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Abstract

This thesis describes the progress made in the production, spectroscopic char-

acterization, and confinement of ultracold, polar NaCs molecules. A two-species

magneto-optical trap (MOT) for the simultaneous cooling and trapping of sodium

and cesium atoms is utilized for the creation of ultracold NaCs molecules via pho-

toassociation. The molecules are detected via resonance-enhanced multi-photon

ionization and subsequent ion detection with a channel electron multiplier. Spec-

tra are obtained by scanning the frequencies of the photoassociating laser and the

photoionizing laser. The resulting discovery that deeply bound, strongly polar

molecules are created via one-step photoassociation has lead to efforts to confine

the molecules via electric field trapping. The design of an electric field trap for po-

lar molecules that can be superposed onto a MOT is presented. This ’Thin WIre

electroStatic Trap’ (TWIST) has been built and successfully implemented. First

experiments beyond the demonstration of successful trapping of NaCs molecules

have been conducted, showing the effects of dissociative photoionization and in-

elastic collisions of electrically trapped NaCs molecules with cesium atoms con-

fined by a MOT. An outline of a possible pathway to a quantum degenerate dipolar

gas, exploiting the properties of the TWIST, is given at the end of this thesis.
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1 Introduction

The techniques of laser cooling and trapping, conceived and developed in the

late seventies and eighties of the last century [Chu98, Phi98], have lead to re-

markable progress in the field of atomic physics. In hindsight, of the variety of

techniques that were developed at that time, the magneto-optical trap (MOT)

[RPC+87] had the largest impact due to its combination of strongly dissipa-

tive and confining forces. There are currently about 175 experimental research

groups worldwide using one or multiple MOTs in their research [Gri]. Ultra-

high precision experiments [UHH02, FCS+06], table top experiments that put

new tests on the standard model [ACTMG07], the experimental realization of the

new matter states of a Bose-Einstein Condensate and a Degenerate Fermi Gas

[AEM+95, DMA+95, DJ99, CW02, Leg01] that opened an entire new research

field, or the development of alternative, more stable, time standards [BLB+07] to

name just a few, have all been made possible - in conjunction with other tech-

nological advances - by the discovery and creative use of the forces that intense,

resonant or near resonant light of narrow linewidth exerts on atoms.

As the research on ultracold atoms is still expanding, there has been a second

field emerging: the study of ultracold, simple, i.e. diatomic, molecules. Due to the

rich internal structure of molecules and therefore lack of an - almost - closed cy-

cling transition has prevented the realization of a MOT for molecules to this date,
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although there are efforts in this direction [Ros04]. The production of molecules

from ultracold atoms via photoassociation was already proposed in 1987 by Thor-

sheim et al. [TWJ87]. First ultracold molecular ions were produced via associa-

tive photoionization in the following year [GLJ+88], but it would take till 1993,

before the first photoassociation spectra of ultracold molecules were published

[LHP+93, MCH93b]. Soon, these spectra would push for refinement of theoretical

models to explain the molecular structure with unprecedented precision. How-

ever, the quality of experimental spectroscopic data is still far outpacing the ab

initio calculations, and therefore often phenomenological models are employed to

characterize and label the spectra. Many experiments have since become possible,

from atom-molecule collision studies [SKL+06] to a molecular BEC [HKM+03].

The next step in complexity was the advent of two-species magneto-optical

traps [SNM+95] and the quest for ultracold heteronuclear molecules began. Tech-

nically, the first ultracold heteronuclear molecule was Li6Li7, made in the Zim-

mermann’s group [SSZ01]. However, heteronuclear molecules with states that sup-

port dipole moments of the order of Debye were first reported in 2004 [MTC+04,

KSS+04, HKBB04, WQS+04].

The large electric dipole moment of polar molecules has many uses, among

them the search for a permanent electric dipole moment of the electron [HSTH02,

KD02], quantum computation [DeM02], creation of a dipolar superfluid [DST+03,

BMRS02, GS02] and as a toy system for lattice spin models [MBZ06]. Due to these

many, very relevant research applications, a variety of competing technologies to

create cold polar molecules have been developed in the last few years, among them

Stark deceleration [BBM99], billiard like collisions [EVC03], velocity selection

[RJR+03] and buffer gas cooling [WdG+98]. Each of these have specific advantages

and limitations compared to the others. These are generally trade-offs between

temperature, number, density, applicability to certain species and state selectivity.

Photoassociating heteronculear molecules from ultracold atoms has the enormous
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advantage that they not only provide the coldest molecules to this date, but that

also a variety of well established techniques exist to push the temperature of the

constituent atoms down all the way into the nano-Kelvin regime, even pico-Kelvin

have been achieved [LPS+03]. On the other hand, photoassociation has the unique

disadvantage compared to competing technologies, that the produced molecules

are not in the absolute rovibrational ground state, hence maintaining huge internal

energies while translationally ultracold. This can be overcome by transferring the

molecules to their rovibrational ground state via pump and dump [SSBD05] or

Stimulated Raman Adiabatic Passage (STIRAP) [WLT+07]. However, it adds to

the complexity of an already complex experiment and care needs to be taken to

make the transfer efficient [TB07].

The next step after the production of ultracold polar molecules and a first

analysis of the photoassociation and photoionization spectra is trapping them,

which makes a variety of further experiments possible, starting off with the in-

vestigation of collisional properties [Boh01] and corresponding cross sections that

are predicted to depend strongly on the electric fields present during the colli-

sion [AKB06, Tic07], or the search for field linked states [AB03]. Eventually,

once the techniques have matured, the further above mentioned main applica-

tions will probably become the main focus. There are a variety of trapping tech-

niques that can be directly transferred from the ultracold atom and homonuclear

molecule techniques to the case of ultracold heteronuclear molecules, i.e. mag-

netic field trapping [NVP02], far off-resonant trapping (FORT) [MCH93a] and

quasi-electrostatic trapping (QUEST) [TYK95, TPK98]. Additionally, the sub-

stantial electric dipole moment of the heteronuclear molecules, which leads to a

polarizability of about 4 orders of magnitdue larger than their atomic counter-

parts, enables the confinement via electric fields. This latter technique has been

pioneered in the Stark decelerator community [BBC+00, vVBM05, RJR+05].
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2 Some Theory

2.1 MOT

The techniques of laser cooling and trapping revived the field of atomic physics af-

ter several decades of slower progress. The magneto optical trap (MOT) technique

in particular is remarkable, as it is capable of cooling and confining atoms origi-

nating from a gas at room temperature to the µK regime in the space of a cubic

inch and on the timescale of milliseconds. The details on how a MOT works have

been described many times in many publications, e.g. [RPC+87, Met01, TEC+95],

and is by now textbook knowledge [Foo05].

The two underlying principles are the cooling through optical molasses and

the confinement through the combined effect of Zeeman shifts, light field and

selection rules. We briefly review these mechanisms to enhance the readability of

this thesis.

2.1.1 Optical Molasses

Consider a two level atom in a resonant laser beam. The atom absorbs one

photon at a time from the laser light field, absorbing not only its energy, but

also a momentum ∆~p = ~~k parallel to the light field. Subsequently, the atom
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spontaneously decays back to its ground state on the timescale given by the excited

state lifetime. The emitted photon, and hence the momentum kick associated with

it (~~k′) has no preferred direction - the laser light field is too weak to stimulate

emission back into the same field. The time averaged momentum transfer per

absorbed photon of the light field onto the atom due to the absorption and emission

yields therefore:

< ∆~p >=< ~~k − ~~k′ >=< ~~k > − < ~~k′ >=< ~~k > . (2.1)

In essence, the light beam pushes the atom in the direction of the beam and

does so very efficiently. A back of the envelope calculation for sodium1 suggests

possible accelerations of greater than 105 g, with g being the acceleration due to

earth’s gravity. However, this acceleration is only achieved on the assumption

that the light field is in resonance with the two level atom transition. Therefore,

as soon as the Doppler shift (∆ωDoppler = ~k · ~v) surpasses the magnitude of the

linewidth of the transition, the resonance condition is no longer given and the

atom decouples from the light field.

Next, consider an atom in two counterpropagating laser beams, where the

atom’s transition frequency is higher than the laser beams frequency by a tran-

sition linewidth (the laser light field is ‘red-detuned ’ with respect to the atom’s

transition). If the atom is at rest, it couples only weakly to the light fields and

does so in a symmetrical fashion, i.e. the time averaged net momentum transfer

is small and the resulting temperature is called ’Doppler temperature’, which is

the limiting temperature caused by the absorption of photons from the ′wrong′

light beam and is given by T = ~Γ
2kB

. However, if the atom is moving, it couples

stronger with the light field opposite to its direction due to the positive Doppler

1 ~F = mNaa = ~~k
τ → a = ~~k

τmNa
= 1.7 × 106 m

s2 with k
2π = 16956 cm−1, mNa = 23 u and τ =

16.25 × 10−9 s
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shift in that direction, and weaker with the other field. This results in a net force

that slows the atom.

Extending this scheme to three dimensions - three counterpropagating pairs

of red-detuned laser beams - creates the so called 3D optical molasses. Within

the cross section of the three pairs of laser beams, an atom will be slowed down

no matter which direction it is heading. Of course, this assumes that the atom

is not too fast to begin with, i.e. so fast that the Doppler shift corresponds to

multiple linewidths and thus even the laser beam opposed to the atom’s direction

has shifted out of resonance.

2.1.2 Confinement of the atoms

While the atoms experience a strong dissipative force in the optical molasses, they

are not spatially confined, as the force is not spatially dependent. To not only

cool but also trap the atoms, we need to refine our two-level atom model and

introduce magnetic sublevels for the excited state. Consider the case J=0 for the

ground and J’=1 with mJ ′=-1,0,1 for the excited state with J being the total

angular momentum of our model atom and mJ the projection along the magnetic

field axis:

An inhomogeneous magnetic field (B(x) = B0 · x) splits the magnetic sub-

levels as described by the Zeeman effect (∆E = mJgJµBB, with gJ the g-factor:

gJ ' 1 + J(J+1)+S(S+1)−L(L+1)
2J(J+1)

). The resulting spatially dependent level struc-

ture is shown in Fig. 2.1 (a). If the red-detuned counterpropagating laser beams

are circularly polarized (one σ+, the other σ−), each couples only to one of the

magnetic sublevels of the excited state. This results in a spatially dependent net

force that confines the atoms around the minimum of the absolute value of the

magnetic field. This scheme can be extended to three dimensions by applying

a quadrupole magnetic field and choosing the polarizations of the laser beams
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Figure 2.1: a) Schematic depiction of the Zeemanshift in a MOT, b) polarizations

of the MOT beams

according to fig.2.1 (b).

The temperatures of the trapped atoms depend on the atomic structure of

the respective species and the frequency of the trapping lasers2. It is usually in

the range of a few 10 to several 100 µK. Note also that for a working MOT,

one commonly requires a so called ’repumping’ laser beam. As no atom truly

consists of just two levels, only approximate two-level-systems can be found. The

repumping laser recycles atoms that decay into a ’wrong’ state back into the

wanted two-level-system, see e.g. figs. 2.2, 2.3.

The possible number of trapped atoms in a MOT spans more than 10 orders of

magnitude, from single atom MOTs [HK94] to well beyond 1010 atoms [SCG+06].

Atomic densities are commonly in the 1010 − 1012 cm−3 regime.

The beauty of the MOT is its simplicity: the same laser beams that create the

optical molasses are used to confine the atoms spatially in conjunction with the

magnetic field. However, as simple as the scheme itself may appear, the actual

dynamics inside a MOT are quite complicated. For example, temperatures below

2The further the trapping lasers are detuned to the red from the atomic cycling transition,

the colder the steady state temperature in the MOT. This is at the expense of a reduced capture

velocity and thus trapped atom number.
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Figure 2.2: Level structure of the D2 line of sodium

the Doppler limit [TEC+95] can be achieved via Sisyphus (polarization gradient)

cooling. The explanation of this mechanism was awarded the Nobel prize in

physics in 1997. Also, loss mechanisms that ultimately limit the size of the MOT

need to be understood if one wants to overcome or minimize at least some of

them [KDJ+93]. Among the loss mechanisms are collisions with the background

gas and fine structure changing collisions (see fig. 2.4)[SWM+89] and there are

many others, some specific to only a certain species or group of species [MH06]. A

great deal is known about MOTs by now, however, the MOT-scheme is so complex

and rich in phenomena that to this date, no model exists to describe a MOT in

detail quantitatively from ab initio principles.
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Figure 2.3: Level structure of the D2 line of cesium

2.2 Diatomic molecules

The physics of diatomic molecules is - in many ways - a straightforward extension

of atomic physics. However, the additional degrees of freedom add considerable

complexity once real molecular systems are considered. There are a lot of excellent

textbooks that take on the daunting task of going into some detail of the inner

workings of diatomic molecules, i.e. [Fie04, Her89]. A very clear explanation of

the fundamental physics in diatomic molecules in just a few dozen pages can be

found in Landau’s introductory quantum mechanics textbook [Lan03]. We review

some of the derivations therein to enhance the readability of this thesis:

2.2.1 Rovibrational structure

The large mass difference between the two nuclei and the electrons enables a two-

step solving process, named the Born-Oppenheimer approximation. It assumes
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Figure 2.4: Semiclassical depiction of a fine structure changing collision in cesium:

The cesium atom collides with another atom entering on the 6P3/2 asymptote,

switching the electron spin on the inner turning point and hence exiting on the

6P1/2 asymptote.

vastly different time scales for the electron vs. nuclear motion and, hence, an

effective decoupling. Therefore, the task of quantum mechanically solving for

the level structure of a diatomic molecule is generally approached by first solving

for the electron energy levels for a given internuclear distance and then for the

nuclear motion in the presence of the electrons. While there are situations where

the Born-Oppenheimer method fails, it is generally a very good approximation.

To derive the fundamental level structure of diatomic molecules, let us first

consider a spinless (i.e. singlet state, ~S = 0) molecule. We follow the usual

technique of describing the motion of two interacting masses via one mass moving

in a centrally symmetric potential V(R) with reduced mass µ and reduce the three

dimensional motion to a one dimensional problem via inclusion of the centrifugal

energy to the potential V(R).

~J , the total angular momentum of the molecule, is the combination of the

angular momentum of the electrons (~L) and the angular momentum of the nuclei
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(~I). Hence we can write the operator for the centrifugal energy as3:

B(R) ~I2 = B(R) ( ~J − ~L)2 with

B(R) =
~

2

2µR2
(2.2)

.

To obtain an effective potential energy VJ(R) we average the operator for the

centrifugal energy over the electronic state at constant internuclear distance R:

VJ(R) = V (R) + B(R) < ( ~J − ~L)2 > (2.3)

For a given value of | ~J |=J(J+1) and a well defined value for the projection of

the angular momentum of the electrons onto the molecular axis, Lz, we expand

the above equation to:

VJ(R) = V (R) + B(R)J(J + 1) − 2B(R) < ~L > ~J + B(R) < ~L2 > (2.4)

.

The last term is independent of the nuclear motion and hence can be absorbed

into VJ(R). The second to last term is also independent of the nuclear motion,

even if that may not be obvious: Keep in mind, that if the projection of an angular

momentum operator is well defined for a given axis, the time average of the angular

momentum will be along the same axis. Hence, < ~L >= Λ~n, with ~n being the

respective axis. As the angular momentum of a system of two particles is always

perpendicular to the interparticle axis ~n: ( ~J − ~L)~n = 0, we obtain ~J~n = ~L~n and

therefore ~J~n = Λ due to ~n~L = Lz = Λ. So < ~L > ~J = Λ~n ~J = Λ2 is independent

of ~J .

3This is readily understood considering that EClassical = 1

2
Iω2 → EQuantum =

L2
x

2Ix
+

L2
y

2Iy
+

L2
z

2Iz
= ~

2

2µR2 l(l + 1) for two masses separated by R.
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Therefore we can rewrite equ. 2.4 as

VJ(R) = V (R) + B(R)J(J + 1) (2.5)

It is readily apparent that the quantum number J has to be equal or larger

than Λ due to JZ = Λ.

If we consider a harmonic potential (or approximate the potential V(R) close

to its minimum as harmonic) V (R) = Ve + µω2
eR′2

2
with R′ = R − Re and Re

the equilibrium distance between the nuclei and Ve the corresponding potential

energy, we get:

VJ(R) = Ve + BeJ(J + 1) +
µω2

eR
′2

2
(2.6)

with Be the rotational constant Be = ~2

2µR2
e

.

For a given J, the first two terms are constant and in conjunction with the

linear harmonic osciallator we obtain the energy level structure:

E = Ve + BeJ(J + 1) + ~ωe(v +
1

2
). (2.7)

The energy level structure consists of three parts: E = Eel +Er +Ev, the elec-

tron energy Eel = Ve, the rotational energy Er = BeJ(J + 1) and the vibrational

energy Ev = ~ωe(v + 1
2
).

As ωe ∼ 1/
√

µ and hence ∆Ev ∼ 1/
√

µ, while ∆Er ∼ Be ∼ 1/µ and ∆Eel

independent of µ to first order we get the following hierarchy of energy scales:

∆Eel >> ∆Ev >> ∆Er. (2.8)

2.2.2 Notation

We will use the following notation:
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v Vibrational quantum number

L Total electronic orbital angular momentum

Λ Projection of L on the molecular axis

S Total electronic spin

Σ Projection of S on the molecular axis

Ω Projection of total electronic angular momentum on the molecular axis

J Total molecular angular momentum

MJ Projection of J on the laboratory axis

I Total angular momentum of the nuclei

Table 2.1: Notation of diatomic molecule quantum numbers

At close internuclear distance, we best describe the quantum mechanical state

of the NaCs molecule in terms of quantum numbers according to Hunds case

(a): 2S+1Λ±, which is analogous to the LS coupling in atoms. S is the total

electronic spin and Λ the total electronic orbital angular momentum, ± denotes

the symmetry of the electronic wavefunction with respect to inversion through a

plane including the molecular axis. The latter symmetry can only exist for Ω=0

states of course, i.e. states with no total electronic angular momentum along the

molecular axis. The gerade/ungerade symmetry defines the relative sign when the

nuclei’s position is exchanged while leaving the electron wave function unchanged.

Note that there cannot be a gerade/ungerade symmetry in NaCs, as the nuclei

have different electric charges.

At long internuclear distances, we best describe the molecule in terms of Hund’s

case (c), which corresponds to the JJ coupling mechanism in atoms. States are

labelled as Ω±, with Ω the projection of the total electronic angular momentum

on the molecular axis.

The vibrational quantum number is added afterwards, e.g. X1Σ+ (v=22)

describes the 22nd vibrationally excited state of the singlet Σ absolute electronic
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ground state. The X denotes the lowest singlet state, higher states are enumerated

2, 3, 4, etc. Triplet states are enumerated via a, b, c etc. The rotational quantum

number is usually hidden in the total molecular angular momentum J. As the

rotational angular momentum is always perpendicular to the molecular axis, it

can be deduced straightforwardly from J and Ω.

2.2.3 Photoassociation

When two atoms in their respective ground states collide, the collision has to be

elastic, as there is no mechanism to dissipate any kinetic energy and no third

collision partner that could carry away excess energy.

