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CoOVER: Photograph of trapped barium atoms. The bright spot visible through
the center of the optical port is fluorescence from a cloud of trapped barium

atoms.
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Chapter 1

Introduction

Fundamental symmetries play a central role in modern physics. Symmetries have
significantly contributed to the development of the presently accepted physical
theories. To date the Standard Model (SM) [1-4] is the best theory to describe
the electromagnetic, the weak and significant parts of the strong interactions.
Gravity is not included yet in this framework. The SM does not fully explain
the underlying structure in nature. Many aspects, e.g., the number of particle
generations, the fundamental fermion masses, the origin of parity violation or
the dominance of matter over antimatter in the universe can not be derived from
this theory. The recent observations in connection with searches for neutrino
oscillations can however be accommodated by small modifications in the SM [5].
Speculative theoretical models such as SUper SYmmetry (SUSY) [6], LeftRight
symmetry [7] and many others have been developed to expand the SM in order
to gain deeper insights into its not well understood features. Experimental tests
of the SM are attempts to identify new physical processes that would shed light
on not well understood physical facts observed in nature and to gain hints into

which theoretical direction the SM needs to be expanded.

Of particular interest are the discrete symmetries Charge conjugation (C),
Parity (P) and Time reversal (T). In 1956 was first a suggestion to search for P
violation by T. D. Lee and C. N. Yang [8]. The experimental observation of P
violation in the S-decay of %°Co by C. S. Wu and her collaborators came soon
after [9]. Since then many experiments have confirmed the result with increasing
precision in a number of systems. Furthermore, the combined symmetry CP is
violated as it has been observed in the K° and B meson decays [10,11]. Such

CP violation could lead to matter-antimatter asymmetry in the baryogenesis, but
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the experimentally observed mechanism, which fully lies within the SM, is not
sufficient to explain the matter-antimatter asymmetry in the universe [12]. Other
sources of CP-violation could manifest themselves in nonzero permanent Electric
Dipole Moments (EDM’s) of fundamental particles [13]. The existence of an EDM
of an elementary particle require P and T violation. Under the assumption of an
invariance of physics under the combined C, P, and T transformations, which is
the CPT theorem [14], a permanent EDM also violates CP.

Recently radium (Ra) has been identified as a new candidate for sensitive
EDM searches in neutral atoms [15]. Radium isotopes exhibit a high sensitivity
to parity and time reversal violating effects which arise from their nuclear and
atomic structure. The sensitivity to a possible EDM of nucleons can be orders of
magnitude larger than the original particle EDM. This stems from shape defor-
mations of the nucleus. Octupole deformations in nuclei of radium isotopes near
the valley of nuclear stability are associated with near degeneracy of states of
opposite parity. The enhancement is due to mixing of these states in the external
field created by nucleon EDM. The isotope ??’Ra, for example, has such a large
octupole deformation in the nuclear ground state. Theoretical estimates yield an
enhancement of 50-500 for a nucleon EDM [16,17]. Radium in an excited state
also offers a higher sensitivity to nuclear and electron EDM’s due to its atomic
level structure [18,19]. According to the available atomic level data one finds
almost degenerate states of opposite parity, i.e., the 7s7p *P; and the 7s6d 3D,
states [20]. The energy difference is reported to be as small as only ~ 1072 eV,
a feature not found in any other atomic system. The enhancement of a nuclear
or electron EDM can be as large as several 10* [18,19]. This is significantly
larger than the enhancement in the mercury atom (!%Hg) from which the most
stringent limit for a nuclear EDM was obtained [21]. Because of these properties
radium offers great potentials for searches for permanent EDM’s.

An efficient method to collect a large number of particles is required in order
to exploit the high sensitivity of rare and radioactive radium isotopes. Modern
atomic physics methods offer tools for neutral atom trapping, which promise to
be ideal for such experiments. In this thesis laser cooling and trapping strategies
for heavy alkaline-earth elements, i.e., barium (Ba)! and radium are discussed
(see Figs. 1.1 and 1.2). These elements require an expansion of known laser
cooling schemes. Laser cooling requires reiterative excitation of a single strong

transition and subsequent spontaneous decay of the excited state. For any possi-

'For convenience the relevant part of the barium atomic level scheme is available as a fold-up
next to the last page of this book (see Fig. F.1)



ble cycling transition in barium and in radium that could provide strong cooling
forces the excited state has a very large branching probability to metastable
states. Laser cooling can be achieved only by adding several lasers which bring
the atoms back into the cycling transition. In this work barium atoms were effi-
ciently collected in a magneto-optical trap (MOT) by large optical forces from the
6s2 1Sy — 6s6p 'P; transition. Six lasers were employed for repumping. Barium
has the leakiest cooling cycle of all atomic species trapped so far.

In this work permanent electric dipole moments will be introduced and possi-
ble ways to measure them will be described for radium (Chapter 2). Laser cooling
and trapping was identified among the main obstacles on the way to searches for
EDM’s in radium (Chapter 3). The experimental tools which were developed
and used throughout are described (Chapter 4). The development of an efficient
slowing scheme for barium is described (Chapter 5). In particular the relevant
branching ratios from excited states were determined, which take part in optical
repumping schemes for efficient laser cooling and trapping. The performance of
a magneto-optical trap is characterized in terms of loss rates and temperatures
(Chapter 6). Finally, the consequences from the results of this work towards
trapping of radium are discussed (Chapter 7).

This work is the first to describe optical cooling and trapping of the heavy
alkaline-earth element barium. The developed scheme is very efficient. The
results can be transferred to radium due to the similarities in its atomic level
structure with the barium atom. For radium trapping the frequencies of the seven
necessary lasers need to be adapted. The next steps towards efficient trapping of

radium and searches for EDM’s in its isotopes are thereby enabled.
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Fig. 1.1: Level scheme of atomic barium. The low lying states, which are relevant
to the experiments in this work, are shown.
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Fig. 1.2: The lowest lying states in atomic radium. Only thos

e states are shown,
which are relevant to the laser cooling scheme.



Chapter 2

Searching for Electric Dipole
Moments with Trapped Atoms

The observation of any permanent electric dipole moment (EDM) of a funda-
mental particle at the presently possible limits of sensitivity would be a sign of
physics beyond the Standard Model (SM). Consequently many different exper-
imental searches for EDM’s are currently underway. EDM'’s violate parity and
time reversal symmetries (see Fig. 2.1). The assumption that the combination of
all three discrete symmetries CPT is conserved in nature together with the ob-
served breaking of the combined CP-symmetry yields values for EDM’s within the
Standard Model for all fundamental particles. They are not zero, however several
orders of magnitude below the sensitivity of any presently possible experimental

search.

The search for EDM’s in radium isotopes is one of the major goals of the
TRIuP programme at the Kernfysisch Versneller Instituut (KVI) of the Univer-
sity of Groningen. The TRIuP facility is operational and can produce short-lived
radioactive isotopes [22-35]. In particular, 2!3Ra has been made in a precursor
experiment [36] to determine production cross sections. In subsequent experi-
ments also a number of neighboring isotopes to ?'*Ra have been produced at the
TRIuP facility [37]. Due to the high sensitivity of radium isotopes to EDM’s it
is important to survey the possible experimental methods, which could be used
to find such an EDM. In particular the uncertainties of the techniques, which are
currently employed in searches for nuclear EDM’s in '%’Hg, can provide guidance
in the design of new experiments, e.g., in radium. Some of the main system-
atic uncertainties are expected to be reduced by changing to a new measurement

technique which uses ultracold trapped atoms. Trapped samples can have much
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longer interaction times as compared to atoms in, e.g., atomic beams. This can
be exploited to decrease the statistical and systematic uncertainties of precision
experiments. The approach within the TRIuP programme has two major in-
termediate goals (i) selecting a system with a high intrinsic sensitivity and (ii)
developing better experimental methods with reduced measurement uncertain-

ties.

2.1 Permanent Electric Dipole Moments

Two charges of opposite sign and the same absolute value, q, which are separated

by a distance, T, from each other, have an electric dipole moment
d=q - 71. (2.1)

Its direction points from the negative to the positive charge (see Fig. 2.1). A
more general definition of an electric dipole moment is the first moment of a

charge distribution, p(T), i.e.,

—

d = /p(?)-? d?r, (2.2)

where T is the position vector relative to the center of mass of the system. The
dipole moment d of a fundamental particle has to be proportional to its spin,
T), since any contribution orthogonal to the spin direction will be averaged out
to zero. Further, in a quantum mechanical system there can be only one vectorial
quantity to which all other vectors describing the system such as the magnetic
moment and an EDM have to be proportional. Therefore any potential EDM

- =

d o T. (2.3)

Only particles with spin can have an EDM.

Already in 1950 Purcell and Ramsey discovered that the existence of a per-
manent electric dipole moment for a fundamental quantum mechanical object
implies that parity is violated [38]. Later it was realized that EDM’s also violate
T and CP [39,40]. Composed systems may have larger EDM’s compared to their
individual constituents due to features of the internal structure or CP violating
forces in the composed system. Large enhancements have been predicted in par-
ticular for atoms, e.g., radium (Ra) [15], plutonium (Pu) [19], mercury (Hg) [21],
xenon (Xe) [41], radon (Rn) [42], cesium (Cs) [43], ytterbium (Yb) [44], francium
(Fr) [45], gold (Au) [45], actinium (Ac) [46] and protactinium (Pa) [46].
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T

Time
reversal

—

Fig. 2.1: Parity (P) and time reversal (T) transformations for a particle with an
EDM. The parity operator exchanges the charges and hence changes the direction
of the electric dipole moment, but leaves the spin T unchanged. The time reversal
operator changes the sign of the spin and leaves the charges in place. In both
cases the resulting particles would have an electric dipole moment opposite in its

direction with respect to the spin as compared to the original particle.

2.2 EDM’s and the Standard Model

The values for EDM’s; which can be derived within the SM, arise from known
CP-violation and are very small. They are below the scale of any present ex-
perimental sensitivities. In contrast, some extensions to the SM, which try to
address various not understood features in particle physics, provide for rather
large EDM’s. Theoretically predicted EDM values in models such as SUSY [6] or
LeftRight symmetry [7] are just below the current bounds on EDM’s (see Table
2.1). There is no preferred system to search for an EDM. In fact, one needs to
investigate different systems to identify any underlying mechanism for an EDM
(see Fig. 2.2).

2.2.1 Worldwide EDM Experiments

Searches for possible EDM’s have been and are being performed on a wide va-
riety of systems. These are atoms (Hg [21], Xe [41], Rn [42], T1 [47], Cs [48],
Ra [49,50]), fundamental particles (electron [51], muon [52] , tauon [53]), nucleons
(neutron [54], proton [55]), molecules (TIF [55], YbF [56], PbO [57]), molecular
ion (HfF* [58]) and condensed matter systems (Gadolinium Gallium Garnet [59],
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M odel for Particle Hadron Nuclear Atomic/ Observable
CP Violation EDM EDM EDM Molecular ED

<

Cabbibo
Kobayashi
Maskawa

Higgs

Technicolor

neutral systems

Super-—
Symmetry

Left-Right . | —

symmetry === ((Qq
58— (-

CP Violation GG

Fig. 2.2: A variety of theoretical speculative models exist in which an EDM

charged systems

could be induced in fundamental particles and composite systems through different
mechanisms. A combination of measurements can provide access to the underlying
sources of an observed EDM (from [64,65]).

Gadolinium Iron Garnet [60]). To date there is no experimental evidence for a
finite EDM in any system and experiments gave only upper bounds (see Table
2.1). An overview of the current activities to search for EDM’s can be found
in Ref. [64,65]. An EDM in non-elementary systems can arise from EDM’s of
different fundamental particles and from CP odd or T odd parts in the interac-
tions between them. The origin of an EDM in a composed system is not obvious
from a single measurement of this quantity (see Fig. 2.2). The results from mea-
surements in different systems are complementary to each other and in general
a set of measurements will eventually enable the identification of the underlying

sources of an EDM.

The most sensitive experiments yielding EDM limits were performed in com-
posite systems, e.g., atoms and molecules. Theory will be needed to connect
any future observed finite EDM with the underlying source of symmetry viola-
tion (see Fig. 2.2). The theories are layered in terms of the energy scales of
the interactions. In some cases there are attenuations of the dipole moments,
which are expressed in the values of, e.g., Schiff moments. In other cases large

enhancement factors can be expected, e.g., in some atoms and polar molecules.
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Particle Experimental Limits SM New Physics
Method [e cm] factors factors
to go to go
e Thallium beam <1.6x10727| 101 <1
[51]
L Tilt of precession <2.8-107Y 108 < 200
[52] plane in anomalous
magnetic moment
measurement
T Electric form factor in | < 4.5-10~%7 107 < 1700
[53] ete” — 77
events
n Ultra cold neutrons <2.9-107% 10* < 30
[54]
p 120kHz thallium < 3.7-1072 107 < 10°
[55] spin resonance
A° Spin precession in <3.0-10717 10t 10°
[61] motional electric field
Ve Inferred from magnetic | < 2-1072 - -
62] moment limits
v, Z decay width <5.2-10717 - -
[63]
199Hg Spin precession in <21-107%8 | < 10° various
21] external E and B field

Table 2.1: Limits on the EDM’s of different fundamental particles and the systems
in which they have been determined. The factors between the established limits

and the SM predictions as well as the predicted values from extensions to the SM
are included. This table has been adapted from [64,65].
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The largest known atomic enhancement factor for a nuclear or electron EDM was
predicted for radium. For polar molecules enhancement factors of up to 10° can
be expected. However the experimental exploitation of that appears to be very
difficult and could not be demonstrated sufficiently well yet. The most sensitive
measurements for molecules in terms of statistical uncertainty have been reported
for YbF molecules [56]. However, no stringent limit for an EDM has been pub-
lished yet, because the ongoing analysis of systematic uncertainties which could
mimic an EDM signal.

At present the best experimental limit on a nuclear EDM was determined with
199Hg. The upper bound of a possible EDM is 2.1-1072% ecm (95% c.l.) [21]. The
value for a nucleon EDM in the SM is 10733 e cm, which is 5 orders of magnitude
below the experimental limit. Nevertheless, some SM extensions are compatible
with a nucleon EDM within a factor of 30 of the present experimental limit. The
199Hg experiment is still in progress and the reduction of systematic uncertainties

due to the measurement process is at the center of the attention.

2.2.2 Principle of an EDM Measurement

A possible principle for an EDM measurement was first described by E.M. Purcell

and N.F. Ramsey [38] and most experiments are based on that idea. A particle
— — —

with magnetic moment 77 = p - I precesses in a magnetic field!, B, if the spin I

— — —
is orthogonal to the field, i.e., I L B. In an additional electric field, E, parallel
or antiparallel to B, i.e., E 7T B or E T| B, an extra torque acts on a particle
ﬁ
with an EDM d [21]. The interaction Hamiltonian, Hey,, in the electromagnetic
field is

—
I

Hem: hw :—ﬁﬁ—gﬁz—(ﬂg—i—dﬁ)ﬁ, (24)
I

where w is the precession frequency of the spin T. An EDM d of a spin [ =1/2
system, such as 2!3Ra in the atomic ground state, can be determined by measuring
the difference of the two precession frequencies, w; and ws, for the two different
relative orientations of the electric E and magnetic B fields (see Fig. 2.3).
— —
(2 |B| + 24| E))

W1 = 7 5 (25)

2. |B|—2d |E
= B -2 [E) 00

!Because in this work only vacuum environment is of importance, the magnetic induction

B is used synonymously for the magnetic field.
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mg=-1/2

Fig. 2.3: Principle of an EDM measurement, where a spin 1/2 particle is al-
ternatively subjected to parallel and antiparallel external magnetic and electric
fields orthogonal to its spin, respectively magnetic field. EDM manifests itself as

a difference in the spin precision frequencies w; and wy for both cases.
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_)
4d | E |

p
The difference frequency, Aw, is proportional to the EDM d and the absolute

Aw = (W —wy) = (2.7)

strength of external electric field |E>]

_hAw

d——_>.
4[E|

(2.8)

The signature of the permanent electric dipole moment is a linear dependence
of the energy splitting w; and wy of the levels corresponding to the two electric
field E orientations and hence of Aw on the electric field strength |E>| It can be
distinguished from induced dipole moments, which show a quadratic dependence
on the electric field [66]. The challenge of a precise experiment is an accurate

measurement of the precession frequencies w; and ws.

2.3 Radium Isotopes

Atomic radium has intrigued theorists in recent years in connection with its
sensitivity to symmetry violations. It appears to be the most sensitive system
in a survey of atomic parity and time reversal symmetry violations in heavy
elements [67]. Different symmetry violating effects have been calculated with high
precision. The discussion here is restricted to EDM’s, although radium isotopes
could also be candidates to measure parity non-conservation in atoms, i.e., the
weak charge or anapole moments [18]. A number of theoretical calculations have
been performed by several groups to calculate the enhancement of a nuclear EDM
and an atomic EDM induced by the nucleus or the electrons in different radium
isotopes [15-19,68-70].

2.3.1 Schiff Moments

The EDM of a nucleus might have two contributions: one is due to EDM’s
of individual nucleons and the other arises from the charge distribution in the
nucleus. In a classical picture the Schiff moment, g, is defined as a radially
weighted dipole moment due to nuclear charge distribution [71]. For nuclei with
spin I = 1/2 the Schiff moment is [16]

— 1

5—
S = — 2
10

pol®) (- 538) o 29)
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where pa,(T') is the nuclear charge density, % is the mean square charge radius.
An atomic EDM arises from the interaction of electrons with the Schiff moment
§>. The interaction with electron can weaken or enhance a nuclear EDM de-
pending on details of the atomic level structure. Sanders has separated the Schiff

moment in three different parts [72]

1. EDM’s originating from the difference of the r.m.s. distribution of nucleon

EDM’s and nuclear charge,

2. anucleon EDM due to the charge distribution which vanishes for a spherical

distribution,

3. contributions arising from the relative separation between the center of the

neutron and proton distributions inside a nucleus.

For heavy atoms the spin dependent electron-nucleon interactions as well as the
neutron-neutron and neutron-proton interactions are enhanced due to the large
number of nucleons. This effect deforms the nucleus and the second part of the
Schiff moment becomes the largest contribution in atomic radium. The Hamil-
tonian, H3M - due to the Schiff moment S is [18]

edm
T
HEhT — 47 Sm - Vp(r), (2.10)
where 47V p(r) is the electron part of the operator H{Mf,

2.3.2 Magnetic Quadrupole Moments

The nuclear interaction with the nuclear magnetic quadrupole moment (MQM)
also induces an atomic EDM in the 7s6d D, state of radium. For isotopes with
nuclear spin I < 1 the MQM is zero. The MQM can be as large as the Schiff

moment [18].

2.3.3 Degenerate States of Opposite Parity

States of opposite parity are mixed in an external electric field. The electric field
due to a fundamental EDM can polarize the composed system and the resultant
EDM will be modified. The polarizability of a systems is inversely proportional
to the energy difference between the states of opposite parity. The EDM, dsp,,
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of the 7s6d 3D, state is [18]

do = < 7s6d 3Dy| — e 1 |7s7p 3Py > < 7s7p 3P |HEMIT|756d 2Dy > (2.11)
b2 E(7s6d 3Dy) — E(7s7p 3Py) n

where —er is the electric dipole operator and H3SMT is the EDM operator due
to the Schiff moment (see Eqn. 2.10). This yields an EDM in radium which is
about 10° times larger than the one for *“Hg [18].

The interaction of an electron EDM, d., with the electric field produced by
the nucleus induces also an atomic EDM. The relativistic nature of the nucle-
ons produces an instantaneous electric field effective to the electrons although
the classical shielding theorem is still true. In radium the two close lying op-
posite parity states with identical angular momentum 7s6d 3D; and 7s7p 3P,
mix stronger due to this interaction compared to the 7s6d 3D, and the 7s7p 3P,
states. In the 7s6d °D; state the EDM is [18§]

< 7s6d 3Dy | — e 1 |7s7p 3Py > < 7S7p 3P |Heqm|7s6d 3Dy >
E(7s6d 3D;) — E(7s7p 3P;) ’

dsp, = (2.12)
with the Hamiltonian, ﬁedm, due to the interaction of the electron EDM, d., with

the atomic electric field E. The Hamiltonian has a form [18]

I_NIedm = - deﬁ(i ’ ﬁ)a (213>

where 3 is the Dirac matrix and i is the relativistic spin operator. Detailed
calculations show that the EDM in the 7s6d 3D, state of radium is enhanced by a
factor 5370 [18] compared to the electron intrinsic EDM d,. Similar enhancement
factors for francium and gold isotopes are 910 and 260, respectively [45].

Furthermore, in some isotopes near the valley of stability, e.g., ?*Ra and
22°Ra, the interference between known octupole and quadrupole deformations
leads to states of opposite parity in the nucleus. This causes enhancement factors,
which have been estimated to be between 50 and 500 [16,17,19].

2.4 Uncertainties of EDM Measurements

The present limits on EDM'’s are not only due to experimental statistical uncer-
tainties of the measurements but also to systematic uncertainties due to limited
control over experimental parameters. In an experiment of the Ramsey and Pur-

cell type any tiny unnoticed fluctuation of the electric field E or the magnetic
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field B adds to the uncertainties of the difference frequency Aw measurement (see
Eqn. 2.7). The Hg EDM experiment at the University of Washington, Seattle,
USA has reached the best sensitivity so far on a Aw measurement, which is less
than 1 nHz [73]. The reported EDM limit of *Hg is 2.1(0.49)(0.40)-10~2® e cm,
where the first uncertainty is the statistical error and the second is due to sys-
tematic uncertainties. The statistical and systematic uncertainties are of the
same size. Any improvement of this result requires a better understanding of the
contributions to the systematic uncertainties. The main sources of uncertainties
are [74]

e Statistical uncertainty

The statistical uncertainty, dw, of the measurement of Aw is the ratio of
the mean deviation of the measured precession frequency to the signal to
noise ratio, (S/N). The mean deviation of the precession frequency depends
on the inverse of the spin coherence time, 7, i.e., dw = 27” . The observable
quantity is measured from an ensemble where a particle flux, F, is observed
over a period, T, which leads to a particle number uncertainty of v/F T and
(S/N) = VFT. Hence the statistical uncertainty of a precession frequency
measurement is 9 5
w T
ow = SN ;T (2.14)

Thus, the statistical uncertainty for an EDM is

B h dw B h
214E  4ErVFT

Ad (2.15)
EDM measurements use an ensemble of atoms and extend over longer time
periods for a better statistics. Any inhomogeneity of the electric field over
the sample region and over the period of the measurement introduces a

finite distribution of spin precession frequencies.

e Motional magnetic fields

In measurements in atomic beams or in gas cells the particles are distributed
over a range of velocities. Due to the motion of atoms in the external electric
— —
field E they experience a different magnetic field B’ than the external
ﬁ
magnetic field B. For an atom of velocity ¥ the total magnetic field is [75]
ﬁ
- = Ex¥
B =B+ —+—
c

, (2.16)
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where ¢ in the speed of light. Neglecting the term quadratic in ¢ gives the
strength of the magnetic field [75]

ExV B

=
¢ |B]

it —

|IB'| = |B|+ (2.17)
The motional magnetic field vanishes for parallel or antiparallel electric and
magnetic fields, i.e., ﬁ N § or ﬁ Tl § However, the contribution is odd
under reversal of both E and B fields. Any small angle 9 between the E
and the B fields leads to a nonzero contribution to the frequency difference
Aw, which scales with sin? [74]. In order to suppress this systematic effect
two counter-propagating atomic beams in the very same E and B fields can
be used [75]. The problem is then shifted to the difference in the velocity

distributions of the atoms in the two beams.

