n=0

φn =
∞∑
n=0

anz
n. (A.2)

Polynomial solutions are derived from the elements of the expansion and presented
in Tbl. A.1:

φn =

{
anRe(zn) : ρn cos(nϕ)
anIm(zn) : ρn sin(nϕ)

(A.3)

From the equipotential lines of these solutions the geometric form and the spa-
tial arrangement of the electrodes to create a suitable trapping potential can be
determined.
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Table A.1: Polynomial solutions of the Laplace equation.

cartesian cylindrical
0 order 1 1
1st order x, y ρ cos(ϕ+ ϕ1)
2nd order xy, x2 − y2 ρ2 cos(2ϕ+ ϕ2)
3rd order xy2 − 1

3
x3, x2y − 1

3
y3 ρ3 cos(3ϕ+ ϕ3)

4th order x3y − xy3, x2y2 − 1
6
(x4 + y4) ρ4 cos(4ϕ+ ϕ4)

...

The potential resulting from the Stark shift depends on the absolute value of the
electric field. Therefore superpositions of the polynomial solutions of the Laplace
equation of the form

|E|(x) =

(∑
n,m

anam∇φn(x) · ∇φm(x)

)1/2

(A.4)

are used to generate the guiding potential. Here, n,m are polynomial orders. In
our case we restrict ourselves to the case of the second order potential, which leads
to a quadrupole potential as shown in Eq. 3.6. It gives a good approximation of the
electric field in the guide presented in Fig. 3.1.

A.2 Molecular trajectories in a quadrupole guide

The potential of our electric guide is well approximated by a quadrupole potential
(see Fig. 3.1). By using Eq. A.4 up to the second order scalar potential in Tbl. A.1,
the electric potential is obtained. The equations of motion for the guided molecules
can be derived from the Hamiltonian

HT =
p2

2m
+ V (x) =

p2

2m
− d · E(x). (A.5)

For molecules in low-field-seeking states the Hamiltonian takes the form

HT,n =
p2

2m
+ µeffn (|E|(x))n n ∈ {1, 2}. (A.6)

Here |E|(x) = A
√
x2 + y2 is the electric field for the quadrupole configuration. µeffn

represents the effective dipole moment for a dominantly linear Stark shift (n = 1)
and the effective linear polarizability for a dominantly quadratic Stark shift (n = 2).
Due to the rotational symmetry along the z-axis it is convenient to use cylindrical
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coordinates {x = ρ cos(φ), y = ρ sin(φ), z = z}. Therefore the Hamiltonian takes
the form

Hc
T,n =

p2
ρ + p2

z

2m
+

p2
φ

2mρ2
+ µeffn Anρn n ∈ {1, 2}. (A.7)

This leads to the equations of motion

ṗρ = −µeffn Anρn−1 +
p2
φ

mρ3
, φ̇ =

pφ
mρ2

, ż =
pz
m
, (A.8)

where pφ = L = const denotes the conserved angular momentum of a molecular
trajectory in the guide. pz = const implies free motion in the direction perpendicular
to the confinement, which leads to energy conservation for the motion perpendicular
to the z-axis

W⊥ =
mρ̇2

2
+

L2

2mρ2
+ µeffn Anρn. (A.9)

general solutions are given by

t = m

∫
ρdρ√

2m(W⊥ρ2 − µeffn Anρn+2)− L2

+ t0 (A.10)

φ = L

∫
dρ

ρ
√

2m(W⊥ρ2 − µeffn Anρn+2)− L2

+ φ0. (A.11)

For quadratic Stark shifts (n = 2), general analytic solutions in Cartesian coordi-
nates are given by

x(t) = Cx cos(ωt+ ϕx) , y(t) = Cy cos(ωt+ ϕy). (A.12)

The solutions can be parameterized by the transverse energy W⊥ and the an-
gular momentum L. The amplitudes can be defined by Cx = mωρmin/L and
Cy = mωρmax/L, where

ρmax,min =

√
2mW⊥ ±

√
(2mW⊥)2 − 8mµeff2 A2L2

2
√
mµeff2 A2

. (A.13)

The phases are fixed by the relation

ϕx − ϕy = arcsin

(
L

mωCxCy

)
. (A.14)

For molecules in a certain low-field-seeking state the oscillation frequency ω =√
2µeff2 A2/m is the same for all the different forms of trajectories in the transverse

directions, which range from radial oscillations via ellipses to circular trajectories.
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Figure A.1: In (a) guiding potentials described by Eq. A.7 in cylindrical coordinates in
case of a linear Stark shift (Stark shift of ND3) are presented for two different values of the
orbital angular momentum of the guided molecule trajectories. The dashed curves show
the centrifugal potential, respectively. The minimal and maximal radii (see Eq. A.18 and
Eq. A.19) that the trajectories can reach for a fixed energy are shown in (a) by the black
and grey dots and are plotted in (b) for all orbital angular momenta.