However, if one of the two atoms is in an electronically excited state (e.g.

6P3/2) during the collision, a bound molecular state can be formed via re-emission

of the photon. As the collision time at ultracold temperatures is on the order of

picoseconds while the lifetimes of the 6P3/2 of cesium and 3P3/2 of sodium are

on the order of nanoseconds, it is obvious that spontaneous decay into a bound

state can happen but is unlikely this way. The situation changes dramatically, if

the atom pair is pumped into a bound excited molecular state during the collision

rather than into a free excited atomic state (Fig. 2.5). The two atoms will now stay

bound until the excited state decays into either a bound electronic ground state

or anti-bound molecular state. A detailed review of photoassociation processes

can be found in [JTLJ06].

2.2.4 Photoionization

Photoionization in general refers to the effect of ionizing a particle with light. A

single photon can ionize a particle if the binding energy of the electron is smaller

than the energy of the photon. This process is independent of the internal elec-

tronic structure of the particle beyond the binding energy. If the binding energy is
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Figure 2.5: Schematic depiction of the photoassociation process: the photoasso-

ciation laser (PA) drives a free-bound molecular transition during the collision

process. The excited state molecule then decays via spontaneous emission (SE)

into a variety of rovibrational states of the electronic ground state, which is deter-

mined by the product of Franck Condon factors, transition dipole moments and

selection rules.

larger than the energy of a single photon, the particle can still be ionized via the

absorption of multiple photons. This process has a much smaller cross section,

of course, and requires higher light intensities. Typical intensities for multipho-

ton processes are I = 1010 W
cm2 and cross sections for two photon ionization in the

range of 10−48 − 10−54cm4 s. Photoionization spectroscopy can reveal a lot of de-

tails of the internal structure as the multi-photon ionization cross-section depends

strongly on it. A comprehensive treatment of photoionization spectroscopy can

be found in [Let87].

Specific to our experiment, we used two-photon, one-color photoionization to

detect the NaCs molecules. A schematic is shown in fig. 2.6: the first photon

connects a ro-vibrationally excited level in the electronic ground state with a

specific vibrational state in one of the electronically excited molecular states.

The second photon fragments the molecule into a bound molecular ion and a
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Figure 2.6: schematic depiction of the photoionization process (PI), MI: molecular

ion

photoelectron: AB + 2hv → AB∗∗ → AB+ + e−.

If the energy of the two photons exceeds the energy difference between the

originating molecular state and the bound molecular ionic state, the molecule can

dissociate into its constituents AB + 2hv → AB∗∗ → A+ + B∗ + e−: This is

generally referred to as ”dissociative photoionization”. Even if the two-photon

energy is not sufficient to dissociate the molecule, it is still possible to fragment it

via three or more photon absorption. An overview on photodissociation dynamics

is given in [Fie04].

2.2.5 Stark effect in diatomic molecules

The Stark effect in diatomic molecules and in NaCs in particular will become

important once we consider trapping NaCs with electric fields in chapter 5.
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Linear Stark effect

To calculate the linear Stark effect for a diatomic molecule in Hund’s case (a), we

procede the following way 4:

The energy of an electric dipole ~d in an electric field ~EF is - ~d · ~EF . The dipole

moment is along the molecular axis ~d = d~n. For an electric field along the z-axis,

we obtain the perturbation operator −d · nz · EF .

First order perturbation yields:

∆E
(1)
Stark = −dEF < JΩMJ ||nz||JΩMJ > (2.9)

So we are interested in the space fixed z-component of the molecular’s dipole

moment operator and hence need to project the dipole moment, which is given

in the molecular frame, onto the space fixed frame’s z-axis. To do this, we need

to perform a finite rotation of the dipole moment operator from the molecular to

the space fixed frame.

The generic formula to rotate a matrix element of a tensor f of rank k of a

symmetric top from the molecular coordinate system to the space fixed system is

5

< j′µ′m′|fkq|jµm > = ij−j′(−1)µ′−m′
√

(2j + 1)(2j′ + 1)×

×





j′ k j

−µ′ q′ µ



×





j′ k j

−m′ q m



 < µ′|fkq′|µ >

(2.10)

where µ is the projection of j onto the molecular axis and m the projection of j

onto the space fixed axis z, q’=µ′ − µ and q = m’ - m.

Using 2.10 in 2.9 gives us directly the solution:

4This is the first problem given in paragraph 87 of Landau and Lifschitz’s ”Quantenmechanik”

textbook [Lan03].
5A derivation can be found in e.g. [Lan03].
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∆E
(1)
Stark = −dEF

√

(2J + 1)(2J + 1)(−1)Ω−MJ ×





J 1 J

−Ω 0 Ω



×





J 1 J

−MJ 0 MJ





= −dEF

√

(2J + 1)(2J + 1)(−1)Ω−MJ
(−1)Ω−JΩ

√

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

(−1)MJ−JMJ
√

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

= −dEF MJ
Ω

J(J + 1)
.

(2.11)

This result may seem counterintuitive at first: the dipole moment operator has

odd parity and is sandwiched between identical bra and kets (equ. 2.9) describing

the same state (same quantum numbers) and hence should be zero. The solution

to this paradox lies in the (seemingly) inadequate labelling of the state |JΩMJ〉.
Consider a diatomic molecule with an orbital angular momentum Λ along the

molecular axis. Upon a parity transformation the two atoms change their place

while Λ, which is a pseudovector, retains its direction (see fig. 2.7). Hence there

are two states with degenerate energies corresponding to the two relative point-

ing directions of Λ. This is commonly referred to as Λ-doubling and the exact

degeneracy is lifted only once one includes the coupling of the molecule rotation

with the electronic states or the higher order spin-orbit couplings. However, this

splitting is so small, that for our purposes we can consider the states to be degen-

erate. For the linear Stark effect of diatomic molecules, we are therefore implicitly

assuming that the Stark effect is large compared to the Λ-splitting and hence mix

quasi-degenerate states of opposite spatial parity, which creates the linear split-

ting. This also illustrates why the Ω=0 state is not shifted: recall that Ω = Λ+Σ

and hence Λ = Σ = 0 for Ω=0. There is only one state and hence the dipole oper-

ator cannot connect two states of different parity that could result in a non-zero

shift.
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Figure 2.7: Λ-doubling: upon a parity transformation the nuclei switch places,

the angular momentum Λ along the molecular axis does not. This gives rise to

two degenerate energy states for Λ 6= 0.

Quadratic Stark effect

If we are interested in the effect an electric field has on a NaCs molecule in

its electronic ground state, more specifically the X1Σ state, we need to extend

perturbation theory to the second order, as there is no Λ-doulbing in a X1Σ state

(Ω = 0). Instead of coupling two quasidegenerate Λ-doubled states, we will see

that in the X1Σ state the neighboring rotational states are coupled by an electric

field.

We start with second order time-independent perturbation theory6:

∆E
(2)
Stark =

∑

J ′

| < JΩMJ | − ~d ~EF |J ′Ω′M ′

J > |2

E
(0)
J − E

(0)
J

′

. (2.12)

We consider only neighboring states, which are the dominant terms:

6This is the third problem given in paragraph 87 of Landau and Lifschitz’s ”Quanten-

mechanik” textbook [Lan03].



20

∆E
(2)
Stark = d2E2

F

(

| < J, MJ |nz|J − 1, MJ > |2

E
(0)
J − E

(0)
J−1

+
| < J, MJ |nz|J + 1, MJ > |2

E
(0)
J − E

(0)
J+1

)

(2.13)

for rotational energies: E
(0)
J = BJ(J + 1) with equ. 2.10 we get:

∆E
(2)
Stark

=
d
2
E

2
F

B
×





√

(2J − 1)(2J + 1)





J 1 J − 1

0 0 0



 ×





J 1 J − 1

−MJ 0 MJ









2

J(J + 1) − J(J − 1)
+

+
d
2
E

2
F

B
×





√

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





J 1 J + 1

0 0 0



 ×





J 1 J + 1

−MJ 0 MJ









2

J(J + 1) − (J + 1)(J + 2)

(2.14)

and after evaluating the 3-j symbols:

∆E
(2)
Stark =

d2E2
F

B
×
(

J2 − M2
J

2J(2J − 1)(2J + 1)
+

(J − MJ + 1)(J + MJ + 1)

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

)

=
d2E2

F

B

J(J + 1) − 3M2
J

2J(J + 1)(2J − 1)(2J + 3)
(2.15)

. This is the second order Stark effect for a diatomic molecule in a 1Σ state. As

expected, the Stark effect scales quadratically with both the dipole moment and

the electric field strength. Note that for J = 0 the Stark effect is always negative,

while for J > 0 it can be positive. This implies that J = 0, i.e. non-rotating

molecules in the case of a 1Σ state, are so-called ’high field seekers’, while J > 0

states, i.e. rotating molecules, can be so-called ’low field seekers’. The reason for

this terminology is obvious: high field seekers are accelerated towards higher fields

in an inhomogeneous field while low field seekers are accelerated towards weaker

fields.

As there is no other angular momentum but the rotation of the molecule in-

volved in a 1Σ state (neglecting nuclear spins, of course), one can intuitively grasp

the qualitative features of the second order Stark effect the following way (consid-

ering only the MJ = 0 case): Consider a non-rotating dipole in an inhomogeneous
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field: it will align itself towards the highest gradient and experience a force in that

direction (J=0 case). Now consider a slowly rotating dipole (J=1, case): it will

rotate a little faster while pointing towards the highest gradient, while rotating

a little slower while pointing away from the highest gradient, as some rotational

energy is converted into potential energy. This implies that the time averaged

dipole points towards the lowest field gradient and hence experiences a force in

the exact opposite direction compared to the non-rotating molecule. It is also

intuitive to understand that the rotating dipole will experience a smaller force

than the non-rotating one, as the rotating dipole spends time pointing both ways

with just a small asymmetry due to the back and forth shifting of rotational to

potential energy. Lastly, the faster the molecule rotates, the less dominant said

asymmetry becomes and hence, the effective force on the dipole ( for J >> 0, the

Stark effect scales with 1
J2 ).
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3 Experimental Apparatus

The experimental apparatus has gone through multiple stages of evolution from

the first detected electronic ground state NaCs to electrostatically trapped NaCs.

Hence, we describe the different stages here and will refer in later chapters to

whatever stage was used in a particular experiment.

3.1 Apparatus I

Apparatus I was located at the Laboratory for Laser Energetics (LLE). The pre-

viously used apparatus (Apparatus 0) is described in [Bha04]. Apparatus I differs

from Apparatus 0 only in terms of a new diode laser system for the cesium MOT,

locked via dichroic atomic vapor locks (DAVLL, see chapter A.4.4). This replaced

an Argon Ion pumped ring Ti:Sapphire laser (’Trapper’) and a DBR diode (’Re-

pumper’). The number of trapped atoms in the sodium and cesium MOT were

5 · 105 and 2 · 106, respectively.

3.1.1 Vacuum

All experiments took place in the same chamber which has already been described

in [Sha99]. A belt driven 50 l/s pump positioned in the basement of the LLE
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provided the roughing vacuum (≈ 1 mTorr). A large (170 l/s) and a small (40

l/s) turbomolecular pump in series were the backbone of the pumping system. In

conjunction with a refurbished 50 l/s ion pump pressures of 1 − 2 · 10−9 mTorr

were achieved.

3.1.2 Alkali sources

Both sodium and cesium ovens were directly mounted on the chamber. We loaded

the ovens - consisting of a valve and a belhow terminated by a blind flange - with

glass ampules of 1g of the respective alkali metal (”Ingots”) and broke the ampules

by bending the bellow it was placed in once UHV had been reached. The sodium

oven operated at 110◦ C, just above the melting point of sodium. The cesium

oven operated at room temperature.

3.1.3 Laser system for sodium

The sodium D2 line at 589 nm required to operate a Na-MOT is somewhat incon-

venient: Laser diode exist which cover wide ranges of the infrared as well as the

blue part of the visible spectrum. A great part of the visible spectrum can also

be efficiently accessed via second harmonic generation of infrared laser diodes.

However, just around 589 nm, there is a gap (fig. 3.1) in the spectrum of available

laser diodes. While there is active research to construct a fiber based laser system

at 589 nm for astronomy and satellite communication, there is no commercially

available system, yet. Hence, the only available option is a dye laser. We use a

Coherent 699 (”699”) cw uni-directional ring dye laser system pumped by either

a Coherent I-400 or Spectra 171, both large frame Argon Ion lasers. Commonly,

the power output of the 699 in Apparatus I was around 500-600 mW at 589.16

nm.
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Figure 3.1: Spectrum of available commercial laser diode based systems from

Toptica. While large parts of the visible and infrared spectrum are covered, there

is a gap around 589 nm.

The 699 was equipped with a temperature stabilized Fabry Perot cavity and

a control box, that enabled the locking of the laser frequency to the fringes of

the Fabry Perot cavity. While this sufficed to stabilize the frequency on short

timescales ( < 1 second), it did not provide an absolute frequency lock. Therefore,

the 699 had to be manually (!) stabilized by maximizing the flourescence of the

sodium MOT while experimenting.

The repumping frequency was generated by sending the light through a home-

built electro-optic modulator at 1712 MHz. About 10-20% of the power was

shifted into the sidebands at ± 1712 MHz. Only the +1712 MHz sideband was

needed, of course. The different frequencies were not spatially separated and,

hence, all coupled into the same optical fiber after passing through an acousto optic

modulator (to enable switching of the light) and guided to the vacuum chamber

table. The single mode fiber was not polarization maintaining. Temperature

changes in the lab therefore resulted in polarization rotations of the light inside

the fiber, causing the power balance of the 3 MOT beams to shift, as the power



25

split happened via polarizing beam splitter cubes. Hence, operation of the sodium

MOT was only possible while the temperature in the lab was stable.

3.1.4 Laser system for Cesium

The major upgrade of Apparatus I compared to earlier experiments was the re-

placement of an argon ion pumped ring Ti:Sapphire laser system plus a DBR diode

as repumper to an all laser diode based system. This freed up the Ti:Sapphire laser

for spectroscopy, which would become relevant at later stages, i.e. in apparatus

II and beyond.

An external cavity diode laser (ECDL, see chapter A.4.1) (”Master”) with 50

mW maximum output power was locked via a dichroic atomic vapor laser lock

(DAVLL, see chapter A.4.4) to the cesium 6S1/2, F=4 → 6P3/2, F′=5 transition.

The Master was injected into the ”Slave”, a 150 mW laser diode.

Another ECDL (”Repumper”) with 50 mW maximum output power was locked

via a DAVLL to the cesium 6S1/2, F=3 → 6P3/2, F′=4 transition. The Slave and

the Repumper were overlapped on a polarizing beamsplitter cube, then passed

through an acousto optic modulator to enable the switching of the light and then

coupled into a single-mode non-polarization-maintaining optical fiber. The light

was then guided via the optical fiber to the MOT optics.

3.1.5 Pulsed dye laser and ion detection

It is very hard to detect molecules via fluorescence, as they generally lack a cycling

transition. Instead we ionized the molecules via resonance enhanced two-photon

one-color ionization [Let87] and detected them in a channel electron multiplier

(CEM).

The laser utilized for photoionization in apparatus I was a home built pulsed

dye laser in Littrow configuration pumped by a commercial frequency doubled
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Figure 3.2: Ion collection efficiency as a function of the grid voltage.

Nd:YAG laser (INDI Quanta Ray, Spectra Physics). The wavelength was set

manually by tuning the cavity and checked by measuring the wavelength with a

small monochromator. The linewidth was about 14 cm−1, powers up to 500 µJ

achievable and the accuracy of the set wavelength (∼ ±0.3 nm) given by the

monochromator.

The generated ions were extracted from the detection region and guided to the

CEM via an electric field generated by a negatively charged grid in front of the

CEM. The time of flight (TOF) of the ions from their generation to their detection

in the CEM allowed to determine their mass and hence the separation of sodium,

cesium and sodium-cesium molecular ions. The grid caused dramatic variations

in the ion detection efficiency for different extraction voltages, as is shown in fig.

3.2. We usually operated the grid at 100 V, which corresponded to the highest

efficiency. The fluctuating extraction efficiency would be remedied much later, in

apparatus IIIb, by replacing the grid with a ring electrode.

3.1.6 Experimental control and data aquisition

All TOF data in apparatus I was aquired by a SRS multichannel scaler directly

connected to the CEM output. As global trigger served the lamp trigger of the
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Figure 3.3: Experimental control in apparatus I: the lamp trigger of the INDI

Quanta Ray served as global trigger. The SRS Multichannel was manually read

out via a 31
2

′′
floppy disk.

INDI Quanta Ray pump laser, see fig. 3.3.

3.2 Apparatus II a & b

After the first round of experiments that yielded the first signal of electronic

ground state NaCs molecules, the lab had to be moved from the Laboratory for

Laser Energetics to the Bausch & Lomb hall on river campus.

We saw this as an opportunity to rebuild and improve our apparatus. Appa-

ratus II was primarily about improving our NaCs signal strength: bigger MOTs,

controlled photoassociation, more efficient ionization, more stable operation.

The new lab space had airconditioning, which promised much better conditions

for stable experimental conditions. Room 169 in B&L was also considerably larger

than the lab at the LLE, which enabled us to bring in a third optical table. We

used the buildings supply of pressured air (after drying it, to prevent the optical

table legs from rusting from within) to float the optical table with the MOT

laser systems, to minimize their exposure to vibrations. While rebuilding the

entire experimental apparatus, we took care that all electrical connections and



28

electronic instruments were up on the unistrut structures or at least as high as

possible, while the cooling water was kept to the ground or at least as low as

possible. This ensured that any leaks or floods would not damage the electrical

systems.

The following upgrades were made:

3.2.1 Dark SPOT sodium MOT

The first step in improving our production rate of NaCs molecules was to im-

prove the number of trapped atoms in our MOTs. The methods to achieve this

were well established. It required to improve the number of capturable sodium

atoms as well as to suppress the main loss mechanisms. To improve the number of

capturable atoms, it was not sufficient to increase the sodium oven temperature,

hence the vapor pressure, and ultimately the number of sodium atoms floating

through the chamber. The number of fast atoms generated this way outpaced the

number of capturable atoms (i.e. those in the slow tail of the Maxwell-Boltzmann

distribution that can be captured by the MOT) so fast, that collisions with fast

background sodium atoms countered the effect of more slow capturable atoms.

Therefore the need arose to supply the MOT with a high flux of capturable atoms

without increasing the partial vapor pressure of sodium noticeably. This is com-

monly done in one of two ways: one option is a ”funnel” MOT in a second chamber

operated at high vapor pressure that precools the atoms, which are subsequently

pushed via another lightbeam into the main chamber and then used to load the

main MOT. The second option is a Zeeman slower, which slows a beam of hot

atoms by scattering resonant light off the atoms opposite to their travelling direc-

tion and counteract the ensuing Doppler shift by a compensating Zeeman shift to

keep the atoms in resonance with the light [Met01].

We chose a Zeeman slower over a ”funnel” MOT as it was a simpler and
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cheaper apparatus.

To further improve our MOT, we doubled the beam diameters of the MOT

optics, while keeping the intensity constant. This increased the capture velocity

(i.e. maximum initial velocity of an atom that the MOT is capable of cooling and

trapping) by about a factor of
√

2 [TEZ+96], which enabled an easier and much

more efficient design of the Zeeman slower.