Ripples in the magnetic field

A fluctuation in the driving current of the coils produces ripples in the
magnetic field B. The typical magnetic field strength in an EDM exper-
iment is of order 50 mG. A current fluctuation at the ppm/s level would
dominate all other systematic uncertainties. Also magnetic shielding of
the experimental region from the surrounding magnetic fields may not be
ideal. All this adds uncertainties to the measurement of the Larmor pre-
cession frequencies w; and wy and hence it influences into the precision of
EDM searches. A continuous magnetic field monitoring is therefore indis-
pensable. Typically atoms which are known to have negligible EDM’s but

magnetic moments are used as co-magnetometers in the same volume.

Leakage current

The leakage current from the electric field plates can produce an additional
magnetic field. This current contributes to the systematic uncertainties
of the magnetic field. For the EDM measurement of '"’Hg the reported
leakage current is 0.6 pA. The systematic error contribution was estimated
to 0.14-1072% e cm, which is about 1/3 of the total systematic error [21].

Quadratic Stark shift

An applied dc electric field E introduces a shift in the atomic energy levels

[66], which is known as the Stark shift. The corresponding frequency shift

(2.18)
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depends on the polarizibility, «, of the atom and the square of the magni-
tude of the electric field strength. The polarizibility of an atom « is unique
for a particular energy state. For the ground state of '’Hg the frequency
shift due to an electric field of |E>| =10 kV/cm is Avgar < 2 nHz [21].

e ac stark shift

The levels of atoms experience an ac Stark shift, Av,,, in an electromagnetic
field. The shift is linearly proportional to the intensity of the laser light and
the precise system dependent expressions are available elsewhere for many

systems of interest, e.g., mercury [74].

The individual contributions to the overall uncertainty are all of the same
order of magnitude. A further reduction of uncertainties requires improvements

of the EDM measurement technique.

2.5 EDM Measurement with Trapped Sample -

Trapping of Barium as a Precursor

Improvements on the uncertainties may be possible with trapped samples of
atoms. In an experiment where atoms under investigation are supplied in a

beam of flux F the number of incoming particles, N, over a duration T is

T
N—/ F dt. (2.19)
0

In a trapping experiment the observation time is given by the trap lifetime of the
sample, i.e., T = Tyap. In an atomic beam the characteristic time is the time of
flight through the experimental region, T = 7rop, and in a gas cell the time scale
can be long compared to Tiap and 7rop. In a trap or in a beam the observation
time is larger than the spin coherence time 7, but in a gas cell typically the
observation time is smaller than 7.

The average velocity of trapped atoms is about three orders of magnitude
lower than the velocity of atoms in an atomic beam. The strength of the motional
magnetic field will thus be negligible for trapped samples. In a gas cell the average
velocity of atoms is zero, but asymmetric collisions with the cell walls introduce
a motional magnetic field [21].

The volume of a trapped sample is about three orders of magnitude smaller

than the volume of the experimental region in a gas cell or in an atomic beam.
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The strengths of an external electric field E and a magnetic field B can be
expected to be more homogenous over a small volume. The orientation of the
spin T of individual particles relative to the electric field E would be isotropic
in a trapped sample which reduces the mean deviation dw of the spin coherence
time 7.

Leakage currents can be expected to be suppressed in the vicinity of a trapped
sample in an ultra high vacuum environment. Electric fields up to \E] ~ 100
kV/em can be applied, which is beyond the technical possibilities of most other
experimental principles. The signal of an EDM would be proportional to ]E>| and
therefore bigger.

In particular for rare isotopes an efficient collection trap is advantageous for
exploiting a large fraction of the atomic flux. An advanced setup with a trapped
sample of a radium isotope will be indispensable for a competitive EDM search.
Radium atom trapping has been reported [76] recently. However, in this experi-
ment a trapping efficiency of only 7 - 1077 for the rare isotopes could be achieved
sofar, due to peculiarities in the atomic level scheme of radium. The efficiency
needs to be improved significantly for a future precision experiment.

The development of the necessary techniques for cooling and trapping can
better be performed with an atomic species of similar atomic level scheme which
is sufficiently abundant and not radioactive. The similarities in the level schemes
of radium and barium (see Figs. 1.2 and 1.1) provide the opportunity to use
barium as a precursor for developing an EDM experiment. In particular the
methods for efficient laser cooling and trapping can be worked out as the first
step in an EDM search project. A new EDM measurement scheme with trapped
atoms can then be developed with the stable barium isotopes as well. Although
barium isotopes exhibit no strong enhancement factors for possible EDM’s, a
trapped barium sample will be a powerful tool to study systematic uncertainties

and limitations of such new experimental searches for EDM’s.



Chapter 3

Heavy Alkaline-earth Elements:

Barium and Radium

Barium and radium are heavy alkaline-earth elements, i.e., they fall into the
the 274 group of the periodic table of elements. Barium has 7 stable isotopes:
130Ba (0.1%), 3?Ba (0.1%), ¥'Ba (2.4%), **Ba (6.6%), *Ba (7.8%), *"Ba
(11.3%) and '**Ba (71.7%). None of the the radium isotopes is stable. The
atomic energy levels of both chemical homologous elements have a similar struc-
ture (see Figs. 1.1 and 1.2). The electronic configuration except for the principal
quantum number of the outermost shell is identical for most relevant purposes.
This chapter gives an overview of the spectroscopic information available for
barium and radium. A compilation of data is made, which are relevant for the
development of laser cooling and trapping of these two heavy alkaline-earth ele-
ments. The scientific issues related to laser cooling and trapping of a many level

leaky system are also addressed.

3.1 Radium

Radium was discovered by M. Curie in 1898. Important physical properties of
the element are listed in Table 3.1. The activity of 1 g ?*Ra was defined as the
unit of radioactivity, i.e., 1 Ci. Four decades later in 1933 optical spectroscopy
was performed for the first time by E. Rasmussen on the atom [77] and on the
singly charged ion [78]. A total of 56 transitions were identified in the radium
atom with a grating spectrometer [77]. The lines were recorded on a photographic
film and the precision was estimated to 1073 cm™!, a relative accuracy of about

1079, and the level structure was extracted. These measurements confirmed

19
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Barium (Ba) Radium (Ra)
atomic number (Z) | 56 88
atomic mass (m) 137.334 gm/mol | 226.03 gm/mol
melting point 1000 K 1196 K
most abundant 138Ba (71.7%) 226Ra (> 90%)
isotope stable 7172 = 1600 y)
electron config. [Xe] 6s* [Rn] 7s?
ground state 6s2 'S, 752 1S,
nuclear spin (I) even - 0 even - 0

odd - % odd - many

Table 3.1: Atomic properties of the heavy alkaline-earth elements barium and

radium.

the identification of radium as an alkaline-earth element. The term energies in
the triplet system were corrected in 1934 by H. N. Russel [79]. Some levels
were shifted by more than 600 cm™ with respect to the original classification
by Rasmussen. This reanalysis yielded also a value for the ionization potential
of 5.252 eV [79]. Later, F. S. Tomkins and B. Ercoli in 1967 [80] and J. A.
Armstrong, J. J. Wynnet and F. S. Tomkins in 1980 [81] could measure the
Rydberg series by absorption spectroscopy in a radium cell.

Laser spectroscopy of radium isotopes started in 1983. At the ISOLDE fa-
cility of CERN in Geneva, Switzerland, radioactive isotopes with a half-life time
between 71/, = 23 ms and 1600 y were produced. Collinear laser spectroscopy
of the strong 7s? 'Sy — 7s7p 'P; transition was used to measure the hyper-
fine structures and isotope shifts for 18 radium isotopes [82,83]. Later the
isotope shift measurements were continued for the 7s? 'Sy — 7s7p P, and the
7sTp 3Py — 7s7d ®Dj3 transitions [84]. The nuclear magnetic moments of the ra-
dium isotopes 2'3Ra and ??’Ra were determined experimentally at the same fa-
cility to 0.7338(15)ux and 0.6133(18)un, where py is the nuclear magneton [85].
There is good agreement of the latter value with a theoretical calculation, which
yields 0.607(12)ux [86]. Recently the 7s6d 3Dy — 7s7p 'P; transition was mea-
sured in connection with laser cooling of radium on the weak intercombination
752 1Sy — 7s7p 3P, transition [76,87]. The frequency was found to be within
1 GHz from the value given in the reanalysis of the original grating spectrometer
data [79].

The unique atomic and nuclear properties of radium isotopes make them
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Radium Excitation energies [cm™!]
State Ref. [20] | Ref. [90]* | Ref. [90]" | Ref. [91]
7s7p Py | 20716 21156 21148 20450
7s7p Py | 13999 14072 14096 14027
7s7p 3Py | 16689 16855 16855 16711
7s6d 'D, | 17081 17806 17737 17333
7s6d 3Dy | 13994 13974 13907 13980
7s6d 3D, | 13716 13672 13609 13727

Lifetimes of the excited states in radium
State Ref. [18] | Ref. [91] | Ref. [93] | Ref. [87]

7s7p 'Py | 5.5 ns 5.53 ns 5.56 ns
7s7p ®Py | 505 ns | 362 ns 421 ns 422(20) ns
7s6d 'Ds | 38 ms 0.129 ms | 1.37 ms
7s6d 3Dy | 617 pus | 654 us 719 s
7s6d 3Dy | 15 s 3.3s 3.95 s

Table 3.2: Excitation energies and lifetimes of some states in radium. References
[20, 87] provide the experimental values. Ref. [90]* refers to the Dirac-Coulomb
(DC) and Ref. [90]® corresponds to the Dirac-Coulomb-Breit (DCB) excitation
energies calculated with relativistic coupled cluster (RCC) method. Ref. [91] uses

a configuration interaction method and many-body perturbation theory.

promising candidates for several scientific experiments. This provides a strong
motivation to perform high precision calculations of the necessary atomic wave-
functions. The relativistic nature of the system provides a challenge for calcu-
lating the wavefunctions. High accuracy calculations of the hyperfine structures,
transition rates, excited state lifetimes and their polarizibilities depend strongly
on the knowledge of the wavefunctions for these heavy multi electron systems.
Whereas the hyperfine structure is particularly sensitive to the part of the wave-
function near the nucleus, transition probabilities depend more on the far off the
nucleus part of the wavefunctions. Not only the final analysis of the experiments,
but also an evaluation of the sensitivity to symmetry breaking effects are based
on such calculations. In reverse, precision measurements of these quantities give

reliable input for atomic structure calculations.

The energy levels, the decay rates and the lifetimes of several states have

been calculated by several groups [88-95]. They have used different theoretical
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Upper Lower | Wavelength | Ref. [93] | Ref. [91]
level level (nm) | [Ag] (571 | [Au] (s71)
7sTp °Py | 782 1S, 7143 | 2.4-10° 2.8-10°
7s6d 3Dy 1.8-1073 1.6-1073
7s6d 2D, 8.8-10! 9.8-10!
7s7p P, | T7s% 1S, 4827 | 1.8-108 1.8-10°
7s6d 'Ds 2751.5 3.2-10° 3.2-10°
7s6d 3D, 1487.7 3.2-10% 4.2-10*
7s6d *D; 1428.6 1-10° 0.3-10*
7s6d *Dy | TsTp *P; 7-103 7.7-103
7sTp 3Py 5.9-10! 7.9-10°
6d7p 3D, | 7s6d 3D, 540.1
7s6d 3D, 548.4
7s6d 1S, 310.2

Table 3.3: Wavelengths and calculated decay rates of optical transitions relevant
for laser cooling and trapping of radium. The theoretical values were obtained in

two independent calculations [91,93].

approaches such as Dirac-Coulomb and Dirac-Coulomb-Breit interactions in their
high precision calculations [90]. The calculated term energies and lifetimes show
a large discrepancy for some of the states (see Table 3.2). These calculations
require an experimental verification and clarification of the existing discrepancies.
A compilation of the decay rates and the lifetimes from the literature is given in

Table 3.3.

3.2 Barium

Barium was discovered by H. Davy in 1808. Its main physical properties are listed
in Table 3.1. Since then it has been studied extensively. There is a large body of
experimental data available on many different transitions in barium atoms [96—
105]. Here an overview of available data on energy levels, decay rates, lifetimes,
hyperfine structure splitting and isotope shifts is given. The large amount of
experimental data makes barium an excellent system to check the quality of
theoretical understanding of heavy alkaline-earth elements.

Most of the decay rates were measured by Fourier transform spectroscopy us-

ing a hollow cathode discharge lamp [97-100] and laser spectroscopy using atomic
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beams [101,102]. The hyperfine structure of metastable D-states was observed
with magnetic resonance technique in an atomic beam, where metastable atoms
were produced by electron bombardment [106-108]. The magnetic dipole and
the electric quadrupole coupling constants of the metastable states are reported
in Ref. [106,107] and the measured Lande g-factors of the respective states are
given in Ref. [108]. For the chain of radioactive barium isotopes *?Ba to *Ba the
nuclear spins, the nuclear magnetic moments, the mean square charge radii, the
hyperfine constants and the isotope shifts of the 6s? 'Sy — 6s6p 'P; transition
were measured at the ISOLDE facility of CERN [109]. Hyperfine structure mea-
surements and isotope shift measurements of the 6s? 'S, — 6s6p 'P; transition
were particularly performed for stable barium isotopes [110]. The isotope shifts
of the relevant infrared transitions' are available from the work of Ref. [111]. At
the TRIuP facility of KVI the isotope shifts of the 6s5d 3D; — 6s6p 'P; and the
6s5d 3Dy — 6s6p 'P; transitions were measured recently [112,113]. The isotope
shift of the odd isotopes is larger than predicted. This may show the importance
of the contribution from core polarization to the isotope shifts [113].

Decay rates for a number of crucial transitions in barium have been calcu-
lated [88,114-116]. The calculations present similar difficulties as for radium
concerning relativistic effects [117]. Such calculations for barium can be com-
pared with the large amount of experimental high precision data to verify the
quality of the theoretical approaches. Further estimate of the uncertainties in
the calculations for radium become possible [91,95]. The lifetimes of the very
long lived metastable 6s5d 1Dy and the 6s5d D, states in barium have been cal-
culated to 0.25 s and 60 s respectively [118]. The current status of knowledge
about the transition wavelengths and the decay rates of states for barium below

a term energy of 25000 cm™! are compiled in Tables 3.4 and 3.5.

3.3 Laser Cooled Atoms

Cooling of ions in ion traps has been achieved already in the 1970is by H. Dehmelt,
P. Toschek and their co-workers [120,121]. A single laser with its frequency red
detuned from a resonance is in principle sufficient, because the ions are trapped

by forces acting on their electric charge. Imperfections in the mechanical setup

'In this context the transitions 6s? 'Sy — 6s6p *P1, 6s5d 'Dy — 6p5d 3Dy, 6s5d 'Dy —
6p5d 3Ds, 6s5d 3D3 — 6p5d Dy, 6s5d 2Dy — 6p5d 1Dy, 6s5d 3Dy — 6p5d Dy, 6s5d 3Dy —
6p5d 3Fs, 6s5d 3Dy — 6p5d 3Fs, 6s5d 3Dy — 6pbd 2Fay, 6s5d 2Dy — 6p5d 3F3, 6s5d 3Dy —
6p5d 3F3, 6s5d D3 — 6p5d 3Fy, 6s5d 3D; — 6p5d 3D; need to be considered.
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Upper level Lower | Wavelength Decay rate Ref.
and lifetime level (nm) [Ayg] (s71)
6s6p 3Py 652 1S 791.32 2.99(38)-10° [104]
6s5d 3Dy 2923.0 3.18(32)-10°
1345(14) ns [87] | 6s5d 3D, 2775.7 1.23(12)-10°
6s5d 1Dy 8056.5 0.006-10° * | * [115]
656p P 6s5d *Ds 2552.2 48105 | [115]
6s5d 3Dy 2326.0 1.0-10°
6s5d 3D, 2231.8 0.09-10°
1.4 us [95] 6s5d 1Dy 4718 4 0.01-10°
6s6p 3Py 6s5d 3D, 3094 2.6-10° | [115]
2.6 us [95]
6s6p 1P, 6s2 1S, 553.74 1.19(1)-108 [103]
6s5d 'D, |  1500.39 | 0.0025(2)-108
6s5d 3D, | 1130.36 | 0.0011(2)-108
8.0(5) ns [112] | 6s5d 3D, | 1107.87 | 0.000031(5)-108
5d? 3F, 6s6p 3P, 1205.2 0.36-10° [115]
6s6p 3P, 1347.8 0.33-10°
190us [95] 6s6p 1P, 3479.7 0.16-10°
5d? 3F5 6s6p *Py 1292.7 2.8-102 [115]
2.9 ms [95]
5d2 1D, 6s6p °Ps 1047.4 2.8-105 | [115]
6s6p 3P, 959.2 0.85-10°
470 ns [95] 6s6p 1P, 1999.3 0.49-10°
5d6p 3F, 6s5d 3D, 767.42 1.50(28)-107 [98]
6s5d 3D, 778.05 0.74(15)-107
34(6) ns [98] 6s5d 1Dy 937.26 0.74(15)-107
6s5d 3Ds 802.02 < 0.0009-107
5d? 3F, 8842.3
5d? 3F, 12275
5d6p 3F5 6s5d 3Dy 728.23 2.7(5)-107 [98]
6s5d D3 749.01 0.60(12)-107
30(5) ns [98] 6s5d 1Dy 865.65 0.030(8)-107
5d? 3F, 4966
5d? 3F 5890
5d? 3F, 7552.3

Table 3.4: The table is continued on the next page.
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Upper level Lower | Wavelength Decay rate | Ref.
and lifetime level (nm) [Ay] (s71)
5d6p °Fy 6s5d *Ds 706.18 5-107 | [100]
27 ns [95]
5d? 3Py 6s6p Py 945.9 1.4-107 | [115]
6s6p Py 1942.2 0.0042-107
160 ns [95]
5d? 3P, 6s6p 3Py 891.7 5.7-10° | [115]
6s6p Py 1003.5 5.0-106
170 ns [95] 6s6p Py 922.2 4.0-10°
6s6p Py 1845.1 0.0012-10°
5d? °P, 6s6p *Py 961.2 6.4-10° | [115]
6s6p Py 886.3 3.2-109
270 ns [95] 6s6p Py 1706.9 0.41-106
5d6p 3D? 6s5d 3D, 659.71 3.7(2)-107 | [98]
6s5d 3D, 667.71 1.8(2)-107
6s? 1S, 413.36 0.15(2)-107
17.4(5) ns (98] | 5d? 3F, 3068.20 0.063(38)-107
6s5d 1D, 781.51 | < 0.0058(17)-107
5d? 3Py 10170
5d? 3P, 14040
5d? *Py 36604
5d? 1Dy 8847.2
5d6p Dy 6s5d 2Dy 645.26 1.1(2)-107 | [98]
6s5d 3Dy 652.91 3.1(6)-107
6s5d 3Dj 669.56 1.3(3)-107
18(3) ns [98] 6s5d 1Dy 761.26 0.11(3)-107
5d? 3Fy 2779.0
5d? 3F; 3046.8
5d? 3P, 9507.4
5d? 3P, 16319
5d? 1D, 8303.3
5d6p 3Ds 6s5d D3 650.05 5.4(4)-107 | [100]
6s5d 3Dy 634.34 1.16(8)-107
18 ns [95] 6s5d 1Dy 736.13 < 0.005-107
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Table 3.5: Continuation of Table 3.4. Compilation of the optical transitions

in barium among the energy levels up to 25000 cm™".

1

The wavelengths are in

vacuum. The errors quoted for the decay rates and the lifetimes are experimental.

Transitions and decay rates relevant to this work are highlighted.
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of the trap are sufficient to couple the motional degrees of freedom. For atoms
the situation is significantly different, because the trapping forces and the cooling
act on the same atomic transition. For atom trapping, sufficiently balanced laser
beams are needed to cool and confine them in all independent spatial directions.

The alkaline atoms lithium [122], sodium [123], potassium [124, 125], rubid-
ium [126,127], cesium [128,129] and francium [130] have been all laser cooled and
trapped. The single valence electron in the outer shell of these atoms provides an
ideal level scheme for the laser cooling techniques. Alkaline atoms such as sodium
and rubidium have been particularly used for the development and refinement
of various cooling and trapping techniques due to the easy accessibility of the
wavelengths with commercial lasers. Other effective one electron systems are
metastable noble gases. Helium [131], neon [132], argon [133], krypton [133,134]
and xenon [135] but not radon have been trapped for different physics moti-
vations. In addition, optical trapping was reported for chromium [136, 137],
silver [138], ytterbium [139], erbium [140], cadmium [141] and most recently
mercury [142]. The alkaline-earth atoms magnesium [143], calcium [144], stron-
tium [144] and radium [76] have been trapped as well. Barium however had not
been trapped due to its complicated atomic level scheme. No simple transition
that could be exploited as a cooling transition exists and a substantially more
complex laser setup is required compared to all other trapped atoms.

There are a few more elements where laser cooling experiments have been
reported but which could not be trapped so far. This includes iron [145], gallium
[146], aluminum [147] and indium [148]. The limiting factor for laser cooling of
these atoms is also leaking from the cooling transition similar to barium. This
work reports on trapping of barium, with the leakiest cooling transition among

all systems that ever have been trapped.

3.3.1 Laser Cooling of Leaky Systems, Barium and Ra-
dium

Alkaline-earth atoms have two electrons in their outer s-shell, with a ground state
configuration ns? 'Sy, where n is the principal quantum number 2, ..., 7. The
low lying excited states are of the configurations ns(n — 1)d 3Dy, ns(n — 1)d 3Ds,
ns(n — 1)d ®D3, ns(n — 1)d Dy, nsnp 3Py, nsnp 3Py, nsnp *Py and nsnp 'P;y. The
relative positions of the excited states are different in lighter and in massive ele-
ments. The level schemes barium and radium are shown in Figs. 1.1 and 1.2 as

examples.
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Fig. 3.1: Decay branching ratio B, for the ns? !Sq — nsnp 'P; transition n =
2,...,7. Typically 10° scattered photons required for full deceleration of a thermal

atomic beam indicated by horizontal straight line.

Two quantities, which characterize laser cooling of alkaline-earth elements
with the strong ns? 'Sy—mnsnp 'P; transition can be defined :

(1) The decay branching, B, is the ratio of the decay rate of the nsnp P,
state to the ground state ns? 1S to the decay rates into the low lying D-states.
It is given by the ratio of the spontaneous transition rates Aip, _1g, of the cooling

transition to the sum of the transition rates Z Aip, _p into the low
D=1Dy,3D3,3D;

lying D-states

Alpl_lSO

> Awn

D='D,2D3,3Dy

B, = (3.1)

(2) The change in velocity, Av, corresponding to scattering B, photons on

the cooling transition is
hk

Av = B.v, =B, - —, (3.2)
m
where v, is the recoil velocity due to scattering of a single photon, m is the mass
of the atom, X is the wavevector of the transition and % is Planck’s constant.
The branching ratio B, varies significantly with the atomic masses when the

electron coupling scheme in the atoms changes from Russell-Saunders (L-S) cou-
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Fig. 3.2: Average velocity change Av for alkaline-earth elements by laser light

at the ns? 'Sy — nsnp 'P; transition n = 2,...,7. Further velocity change are not

possible with only this light, because the atoms are optically pumped into the

metastable D-states. The horizontal line corresponds to the Av = 400 m/s, which

is a typical value for the most probable velocity of atoms in an atomic beam.

