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Chapter 3

Heavy Alkaline-earth Elements:

Barium and Radium

Barium and radium are heavy alkaline-earth elements, i.e., they fall into the

the 2nd group of the periodic table of elements. Barium has 7 stable isotopes:
130Ba (0.1%), 132Ba (0.1%), 134Ba (2.4%), 135Ba (6.6%), 136Ba (7.8%), 137Ba

(11.3%) and 138Ba (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 226Ra 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 10−3 cm−1, a relative accuracy of about

10−6, and the level structure was extracted. These measurements confirmed
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20 Heavy Alkaline-earth Elements: Barium and Radium

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 τ1/2 = 1600 y)

electron config. [Xe] 6s2 [Rn] 7s2

ground state 6s2 1S0 7s2 1S0

nuclear spin (I) even - 0 even - 0

odd - 3
2

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−1 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 τ1/2 = 23 ms and 1600 y were produced. Collinear laser spectroscopy

of the strong 7s2 1S0 → 7s7p 1P1 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 7s2 1S0 → 7s7p 3P1 and the

7s7p 3P2 → 7s7d 3D3 transitions [84]. The nuclear magnetic moments of the ra-

dium isotopes 213Ra and 225Ra were determined experimentally at the same fa-

cility to 0.7338(15)µN and 0.6133(18)µN, where µN is the nuclear magneton [85].

There is good agreement of the latter value with a theoretical calculation, which

yields 0.607(12)µN [86]. Recently the 7s6d 3D1 → 7s7p 1P1 transition was mea-

sured in connection with laser cooling of radium on the weak intercombination

7s2 1S0 → 7s7p 3P1 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−1]

State Ref. [20] Ref. [90]a Ref. [90]b Ref. [91]

7s7p 1P1 20716 21156 21148 20450

7s7p 3P1 13999 14072 14096 14027

7s7p 3P2 16689 16855 16855 16711

7s6d 1D2 17081 17806 17737 17333

7s6d 3D2 13994 13974 13907 13980

7s6d 3D1 13716 13672 13609 13727

Lifetimes of the excited states in radium

State Ref. [18] Ref. [91] Ref. [93] Ref. [87]

7s7p 1P1 5.5 ns 5.53 ns 5.56 ns

7s7p 3P1 505 ns 362 ns 421 ns 422(20) ns

7s6d 1D2 38 ms 0.129 ms 1.37 ms

7s6d 3D1 617 µs 654 µs 719 µs

7s6d 3D2 15 s 3.3 s 3.95 s

Table 3.2: Excitation energies and lifetimes of some states in radium. References
[20, 87] provide the experimental values. Ref. [90]a refers to the Dirac-Coulomb
(DC) and Ref. [90]b 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) [Aik] (s−1) [Aik] (s−1)

7s7p 3P1 7s2 1S0 714.3 2.4·106 2.8·106

7s6d 3D2 1.8·10−3 1.6·10−3

7s6d 3D1 8.8·101 9.8·101

7s7p 1P1 7s2 1S0 482.7 1.8·108 1.8·108

7s6d 1D2 2751.5 3.2·105 3.2·105

7s6d 3D2 1487.7 3.2·104 4.2·104

7s6d 3D1 1428.6 1·105 0.3·104

7s6d 3D1 7s7p 3P1 7·103 7.7·103

7s7p 3P2 5.9·101 7.9·100

6d7p 3D1 7s6d 3D1 540.1

7s6d 3D2 548.4

7s6d 1S0 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 122Ba to 146Ba the

nuclear spins, the nuclear magnetic moments, the mean square charge radii, the

hyperfine constants and the isotope shifts of the 6s2 1S0 → 6s6p 1P1 transition

were measured at the ISOLDE facility of CERN [109]. Hyperfine structure mea-

surements and isotope shift measurements of the 6s2 1S0 → 6s6p 1P1 transition

were particularly performed for stable barium isotopes [110]. The isotope shifts

of the relevant infrared transitions1 are available from the work of Ref. [111]. At

the TRIµP facility of KVI the isotope shifts of the 6s5d 3D1 → 6s6p 1P1 and the

6s5d 3D2 → 6s6p 1P1 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 1D2 and the 6s5d 3D2 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−1 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