By providing a drastically improved number of capturable atoms while keeping

the loss mechanism of background collisions constant (i.e. the vacuum does not

worsen noticeably during operation of the Zeeman slower) a different loss mech-

anism became dominant: light induced fine structure changing collisions (see fig.

2.4). In such a collision, one of the two colliding atoms is in the electronically ex-

cited state 3P3/2 and flips the electron spin during the collision process, exiting the

collision on the 3P1/2 asymptote. The energy difference of 516 GHz is converted

into kinetic energy and corresponds to a velocity of ≈ 132 m/s, close to three times

the capture velocity of the MOT. Hence, any atom that undergoes such a collision

is lost from the MOT. There is a simple measure to counteract such collisions: if

the center of the MOT is not repumped, most atoms are optically pumped into a

”dark” electronic ground state and hence this collision channel becomes strongly

suppressed. In practice, this is achieved by blocking the center of the repumping

beam with a piece of masking or electrical tape and imaging1 this dark spot into

the MOT [KDJ+93]. This is commonly refered to as dark spontaneous-force opti-

cal trap or dark SPOT. It is worth noting that the trapping and cooling efficiency

is reduced in a dark SPOT MOT. Hence, this technique is only beneficial in the

regime where light induced collisions are the dominant loss process. A regular

background vapor loaded sodium MOT will therefore not benefit from converting

it to a dark SPOT MOT.

The number of trapped sodium atoms in this configuration reached 7 · 107

1The imaging prevents fringes, which limit the dark state fraction in the MOT.
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atoms, compared to 5 · 105 in apparatus I.

3.2.2 Zeeman slower

The single most involved piece of upgrading the apparatus involved the building

of a Zeeman slower for sodium. An overview of how a Zeeman slower works can

be found in [Met01] and references therein. The design process and the details

of construction can be found in chapter A.1. Briefly, it consists of a sodium

oven that was operated at 220 ◦ Celsius and pumped by a 40 l/s turbomolecular

pump which was backed by a shaft drive roughing pump. Two apertures of 2 mm

diameter each, spaced 10 cm apart, form the atomic beam. The slower consists of

14 independent, identical coils that are operated at different currents to generate

the necessary magnetic field shape. We chose a ’spin-flip’ configuration to keep

the necessary field strength as low as possible. In fact, the total power dissipation

is so low, that neither water nor active air cooling is required. Air convection

is sufficient to cool the coils, eliminating the risk of overheating and subsequent

shorting of the coils due to a failing or unintentionally switched off cooling system.

The extraction field strength was chosen such that we required slowing light 700

MHz red-detuned off the 3S1/2, (F=2)→ 3P3/2, (F′=3) to obtain a final velocity

of 50 m/s, our capture velocity of the sodium MOT. Fig. 3.4 shows the velocity

distribution after the first 12 coils of the Zeeman Slower compared to an unslowed

beam.

3.2.3 Sodium laser system upgrades

What did the above mentioned changes stipulate in terms of our laser system?

We needed a new frequency, 700 MHz red-detuned from the trapping frequency,

with at least 50 mW of power. Assuming a 50% coupling efficiency through a single
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Figure 3.4: Velocity distribution after 12 coils of the Zeeman slower. Blue: slowed

atoms, i.e. with slowing light, red: unslowed atoms, i.e. without slowing light.

mode fiber, this translated into 100 mW pre fiber. We also wanted to be able to

repump the atoms in the Zeeman slower and hence needed to be able to modulate

1.7 GHz sidebands onto the Zeeman slowing light. We required 4 times as much

power as previously in the trapping beams to keep the intensity constant while

doubling the beam diameter. We also needed to separate the MOT repumper

from the trapping frequency in order to be able to implement a dark SPOT.

Our previous apparatus enabled us to obtain 500-600 mW at 589.1 nm. This

would not suffice for the new apparatus. To improve the power output of the

699 we bought a new dye nozzle from Radiant dyes and built a new circulator

that increased the dye pressure from 30 to 100 psi. This enabled us to increase

the pump power of the argon ion laser up to 9 W and increased the conversion

efficiency up to 18%. The resulting power of 1.6 W at 589.1 nm sufficed for our

experiment.

We installed a 350 MHz Isomet OPP-12 in double pass configuration and a

subsequent home-built electro-optic modulator to derive the light for the Zee-

man slower with a repumping frequency sideband. We replaced the electro-optic

2Technical specifications can be found at www.isomet.com.
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modulator in the trapping beam with a Brimrose GPF-1700-500 acousto optic

modulator at 1.7 GHz and coupled the first order in a separate optical fiber,

enabling a dark SPOT MOT.

FM spectroscopy lock

We also implemented an absolute frequency locking system that worked in parallel

to the internal 699 locking. The entire hyperfine structure of the 3P3/2 state

(F’=1,2,3 and 4) of sodium spans just ≈ 100 MHz (see fig. 2.2), making it hard

to resolve and lock to individual states with a standard DAVLL scheme, though

sufficient precision can be achieved with a Doppler free bichromatic lock (DFBL)

[vOKvdS04]. Additionally, the absorption in a sodium saturation cell is poor due

to the comparatively weak oscillator strength of the 3S1/2 (F=2)→ 3P3/2 (F′=3)

transition. Also, power fluctuations are much larger in an argon ion laser pumped

dye laser than in a diode laser, making it necessary to create a locking scheme

that is very robust with respect to power fluctuations and power drifts. As the

699 was already locked to a Fabry Perot cavity, only long term drifts (> 1 s)

needed to be compensated by the new lock. With these requirements in mind, we

decided to build a frequency lock that was based on FM spectroscopy. The basic

principles of FM spectroscopy, theory of lineshapes and a signal-to-noise analysis

can be found in [BL83].

The layout is shown in fig. 3.5. The necessary power of the beam is ≈ 2.5

mW. After passing through a 40 MHz AOM3, we pick off two beams via an

optical flat that both pass through a sodium vapor cell at 132 degree celsius. One

beam is the reference beam, the other the probe beam. Both are detected on

DET 110 (thorlabs, discontinued) photodiodes. The pump beam is shifted by 80

3We put this AOM into the beamline to center the pump and probe beam around the atomic

resonance (-40 and +40 MHz, respectively) to maximize signal strength. It turns out, that this

is not necessary.
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Figure 3.5: Frequency locking scheme for Sodium

MHz, modulated at 8.2 kHz with a modulation depth of 1 MHz and overlapped

counterpropagating to the probe beam4. The two photodiode signals were fed into

a lock-in amplifier that used the 8.2 kHz modulation frequency of the pump AOM

as base frequency. The signal of the lock-in amplifier was then fed into the labview

program ’MainFirst.vi’, which was basically a software based PID controller with

a very long (≈ 100 ms) time constant.

3.2.4 Forced or far red-detuned Dark SPOT cesium MOT

Improving the number of trapped atoms in the cesium MOT was considerably

easier than the sodium case. We doubled the diameter of the MOT beams to 1”

as well (while keeping the light intensity constant). To reduce the light assisted

fine structure changing collisions (see fig. 2.4), we installed a dark SPOT similar to

the sodium case. However, off resonant excitations of the 6P3/2 (F′=4) state and

subsequent decay into the ′dark′ state 6S1/2 (F=3) happens only about once every

4Due to symmetry, it does not matter if pump or probe beam are modulated.
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Figure 3.6: The bare tapered amplifier chip on a homemade mount.

100 transition cycles, compared to 10 for sodium, due to the much larger spacing

of the excited state hyperfine levels (fig. 2.3). To effectively reduce fine structure

changing collisions one either has to reduce the power in the repumper to about 1

ISat or introduce an additional beam, the ′depumper′, that actively pumps cesium

atoms from the 6S1/2 (F=4) into the ′dark′ 6S1/2 (F=3) via the 6P3/2 (F′=4)

transition. This technique has been covered in detail in [TEZ+96, APEC94].

While we started experiments with a forced dark SPOT MOT, i.e. with depumper,

we soon switched to a red-detuned repumper dark SPOT MOT, as it was less

involved to optimize on a day-to-day basis. The number of trapped cesium atoms

reached now 3 · 108 compared to 2 · 106 in apparatus I.

3.2.5 Cesium laser system upgrades

To accomodate the changes made in the cesium MOT system, we upgraded our

laser diode system with an additional stage (see fig. 3.6): the laser beam from

the ′slave′ diode (see chapter A.4.2) was injected into a tapered amplifier chip

(see chapter A.4.3) from Eagleyard that can provide up to 500 mW at 852 nm.
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The mount for the tapered amplifier chip was machined by ourselves and gold

electroplated by Anoplate, Syracuse, NY. Additionally, we derived the ’depumper’

by picking up a few mW off the ’master’ laser and shifted it with an AO to the

6S1/2 (F=4) → 6P3/2 (F′=4) transition.

3.2.6 Vacuum

The quality of the vacuum in apparatus II was comparable to that in apparatus

I, usually 1 − 2 · 10−9 Torr.

3.2.7 Pulsed dye laser

To improve control and efficiency of our ionization process, we replaced our home

built pulsed dye laser with a commercial Lambda Physik FL3002 system. It con-

sists of three stages: an oscillator, a pre-amplifier and an amplifier stage, yielding

a 0.2 cm−1 linewidth. It can be remotely operated, enabling controlled, synchro-

nized scans of the photoionization wavelength. We did a first active photoasso-

ciating experiment with apparatus II, while still operating with the home built

pulsed dye laser and will refer to that configuration as apparatus IIa, while the

apparatus for following experiments with the FL3002 will be labeled IIb.

3.2.8 CW Ti:Sapphire

To further improve our NaCs production rate, we started to actively control

the photoassociation process by introducing an argon ion laser pumped cw ring

Ti:Sapphire laser (Coherent 899, ∼1 MHz linewidth). We usually operated it in

the range of 850-880 nm and 500 mW output power, but are capable of extending

the range down to 700 nm by exchanging the cavity optics (this is only of relevance

when used in other experiments that use rubidium or potassium).
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3.2.9 Ion Detection

The improvement of the number of trapped atoms by about two orders of mag-

nitude each caused some concern for the ion detector: while we previously got

a constant stream of ≈ 20 kHz of NaCs+ ions from the bright MOTs, the im-

proved MOTs caused a stream of > 1 MHz of NaCs+ ions, saturating the chan-

neltron which rapidly ages under these conditions. Dark SPOT MOTs reduced

this number back to a few kHz and were thus not only necessary to optimize the

performance of the MOT, but also to protect the CEM.

3.2.10 Experimental control and data aquisition

Experimental control and data aquisition shifted from just using the SRS multi-

channel scaler to a labview based system, which remotely controled the FL3002

and SRS multichannel scaler via GPIB connections and the frequencies of the

photoassociating Ti:Sapphire laser (899) and the dye laser (699) of the Na-MOT

system via analog control voltages. Given the growing complexity of experiments

done with the apparatus II compared to apparatus I, just using the trigger of

the pump lamp of the pulsed Nd:Yag laser as a global timing trigger no longer

sufficed. Instead we used a ’MFI-1000’ from Analysis Array for apparatus II. It

provides 5 arbitrarily programmable TTL channels with a resolution of 0.1% at a

varying timebase (5000s - 5µs).

3.3 Apparatus III a, b & c

3.3.1 Apparatus IIIa

After successfully boosting the signal of NaCs molecules by close to four orders

of magnitude with Apparatus II, the next generation apparatus was designed to
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Figure 3.7: Experimental control in apparatus II: timing was controlled by

the MFI-1000, PC-labview programs controled the wavelengths of pulsed dye

(FL3002), photoassociating Ti:Sapph (899) and dye laser (699) for the Sodium

MOT light, as well as read out the SRS Multichannel scaler via a GPIB connec-

tion

confine the NaCs molecules.

We designed and built a trap (TWIST) for the molecules, which is described

in detail in chapter 5. The TWIST is the heart of apparatus III. The thin wires

of the TWIST have very weak thermal conduction to the chamber and therefore

baking the chamber has little effect on the thin wires. Apparatus III had therefore

a worse vacuum than the previous generations: 4 ·10−9 Torr. This limited the size

of the atom clouds as well as the resulting trapping time of the molecules in the

TWIST. However, it was good enough to conduct a first set of experiments. As we

had gained some expertise in switching high voltages while designing the TWIST,

we also started switching the high voltage of the CEM. Thus, the continuous

stream of autoionizing NaCs+ ions from the MOTs were no longer a concern for

the ion detection. The CEM was only switched on after the MOT lights had been
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Figure 3.8: Experimental control in Apparatus III: compared to Apparatus II (fig.

3.7), the TWIST’s HV and also the CEM’s HV are switched.

switched off, avoiding a quick aging of the CEM by accumulating unnecessary

pulses.

3.3.2 Apparatus IIIb

Apparatus IIIb followed shortly after apparatus IIIa and incorporated only minor,

but important changes:

The channel-electron multiplier moved to a formerly unused flange at the bot-

tom of the chamber. This straightened the ion pathway from the MOTs through

the wires of the TWIST to the CEM and, at the same time, freed up another view

port. We also replaced the grid in front of the CEM with a ring, to avoid strongly

varying collection efficiencies at small grid voltage differences, as ions were guided

either between or on wires of the grid (see fig. 3.2).

We installed a stab-in heater, which was basically a halogen lamp mounted
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on an electric feed-through flange. This enabled us to bake the inside of the

chamber additionally with the black body radiation of the filament rather than

just heating tapes from the outside. The stab-in heater compensates for the lack

of heat conductivity to the thin wires of the TWIST. With this new approach, we

improved our vacuum significantly to 4.7 · 10−10 from 4 · 10−9 Torr in Apparatus

III.

We also installed an automated backup system that copies all changes on the

lab computer’s hard drive onto an external hard drive, to protect us from data loss.

The backup is set to the first day of the month at 10:00 am. It is intentionally NOT

set into the night hours (i.e. 3 or 4 am), as those are usually the most productive

in terms of data aquisition due to the most stable experimental conditions.

3.3.3 Apparatus IIIc

Repumping beam reflections

Until recently, the repumping beam for the sodium MOT entered the chamber

at a small angle with respect to the z-axis. While this was ideal to minimize

reflections from the wires of the TWIST (the dark region of the repumping beam

fully encompasses the circular part of the TWIST’s electrodes), the small angle

caused the reflection of the repumping light off the exit port to encompass the

trapping region, limiting the dark state fraction of the MOT.

To remedy this, the repumping beam is now overlapped with the trapping light

along the z-axis, causing the reflections’ dark region to coincide with the incoming

one while still avoiding reflections off the wires of the TWIST.
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4 NaCs

As stated in the introduction, there is large interest in obtaining samples of ul-

tracold polar molecules for a variety of reasons. The rich internal structure of

molecules has prevented any successful laser cooling and trapping of any molecules

to this day, although there are efforts underway in this direction [Ros04]. Hence,

there are two general approaches to obtaining ultracold molecules: One can start

with a hot sample of molecules and obtain a cool sample from there by methods

that are not dependent on the internal level structure, such as Stark Deceleration

[BBM99], collisional cooling [EVC03], buffer gas cooling [ELS+02], or velocity

selection [RJR+03]. The alternative is to start with ultracold atoms that are

readily availabe via the established laser cooling and trapping techniques and

make molecules from those atoms via photoassociation or feshbach resonances.

Given the history of this research group, we started from laser cooled and

trapped atoms, naturally. J.P. Shaffer did some early work [Sha99] on the pho-

toassociation and collision processes in a two-species Na + Cs MOT. It turns

out that there is a very efficient autoionization pathway which causes a continous

stream of NaCs+ ions from the two overlapped MOTs [SCB99]. Due to the high

production rate of this process (≈ 20 kHz) even with our modest traps at the

time (5 · 105 sodium and 2 · 106 cesium atoms, see chapter 3.1), it became clear

that sodium and cesium atoms got close enough often enough to go through an
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- obviously existing - efficient free-bound transition pathway to generate a high

rate of electronically excited NaCs∗ molecules. The following absorption of an-

other photon into an autoionization state obviously prevents efficient production

of electronic ground state molecules. But nevertheless, if just a small fraction of

the NaCs∗ molecules do not autoionize but decay into the electronic ground state,

there may be a chance of detecting them.

4.1 First signal of ultracold NaCs

Therefore, we decided to just ′look and see′ carefully for our first experiment,

hoping to find a trace of those molecules that decay into the ground state rather

than autoionize. The experiment was performed with apparatus I, see chapter

3.1 for details. We operated at a magnetic field gradient of 11 G/cm with 5 · 105

trapped sodium atoms at 220 ± 80µK and 2 · 106 cesium atoms at 210 ± 80µK.

To detect electronic ground state NaCs, we switched off the MOT light beams,

closing the autoionizing pathway. After a few microseconds, all neutral atoms and

molecules in the trapping region decayed to the electronic ground state. After a

waiting time of 10 µs - much longer than any excited state lifetime - the pulsed

dye laser ionized a fraction of the atoms and molecules in the region. The ionizing

light pulse was fairly weak, on average about 50µJ per pulse, though the pulse

to pulse fluctuations were rather large (20 − 200µJ). The focus was a spot of 2

mm2 at the atom cloud’s position. The wavelength of the ionizing light pulse was

588 nm. The timing scheme is shown in fig. 4.1. The reasoning for the choice

of the ionizing light parameters was very pragmatic: To be able to detect a clear

peak in the time-of-flight (TOF) spectrum corresponding to the mass of NaCs,

we needed to minimize the background noise and, most importantly, the cesium

signal. The mass peak corresponding to cesium could easily grow in width - due

to space charge effects - to the point where it drowned out small signals next to it.
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Figure 4.1: The timing of the first experiment that detected electronic ground

state NaCs.

We therefore chose a low intensity and a wavelength that did not produce a strong

cesium signal, but could still be resonantly ionizing NaCs. Hence the choice for

588 nm, which is close to the sodium D2 line, but far off resonant from any cesium

lines. This choice turned out to be very fortuitous. Fig. 4.2 shows three TOF

spectra, normalized to the corresponding masses. Each TOF was the result of an

integration of 10000 pulses at 10 Hz, i.e. about 17 minutes integration time. The

top figure shows the TOF when only a sodium atom cloud was present. The mass

peak at 23 amu is clearly visible. The center figure depicts the TOF spectrum of

a cesium atom cloud. Two peaks are visible: the atomic peak at 133 amu and

the Cs2 peak at 266 amu. There is also a small peak close to 23 amu, which is

independent of the MOTs and is due to thermal background sodium. A similar,

though weaker peak, can also be found in the top most TOF spectra close to

133 amu, corresponding to thermal background cesium. The third TOF spectrum

was taken in the presence of both atom clouds and the spectrum displays not

only the sum of the peaks of the single species spectra, but also a new peak at

156 amu, which is the mass of NaCs. This was our first detection of electronic

ground state NaCs. The peak consisted of about 500 molecules, so we detected

about 1 molecule every 20 shots or 2 seconds. The fact that the NaCs peak was
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Figure 4.2: First signal of electronic ground state of NaCs. The top picture shows

the TOF spectrum of just a sodium MOT, the center one that of a cesium MOT

and the bottom the TOF spectrum of both MOTs. A mass peak at 156 amu

corresponding to NaCs can only be found in the presence of both MOTs.

only visible if both atomic clouds were present, prooved that the molecules were

formed from ultracold atoms and not from the thermal background. We further

verified this by not blocking the MOT lights, but by detuning the lasers to the

point where no atom clouds were formed as well as changing the power balance of

the beams to the point, where no atom clouds could form. Each time, there was

no NaCs signal, unless both atom clouds were present.