For linear Stark shifts analytic solutions cannot be found except for radial oscil-
lations or circular trajectories, which have a closed orbit. Radial oscillations for a
definite transversal energy W⊥ are given by parabolas

ρ(t) = −µ
eff
1 A

2m
t2 +

√
2W⊥
m

t. (A.15)

The oscillation frequency is given by fρ(W⊥) = 1/T = µeff1 A/
√

32W⊥m where T is
defined as the oscillation period which depends on the transverse energy. The axial
motion for circular orbits is described by

ϕ(t) =

(
(µeff1 A)2

mL

)1/3

t+ ϕ0. (A.16)

Here, the oscillation frequencies differ for the different forms of trajectories. For
example the radial solution of Eq. A.15 has different oscillation frequencies for dif-
ferent energies W⊥, while the solutions for the circular motion presented in Eq. A.16
show different oscillation frequencies for different angular momenta. In contrast to
molecular states experiencing a quadratic Stark effect, the coherence of the molecule
trajectories for states experiencing a linear Stark effect is easily lost in an electric
quadrupole potential.

Analytic solutions for more general trajectories cannot be found. However, the
radial range of a trajectory in the guiding potential can be obtained. From the
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condition ρ̇ = 0, the minimal (ρmin) and maximal (ρmax) radius of a trajectory can
be acquired, which included in Eq. A.9 results in the third order equation

ρ3 − W⊥

µeff1 A
ρ2 +

L2

2mµeff1 A
= 0. (A.17)

With a = W⊥/µ
eff
1 A and b = L2/2mµeff1 A the solutions with ρ > 0 are formed by

ρ1 = −(1 + i
√

3)(3
√

3
√

27b2 − 4a3b+ 2a3 − 27b)1/3

6(2)1/3

− (1− i
√

3)a2

3(2)2/3(3
√

3
√

27b2 − 4a3b+ 2a3 − 27b)1/3
+
a

3
(A.18)

ρ2 =
(3
√

3
√

27b2 − 4a3b+ 2a3 − 27b)1/3

3(2)1/3

+
(2)1/3a2

3(3
√

3
√

27b2 − 4a3b+ 2a3 − 27b)1/3
+
a

3
, (A.19)

which are both real for b ≤ 4a3/27.
With b = 4a3/27 the radii for the axial trajectories Eq. A.16 in the guide can be

derived for a given angular momentum and are expressed by

ρaxial =
2

3(2)1/3

(
27L2

4mµeff1 A

)1/3

. (A.20)

A.3 Distributions of guided molecules for quadrupole

boundary conditions

The guided molecules in our experiment originate from a thermal or quasi-thermal
reservoir. Molecules can move into the guiding potential through a nozzle or a small
aperture close to the guiding electrodes. Since we work at low pressures close to the
effusive regime, the thermal distribution of the molecules before entering the guide
can be described by the Maxwell-Boltzmann velocity distribution

fvdvx,y,z =
1

π3/2α3
exp

(−(v2
x + v2

y + v2
z)

α2

)
dvx,v,z. (A.21)

The distribution is given in Cartesian coordinates and α =
√

2kBT/m is the most
probable velocity. The selectivity of the guiding field is based on the Stark shifts of
the individual rotational states. This leads to a change of the internal state popula-
tion from a free thermal gas to a guided beam. For the external degrees of freedom
of a molecules, the thermal statistics are not influenced. Therefore the spatial and
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Figure A.2: In (a) the spatial distribution in the guide for n = 1,(J = 1,KM = −1)
at T = 5 K is shown. The data are obtained from computer Monte Carlo simulations
and plotted for the diagonal d-and x axis. The same is done for the guided transverse
velocity distribution in (b). The data are compared to the model described in the text.
In (c) and (d) the full 3-dimensional plots of the guided distributions for the spatial and
velocity degrees of freedom are presented. The small deviations result from the non perfect
quadrupole field that is generated by the four electrode rods (see Fig. 3.1).

momentum distributions of the guided molecules in a quadrupole guiding poten-
tial can be described by a thermal gas experiencing quadrupole-potential boundary
conditions.