1In this context the transitions 6s2 1S0 → 6s6p 3P1, 6s5d 1D2 → 6p5d 3D1, 6s5d 1D2 →
6p5d 3D3, 6s5d 3D3 → 6p5d 1D2, 6s5d 3D2 → 6p5d 1D2, 6s5d 3D1 → 6p5d 1D2, 6s5d 3D3 →
6p5d 3F2, 6s5d 3D2 → 6p5d 3F2, 6s5d 3D1 → 6p5d 3F2, 6s5d 3D3 → 6p5d 3F3, 6s5d 3D2 →
6p5d 3F3, 6s5d 3D3 → 6p5d 3F4, 6s5d 3D1 → 6p5d 3D1 need to be considered.
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Upper level Lower Wavelength Decay rate Ref.

and lifetime level (nm) [Aik] (s−1)

6s6p 3P1 6s2 1S0 791.32 2.99(38)·105 [104]

6s5d 3D2 2923.0 3.18(32)·105

1345(14) ns [87] 6s5d 3D1 2775.7 1.23(12)·105

6s5d 1D2 8056.5 0.006·105 ‡ ‡ [115]

6s6p 3P2 6s5d 3D3 2552.2 4.8·105 [115]

6s5d 3D2 2326.0 1.0·105

6s5d 3D1 2231.8 0.09·105

1.4 µs [95] 6s5d 1D2 4718.4 0.01·105

6s6p 3P0 6s5d 3D1 3094 2.6·105 [115]

2.6 µs [95]

6s6p 1P1 6s2 1S0 553.74 1.19(1)·108 [103]

6s5d 1D2 1500.39 0.0025(2)·108

6s5d 3D2 1130.36 0.0011(2)·108

8.0(5) ns [112] 6s5d 3D1 1107.87 0.000031(5)·108

5d2 3F2 6s6p 3P1 1205.2 0.36·105 [115]

6s6p 3P2 1347.8 0.33·105

190µs [95] 6s6p 1P1 3479.7 0.16·105

5d2 3F3 6s6p 3P2 1292.7 2.8·102 [115]

2.9 ms [95]

5d2 1D2 6s6p 3P2 1047.4 2.8·106 [115]

6s6p 3P1 959.2 0.85·106

470 ns [95] 6s6p 1P1 1999.3 0.49·106

5d6p 3F2 6s5d 3D1 767.42 1.50(28)·107 [98]

6s5d 3D2 778.05 0.74(15)·107

34(6) ns [98] 6s5d 1D2 937.26 0.74(15)·107

6s5d 3D3 802.02 < 0.0009·107

5d2 3F2 8842.3

5d2 3F3 12275

5d6p 3F3 6s5d 3D2 728.23 2.7(5)·107 [98]

6s5d 3D3 749.01 0.60(12)·107

30(5) ns [98] 6s5d 1D2 865.65 0.030(8)·107

5d2 3F2 4966

5d2 3F3 5890

5d2 3F4 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) [Aik] (s−1)

5d6p 3F4 6s5d 3D3 706.18 5·107 [100]

27 ns [95]

5d2 3P0 6s6p 3P1 945.9 1.4·107 [115]

6s6p 1P1 1942.2 0.0042·107

160 ns [95]

5d2 3P1 6s6p 3P0 891.7 5.7·106 [115]

6s6p 3P2 1003.5 5.0·106

170 ns [95] 6s6p 3P1 922.2 4.0·106

6s6p 1P1 1845.1 0.0012·106

5d2 3P2 6s6p 3P2 961.2 6.4·106 [115]

6s6p 3P1 886.3 3.2·106

270 ns [95] 6s6p 1P1 1706.9 0.41·106

5d6p 3Do
1 6s5d 3D1 659.71 3.7(2)·107 [98]

6s5d 3D2 667.71 1.8(2)·107

6s2 1S0 413.36 0.15(2)·107

17.4(5) ns [98] 5d2 3F2 3068.20 0.063(38)·107

6s5d 1D2 781.51 < 0.0058(17)·107

5d2 3P0 10170

5d2 3P1 14040

5d2 3P2 36604

5d2 1D2 8847.2

5d6p 3D2 6s5d 3D1 645.26 1.1(2)·107 [98]

6s5d 3D2 652.91 3.1(6)·107

6s5d 3D3 669.56 1.3(3)·107

18(3) ns [98] 6s5d 1D2 761.26 0.11(3)·107

5d2 3F2 2779.0

5d2 3F3 3046.8

5d2 3P1 9507.4

5d2 3P2 16319

5d2 1D2 8303.3

5d6p 3D3 6s5d 3D3 650.05 5.4(4)·107 [100]