Assuming a 10% ionization and detection efficiency and considering that 90%

of the continously produced NaCs molecules could not be detected as they left

the detecting region before the ionizing pulse entered the chamber, we were able

to extract a rate coefficient KNaCs = d[NaCs]
dt

= 7.4 · 10−15 cm3 s−1.
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4.1.1 Verification of the electronic ground state of NaCs

There was one loophole in the above argument that needed further adressing,

before moving on: one could imagine that there were actually no NaCs ground

state molecules at all, rather the ionizing pulse photoassociated the atoms with

a first photon and then directly ionized them as a bound molecular ion with a

second. This process is called associative photoionization [GLJ+88].

One could make an argument that this was a somewhat unlikely process, es-

pecially if one took the ionizing wavelength into account: 588 nm. The energy

necessary to ionize cesium is 31406 cm−1, the energy of a 588 nm photon is 17006

cm−1. Two 588 nm photons hence carry an energy of 34012 cm−1, 2606 cm−1

above the Na+Cs+ asymptote. Therefore, even if the first photon of the ionizing

pulse would photoassociate the atoms into NaCs∗ molecules, the second photon

would split them into Na and Cs+. What this argument also entailed, was that

the detected NaCs+ ions must have originated from states in the X1Σ that were at

least 2606 cm−1 deeply bound! While the above argument may seem convincing

in hindsight, we weren’t convinced at the time. Maybe something entirely else

was going on, some experimental artifact, something trivial we overlooked?

To make absolutely sure the detected peak at 156 amu corresponded to elec-

tronic ground state NaCs, we added the following stage to the above experiment:

after the MOT lights were switched off, we introduced a light beam resonant with

sodium, pushing the atomic sodium out of the detection region. NaCs molecules

were not effected, as there is no closed cycling transition. The timing is shown

in fig. 4.3. The previous experiment already showed that NaCs was formed from

the ultracold MOT atoms. If we now remove all ultracold sodium before the ion-

izing light pulse and the NaCs signal is still there, we show that the molecules

are formed in the presence of the MOT light and not by the ionizing light. And

indeed, as fig. 4.4 shows, this is the case. The NaCs peak is still there, even in the
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Figure 4.3: Timing for the verification experiment of electronic ground state NaCs

absense of a peak of Na+ ions. We also tried to do a corresponding experiment

and blow the cesium atoms away. We used a spare DBR diode for this, however,

without additional repumping light, the efficiency of pushing cesium out of the

detection region was only around 50%. We didn’t spend the time of setting up

another repumper as the point was already proven by pushing sodium out.

4.2 Photoassociation spectroscopy

To actively photoassociate NaCs molecules entails to control the photoassociation

process with a laser independent of the MOT beams. The task gets complicated

by the fact that we did not have accurate potentials for the NaCs system and hence

had no starting point as to where to start looking. The parameter space to look

into was two dimensional: both the photoassociation laser and the photoionizing

laser needed to be on or close to resonance in order to obtain a signal and as

the population of the various vibrational levels of the ground state depended
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Figure 4.4: a) Regular TOF. b) Sodium atoms pushed out of detection region

before the photoionizing light pulse enters it.

on the excited molecular state via Franck-Condon factors and transition dipole

moments, photoassociating into different excited states could lead to the need

for different ionization wavelengths to actually detect the formed molecules. Just

considering the possible limits without regard to the internal structure of the NaCs

molecule, two-photon ionization could be possible from ca. 550 nm (rovibrational

ground state of X1Σ to the dissociation limit of NaCs+) to ca. 750 nm (from

the dissociation limit of the electronic ground state of NaCs to the bottom of the

NaCs+ ionic molecular well). Photoassociation could be possible from any of the

atomic asymptotes to the bottom of the respective molecular wells, spanning many

1000 cm−1, from e.g. 852 nm to past 1800 nm or 589 nm to more than 700 nm,

while the respective linewidths could be less than 100 MHz, i.e. 3.3 10−3 cm−1.

Clearly, without accurate potentials and an involved calculation of expected free-

bound transition frequencies and strengths, bound-bound Franck-Condon factors

and corresponding transition dipole moments, an educated guess was needed to

find a reasonable starting point: As far as the photoionizing wavelength was

concerned, we already knew that we could detect NaCs molecules in the range
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Figure 4.5: Improved NaCs signal, obtained with apparatus II, after optimizing

all experimental parameters: ∼ 100 NaCs ions per ionizing light pulse detected.

from 575 to 600 nm from our first experiment producing NaCs [HKBB04], which

was formed via the light of the MOT beams. The most promising way therefore

would appear to be with a photoassociating wavelength close to one of the MOT

transition frequencies, where the density of molecular bound states is highest,

and an ionizing wavelength in the range around 575 to 600 nm. This left two

wavelength ranges for the photoassociating laser: around 589 nm or around 852

nm. Given the choice of operating an additional dye laser (589 nm) or Ti:Sapphire

laser (852 nm), we opted for checking 852 nm first. This had the additional

advantage of having less anti-bound molecular states available for decay from the

excited state, than the higher lieing states close to 589 nm.

First attempts to actively photoassociate NaCs with apparatus I failed. As

we found out later, this was not only due to too small MOTs, but also due to

competition between photoassociation via the MOT beams to photoassociation via

the Ti:Sapphire laser. We found that in a bright MOT, the active photoassociation

had a much worse signal to background ratio than in dark MOT, even when bright

and dark MOT had similar numbers and attributed this difference to a depletion
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of the atomic pair density via the MOT-beams forming NaCs and NaCs+.

We upgraded apparratus I to apparatus II (see chapter 3.2 for details) which

included dark SPOT MOTs [KDJ+93] that provided atom clouds about two orders

of magnitude larger each and a new pulsed dye laser with a bandwidth of 0.2 cm−1

instead of 14 cm−1. Dark MOTs reduced the number of NaCs molecules produced

by the MOT beams significantly, as one would expect. The first successful active

photoassociation was accompished while using apparatus IIa, though all data

shown here was taken with apparatus IIb.

Fig. 4.6 shows a scan of the photoassociation laser and the corresponding NaCs

signal. The photoionizing wavelength was 611.5 nm. The frequency zero of the

photoassociation laser corresponds to the cesium trapping transition, i.e. 6S1/2

(F=4) → 6P3/2 (F′=5). Each one of the peaks corresponds to a rotational progres-

sion, which is unresolved in fig. 4.6, though some are shown in fig. 4.8 at higher

resolution. Note that the last detected resonance was at ∼ -950 GHz detuning.

We suspected that this was not due to a lack of photoassociation resonances, but

rather, that the produced NaCs∗ molecules decayed into other vibrational levels

in the X1Σ state, that we did not efficiently ionize with the chosen photoioniza-

tion wavelength of 611.5 nm. Therefore, we changed the ionization wavelength

to 596.5 nm1 and rescanned the photoassociation laser. The result is shown in

fig. 4.7. We found that the relative strengths of the resonances varied differently

for the two photoionizing wavelengths and also, that there were more resonances

visible at 596.5 nm. Most importantly, we found further resonances up to ∼ -6000

GHz detuning. To ensure that we were indeed photoassociating through the ex-

cited molecular NaCs potential well corresponding to the 3S1/2-6P3/2 asymptote,

we also scanned the PA laser at higher frequencies than the 6S1/2 (F=4) → 6P3/2

1We determined 596.5 nm by scanning the photoionizing laser while the photoassociating

laser was tuned to the PA resonance at ∼-950 GHz and looking for a local maximum of the

NaCs ionization efficiency at higher photoionizing energies than 611.5 nm.
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Figure 4.6: Scan of the photoassociation laser below the 6P3/2 asymptote of cesium

and a photoionizing wavelength of 611.5 nm.

(F′=5). The fact that there was no sign of a PA resonance to the blue was a very

strong indication that this was indeed the case.

Fig. 4.8 shows various rotational progressions photoassociated below the 6S1/2

(F=4) → 6P3/2 (F′=5) transition.

The quantitative analysis of the photoassociation spectra as well as the correct

labeling of the various states is the focus of C. Haimberger’s thesis.

4.3 Photoionization spectroscopy

To learn more about the distribution of states populated via photoassociation as

well as the intermediate states through which we ionized the molecules, we scanned

the photoinization energy for a variety of PA resonances, see fig. 4.9. Consider

the upper left frame of fig. 4.9 first: it shows the NaCs signal as a function of

the photoionizing wavelength without an independent photoassociating laser. You

can see a weak, but nevertheless clear NaCs signal from∼ 587.5 to ∼ 600 nm. This

is NaCs photoassociated by the MOT beams, i.e. formed by the same mechanism

as the signal we first saw with apparatus I. The sharp feature at 602.4 nm is not



50

-3000 -2500 -2000 -1500 -1000 -500 0 500
PA detuning relative to cesium 6S1�2-6P3�2 HGHzL

0

25

50

75

100

125

150

175

N
aC

s
io

ns
Ha

rb
.u

ni
ts
L

Figure 4.7: Scan of the photoassociation laser below the 6P3/2 asymptote of cesium

and a photoionizing wavelength of 596.5 nm.

NaCs, but due to an atomic two photon resonance of the 3S1/2-5S1/2 transition in

sodium, which saturates the channeltron and obscures the entire TOF spectrum

at that point. It is present in all PI scans and can be used as a calibration point.

The remaining three frames of fig. 4.9 show the photoionization spectra for

3 photoassociating resonances. The differences in the spectra result from the

different Franck-Condon factors of the populated excited state via each photoas-

sociation resonance with respect to the X1Σ state. The interpretation of these

spectra is the focus of C. Haimberger’s thesis and will not be discussed here. We

just note one of the results, which is that the broad NaCs signal peak at 590 nm

corresponds to the 19th vibrational state of the X1Σ state and the peak around

597 nm to the 21st. Therefore, the detected NaCs molecules are deeply bound

and have a dipole moment almost identical to the absolute vibrational ground

state [AD05], which is 4.6 D2.

2A Debye (D) is defined as the dipole moment of two opposite charges of equal magnitude

(10−10 statcoulomb) separated by one Angstrom. In SI units 1 Debye corresponds to 3.34 ·
10−30 coulomb meter
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Figure 4.8: Several rotational progressions

4.4 Photoassociation and photoionization satu-

ration

We have studied the saturation behavior of the photoionization and photoasso-

ciation processes. This is not only relevant for the optimization of experimental

parameters for the best signal strengths in future experiments, but also enables

the determination of an absolute molecular formation rate (see section 4.5). The

following experiments were performed with apparatus IIb, the photoassociating

laser was detuned ∼1000 GHz below the 6S1/2-6P3/2 transition in cesium with
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Figure 4.9: Scan of the photoionizing wavelength for a variety of photoassociation

wavelengths.

an intensity of 10 W cm−2. The photoionization wavelength was 596.48 nm. To

gather data on the photoionozation behavior, we found it insufficient to vary

the lamp energy of the pump laser and measure the average pulse energy of the

pulsed dye laser: the shot to shot energy variation was rather large, at low pump

energies up to 50%. Averaging over such large fluctuations would not only take

excessive time, but also obscure most features in the energy dependence. Hence,

we recorded the energy of each individual light pulse and the corresponding NaCs

ion signal and subsequently binned the data in steps of 4 µJ from 0 to 0.78 mJ,

corresponding to energy fluences of 0 to 13 mJ cm−2. A total of 20.000 shots were

recorded for the measurement shown in fig. 4.10. Even though the photoioniza-

tion process requires two photons, the behavior is clearly linear. This is actually

not uncommon and indicates that the saturation intensity of one of the two steps
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Figure 4.10: Saturation of the photoionization process

is much smaller than the other. Most often the transition into the molecular ion

well is much more easily saturated than the one from the electronic ground state

into the intermediate state [Fie04]. The plateau of the ion signal starting around

6 mJ cm−2 suggests that starting from this point, 100% of the NaCs molecules are

ionized in the detection region. The signal strength on the plateau corresponds

to about 70 detected ions per ionizing light pulse.

Experimentally, studying the saturation behavior of the photoassociation pro-

cess was a lot simpler: after ensuring that the power of the pulsed dye laser well

saturated the photoionizing transitions - and hence was independent of shot to

shot fluctuations - we varied the photoassociation intensity by introducing a vari-

able neutral density filter, varying the intensity between 0 and 9 mW cm−2. Fig.

4.11 shows the saturation curve. While the shape is typical, the total intensity

needed for saturation (< 10 W cm−2) is about an order of magnitude smaller than

what has been observed for RbCs and KRb [KSS+04, WQS+04].
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Figure 4.11: Saturation of the photoassociation process

4.5 Molecular formation rate

If both, the photoassociation and the photoionization process saturate, we ob-

served about 70 NaCs ions per ionizing light pulse in the above shown experi-

ments. Considering that most NaCs molecules drift out of the detection region

within 10 ms, it is safe to assume that we produced at least 7000 molecules per

second, assuming a 100% detection efficiency of the CEM3. In collaboration with

O. Dulieu, this rate was compared to a theoretical model by rescaling an existing

successful model for Cs2 [DTD+00] to NaCs and then a further rescaling to our

experimental parameters [HKDB06]. The rescaling method of the cold molecule

formation rate to all heteronuclear bialkalis from Cs2 is explained in detail in

[AAD04]. We repeat the arguments of that publication here for the specific case

of NaCs:

3While fig. 4.10 does support the notion of a 100% ionization efficiency, assuming a 100%

detection efficiency is clearly an upper bound only. While it is notoriously hard to measure the

detection efficiency of a CEM (see www.sjuts.com for more details), current estimates suggest a

detection efficiency of a CEM for positive ions of only ca. 50%.
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The rate of photoassociating pairs of sodium and cesium ground state atoms

into a bound excited molecular NaCs∗ Ω state is defined in units of per second

and atom as

RPA(∆
v
) =

(

3λ2
th

2π

)3/2
h

2
nNaCsAΩ| < φ(vΩ)|Γ(R)|χ(kBT ) > |2, (4.1)

with

• ∆
v

detuning of the photoassociating laser with respect to the atomic asymp-

tote and intensity I,

• λth = h
√

1/(3µkBT ) the thermal deBroglie wavelength, µ the reduced mass

and T the temperature of the atoms,

• nNaCs the pair density,

• AΩ a combination of angular factors and the polarization of the photoasso-

ciating laser (see [DTD+00] for details),

• φ(vΩ; R) the vibrational wavefunction of the bound excited molecular NaCs∗

state populated,

• 2Γ(R) = EPAD(R)/~ the molecular Rabi frequency, with EPA the electric

field amplitude of the photoassociating laser and D(R) the R-dependent

transition dipole moment and

• χ(kBT ; R) initial radial continuum wavefunction of the atom pair at tem-

perature T (wavefunction is energy normalized).

We can describe the formation rate of molecules into the electronic ground

state by taking the branching ratio B(vΩ) for spontaneous emission from the

electronically excited state into the vibrational levels v
′′ of the electronic ground
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state into account. The cold molecule (CM) formation rate for all vibrational

levels in the electronic ground state is then:

RCM(∆
v
) = RPA(∆

v
)B(vΩ) (4.2)

with

B(vΩ) =
1

A(vΩ)

∑

v
′′

A
vΩv

′′ =
1

A(vΩ)

∑

v
′′

4e2ω3
vΩv

′′

~c3
| < φ(vΩ)|D(R)|φ(v′′) > |2

(4.3)

with ω
vΩv

′′ the frequency of the spontaneously emitted photon and A(vΩ) the

emission probability thereof. This can be approximated by the bare sum over

the Franck Condon factors by assuming that ω
vΩv

′′ is effectively the same for all

populated v
′′, i.e. the electronic transition frequency from Ω to the electronic

ground state is much larger than the energy differences between the various v
′′,

and that the transition dipole moment is effectively constant over the integration

range:

B(vΩ) =
∑

v
′′

| < φ(vΩ)|φ(v′′) > |2. (4.4)

To be able to rescale the results from Cs2 to our observed NaCs production

rate, we get the following scaling factors:

• the relative Franck-Condon factors of NaCs compared to Cs2, the reduced

mass ratio
(

µCsCs

µNaCs

)3/2

=6.24 and the assumption that the relevant transition

dipole moment is the same for Cs2 and NaCs4 combine to a scaling factor

of 0.005,

• a 10 times weaker photoassociation intensity compared to the Cs2 experi-

ment, assumed to affect the production rate linearly,

4This can be assumed due to the fact that photoassociation happens at rather large internu-

clear distances on the cesium 6P3/2 asymptote, making the transition dipole moment effectively

the atomic Cs one for both molecules, Cs2 and NaCs.
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• a roughly twice as large atom pair number (only 60% sodium, but 340%

cesium compared to the [DTD+00]-experiment) assumed to affect the prod-

cution rate linearly,

• a roughly twice as large atom temperature, assumed to affect the production

rate inversely and

• a branching ratio of B(vΩ)= 0.06.

This makes for a combined rescaling factor of 3 × 10−4, with a reported Cs2

cold molecules production rate of 1.2 × 108 sec−1, the rescaling model predicts

a cold molecules production rate of 3600 sec−1 for NaCs with our experimental

parameters. This is within a factor of 2 of our observed rate of 7000 sec−1, which

- given the uncertainties in the experimental parameters like atomic numbers and

density - is remarkably close.

4.6 Conclusion

In this chapter we have discussed the first signal of the production of ultracold

electronic ground state NaCs. We have shown the photoassociation and photoion-

ization sprectra and pointed out that the interpretation of the spectra leads to the

conclusion that we routinely produce molecules in low lieing vibrational states,

which are strongly polar. We have also studied photoassociation and photoion-

ization saturation effects and found good agreement by comparing the observed

molecular production rate with a theoretical model.
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5 The TWIST

5.1 Options

As we have shown in the previous chapter, we are capable of producing ultracold

NaCs molecules in low lying vibrational states with corresponding electric dipole

moments of ≈ 4.6D. The density of the produced molecules, however, was very

low, as they were not confined by the MOT and formed a continous stream out of

the detection region. To be able to investigate the molecular properties further,

e.g. via atom-molecule collisional studies, or to be able to cool them down further

into the quantum degenerate regime, we needed to be able to accumulate and

confine the molecules. Several techniques presented themselves as possibilities:

5.1.1 Magnetic Trapping

Magnetically trapping atoms [MPP+85] and molecules [NVP02] in low magnetic

field seeking states has had a very successful history. It is also straightforward to

implement in a MOT environment: either the magnetic field gradient of the MOT

is sufficient to trap the atoms/molecules already, or the field is ramped up to a

higher gradient - the same coils that generate the quadrupole field for the MOT

can be used for magnetic trapping. And indeed, the first trapped heteronuclear
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molecules generated in a MOT environment were trapped magnetically [WQS+04].

However, this method is only applicable to molecules with a magnetic moment.