In the presence of these boundary conditions the spatial distribution as well as
the momentum distribution for guided molecules in the transverse directions to the
guide axis are approximated by

f 2D =
1

Z2D

∫
Dσ

dσ exp(−βH) (A.22)

H(x, y, px, py) =

(
p2
x + p2

y

2m
+ µeffn An(

√
x2 + y2)n

)
. (A.23)
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Here n gives the order of the Stark shift and Dσ describes the integration areas for
these two cases. They are defined as

Dpx,py =
{
px, py ∈ R2 : p2

x + p2
y ≤ 2m(Wmax − µeffn An(

√
x2 + y2)n)

}
(A.24)

Dx,y =

{
x, y ∈ R2 : (

√
x2 + y2)n ≤

(2mWmax − p2
x − p2

y)

2mµeffn An

}
. (A.25)

For the spatial distribution of the molecules in the guide we derive from Eq. A.22
and Eq. A.24

f 2D
x,y = Cn(exp(−βµeffn An(

√
x2 + y2)n)− exp(−βWmax)), (A.26)

where Cn is a normalization constant. The momentum distribution for molecules
experiencing a linear Stark shift is given by

f 2D
px,py = B1

(
e−β((p2x+p2y)/2m) −

[
1− β

(
Wmax −

(
p2
x + p2

y

2m

))]
e−βWmax

)
. (A.27)

For a quadratic Stark shift the momentum distribution is given by

f 2D
px,py = B2

(
e−β((p2x+p2y)/2m) − e−βWmax

)
. (A.28)

In the case of n = 1, i.e, linear Stark shift, the trajectories of the particles are dis-
tributed chaotically in the range of movement. The only parameters of a trajectory
that are conserved in the guide are the total energy and the total angular momen-
tum with respect to the guide axis. In the case of a thermal gas of molecules in a
single low-field-seeking rotational state confined by quadrupole-potential boundary
conditions, the angular momentum distribution in the guide can be derived from
Eq. A.22 in cylindrical coordinates.1 With the boundary condition

Dpρ =

{
pρ ∈ R : p2

ρ ≤ 2m(Wmax −
L2

2mρ2
− µeff1 Aρ)

}
(A.29)

we obtain from Eq. A.22 the joined angular momentum-radial distribution

f 2D
ρ,L = B3

(
erf

(√
β

(
Wmax −

L2

2mρ2
− µeff1 Aρ

))
e−β(L2/2mρ2+µeff1 Aρ)

)
. (A.30)

Here the equipotential lines of this distribution are given by the solutions (Eq. A.18)
of Eq. A.17 with L varied for a fixed Wmax.

1the phase-space volume element obeys the relation dxdydpxdpy = dρdφdpρdL
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(a) (b)

Figure A.3: The distribution in (a) obtained from a Monte Carlo simulation and (b)
derived from Eq. A.30 show the population in the guide as a function of the orbital
angular momentum and the radial position in the guide in the case of linear Stark shift.
The simulation and calculation parameters have been fixed to ND3 in the lowest guidable
state at a temperature of T = 5 K. The white lines show the minimal and maximal radii
according to Eq. A.18, which are defined by the orbital angular momentum L and the trap
depth Wmax. To obtain the curves the trap depth is varied from 0 to Wmax in Wmax/10
steps, where Wmax is the trap depth that has been used in the Monte Carlo simulation
(corresponding to ±5 kV on the electrodes). The curves form the equipotential lines of the
distributions. The black line represents Eq. A.20 and shows the orbital angular momenta
and radial positions of the axial trajectories. The simulation deviates from the analytic
model at large radii and large orbital angular momenta, due to deviations in the guiding
potential (see Fig. 3.1) from a quadrupole potential (see Eq. 3.6) at large radii.



Appendix B

Nuclear spin statistics

In this appendix the effects of molecular symmetry on molecular states are discussed.
The spin states of the nuclei have to be considered to obtain the eigenstates of the
Hamiltonian, which are also eigenstates of the symmetry operations. As an example,
the construction of the eigenstates of a symmetric top molecule with a threefold axis
of symmetry (C3v or D3h symmetry group) and of an asymmetric top molecule with
a two-fold axis of symmetry (C2v symmetry group) are described. Examples for
these classes of molecules are ND3 (NH3) and H2CO, respectively.