6s5d 3D2 634.34 1.16(8)·107

18 ns [95] 6s5d 1D2 736.13 < 0.005·107

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 ns2 1S0, where n is the principal quantum number 2, . . . , 7. The

low lying excited states are of the configurations ns(n− 1)d 3D1, ns(n− 1)d 3D2,

ns(n− 1)d 3D3, ns(n− 1)d 1D2, nsnp 3P0, nsnp 3P1, nsnp 3P2 and nsnp 1P1. 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 Bc for the ns2 1S0 → nsnp 1P1 transition n =
2,. . . ,7. Typically 105 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 ns2 1S0→nsnp 1P1 transition can be defined :

(1) The decay branching, Bc, is the ratio of the decay rate of the nsnp 1P1

state to the ground state ns2 1S0 to the decay rates into the low lying D-states.

It is given by the ratio of the spontaneous transition rates A1P1−1S0
of the cooling

transition to the sum of the transition rates
∑

D=1D2,3D2,3D1

A1P1−D into the low

lying D-states

Bc =
A1P1−1S0∑

D=1D2,3D2,3D1

A1P1−D

. (3.1)

(2) The change in velocity, ∆v, corresponding to scattering Bc photons on

the cooling transition is

∆v = Bc·vr = Bc · ~ k

m
, (3.2)

where vr is the recoil velocity due to scattering of a single photon, m is the mass

of the atom,
−→
k is the wavevector of the transition and ~ is Planck’s constant.

The branching ratio Bc 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 ∆v for alkaline-earth elements by laser light
at the ns2 1S0 → nsnp 1P1 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 ∆v = 400 m/s, which
is a typical value for the most probable velocity of atoms in an atomic beam.

Alkaline-earth elements Bc vr (m/s)

Beryllium (Be) 6.8 · 108 0.19

Magnesium (Mg) 5.0 · 108 0.058

Calcium (Ca) 1.0 · 105 0.024

Strontium (Sr) 0.5 · 105 0.0099

Barium (Ba) 3.3 · 102 0.0052

Radium (Ra) 3.5 · 102 0.0037

Table 3.6: Decay branching ratio Bc for the alkaline-earth atoms for the decay
into metastable D-states. The recoil velocities vr = ~ k/m for single photon scatter-
ing on the ns2 1S0 → nsnp 1P1 strong resonance transition for the most abundant
isotopes, where n = 2,. . . ,7.
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Symbols Wavelength Transition Functionality

(nm) in this work

λ1 553.7 6s2 1S0 → 6s6p 1P1 cooling transition

and detection

λ2 659.7 6s5d 3D1 → 5d6p 3Do
1 repumping transition

λ3 667.7 6s5d 3D2 → 5d6p 3Do
1 repumping transition

λIR1 1107.8 6s5d 3D1 → 6s6p 1P1 repumping transition

λIR2 1130.6 6s5d 3D2 → 6s6p 1P1 repumping transition

λIR3 1500.4 6s5d 1D2 → 6s6p 1P1 repumping transition

λB 413.3 5d6p 3Do
1 → 6s2 1S0 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 Bc 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 ∆v 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 104 − 105 photons. Laser light on the strong

ns2 1S0→nsnp 1P1 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 ∆v < 2 m/s can only be achieved. This can

not be considered significant deceleration with laser cooling.

For barium and radium, the leaking from the cooling cycle, B−1
c , is at least

three orders of magnitude larger than for the lighter alkaline-earth elements (see

Table 3.6). To change the velocity nevertheless significantly by laser cooling

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

cooling transition. A complete cooling cycle involves the transitions between the

five states ns2 1S0, nsnp 1P1, ns(n− 1)d 1D2, ns(n− 1)d 3D1 and ns(n− 1)d 3D2

rather than just the two states ns2 1S0 and nsnp 1P1 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 λi used in the experiment and the doted
line together with the solid lines indicate the allowed electric dipole transitions.
The decay rates Ai of the excited states are listed in Tables 3.4 and 3.5.
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(see Table 3.7) at the wavelengths λIR1, λIR2 and λIR3 for barium, which couple

the 6s5d 1D2, 6s5d 3D2 and 6s5d 3D1 states to the excited state 6s6p 1P1 of the

cooling transition. Repumping of the 6s5d 3D1 and the 6s5d 3D2 states via the

higher lying 5d6p 3Do
1 state with laser light at the wavelengths λ2 and λ3 is an

alternative in barium. Similarly in radium the 7s6d 3D1 and the 7s6d 3D2 states

can be repumped via the 6d7p 3Do
1 state.