In the case of the bialkalis there are two electronic ground states: the a3Σ and the

X1Σ state. While the a3Σ state does have a magnetic moment and hence could be

magnetically trapped, it is of little interest to us as it has a much smaller electric

dipole moment than the X1Σ state. Conversely, the X1Σ state has a large electric

dipole moment, however, its vanishing magnetic moment prevents the possibility

of magnetic trapping.

5.1.2 The QUEST

The QUEST (quasi-electrostatic-trap), first introduced in 1995 by R.J. Knize

[TYK95] to trap neutral atoms, has become a workhorse in the field, both for

trapping atoms and e.g. generating BECs via ”all optical” methods [BSC01], as

well as homonuclear molecules [TPK98]. A QUEST is commonly generated by

the focus of an intense CO2 laser beam at λ=10.2 µm or - for a tighter trap in

all axes - by the overlap of two perpendicular focussed beams. The frequency of

the light is so far detuned from any atomic electronic transitions that absorption

rates are very low, even at the high intensities generated by 10-100 W focussed

to spot sizes of a few 10 µm diameter. The great advantage of the QUEST is the

tight focus and hence trapping potential. Achievable trap depths depend on the

specific atom/molecule to be trapped, but are generally in the range of several 100

µK. Additionally, the QUEST can trap molecules in virtually any internal state,

which makes it very versatile.

However, there are several practical downsides to the QUEST: a CO2 laser is a

gas laser, and as such experiences thermal stress which in turn can lead to changing

beam pointing and focus. This can be overcome, of course, but it adds significant

complexity to an already alignment heavy experiment. The wavelength at 10.2 µm

requires special zinc-selenide windows (which are hygroscopic), as regular windows
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display strong absorption in this part of the spectrum. The tight focus is not a

good mode match to a MOT that is optimized for molecule production (ours is

usually >1mm in diameter) and hence we would expect poor transfer efficiencies.

While this can be overcome for atoms via a magnetic compression stage, this

cannot be done for 1Σ molecules, which have no appreciable magnetic moment,

nor are there other established methods for a compression stage. Also, it remains

to be seen, if - due to the very high intensities - there will be vibrational excitations

within the X1Σ potential well as the wavelength of 10.2 µm is of the same order

of magnitude as the spacing of the vibrational levels. While these off resonant

excitations are dipole forbidden, it has not yet been shown experimentally, that

these excitations are neglegible for deeply bound molecules.

None of the above reasons are strong enough to discard the possibility of using

a QUEST to trap the NaCs molecules though and DeMille’s group at Yale actually

chose this route to trap RbCs.

5.1.3 The FORT

Similar to the QUEST is the far off-resonance optical trap (FORT) [MCH93a],

which operates at much smaller detunings (typically several 100 cm−1) with re-

spect to an atomic resonance, but works otherwise in a similar way: the red-

detuned light focused to ∼ 50 µm spot diameter provides a dipole force that is

almost conservative, as the off resonant scattering rate is very low, due to the

large detuning. The smaller detuning is advantageous as much less power for the

dipole trap is needed, typically ∼ 0.5 − 1 W, which can be even lowered, if the

detuning is reduced, too. To trap our NaCs molecules in a FORT rather than

a QUEST would have the following advantages: Firstly, the wavelength can be

chosen sufficiently short, such that transitions within the X1Σ potential well are

not possible (i.e λFORT < 2000 nm), even if the molecules were in the rovibra-

tional ground state. Secondly, a solid state laser (e.g. a Nd:YAG at 1064 nm)
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and regular viewports could be used, rather than a gas laser and zink-selenide

windows. This is a serious advantage from a day-to-day operational viewpoint.

However, just like the QUEST, the spatial mode match between the produced

molecules from the MOTs and the trap volume of the FORT is expected to be

poor. Nevertheless, the FORT would be a good option to consider.

5.1.4 Microwave Trap

Another technique, first proposed by DeMille [DGP04] for polar molecules, is the

microwave trap, which had already been proposed for atoms in 1989 [ASSV89]

and realized in 1994 [SGG+94]. The concept of the microwave trap is similar to

the QUEST, however, here the electromagnetic field couples different rotational

states, rather than electronic states as the QUEST and the FORT do. Large trap

depths of several Kelvin and large trap volumes of several cm3 appear achievable.

However, such a trap has never been built and there are substantial engineering

issues (e.g. water cooled copper mirrors in the vacuum forming a high Q cavity,

efficient coupling into that cavity, radiation safety for the students working on the

very intense microwave sources and amplifiers) that need to be solved first, before

such a trap could be implemented.

5.1.5 Electric field trapping

Analogous to trapping atoms with a magnetic moment in a magnetic quadrupole

field one can trap molecules with an electric dipole moment in an electric quadrupole

field (in both cases, the states need to be low field seeking, of course). Although

this technique, often refered to as DC-trapping, has never been used in a MOT

environment, it has been utilized in the Stark decelerator community with great

success for polar molecules in weak field seeking states [BBC+00, RJR+05]. The

advantages of DC trapping are obvious:
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• It is very straightforward to tailor electric field shapes to one’s needs and

hence, a trap volume can be designed to nicely mode match the source of

the cold molecules.

• The achievable trap-depths depend strongly on the polarizability of the

molecule, but can be in the 1-500 mK regime.

• It is also much easier to use in day-to-day operation than, e.g. a QUEST,

as the only requirement is a spatially stable configuration of electrodes and

a voltage regulated HV power supply.

Utilizing time varying instead of static electric fields enables also the confine-

ment of high field seeking states, which has been demonstrated for both, atoms

and molecules [vVBM05, RWR+07].

5.2 Designing the TWIST

Weighing the above options, we decided that electric field trapping was the most

promising route for confining polar molecules, provided we could transfer the

technique successfully to our MOT environment, which posed strong constraints

on the optical access, compared to the established traps for Stark decelerators.

To understand the requirements posed on the electric field’s shape to trap NaCs,

we looked at the Stark effect for X1Σ NaCs first.

5.2.1 The Stark effect in X1Σ NaCs

The Second order Stark effect for a X1Σ state was derived in chapter 2.2.5 to be:

∆E
(2)
Stark =

d2E2
F

B

J(J + 1) − 3M2
J

2J(J + 1)(2J − 1)(2J + 3)
(5.1)
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Figure 5.1: Quadratic Stark effect for the X1Σ, (v=19)

with d the dipole moment, EF the electric field, J the total angular momentum

and MJ the projection of J along the laboratory axis, which coincided with the

applied electric field axis. The analysis of the photoionization spectra of NaCs

we took earlier (chapter 4), suggested that we mainly detected the X1Σ (v=19)

and (v=21) states. The electric dipole moment associated with those states had

been calculated by Aymar and Dulieu [AD05].They found that the dipole mo-

ment barely weakened from the 4.6 D of the absolute ground state to the lowest

lying 30-40 vibrational states. The corresponding rotational constants had re-

cently been reevaluated along with more refined ab initio potentials and were

published in [KBA07]: B(v=0)=6.047 · 10−2 cm−1, B(v=19)=5.510 · 10−2 cm−1

and B(v=21)=5.445 · 10−2 cm−1. In a 1Σ state, the only angular momentum (ne-

glecting the spin of the nuclei) originates from the rotation of the whole molecule.

The resulting Stark effects for various J (MJ=0) values in X1Σ (v=19) is shown

in fig. 5.1. Considering fig. 5.1, our trap would have to encompass an electric

field change of at least 150 V cm−1 over the trap volume to enable trapping of

NaCs at the temperature we are currently producing. Ideally, it would be about

an order of magnitude more, to be able to trap a variety of rotational states.

Generally, electric fields of up to ∼100 kV cm−1 can be sustained in high vacuum
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by properly polished, rounded off and conditioned electrodes. So the requirements

of the electric field in that respect are modest.

5.2.2 Designing an electrostatic trap for NaCs, evolution

of an idea

As mentioned in the previous paragraph, in order to trap our NaCs molecules, we

require an electric field minimum and an increase in all three dimensions of at least

150 V cm−1. In order to be able to detect the trapped molecules, we also need

to allow for a pathway for molecular ions to be guided to the CEM. Unlike other

schemes, we produce ultracold polar molecules in a continous fashion and want to

keep taking advantage of that. Hence, the electric trap would ideally be spatially

overlapped with the MOT, so that the molecules are produced inside the trap,

which eliminates the need for complex transfer schemes that requires optimization

[RWR+07, SMG+07] and are generally lossy unless great care is taken. Being able

to overlap the electric trap with the MOT is the crux. While previous electric

traps had some optical access, it has always been very restricted. To be able

to create a trap that is compatible with a MOT, the optical access has to be

almost 100%. So somehow the electrodes have to become transparent or nearly

transparent.

First order

A first idea as to how to make the electrodes transparent was to use a very fine

wire mesh, which would result in transparencies in excess of 95%. The light beams

pass right through the meshes, a literal overlap of an electric trap with the classic

hyperbolic electrode shapes and a MOT, see fig. 5.2. However, bending the wire

mesh creates crinkles. Also the transparency of the mesh is limited as soon as

light is passing through at an angle, the shallower the worse.
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Figure 5.2: Design and field of the first and second trap concept. Both traps’

electrodes form a cylinder of 4 mm diameter and 4 mm height. The second

concept trades a weaker electric field gradient for electrodes that are easier to

manufacture. The electric field is calculated with FEMLab: the outer electrodes

are grounded, the inner one charged to +1 kV.

Second order

To overcome the issue of the crinkles, the hyperbolic shapes can be replaced by

two flat disks and a cylinder at the expense of relaxing the trap’s tightness, as

shown in fig. 5.2. But this design concept is still limited in terms of effective

transparency due to the angle of light with respect to the mesh, the shallower the

worse.

Third order

By pushing the idea of a highly transparent mesh further, the ultimate limit is

single wires, of course. A wire pair on each side and a wire ring in the center

would drastically improve transparency, at the further expense of a high electric
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Figure 5.3: Third trap concept: replacing high transparency wire meshes with

single wires increases the effective transparency of the trap drastically.

field gradient. This design also looked much more promising in terms of extracting

the ions from the trapping region to the CEM.

Fourth order

While the third trap design concept seemed possible, we strove to further simplify

the geometry of the trap. Fig. 5.4 shows a concept of an electrostatic trap made

out of 3 rings of wire with ring diameters of 2 mm, 4 mm and 2 mm. The ring

only concept is not only easier to manufacture, but also allows for a much faster,

more accurate determination of electric field gradients due to its axial symmetry.

Intermission

To be able to gauge the impact of wires close to the MOTs, we made a first test

by introducing two 100 µm tungsten wires (’needles’) with a respective spacing

of 6 mm symmetrically around the MOT. Fig. 5.5 shows the realization of the

needle pair. We found that while the shadows cast by the wires were impacting

the MOT, the perturbation was sufficiently small that it could be done. Ideally,

the trap’s wires would be thinner than 100 µm, however.
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Figure 5.4: Design and field of the fourth and fifths trap design. The electric field

is calculated with FEMLab: the outer electrodes are grounded, the inner one(s)

charged to +1 kV.

Fifth order

We learned from the ’needle’ experiment that the primary shadow cast from the

wires is noticeably impacting the MOT. Hence, the use of 4 rings rather than 3

avoided a shadow of the center wire straight through the center of the MOT. Also,

the resulting trap depths is improved and the use of 4 rather than 3 electrodes

enables - in principle - AC trapping [Pei99].

Sixth order

To further minimize the effect of the shadows cast by the wires, we make all wire

rings the same size (4mm diameter). This reduces the steepness of the electric field

gradient further (see fig. 5.6), but it also makes the manufacturing considerably

easier, as it now consists of four identical electrodes.
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Figure 5.5: The ’needle experiment’.

First test

The first prototype was made of 4 rings of 50 µm tungsten wires of 4 mm diameter

each and spacings of 1.5, 1.0 and 1.5 mm respectively. While it was possible to

create a MOT inside the wire trap, it turned out that the loss in number was

too drastic (several orders of magnitude), to become a future workhorse. We

attributed the loss mainly due to contact interaction of the atom cloud’s edges

with the wire as well as the tightly spaced shadows caused by the wires.
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Figure 5.6: Design and field of the first design tested in the experiment. The

electric field is calculated with FEMLab: the outer electrodes are grounded, the

inner ones charged to +1 kV.

Seventh - and final - order

The next generation was made twice as large to overcome the issues of the first

generation: 8 mm diameter rings of 75 µm tungsten wire with respective spacings

of 3, 2 and 3 mm. A schematic of it is shown in fig. 5.7 and the simulated electric

field in fig. 5.8 for a potential difference of 1 kV between the two inner and the

two outer electrodes. The doubled size results in a further loss of the tightness of

the trap. The MOTs are still impacted by wires, but much less than in the 4 mm

case: a loss in number of less than a factor of 3 for each atom cloud compared to

the bare atom clouds. We named the trap TWIST: Thin WIre electroStatic Trap.

The geometry of our TWIST including its mounting is shown in Fig. 5.7. The

separation of the 4 tungsten wires are maintained by an attached glass rod. The

wire structure is mounted on a MacorTM disk which is held in place by 4 copper

rods. Each tungsten wire is electrically connected to one of the copper rods,

which are in turn mounted on an electrical feed-through flange. This enables us
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Figure 5.7: The TWIST: 8mm diameter rings, 75 µm tungsten wire.

to electrically address each wire individually.

The chosen thickness of the wire is a compromise: thin enough to limit pertur-

bations to the light fields of the MOT and thick enough to create strong electric

fields while maintaining the rigidity of the wires. We found 75 µm best suited for

8 mm rings. Some light, originating from the MOT lasers, scatters off these thin

wires. This poses a problem as light with improper polarization perturbs a MOT

more strongly than a mere shadow. Therefore, the TWIST works best for Dark

SPOT MOTs[KDJ+93] where the dark region of the repumper was larger than

the cross section of the cylinder, defined by the field generating electrodes.

5.2.3 Manufacturing the TWIST

The process of how to manufacture the TWIST has been published in [KHZB07a].

The TWIST wire structure is manufactured via the following steps:
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Figure 5.8: Electric field generated by the TWIST electrodes. The electric field

was calculated with FEMLab: the outer electrodes are grounded, the inner one

charged to +1 kV.

• A copper fixture (Fig. 5.11a & 5.9), the glass rod and the Macor disk (Fig.

5.10) are fabricated.

• The tungsten wires are wrapped around the copper fixture (Fig. 5.11b).

• The glass rod is attached to the tungsten wires in an inert atmosphere (Fig.

5.11c).

• The copper fixture is removed via etching under a fume hood, which leaves

the desired bare wire structure (Fig. 5.11d & 5.12).

• The pieces are assembled on an electric feed-through flange.

Each of these steps is described in detail in the following paragraphs.

Copper fixture

We start by making a copper fixture (Fig. 5.9). It has four indentations for the

proper spacings of the rings (3, 2 and 3 mm, respectively) and an outer diameter
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Figure 5.9: Copper fixture

of 8 mm corresponding to the intended size of the future wire structure. The

cylindrical part of the fixture is only connected via a thin bridge to the square

mounting part. This removes the need to saw the cylinder off after the glass

rod has been attached to the wires; instead it is possible to just break it off.

This eliminates the risk of damaging the combined wire-glass structure due to

vibrations inherent in the sawing process. The cylindrical part of the copper

fixture is hollow to make the etching process faster.

Glass rod

The use of the glass rod will ensure that the proper spacing of the wire rings

is maintained. We choose low temperature melting glass that is commonly used

in glassworking1. A simple MAPP gas or even propane gas torch is sufficient

to melt the glass. Glass rods with varying diameters are easy to produce after

1”soft glass”, Coefficient of expansion: 104
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a few minutes of practice. We found rod diameters of 0.75-1.0 mm best suited:

thicker rods are increasingly harder to attach reliably to the tungsten wire without

subsequent shattering due to thermal stress, thinner rods break too easily under

mechanical stress.

Macor Disk

Figure 5.10: Macor disk

Further, we need the Macor disk (1” diameter, 1/8” thickness) that we will use

later on to connect the wire-glass structure to the 4 copper rods (see Fig. 5.7).

Macor is a UHV compatible ceramic with excellent machining characteristics,

provided carbide tools are used. The disk is shown in Fig. 5.10.: Four 1/32”

holes are drilled symmetrically through the center with the distances of 3, 2 and

3 mm, respectively, corresponding to the intended respective distances of the four

tungsten wires. Four partial holes are drilled on the edges to be able to attach

the 4 copper rods via pairs of nuts once the whole structure is assembled. The

outer 4 partial holes are positioned to have an angle with respect to the 4 center

holes, such that the center holes are precisely aligned to the z-Axis of the MOT
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after mounting the structure on the electric feed through flange onto the chamber.

If a rotating flange connection is used on the chamber side, this angle becomes

arbitrary, of course.

Wire structure

The next part in the manufacturing process of the TWIST is the creation of the

actual wire structure: We choose tungsten wire for its stiffness, very high melting

point and UHV compatibility. We form a loop with a 6” wire piece, slide it in

position on the copper fixture and twist it with a hemostat. The wire is not strong

enough to be twisted all the way; once the tear drop shrinks to about 1 cm, we

grab the edge of the tear drop with the hemostat and twist until the tear drop

is less than 0.5 mm in size. To protect the wire from any punctual stress at the

hemostat’s tips and edges, we keep a piece of paper between the hemostat and

the wire. Once finished, the loop sits snugly on the copper piece. We repeat this

for all four wire loops (Fig. 5.11b). Wires that got bent in the twisting process

will be straightened later.

Figure 5.11: Creating the wire structure a) copper fixture, b) copper fixture with

wires, c) copper fixture with wires and glass rod, d) remaining wires and glass

rod after etching.
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Wire-Glass structure

Next, the glass rod is attached to the tungsten wires. To get a reliable connection

between the glass and the tungsten wires, we found it not sufficient to heat the

glass rod and put it on the cold tungsten wires. To be able to heat the tungsten

wires sufficiently without any oxidization of the tungsten, we move the parts

into an inert atmosphere glove box. Inside, the tungsten wires can be heated by

running an electric current through them until they are glowing white, just as

in an incandescent light bulb. If the wires burn during heating or become very

brittle, the inert atmosphere is contaminated. We feed the four wires that are

mounted on the copper fixture through the four holes of the Macor disk. This

ensures the proper respective spacing of the wires over the full length once they

are straight and parallel. To straighten any bent wires and to attach the glass rod

to the wires, we heat the tungsten wires one by one by running an electric current

of ≈ 1.8 A through them: The copper fixture is grounded. We use a metal tweezer

to gently pull one of the wires and then touch the tweezer with a current probe

completing the electric circuit. The indirect connection of the current probe to

the wire is important, as it prevents the possible welding of the current probe to

the wire via a spark. We increase the current flow until the wire is glowing white.