B.1 Symmetric top with a threefold axis of sym-

metry

To describe the action of symmetry operations it is necessary to define a coordinate
system. Here (X, Y, Z) is used for the space-fixed coordinates while (x, y, z) defines
the molecule-fixed coordinates. We consider three identical nuclei A1, A2 and A3 in
the plane perpendicular to the axis of symmetry. The nuclei are ordered in a way
that the right-hand rule defines the positive direction of the z-axis, which is along the
axis of symmetry. The first nucleus A1 is positioned on the x-axis [Gre80, Tow75].
In the case where the molecule experiences vibrational-inversion motion, we use
the h coordinate along the z-axis to describe the motion. The rotational motion
is described by the Euler angles (θ, φ, χ) which rotate the space-fixed coordinates
(X, Y, Z) with respect to the molecule-fixed coordinates (x, y, z). The Euler angles
are visualized in Fig. 2.1.

Rotations of 2π/3 about the symmetry axis, the interchange of two nuclei of
the set {A1, A2, A3} and the space inversion operation E∗ transforming (x, y, z) to
(−x,−y,−z) leave the molecular Hamiltonian unchanged. Therefore, the eigenstates
should respond in the same way or change sign.

The effect of the space inversion on the symmetric top eigenstates |JKM〉 is given
by

E∗|JKM〉 = eiKπ|JKM〉 = (−1)K |JKM〉. (B.1)
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Figure B.1: The vibrational inversion motion is sketched in (a) in the case of ammonia
(ND3). In (b) the operations C3, (23), (12), and (13) are illustrated. The action of the
space inversion operation E∗ can be derived from (b) and (c). The transformations of the
Euler angles for these symmetry operations can be obtained from Fig. 2.1, respectively.

This relation can be justified in the following way. Due to the space inversion the
Euler angles θ and φ remain unchanged while χ → χ + π. The result in Eq. B.1
can be derived from the rotation eigenfunctions ψJKM = eiMφeiKχΘJKM(θ) of the
symmetric top eigenstates |JKM〉 [Kro75].

The effect of the interchange of nuclei described by the permutation operators
(12), (13), and (23) can be described in the following way [Gre80, Bun06]. For the
operation (23), for example, the Euler angles are changed by θ → π− θ, φ→ π + φ
and χ→ π − χ. With ΘJKM(π − θ) = (−1)J+MΘJ−KM(θ) one derives

(23)|JKM〉 = (−1)J+K |J −KM〉. (B.2)

For the remaining transpositions the relations (12) = C3(23) and (13) = C3(12) are
used, where the operator C3 = (123) represents the rotation by an angle 2π/3 about
the molecular symmetry axis. This rotation operation is described by χ→ χ+2π/3
for the Eulerian angles. With these expressions, we obtain

(12)|JKM〉 = (−1)Je−i2πK/3|J −KM〉 (B.3)

(13)|JKM〉 = (−1)Je−i4πK/3|J −KM〉. (B.4)

Unless K is a multiple of 3, direct superpositions of the states |JKM〉 and |J−KM〉
do not lead to eigenstates of these symmetry operations. Taking into account the
nuclear spin states γσi = |Ii, σi〉 of the nuclei with Ii = Ij for all i, j ∈ {1, 2, 3}, and
σi ∈ {−I,−I+1, . . . , I−1, I}, new eigenstates with the proper symmetry properties
can be generated. If K is not a multiple of 3, the superpositions

|J |K|Mε〉 =
1√
6
{|JKM〉

(
γσ1γσ2γσ3 + γσ3γσ1γσ2e

i2πK/3 + γσ2γσ3γσ1e
i4πK/3

)
+ ε|J −KM〉

(
γσ1γσ2γσ3 + γσ3γσ1γσ2e

−i2πK/3 + γσ2γσ3γσ1e
−i4πK/3)}

(B.5)
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give the right eigenstates, where (γσ1 , γσ2 , γσ3) /∈ {(γσ1 , γσ2 , γσ3)|γσ1 = γσ2 = γσ3}.
ε = ±1. If K is a multiple of 3, the eigenstates are given by

|J |K|Mε〉 =
1√
6
{|JKM〉+ ε|J −KM〉} (γσ1γσ2γσ3 + γσ3γσ1γσ2 + γσ2γσ3γσ1)