Alkaline-earth elements | B, v, (m/s)
Beryllium (Be) 6.8 - 10® 0.19
Magnesium (Mg) 5.0 - 10® 0.058
Calcium (Ca) 1.0 - 10° 0.024
Strontium (Sr) 0.5-10° | 0.0099
Barium (Ba) 3.3 102 | 0.0052
Radium (Ra) 3.5 - 107 0.0037

Table 3.6: Decay branching ratio B. for the alkaline-earth atoms for the decay

into metastable D-states. The recoil velocities v, = hk/m for single photon scatter-

ing on the ns? 'Sy — nsnp Py strong resonance transition for the most abundant

isotopes, where n = 2,... 7.
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Symbols | Wavelength | Transition Functionality
(nm) in this work

A\ 553.7 | 652 1Sy — 6s6p 'P; | cooling transition
and detection

A2 659.7 | 6s5d *D; — 5d6p D¢ | repumping transition

A3 667.7 | 6s5d *Dy — 5d6p D¢ | repumping transition

MR1 1107.8 | 6s5d *D; — 6s6p 'P; | repumping transition

AR2 1130.6 | 6s5d ®Dy — 6s6p 'P; | repumping transition

AR3 1500.4 | 6s5d Dy — 6s6p 'P; | repumping transition

A\ 413.3 | 5d6p 3D9 — 6s* 1S, detection

Table 3.7: Nomenclature of the transition wavelengths and their functionality in

the experiments. The transitions are shown in Fig. 3.3.

pling towards j-j coupling and the states despite a clean L-S coupling labelling
have in fact admixtures from different spin states. The branching ratio B, varies
by many orders of magnitude over the alkaline-earth group of elements (see Fig.
3.1). A figure of merit is the average velocity change Av before the atom is lost
from the cooling cycle (see Fig. 3.2). For a velocity change of about 400 m/s,
an atom needs to scatter some 10* — 10° photons. Laser light on the strong
ns? 1Sy—mnsnp 'P; transition is sufficient for laser cooling of the light alkaline-
earth elements Be, Mg, Ca and Sr, where n = 2,...,5. For barium and radium
an average velocity change of order Av < 2 m/s can only be achieved. This can

not be considered significant deceleration with laser cooling.

-1

o, 1s at least

For barium and radium, the leaking from the cooling cycle, B
three orders of magnitude larger than for the lighter alkaline-earth elements (see
Table 3.6).

techniques, one has to repump the atoms from the metastable states back into the

To change the velocity nevertheless significantly by laser cooling

cooling transition. A complete cooling cycle involves the transitions between the
five states ns® 'Sy, nsnp Py, ns(n — 1)d 'Dy, ns(n — 1)d *D; and ns(n — 1)d 3D,
rather than just the two states ns? 'Sy and nsnp 'P; with n = 6 for barium and
n =7 for radium. This requires a complex laser system for decelerating and
eventually trapping of these atoms.

Several strategies are possible to achieve effective repumping of barium and
radium atoms from the D-states into the cooling transition. The main goal is
to provide efficient repumping from the dark states and to avoid simultaneous

losses to even further states. One solution is based on three infrared transitions
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Fig. 3.3: Energy levels of atomic barium relevant for laser cooling. The solid lines
indicate the laser light at the wavelengths A; used in the experiment and the doted
line together with the solid lines indicate the allowed electric dipole transitions.
The decay rates A; of the excited states are listed in Tables 3.4 and 3.5.
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(see Table 3.7) at the wavelengths Ajr1, Air2 and Ajrg for barium, which couple
the 6s5d Dy, 6s5d 3Dy and 6s5d 3D, states to the excited state 6s6p Py of the
cooling transition. Repumping of the 6s5d ®D; and the 6s5d D, states via the
higher lying 5d6p 3D¢ state with laser light at the wavelengths Ay and A3 is an
alternative in barium. Similarly in radium the 7s6d 3D; and the 7s6d 3D, states
can be repumped via the 6d7p 3D state.

For barium the observed decay branching of the 6s6p 'P; state to the 6s5d D,
state is 1: 485(15), to the 6s5d Dy state it is 1 : 1085(35) and to the 6s5d *D,
state it is 1 : 24000(3000). Without repumping from the 6s5d 3D; state one can
expect an average velocity change of Av = 120(15) m/s. A significant part of the
velocity spectrum from a thermal source can still be accessed with repumping
the 6s5d 1D, and the 6s5d D, states only. The velocity range can be extended
by adding a repumping laser light at the wavelengths A\jg; or As.

For radium the calculated decay branching of the 7s7p P, state to the 7s6d 'D,
state is 1 : 550, to the 7s6d 2D, state it is 1 : 1800 and to the 7s6d 2D; state it is
1 : 5600 [93]. Without repumping from the 7s6d 3D, state one can expect an av-
erage velocity change of Av = 20 m/s. In that case repumping from the 7s6d 3D,
state has to be implemented for the deceleration of an atomic beam. It appears
that with repumping atoms from metastable D-states one can achieve significant

deceleration of the heavy alkaline-earth elements.

3.3.2 Discussion of Atomic Beam Slowing

The velocity, v., up to which a magneto-optical trap (MOT) can capture atoms is
typically a few ten m/s. It is not high enough for efficient loading of the trap from
a thermal source because of the small number of atoms in the Maxwell-Boltzman
velocity distribution below v.. This is of crucial importance for a trapping scheme
for rare and radioactive isotopes.

During the deceleration of an atomic beam by optical forces the changing
Doppler shift causes the cooling transition to shift out of resonance. A Doppler
shift by one natural linewidth, I" = ~/2m, corresponds to a velocity change of
Av = 10 m/s for barium. With a fixed laser detuning the velocity range of the
optical forces would be limited. Among the possible solutions to this problem
are (i) frequency chirping of the slowing laser [149,150], (ii) the use of a Zeeman
slower [151] or (iii) laser cooling with frequency broadened lasers [152]. All these
techniques have been implemented in several systems to compensate the changing

Doppler shift during deceleration and thus keep the slowing force present at all
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time. The feasibility of these techniques for decelerating a barium atomic beam

have been explored.

(i) Frequency Chirping

The changing Doppler shift can be compensated by changing the frequency of the
laser according to the Doppler shift while decelerating the atoms [153]. It was
first implemented in slowing of a sodium atomic beam [149]. The time span of the
frequency sweep needs to be synchronized to the deceleration time of the atoms in
the deceleration region. Stopping barium atoms of vy = 600 m/s initial velocity
with an acceleration apa, = 3 - 10° m/s? will take t = 2 ms. The frequency sweep
rate must be then about 500 Hz and the sweep range is about 1.1 GHz to cover
the velocity range up to vo. The duty cycle of this process will be 0.5 %. In order
to achieve the same overall efficiency as for a fixed laser frequency detuning one
would have to access about a 200 times larger fraction of the velocity distribution.

The repumping lasers have a similar requirement for the frequency sweeping.

(ii) Zeeman Slower

A widely used technique is a spatially varying magnetic field along the direction
of motion of the atomic beam. The Zeeman shift can be adjusted along the device
to compensate the Doppler shift [151]. For achieving a continuous deceleration
over the interaction length the spatial variation of the magnetic field has to match

the gradient of Doppler shift.
Bringing atoms of an initial velocity vy to rest requires an interaction length

v2

“25%’ (3.3)
where a is the deceleration. During the deceleration the velocity, v(x), of the

atom at position, x, along the propagation direction of the atomic beam will be

v(x) = v/2a(x9 — x). (3.4)

The Doppler shift, fp(x), at the position x will be

v(x 2a-(xg — X
fp(x) = —% = —¥7 (3.5)
where A is the transition wavelength. The gradient of Doppler shift is
df; 1
p() _ 1 2 (3.6)

dx AV 2(x0 —x)
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Fig. 3.4: Zeeman splitting of the states in the laser cooling scheme of barium. The
transitions are drawn to show the possible decay to the sub-levels. The splitting

of the transitions with increasing magnetic field are not drawn to the scale.
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States m
ns? 'S, 0
ns(n — 1)d *Dy | +1, 0, -1
ns(n —1)d *Dy | +2, +1, 0, -1, -2
ns(n — 1)d 'Dy | +2, +1, 0, -1, -2
nsnp ‘P, +1, 0, -1

e =N BN I T e Ko e

Table 3.8: Magnetic quantum numbers m and Lande g-factors g of the particular

states involved in the laser cooling scheme of heavy alkaline-earth atoms.

In a spatially varying magnetic field, B(x), the frequency shift, vg(x), of a tran-
sition due to Zeeman splitting is

B - B(x)

vp(x) = (m; g — my gx) — (3.7)

where m;, my and g;, gk are the magnetic quantum numbers and the Lande g-
factors for the i-th and k-th magnetic sublevels (see Table 3.8). In the Zeeman

slower the Zeeman shift and the Doppler frequency shift cancel each other

dvp(x) de<X>‘

dx dx (38)
The spatial variation required for the magnetic field is
h /a
B(x) =0% - |—4/= (x0 — .
(0 =65 [2£/3 6a -], 39

where p =0T, ¢~ or 7 refers to the transition type (see Fig. 3.4) and ©F is a
scaling factor
OF = [A- (my g — myc g)] ', (3.10)

which determines the required gradient of the magnetic field in the Zeeman slower
(see Table 3.9).

For laser cooling of '*®Ba, which has nuclear spin I = 0, the fine structure
splitting needs to be considered only. The scaling factor ©F has in general a
different value for every transition (see Table 3.9). That would require a different
Zeeman slowing magnetic field for every transition at the same location. This is

not possible as it would violate Maxwell’s equations.
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Wavelength | Polarization | (m; g — my gx) oy
(nm) (p) (nm~1)
)\1 O'Jr +1 + Ail
)\IRI O'Jr +1 + /\ILI
1 1 1
+ 2 + 2 AR1
AIR2 ot - % - % ,\Ilm
- _ 8] _8_1
6 6 AIr2
1
+1 + AIR2
)\IR3 O'+ + 1 + /\;3
AIR3
0 0

Table 3.9: The Zeeman slower scaling factor @I; for the transitions within the
magnetic sub-levels involved in the laser cooling of barium, which determines the

required slope of the magnetic field in a Zeeman slower.

(iii) Frequency Broadening

Frequency broadening of the lasers or power broadening of the transition offer a
further opportunity to compensate the Doppler shift change. In a moving atomic
reference frame the effective frequency detuning, §, of a laser frequency from
the atomic transition frequency is given by Doppler shift, dp, and the frequency
detuning of the laser, d;, from resonance, i.e., 6 = (§ + dp). The photon scattering
rate, vp, depends on the frequency detuning . For an intense light source the

power broadening increases the width of the transition to

Y =7 V(I +5S), (3.11)

where Sy is the saturation parameter. This widens the velocity acceptance range
for the slowing lasers, and the velocity change Av can be many times larger than
the velocity change which corresponds to a change of the detuning of the natural

linewidth I' of the cooling transition.



36 HEAVY ALKALINE-EARTH ELEMENTS: BARIUM AND RADIUM

Conclusion

In this work a barium atomic beam is slowed down with intense laser beams
to power broaden all the transitions. This is sufficient to slow an atomic beam
for loading into a MOT (see Chapter 6). The better option of using frequency
broadened light sources for the relevant transitions has not been installed yet, as
it requires a large number of, e.g., electro-optic modulators. With this further
feature a larger fraction of the velocity distribution could be decelerated.

Laser cooling of the heavy alkaline-earth elements requires an extended cool-
ing cycle with five or six states. For barium all relevant branching ratios and
transition wavelengths are known from available experimental data. The situ-
ation for radium is different since only few transitions have been observed by
laser spectroscopy. The main source for the transition wavelengths and the decay

branching ratios are theoretical calculations.



Chapter 4
Experimental Tools

The main experimental topic of this work is the optical trapping of the heavy
alkaline-earth element barium as a precursor for radium experiments. Trapping
of atoms in a magneto-optical trap (MOT) requires an atomic source inside a
vacuum chamber, coherent light sources for driving suitable atomic transitions,
a quadrupole magnetic field, a detector for observing the signal from trapped
atoms and a data acquisition system. The experiments require the control of up

to eight different lasers at the same time.

4.1 Barium Atomic Beam

A barium atomic beam is produced by a resistively heated effusive oven [112].
The same basic oven design is used for several experiments at KVI: as an atom
source in the Alcatraz experiment aiming for trapping of the rare isotope *'Ca
[154] and as a source for Na trapping for recoil ion momentum spectroscopy
[155,156]. The oven is mounted on a standard CF35 flange. It is inserted into
a CF35 tube of 128 mm length. An electric power of some 20 W heats the oven
to a temperature of 820 K. The temperature can be measured with a K-type
thermocouple, which is a model K24-1-505 (from KURVAL BV., Nieuw-Vennep,
Netherlands). The oven crucible has an orifice of 1 mm diameter and 10 mm
length. The divergence of the atomic beam is about 100 mrad. Far away from
the oven, near the beam axis where the transverse velocity component can be
neglected, the velocity distribution of the atoms in the atomic beam can be

approximated with a Maxwell-Boltzmann distribution
V3 v2
deeam(V) = m exp <—ﬁ) dV, (41)

37
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where v is the atomic velocity, m is the mass of a barium atom, kg is Boltzmann’s
constant, T is the operating temperature of the oven and Vv is the characteristic

velocity given by

- kg - T
VvV = .

- (4.2)

L
8

velocity is Vip = V3 - ¥ and the root-mean-square velocity is Vyms = 2 - v. In this

In an atomic beam the average velocity is < v >= v, the most probable
distribution, a fraction of only 4 - 1077 is below a velocity of 30 m/s, a typical
capture velocity of a MOT.

The oven is loaded with 200 mg of barium carbonate BaCOj3 and 500 mg
zirconium Zr powder. The BaCOj is mixed with the Zr powder. The oven is
heated initially to a temperature of 1000 K, to break the carbonate bond and
to produce barium oxide BaO and carbon-di-oxide COs in a calcination process.
Zirconium works as a reducing agent for BaO to produce atomic Ba. Aluminum
and silicon could be used as an alternative reducing agent in a thermite process.
The flux is about 10'? — 10 barium atoms per second emerging from the oven
at a temperature range of 750 — 900 K. Two identical ovens are operated in the
experiment, one is filled with BaCOj3 (from ACROS Organics, NJ, USA), with
the seven stable natural barium isotopes. The second oven contains isotopically
enriched **BaCO3 of 99.7% purity (from Campro Scientific BV, Veenendaal,
Netherlands).

The beam with all natural barium isotopes is used for Doppler free laser
spectroscopy with the transition at wavelength \;. The obtained signal serves as
a reference for stabilizing the laser frequency [112]. The isotopically pure **Ba
atomic beam is used in the magneto-optical trapping setup.

The vacuum chambers for both atomic beams are made of standard conflat
(CF) UHV stainless steel parts. The vacuum system for the Ba atomic beam
consists of the oven in a CF63 chamber and CF38 triplecross piece. To this
housing two windows are mounted on opposite sides for a laser beam entry and
exit, which crosses the atomic beam at right angle § = 90° downstream of the
oven. The interaction region can be viewed through a third window, which is
orthogonal to the laser and atomic beams. The vacuum is maintained in this
chamber by a 2 1/s ion pump (from Gamma Vacuum, MN, USA) to several times
1072 mbar. The isotopically pure **Ba beam is connected to a vacuum system
(see Fig. 4.1), which is pumped by a 10 1/s ion pump (from Gamma Vacuum, MN,
USA). The vacuum is typically around 10~ mbar. An octagon (from Kimball
Physics Inc., NH, USA) is used as the central trapping chamber. It has ports
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Fig. 4.1: Top view of the vacuum chamber for magneto-optical trapping of barium.
1 - the barium oven is mounted on a CF35 flange. 2 - a 10 1/s ion pump to maintain
the vacuum. 3 - a KF port for mounting a roughing pump to the chamber. The
optical windows indicated in bold are anti-reflection coated. The center of the
octagon shaped part of the chamber is about 600 mm down stream of the oven

orifice. Figure is drawn to scale.

for nine optical windows. Eight of the windows are made from fused silica and
have a broad band anti-reflection coating to reduce the reflectivity at wavelength
A1 to less than 0.5%. Some of the windows are mounted on extension tubes to
reduce the amount of reflected stray light coming from six trapping laser beams.
The window in the direction of the atomic beam has no optical coating, since it

is used for several significantly different wavelengths.

4.2 Lasers

Lasers at visible and infrared wavelengths are needed for driving transitions in
the laser cooling cycle (see Fig. 4.1). Different types of lasers are employed, i.e.,
a dye laser, three fiber lasers and several diode lasers. The laser systems, the
generation of multiple frequencies at one wavelength, locking schemes and the

layout of the optics arrangement are described in this section.
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Wavelength Transition Intensity | Detuning | Laser

(nm) system

A =553.7 | 6s*'Sy —6s6p Py | I¥ AvP Dye laser

Ao =659.7 | 6s5d 3D; — 5d6p DS | I, Ay Diode laser

A3 = 667.7 | 6s5d 3Dy — 5d6p DS | I3 Avs Diode laser

Air1 = 1107.8 | 6s5d *Dy — 6s6p 'Py | Iimy Aviry Fiber laser

Air2 = 1130.6 | 6s5d *Dy — 6s6p 'Py | Ig, JANZ Fiber and
diode lasers

Air3 = 1500.4 | 6s5d 'Dy — 6s6p 'Py | Izs JAN 7 Fiber and
diode lasers

Table 4.1: Nomenclature for the intensities and frequency detunings of all laser
beams in this work. Laser beams at the wavelengths A1, A\jre and Ajg3 are used
for two different purposes in the experiments. For those lasers the superscript p
(i.e. sort) in the detunings and intensities refers to their purpose. Where s means

slowing and t means trapping.

Dye Laser

A CR-699-21 ring dye laser (from Coherent Inc., Palo Alto, USA) is operated
with Pyrromethene-567 (PM567) dye to produce light at wavelength A;. The
concentration of the dye solution is 1 g in 1.5 ¢ of 2-phenoxyethanol (CAS No.
122-99-6). A dye circulator RD-2000 and a nozzle RD-07 (from Radiant Dyes
Laser & Accessories GmbH, Wermelskirchen, Germany) are installed to the dye
laser. The laser is pumped by a Verdi-V10 single frequency Nd:YAG laser (from
Coherent Inc., Palo Alto, USA). The wavelength of this laser is 532 nm and it has
a maximum output power of 10 W. Typically an ample amount of 420 — 440 mW
output power is generated by the dye laser at wavelength \; with 5 W of pump
power and 7.5 bar pressure in the dye circulator. The lasing threshold of the dye
laser is reached for 2.8 W of pump power. The linewidth of the light is about
1 MHz. The dye laser frequency can be scanned over a range of 20 GHz, either

internally or by an external control voltage.

Fiber Lasers

Three custom made fiber lasers (from Koheras Adjustik and Boostik Systems,
Birkerpd, Denmark) are used for generating light at the infrared wavelengths

AIR1, Atre and Ajrg. The maximum output powers are 5 mW, 40 mW and 77 mW
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Diode lasers

Part No. QLD-660 DL3149- LD-1120 QFBLD
-80S 057 -0300-1 -1550-20
Supplier QPhotonics Thorlabs | TOPTICA | QPhotonics
USA USA | Germany USA
Wavelength Ao A3 AIR2 AIR3
Power 8 5 300 17
(mW)
Typical frequency tuning coefficients
Current 1200 1000 175 106
(MHz/A)
Tuning 560 MHz/V | 500 MHz/V | 70 MHz/V | 21 MHz/<
Actuator (PZT) (PZT) (PZT) | (thermistor)

Table 4.2: Characteristics of the diode lasers used in the experiments.

respectively. These lasers are tunable in frequency by temperature and by piezo
transducers. The frequency scanning rate by temperature tuning is limited in
speed and in accuracy by the temperature controlling unit of the laser. The
scanning by PZT is reproducible and scan rates of 1 GHz/ms could be achieved.
The typical PZT tuning in this work is in steps of a few MHz in 100 ms to 1 s.
The passive frequency stability of these lasers is very good if they are operated in
a temperature stabilized environment. The frequency drift is less than 50 MHz/h
and the day to day variation in the reproducibility is better than 500 MHz. They
show a large hysteresis for PZT scanning in particular for large frequency scan
rates. For a frequency step of 10 GHz this can amount up to about 100 MHz.
Each of the laser systems has a second output, which can be used to monitor the
wavelength on a wavelength meter WS6 (from High Finesse GmbH, Tiibingen,
Germany) and to perform further diagnostics. The power level of this monitor

output is a few % of the main output power.

Diode Lasers

Visible laser light is generated with the laser diodes QLD-660-80S (from QPho-
tonics, VA, USA) and DL3149-057 (from Thorlabs. Inc., NJ, USA) at the wave-
lengths Ay and A3. For infra-red light at wavelength A\jgo a laser diode LD-
1120-0300-1 (from TOPTICA Photonics AG, Gréfelfing, Germany) is used. The
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Fig. 4.2: Schematics for generating individual frequencies at wavelength A;. The
frequencies can be tuned independently via the modulation frequencies of the
acousto optic modulators AOM1, AOM2, AOM3 and AOM4. The reference beam
at frequency v is for Doppler free spectroscopy of the 6s 'Sg — 6s6p Py transi-
tion, the deceleration beam at frequency detuning Avf is for slowing the atomic
beam and the trapping beam at frequency detuning Av{ provides the light neces-
sary for a MOT.

output powers are 8 mW, 5 mW and 250 mW respectively. The laser diodes are
in commercially standardized packages of 5.6 mm and 9 mm diameter. They are
stabilized in extended cavity diode laser configuration in home made mounting
systems. The compact diode laser systems are user friendly for spectroscopy
experiments because of their simplicity, size and cost [157,158]. Detailed descrip-

tions of grating stabilized diode lasers can be found elsewhere [159,160].

A commercially available QFBLD-1550-20 distributed feedback diode laser
(from QPhotonics, VA, USA) produced light at wavelength Ajgg with a maximum
output power of 17 mW. The frequency of this laser is stabilized with a grating
within the semiconductor chip [160]. The light is coupled into a single mode fiber
attached to the diode chip. The frequency can be changed by altering the laser’s
temperature or its operating current. The laser is tunable over a wide frequency
range without any mode hops. A commercially available mount LM14S2 (from
Thorlabs. Inc., NJ, USA) interfaces the laser in a 14 pin butterfly package to the

temperature and the current controller.
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Fig. 4.3: Relative position of the laser frequencies for the three individual laser
beams at wavelength A\;. The Doppler shift of barium atoms with a Maxwell-
Boltzman (MB) velocity distribution at 820 K temperature is shown to indicate

the scale of the frequency intervals.

4.2.1 Multiple Frequency Generation

Multiple close lying laser frequencies are needed near the wavelengths Ay, Aro
and Arz to achieve both efficient cooling and trapping. For the two infrared
wavelengths A\jro and A\rs, two lasers at each wavelength are used. The frequency
offset of these pairs is controlled (see section 4.2.2).