Any small bends and kinks straighten out now as we gently pull the glowing wire

with the tweezer. We repeat this for each wire. The glass rod is attached at the

minimum distance from the trap center that will still be outside the intersection of

the MOT laser beams; in our case that is 0.6”. We attach the glass rod by heating

up one wire after the other in the same fashion that was previously employed to

straighten them. To avoid overheating and subsequent melting of the tungsten

wire in this process, we implement the following procedure: we start with a low

current (∼ 1 A) through the tungsten wire and slowly increase it, observing the

change of the emission characteristic of the hot wire from red to orange to white

and stop increasing the current further when the glass - which rests on the wire -
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starts to melt onto it. This is usually the case at ∼ 1.8-2.0 A. We then operate at

this current for all four wires and let the glass melt around each wire, such that

each wire is fully enclosed by glass afterwards. Before we move the parts out of

the protected atmosphere glove box, we heat up each wire briefly (∼ 3 s) once

again with the same current used to melt the glass onto it and slowly (∼ 10 s)

ramp down the current and thus the temperature to anneal the tungsten.

Figure 5.12: Wire-Glass structure

To remove the copper fixture and obtain the bare wire-glass structure (Fig.

5.12), we break off the square mounting part and submerge the remaining copper

cylinder with the wires in nitric acid. Due to the emission of NOX gases during

the dissolving process of the copper it is necessary to do this under a fume hood.

The tungsten wire is not affected by the nitric acid if it is only kept in the bath

until the copper is dissolved. Once the copper is completely dissolved, the wire-

glass structure has its final form. If it distorted from the intended shape after

removing the copper fixture, the wires were not annealed properly in the process

of connecting them to the glass rod and the previous steps have to be repeated

from the start. If the wire-glass structure remains intact, it can be cleaned in an
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ultrasonic sound bath to prepare it for installation in an UHV chamber. A note of

caution: the wires are so thin that the surface tension of the various solvents can

put considerable strain on the structure and even cause it to break, especially if

the tungsten wires partially oxidized and therefore became brittle due to a slightly

contaminated inert atmosphere. Hence we remove it wire tips first from any liquid

as a precautionary measure.

Assembly

The final assembly takes place the following way: First we put the top part

together, i.e. the copper rods attached to the electric feed-through flange and

the Macor disk to the copper rods (see Fig. 5.7). Then we attach and align the

cleaned wire-glass structure to the Macor disk with hooks. These hooks consist

of short pieces of tungsten wire and connect one of the four copper rods with one

of the four wires each, bending it slightly and thus fixing it to the Macor disk.

Once all four hooks are in place, connected and fixed on one end by tightening the

respective nuts (see Fig. 5.7), the fine alignment is done by pulling and pushing

single wires until the assembly is straight and has the proper total length.

The assembly is then placed into the vacuum chamber. We ensure proper

electrical contact of each wire by applying a high voltage to one feedthrough at

a time while grounding the others: at about 2kV each wire loop starts to bend

with respect to the other wires by about one wire diameter.

Baking the wire-glass structure is challenging due to its very weak thermal con-

nection to the vacuum chamber body. A stab-in heater, a halogen lamp mounted

on an electric feed-through flange, overcomes this.
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Figure 5.13: Picture of the TWIST assembly inside the vacuum chamber.

5.3 Implementing the TWIST

5.3.1 Compatibility with MOT and ion pathway

Before testing the actual trapping capabilities of the TWIST, we had to ensure the

that the atom clouds could be overlapped in the geometric center of the TWIST

as well as that ions generated in the center could be extracted and detected with

the CEM.

As the TWIST was not precisely positioned in the geometric center of the

vacuum chamber, we had to shift the magnetic field zero of the MOT with our

compensation coils accordingly, to position the atom clouds at the center of the

TWIST. Another issue were the retroreflected MOT beams, that had the shad-

ows cast by the wires imprinted on them: alignment to get both atom clouds

maximized simultaneously became significantly harder. This could be overcome

by upgrading the apparatus from a ”3 beam retroreflected” MOT to a ”6 beam”
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a) b) c)

Figure 5.14: Ion collection dependency due to the atom cloud position

MOT.

The alignment of the ionizing light pulse was simplified by the presence of

the TWIST’s wire electrodes due to the visible reflections off the wires when it

was slightly misaligned. The precise position of the atom clouds with respect to

the TWIST became crucial: As sketched in fig. 5.14, the ion collection efficiency

would vary dramatically, if the atom clouds were not centered in one of the gaps

of the wires. An extraction voltage of less than -100 Volt on the collection

electrode (not shown in fig. 5.14) sufficed to detect the ions with the CEM, when

the TWIST electrodes were grounded.

Due to the very close distance of the TWIST’s electrodes to the generated ions,

small remaining voltages on the TWIST at the time of ionization have strong im-

pacts on the TOF spectrum. Due to the internal resistance of the used MOSFET

for fast high voltage switching, these small remaining voltages (10-100 mV, pro-

portional to the high voltage value switched) can not be completely avoided easily.

Hence, the TOF spectrum changes for different HV values of the TWIST and has

to be compensated by slightly adjusting the extracting electrode’s voltage. A
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more refined switching electronics could compensate for this, of course.

5.3.2 Testing the TWIST

To prove that the TWIST is actually working, two possible experiments presented

themselves:

accumulation of NaCs molecules

The most simple experiment consists of comparing the number of detected NaCs

molecules with the TWIST switched on and off. If the trap is working, presumably

one would detect more molecules with the TWIST switched on, as the NaCs

molecules are accumulated in the trap over the time of the duty cycle (i.e.∼ 95

ms), while if the TWIST is switched off, only the currently produced molecules

that not yet drifted out of the detection region (< 20 ms) could be detected.

We did not detect a significant difference in the number of molecules, however.

This leaves us with two possibilities: first, the TWIST is not working. Second,

the TWIST is working, however, the number/density of molecules in the detection

region is limited by inelastic collisions or other loss processes, negating the gain

of the accumulation in the - working - TWIST.

To check for the second possibility, we performed another experiment:

lifetime measurement

If the TWIST is working, trapped NaCs molecules should - by definition - remain

in the detection region well after the untrapped atoms of the MOTs and any

untrapped molecules left due to thermal expansion and gravity.

Unlike the previous experiment, this requires to switch to a slower duty cycle

(1 Hz instead of 10 Hz), as the MOTs are switched off for 500 ms and hence
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Figure 5.15: Timing of lifetime measurement in apparatus III

have to be reloaded after each step instead of just recapturing the - still cold and

localized - atoms when the MOTs are switched off for only a few ms. The timing

of the experiment is shown in fig. 5.15: The MOT-light is switched off for a total

of 500 ms. After a variable time - the trapping time - the TWIST electrodes are

switched off. 1 ms thereafter, the photoionizing pulse hits the detection region and

the CEM has been switched on to detect the created ions. After a further 2 ms

the TWIST HV is switched back on and after the remaining time (500 ms - 1 ms

- 2ms - trapping time) the MOT-lights are switched back on. This timing scheme

ensures that the MOT loading time remains the same (500 ms) for all data points

and hence the starting number of produced molecules remains constant, too.

The voltages for the TWIST are +1 KV for the inner electrodes, while the

outer ones are grounded. The resulting electric field contour is shown in fig.

5.8. Starting point are the dark cesium and sodium atom clouds (∼ 107 atoms

each) in the center of the TWIST. The Ti:Sapphire laser tuned to the Ω’=2,

J′=4 resonance ∼950 GHz below the cesium D2 line with an intensity of 10 W
cm2

drives the free-bound transition. There is no specific reason for this particular
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Figure 5.16: Lifetime measurement in apparatus III: 225 ± 30 ms

transition other than that it is a strong resonance to efficiently produce deeply

bound NaCs molecules and that J′=4 decays into trappable states (J=3 (MJ=0),

which corresponds to a trap depth of 670 µK for v=0-30 and J=5 (MJ=0), 260

µK).

We determined the trapping lifetime of the molecules in the TWIST the fol-

lowing way: After we have (presumably) accumulated the molecules for several

hundred milliseconds in the TWIST, the MOT beams are shut off. As the atoms

are not confined by the electrostatic trap, they leave the detection region within

20 ms due to thermal expansion and gravity. A pure sample of trapped NaCs

molecules remains. After a varying delay time (50-400 ms) - the trapping time - ,

the TWIST is switched off and a light pulse of 0.5 mJ energy with a diameter of 1

mm and a wavelength of 593.1 nm ionizes the NaCs molecules. The molecular ions

are subsequently detected by the CEM. The data is shown in Fig. 5.16 and was

published in [KHZB07b]. The lifetime of the trapped molecules was determined

to 225 ms ± 30 ms, which compared to the lifetime of the trapped atoms in our

MOTs (200 ms for Na, 430 ms for Cs). Hence, we deduced that the trapping

lifetime of NaCs was primarily limited by collisions with background gas.

Given the ratio of the size of the ionizing light pulse (1 mm diameter) with
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Figure 5.17: Lifetime measurement in apparatus IV: 850+190
−105 ms

respect to the trap size (5 mm) and the number of detected molecules (∼ 10 NaCs

ions per shot), we estimate the number of trapped molecules in the detected 21st

vibrational state to be at least 100. This assumes 100% ionization [HKDB06] and

100 % detection efficiency and is therefore a very conservative lower bound. We

estimate the total number of trapped molecules to be about a factor of 6 larger, as

we populate multiple vibrational states in the range from v=19–30 simultaneously

via our photoassociation scheme (see C. Haimberger’s thesis for details).

After improving the vacuum in the chamber from 4 · 10−9 to 6.5 · 10−10 Torr

(i.e. apparatus IV), we took two more lifetime measurements (with a duty cycle

of 0.5 Hz instead of 1 Hz to be able to measure the number of trapped molecules

for times longer than 500 ms) which yielded a lifetime value of 850+190
−105 ms. So the

dominating loss mechanism in apparatus III was indeed the background collisions.

Within the errors of the measurements, background collisions are still the most

relevant loss mechanism in apparatus IV.

5.3.3 Trapping a variety of rotational states

To demonstrate the ability to trap a variety of rotational states as well as a first

step towards more complex experiments, we took photoassociation spectra, which
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Figure 5.18: NaCs PA spectrum at -23 GHz with respect to the cesium D2 line

after 500 ms of trapping

were detected after 500 ms (apparatus IV) of trapping time. Fig. 5.18 shows

such a spectrum. The selection rules (∆ J = ± 1, while ∆ J = 0 is forbidden as

the transition is between two Σ states) imply that the trapped states have to be

J=1, 2, 3 and additionally J=4 and 5 are possible. The corresonding - calculated

- trap depths for the experimental parameters were 2693 µK (J=1, MJ=0), 641

µK (J=2, MJ=0), 299 µK (J=3, MJ=0), 174 µK (J=4, MJ=0) and 115 µK (J=5,

MJ=0)2.

5.3.4 First traces of photo-fragmentation

During the above measurement we noticed that we detected a substantial amount

of sodium and cesium ions, as shown in fig. 5.19. As the untrapped sodium and

cesium atoms drift out of the detection region within 20 ms and the detected

atomic ions are created 500 ms after the MOTs are switched off, they have to had

originated from the trapped NaCs molecules. The sodium and cesium ion signal

2The chosen electrode voltages were 130 V on the outer and 800 V on the inner electrodes,

to maximize the ion detection efficiency. The ideal extraction and electrode voltage varied from

day to day depending on the alignment and precise position of the MOTs.
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Figure 5.19: Fragmentation of NaCs into its atomic and ionic constituents after

500 ms of trapping. Blue: NaCs+, Green: Na+, Red: Cs+

strength also varied in parallel with the molecular ion signal strength which varied

with the frequency of the photoassociating laser, making the origin of the atomic

ions unambiguous. The NaCs molecules are therefore being partially fragmented

by the photoionizing light. As weakly bound NaCs molecules close to dissociation

cannot be the cause of the atomic ions (they wouldn’t be confined by the trap due

to an insufficient dipole moment), it appears that two- (NaCs ion creation) and

three-photon (atomic ion creation) processes are of comparable strength in the

chosen parameter regime. More quantitative experiments are planned to investi-

gate these processes more closely. First steps will be a scan of the photoionizing

wavelength as well as the dependance on the photoionizing intensity.

5.3.5 First traces of atom-molecule collisions

As outlined in chapter 6, to cool the molecules beyond the µK regime it will be-

come necessary to employ either sympathetic or evaporative cooling methods. As

the number of produced ultracold molecules from the two-species MOT via pho-

toassociation is limited and - due to the strong and long distance dipole-dipole

interactions - inelastic molecule-molecule collisions are expected to be dominat-
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ing elastic collisions [Boh01, AKB06], sympathetic cooling of NaCs with ultracold

atoms appears to be the more promising route. The overlap of MOTs and TWIST

provides an ideal starting point, as the atoms and molecules are overlapped from

the start. To get a first impression if there is any interaction between trapped

NaCs molecules and magneto-optically trapped atoms, we repeated the experi-

ment described in section 5.3.3. However, this time, only the sodium MOT was

switched off, while the cesium MOT operated for another 450 ms before switched

off, creating a molecule-atomic mixture for 450 ms. After the 450 ms, the ce-

sium MOT was switched off, too, and after another 50 ms, the remaining trapped

NaCs molecules were detected via the same photoionizing scheme as in section

5.3.3. The result is shown in fig. 5.20: Most of the trapped NaCs molecules

were lost from the trap due to the presence of the cesium atoms. Even though

our cesium was confined in a dark-SPOT-MOT, there was still an excited state

fraction of 20-25%. Hence, we cannot tell at this point if the energy released in

the inelastic atom-molecule collisions originated predominantly from the internal

energy of the cesium atoms or from the NaCs molecules. Varying the excited state

fraction inevitably changes the steady state MOT number and density which in

turn influences the production rate of NaCs molecules, making it hard to devise a

clean experimental procedure that could separate the two effects. For now, we can

only state that there is a strong interaction between the trapped molecules and

atoms. A future experiment, where the cesium atoms are magnetically trapped

and hence are all in their ground state, promises a quantitative determination of

inelastic collision rates, which will be of great relevance in determining if sympa-

thetic cooling NaCs with cesium atoms will work efficiently.
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Figure 5.20: inelastic collisions between NaCs and Cs. The Cs MOT was over-

lapped for 450 ms with the trapped NaCs (500 ms trapping time). The blue trace

depicts the signal without the presence of a Cs MOT, the red one with.
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6 Outlook

While there are several possible routes for the future of this experiment, we will

mainly focus on developing a perspective towards the generation of a quantum

degenerate ensemble of polar molecules and point to foreseeable difficulties. The

steps outlined to proceed towards this goal also facilitate many other possible

experiments along the way:

• Magnetically trap cesium and/or sodium atoms and evaporatively cool them

to provide a thermal bath for NaCs.

• Transfer NaCs to the vibrational ground state to avoid inelastic collision

processes due to vibrational deexcitation.

• Sympathecially cool NaCs with the thermal bath of atoms.

There are several predictable issues, however:

• Elastic and inelastic collision cross sections, both for atom-molecule and

molecule-molecule collisions are unknown to this date.

• Will DC-trapping work all the way to quantum degeneracy or will there be

a need to transfer the molecules in a non-rotating high field seeking state

and switch to AC-trapping?
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• Stability of a BEC made of polar constituents is still an area of active re-

search. Strongly oblate trapping potentials may be needed [RBB07].

• A detection method for the molecular BEC.

6.1 Further cooling of the molecules

There are multiple options to cool the molecules further. While cooling the con-

stituent atoms beyond temperatures achievable in a MOT before the photoassoci-

ation process takes place is straightforward, i.e. via polarization-gradient cooling,

it is not necessarily the best option, as this reduces the accumulation time of

molecules in the trap to less than 10 ms. A more promising route appears to be

subsequent sympathetic cooling of the molecules with the remaining atoms of the

MOT: both sodium and cesium atoms are readily magnetically trapped. Evapo-

rative cooling of the atoms is a well established technique and can provide atom

temperatures in the sub-µK regime. As the NaCs molecules in the X1Σ state

are insensitive to the magnetic and the atoms insensitive to the electric fields,

the magnetic trapping and subsequent cooling of the atoms can be optimized in-

dependently of the electric trapping of the molecules. The cooled atoms then

rethermalize with the molecules, cooling the molecules possibly all the way into

the quantum degenerate regime. The key ingredient for effective rethermalization

is the elastic collision cross-section between NaCs and cesium and/or sodium.

This parameter is still unknown.

Another point of consideration is the relevance of molecule-molecule collisional

cross-sections during the sympathetic cooling. As long as they are negligible com-

pared to the atom-molecular processes, cooling the low field seeking J=1 molecules

would be the prefered path, as the TWIST - just like its magnetic counterpart for

the atoms - is a static trap that is easy to handle experimentally. If state changing

collisions between J=1, MJ=0 molecules become dominant [Boh01], however, we
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would have to pursue an alternative route by cooling J=0, MJ=0, i.e. high-field

seeking, NaCs molecules in an AC-trap. This is certainly possible and a safe way

to avoid any inelastic two-body collisions. However, it does require to trap NaCs

electrodynamically instead of electrostatically, which has not yet been attempted

experimentally in our lab. The trap design with 4 electrodes, however, allows for

the implementation of AC-trapping, in principle.

6.1.1 Stability of a polar molecular BEC

The current literature (see, e.g. [RBB07] and references [3-22] therein) suggests

that a polar BEC is only stable in lower dimensional trap potentials (i.e. one or

two dimensional or stacks of one or two dimensional traps) and depends crucially

on the anisotropic dipole-dipole interaction as well as the number of particles.

The main reason for this lies in the partially attractive dipole-dipole interaction.

However, these calculations - to the best of the author’s knowledge - do not

include the impact of a trapping potential that is based on electric fields that in

turn influence the alignment of the electric dipole moment of the molecules. A

lot of work, both theoretical and experimentally, remains to be done, before the

feasibility of a BEC of NaCs molecules in an electric field trap - which may have

to change drastically in shape - can be determined.

6.1.2 Detection of a polar molecular BEC

Assuming that a BEC of polar molecules could be created, the detection, the

experimental signature of it, will become important. While atomic BECs are

readily detectable via absorption (destructive) [DCTW03] or phase contrast (non-

destructive) imaging [AMvD+96], the detection of a molecular BEC is consider-

ably harder, as the complex internal structure of molecules makes optical imaging

methods very challenging. Hence, the experimental signature of homonuclear,
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non-polar, molecular BECs has always been indirect so far, by either dissociating

the molecules and detecting the atoms afterwards [GRJ03] or by observing the

impact the molecules have on the surrounding atoms (spilling effect, [HKM+03]).

These techniques, however, relied on the fact that the molecules were in very

weakly bound states. This will not be the case for strongly polar - and therefore

deeply bound - molecules, of course.

A possible work-around may be the inclusion of a STIRAP process to disso-

ciate the deeply bound polar molecules to their atomic constituents and detect

them optically afterwards. Another alternative may be the efficient ionization

of the BEC and subsequent ion-imaging on a micro-channel plate via ion optics.

However, a careful analysis if an ion-imaging system could provide a sufficiently

clean experimental signature of a formed BEC despite e.g. space charge effects as

well as the electrodes of the electric field trap has not been done, yet.