(B.6)

for (γσ1 , γσ2 , γσ3) /∈ {(γσ1 , γσ2 , γσ3)|γσ1 = γσ2 = γσ3}. Additionally, we get the eigen-
states

|J |K|Mε〉 =
1√
2
{|JKM〉+ ε|J −KM〉}γσ1γσ2γσ3 (B.7)

for (γσ1 , γσ2 , γσ3) ∈ {(γσ1 , γσ2 , γσ3)|γσ1 = γσ2 = γσ3}.
The effects of symmetry operations in case of inversion vibrational motion is con-

sidered for the vibrational eigenstates |±〉, where |+〉 is the vibrational ground state
and |−〉 the first excited state. The corresponding eigenfunctions of the eigenstates
|±〉 are described by ψ± ∼ f(he−h)±f(he+h), respectively, where f(h′) describes a
function that is strongly peaked near h′ = 0. Here, h = ±he are the two equilibrium
positions in the double-well potential (see Fig. 2.5). From the eigenfunctions the
action’s of the symmetry operations can be obtained. With E∗ and any interchange
of two nuclei resulting in h→ −h we obtain:

E∗|±〉 = ±|±〉 (B.8)

(23)|±〉 = ±|±〉 (B.9)

C3|±〉 = |±〉. (B.10)

Upon exchange of identical nuclei the total state of the molecule must change
(keep) its sign in the case of fermionic (bosonic) nuclei. For molecules in the elec-
tronic ground state this is described by

(23)|±〉|J |K|Mε〉 = ±ε(−1)J |±〉|J |K|Mε〉 (B.11)

and is valid for any interchange of two nuclei. This leads to the relations

± ε(−1)J = −1 {for fermions}, ±ε(−1)J = 1 {for bosons}. (B.12)

These conditions fix the possible state configuration that can be obtained. In par-
ticular for K = 0, where ε = +, we derive from Eq. B.12 that only one of the
two inversion states is allowed by symmetry restrictions. By finding all the allowed
states from Eq. B.5, Eq. B.6, Eq. B.7 and Eq. B.12 with respect to the quantum
numbers J and K, the spin statistical weights presented in Tbl. 4.1 are obtained.
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Figure B.2: Formaldehyde as an example of an asymmetric top with a twofold axis of
symmetry. The a-axis forms the symmetry axis. The symmetry operation Ca2 describes
a rotation by π about the symmetry axis, which results in an interchange of the two
hydrogen nuclei. The spin of an hydrogen atom is marked by a red arrow.

B.2 Asymmetric top with a twofold axis of sym-

metry

Here, we investigate the case of a planar molecule with two equivalent nuclei and
a symmetry axis which is the intersection between the plane in which the molecule
is embedded and the perpendicular bisector of the line joining the two equivalent
nuclei. This symmetry axis is a principal axis of the molecule. A rotation of π
about this axis interchanges the position of the two equivalent nuclei. Therefore an
interchange of both the position and spin coordinates must leave the states

|ψ〉 = |JτM〉|ψ〉spin (B.13)

unchanged up to the sign1. From the spin state γσ(i) = |Ii, σi〉 of an individual
nucleus with i ∈ {1, 2}, where σ has 2I + 1, values we obtain the states of the two
nuclei

γσ(1)γσ′(2) for σ = σ′ (B.14)

γσ(1)γσ′(2)± γσ(2)γσ′(1) for σ 6= σ′
{

+ = symmetric
− = antisymmetric

(B.15)

which are not altered by the interchange of the two nuclei up to a change of sign.
The (2I + 1)2 possible combinations include 2I + 1 combinations from the states in

1We assume that for the electronic and vibrational motion the molecule is in the ground state
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Eq. B.14 and ((2I+1)2− (2I+1))/2 for the states presented in Eq. B.15. Therefore
we obtain

N+ = (2I + 1)(I + 1) symmetric (B.16)

N− = (2I + 1)I antisymmetric (B.17)

for the number of states N± with respect to symmetry. The symmetry of the ro-
tational states |JτM〉 must match the symmetry of the spin state |ψ〉spin upon
exchange of identical bosonic (fermionic) nuclei, to guarantee that the total state
(see Eq. B.13) maintains (changes) its sign. The exchange of identical nuclei is
described by a rotation by π about the symmetry axis. Here the symmetry of a
rotational state defined by the KA, KC quantum numbers of the asymmetric rotor
limiting cases, as stated in section 2.2.2 is found from Tbl. 2.3. For example, for
H2CO with two identical hydrogen atoms and the symmetry axis formed by the
a-principal axis, states belonging to the representations A and Ba maintain their
sign upon the action of the symmetry operation Ca