Laser light at the dye laser wavelength \; is employed at three slightly different
frequencies. Acousto optical modulators (AOMs) can be used to generate these
frequencies by modulating the light passing through them (see Figs. 4.2 and
4.3). In these devices (see Table 4.3) an integer multiple, m, of the modulation
frequency, Vo4, is added or subtracted from the laser frequency, ser, t0 achieve
the light frequency

Night = Naser +m - Vmod- (43)

Firstly, about 1 mW light is needed for the stabilization of the dye laser fre-
quency to the resonance frequency, vy, of the 6s% 'Sy — 6s6p 'P; transition in
138Ba. Secondly, the slowing of the atomic beam requires up to 30 mW power
at a frequency detuning of Avj, which is typically —260 MHz from the atomic
transition frequency v;. Thirdly, optical trapping requires about 30 mW power
at a frequency detuning of Avf, which should be around £50 MHz. This light
can also serve to probe the velocity distribution of atoms in the ground state

652 1Sp. For this purpose the frequency detuning Avt can be between —260 MHz
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and 50 MHz at a power level of 1 mW.

The reference frequency v is generated by using the first (m = +1) order of
AOM1, which is a model AOM-60 (from IntraAction Corp., IL, USA) and the
first (m = +1) order of AOM2, which is a model MT-350-A0 (from AA-OPTO-
ELECTRONIC, Saint Remy Les Chevreuses, France). The light frequency is
then

VI = Vigser + (Vi1 + Vipa), (4.4)

where 141 and v are the modulation frequencies to drive the AOMs. AOM1
diffracts about 2% of the dye laser output power and more than 1 mW of light is
obtained at the frequency v;. The operating frequencies are v,y = 60 MHz and
Vo varies between 300 MHz and 500 MHz.

The undiffracted beam of AOMI1 is split by a combination of a A\/2 wave-plate
and a polarizing beam splitter cube. This allows to change the splitting ratio by
rotating the polarization with the A/2 wave-plate. One beam is used to generate
the frequency detuning Av} by double passing AOM3, which is a model TH-200-
50 (from BRIMOSE Corp., MD, USA). The frequency detuning of the double

pass first (m = +1) order beam is
AV{ =2- Vrf3 — (Vrfl + Ver)v (45)

where 1,43 is the operating frequency of AOM3. The double passing has an
efficiency of about 30% at a frequency v = 200 MHz. More than 30 mW of
light can be generated with the necessary frequency detuning for trapping. For
measuring the velocity distribution of atoms in the ground state, v, is tuned
between 130 MHz and 280 MHz to cover the low velocity range of the spectrum.
The laser light after double passing is power stabilized to better than 1% at
around 1 mW over the entire tuning range.

The second beam from the polarizing beam splitter cube is used to generate
the frequency detuning Av;, which is the first (m = +1) order diffracted beam of
AOM4. It is a model TH-200-50 (from BRIMOSE Corp., MD, USA) operating

at a radio frequency, v,gy, which yields
AV? = Vrfg — (Vrﬂ + Vrfg). (46)

This light is used for deceleration of the atomic beam. The frequency v,y can
be tuned from 160 MHz to 260 MHz while more than 30 mW of light can be
obtained.

The AOM’s in this setup can also be used for fast switching of the light power

in the different laser beams. The switching time for the light was faster than
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AOM1 AOM2 AOM3 AOM4

Part No. AOM-60 MT-350-A0, TH-200-50 | TH-200-50

Supplier IntraAction | AA-OPTO- BRIMOSE | BRIMOSE
Corp., ELECTRONIC, | Corp., Corp.,
USA France USA USA

Modulation 60 300 — 500 130 — 280 | 160 — 260

frequency [MHz]

Purpose active frequency trapping slowing
beam stabilization laser laser
splitter detuning detuning

121 Avt AvS

Table 4.3: The relevant frequencies and power ratios can be controlled easily by

the modulation frequencies and the power applied to the four AOM’s.

1 pus. The power, frequency detuning and the time structure of the three laser

beams near wavelength \; can be controlled independently by this setup.

4.2.2 Stabilization of the Lasers

Power stabilization can be implemented for all laser beams behind one of the
AOM’s. The diffracted power is monitored on a photodiode. An error signal is
generated by subtracting a set point voltage from the photodiode signal voltage.
This error signal is fed into a phase detector, which acts as a variable attenuator
for the rf power which drives the AOM. Only the trapping laser beams are power
stabilized rather than the output of the dye laser. The dye laser output has power
fluctuations within 3 — 4%. This is reduced to below 1% with stabilization. The
power stabilization of the light is essential for probing the velocity distribution
in the atomic beam. The output power of the fiber lasers and the diode lasers
are stable to better than 0.5% and need no further stabilization.

The distributed feedback diode laser at wavelength A3 drifts far less in its
frequency (< 10 MHz/h) than the fiber lasers in a temperature controlled envi-
ronment. The frequency offset for each pair of lasers at the wavelengths Ags
and A3 is stabilized. At wavelength Aro the laser frequency is locked to the
frequency of the fiber laser. At wavelength A\rs the frequency of the fiber laser is
stabilized to the diode laser frequency. For each laser pair about 150-200 pW of
light is split off. The resulting beams are overlapped on a beam splitter (see Fig.
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Fig. 4.4: Schematics for generating beat notes at the wavelengths Ajgo and Ags.
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Fig. 4.5: Photographs of the typical beat note signals between two laser beam
pairs at the wavelengths Ajre and A\jrz. The estimated width of the beat note
spectrum at wavelength Ao is 18(2) MHz and at wavelength A\jgs it is 24(2) MHz.
The signal-to-noise ratio (S/N) is about 30 dB with 1 MHz resolution bandwidth.
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AIR3 AIR2
Signal amplitude —68 dBm | —27 dBm
PD output across 50 €2 3.5 mV 8.7 mV
FWHM of typical spectrum | 35(5) MHz | 20(5) MHz

Table 4.4: General characteristics of the beat notes at the wavelengths A\jr3 and

AIR2-

4.4). The combined beams are focussed onto a fast FGA04 InGaAs photodiode
(from Thorlabs Inc., NJ, USA) to detect the beat note signal (see Fig. 4.5). The
beat note signal depends on the intensities, I, and I;,, of the two laser beams,
the angle, ¢, between the directions of polarization of both beams, the frequency
offset, Avgn, between the two lasers and the angle, 6, between the two beams.

The intensity of the two superimposed co-propagating beams at § = 0° is

I(t) = (I. + 1) + 24/1. I, - cos ¢ - cos (27 Avpy t), (4.7)

where t is the time [162]. The photodiode detects the time dependent intensity
I(t). At parallel polarization of the two laser beams the ac part of the photodiode
signal carries information only about the frequency difference Avgy, i.e., the beat
note. The typical parameters of the radio frequency (rf) signal from these diodes
are given in Table 4.4. The signals are amplified and split into two parts each. One
is fed into a frequency counter which can be read by the data acquisition system.
The other part can be exploited for frequency offset locking [161]. For this, the
signal Avpy is feed to a phase locked loop (PLL) circuit on a ADF4007 evaluation
board (from Analog Devices Inc., MA, USA). The frequency offset between Avgy
and a reference frequency is converted by the ADF4007 evaluation board into a
voltage which is proportional to the frequency deviation. This signal can be used
as an error signal as an input to a PID controller. The control voltage is fed to

one of the lasers to keep the frequency difference Avgy constant [163].

4.2.3 Optics Layout

The interaction of the atoms with laser beams at the different wavelengths is
achieved by spatial overlapping of the individual laser beams (see Fig. 4.6). This
is done for several combinations of laser wavelengths. Each pair of infrared laser
beams at the wavelengths A\jgs and Ar3 is combined with a high efficiency dichroic
mirror PRA-1500-90-1037/BBAR-1050-1600 (from CVI Laser Optics, NM, USA)
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Fig. 4.6: Optics arrangement for overlapping nine laser beams of different fre-
quencies. AOM - acousto optic modulator, BS - beam splitter, DCM - dichroic
mirror, FPD - fast photodiode, A/2 and A, /2 - half wave plates, A/4 - quarter wave
plate, OI - optical isolator, PBS - polarizing beam splitter, PD - photodiode, Psc.
- periscope, PMT - photomultiplier tube, TE - telescope. The drawing is not to

scale.

(see Fig. 4.6). These beam splitters are coated such that 75 % of the power at
wavelength Ajrs is reflected and 85 % of the power at wavelength Ajrs is trans-
mitted for small incidence angles. The combined laser beams from DCM1 are
overlapped with the slowing laser beam at wavelength A; on an another dichroic
mirror PRA-532-98-1037/BBAR-1050-1600 (from CVI laser optics, MN, USA).
It reflects 85% at wavelength \; and transmits 80% of the power at the wave-
lengths A\gro and Arz. Two telescopes provide for changing the beam diameters
and divergences independently.

The laser beams at wavelength Ajr; and the combined laser beams at the
wavelengths Agro and Ag3 are brought into the vacuum chamber at a shallow
angle with respect to the slowing laser beam. The laser beams at the wavelengths
Ay and A3 are combined on a beam splitter and are overlapped with the trapping

laser beam on a polarizing beam splitter cube. The alignment of all laser beams
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relative to each other is crucial for the performance of such experiments, where
multiple atomic transitions are involved. The tolerance for overlapping all the
laser beams is about 0.5 mm, which is about 1/3 of the trapped cloud diameter.

The vacuum chamber, all lasers and all the optics are mounted on a honey-
comb structured optics table (from Newport Corp., CA, USA) with pneumatic
damping to isolate the setup from mechanical vibrations. The volume above the
table is enclosed by plastic curtains and a continuous laminar air flow from the

top cover protects the setup from dust.

4.3 Fluorescence Detection

The fluorescence from the atomic beam or from trapped atoms can be detected
by two R7205-01 (from Hammamatsu Corp., Shizuoka, Japan) photomultiplier
tubes. Narrow band interference filters FB410-10 or FB550-10 (from Thorlabs
Inc., NJ, USA) are mounted in front of the photomultipliers to select the fluores-
cence at the wavelengths Ag or \;. Both photomultipliers have the same field of
view.

The imaging system (see Fig. 4.7) consists of a plano-convex lens of focal
length f = 60 mm, mounted close to an optical vacuum window (see Fig. 4.1).
The lens is at a distance of 135(5) mm from the trap center and collects fluores-
cence with a solid angle Q = 4.2 - 1072 sr. An aperture is placed at the position of
the image plane 155(5) mm downstream of the collection lens. The magnification
of the imaging system is 1.20(7). The light transmitted through the aperture is
collimated by a lens of focal length f = 30 mm at 30 mm distance from the image
O’. A beam splitter is used to illuminate both photomultipliers simultaneously.

The detection efficiency, €;, at a particular wavelength, A; (i =1, B), depends
on the solid angle, 2, for the light collection, the splitting fraction egg = 1 : 2.4 of
the beam splitter in front of the photomultipliers, the transmission, €, through
the interference filters and the quantum efficiency of the photomultiplier cathode,
gi(A), at the wavelength \;

€ — Q- €BS * €f * Ei()\i)- (48)

The transmission of both interference filters is e = 52(2) %. In most of the
measurements PMT-I was used with a filter transmitting wavelength A\g, which
gives an efficiency of eg = 8(1) - 107° and PMT-II with a filter for wavelength A
resulting in an efficiency of €; = 10(1) - 1077.
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Fig. 4.7: Schematics of the optics arrangement for imaging the fluorescence signal
onto the photomultiplier photocathodes. The magnification of the imaging system
is 1.20(7). The beam splitter transmits about 30% and reflects about 70% of the

collected fluorescence light. The imaging volume can be changed by changing the
size of the aperture.
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Fig. 4.8: Spatial acceptance of fluorescence with an aperture size of 2 mm. The
fitted width to the spectra is 2.5(2) mm and the signal ratio in PMT-I and PMT-II

is 1:2.4(2). The horizontal line corresponds to scattered background photons.
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The relative efficiencies and the field of view for the two photomultipliers
were verified with the fluorescence signal from the atomic beam. A weak probe
beam at wavelength \; along the z-axis intersected the atomic beam orthogonally.
The position of the probe beam was moved in the x-direction, i.e., along the
atomic beam direction of propagation, while the fluorescence at wavelength \;
was detected on both photomultipliers simultaneously without filters in front of
the PMT’s. The count rate ratio was 1 : 2.4(2) and the width of the signal was
2.5(2) mm (see Fig. 4.8). Both figures agree well with the design values of the

imaging system.

4.4 Data Acquisition

The control of the laser frequencies, the readout of the photomultiplier rates and
the beat note frequencies is based on GPIB (General Purpose Interface Bus)
devices, which are connected via a 488-USB interface (from ICS Electronics, CA,
USA) to a personal computer. The scan parameters can be selected and the
spectra can be stored for further analysis with a control programme written in
C++. The schematics of the control devices and the readout setup are given in
Fig. 4.9. Four frequency counters read the beat note frequencies and the count
rates from the photomultiplier tubes. All lasers can be set and scanned in their
frequencies with 8 analog voltages from a DAC (Digital to Analog Converter)
device SR-245 (from Stanford Research Systems Inc., Palo Alto, USA).

4.5 Magnetic Field

The quadrupole magnetic field is generated by a pair of coils with identical di-
mensions separated by a distance (for dimensions see Table 4.5). Both coils carry
a current in opposite relative direction (close to anti-Helmholtz configuration).
The coils are made from copper wire of 2 mm diameter wound onto aluminium
frames. The coils are mounted outside the vacuum chamber along the z-axis and
orthogonal to the atomic beam (see Fig. 4.10). The power dissipation at their
maximum current of 20 A is about 350 W. The coils are air cooled by a fan unit.

The calculated field gradients produced by the coils along the z-axis and in
the radial directions (xy-plane) are o, = 1.85(5) G em™'A™" and ay, = 0.88(2)
G cm™! A~! within the trapping volume (see Figs. 4.11 and 4.12). In the MOT,
the magnetic field is important only within the trapping volume defined by the
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Fig. 4.9: Block diagram of the control and data acquisition system. Four fre-
quency counters count the discriminator pulse rates and offset frequencies of the
laser pairs at wavelength Ajgre and Ajgrz measured via beat notes. The lasers can
be scanned with voltage from Digital to Analog Converter channels connected to
the laser analog scan inputs. An USB-to-GPIB interface connects the counters and

DAC to a personal computer.
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z wer 107 mm ==

Fig. 4.10: Schematics of the coils, which produce a quadrupole magnetic field.
The axis of the coils is defined as the z-direction, the atomic beam is propagating
along the x-direction. The dimensions of the coils are indicated. The drawing is

not to scale.

diameters of the laser beams.

The numerical magnetic field calculation for the coils arranged close to Helmholtz
configuration (see Appendix A) was compared with the measured Zeeman split-
ting of the 6s% 'Sy — 6s6p 'P; transition at wavelength ;. The ground state
652 1Sy has no Zeeman splitting and the excited state 6s6p 'P; has three mag-
netic sub-levels m; = 0, &1 with the g-factors g; = 1. With excitation transverse
to the field and along the magnetic field axis the fluorescence was detected radi-
ally along the y-direction. This selects only 0 (Am; = +1) and 0~ (Am; = — 1)
transitions (see Fig. 4.13 a). At a constant magnetic field B the splitting between
the ot and the o~ transitions is

(4.9)

The splitting, Av(B), for different values of the magnetic field was measured.
A linear function can be fitted to the measurements. An offset of 1.3(7) G arises
due to magnetization of the table and environmental stray fields. The calibration
constant of the coils is 6.37(6) G/A (see Fig. 4.13 b) which is in good agreement
with the calculated value of 6.6(2) G/A. The uncertainty of the calculation arises

from the mechanical tolerances of the coils.
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Fig. 4.11: (a) Magnetic field and (b) magnetic field gradient per unit current for
the MOT coils. The inset is the typical region where trapping occurs.
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Inner radius R, 75(1)
Outer radius R, 107(2) mm

Axial separation between two | 120.0(5) mm

=)
=

close end of the coils L
Height of coils h 66(1) mm

Number of turns in 215

each coils N

Diameter of copper wire ® 2 mm
Resistance of each coil 0.42(2) Q
Dumped power in total 150 W

Table 4.5: Specification of the MOT coils producing a quadrupole magnetic
field for the experiments. Both coils are identical in geometry and wired in anti-
Helmholtz configuration.
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Fig. 4.12: Magnetic field produced by the MOT coils along the radial directions,

i.e., in the xy-plane. The inset is the typical region where trapping occurs.
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Fig. 4.13: Measured (a) Zeeman splitting of the 6s? 1Sy — 6s6p 1P transition of
138Ba in a homogenous magnetic field. The different peak heights of the ¢ and the
o~ transitions are due to the spatial acceptance of the PMT. The two resonance
appear spatially not symmetric with respect to the detection axis, because of the
field offset. The splitting of the lines is 267(2) MHz at a current of 15 A in the coils.
(b) Magnetic field according to the Zeeman splitting measurements at various coil
currents. The line fitted to the measured data gives a magnetic field calibration of
B =6.37(6) G/A with an offset B, = 1.3(7) G from environmental background.



Chapter 5
Laser Cooling of Barium

Light forces arising from the atom-photon interactions are used widely to cool,
collect and confine neutral atoms. The known techniques for laser cooling and
trapping [164] are described manyfold in the literature [165-170]. With the mo-
mentum transfer of light the temperature of trapped atoms can be reduced to well
below the puK range. This has been applied for preparing samples for precision
measurements of various types including searches for violations of discrete sym-
metries in weak interactions [171-174] and for synchronizing time to an atomic

transition [175-177] as examples.

The bottleneck for laser cooling of barium atoms arises from large leaks in
the optical cooling using the 6s% 'Sy — 6s6p 'P; transition. The upper state
can decay with a relatively large probability to metastable D-states (see Section
3.3.1). Different strategies for the repumping of atoms from these D-states to
the cooling transition are possible. One of the possibilities includes repumping of
the D-states via the 6s6p 'P; state of the cooling transition. This method adds
further complications due to coherent Raman A-transitions [112,188]. However,
it yields a closed 5-level system without additional leak channels.

An alternative possibility is repumping the 6s5d 3D-states via the 6s5d 3D,
— 5d6p D¢ and the 6s5d 3Dy — 5d6p 3D transitions at the wavelengths Ay and
A3. Advantages of this repumping scheme are the strong dipole transitions at the
visible wavelengths and the circumvention of the Raman A-transitions. The loss
to further states from this cooling cycle were determined to 1.8(2) - 107°. The
losses can be as small as 1075 for repumping the 6s5d D, state at wavelength ),
and the 6s5d 3D, state at wavelength Aigo.

Deceleration of a thermal barium atomic beam was optimized for producing

a large flux at velocities below 50 m/s. It depends on intensities and frequency

o7
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detunings of all lasers. A large fraction of the decelerated atoms remain in the
metastable 6s5d 3D-states. Their velocity distribution was studied with excita-
tion at the wavelengths Ay and A3, which is followed by emission of photons at
wavelength A\g. These measurements yield an estimate of the achieved average
deceleration. The decelerated atomic beam can be used to load atoms into a

magneto-optical trap.

5.1 Decay Branching of the 5d6p *Dj State

The 6s5d *D;—5d6p *D$ and the 6s5d *Dy—5d6p *DY transitions are three or-
ders of magnitude stronger than the weak 6s5d 3D;—6s6p P, intercombination
transition (see Fig. 3.3). They can be driven with low light power from diode
lasers. The decay branching of the 5d6p D¢ state is not known accurately. The
main decay channels are to the 6s5d 2D; and the 6s5d 3D, states (see Chapter
3). The small fraction decaying directly to the ground state 6s* 1Sy and the frac-
tion decaying to other states ¢ have been determined. The subsystem of states
¢ contains the 5d? 3F,, 5d2 3Py, 5d? 3P;, 5d? ®P,, 5d% 1D, and 6s5d ‘D, states
and the sum of the decay rates is denoted as A.. For a quantitative analysis of
the branching probabilities the incoming flux, F; (i = ®Dy, 3Ds), of metastable
atoms must be the same during all rate measurements. The ratios of the rates
are then independent of the absolute flux.

A flux stable metastable atomic beam is produced by optical pumping with
a frequency and power stabilized laser beam at wavelength \;. The rectangular
cross section of the laser beam at wavelength \; is 2x5 mm? (see Fig. 5.1). The
laser beam is orthogonal to the atomic beam. The metastable states are probed
by laser beams at the wavelengths Ay, A3 and Ajr; downstream of the production
region. Their rectangular cross section is 5x10 mm? to cover the full size of the
metastable atomic beam. The probe laser beams are parallel to the laser beam
at wavelength A\;. A photomultiplier detects the fluorescence from the probing
region at the wavelengths A\; and Ag. The 5 mm separation between the two sets
of laser beams is sufficient to suppress the fluorescence at wavelength A\, from the
production region.

The maximum laser powers are P ax(A2) = 6.5(3) mW at wavelength Ay and
Pmax(A3) = 17.5(5) mW at wavelength A3. The saturation intensities of the atomic
transitions are 4 mW /cm? and 4.2 mW /em? respectively. The fluorescence rates

become independent of the laser intensity, if the population in the respective
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Fig. 5.1: A laser beam of cross-section 2x5 mm? at wavelength \; produces a
metastable atomic beam of known cross section. The atoms pass in a second
interaction region 5 mm downstream through a combined set of laser beams at
the wavelengths Ay and A3 or at wavelength A3 and Ajg;. The laser beam cross-
section there is 5x10 mm? and larger than the extension of the metastable beam.

Fluorescence at wavelength A\; and Ag from that region is detected.

metastable state is fully depleted. Then, the fluorescence signals are only pro-
portional to the flux of metastable atoms and independent of other experimental
conditions. The solid angle, €2, for the fluorescence detection is identical for all

measurements because the same photomultiplier is used.

5.1.1 Decay Branching Ratios

From a set of measurements of the signal rates, Rg (see Table 5.1), one can
determine the decay branching ratios of the 6s6p 'P; state to the 6s5d 3D-states
and of the 5d6p 3D state to the ground 6s? 'Sy and other states . The signal
rates R{ are proportional to the fluxes Fsp, and Fsp, of the metastable states,
the partial decay rates A;, and the detection efficiencies of the photomultiplier &,

and ep at the wavelengths A; and A\g. The subscript of the decay rates, A;, refers
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Laser Detected | Rate of the
wavelength | photons | detected signal
A2 AB RS

A3 AB RY

A2+ A3 AB R%.,

A3 + AIr1 AB + A1 R?illRl

Table 5.1: The combination of laser beams in the second interaction region and
corresponding fluorescence signal rates at various wavelengths. The subscript i
in the signal rates R; refers to the wavelength A; of the driving transitions. The

superscript of Ri refers to wavelength A;j of the detected photons.

to the transition wavelengths A; (see Fig. 3.3). The signal rates are

A
B _ F . B . Nl
R2 3Dy (A3+A(+AB) €B, (5 )
Ap
RE = Fsp,- €8, 5.2
ST A F A+ Ag) " (5:2)
RE , = (Fop, + Fs ).L.g (5.3)
243 D2 TV A 4 A) ‘
RBH = (1 —Bi) - |Fap, + Fap ST SR (5.4)
3+IR1 1 2 A2+A§+AB 3

where By is a small correction due to the branching from the 6s6p 'P; state to

the metastable D-states. To first order one has

Atro + Ars

Bir = )
i (A1 + Ao + Arrs)

(5.5)

The branching ratios can be extracted from the measured signal rates Rg as
they are described in Eqns. 5.1 to 5.4. The ratio of R} and R yields the ratio
of the fluxes Fsp, and Fsp,, which is identical with the branching ratio between
Arrz and Ary

F3D2 . AIR2 . (R?) ) (A2 + AC + AB) (5 6)

F3D1 N AIRI N R_g (Ag —|— AC —I— AB) '
The ratio of populations, Nap, and Nsp, , in the 6s5d 3D, and the 6s5d 3D, states
are same as the ratio of fluxes Fsp, and Fsp, because the production of metastable

atoms are constant.
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The ratio of Ry, 5 and RY yields the sum of the decay rates Ag to the ground
state 6s® 'Sy and A, to the states ¢

RE AwN\ 7t ]
243 (14 ) 1| . 5.7
RD ( Ao (5.7)

Taking the ratio of Ry [z, and R yields the branching of the 5d6p D state
to the ground state 6s? 'S

—1
€ RY Ar _
Ap = (1 —B)- 5—1 ' RB-EI -1 {A2 + KR; (T3p1e — Az)}y (5.8)
3+IR1

where T3p1o is the lifetime of the 5d6p 2D state. In Eqn. 5.8, (As + A; + Ap)

is replaced with (7350 — A3). The relative detection efficiency, 56_;7 has been
measured for the particular photomultiplier (see Appendix B).