6.2 X1Σ (v=0)

The most promising route to be able to cool the photoassociated molecules further

down from the temperature of their constituent atoms, is via collisional cooling

in a thermal bath. Here, the ratio of inelastic vs. elastic collision cross sec-

tions is crucial: if inelastic processes dominate, the loss rate of molecules becomes

too dominant and effective cooling becomes impossible. To stabilize the NaCs

molecules against inelastic two body collisions, we may need to transfer them to

the absolute vibrational ground state. This can be done via stimulated Raman

adiabatic passage (STIRAP) [TB07]. M. Tscherneck has calculated the efficiency

of a STIRAP processes for NaCs transfers from X1Σ (v=19) to X1Σ (v=0) via var-

ious excited states and found it to be highly efficient (>90%) [Tsc08] through the

3 Ω+ (v=11) state. The necessary wavelengths are 961 and 819 nm respectively,

both can be efficiently generated at high output powers via solid state lasers, see
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Figure 6.1: Photoionization spectrum of more deeply bound molecules.

fig. 3.1. We can control the STIRAP process to either obtain a sample of J=0

(i.e. non-rotating, high-field seeking) or J=1 (i.e. rotating, low field seeking)

molecules.

An alternative route would be to search for a photoassociation resonance that

directly populates the v=0 state and a corresponding efficient photoionization

pathway. This would dramatically simplify the experiment. Fig. 6.1 shows a

first scan at higher ionization energies, which indicates that indeed some of the

photoassociated molecules decay into deeper vibrational levels than v=19. A

spectroscopic analysis of this spectra has not been done yet, however.

6.3 Manipulating molecules with electric fields

The easy to fullfill requirement of an electric field difference of 150 V cm−1 to

trap our NaCs molecules (see chapter 5.2.1) indicates that a variety of constructs

along the lines of conveyor belts, storage rings etc. should be very straightforward

to design. A simple proof of concept could be done even with the already imple-

mented TWIST: transferring the trapped NaCs molecules into a toroidally shaped

trap is readily achievable by adiabatically changing the voltages from 1000, -1000,
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Figure 6.2: Loading the molecules into a ring-shaped trap.

1000 and -1000 V for the four ring electrodes, to 500 V, -1500 V, 1500 V, -500

V respectively. The resulting shift in the potential is shown in fig. 6.2. A clear

experimental signature would consist of loading the molecules into the ring and

observing the drop in the detected NaCs ion signal and then moving the molecules

back into the center, observing the reemergance of the NaCs ion signal.

Another possibility is to load the molecules from the center trap into one or

two side traps (see fig. 6.3). As the ionizer detection region encompasses all

potential minima, the experimental signature would have to be slightly different:

one introduces a loss mechanism in the center trap by, i.e. leaving the cesium

MOT switched on as in fig. 5.20 and shows the unchanged lifetime of the NaCs

ion signal in the side traps vs. molecules trapped in the geometric center of the

TWIST. Alternatively, the photoionizing laser could be realigned such that it only

hits one of the three potential minima at the time, of course.
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Figure 6.3: Loading the molecules into the off-center potential minima.

6.4 Suggested apparatus upgrades

In parallel to the major upgrades to push the experiment forward, there are always

some smaller upgrades possible, that improve the performance of the experimental

apparatus, sometimes drastically (as an example, take the stab-in heater that

improved the vacuum in the chamber by an order of magnitude at a cost of a few

$100). Here we make some suggestions for further improvements:

6.4.1 Improving the vacuum

The current vacuum of ∼ 4 ·10−10 Torr is in a range where a titanium sublimation

pump becomes very effective. An implementation into the apparatus, e.g. by

exchanging the four-way cross that connects the chamber with the ion- and turbo-

molecular pump with a five way cross, could push the vacuum further down,

improving the number of trapped atoms in the MOTs and the lifetime of trapped

molecules in the TWIST due to a reduction of the collision rate with thermal

background gas.
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6.4.2 Improving the MOTs and their relative alignment

A current issue in the day-to-day alignment of the MOTs is due to the shadows

imprinted on the MOT-beams by passing through the TWIST wires. While the

single pass through the wires causes little issues, the retroreflected beams are now

spatially inhomogeneous. This is complicated whenever the cesium and sodium

light beams are not perfectly collinear: it becomes hard to optimize both atom

clouds simultaneously due to the many different small shadows.

This could be circumvented by upgrading the apparatus to a ”6 beam” MOT

in which there are no retroreflected beams. However, this adds new issues: un-

like the ”3 beam retroreflected” MOT, powerbalancing of the counterpropagating

beams becomes necessary. While this is straightforward for a single frequency, it

could become difficult if attempted simultaneously for both the sodium and the

cesium frequencies due to the different reflection/transmission characteristics of

beamsplitters for visible and infrared light. Additionally, the light intensities at

the MOT would be cut in half by switching from a 3 beam to a 6 beam MOT.

However, the improvement in homogeneity would probably overcompensate for

this, as we generally operate the MOTs at several ISat anyways.

6.4.3 Absolute frequency locking of the photoassociation

laser

The Ti:Sapphire laser currently used for the photoassociation laser is locked via

a Fabry-Perot cavity, but it lacks an absolute frequency lock. While scanning the

PA-laser there is no need for this, of course. However, looking ahead, we will want

to maximize molecule production and work with a stable production rate, which

makes it necessary to stabilize the Ti:Sapphire laser to an absolute frequency.

We have already started to build a FM-spectroscopy lock, similar to the one for

sodium MOT light, with an NO2 vapor cell. NO2 has multiple absorption lines
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in the relevant frequency range (852-900nm). The locking scheme will include an

electro optical modulator to be able to tune the PA on a small scale (∼ GHz)

while locked to a specific line of NO2 by tuning the modulation frequency of the

EO.

Update: While a FM-spectroscopy lock could be done, we have settled for a

more flexible solution: light from the absolute frequency stabilized Master laser

of the diode laser of the Cesium MOT-System is overlapped with the light of

the photoassociation laser in a Super Cavity Optical Spectrum Analyzer. Via

a software based locking scheme, the photoassociation laser can be stabilized at

an arbitrary frequency with respect to the absolute frequency stabilized diode

laser, allowing for stabilization on arbitrary photoassociation resonances. Hence,

we avoid the need to find a NO2 resonance close to the desired photoassociation

resonance each time we want to lock the PA laser to a different resonance.

6.4.4 Cutting the daily warm-up time of the experiment

Currently, the warm-up time of the experiment is 2-4 hours every day, by far the

largest part due to the argon-ion pump lasers for the 699 dye and 899 Ti:Sapphire

laser. Replacing the argon-ion lasers with solid-state pumped Nd:YAG lasers

would cut that warm up time to a few minutes, greatly enhancing ”data taking”

versus the daily ”warm up and alignment” time. It would also remove the prime

reason for extended experimental downtime. However, this would be a capital

investment.

6.4.5 Improved HV switch

The current circuit used for switching the HV of the TWIST is listed in [Hor89] as a

prime example of a ′bad circuit′ design. And indeed, the small remaining voltage in

the switches ”off” position has caused some issues with the ion collection efficiency.
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A more sophisticated switching circuit, that would also allow for ramping voltages

up and down, could also enable the transport of the molecules from the center

of the trap to the sides or to the toroidal shaped potential minimum around the

center, as suggested in chapter 6.3.
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7 Conclusions

In this thesis we demonstrated the development from the very first signal of ul-

tracold electronic ground state NaCs molecules to the confinement of a sample

of polar NaCs molecules in the TWIST. Along the way, the production rate was

increased by almost 4 orders of magnitude, photoassociation and photoionization

spectra were taken, a description of the design and manufacturing process of the

TWIST was given as well as its performance tested.

A first couple of experiments have been made that use the TWIST as intended:

as a tool for further research on ultracold NaCs molecules. Photofragmentation

has been observed as well as inelastic collisions between cesium atoms trapped in

a MOT with the NaCs molecules confined in the TWIST.

A pathway for future experiments has been developed, the spatially overlapped

trapping of atoms via magnetic fields and molecules via electric fields promises

progress towards the investigation of atomic-molecular collision cross-sections and

sympathetic cooling of the NaCs molecules.
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A Appendix

A.1 Zeeman slower

To improve the number of trapped sodium atoms in our MOT, we decided to build

a Zeeman slower. There are three types of Zeeman slowers, each one compensates

the Doppler shift of the continously slowed atoms with a spatially changing mag-

netic field. Therefore the shape is in principle the same, however, one has a

freedom of choice with respect to the field zero:

• the decreasing field slower has the magnetic field zero at the end of the

slower,

• the increasing field slower has the magnetic field zero at the oven, and

• the spin flip slower has the magnetic field zero somewhere in the middle

of the slower.

The decreasing field slower - as the name suggests - consists of a tapered coil

that has its field strength maximum at the beginning of the slower and is zero

at the exit. The advantage of this method is that the strong magnetic fields are

far away from the magnetic field of the MOT, preventing any mutual influence

of the fields. However, this also implies that the slowing light of the Zeeman
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Figure A.1: Three different types of Zeeman slowers: increasing field (blue), de-

creasing field (green) and spin flip (red).

slower is in resonance with the atoms at zero field at the exit. Hence, this light is

near resonant with slow atoms and can thus perturb the MOT. Additionally, the

atoms can be slowed down even further than intended by the magnetic fields of

the MOT, decreasing the collection efficiency at the trapping volume.

The increasing field slower - with a field maximum at the exit - circumvents

the problem of a near resonant light beam at the MOT and the sharp cut off of the

magnetic field creates a well defined exit velocity of the slowed atoms. However,

the strong magnetic field can interfere with the magneto-optical trap.

The spin flip slower tries to combine the strength of both, the decreasing and

the increasing field slower. However, there is a price to be paid for that: the atoms

need to be repolarized at the field zero, as the magnetic field switches its sign.

This does not happen arbitrarily fast, and hence, there is need for a drift region

at or close to 0 Gauss. This elongates the slower and hence reduces its efficiency,

as the beam expands transversally in the drift region without being slowed down.

In deciding which type of slower to build for our experiment, highest possible

flux of cold atoms was not the highest priority. As there was no experience in

our research group in building Zeeman slowers, a flexible design to compensate
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for possible flaws in the design or building process was a main priority, to ensure

it became a working part of the experiment as soon as possible.

Additionally, we wanted to avoid shorts and overheating in the Zeeman slower,

as this appeared to have been a critical issue in the past in other research groups

and would delay further experimental progress substantially. Hence, we decided

to get custom made coils rather than build them ourselves and operate them in a

way that air convection is a sufficient cooling mechanism. No water or active air

cooling that could break down and in turn cause a meltdown of the coils!

Last but not least, cost of the new Zeeman slower should be as minimal as

possible, of course.

With these boundary conditions in mind, we decided to implement a spin-flip

Zeeman slower: cutting the maximum required field strength in half reduces power

consumption and hence local heat generation by a factor of four. The required

detuning of the slowing light with respect to the sodium D2 line is cut in half

as well, from ca. 1.4 GHz to 700 MHz in the case of sodium. This cut cost

significantly as a double passed 350 MHz AOM was much cheaper than a 1.4 GHz

AOM (no cheap 700 MHz AOMs were on the market at that time).

The final design consisted of 14 separate coils of 19 gauge copper wire, 1000

windings and 6 cm length with an inner coil diameter of 0.75” wound on a high

temperature resilient plastic frame (fig. A.2). AssemblyMasters Inc. manufac-

tured the coils. They were slid on a 0.75” pipe and a mini flange was welded in

a clean room to the pipe. A picture of the Zeeman slower is shown in fig. A.3.

The minimal inner diameter of the coils cut down further power consumption at

the price of a limited extent of the maximal magnetic field transversally, cutting

the effective slowing cross-section down to a circle of 4 mm diameter. This is of

relevance for the last two coils where the atomic beam expands transversally most

rapidly due to the reduced axial velocity. The axial field of a single coil is shown

in fig. A.4 and shows good agreement between calculation and measurement.
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Figure A.2: One of 14 coils of the Zeeman slower.

It turned out the sides of the plastic frame of each coil (fig. A.2) create a

significant ’bump’ in the magnetic field due to their thickness of about 1.5 mm

each. Removing those sides turned out to be trivial, as the coils are wound tightly

and did not unwind once the side support was lacking. The magnetic field bumps

were minimized this way, as fig. A.5 shows. However, a slight bump remained

and was probably the cause that the Zeemanslower operated best at a reduced

magnetic field slope on the oven side (see fig. A.6).

The sodium oven was generally operated at 220 ◦C and pumped via a 40

l/s turbo molecular pump backed by a shaft-drive roughing pump. The turbo

molecular pump is not protected via a cold baffle from the large amount of sodium

in the oven. To keep things simple, we did not want any active cooling anywhere

in the Zeeman slower apparatus. However, this leads to substantial build-up of

sodium onto the lower blades of the turbo molecular pump. In order to prevent the

pump from seizing due to excessive alkali metal build up, we found it sufficient

to submerge the pump’s blades (not the whole pump, just the blades!) in an

ultrasonic sound bath of isopropanol, whenever we cleaned the Zeeman slower

oven (ca. once every 1 to 1.5 years).
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Figure A.3: Picture of the final Zeeman slower design implemented into the ex-

periment.

Coil Nr. 1 2 3 4 5 6 7

Current (A) -2.65 -1.88 -1.49 -1.046 -0.658 -0.268 -0.041

Coil Nr. 8 9 10 11 12 13 14

Current (A) -0.050 0.148 0.350 0.641 0.971 1.20 1.30

Table A.1: Currents for the Zeeman slower coils.

Originally, we had two windows at the oven side of the Zeeman slower to be

able to align the Zeeman slowing light more easily as well as to determine when the

oven was empty. However, the sodium (and probably sodium hydroxide) turned

out to be too aggressive for the solder that connected the quartz windows to their

stainless steel frames. Hence, these windows started leaking soon and had to be

replaced with blind flanges.
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netic field along z-axis, red: measured field along z-axis)

A.2 Argon knowledge

In the course of this thesis’ work, for all experiments except for those with appa-

ratus I, two working argon lasers were needed as pump lasers for the 699 dye laser

for the sodium MOT laser system and for the 899 Ti:Sapphire laser to actively

photoassociate the molecules. Generally, we lacked a working third argon laser

that could instantly replace a broken one. If the broken argon laser was a spectra

171, it had to be shipped to Cambridge Lasers in California for repair, which gen-

erally had a turn-around time of 6 weeks. If a Coherent Innova 400 broke down,

we had to drive to Evergreen Lasers in Connecticut for repair, where turn-around

times were inconsistent. As in the about 5 years it took to complete this thesis,

argon lasers broke down more than a dozen times. It is apparent that this consti-

tuted a significant amount of downtime and required substantial resources (a new

or refurbished argon tube for a spectra 171 cost $11,000 to $13,000).

Hence, it is obvious that a thorough understanding of the intricacies of the

specific argon laser systems can have an enormous impact on the productivity of

the experiment, as there are several failure modes that can be avoided and others
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Figure A.5: Reducing the magnetic field bump between two neighboring coils at

the same current: red before, blue after removal of the coil-frame’s side

that can be fixed inside the lab without the need to ship it off. Here we list

some of the experience of the past years in hopes that not all of it will have to

be relearned at a later point in time. The following remarks are not intended to

replace the manual, of course, they are only intended as additional guidance. For

more information on Spectra Physics 171 lasers contact Cambridge Lasers. For

more information on the I-400 contact Evergreen Lasers.

A.2.1 General remarks

If the argon pressure in the tube is too low, you will notice that the multiline

spectrum shifts to the blue and the power of the laser creeps up. If the pressure

reaches a critical low, the tube can short. Even when this is not happening, a

prolonged operation at too low pressure is said to shorten the lifespan of the tube

(we did not try to confirm this). If the argon pressure in the tube is too high, you

will notice that the multiline spectrum shifts to the green and the power of the

laser goes down. If the pressure surpasses a critical value, the tube won’t start

anymore. Typical values for the tube voltage vs power output for Spectra 171

with high and low field magnets are given in A.2.
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Figure A.6: Magnetic field of the Zeeman slower. Blue: calculated ideal field, red:

calculated field from real coil currents and positions. The deviation on the oven

side is most likely due to the remaining magnetic field bumps limiting the maxi-

mum field gradient. The deviation on the chamber side shows that the calculation

was too conservative and thus it was possible to apply a steeper field.

Generally, there are two modes of operation: current regulation (constant cur-

rent through the tube) and light regulation (constant light power output) mode.

Never operate in light regulation mode - ever.

Cooling water filter

Contaminated water in the cooling loop can quickly diminish the lifetime of a

laser tube (see A.2.2). Filtering the cooling water before it enters the laser head is

therefore necessary. Due to the contaminants precipitating out of solution at the

hottest spot in the tube, a filter with a finer mesh does not necessarily help. A

50 µm filter is sufficient; according to the manual, even a 100 µm filter would do.

We originally used cotton based filters, however, we found that certain biological

contaminants can feast on the cotton and at the same time clog the filter. We
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replaced the cotton with polypropylene filters1 to solve this particular issue.

How to check for the start pulse

When an argon laser is switched on and the plasma does not burn inside the tube,

one of the best first diagnostics (after checking all the fuses) is to check for the

start pulse. To do so, remove the back cavity mirror and stare down the tube

when the laser is switched on. You should see a bright, slightly violett flash inside

the tube. If the flash is unusually bright and white, it may be an indication of

contamination with air - and hence a leak -, though it takes some experience to

tell the difference from a flash in an argon atmosphere. If there is no flash, there

was no start pulse.

How to measure the tube voltage

Another early diagnostic is to measure the tube voltage. To measure the tube

voltage with a regular volt meter (which reads up to 1kV), the starting pulse

(typically 5kV) needs to be avoided. To prevent the starting pulse, remove the

thermionic valve in the power supply. Connect the volt meter to anode and cath-

ode of the laser tube, then switch on the power supply. Remember to disconnect

the volt meter before reinstalling the thermionic valve!

A.2.2 Spectra Physics 171

The spectra 171 takes at least 90 minutes of warm up time every day, before

its pointing and power as well as the pressure reading have stabilized. For some

peculiar reason the way the power supply was designed, it is advisable to avoid

operation of the 171 at 40 A. Operate at 39 A or 41 A instead. We have used

1Cuno MicroWynd II, Catalog DPPSL 50 Micron Polypropylene media Depth Filter with

304SS Core, 9 7/8” Length
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current(A) voltageLFM(V) powerLFM(W) voltageHFM(V) powerHFM (W)

25 537 4.2 505 4

30 552 7.8 520 10

35 562 10 530 15

40 570 14.8 535 20

45 580 18.2 540 23

Table A.2: Typical argon pressures and output powers for the Spectra 171 in low

field magnet (LSM) and high field magnet (HSM) configuration

both high field and low field magnet Spectra 171s. The power supplies can be

recalibrated for each of these types. Unless properly recalibrated, the power sup-

plies can not be used interchangably, of course. Values of typical argon pressure

and power output are given in table A.2.

The power supply

The design of the power supply of the 171 is surprisingly simple. There are no

microprocessors, busses, etc, which makes it a lot easier to troubleshoot than the

I-400.

How to recalibrate the argon fill lamp:

The calibration of the fill lamp of the 171, which indicates when the laser

is running low on gas and enables a manual refill, is not perfectly stable and

sometimes needs to be recalibrated or plainly overwritten. This can be done the

following way:

• Locate the gas fill card in the power supply.

• Turn the top left potentiometer (R402) all the way clockwise. The fill light

will turn on.
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• Give the laser a fill, wait 5 minutes, repeat until pressure is where it should

be.

• Turn the potentiometer counterclockwise just to the point where the fill light

turns off.