2 . On the other hand states be-
longing to the representations Bb and Bc experience a change in sign. Therefore,
molecules with KA = even are assigned to the antisymmetric spin state while states
with KA = odd are assigned to the symmetric spin states. This leads to the spin
statistical weight assignment shown in Tbl. 4.2.
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Appendix C

Collision theory

The basic principles for a collision between a symmetric top molecule and an isotropic
buffer-gas atom are outlined in the text below. These are the collisions taken place
in the buffer-gas cell to cool-down the molecules. The theory is adapted from
[Art06, Gre76].

C.1 Collision properties of atoms and symmetric-

top molecules

To simplify the description of collisions between a symmetric-top molecule and an
atom, first the right choice of coordinates has to be made. The total Hamiltonian
of the system is given by

H = Hrot
mol(Ω) + T (r) + V (Ω, r) (C.1)

in space-fixed coordinates with the origin at the center of mass of both particles
[Gre76]. The kinetic energy of the collision is described by T (r) = −(~2/2µ)∇2

r,
where µ is the reduced mass of the colliding particles. The collision coordinate is
given by r = (r, θ̂, ϕ̂) which ranges from the center of mass of the molecule to the
atom. The orientation of the molecule is described by the Euler angles Ω = (θ, ϕ, χ).
The interaction potential V (Ω, r) depends on the orientation of the symmetric top
and the location of the buffer-gas atom [Art06, Gre76].
The Schrödinger equation of this problem is defined by

HΨJM
jkl = EtotΨ

JM
jkl = (Ejk + E)ΨJM

jkl . (C.2)

The states ΨJM
jkl describe the eigenstates of the full Hamiltonian of the collision

complex which are also eigenstates of the total angular momentum operator of the
system with quantum numbers J and M . Therefore, the total angular momentum
is conserved in the collision process. The quantum numbers jkl define the state of
the collision complex at the entrance channel of the collision.1 Here, j and k are the

1Before the collision happened.
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rotational quantum numbers of the symmetric top and l is the angular momentum
of the collision complex. Therefore, Ejk is the rotational energy of the symmetric
top at the collision entrance channel and E = Etot − Ejk the kinetic energy. To
describe the eigenstates of the collision complex in the collision process we use the
expansion

ΨJM
jkl =

∑
j′k′l′

1

r
uJMjkl
j′k′l′ (r)|JMj′k′l′〉, (C.3)

where

|JMjkl〉 =
∑
m

〈jmlml|JM〉|jkm〉|lml〉. (C.4)

Here |jkm〉 are the eigenstates of the rigid rotor, |lml〉 are the eigenstates of the
orbital angular momentum and 〈jmlml|JM〉 defines the Clebsch-Gordon coefficient.
We substitute this expression into the Schrödinger equation C.2 and by multiplica-
tion with 〈JMj′k′l′| from the left we derive[

d2

dr2
− l′(l′ + 1)

r2
+ κ2

j′k′jk

]
uJMjkl
j′k′l′ (r) =

2µ

~2

∑
j”k”l”

〈JMj′k′l′|V |JMj′′k′′l′′〉uJMjkl
j′′k′′l′′(r)

(C.5)
where κ2

j′k′jk = (2µ/~2)(E + Ejk − Ej′k′). The energy E contains the contribution
from the kinetic term T (r) at infinity where limr→∞ V (Ω, r) = 0.
The solutions to this problem are further restricted by the boundary condition
uJMjkl
j′k′l′ (0) = 0 at the origin and the asymptotic behavior at infinity. The latter can

be found by investigating the solutions for the case V = 0. Here the Schrödinger
equation [

d2

dr2
− l(l + 1)

r2
+ κ2

]
ul(r) = 0 (C.6)

can be solved by url (r) = κrjl(κr) and uirl (r) = κrnl(κr) where jl(κr) is a spherical
Bessel function and nl(κr) a spherical Neumann function. The asymptotic behavior
for r → ∞ is defined by url (r) ∼ sin(κr − lπ/2) and uirl (r) ∼ cos(κr − lπ/2)
[Chi74, Fri06]. url (r) is the regular solution because url (0) = 0, while the irregular
solution uirl (r) does not vanish at the origin. Therefore the regular solution url (r)
solves Eq. C.6 including the boundary condition at the origin. In the case where
a short-ranged potential is present each coupled solution uJMjkl