The branching to the states ¢ can be extracted by subtracting Eqn. 5.8 from
Eqn. 5.7. The fact that the decay rates Ag and A, are small compared to A,
and Aj is exploited. The decay rates A1, Are and the lifetime m3p10 were taken

as input from published data (see Table 3.4).

5.1.2 Measurements

The fluorescence rates R! were recorded for different laser intensities. As an
example, the depletion of the 6s5d ®D; state as a function of the intensity Iig;
is displayed in Fig. 5.2. Light at the wavelengths A\jg; and A3 is used to deplete
the 6s5d ®D; and 6s5d 3D, states. Fluorescence was detected at wavelength ;.
The laser light at wavelength A3 was kept on resonance, while the laser light
at wavelength A\jg; was scanned in frequency. The measurement was repeated
for ten different laser intensities Ijg; at wavelength A\jg;. The signal rate RllR1 43
saturates with Ijg;. This specific transition is the weakest one studied in this
work.

Typically two laser frequencies were scanned simultaneously to measure the
signal rates. By doing this a two dimensional spectrum is obtained, which con-
tains the signal rates at the individual resonances together with the signal rate
when both lasers frequencies are on resonance (see Fig. 5.3). The depletion of the
metastable states is observed by observing the saturation of the signal rates with
laser intensity (see Fig. 5.4). The largest fractional uncertainty arises from R
because of the small population of the 6s5d 3D; state due to the weak branching

fraction to this state. The rate RY,, saturates at higher laser beam intensities
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Fig. 5.2: (a) Resonance of the 6s5d 3D, —6s6p 'P; transition at wavelength A\ir;.

The light power of the laser beams was 80(5) mW.

(b) Fluorescence from the

6s6p 'P1—6s% 1Sy transition, i.e., probability of emptying the 6s5d 3D, state at

different powers of the laser beam at wavelength Ajr;. The maximum power in the
laser beam was Ppax(Ar1) = 120(5) mW.

Measurement - I | Countrate [s™!]
RE 157 £6

R 1712 + 37

RE,, 28950 + 1160
Measurement - II | Countrate [s™]
R 228 + 10
Ry 1110 4 45

Table 5.2: Signal rates in the branching ratio measurement.

than the laser beam intensities needed to saturate the individual rates R} and RY
(see Fig. 5.4), because shuffling of atoms between the 6s5d 3D; and the 6s5d 3D,
states requires on average 25 scattered photons at the wavelengths Ay and A3
to deplete both of these states. The signal rates Riz, and R?jllm
(see Fig. 5.5) by overlapping laser beams at the wavelengths A3 and Ajr; in the

are measured

probe region. Both laser frequencies are scanned to produce a two dimensional
spectrum. The saturated signal rates are listed in Table 5.2.

The direct decay from the 5d6p D¢ state to the ground state 6s® 'Sy has
a branching ratio of Ap - m3p1o = 2.3(2)(1) %, where 73pi0 is the lifetime of the
5d6p DY state. The ratio of the populations Nap, and Nsp, in the 6s5d 3D, and
the 6s5d Dy states is 21.1(1.1)(2.5). The first error arises from the uncertainty
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Fig. 5.3: Two dimensional plot of the fluorescence rate as a function of the optical

frequency detuning Are and Avs from the resonances at the wavelengths Ay and

Az. The rate Rg '3 for both lasers on resonance is much higher than the sum of the

individual resonances RS and RY.

Fractional branching | Fractional branching | Equation
(This work) (Other work)
e 21.1(1.1)(2.5) 35(9) [103] 5.6
27.7 [91]
(Ac+ Ap) - p1e | 4.3(2)(2) % 4.3(8) % [98] 5.7
Agp - T3pro 2.3(2)(1) % 2.6(3) % [98] 5.8
A¢ - T3pio 2.0(2)(1) % L.7(7) % 98] 5.7 and 5.8

Table 5.3: Decay branching fractions of the 5d6p D¢ state measured and from

the literature. The first error of the values in this work comes from statistics and

the second one comes from the uncertainties of Ay and Ag in Ref. [98] and 73p10 is
the lifetime of the 5d6p DY state.
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Fig. 5.4: Fluorescence spectra of 5d6p 3D — 652 1Sy transition. (a), (c), (e)
Signal rates RS, R? and R} ', 3 at different frequency detunings of the lasers at the
wavelengths Ao and A3. The spectra were taken at 12% of the maximum intensity
Imax for the lasers at wavelength Ay and As. (b), (d), (f) The dependence of the
population transfer from the 6s5d 3D and 6s5d 3Dy states to the 6s® 'Sy state on
the light intensity of the lasers at the wavelengths Ao and A3. The rates saturate
exponentially, if the 6s5d 3Dy and 6s5d 3Ds states are empty.
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Fig. 5.5: (a) Signal rates R?illm as function of the detuning of the laser frequency

at wavelength 3. (b) Variation of the signal rate R} at different detuning of the

laser frequency at wavelength As.

of the rate measurements and the second error arises from the uncertainties in Ay
and Az. The measured ratio of the populations Nsp, and Nsp, of 21.1(1.1)(2.5)
differs from earlier determinations which yielded 35(9) [103]. The fractional de-
cay to the set of states ¢ is A¢ - T3pro = 2.0(2)(1)%, where the sources for the
two uncertainties are the same as above. These results (see Table 5.3) enable a

quantitative analysis of laser cooling involving the 5d6p D state.

A laser cooling cycle with lasers at the wavelengths Ay and A3 for repumping
of the 6s5d *D-states and a laser at wavelength A\gs results in a leak rate from
the laser cooling cycle of 1 : 55000(6000) assuming that all atoms in the effective
states ( are lost. This is about a factor of two better than a cooling cycle with
laser light at the wavelengths A1, A\jre and Arz, which serves in this experiment
for slowing the atomic beam. A typical scattering rate of 107 s=! from the cooling
transition at wavelength \; would lead to a loss from the cooling cycle in about

5 ms.

A better repumping scheme for the 6s5d *D-states can be achieved with laser
light at wavelength )y for repumping the 6s5d 3D, state and laser light at wave-
length Ago for repumping the 6s5d D, state. Here the weak transition at wave-
length A\jr; is avoided and most of the 6s5d 3D; state population is transferred
to the 6s5d 3D, state. The leak rate from the cooling cycle amounts to only
1 : 1200000(200000) because it minimizes the population in the 5d6p DS state

and the associated losses. This scheme was implemented for trapping.

Theoretical calculations show that the main contribution to A, comes from the
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decay to the 5d* ®F, state for which the lifetime was estimated to be 190 us [95].
This 5d? 3F, state decays in a cascade to the ground state or other states of
the cooling cycle. Properties of the 5d? *F, state could be determined using a

trapped sample (see Section 6.3).

5.2 Deceleration of the Barium Atomic Beam

Deceleration of an atomic barium beam is achieved by intense counter-propagating
laser beams at the wavelengths A\, Ajra and Ajrs (see Fig. 5.6). A red detuned
slowing laser beam at wavelength )\, is combined with two repumping laser beams
at the wavelengths Ao and Ajrz. All the laser beams are focused into the oven
orifice by two telescopes. The fixed frequency detuning and finite linewidth of the
transition sets a limit on the velocity range for the optical force due to Doppler

shifts. The characteristic range for the velocity change is
AVi = )\i Y, (59)

where ); is wavelength of the transition and ~y is the decay rate of the upper state
in the optical cooling cycle. For the slowing lasers this results in Av; = 21 m/s,
Avige = 43 m/s and Avigz = 57 m/s.

The velocity distribution is measured via the fluorescence from the 6s6p ‘P,
state induced by a probe laser beam at wavelength A (see Fig. 5.7). It intersects
with the atomic beam at an angle § = —45° relative to the direction of motion
of the atoms. The interaction region is 0.6 m downstream of the oven orifice (see
Fig. 5.6). The probe laser frequency and the slowing frequency can be controlled
independently as well as the power in these beams (see section 4.2). Both these
laser beams are frequency and power stabilized. The fluorescence at wavelength
A emerging from the interaction region is measured with a photomultiplier.

The velocity of the atoms is determined from their Doppler shift of the
6s2 1Sy — 6s6p 'P; transition. The velocity resolution, Av,., is given by the
characteristic range of velocity change, Avy, and the angle 0. It is vyes = Avy - cos(—m/4)
= 14.8 m/s. The increase of the atomic flux at low velocities, i.e., the effective-
ness of the slowing process, depends on the frequency detuning and the overlap
of all laser beams at the wavelengths \;, Ajre and Ars.

The total number of scattered photons, Nq(v), from the probe beam depends
on the interaction time, At, of the laser light with the atoms. The time At scales

with the inverse of the atomic velocity, v. The recorded fluorescence spectrum,
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Fig. 5.6: Setup for decelerating a barium atomic beam. The overlapped laser
beams at the wavelengths A1, A\jr2 and A\g3 are counter-propagating to the atomic
beam. A probe beam crosses the atomic beam at an angle § = —45° to measure the
velocity distribution of the atoms. The frequencies of the probe and slowing beams
at wavelength A\; can be changed independently. The fluorescence light from the
6s6p 'P; — 6s% 'Sy transition at wavelength \; is detected by a photomultiplier
tube (PMT).
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Fig. 5.7: Measured velocity distribution of the atomic barium beam from the oven
at 820(40) K temperature. A fit yields the mean velocity < v >= 235(10) m/s.

The intensity of the probe laser was 0.35 - Iy during this measurement.

df(v), as a function of the frequency detuning of the probe laser light at wave-

length A is different from the velocity distribution, %, of atoms in the atomic

v

beam. The florescence at a particular velocity is

o deeam

df(v) v

- No(v) - dv, (5.10)

where No(v) = At - y1(v), At = d/v is the interaction time with the probe laser
beam of diameter d and 7 (v) is the velocity dependent scattering rate of the
transition at wavelength A;. For slow atoms the quantity No(v) is large and

leaking to the D-states must be taken into account. This gives

No(V) = At V1 <1 — eXpAg 71>, (511)

where B, represents branching ratio to the D-states (see Table 3.6).

With these corrections a mean velocity of < v >= 235(10) m/s is extracted.
This corresponds to a most probable velocity of 400(14) m/s. The measured
fraction of atoms in this distribution with velocities smaller than 30 m/s is
0.004(2) %.
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5.2.1 Cooling Transition

Slowing of a barium atomic beam was already demonstrated in Ref. [112]. This
work extracts further details of the slowing process which are relevant to under-
stand the loading into an atom trap. For this, the deceleration is determined as a
function of the frequency detuning Avj of the slowing laser light at wavelength A\,
(see Fig. 5.8). During the measurements the powers of the repumping laser beams
and the detunings at the wavelengths A\jgro and Arg were kept constant. The fre-
quency detunings were Avjy, = —130(12) MHz and Avjzy = —95(10) MHz. The
dip in the velocity spectra depends on the detuning Av; of the slowing laser fre-
quency. The position of the dip scales linearly with Avj (see Fig. 5.9). If the
frequency detuning Av; becomes too small the atoms are stopped before they
reach the probe region.

The dependence of the average velocity change, Av, for different intensities I}
in the slowing laser beam was investigated (see Fig. 5.10). The optimal starting
velocity for loading atoms into a MOT can be estimated from this measurement.
The maximum in the velocity spectrum shifts towards lower velocities with in-
creasing intensity I in the slowing laser beam. This increase of the average
velocity change Av is due to a larger number of scattered photons. The associ-
ated optical pumping to the 6s5d 3D, state leads to an overall decrease of ground
state population and thus signal rate. At the highest intensities the cooling force
is so large that the slowed atoms are stopped before they reach the probe region.
These atoms could not be loaded into a trap and are lost.

Therefore there are two main results extracted from these spectra. First,
the position of the peak in the velocity spectra can be obtained as a function
of the corresponding power broadened linewidth ~; (see Fig. 5.12). Second, an
integration over the spectra yields the number of slow atoms in the corresponding
velocity range (see Fig. 5.11). From these spectra the optimal intensity I3 of
the slowing laser at wavelength \; is around ¥, = 2.0(2) I, i.e., 28(3) mW /cm?.

opt

5.2.2 Repumping Transitions

The frequency detunings, Avfz, and Avjg,, of the repumping lasers at the wave-
lengths Ajre and Arz are important for slowing an atomic beam efficiently. Since
the Doppler shift, wp = E} - ¥, is inversely proportional to the wavelength of the
transition, the velocity range is larger for the repumping lasers at the wavelengths
Ar2 and Agz than for the slowing laser at wavelength ;. The deceleration was

measured at different frequency detunings Avjy, and Avjz, with intense repump-
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Fig. 5.8: (a) velocity distribution in the atomic beam without any deceleration.

(b)-(f) Velocity distribution of the decelerated atomic beam for different detunings

Av§ of the slowing laser frequency at wavelength A;. The frequency detuning Av§

is given in the unit of natural linewidth I' of the transition. The original velocity

distribution (a) is given in dots for reference.
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Fig. 5.9: Position of the dip in the velocity spectra as a function of the frequency
detuning Avf§ in units of the natural linewidth I' of the transition. The line shows

the expected Doppler shift corresponding to the detuning Avf.

ing laser beams at wavelengths A\jry and Ars3 (see Fig. 5.13). During these mea-
surements the detuning Avf of the slowing laser light corresponded to a velocity
of 145 m/s.

The velocity range corresponding to the width of the repumping transitions
at wavelength Aro is 53(9) m/s and for the transition at wavelength Ags is
130(15) m/s, which is several times the characteristic velocity range estimated
from the natural linewidth of the transition. This is caused by the power broad-
ening due to the highly focussed laser beams and rather long interaction times
with the lasers.

Achieving a larger range by increasing the intensity is inefficient. A better
solution is frequency broadening. This can be implemented by a second set of
lasers at another frequency detuning. It has been implemented in the trapping

experiments (see Chapter 6).

5.3 Velocity Distribution in the 6s5d *D-States

The velocity distribution in the metastable states are part of the dynamics of the
many level system. The fluorescence at wavelength A; can not be used in this case

because of the large scattering rate from the cooling transition. Instead atoms
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velocity distribution (a) is given in dots for reference.
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Fig. 5.12: Position of the peak and the width of the peak in the deceleration
spectra (see Fig. 5.10) as a function of the power broadened linewidth. The

vertical extent of the symbols corresponds to the width of the cooling peak.

in the metastable states are excited to the higher 5d6p D¢ state (see Fig. 3.3).
The weak branching of the 5d6p DS state to the ground state 6s 1Sy results in
fluorescence at wavelength Ag. The velocity distribution of atoms in the 6s5d 3D,
and the 6s5d 3D, states can be studied using this emission line.

Probe laser beams at the wavelengths Ay or A3 at 8 = —45° relative to the
atomic beam drive the 6s5d 3D;—5d6p *D$ and the 6s5d 3Dy—5d6p 3DY transi-
tions and yield the velocity distribution of atoms in those states. They differ from
the ground state velocity distribution. The 6s5d 3D, state was not repumped for
laser cooling of barium and the 6s5d 3D, state population increase is a direct mea-
sure of the number of cooling cycles. The average velocity change in the slowing
section of the atomic beam can be estimated from comparison of the velocity
dependent population in the 6s5d D; and the 6s5d 3D, states. The average ef-
fective scattering rate v.¢ from the slowing laser beam at wavelength A; and the
corresponding deceleration a.g during the slowing process can be extracted.

The experimental setup for observing the velocity distribution of atoms in
the 6s5d 3Dy and the 6s5d 3D, states is shown in Fig. 5.14. The setup for
decelerating the atomic beam was not changed (see Section 5.2). The slowing
laser light at wavelength \; is set to a frequency detuning of Avj = —580 MHz

which corresponds to a velocity of 320 m/s. Laser beams at the wavelengths Ay
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Fig. 5.14: Experimental setup for measuring the velocity distribution of barium
atoms in the 6s5d 3Dy and the 6s5d 3Dy states. The overlapped laser beams at
the wavelengths A1, A;ro and Ajr3 counter propagate the atomic beam for deceler-
ation. Laser beams at the wavelengths Ay or A3 are at an angle of § = —45° with
the atomic beam to measure the velocity distribution of atoms at the 6s5d 3Dy
and the 6s5d 3Dy states. A part of the laser light at the wavelengths Ay or A3
is directed perpendicular to the atomic beam and gives the resonance frequency
of the respective transitions. Fluorescence is detected at wavelength Ap with a

photomultiplier.

and A3 are orthogonal to the atomic beam. Part of the same light is aligned to
cross the same interaction region with the atomic beam at an angle § = —45°.
The laser light power is about 1 mW for each beam. The beam diameters are
about 2 mm. Both laser beam frequencies are scanned across the Doppler-free
resonance and the velocity sensitive part of the spectrum. A photomultiplier
detects the fluorescence at wavelength Ag from the region where all laser beams
are overlapped with the atomic beam. The frequency detuning can be converted
to a velocity spectrum from the known Doppler shift. The velocity spectra are
recorded with and without repumping of atoms in the 6s5d 3D, state by a laser

light at wavelength Args.

5.3.1 Measurements

The effect of repumping atoms in the 6s5d Dy state on the deceleration process

can be observed by measuring the velocity distribution of atoms in the 6s5d 3D,
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and the 6s5d 3D states. These are identical to the velocity distribution of atoms
in the ground state if the repumping laser beams at the wavelengths A\jgo and Aigrs
are blocked. The velocity distribution of the atoms is modified due to the finite
interaction time with the slowing laser beam at wavelength A\; and their interac-
tion time with the probe laser beams at the wavelengths Ay and A3. The rather
long interaction time with the slowing laser beam at wavelength \; decreases the

probability, ps(v), of the atom to be in the ground state

ps(v) = exp (—%) (5.12)

where 7 (dv) is the scattering rate at the frequency detuning év = Avj — vp in
the reference frame of atoms, vp = %? -V is the Doppler shift is, 6 is the
frequency detuning of the laser light at wavelength A\; and S is the interaction
length. The branching ratio to the ground state B, is given by Eqn. 3.1. The
interaction with the slowing laser beam yields a finite probability, P§(v), of the

atom to be in the 6s5d 2D; state
A;

PT(V) N [1 s (V)] . (AIRI + AIRQ + AIR?)),

(5.13)

where i = 1, 2 and the partial decay rates A; are defined in Table 3.5. The second
modification of the velocity distribution of atoms arises from the velocity depen-
dent interaction time At with the probe laser beams at wavelength \; of diameter
d;, i.e., At = d;/v over which the fluorescence at wavelength Ag is collected. The
modification is

- d, A
PB = —71 ! . B '14
Fv) eXp( v ) (A2 + As+Ap +Ag) — A (51

where ~; is the scattering rate from the probe laser beams at wavelength A;. The

velocity spectra, Fj(v), of atoms in the 6s5d 3Dj-state are

o deeam
dv

Fi(v) Pi(v)-PP(v) dv. (5.15)

The velocity distribution of the decelerated atomic beam after introducing the
repumping laser beam at wavelength A\gs is different for atoms in the 6s5d 3D,
and in the 6s5d 2Dy states. The velocity distribution in the 6s5d ®D;-state is

- dFVS.Pi(v).P?(v) dv, (5.16)

£ (v)

Cg:j is an unknown velocity distribution of the decelerated atomic beam,

which depends on the population of the 6s? 1Sy, 6s6p 1Py, 6s5d D5, 6s5d *D, and

where
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6s5d 3D, states involved in laser cooling. P;(v) is the probability of atoms to be
in the 6s5d 3D;-state after adding the repumping laser light at wavelength Aigs.
The probability P;(v) depends on the number of cooling cycles an atom undergoes
during deceleration. It is a velocity dependent quantity and dominated by the

efficiency of the repumping process.

5.3.2 Analysis

The velocity spectra, F;(v) and Fo(v), of atoms in the 6s5d 3D; and the 6s5d Dy
states differ only by the probability of decay branching to these states, when
they are not repumped (see Fig. 5.15). The signal rates are expected to be
proportional to the ratio of the partial decay rates, i.e., %. A fit to the recorded
spectra with a function given in Eqn. 5.15 yields the ratio ﬁi—gj = 17(5), which is
in good agreement with the expected value of 21.1(1.1)(2.5) from the branching
ratio measurement (see Section 5.1.1).

Repumping laser light at the wavelengths Ajgo and Ajrs in the slowing section
increases the population of the 6s5d 3D; state, which was not repumped during
deceleration. In contrast, the 6s5d 3D, state would be depleted completely with
perfect repumping. This is reflected qualitatively in the observed spectra (see
Fig. 5.15 (b)). The velocity difference in the dip of the velocity distribution in
the 6s5d 3D, state and the peak in the velocity distribution of the 6s5d D, state
can be used for an estimate of the achieved velocity change as Av = 100(20) m/s.
This velocity change Av requires a total number, n; = Av/v,, of scattered pho-

tons at wavelength A;. The number of repumping cycles needs to be larger than

Nrepump = (% - 1), (517)

where B is the branching of the 6s6p 'P; state decays to the D-states relative
to its decay branching to the ground state. The probability, Psp;, for an atom
to be in the 6s5d 3D, state is

Arri )
Pspp=1—exp| —n; - . 5.18
oot P < DA+ Ay Age + Ars (5.18)
The number of scattered photons from the cooling cycles is n; = 20000(4000) and
the corresponding probability is Psp; >~ 0.6. An estimate for the average effective

scattering rate yields
1

= — q
fyeﬁ S/V’ (5 9)
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Fig. 5.15: Velocity distribution of barium atoms in the 6s5d >D-states. Velocity
distribution of atoms without (a, ¢) and with (b, d) repumping of the 6s5d 3Dq
state during deceleration. Repumping from the 6s5d 3Dy state population results
in a decrease of the countrate around 300(20) m/s, which indicates the complete
repumping of the state population. The increase of the signal in the 6s5d *D;
state velocity distribution is due to the accumulation of atoms in that state, which
were not repumped. The line through the data describes theoretical model of the

spectrum (see Eqn. 5.15). The background from scattered light is indicated in the
spectra by horizontal lines.
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where S is the length of the slowing section. The effective scattering rate is
Yeit = 1.0(2) - 10" s7! for S = 0.6 m and v = 320 m/s. The average effective de-
celeration can be determined

Aeff = Vi * Voff» (5.20)

where v, = 0.00522 m/s is the recoil velocity of barium. The average deceleration
yields acg = 52(10) - 10°> m/s* in this experiment. This is about 18.5% of the
maximum achievable acceleration, aay, for barium (see Appendix C).