We experienced the following components to fail at least once:

Fuses:

The first thing to check in case of laser failure are all the fuses. Generally, they

burn for a reason (unless they are old). As the line fuses and anode fuse are ∼$202

each, it’s worth checking for the cause of the fuse failure, before replacing them

and firing the system back up again. We maintain a steady supply of replacement

fuses in the lab.

Start pulse diodes:

If no start pulse is visible in the laser tube, one of the most likely candidates

are shorted diodes (IN4007) on the boost board (CR4 and CR5). We have a

stockpile of replacements in the lab.

Spark gap:

If no start pulse is visible in the laser tube and the start pulse diodes are fine,

check the spark gap.

Pass bank diodes and capacitors:

If instead of a start pulse you hear a much louder than usual noise from the

power supply, one of the large capacitors (and some of the line fuses) may have

blown up. The reason for this may be a faulty pass bank diode. To check the pass

bank diodes they need to be disconnected. We have a large stockpile of pass bank

diodes in the lab for replacement. If one of the capacitors broke, replace the whole

group! The other - still working - capacitors often get partial damage and blow

2www.fuseone.com
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up soon after if not replaced simultaneously, causing the newer capacitors to take

partial damage, too, which can end up in an endless - and costly - replacement

cycle. We currently stock one full set of replacement capacitors in the lab.

Laser head:

The laser head consists basically of the argon tube, a frame and the cavity optics

(high reflecting mirror in the back and output coupling mirror in the front).

Thermal stress:

We lost several argon tubes due to thermal stress: contaminants in the cooling

water precipitate and condense at the hottest spot inside the laser tube, restricting

the flow further and insulating the glass from the cooling water. Eventually, the

glass breaks, destroying the tube. This failure mode can be easily detected by

measuring the water flow and avoided by regularly flushing the tube with ”lime

away” (5 minutes maximum, we have a pond pump in the lab just for this purpose)

whenever the flow rate starts to drop. Depending on the water quality, flushing

with lime away may not be necessary for months at a time or required on an

almost daily basis.

Windows of the glass tube:

The uv-radiation of the argon plasma creates ozone that in turn can create

color centers in the glass windows of the tube. The color centers absorb more light

than the undamaged glass, causing it to warm up and become birefringent. This

shifts the spatial position of maximum gain inside the cavity, causing a pointing

instability. Once the color center cooled off, the birefringent loss mechanism

subsides and the pointing of the laser shifts back to its original position, the color

center heats up again and so on. To prevent or at least minimize damage on

the glass windows, it is necessary to flush the laser head continously with dried

nitrogen to minimize the oxygen content in the head which could be turned into
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ozone.

If the mode of the laser turns from a clean TEM00 mode to a bullseye or worse,

it is often due to dirty/damaged windows/mirrors. To clean the windows/mirrors

we commonly follow the steps outlined in the manual.

Sagging cathode:

As the tube ages, the cathode can sometimes sag. This can be easily diagnosed

by looking down the bore of the tube. Along with the sagged cathode, the power

output is reduced and the profile can change from a clean TEM00 mode. Short of

refurbishing the tube3, the cavity can sometimes be walked, so that lasing occurs

at a lower position, diminishing the negative influence of the sagged cathode.

Shorted magnet:

If the magnet shorted, the spectra 171 may still be lasing, but at much lower

power output. The laser needs to be shipped back for repair, as replacing the

magnet is a delicate procedure that can easily damage the tube.

Incorrectly connected magnet segments:

There are three magnet segments in the spectra 171, all generating magnetic

fields in the same direction. If one is connected opposite to the others, the laser will

still operate, however, the plasma is not well confined and the tube will eventually

break. The laser needs to be shipped back for repair in this case.

Small leak in the laser tube:

If the laser is requiring more than usual argon refills over prolonged times

(many days to several weeks), suddenly will not start anymore and the start pulse

is unusually bright and white, a small leak in the laser tube can be the cause. The

laser needs to be shipped back for repair in this case.

Blown anode fuse:

3Or mounting the tube upside down, which can be done, though hasn’t been done in our lab.
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Once, we experienced a short between the magnet and the anode at the front

plastic spacer, which caused the anode fuse to blow: moving the set screws (and

the tube with it) influenced the resistance (while the anode block was insulated

from the tube anode with a piece of paper). This can - in principle - be fixed

on-site by taking the anode block apart and replacing the plastic spacer, however,

the procedure is sufficiently delicate that it is not recommended.

A.2.3 Coherent Innova 400 (I-400)

The I-400 is a more modern design than the spectra 171. Its maximum power out-

put is considerably higher (25 W compared to 18W) and the warm-up time to its

full power is much shorter (ca. 10 minutes) due to a feature dubbed ”powertrack”

that optimizes the power of the laser by controlling the output coupling mirror’s

alignment. The bore for cooling water is significantly larger compared to the

spectra 171, making thermal stress and subsequent failure of the laser tube much

less of an issue. Additionally, there is no need to flush the laser head with dried

nitrogen to protect the windows: a platinum plated tube is supposedly breaking

down the ozone catalytically before it can damage the windows (we can neither

deny nor confirm the effect). However, these features come at the price of greatly

increased complexity of both power supply and laser head, making repairs much

harder and generally much more costly than the spectra’s 171. Despite the many

apparent advantages of the I-400, we very much prefer to work with the spectra

171 lasers. If this was just because the I-400s were not as well refurbished as the

spectra 171s or if this would have even been the case with new systems, we cannot

say for sure.
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Laser head:

The biggest issues we had with the laser head were bad beam profiles and improp-

erly working power track (i.e. only one of the two actuators worked, etc). Power

track got the power output up fast, but - even while working - prevented the laser

from ever ’settling down’, i.e. maintaining a truly stable pointing. This caused

problems as the 699 and 899’s stability depends crucially not only on stable pump

power, but also stable pointing. We minimized the effect of pointing instability

by moving the pump laser as close as possible to the 699/899 (i.e. less than 1’),

however, instabilities remained.

In one case, we observed an unstable filament current which was the symptom

of the magnet shorting.

Power supply:

The heart of the power supply of the I-400 is based on microchip electronics,

various card modules and a databus connecting them. This makes debugging

the power supply nearly impossible for a graduate student. Whenever the power

supply blows up, one can visually inspect the traces and components on the card

modules, check the fuses, visually check the remaining parts of the power supply.

However, there is no way to test the boards easily. This entails the risk of further

damaging parts after replacing the visibly damaged ones. As each of the card

modules is generally in the regime of thousand or more dollar replacement value,

there is generally no other way but to ship the laser off for repair.

Autofill:

The I-400 also comes with an ’Autofill’ feature: unlike the spectra 171 where one

needs to monitor the argon pressure manually, the I-400 refills itself whenever the

pressure drops below a critical value. This can be an unpleasant surprise while
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taking data (it can take a long time for the argon to resettle after a refill). Also,

the voltage-current dependence of the plasma tube is nonlinear, especially at low

currents. Hence, the autofill feature is automatically deactivated while operating

at low currents (i.e. to align it to a 899 or 699). However, in refurbished systems,

the autofill interrupt can be faulty or overridden: in this case, the tube autofills

itself rapidly while operating at low current (audible through a series of ’clicks’),

causing very large overpressures at higher currents and greatly diminished power

output (if left autofilling for too long, the tube might not start at all when switched

on again).

A.3 699 knowledge

The 699 dye laser is an irreplacable part of the experiment (unless there will be new

developments for laser systems at 589.1 nm at a future point in time). Learning

how to align a 699 is an integral part of becoming familiar with the experimental

apparatus, takes time and is best learned with a senior student mentoring.

A.3.1 Dye

Even though Rhodamine 6G is a very stable dye, it does break down over time,

diminishing the conversion efficiency of the laser. A quick way to peak up the

laser power is to ’redope’ the dye by dropping in fresh Rhodamine 6G (dissolved

in a bit of methanol, the solution should be close to saturation). However, we

recommend doing this only once, before replacing the entire dye.

Replacing the dye

The concentration for all dyes we use in the lab can be found in lambdachrome’s

dye brochure (copy is on the lab computer). Be aware that different pump lasers
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require different concentrations and solvents. A scale sufficiently accurate for

measuring the required quantity of dye (typically 1 gram or less) can be borrowed

from Prof. Gao’s group. Rhodamine 6G does not dissolve well in ethylene glycol,

hence dissolve the Rhodamine 6G in a small amount of methanol first, then mix in

the adequate amount of ethylene glycol (nominal concentration: 0.75 g/l). There

are now two possible ways to procede:

Method A: measuring the dye absorption (official method)

According to the manual, the ideal concentration of dye is reached when 90%

of the pump light is absorbed in the dye jet. This measurement can be done by

placing a glass-slide behind the dye jet and measuring the power of the reflection

with a power meter in the presence and absence of the dye. Dope or dilute until you

measure 90% absorption. Be sure to conduct the measurement at the parameters

of later operation, as the absorption depends on the pump laser power/beam

profile/pointing as well as the dye circulator’s pressure.

Method B: doping to maximum power

Alternatively, if the 699 is aligned in a reliable and stable configuration, where

even small power changes are easily detectable, one can directly dope/dilute the

dye and measure the power output. This method can be more efficient, however, it

requires some experience as to how the dye concentration should relate to output

power. If care is not taken, the dye can be dramatically overdoped by this method.

It is hence generally advisable to start with a dye concentration that is known to

be too dilute, but only by a little and successively dope the dye. There should

be a steep increase in power output originally, that eventually becomes smaller

and smaller each time the same amount of dye is added. Do not add dye until

the power drops again, but stop doping before this happens (this is where the

experience comes in). If one starts with a too dilute dye, the amount of methanol

in the circulator becomes too large, which can cause power instabilities in the 699

(it is boiled off by the pump laser beam) as well as cause overdoping of the dye:
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as the methanol evaporates, the relative dye concentration rises.

A.3.2 Nozzle upgrade

In upgrading apparatus I to apparatus II, we replaced the original 699 nozzle with

a nozzle from radiant dyes. Unlike the original nozzle, which is designed for dye

pressures up to ∼30 psi, the radiant dye nozzle can operate at pressures up to

(at least) 180 psi. This allows for higher pump powers and in turn higher output

powers of the 699 (we achieved up to 1.8 W line-narrowed output power with 9 W

of pump light). The profile of the jet is also much flatter, making the operation

of the 699 considerably more stable and alignment - somewhat - easier.

cleaning the nozzle:

While the original 699 nozzle can be cleaned with dental floss if the need arises,

this is strongly discouraged for the nozzle from radiant dyes. The interferometric

grade surface can easily be damaged. So if there is ever need to clean it (there

should not), disassemble it and clean it in an ultrasonic sound bath.

A.3.3 Output power fluctuation/noise in the frequency

range of a few 100 Hz:

Even with a very stable pump laser and a well aligned 699, we noticed that the

output power is fluctuating on a small scale in the frequency range of a few 100

Hz. We found out that this was not due to the tweater (about the right frequency

range), but due to the mechanical vibrations of the front and/or back panel of the

699, which effectively form a tuning fork in that frequency range. Tightening the

screws of the panels to the invar rod reduced the noise. However, for a truly stable

operation, a second bar connecting the tops of the panels would be required.
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A.4 Diode laser knowledge

We only cover this topic very briefly, as a much more comprehensive coverage can

be found in [Tsc08].

A.4.1 External cavity diode laser

The basic building block of a cheap diode laser system for a MOT is the exter-

nal cavity diode laser (ECDL): An external grating reflects the first order back

into the laser diode, generating a frequency dependent feedback. The grating

is mounted on a piezo-electric transducer (PZT) which in turn is glued onto an

opto-mechanical center mount. The coarse wavelength response can be controlled

with the center mount, the fine control is done electrically with the PZT. As the

diode itself is a cavity - it is not AR-coated to save costs- this system consists

of two overlapping cavities. While the internal laser diode cavity can be tuned

via temperature and current, the external cavity is tuned via reflection angle and

distance of the grating from the diode. In order to achieve stable conditions at

the desired wavelength, both cavities need to be able to support a common mode.

Mode hop free operation is therefore commonly achieved only over a range of ca.

1000 MHz, unless great care is taken. The ECDL is a cheap method of obtaining a

frequency stabilized, line-narrowed laser beam. The downside, however, is a lower

usable power output. We employ two ECDLs: one as the master laser for the

trapping frequency and one for repumping. The diodes used in the ECDL have a

maximum power output of 50mW.

A.4.2 The ”slave”

To increase the available laser power for the trapping laser beam, we inject the

light from the master laser into a slave laser. The injection happens through the
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Figure A.7: Optical output power of the tapered amplifier with respect to the

injection current at 44 mW optical injection power at 852 nm.

trash port of the exit cube of the optical isolator. A detailed description on how

to inject can be found in [Tsc08]. The slave laser diode has a maximum output

power of 150mW. The injection combines the best of both worlds: the maximum

power the diode can provide with a line narrowed, stabilized frequency from an

ECDL.

A.4.3 Tapered amplifier

To further increase the available laser power, we inject the light of the ”slave”

laser into a tapered amplifier chip. The tapered amplifier was bought from eagle-

yard4 and can provide up to 500 mW at 50 mW injection power. Higher power

versions are available by now. The maximum recommended injection current is

1.5 A, though the chip can withstand up to 2 A for brief periods of time. We

usually operate it at 330 mW output power (ca. 1.3 A injection current), greatly

enhancing its lifetime (> 3 years at the time of this thesis). The optical power

output vs. injection current for an injection power of 44 mW at 852 nm is shown

in fig. A.7. The output power was measured after passing through a collimation

and a cylindrical lens.

4www.eagleyard.com
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A.4.4 Dichroic atomic vapor lock (DAVLL)

To frequency stabilize the diode laser, we reference it to a cesium vapor cell. A

coil wound around the vapor cell provides a magnetic field which in turn splits the

magnetic sublevels of the 6P3/2 state of cesium. A first beam pumps the cesium

into its excited state, a probe beam from the opposite side generates a Doppler

free absorption signal. The probe beam is linearly polarized and hence consists

of equal amounts of left and right circularly polarized light. Those polarizations

are preferentially absorbed by different magnetic sublevels, which are split by the

applied magnetic field. Subsequent detection of the difference in absorption of

the left and right circularly polarized light (via a quarterwaveplate + polarizing

beamsplitter cube + 2 photo diodes) yields a linear slope through the absorption

peak. We lock the laser via electronic feedback of a PID controller with this slope

as input.

A.5 Spectra Physics Indi Quanta Ray knowl-

edge

A.5.1 Maintenance

The Indi Quanty Ray (”Indi”) is a very reliable instrument and generally works

without the need for realignment or other time consuming maintenance.

Filters

The only recommended regular maintenance is the replacement of the deionizing

and particulate filters once a month. We have several replacements in the lab.
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Lamp

It is recommended to replace the lamp every 10 million shots. Power output of

the laser will eventually sag if the lamp is used beyond this limit (we used one

lamp for more than 100 million shots). More crucial than a sagging in laser power,

however, is the following: some lamps slowly expand in diameter and make it hard

or even impossible to retract them out of the pump cavity after they experienced

too many shots. This can result in shattering the lamp inside the pump cavity

while trying to replace it. (We did not confirm this ourselves.)

A.5.2 Cavity alignment

If there is a need to realign the cavity (there should not), it is a straightforward

procedure: remove the doubling crystal and align a HeNe beam through output

coupler, pump cavity, beam dump and Pockel’s cell to the back mirror. If the HeNe

is properly aligned (and the back mirror hasn’t been moved too drastically), there

will be three back-reflected spots at the output coupler forming a line. To properly

align the cavity, overlap the medium intensity reflection (should be the center spot

of the three) onto the incoming beam, not the strongest reflection. Overlapping

the right spots should get the cavity lasing again. Perform a standard beam walk

afterwards to peak up the power.

A.5.3 Cleaning the pump cavity and the flow tube

If the filters are not replaced regularly - or generally after long periods of time

(i.e. years) - the power output of the Indi may sag due to a dirty pump cavity

and flow tube. It is cleaned the following way:

• Prepare a 10% solution of hydrochloric acid (HCl), plenty of de-ionized water

and a generous supply of Q-tips.
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• Open up the side of the pump cavity.

• Remove the side plates of the pump cavity.

• Take out the white half-circle gaskets that hold the flow tube (which in itself

consists of two halves).

• Rotate the flow tube until you can pull one half out (this is tricky!), then

pull out the second one.

• Clean the flow tube with the Q-tips dipped in hydrochloric acid. The flow

tube should become fully transparent/shiny afterwards.

• Clean the Nd:YAG rod and all the gold pieces. Don’t try to move the rod,

just clean it in place. Front and back side of the rod are never to be touched,

of course, as those are the optical surfaces for the pulsed beam.

• Rinse everything thoroughly with de-ionized water (∼ 30 s). Don’t let the

hydrochloric acid dry on any surface (makes crystals).

• Put it back together.

A.5.4 Output coupler

When inspecting the optics of the Indi, you will find that the output coupler has

an inhomogeneous coating on it that may look like the mirror is burnt. This

inhomogeneity is not an indication of damage, but a patented Spectra-Physics

technique to achieve a flatter beam profile.

A.5.5 Marx bank

The Marx bank is the electronics board inside the laser head and is generating

the high voltage pulse for the lamp. Hence, if the power output of the laser is
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low, a possible reason can be the Marx bank, especially the final transistor. The

fastest way to check this failure mode is to visually inspect the board and search

for burned/discolored components.

A.5.6 Main capacitor

Another reason for low laser power can be the main capacitor. It becomes resistive

while aging, leading to longer (and hence weaker) pulses. We had to replace our

capacitor after 5 years (2002-2007) of operating the Indi and probably should have

replaced it after 4 already, as we experienced continuous sagging of the laser power

in the last year.

A.6 CEM knowledge

We used a channel electron multiplier from Dr. Sjuts Optotechnik GmbH5, Ger-

many, for ion detection. The physics, properties and handling instructions of

CEMs in general and our model in particular are described on the companys

webpage.

A few things that are not mentioned on the webpage:

Light sensitivity:

While a clean CEM is not sensitive to light of wavelengths longer than 150 nm,

prolonged exposure of the CEM to alkali metals can make the CEM light sensitive.

As the contact with alkali metals is unavoidable in our experiment, we operate

the CEM with the head lights of the lab off and switch off the MOT-light beams

and Zeeman slower light before switching on the CEM, to prolong the lifetime of

the CEM (implemented in apparatus III).

5www.sjuts.com
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Cleaning:

While the CEM should not require cleaning (it is shipped sufficiently clean from

the factory to be UHV compatible), it can be cleaned in an ultrasonic sound bath.

However, special precautions need to be taken: use only isopropanol as solvent

and clean it only for a few seconds. If cleaned longer, the silver contacts will

dissolve or disconnect from the CEM.

Operating temperature:

While a CEM can be baked at high temperatures (up to 250 ◦C), it may not be

operated at temperatures higher than 70 ◦C. If it is operated at higher tempera-

tures, a degrading process is started, which reduces the gain of the CEM quickly

and continues to degrade, even after the CEM is cooled down until the CEM be-

comes non-responsive. Therefore it is important to ensure that the CEM cooled

down after a bakeout, before applying a high voltage to it.