j′k′l′ (r) from Eq. C.5
should be described as a superposition of the two uncoupled free equations url (r)
and uirl (r) in the asymptotic regime.
To obtain incoming and outgoing solutions we use the basis transformation

u+
l (r) = uirl (r) + iurl (r) ∼ ei(κr−lπ/2) (C.7)

u−l (r) = uirl (r)− iurl (r) ∼ e−i(κr−lπ/2). (C.8)
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The coupled solutions for the entrance channel jkl in the asymptotic limit are given
by

uJMjkl
j′k′l′ (r) ∼ δjj′δkk′δll′e

−i(κjkjkr−lπ/2) −
(
κjkjk
κj′k′jk

)1/2

SJ(jkl; j′k′l′)ei(κj′k′jkr−l
′π/2).

(C.9)
SJ(jkl; j′k′l′) describes the scattering S matrix and

√
κjkjk/κj′k′jk accounts for the

change in relative motion due to inelastic scattering incidents leading to a change
in momentum from the incoming to the outgoing solution.
An expression for SJ(jkl; j′k′l′) can be given within the framework of the distorted
wave approximation which assumes that |uJMjkl

j′k′l′ (r)|2 � |uJMjkl
jkl (r)|2 [Art06]. Here

the solution of the uncoupled equation[
d2

dr2
− l′(l′ + 1)

r2
+ κ2

j′k′jk −
2µ

~2
〈JMj′k′l′|V |JMj′k′l′〉

]
uJMjkl
j′k′l′ (r) = 0, (C.10)

which represents elastic scattering, is defined by

uJMjkl
j′k′l′ (r) = δjj′δkk′δll′w

JMjkl
jkl (r), (C.11)

where

wJMjkl
j′k′l′ (r) ∼ sin(κj′k′jkr − lπ/2 + ηJMjkl

j′k′l′ ). (C.12)

This is valid in the asymptotic regime. ηJMjkl
j′k′l′ ∈ R is the phase shift due to elastic

scattering. The solution given by Eq. C.11 forms the zeroth-order approximation in
an iteration procedure [Art06].

The solution of the equation[
d2

dr2
− l′(l′ + 1)

r2
+ κ2

j′k′jk −
2µ

~2
〈JMj′k′l′|V |JMj′k′l′〉

]
uJMjkl
j′k′l′ (r)

−2µ

~2
〈JMjkl|V |JMj′k′l′〉 (1− δjj′δkk′δll′)wJMjkl

jkl (r) = 0, (C.13)

which uses the zero-order approximation given by Eq. C.11 defines the first-order
approximation. It is given by

uJMjkl
j′k′l′ (r) = δjj′δkk′δll′w

JMjkl
jkl (r) + (1− δjj′δkk′δll′)

×[vJMjkl
j′k′l′ (r)

∫ r

0

wJMjkl
j′k′l′ (r′)〈JMjkl|V |JMj′k′l′〉wJMjkl

jkl (r′)dr′

+wJMjkl
j′k′l′ (r)

∫ ∞
r

vJMjkl
j′k′l′ (r′)〈JMjkl|V |JMj′k′l′〉vJMjkl

jkl (r′)dr′]

(C.14)
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where vJMjkl
j′k′l′ (r) describes the solution of Eq. C.10 with asymptotic behavior vJMjkl

j′k′l′ (r) ∼
exp(i(κj′k′jkr− lπ/2 + ηJMjkl

j′k′l′ )) derived by a transformation as given by Eq. C.7. By
comparison of Eq. C.9 and Eq. C.14

SJ(jkl; j′k′l′) = e
i(ηJMjkl

j′k′l′ +ηJMjkl
jkl )

(
κj′k′jk
κjkjk

)1/2

[δjj′δkk′δll′(1− 2iβJMjkl
j′k′l′ ) + 2iβJMjkl

j′k′l′ ]

(C.15)
is obtained [Art06]. Here βJMjkl

j′k′l′ =
∫∞

0
wJMjkl
j′k′l′ (r)〈JMjkl|V |JMj′k′l′〉wJMjkl

jkl (r)dr.
The derivation shows that solutions as shown in Eq. C.9 depend strongly on

the coupling matrix elements 〈JMjkl|V |JMj′k′l′〉. Simplified expressions for the
coupling matrix elements can be found by using an expansion of the interaction
potential by spherical harmonics [Gre76]. The interaction potential in the body-
fixed frame with axes along the principal moments of inertia of the rotor can be
expanded to