The ratio of the velocity distribution in the 6s5d 3D, and the 6s5d 3D, states
in a decelerated atomic beam is the ratio of the probabilities P;(v) of finding
atoms in the corresponding D-states (see Eqn. 5.16). In a laser cooling process
the population in these states depends on repumping of the atoms. The veloc-
ity dependent repumping can be estimated with the ratio of measured velocity
distribution of atoms in the 6s5d 3D; and the 6s5d *Dy states (see Fig. 5.16).
The variation of repumping over the velocity spectra is determined by the choice
of the laser frequency detuning and the intensity of the repumping laser light.
Efficient repumping transfers the population completely over a certain velocity
range and causes a large statistical error over this range.

The conducted measurement gives no access to the velocity distribution after
deceleration. To determine the full dynamics of laser cooling of a many level
system, the velocity distribution of atoms in each of the states must be measured
under identical experimental conditions. The weighted sum of the velocity distri-
butions in all states would give the velocity distribution of the decelerated atomic
beam independent of the state.

The slowed atoms in the 6s5d 3D, state can be regained into the cooling cycle
by adding another repumping laser beam at the wavelengths Ay or Ajgr;. An
example is shown in Fig. 5.17, where a repumping laser beam at wavelength A\ig;
was added. The laser beam at wavelength \jgr; was interacting at a small angle
with the atomic beam and partially overlapped with it. The two spectra with
and without repumping the 6s5d 3D, state population differ. A larger fraction of
slow atoms is detected, if the 6s5d *D; state population is repumped as well (see
Fig. 5.17).

The average deceleration a.g should be sufficient to stop atoms with velocity
up yo 300 m/s in a slowing section of length 1 m. In particular the dynamics of
the slowing process of barium can be followed. Tools for monitoring the slowing

process are now available, which are essential towards trapping of barium atoms.
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Fig. 5.16: Total number of repumping cycles from the 6s5d 'Dy and 6s5d *Dy
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tion process. The effect of a repumping laser at wavelength A\jg; to repump atoms
from the 6s5d 3D; state is shown.
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Chapter 6

Barium in a Magneto Optical
Trap

A magneto-optical trap (MOT) has been set up to collect and cool barium atoms.
A MOT is robust in terms of small variations of the experimental conditions,
e.g., light intensities, detunings of laser frequencies and magnetic field gradients.
Furthermore, a large velocity acceptance for capturing atoms into a MOT can be
achieved with strong optical scattering forces. Depending on the requirements
for a particular experiment, these confined atoms can be further cooled by a
second stage cooling or transferred to magnetic traps [178,179] or to optical
dipole traps [180,181]. Such cold, dense and isotopically clean samples have been
utilized in many experiments, e.g., searches for violations of discrete symmetries
in weak interactions [171-174] and for synchronizing time to an atomic transition
[175-177]. The working principle of a MOT has been described in the literature
(165,166, 169,170,182, 183].

In this work magneto-optical trapping is extended to the heavy alkaline-earth
element barium (see Fig. 6.1), where cooling can be achieved in a closed five
level subsystem (6s® 'Sy, 6s6p Py, 6s5d Dy, 6s5d 3Dy, 6s5d Dy) or in a six
level system (6s% 'Sy, 6s6p Py, 6s5d Dy, 6s5d 3Dy, 6s5d 3Dy, 5d6p 3DS) con-
taining a weak leak in the cooling cycle. Eight lasers provide the light to couple
all the states. The performance of a MOT employing such a complex subsystem
of states is studied to gain insight into the processes which determine trap life-
times, populations and temperatures of the trapped atoms. The efficiencies for
collecting atoms from a thermal beam is analyzed for the combination of slowing
of an atomic beam (see Chapter 5) and magneto-optical trapping. Furthermore,

trapped barium atoms have been exploited to determine atomic properties of the
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5d? 3F, excited state. The developed techniques are applicable for trapping of
other leaky systems. In particular they can be applied for efficient trapping of

radium.

6.1 MOT Setup

This section describes the details of the MOT setup for trapping of barium. A
quadrupole magnetic field is produced by a set of two coils in anti-Helmholtz
configuration (see Fig. 6.2). The magnetic field strength, B(r), vanishes at the

position T = 0. The field strength around the origin can be approximated by

B(x,y,7) = Jo2, - (2 +y?) + a2 - 72, (6.1)

where oy, and a, are the field gradients in the xy-plane and axial z-direction. The
field, g, along the z-axis is either towards the center or away from it depending
on the direction of the current, I, in the coils. If B points away from the center
in the z coordinate, the field in the xy-plane points towards the center. The
calculation of the gradients for the set of coils of the experiment is described in
Appendix A. The field strength, B, has been calibrated by measuring the Zeeman
splitting of the 6s? 'Sy — 6s6p 'P; transition (see Section 4.5).

The radiative optical force for trapping arises from three pairs of mutually
orthogonal, circularly polarized retro-reflected laser beams. The force on an atom

in the combined magnetic and light fields is [169]
= — —
F mot(So, 6, ) = — 3(S0,0) V' — K(So, 9, ) 1, (6.2)

where Sy is the saturation parameter, § is the frequency detuning and « is the
magnetic field gradient. In the atomic reference frame the frequency detuning, 9,

includes Doppler shifts and Zeeman shifts. It is
T =
6=20a—k -V + (mig — myg;) up B, (6.3)

ﬁ
where 0; is the frequency detuning of light, k is the wave vector of the cooling
transition, (m;g; — myg;) depends on the cooling transition, m and g are the mag-
netic quantum numbers and the Lande g-factors and pp is the Bohr magneton.

For two counter-propagating laser beams

sk,
T s e o




6.1 MOT SETUP 85

Fig. 6.1: Photograph of trapped barium atoms. The bright spot visible through

the center of the optical port is the fluorescence at wavelength A\; from a cloud of

trapped barium atoms.
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describes a damping force and

(migi - mjgj) UuB & 3
hk ’

is a spring constant, where A is Planck’s constant. The detuning ¢, selects the

K= (6.5)

é
direction of the force F yior relative to the direction of the velocity ¥ of atoms
in the absence of a magnetic field. In a magnetic field B the atoms are slowed to

a velocity ( )
m;g; — 1M;g;
hk
—
T

—_
which is a drift velocity towards the trap center, where |B(7T")| = 0. A negative

Vg = — UB - (T, (6.6)

detuning of the trapping laser beams is essential for confining the atoms in a
trap.

A barium MOT requires at least three repump laser beams which overlap with
the crossing of the six trapping laser beams. The setup incorporates laser beams
at five additional wavelengths (see Fig. 6.2), which provide for variations of the
repumping scheme in the experiment. The relative alignment of the trapping
laser beams and all the repumping laser beams is crucial for the performance
of the MOT. The center of the trap is at the point where the sum of all forces
vanish. Hence, the magnetic field zero point, all six trapping laser beams and the
necessary repumping laser beams need to coincide at one point with sufficient
overlap. For this, one pair of the trapping beams at wavelength \; is orthogonal
to the atomic beam and the other two pairs of beams intersect the atomic beam
at an angle of 45° in the xy-plane. The power in each of these beams is up to
10 mW and the beam diameter is 10 mm. The beam diameter is defined by an
aperture, which selects the central part of a Gaussian beam with 15 mm diameter
(1/e? intensity).

Repumping laser beams at the wavelengths Ay and A3 are co-propagating
with the trapping beams at wavelength A\;. Three infrared laser beams at the
wavelengths Ar1, Aire and g3 are overlapped with the trapping laser beams at
the trap center (see Fig. 6.2). They are intersecting the slowing laser beams at
a shallow angle (less than 5°). The trapping region is the volume in which all
laser beams overlap around T = 0. The available power of the repumping laser
beams are 60 mW at wavelength Ajry, 25 mW at wavelength A\jgo and 5 mW at
wavelength Ars. The spatial profiles of all infrared repumping laser beams are
measured (see Fig. 6.3) by an optical beam analyzer, which is a model BP109-
IR (from Thorlabs Inc., NJ, USA). The radii of the repumping laser beams at
the trapping region are determined to 4.25(5) mm (Ar1), 2.75(4) mm (Ar2) and
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Fig. 6.2: Overlap of the laser beams in the trapping region. The current I in

magnetic field coils produces a quadrupole magnetic field B indicated by dotted
lines. The laser beams are overlapped with that part in the quadrupole magnetic
field where the field strength vanishes. The symbols |R) and |L) indicate right and
left handed circular polarization of the trapping laser beams. The diameter of the
trapping beams at wavelength A1 are 10 mm. The diameter of the repumping laser
beams at the wavelengths A\r1, Afre and Ar3 are 8.5 mm, 5.5 mm and 5 mm at
the position of the trap. The origin of the coordinate system is at the trap center.

The figure is not drawn to the scale.
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2.50(7) mm (Ag3). The laser beams for the deceleration of the atomic beam
at the wavelengths Ajgs and A\g3 are pointing against the atomic beam and are
focussed in the oven orifice. Both laser beams have a radius of 1.5 mm at the
position of the trapping region. The trapping volume has a diameter of about
5 mm. The relative spatial position is depicted in Fig. 6.2. The laser light in all
beams can be independently controlled in frequency as well as in power.

The presence of trapped atoms can be detected by observing the fluorescence
at the wavelengths A\; and Ag. The signal at wavelength \g is free from scattered
light at any of the laser beam wavelengths used in this work. In that case the
noise level is determined by the dark count rate of the photomultiplier tubes. The
setup incorporates a pair of photomultipliers tubes PMT-I and PMT-II, which
makes the simultaneous detection of florescence at both the wavelengths A\; and

AB possible.

6.2 Characterization of the Barium MOT

The MOT is characterized in terms of the trap population, Nyor, and the trap
lifetime, myior. The population Nyior depends on the intensities, I;, of the laser
beams and the detunings, A, of the laser frequencies from the resonance fre-
quencies. Further, it depends on the subset of states employed for trapping.
The number of trapped atoms Nyjor is proportional to the photomultiplier
count rate, R!, at wavelength )\;. The scattering rate from the trapping laser
beams is v (It, Avt), where Avf is the detuning and I is the intensity of these

beams. The count rate is
R' = e - n(If, Avp) - Nyor - (1 = pp), (6.7)

where €; is the detection efficiency for the fluorescence at wavelength A\; and pp
is the probability for an atom to be in one of the metastable D-states, where
it does not scatter light at wavelength A\;. The fluorescence at wavelength Ag
can be detected if the 6s5d ®D; and the 6s5d 3D, states are repumped with laser
light at the wavelengths Ay or A\3. While driving the transition at wavelength \;
(i=2, 3, 2+ 3) the signal rate can be written as

d
RF = €B BB . NMOT . ap:;[)lo, (68)

where eg is the detection efficiency of the fluorescence at wavelength A\g, Bp

is branching of the 5d6p D¢ state to the ground state 6s® 'Sy and %pg,mo is
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Fig. 6.3: Measured spatial variation of the beam diameter for the laser beams at
the wavelengths A\ir1, Aire and Airs. (a), (b) The laser beams used for slowing the
atomic beam are focussed on the oven orifice at x = —600 mm and have a radius
of 1.b mm at x =0. (c)-(h) The other laser beams are parallel in the x-z plane
and are introduced at a small angle in the x-y plane. The origin of the coordinate

system is at the trap. The atomic beam is propagating along the positive x-axis
direction.
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Fig. 6.4: Dependence of the MOT fluorescence on the frequency detuning Av{ of
the trapping laser beams at wavelength A;. The total intensity in all six trapping
laser beams was Iﬁ = 3.2 -1 and the magnetic field gradient was «, = 35 G/cm.
The magnetic field gradient was optimized for highest fluorescence from trapped
atoms. (a) Fluorescence rate R! at wavelength \;. The maximum fluorescence
is at Avt = —6.0(5) MHz. (b) Rate R! in the absence of trapped atoms. (c)
Fluorescence at wavelength Ag from the trapped atoms and (d) corresponding

spectrum in the absence of trapped atoms.
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the transfer rate to the 5d6p 3DS state. The fluorescence rates RE are similar
to Eqns. 5.1 to 5.3 derived for the measurements with an atomic beam. A
difference originates from the presence of coherent Raman A-transitions in the
case of atom trapping. The Raman transitions facilitate a faster exchange of
population between the ground state 6s® 'Sy and the metastable 6s5d 3D-states
than by spontaneous decay alone. In particular the 6s5d *D; state is populated
only by spontaneous decay, if atoms from that state are repumped only with laser

light at wavelength \,. The rate from trapped atoms is then
Rg — €B BB . NMOT . ”yl(Itl, AV‘{) . BIRla (69)

where Big; is the decay branching of the 6s6p Py state to the 6s5d 3D; state. In
this case the ratio of the rates R! and RE at two wavelengths yield an expression

for the fraction of atoms in the 6s5d D-states

Rl €B

— . 6.10
RQB €1 ( )

pp =1 —Biri - B -

The fluorescence from the trapped atoms at both the wavelengths A\; and
Ap were detected under these conditions (see Fig. 6.4). All repumping laser
beams have been optimized for a maximum trap population. Trapping occurs
for a negative detuning Av! of the trapping laser frequency but no trapping
occurs for positive detuning. The maximum population Nyor is at a detuning of
Avy = —6.0(5) MHz for an intensity of all six trapping beams of I{ = 3.2 1. A
similar behavior is observed at wavelength Ag. The position and the shape agree
with those of the signal at wavelength A; however the absolute rate is smaller.
From the count rates R! and R together with the known detection efficiencies
€1 and ep (see Section 4.3) and with the branching ratios Big; (see Section 3.2)
and Bp (see Section 5.1) the population in metastable D-states can be estimated
as pp = 0.5(1). The uncertainty comes mainly from the uncertainties in the

measured signal rate ng and the branching ratios Big, Bg.

The vertical trapping laser beam at wavelength A; produces a Zeeman broad-
ened fluorescence from the atomic beam. It can be observed in the absence of
trapped atoms as a background count rate R}, at wavelength \; and RE (beam)
at wavelength \g. In Fig. 6.4 the peak of the count rate R' at wavelength \;
is 1200 times larger for the trapped atoms compared to the maximum signal

produced by the vertical trapping laser beams when atoms are not trapped.
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Fig. 6.5: (a) The the trap population Nyor dependence on the slowing laser
intensity I5. (b) Dependence of the atomic flux below a velocity of 30 m/s in the
decelerated atomic beam on If. A comparison of both spectra yields a capture
velocity ve = 30 m/s for the barium MOT.

6.2.1 Capture Velocity of MOT

The capture velocity, v., of a MOT depends on the frequency detuning Av} and
the intensity I} of the trapping laser beams. It can be estimated for two level
systems [169]. A full description for the case of barium would have to include
interactions with all laser beams. It still can be studied experimentally. A larger
v. should lead to a more efficient loading into a MOT from a decelerated atomic
beam. For an optimal match of the capturing and the slowing section the capture
velocity v, should be larger than the velocity of the decelerated atomic beam. The
capture velocity v, can be obtained from measurements of the trap population,
which was determined for different fluxes of atoms at low velocities. The flux of
decelerated atoms can be changed by varying the intensity I of the slowing laser
beam. It has been measured for different intensities I in a dedicated set of ex-
periments (see Section 5.2.1). The trap population Nyor depends on the slowing
laser intensity I in a similar way. It increases monotonously up to I = 2 - I and
decreases above that intensity (see Fig. 6.5). The decrease at high intensities I
is caused by a reduced atomic flux into the trapping region due to stopping of
atoms before they reach it. The best match for the intensity dependence of the
flux and the trap population Nyor is obtained for vi,.x = 30 m/s.

In order to capture atoms in the MOT they have to be stopped within the

trapping volume. Assuming that the deceleration is constant over the stopping
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distance and the atoms are stopped within a distance shorter than the diameter
d of the trapping volume the deceleration, ayor, has to be
v2
a > <. 6.11

ot > o8 (6:11)
This yields ayor > 5 - 10* m/s?, which agrees with the estimated deceleration
in the slowing section (see Section 5.3). It is about a factor of six lower than
the maximum deceleration a,,,, for barium, if one would assume a simple two
level system. A realistic maximum deceleration is at least smaller by a factor of

(1 — pp) because of the time the atoms spend in the metastable states.

6.2.2 Trap Loss

The number of trapped atoms Nyor in steady state depends on the loading
rate Lyior into the trap and on the trap loss rate. The number of atoms in the
trap increases with decreasing losses. This is of particular importance for rare

radioactive isotopes, e.g., radium. Trap losses are caused by several effects.

1. Collision of trapped atoms with residual gas. The momentum transfer is

sufficient to kick atoms out of the trapping volume.

2. Laser induced loss processes like photo-ionization depend on the intensity

in the laser beams.

3. Insufficient repumping rate leaves atoms in a state which is not subject to

the optical cooling force. Such atoms can fly out of the trap.

4. Collisions among cold atoms and laser assisted collisions can lead to molecule

formation.

The first three mechanisms are proportional to the population Nyor of the
trapped sample, while the loss due to the last process depends on a higher power
of Nyor [186,187]. The effects can be distinguished by a different time evolution

of the free decay of the trap population NyioT.

4
7 dt

Lyor, and the loss rate, Nyor/mvor.  If these losses are independent of the

The rate of change of the population, <-Nyor, depends on the loading rate,

density of trapped atoms, the rate of change of Nyjor can be written as

dNyor(t) — Lor — Nuor(t)

6.12
dt T™OT ( )
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Fig. 6.6: (a) Decay and (b) build up of the population Nyior for a barium MOT.
The fitted decay time of the MOT is 1.55(5) s and the rise time is 1.45(10) s.
Intensity of the trapping laser beam was IY = 0.6-I; and the frequency detun-
ing was Av! = —7(1) MHz. The residual gas pressure in the MOT chamber was
2.3-107% mbar. The horizontal straight line indicates the background level without
any MOT signal.

For a constant loading rate Lyior the population saturates at Lyior - Tmor. The
population Nyor decays exponentially, if the loading rate Lyjor vanishes at a

time t = 0,

t
NMOT(t) = NMOT - exp (— ) . (613)
™OT

All decay curves measured with trapped barium agree with this exponential
model. In this case the total decay rate, TM%T, is the sum of independent partial
loss rates

TMOT = Toae + T + 7 + 7o' (6.14)

where 7! is the loss due to collisions with residual gas, Td_sl is the loss due to

vac
escape from the trap in a dark (metastable) state, 7, ! is the loss from the cooling
cycle, and 7; I are photo-ionization losses.

The decay rate Ty has been measured from the buildup and the decay times
of the MOT population (see Fig. 6.6). The loading rate Lyjor was changed by
switching the slowing laser beam on and off with AOM4 in the setup (see Fig.
4.2). This changes the flux at low velocities in the atomic beam. The response
of the fluorescence signal rate R! was fitted with a single exponential function
(see Eqn. 6.13). Both the buildup and the decay curves agree with that function.

This indicates that losses which are nonlinear in the density of the trapped sample
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Fig. 6.7: The trap lifetime mioT as a function of the residual gas pressure P.
The intensity in the trapping laser beams was I} = 1.2 - I and the detuning was
Av} = —8 MHz. The lifetime decreases for increasing pressure. The line through
the data assumes a linear dependence of the trap losses due to the residual gas

density.

are negligible [184]. The dependence of the lifetime myor on the experimental
conditions, e.g., vacuum condition, intensity I} of the trapping laser beam and

repumping from the metastable states have been explored.

Vacuum Pressure

The residual gas density in the vacuum chamber is proportional to the vacuum
pressure. Thus, the collision rate of trapped atoms with residual gas molecules
decreases in higher vacuum. The trap losses due to this (see Fig. 6.7) will be

proportional to the pressure P and a rate constant Gp

] _1
TMOT = [— + Op - P} ; (6.15)
70

where 79 is the lifetime for P = 0. Fitting the measured lifetimes myor at differ-

ent pressure P gives a lifetime 7o = 573 s and a rate constant 3p = 0.33(7) - 10°

mbar~!'s™!. The pressure dependent loss rate Bp - P can be converted into a

_ PeP
o=

)
N vy

collision cross-section

(6.16)
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where n is the density and v, is the average velocity of the molecules present in
the residual gas. The estimated cross-section is in the range of 1.0(3) - 107! c¢m?
as expected for such a collisional atomic process. A more accurate determination
is not attempted from such measurements because the composition of the residual

gas is not well known.

Intensity Dependent Losses

A correlation of the lifetime myor with the intensity IY in the trapping laser
beams has been observed (see Fig. 6.8). All other experimental conditions were
kept constant. The lifetime myor changes nonlinearly with the trapping laser
intensity I{. The intensity dependence of the lifetime myor is parameterized with
two components. The intensity independent part, which yields a lifetime of 7
at the intensity I{ =0 in the trapping laser beams. The intensity dependent
part is modelled by a rate constant, 3, and the o'® power of the intensity I{ to
determine the order in photon number for the underlying process. The lifetime

can be written as
1

-1

TMOT = L—O + ﬁp(Ii)“] . (6.17)
The exponent « of the trapping laser intensity It the loss rate f; and the lifetime
To are determined from a fit of the function given in Eqn. 6.17 to the data.
The fit yields 7, ' = 1.2(2) s7! and B; = 0.20(3) s~'I73, where I is the saturation
intensity of the transition at wavelength \;. The reduced x? of the fit is 0.9. The
exponent o = 3.0(1) suggests a third order process for the intensity dependent
loss from the trap. This could be due to three photon photo-ionization of ground
state 6s 'Sy atoms. The ionization potential of ground state 6s 'Sy, barium
atoms is 5.21 eV and the energy of a photon at wavelength \; is 2.23 eV. Thus,
ionization of ground state 6s® 'Sy barium atoms requires at least the energy of
three photons at wavelength \;. Trapping times of several seconds can therefore

only be achieved at low intensities in the trapping laser beams.

Repumping efficiency

The lifetime myor is also affected by the parameters determining the repumping
process. These parameters are intensities and detunings for the repumping lasers
as well as the spatial overlap of the laser beams in the trapping region. The best
quantitative measurements influence of the repumping process on the lifetime

Tvot 18 achieved by changing the intensities in the repumping laser beams (see
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Fig. 6.8: (a) Dependence of the MOT lifetime Tyjor on the intensities I} of
the trapping laser beams. (b) The loss rate TM%)T as a function of intensity of
the trapping laser beams. The line through the data is a fit, which character-
izes the intensity dependent trap loss. The trapping laser beams were detuned
by Avt = —9 MHz. The maximum signal rate R! was recorded at the intensity
I = 0.9 I for that detuning. The magnetic field gradient was 35 G/cm and the
residual gas pressure was kept constant at 5- 10~? mbar during the course of mea-

surements. Intensities I} are given in units of the saturation intensity .