For barium the observed decay branching of the 6s6p 1P1 state to the 6s5d 1D2

state is 1 : 485(15), to the 6s5d 3D2 state it is 1 : 1085(35) and to the 6s5d 3D1

state it is 1 : 24000(3000). Without repumping from the 6s5d 3D1 state one can

expect an average velocity change of ∆v = 120(15) m/s. A significant part of the

velocity spectrum from a thermal source can still be accessed with repumping

the 6s5d 1D2 and the 6s5d 3D2 states only. The velocity range can be extended

by adding a repumping laser light at the wavelengths λIR1 or λ2.

For radium the calculated decay branching of the 7s7p 1P1 state to the 7s6d 1D2

state is 1 : 550, to the 7s6d 3D2 state it is 1 : 1800 and to the 7s6d 3D1 state it is

1 : 5600 [93]. Without repumping from the 7s6d 3D1 state one can expect an av-

erage velocity change of ∆v = 20 m/s. In that case repumping from the 7s6d 3D1

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, vc, 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 vc. 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, Γ = γ/2π, corresponds to a velocity change of

∆v = 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 v0 = 600 m/s initial velocity

with an acceleration amax = 3 · 105 m/s2 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 v0. 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 v0 to rest requires an interaction length

x0 =
v2

0

2 · a , (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) =
√

2a (x0 − x). (3.4)

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

fD(x) = −v(x)

λ
= −

√
2a·(x0 − x)

λ
, (3.5)

where λ is the transition wavelength. The gradient of Doppler shift is

dfD(x)

dx
=

1

λ

√
a

2(x0 − x)
. (3.6)
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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 g

ns2 1S0 0 1

ns(n− 1)d 3D1 +1, 0, -1 1
2

ns(n− 1)d 3D2 +2, +1, 0, -1, -2 7
6

ns(n− 1)d 1D2 +2, +1, 0, -1, -2 1

nsnp 1P1 +1, 0, -1 1

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, νB(x), of a tran-

sition due to Zeeman splitting is

νB(x) = (mi gi −mk gk)
µB · B(x)

h
, (3.7)

where mi, mk and gi, 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

dνB(x)

dx
= − dfD(x)

dx
. (3.8)

The spatial variation required for the magnetic field is

B(x) = Θp
λ ·

[
h

µB

√
a

2
(x0 − x)

]
, (3.9)

where p = σ+, σ− or π refers to the transition type (see Fig. 3.4) and Θp
λ is a

scaling factor

Θp
λ = [λ · (mi gi −mk gk)]

−1, (3.10)

which determines the required gradient of the magnetic field in the Zeeman slower

(see Table 3.9).

For laser cooling of 138Ba, which has nuclear spin I = 0, the fine structure

splitting needs to be considered only. The scaling factor Θp
λ 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 (mi gi −mk gk) Θp
λ

(nm) (p) (nm−1)

λ1 σ+ +1 + 1
λ1

λIR1 σ+ +1 + 1
λIR1

π + 1
2

+ 1
2

1
λIR1

λIR2 σ+ − 1
6

− 1
6

1
λIR2

σ− − 8
6

− 8
6

1
λIR2

π + 1 + 1
λIR2

λIR3 σ+ + 1 + 1
λIR3

σ− − 1 − 1
λIR3

π 0 0

Table 3.9: The Zeeman slower scaling factor Θp
λ 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, δ, of a laser frequency from

the atomic transition frequency is given by Doppler shift, δD, and the frequency

detuning of the laser, δl, from resonance, i.e., δ = (δl + δD). The photon scattering

rate, γp, depends on the frequency detuning δ. For an intense light source the

power broadening increases the width of the transition to

γ′ = γ
√

(1 + S0), (3.11)

where S0 is the saturation parameter. This widens the velocity acceptance range

for the slowing lasers, and the velocity change ∆v can be many times larger than

the velocity change which corresponds to a change of the detuning of the natural

linewidth Γ of the cooling transition.
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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.