V (r, θ̃, ϕ̃) =
∑
λµ

vλµ(r)Yλµ(θ̃, ϕ̃) (C.16)

Therefore the coupling matrix elements can be expressed by

〈JMjkl|V |JMj′k′l′〉 = 〈JMjkl|
∑
λµ

vλµ(r)Yλµ(r̂)|JMj′k′l′〉

=
∑
λµ

[
(2j + 1)(2j′ + 1)(2l + 1)(2l′ + 1)(2λ+ 1)

4π

]1/2

×
(
l l′ λ
0 0 0

)(
j j′ λ
k −k′ µ

){
j′ l′ J
l j λ

}
×(−1)j+j

′+k−Jvλµ(r) (C.17)

where the round brackets describe 3 − j symbols while the object enclosed by the
curly brackets is a 6− j symbol [Sak94]. The connection between 3− j symbols and
Clebsch-Gordon coefficients results in the collision selection rule

µ = k′ − k. (C.18)

For example, symmetric top molecules with C3v (D3h) symmetry, apparent in a
3-fold axis of symmetry only possess spherical harmonics with µ ∈ {3n| n ∈ N}.
Therefore the two independent series of levels with k = 3n (ortho) and k = 3n± 1
(para) do not interconnect in the scattering process and can be considered separately
in the collision process.
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Additional plots and pictures
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Figure D.1: In (a) the main gas handling system is presented. On this board the gas
handling system for the buffer gases as well as for the molecule gases that are injected into
the first molecular line are shown. In (b) the gas handling system for the second molecular
line is presented. The basic principles of the gas handling system are outlined in (c).
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Figure D.2: The complete cryogenic setup. The vacuum vessel and the radiation shields
are removed.
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Figure D.3: The complete cryogenic setup including the vacuum vessel. The photograph
has been taken before the assembly of the depletion-spectroscopy-vacuum chamber.
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Bei Dr. Michael Motsch möchte ich mich an dieser Stelle für die sehr gute Zu-
sammenarbeit und die stets guten und ehrlichen Ratschläge bedanken. Wenn man
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	Abstract
	Zusammenfassung
	Contents
	Introduction
	Cold molecules
	Ultracold molecules
	Production of cold molecules
	This thesis

	Theory of molecules and their interaction with an externalelectric field
	The molecular Hamiltonian
	The rigid rotor
	Symmetric top molecules
	Asymmetric top molecules

	The response of a neutral molecule to an external electric field
	Stark interaction of a rigid rotating molecule
	Stark effect for symmetric top molecules
	Stark effect for asymmetric-top molecules


	Electric guiding and production of velocity-selected molecularpulses
	Trapping polar molecules
	Velocity filtering with an electric guide
	Flux of guided molecules
	Experimental setup
	Continuous guided beam
	Velocity-selected molecular pulses
	Velocity-selection scheme
	Formation of molecular pulses
	The widths of the velocity distributions
	Transverse velocity distribution of velocity-selected molecular pulses

	Summary

	Slow molecules extracted from a cryogenic source
	Theory of buffer-gas cooling
	Translational thermalization
	Rotational relaxation and rotational state population
	Molecular beams emerging from a buffer-gas source

	Experimental setup
	Cryogenic system
	Buffer-gas cell and gas supply system
	Electric guide
	Ultrahigh-vacuum chamber and differential pumping
	Data acquisition

	Flux and density calibration
	Gas line calibration
	Guided flux calibration

	Optimization of the source
	Flux optimization
	Runtime optimization

	Internal cooling
	Qualitative measurement
	Quantitative measurement by depletion spectroscopy

	Cold beams of different molecular species
	Stability of the cold beam
	Applications
	Buffer-gas cooling with Neon
	Velocity-selected molecular pulses from the cold beam
	Reactions at low temperatures

	Operation of the cryogenic source in the hydrodynamic regime
	Summary

	Outlook
	Theoretical aspects of polar molecules in a quadrupole guide
	Electric guiding potential
	Molecular trajectories in a quadrupole guide
	Distributions of guided molecules for quadrupole boundary conditions

	Nuclear spin statistics
	Symmetric top with a threefold axis of symmetry
	Asymmetric top with a twofold axis of symmetry

	Collision theory
	Collision properties of atoms and symmetric-top molecules

	Additional plots and pictures
	Bibliography
	List of Publications
	Danksagung