Fig. 6.9). A simple functional form for the intensity dependence of the losses can
not be given and a qualitative description is given here. Efficient repumping is
a prerequisite for a long lifetime myor of the trap. The losses are due to atoms
in the metastable states. With decreasing the repumping rate the dwell time
of atoms in these states increases. During these times the atoms do not feel
the cooling force because they are in a dark state. They could fly out of the
trapping volume. Measurements were performed for conditions at which other
loss rates are small, i.e., at low intensities I{ in the trapping laser beams and at
high intensities in the trapping laser beams, where intensity dependent losses are
dominant.

The sensitivity of the lifetime myor is different for the two different repumping
transitions (see Fig. 6.10). The intensities at the wavelength A\jro and A\jrg were
reduced independently by neutral density filters. The strong dependence of the
lifetime myor on the intensity shows that the repumping rate has not reached
saturation at the intensities available in the experiment.

The loss rates for each of the repumping transitions to first order are indepen-
dent of each other. The losses for the two transitions add up when the intensities

in both lasers are reduced simultaneously. This supports the assumption that
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Fig. 6.9: The MOT lifetime ot as a function of the intensities in the repumping

laser beams at the wavelengths Ao and A\jgs. (a) and (d) the intensity of the laser

beam at wavelength Arrs, (b) and (e) the intensity of the laser beam at wavelength

Ar2, (¢) and (f) the total intensity of the laser beams at the wavelengths \jg3 and

Ar2 were varied. The set of spectra (a), (b) and (c) were taken at an intensity of

IY = 0.54'I5 in the trapping laser beams (d), (e) and (d) were taken at an intensity
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Fig. 6.10: Repumping the 6s5d 3Dy state at the wavelengths Ajg; and Aa. (a) The
fluorescence R!' from trapped atoms depends on the relative frequency detunings
Avy and Avigy of the lasers at the wavelengths Ay and Ar;. (b) Dependence
of the MOT lifetime myjor on the repumping of the 6s5d ®D; state. Repumping
can be executed individually at the wavelengths A\jg; or Ao. In both cases the
lifetime o is the same within their uncertainties. The lifetime mor and the
trap population NyioT decrease by about a factor of four, if both the repumping

lasers are on resonance.

the losses are associated with the escape of atoms from the trapping region while

they are in one of the dark states.

Laser Cooling Scheme

The trap losses are in general not the same for the different cooling schemes
investigated in this work. In particular the six level subsystem has a finite leak
from the cooling cycle, while the repumping scheme might lead to smaller losses
due to escape from the trap in one of the metastable states. The two cooling
schemes which differ only by the path to repump the 6s5d 3D, state. The lifetime
mmot has been measured for both cases and for both the repumping transitions
active at the same time (see Fig. 6.10). The lifetime myoT and the trap population
was the same for both of the laser cooling schemes. The losses due to the dwell
time in the 6s5d 3D; state can be expected to be minor, since it is associated
with the weakest branching from the cooling transition.

An increase of the lifetime o1 and the population Nyor might be expected if

both repumping transitions are driven in parallel. In contrast a shortening of the
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lifetime myor and a decrease in population NyoT by a factor of four is observed in
both cases (see Fig. 6.10). The cooling laser at wavelength A\; and the repumping
laser at wavelength Ajg; drive the two photon coherent Raman transition in
the A-system of the 6s? 'Sy, 6s6p 'P; and 6s5d °D; states. This yields a larger
population in the 6s5d 3D; state than expected from an incoherent process. The
laser at wavelength Ao probes the population transfer to the 6s5d 3D, state and
destroys the coherence of the Raman A-transition. This three photon pumping
to the 5d6p DY state, increases losses from the cooling cycle (see Section 5.1).
An insight of the trap loss dynamics could be obtained from solutions to the
Optical Bloch equations together with the dynamics of the trapped atoms. Such
an approach which should include all transitions and states would reveal a rich

spectrum of multiphoton transitions.

6.2.3 Frequency Detunings of Repump Lasers

The frequency detunings of the repump lasers are critical parameters for the
performance of the MOT. Since the trapped atoms are nearly at rest, the repump
light frequencies for most efficient trapping are expected to be at the resonance
frequencies of the corresponding transitions. In case of inefficient repumping due
to low intensities of the laser beams or for large frequency detunings the trapped
atoms remain longer in one of the metastable states. During this period in a dark
state they leave the trap resulting in trapping losses.

The dependence of the population Nyor on frequency detunings of the re-
pumping lasers is shown in Fig. 6.11. A sample of trapped atoms was prepared,
then one of the repumping lasers frequency was changed at a time. The fluores-
cence at wavelength \; from the trapped atoms was detected (see Fig. 6.11). The
full width at half maximum (FWHM) in frequency of signal rate R; for the four
repump lasers is different. They are 65(6) MHz at wavelength Ajrs (Iig3 = 25(1)
mW /cm?), 25(3) MHz at wavelength Aro (Iig, = 105(5) mW /cm?), 53(5) MHz
at wavelength A\ig; (Ig; = 105(5) mw/cm?) and 330(15) MHz at wavelength Ay
(I, = 3.0(3) mW/cm?). The large width at wavelength Ay can be attributed to
the strong optical dipole transition, which requires lower intensities for repump-
ing. For the other three transitions the width is smaller. The substructure in the
spectra could arise from coherent Raman transitions. Such resonances appear, if
the frequency detunings from a common excited state are the same for a set of
transitions. The coherence phenomena of the laser cooling transitions in barium

have been studied extensively elsewhere [112,188].
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Fig. 6.11: Dependence of the fluorescence rate R! on the detuning of a single
repump laser. (a) Repumping the 6s5d Dy state at wavelength Ajgz. The width
(FWHM) of the spectrum is 65(6) MHz. (b) Repumping the 6s5d 3Dy state at
wavelength A\jga. The width (FWHM) of the spectrum is 25(3) MHz. Repumping
the 6s5d Dy state (c) at wavelength Ag; or (d) at wavelength A\jr1. The widths
(FWHM) are 53(5) MHz or 330(15) MHz respectively. The substructures in the
spectra have been observed in a reproducible way in many of such scans. They

could arise from coherent Raman transitions in the multiple A configuration.
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Fig. 6.12: Fluorescence at wavelength A\ recorded from the trapped atoms as
a function of frequency detuning Av} for different intensities I{. The intensity I}
is given in units of the saturation intensity Is. The magnetic field gradients, the
intensities and the frequency detunings of all other laser beams were kept constant

during the measurement.
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short trap lifetime mvoT.

6.2.4 Trapping Laser Intensity

The radiative forces on the atoms increase towards higher intensities I} in the
trapping laser beams. It is expected that this leads to an increase of the capture
velocity v.. This would increase the loading rate Lyjor and the trapping efficiency.
A measurement of the trap population Nyor as a function of the trapping laser
beam intensity I and the frequency detuning Av} can yield information on the
trap loading process (see Fig. 6.12).

Increasing of the intensity I} has several effects. In addition to the increase
of the trap losses (see Section 6.2.2) the frequency detuning of the trapping laser
beams at which the trapping population reaches its maximum shifts to larger
red detunings, Av(NYEy), (see Fig. 6.13). The range of detunings for which
atoms are trapped increases in a similar way. For the intensities of I} up to 4.2 - I
available in the experiments the optimum frequency detuning Av} is always less
than the natural linewidth of the cooling transition. The number of trapped
atoms Nyot increases fast at low intensities and reaches a maximum around
I! = I,. At higher intensities the population decreases again because of the
trapping laser intensity I! induced losses (see Fig. 6.13).

The loading rate Lyor can be determined from the trap population Nyor
and the lifetime myor (see Eqn. 6.23). The intensity dependence of myvor is
taken explicitly into account (see Eqn. 6.17). The loading rate Lyor increases
monotonically over the range of intensities in the experiment (see Fig. 6.13
c). At the saturation intensity the loading rate is of the order of magnitude of
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Lyor = 10° s71. A more accurate number would require a significant calibration

procedure.

6.2.5 Temperature of the Trapped Cloud

The temperature of the trapped atoms in a MOT is related to the characteristic
velocity v (see Eqn. 4.2) of the atoms. The velocity v can be measured by
release-and-recapture (R&R) methods [187,189,190] and time-of-flight (TOF)
methods [187,190, 191]. The trapped cloud is assumed to be described by a

thermal gas in 3 dimensions

2
dNgas(v) = Npexp (—%) dv, (6.18)

where V is the characteristic velocity. The temperature T is then given by

M~

T=_". 1
v (6.19)

where m is the mass of atoms and kg is Boltzmann’s constant. The atom velocity
can be measured by releasing trapped atoms by turning off the trapping lasers

and observe the time evolution of the expansion of the cloud.

Release-and-recapture Method

In this method the trapped atoms are released and the fraction remaining in
the trapping volume is determined after a time t,g. Atoms are loaded into the
MOT. At the time t = 0 the trapping laser beams and the slowing laser beam at
wavelength \; are switched off. In the dark the atomic cloud starts to expand.
The densities are low and the velocity distribution is therefore not changed due
to collisions. The distance, r(t), of an atom from the trap center increases with
time t as

r(t) =v-t, (6.20)

where v is the velocity of the atom. The spatial distribution of the cloud of atoms

is found by substituting the velocity v with the radius r(t) in Eqn. 6.18

AN gue(r) = \/g . Eggj - exp <—2rt(2t?;) dr. (6.21)

The radius of the initial velocity distribution of atoms is assumed to be much

smaller than the trap dimensions. The fraction, f(rg, tog), of atoms remaining
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Fig. 6.14: Measurements of the MOT temperature. (a) The trapping laser beams
were turned off in the period A-B for a time tog = 2.5 ms. After t = 0 the increase
of the signal is due to the recapture of atoms, which went out of the imaging region
but still within the trapping volume. (b) Variation of the recapture fraction for
different off periods tog of the trapping laser beams. The solid line is a fit to the
measured data points.

within a volume of radius ry can be obtained! by integrating Eqn. 6.21

f(ro, tor) = /ro Ngao (1) d®r = erf (iﬁv) e o exp (—i).
0 dr V2t V T tog V 2t2: V2

(6.22)

The trapping and slowing laser beams are turned on again at the time At = t.g.

Atoms which remain in the trapping volume are recaptured and drift back to the

trap center. The time scale for transporting atoms is given by the drift velocities
(see Eqn. 6.6) in the magnetic field of the MOT.

The trapping and slowing laser light at wavelength \; is switched off by AOM3

for the trapping laser beams and AOM2 for the slowing laser beam (see Fig. 4.2).

The fluorescence at wavelength A\; from the field of view of 2.5(2) mm is recorded

as a function of time (see Fig. 6.14). Immediately after turning the trapping

laser beams on the fluorescence of the atoms which remain in the field of view of
the detection system is detected. The fluorescence increases within the next few
ms due to the recapture of atoms which have not yet left the effective trapping

volume. The temperature can be inferred from the fraction f(rg, tog) of recaptured

ISince a clearcut definition of the radius, rg, is not possible, the parameters obtained with
this experimental method have an additional systematic uncertainty.
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Fig. 6.15: (a) Variation of the trapped cloud temperature with the intensity
I! in the trapping lasers. Detuning of the trapping laser beams was constant
Avi = —11 MHz. (b) Variation of the temperature of the trapped cloud with

the detuning Av{ of the trapping lasers. The intensity in the trapping laser was
It =18-1I.

atoms for different dark periods tog (see Fig. 6.14)..

Note that the repumping laser beams are continuously on. Atoms in the
metastable states can be transferred back to the ground state 6s? 'Sy during the
time tog. The fraction of atoms in the ground state 6s% 1Sy increases. The effect of
this is seen in the first ms after turning on the trapping light at time t = t,g. The
fluorescence rate is larger than expected for a recapture measurement, because
the fraction of atoms in metastable states is negligible. The excess in the rate R*
is on the order a factor of two or about 50% of the atoms in the metastable states
in the steady state of the multilevel laser cooling scheme. This is in agreement
with the determination of this factor pp in Section 6.2. A steady state is reached
within about 500 us.

The MOT temperature varies with the intensity I} and the frequency detuning
Av} of the trapping laser light (see Fig. 6.15). All the measurements were
performed at constant intensities for all the repumping laser beams, a magnetic
field gradient of o, = 35 G/A and a residual gas pressure of 5 - 107 mbar. The
minimum achieved temperature of the trapped barium cloud was 5.7(8) mK at
a frequency detuning of Avt = —13.5 MHz and an intensity IY = 1.8 - Ig of the

trapping laser beams.
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The temperature of the atoms determined for the barium MOT is larger
than the Doppler limit for the temperature Tp = 0.44 mK. The derivation of
the Doppler limit is based on an ideal two-level system for laser cooling [192—
195], which is not the case for barium. Furthermore, temperatures of trapped
atoms higher than the predicted Doppler limits have been observed for other
isotopes with nuclear spin I =0, e.g., calcium [196, 197] and strontium [198].
The ground state 6s 1S, of the cooling transition is nondegenerate and no sub-
Doppler cooling forces are present. Thus, cooling relies on the simple optical
molasses forces (see Eqn. 6.2), but intensity gradients in the counter-propagating
trapping laser beams result in spatially dependent optical molasses forces which
constitute an extra heating mechanism [199]. The intensity gradients in the laser

beam can arise from dust particles on the optical surfaces.

6.2.6 Loading Efficiency of the MOT

The efficiency, eyor, to transfer atoms from a thermal source into a MOT is
affected by the deceleration of the atomic beam, the capture velocity v, of the
MOT and the losses from the trap. It can be analyzed for the experimental
conditions of the barium MOT. Possibilities for increasing the efficiencies at each
individual step are discussed in the respective sections.

The efficiency eyor of the trap can be written as the loading rate Lyor into
the trap relative to the flux F}, in the thermal atomic beam. In steady state the

population Nyor and the trap lifetime myor give the loading rate

N
Lator = —2-. (6.23)
T™MOT
The trapping efficiency can be defined as
Nyor
€ = — 6.24
MOT T Ry nvor (6.24)

The population Nyor at a particular frequency detuning Avt and intensity I¢ in
the trapping laser beams can be extracted from the signal rate R! (see Eqn. 6.7).
If no atoms are in the trap, the incoming atomic flux, Fy,, is determined from the
fluorescence rate, Ry, due to trapping laser beams which are orthogonal to the
atomic beam. This can be achieved by detuning Avt of the trapping lasers light
frequency or no deceleration of the atomic beam. This fluorescence rate from the
beam is

Rion = €1 - M(lp) - Fi - At, (6.25)
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where €, is the detection efficiency for the fluorescence at wavelength Ay, v, (Iy)
is the scattering rate on resonance from the trapping laser beams at an intensity
I, and At is the interaction time of atoms in the atomic beam with the trapping

laser beam. It is

d

<v >’
where d is diameter of the region from where the fluorescence is collected and

At = (6.26)

< v > is average velocity of atoms in the atomic beam. The efficiency is then

. _ R' (I Av) At
MOt Rll)eam b (Ib) T™MOT .

(6.27)

The rates R', R{,,,, and lifetime myor are taken from measurements. The scat-
tering rates y; and 7}, are estimated from the measured light intensities. The av-
erage interaction time of atoms with the orthogonal MOT beam is At = 107" s.
The condition of trapping atoms as shown in Fig. 6.4 were I{ =3.2-1I; and
Avt = 6.0(5) MHz. The lifetime of the trap was myor = 0.15(5) s. Neglecting
that the scattering rate is reduced due to large populations in the metastable
states, the ratio of the two scattering rates is v1(I%, Avf) : %I, = 20(2) : 1. The
efficiency of the MOT yields eyjor = 0.40(15) - 1072, where the largest contribu-
tion to the uncertainty arises from mor. There is a limitation only due to the

available optical power in the repumping laser beams.

6.3 Lifetime of the 5d? °F, State

Cold atoms can be used to determine atomic properties of long lived excited
states. The properties can be compared to atomic structure calculations, which
are performed with increasing accuracy [95]. A measurement of lifetimes of states
tests the quality of the theoretical calculations.

The 5d? 3Fy state is part of the decay chain of the 5d6p 3D¢ state, which is
populated in one of the employed laser cooling schemes. Lifetime of the 5d2 3F,
state was recently calculated to 190 us [95]. The small branching of the 5d6p 3D
state to the state ¢ was determined by measurements in an atomic beam (see
Section 5.1). The main content of the state ¢ is the 5d* 3F, state (see Fig.
6.16). The contributions from 6s5d 'Dy, 5d? 3Py, 5d% 3P; and 5d? 3P, states
are expected to be minor and cannot be resolved in this experiment. A large
fraction from these states cascades back to the cooling cycle. The lifetime and the
branching fraction limits the benefit from this transition for slowing fast atoms.

The thermal velocity of trapped atoms was determined to be below 1 m/s. Thus,
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Fig. 6.16: Decay branching of the 5d? F5 state is indicated by solid lines. Cas-
cading of atoms from the 6s6p Py, 6s6p *P; and 6s6p 3Py states are indicated
with dotted lines. Branching to the 6s5d D3 state (thick line) is the only loss

from the cooling cycle.

they would travel by a distance of 0.2 mm within the lifetime of the 5d? 3F, state
and remain in the trapping region for many lifetimes.
The different channels for direct transition and cascading back into the cooling

cycle or loss from the trap of the 5d? 3F, population are

5d° °F, —  6s6p 'P; — 6s° 'S
6s5d *D,
6s5d *Dy
6s5d "Dy
6s6p Py — 65> 'Sy
6s5d *D; (6.28)
6s5d °Dy
6s6p *Py — 6s5d D,
6s5d °D;
6s5d *Dy
6s5d *Ds.
Only the branching into the long lived 6s5d D3 state is a loss from the cooling
cycle. The characteristic decay time is dominated by the lifetime of the 5d2 3F,

state, since the lifetimes of the intermediate 6s6p 3P; and the 6s6p 3P, states are
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Fig. 6.17: Lifetime measurement of the 5d 3Fy state. A laser pulse of around 1 ms

duration at wavelength A3 is generated by an acousto-optical modulator (AOM).
The pulse optically pumps a large fraction of the trapped atoms to the long lived
5d% 3F, state. This reduces the population in the cooling cycle and the fluorescence
at wavelength A; from the MOT decreases. After the laser pulse the cooling cycle
population increases with the characteristic time constant for the decay of the
5d? 3F,.
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Branching of | Fraction | Fraction | Resultant of

5d? 3F, state [115] [95] | branching

6s6p 1P, 19% 2% | cooling cycle

6s6p P, 42% 89% | cooling cycle

6s6p P, 39% 9% | cooling cycle and loss

Branching of
6s6p 2P, state

6s5d 1Dy << 1% | << 1% | cooling cycle
6s5d 3D, 2% 3% | cooling cycle
6s5d 3Dy 17% 23% | cooling cycle
6s5d Dy 81% 74% | trap loss

Branching of
5d? 3F, state
Decay to loss from the
6sbd ®Ds state | ~ 31.6% | ~ 6.7% | 5d? 3F, state

Table 6.1: Fractional branching for the decay cascade of the 5d? 3F state. Only
the decay channel via the 6s6p 3Py state to 6s5d ®D3 state results in losses from
the cooling cycle. The last row summarizes the fractional loss from the cooling
cycle. The values are taken from calculations which do not give uncertainties and

are therefore of limited value.

on the order of 1 us. The branching fractions for these cascades can be found in
literature (see Tables 3.4 and 3.5). The calculated losses to the 6s5d *Dj state
amount to 31.6% or 6.7% depending on the published value used (see Table 6.1).

The trapped sample of barium is prepared with laser cooling in the six-level
subsystem. In steady state this produces a small fraction of atoms in the 5d? 3F,
state due to the repumping at wavelength Ay (see Fig. 6.16). A larger population
in the 5d? 3F, state can be produced by optical pumping at the wavelengths
Ay and A3. The laser beam at wavelength A3 passes through an acousto-optical
modulator (AOM). The first order diffracted beam is overlapped with the repump
laser beam at wavelength Ay on a beam combiner (see Fig. 6.17). The laser light
at wavelength A3 can be switched on and off by the AOM in less than 1 us
by switching the rf power to the AOM. A set of photomultiplier tubes detects

fluorescence at the wavelengths A\; and Ag simultaneously from the trapped atoms.

The effective population of the 5d6p *DS state can be seen by fluorescence
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Fig. 6.18: The fluorescence from the trapped atoms depends on the detuning at
wavelength A3. The MOT is prepared with the six-level cooling subsystem. (a)
The fluorescence at wavelength \; decreases, if the laser at wavelength A3 is on
resonance. The increased losses shorten the trap lifetime and the steady state
distribution. (b) The fluorescence at wavelength Ap increases at the resonance,
because of the strong optical pumping to the 5d6p *D¢ state. The horizontal line

indicates the detected background photon levels.
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Fig. 6.19: Fluorescence from the trapped atoms detected at wavelength Ay for
pulsed excitation of the 6s5d 3Dy — 5d6p 3DY transition at wavelength A3. The
solid line above the spectra indicates the on-off sequence of the laser pulse. The
higher level is on and the lower level indicates the off. The MOT is loaded for
several seconds. The laser at wavelength A\ is at t = —1 ms pulsed for a duration
of 1 ms. The fluorescence from the MOT decreases and reaches a level of about
70%. After the end of the laser pulse the fluorescence increases to a lower level
than before the pulse. The increase is fitted assuming an exponential decay of the
of the 5d% 3Fy state. Here, the decay time is 73po = 160(10) ps and the loss of
atoms is L = 4.2(2)%. The signals are normalized to the fluorescence level before

the laser pulse.
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Fig. 6.20: (a) Lifetime 73p2 of the 5d? ®Fy state for different pulse length Tp of
the excitation pulse of the laser at wavelength A3. (b) Loss ¢ of atoms from the

cooling cycle for different number of excitations Nyc.

from the trapped atoms at wavelength Ag. The fluorescence depends on the
frequency at wavelength A3 (see Fig. 6.18). On resonance the fluorescence at
wavelength \; decreases strongly, while the fluorescence at wavelength Ag in-
creases. The behavior can be understood qualitatively. The trap population is
decreased due to the increased losses in the extended cooling cycle. A quantita-
tive analysis would require the measurement of the populations in all states of
the cooling cycle, which are not accessible from the measurements.

The lifetime of the 5d? *F, state can be measured with a pulsed excitation
scheme. Atoms are loaded into the MOT for a period of several seconds when
the laser beam at wavelength A3 is switched off (see Fig. 6.6). The fluorescence
of the MOT is detected at wavelength \;. At t = 0 the laser beam at wavelength
Ag is switched on. The laser pulse of length T}, optically pumps the population
of the 6s5d 3D; and the 6s5d 3D, states to the 5d6p 3D$ state. About half of the
atoms decay directly to the ground state 6s* 'Sy and a major fraction from the
other half populates the long lived 5d? 3F, state (see Section 5.1). The atoms
in the 5d? 3F, state are removed from the cooling cycle and the fluorescence at
wavelength A; from the MOT decreases (see Fig. 6.19). After the laser pulse
the decay from the 5d? 3F, state increases the population in the cooling cycle.
The fluorescence increases with this characteristic decay time. The fluorescence
saturates at a lower level than before the laser pulse. This missing fraction is

the loss L of atoms during the excitation period T,,. The measurement cycle is
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repeated for different pulse lengths. The contribution from the loading from the
atomic beam can be estimated to be on the order of the ratio of the length of the
measurement cycle to the trap lifetime mior. The contribution to the population
after about 3 ms is on the order of 1073.

The part of the spectrum after t=0 is described by an exponential decay and
a loss fraction

s(t) = 1 — Papg exp(—t/7c) — L, (6.29)

where Pgpy is the fraction of atoms in the 5d? 3F, state, 7¢ is the characteristic
decay constant for the cascade into the cooling cycle and L is the loss of atoms.
The decay time 7¢ is the lifetime 73po of the 5d? 3F, state, since all other decay
rates in the cascade are much faster than the lifetime 73p9. The lifetime was
determined as 73po = 160(10) s (see Fig. 6.20), which is in good agreement with
a recent calculation [95].

The depletion of the MOT fluorescence due to the laser pulse is a measure of
the steady state population in the 5d? 3F, state. The average number Ny of

excitations to the 5d? ®F, state during the laser pulse at wavelength s is

Nye = @, (6.30)

where s(t) is the normalized signal (see Eqn. 6.29) and 7 is the average time
required for cycling once through the 5d? 3F, state. The cycling time 7 is the
sum of the lifetime 73r9 and the time required for pumping it into that state. The
latter time can be estimated to be between 30 — 100 us since about 1100 photons
scattered from the cooling transition at wavelength \; are sufficient to transfer
ground state 6s% 1Sy atoms to the 6s5d D, or the 6s5d 3D, state. In the laser
cooling process in a six level system the loss ¢ from the cooling cycle for cycling
once through the 5d% 3F, state is
L
(=N (6.31)
The loss ¢ = 2.5(8)% is determined from measurements at different pulse length
Tp. The losses from the 5d? *F, state are larger by the ratio of (Ap + A¢)/A¢.
Taking the values from Table 5.3 the cascading fraction from the 5d? ®F, state to
the 6s5d 3Dy state is 5.4(1.7)%, which is in agreement with the a recent theoretical
calculation [95].
Trapped barium atoms could be used to study lifetimes and decay branching
ratios also for other states with the same method. This would require to add
power control to the light power for all lasers. The results of such measurements

would be reliable input to test atomic structure calculations in the future.
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Summary and Conclusion

Efficient laser cooling and trapping of barium requires an extended cooling cycle
of five or six states rather than two. Trapping of barium has been achieved with
this complex cooling scheme using up to seven lasers simultaneously. The strong
forces from the 6s? 'Sy — 6s6p 'P; transition facilitate an efficient trapping of
barium atoms. The maximal force is reduced by about a factor of two compared
to laser cooling in a simple two level system due to the large accumulation of
population in the metastable D-states. The probability to capture an atom from
a thermal atomic beam into the MOT is determined by the deceleration of the
atoms in the beam and the capture velocity for the MOT. The achieved efficiency
was 0.40(15)%. The loading rate Lyjor increases with a higher light intensity of
the trapping laser beams at wavelength \;. Further improvements should be
possible by transverse cooling of the atomic beam and white light cooling with
frequency broadened lasers.

Trap lifetimes myor of up to 1.5 s have been observed. The losses, which
determine the lifetime myor have been investigated. The main losses could be
identified as escape of atoms from the trap while they are in one of the metastable
states and losses which depend on the intensity of the trapping laser beams. The
first losses can be reduced with a higher light power in the repumping laser beams
which can be implemented for a dedicated experiment. The latter losses could
be reduced with lower light intensities in the central part of the trapping laser
beams only. The higher intensity away from the center could still facilitate large
loading rates Lyor. The lowest observed temperature of the trapped atoms was
5.7(8) mK. It is limited by intensity gradients in the trapping laser beams. This
effect should be lower for isotopes with nuclear spin. In this case sub-Doppler
cooling forces should be present and lower temperatures should be reachable. The
decay of the excited 5d? 3F, state could be investigated with the trapped atoms.
The observed properties agree well with theoretical calculations. The techniques
developed within this thesis demonstrate that the number of elements that can

be optically cooled and trapped could be extended significantly.



Chapter 7

Outlook

The TRIuP programme at KVI is focussed on fundamental interactions and
symmetries. Searches for electric dipole moments (EDM’s) provide important
low energy possibility to study the CP and T symmetries in nature. This work
contribute particularly to a structured approach towards a search for an EDM in
radium isotopes. An indispensable step is the realization of an efficient laser cool-
ing and trapping scheme for this heavy alkaline-earth atoms. Trapping of isotopes
minimizes systematic uncertainties of EDM searches and an efficient collection of
rare isotopes decreases the statistical uncertainties. The technical possibilities for
trapping of radium have been investigated with the chemical homologue barium.
It exhibits the same principal challenge as radium as far as optical cooling and
trapping are concerned. Barium could be collected in a magneto-optical trap
(MOT) for the first time in this work. In particular laser cooling was investi-
gated with a many level atomic scheme and a multi laser system. Furthermore,
several decay rates and lifetimes of excited states could be measured for barium
as input for the verification of indispensable atomic structure calculations. The
design of an efficient collection trap for radium isotope can now be based on the
strong 7s? 'Sy — 7s7p P, transition for laser cooling. With the knowledge of the
results from barium, a qualitative and quantitative analysis of the requirements

for efficient laser cooling of radium becomes possible.

Laser cooling of barium and radium is challenging, due to leakage from the
best suited strong ns® 'Sy — nsnp 'P; (n=6, 7) cooling cycle. As a remedy a
closed subsystems of atomic levels was identified for barium, which includes sev-
eral transitions driven at the same time by appropriate laser light. A closed
system exists which includes the five states 6s% 'Sy, 6s6p Py, 6s5d Dy, 6s5d 3D,
and 6s5d 3D;. A sixth state 5d6p *D¢ may be added for repumping the 6s5d 3D
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Fig. 7.1: In the case of barium: (a) velocity distribution f(v) of the decelerated

atomic beam at different repumping Rigr1 compared with a distribution in the

Maxwell Boltzman distribution. The numbers represent number of repumpings
Rig; from the 6s5d 3D, state. (b) The total number of atoms into the cooling

cycle can be regained with the repumping atoms from the 6s5d >D; state.
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Fig. 7.2: In the case of radium: (a) velocity distribution f(v) of the decelerated
atomic beam at different repumping Rig; and the Maxwell Boltzman distribution.
Rigr: is the number of repumping from the 7s6d 3D; state. (b) The gain of atoms
into the cooling cycle with the repumping atoms from the 7s6d®D; state. Higher

branching to the 7s6d3D; state forces to repump that state for an efficient slowing

of the

radium atomic beam.
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states. The successful cooling scheme requires simultaneous control of several
lasers, e.g., a dye laser, three fiber lasers and four diode lasers at the same time.

In order to apply the developed cooling techniques also to radium in the
future the requirements for repumping needs to be analyzed. The probability,
ps(v), of atoms in the ground state ns® 'Sy increases with repumping of the
ns(n — 1)d 3D; state, where the principle quantum number n = 6 for barium and
n = 7 for radium. If an atom scatters n; photons from the cooling transition this

probability will be

ny
V—exp——mt ) 7.1
ps(v) P ( Biri - RIRI) (7.1)

where Bgr; is the branching to the 3D; state relative to the total decay of the
P, state and Rig; is the number of repump cycles from the 3D; state during
the deceleration. It is assumed that the D, and the 3D, states are repumped

completely. The product of ps(v) with the velocity distribution in the atomic

beam dez—‘v‘“(v) (see Eqn. 4.1) gives distribution of atoms in the decelerated atomic
beam in their ground state ns? 'S, i.e.,
dFpeam (V
f(v) = bd—v() - ps(v) - dv. (7.2)

The integral over the decelerated velocity distribution f(v), gives the total number
of atoms into the cooling cycle. A quantitative estimate of the gain in slow
atoms with repumping of the ns(n — 1)d 3D, state is obtained for both barium
and radium, which are shown in Figs. 7.1 and 7.2. As a main conclusion it has
been noted that for an efficient deceleration of a radium atomic beam repumping
of the 7s6d 3D, state is necessary.

The maximum velocity, v,,, of atoms which can be stopped over a distance,

S, at a deceleration, acg = v, - Yer, 1S

Vi = V2V, Vet S, (7.3)

where v, is the recoil velocity of atoms and ~.g is average effective scattering rate
from the cooling transition. In a slowing section of length S = 1 m barium atoms
of up to about v, (Ba) =320 m/s can be stopped with our achieved scattering
rate Yo = 107 s7! from the cooling transition. For radium it is v,, (Ra) = 250 m/s
with the same length and the same scattering rate.

The strong 7s6d 3D; — 6d7p 3DS and the 7s6d 3Dy — 6d7p 3DS transitions
in radium could be even better suited for repumping from the 7s6d 3D; and the
7s6d 3D, states than for barium. The energy difference of the 6d7p 3D$ to the
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6d? 3F, state is smaller than for the respective states in barium, while branching
to the ground state 7s? 'Sy increases due to relativistic effects. This improves
the ratio of branching to the ground state 7s? 1Sy and to the other states , i.e.,
Ap/A; compared to barium. The necessary laser wavelengths are in the visible
range at 540.1 nm and 548.3 nm and are commercially available. In radium,
the relative position of the lower lying states is the cause why atoms come back
more frequently into the cooling cycle with the 7s6d 3D; — 6d7p *D¢ and the
7s6d 3Dy — 6d7p DY transitions than in barium.

An advantage of radium over barium is the possibility to use the weaker
intercombination line 7s? 1Sy — 7s7p 3P; for second stage cooling to achieve a
lower temperature. This work has shown that laser cooling and trapping of
radium will be possible following the techniques and principles established with
barium. With the recent progress in the production chain of the isotopes ?'°Ra
to 2°Ra at the TRIuP facility at KVI [37] a sensitive radium EDM experiment

appears to be possible.



Appendix A

Numerical Calculation: Magnetic
Field

The magnetic induction, B(T’), produced by a pair of coils such as it was em-
ployed in the experiments can be calculated by numerical integration of the Biot-
Savart law. The results were compared to the field strengths measured by the
Zeeman splitting of the 6s* 1Sy — 6s6p 1P, transition in barium (see Section 4.5).

According to the law of Biot-Savart the vector potential, K(?), produced by

a single current carrying loop is
- J
Ho
A =— [ = -d Al
(1") 47'('/ ‘?| T, ( )

where J is the current density of a current I flowing through the loop, T is

position vector and pyg is free space permeability. The corresponding magnetic

induction ﬁ(?) can be obtained by applying Maxwell’s equation for the mag-
netic induction

B(T)=V x A(T). (A.2)

In particular for a single loop of radius R perpendicular to the z-axis at a

distance d from the origin of the reference frame, the axial, radial and azimuthal

components B,, B, and By of the magnetic induction can be written as [201,202]

_ILLOI 1 ‘ ,{2 RQ_p2_(Z_d)2 ‘ I{Q
ST e v L e e Al
(A.3)
_ tl (z — d) CK(k2 R2+p2+(z—d)2_ 2
R e e | R ap (ﬂb
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and

B, =0, (A.5)

where I is the current through the loop, K(x?) and E(x?) are the complete elliptic

integrals of first and second kind of the integrant

2 _ 4Rp
S (P e g (4.6)

The azimuthal field component B, is zero due to the cylindrical symmetry of the
current loop. The axial and radial components are independent of the azimuthal
angle ¢.

Eqns. A.3 and A.4 are integrated over the current density distribution to
obtain the magnetic induction. The field calculations were performed for a coil
arrangement close to Helmholtz configuration and to anti-Helmholtz configura-
tion. Zeeman splitting spectroscopy for field calibration was done for the coils
operated in the first mode, while the later was used for trapping. The gradients

can be determined from the calculated field profiles.



Appendix B

Calibration Quantum Efficiency
of the PMT

The quantum efficiency, ;(};), is the number of emitted photo-electrons due to
a single incident photon at wavelength A;. This is a very specific quantity for
individual photocathodes, even if they are made from the same material. In
particular the chemical properties of the coating on the photocathode and the
production conditions have strong influence. The relative quantum efficiencies
of a particular PMT at the two different wavelengths \; and Ag are essential
input for several experiments in this work (see Section 5.1). For that purpose
the relative quantum efficiencies, €, /eg, of the PMT used in the experiment was

measured.

Radiation from the hot tungsten filament in an evacuated commercial light
bulb was used as an ideal black body radiator. For such a light bulb there are no

other cooling mechanisms for the filament other than radiation. The dissipated

light bulb slit band pass collimating lens

‘ filter system

detector

o

Fig. B.1: Setup for measuring the relative quantum efficiency of a photomultiplier.

Well defined spectral range are selected by band pass filters from the radiation spec-
trum of a light bulb. The collimated radiation is detected either with a calibrated
photodiode or the PMT, which is being calibrated.
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Fig. B.2: Relative quantum efficiency of the photomultiplier tube used in the
experiments. The wavelengths Ag and A; of the detected fluorescence were se-
lected with interference filters transmitting the wavelength bands (410 £+ 10) nm
and (550 £ 10) nm.

electrical power W in the bulb is the same as the radiated power, P, which

determines the temperature, T, of the filament
P=W=a-0T% (B.1)

Here o is the Stefan-Boltzman constant and « is the ratio between the absolute
power radiated by the filament and the measurable electrical power supplied to
the bulb. For a light bulb a@ ~ 1 in the spectral region 480 nm to 590 nm. The
radiated photon flux is the integral of the Planck distribution over the spectral

band A\ )
2h c? he -
UNT) = / v [exp ()\kBT> — 1} dA (B.2)

where h is Planck’s constant, ¢ is the speed of light and kg is Boltzmann’s con-

stant.

A small fraction of the radiation spectrum of a distant light bulb is selected for
the measurement. A spectral range A + A\ of the spectral distribution is selected
by a band pass filter, which has a transmission bandwidth of 2 - AX = 10 nm.
A pair of lenses collimate the selected light onto the detector. A calibrated
photodiode or the PMT detect the radiation spectrum.

The calibration was performed in two stages. First, the optical power trans-

mitted through four different band pass filters, F4109, Fuso, F550 and Fs9g, were
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measured. The central wavelengths of their respective transmission are 410 nm,
480 nm, 550 nm and 590 nm. A calibrated photodiode, which is a light power
meter LaserMate-Q (from Coherent Inc., Palo Alto, USA), is used to measure
the optical power U(A, T). In a second step the count rate, C(A\, T), for the PMT
R7205-01 (from Hammamatsu Corp., Shizuoka, Japan) was measured for the
same optical power U(A, T). The measurements were repeated for many different
filament temperatures. The characteristic temperature dependence U(X, T) (see
Eqn. B.3) can be used to determine the absolute temperature of the filament.
The relative quantum efficiency ¢;/¢; at the two different wavelengths A; and A,
were obtained by comparing measurements at a fixed temperature T,
g C\,To) U, T,)

5 UMT,) COTo) (B.3)

The calibrated quantum efficiencies of the PMT are £(480nm) = 0.55(3) (filter
Fus0), €(550nm) = 0.13(2) (filter Fs500) and (590 nm) = 0.03(2) (filter Fsqp) rel-
ative to the quantum efficiency at wavelength 410 nm (filter F419). The filters
F410 and Fg500 select the fluorescence at the wavelengths Ag and A\; used in the
experiments with barium. The relative quantum efficiency at the two detected
wavelengths A; and Ap is g1 /eg = 0.13(2).
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Appendix C

Atom-Photon Interactions

In this appendix the basic equations relevant for laser cooling and trapping are
given. For a detailed discussion see the references as given to literature [169,170,
200]. Deceleration of atoms with laser light arises from the momentum transfer
of photons to the atom. The recoil velocity of an atom with mass, m, due to

scattering of a single photon is

_ hk
=
The photon scattering rate of an atom from a single laser beam can be written

(C.1)

Vr

as

QQ
N2 202 1 457
where v = 1/7 is the decay rate of the upper state, ¢ is the frequency detuning

To =7 (C.2)

of the light from the atomic resonance and € is the Rabi frequency. The Rabi
frequency depends on the light intensity, I, and the decay rate . The saturation
parameter at a light intensity I is
I 202
So=—=—, C.3
L (©3)
where I is the saturation intensity of the transition. The scattering rate can be

written as

Y So
Sp,0) = - —————. C.4
’Vp(O ) 21+SO+<2,Y_6)2 ( )
The time averaged optical force on an atom is determined by
— —
F(SO75) :VP(S(%(S) ’ hka (C5)

_)
where k is the wave vector of the transition at wavelength A and A is Planck’s

—_—
constant. The optical force F (S, d) yields a maximum acceleration of

—y .1
Amax = Vi 5 (C.6)
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Characteristic values Numerical values

Natural linewidth I" 18.33 MHz

Saturation intensity I 14.12 mW /em?, ie., So = 1
Recoil velocity v, 0.0052 m/s

Maximum scattering rate 2 | 6- 107 s™! at Sy > 1
Deceleration aax 310 -10® m/s?

Doppler velocity vp 0.163 m/s

Doppler temperature Tp 0.44 mK

Table C.1: Characteristic laser cooling parameters for the barium atom obtained
with the simplifying assumption of a two level system formed by the 6s® 'Sy and
the 6s6p 'P; states.

The necessary minimal distance S to decelerate atoms from an initial velocity v

is )
1 v

S

(C.7)

2 A
The optical force from counter-propagating laser beams can be used to bring
atoms two rest. The Doppler cooling theory [192-195] predicts a lowest temper-

ature for atoms in an optical molasses. This temperature is

h vy

Th = — - =
D kB 2a

(C.8)

where m is the atomic mass. The velocity of atoms corresponding to this tem-
perature is
ho v
Vp = B . E, (Cg)
where kg is Boltzmann’s constant. The minimum velocity vp and temperature
Tp given here are for atoms without sublevels in their ground state. The charac-
teristic values for barium under the simplifying assumption of a two level system

are given in Table C.1.
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Summary

First laser cooling and trapping of the heavy alkaline-earth element barium has
been achieved. The cooling cycle using the strong 6s? 'Sy — 6s6p 'P; transition
at wavelength \; = 553.7 nm exhibits large leaks to metastable D-states. This
makes laser trapping with this transition only impossible. Additional lasers are
thus needed to bring the atoms back in to the cooling cycle. In total seven lasers
were employed to confine barium atoms in a magneto-optical trap (MOT) (see
Fig.C.1).

The properties of the barium MOT were characterized. The efficiency of
capturing an atom from a thermal atomic beam into the MOT is 0.4(1)%. Loss
rate mechanisms from the trap were studied by observing the decay of the trap
population. Typical lifetimes of the MOT cloud are on the order of one second
and are limited mainly due to insufficient repumping of D-states. The trapping
efficiency and the trap lifetimes may be improved by employing more powerful
lasers for repumping. The range of velocities from which barium atoms can
be captured into the MOT is about 30 m/s. The velocity capture range could
be widened significantly with an intense broadband laser light source in future.
Different laser transitions were employed for repumping barium atoms from the
6s5d 3D; and the 6s5d 3Dy states. They lead to similar trap populations and
lifetimes. The temperature of the cold atomic barium cloud was determined to
about 5 mK. This is about ten times larger than the Doppler limit known from
the theory of laser cooling. Atomic properties of the 5d? F, state were studied

with trapped atoms, in particular it’s lifetime was determined as 160(10)us.

This work has shown a possible scheme to trap atoms with a leaky cooling
cycle. Since atoms with such properties are the majority of the elements in the
periodic table, the number of optically trapable elements can be significantly
enlarged. Of particular high interest is radium, the chemical homologue to bar-
ium. The techniques developed here can be used to build an efficient collection

MOT for radium using the strong 7s? 'Sy — 7s7p 'P; transition as primary cool-
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Fig. C.1: (a) Photograph of a cold could of barium atoms in a magneto-optical
trap. The bright spot at the center of the optical port is scattered light at wave-
length 553.7 nm of the cooling transition. (b) Dependence of the MOT fluorescence

on the frequency detuning Av} of the trapping laser beams at wavelength 553.7 nm.

ing transition. The interest in radium stems from it’s high sensitivity to possible
nuclear and electron permanent electric dipole moments (EDM’s). An EDM vio-
lates parity as well as time reversal and is therefore of fundamental importance.
Searches for such EDM’s are among the main research goals of the recently com-
missioned TRIuP facility at KVI.



Samenvatting

Dit proefschrift beschrijft de eerste succesvolle poging om het zware aardalkali
element barium met behulp van laserlicht af te koelen en te vangen. De koel-
ingscyclus die de 6s% 'Sy — 6s6p P, overgang met de golflengte \; = 553.7 nm
gebruikt om de barium atomen af te koelen laat grote lekken zien naar meta
stabiele D-toestanden. Atomen die zich in deze toestanden bevinden ontsnappen
aan de koelingscyclus. Meer lasers zijn noodzakelijk om de atomen daarin terug
te brengen. In totaal werden er zeven lasers ingezet om barium in een magneto
optische val (MOT) te vangen (zie Fig. C.2).

De eigenschappen van de barium MOT werden gekarakteriseerd. De efficiéntie
om een atoom in te vangen vanuit een thermische atoombundel in de MOT is
0.4(1)%. Typische levensduren van de MOT wolk zijn in de orde van een sec-
onde en worden voornamelijk begrensd door het onvoldoende terugbrengen van
de atomen vanuit de D-toestanden. De invangefficiéntie en de vallevensduren
zouden verbeterd kunnen worden door sterkere lasers te gebruiken. Het snel-
heidsinterval waaruit de barium atomen kunnen worden gevangen in de MOT is
ongeveer 30 m/s. Atomen uit een bredere interval van snelheden zouden kunnen
worden gevangen met een breedbandige lichtbron. Verschillende overgangen zijn
gebruikt om de barium atomen die zich in de 6s5d 2D, en de 6s5d 3D toestanden
bevonden terug te brengen in de koelingscyclus. Deze leidden tot vergelijkbare
MOT-bevolkingen en levensduren. De temperatuur van de koude atomaire bar-
ium wolk is ongeveer 5 mK. Dit is ongeveer tien keer groter dan de Doppler
limiet wat bekend is van de theorie van laserkoeling. Atoomeigenschappen van
de 5d? 3F, toestand zijn bestudeerd met gevangen atomen, in het bijzonder is de

levensduur van 160(10)us gevonden.

Dit werk heeft een mogelijk schema laten zien om atomen te vangen die een
koelingscyclus met sterke lekken hebben. Aangezien dit zo is voor de meerder-
heid van de elementen in het periodiek systeem kan het aantal van optisch te

vangen elementen aanzienlijk worden uitgebreid met de hier ontworpen meth-
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Fig. C.2: (a) Een foto van een wolk koude barium atomen in een magneto-optische
val. De heldere stip in het midden van de optische toegangspoort is verstrooid
licht op een golflengte 553.7 nm van de koelingsovergang. (b) De grafiek laat de
afhankelijkheid zien van de MOT fluorescencie op de frequentie verstemming Av}

van de laser bundel met de golflengte 553.7 nm.

oden. Van bijzonder groot belang is dat voor het radium atoom, chemisch
homoloog aan barium. De in dit werk ontwikkelde technieken kunnen worden
ingezet om een efficiente verzamel-MOT te bouwen voor radium door van de
sterke 7s? 'Sy — 7s7p 'P; overgang als primaire koelovergang gebruik te maken.
De interesse in radium vloeit voort uit de hoge gevoeligheid van dit atoom voor
de mogelijke permanente kern- en elektrische dipoolmomenten (EDM’en). Een
EDM schendt zowel pariteit als tijdsomkering en is daarom van fundamentaal
belang. De zoektocht naar EDM’s behoort tot de belangrijkste doelstelling van
de recentelijk gereed gekomen TRIuP faciliteit op het KVI.
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