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Chapter 7

Outlook

The TRIµP 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 7s2 1S0 → 7s7p 1P1 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 ns2 1S0 → nsnp 1P1 (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 6s2 1S0, 6s6p 1P1, 6s5d 1D2, 6s5d 3D2

and 6s5d 3D1. A sixth state 5d6p 3Do
1 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 RIR1 compared with a distribution in the
Maxwell Boltzman distribution. The numbers represent number of repumpings
RIR1 from the 6s5d 3D1 state. (b) The total number of atoms into the cooling
cycle can be regained with the repumping atoms from the 6s5d 3D1 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 RIR1 and the Maxwell Boltzman distribution.
RIR1 is the number of repumping from the 7s6d 3D1 state. (b) The gain of atoms
into the cooling cycle with the repumping atoms from the 7s6d3D1 state. Higher
branching to the 7s6d3D1 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,

ρS(v), of atoms in the ground state ns2 1S0 increases with repumping of the

ns(n− 1)d 3D1 state, where the principle quantum number n = 6 for barium and

n = 7 for radium. If an atom scatters n1 photons from the cooling transition this

probability will be

ρS(v) = exp

(
− n1

BIR1 · RIR1

)
, (7.1)

where BIR1 is the branching to the 3D1 state relative to the total decay of the
1P1 state and RIR1 is the number of repump cycles from the 3D1 state during

the deceleration. It is assumed that the 1D2 and the 3D2 states are repumped

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

beam dFbeam(v)
dv

(see Eqn. 4.1) gives distribution of atoms in the decelerated atomic

beam in their ground state ns2 1S0, i.e.,

f(v) =
dFbeam(v)

dv
· ρS(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 3D1 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 3D1 state is necessary.

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

S, at a deceleration, aeff = vr · γeff , is

vm =
√

2 vr γeff S, (7.3)

where vr is the recoil velocity of atoms and γeff is average effective scattering rate

from the cooling transition. In a slowing section of length S = 1 m barium atoms

of up to about vm(Ba) = 320 m/s can be stopped with our achieved scattering

rate γeff = 107 s−1 from the cooling transition. For radium it is vm(Ra) = 250 m/s

with the same length and the same scattering rate.

The strong 7s6d 3D1 → 6d7p 3Do
1 and the 7s6d 3D2 → 6d7p 3Do

1 transitions

in radium could be even better suited for repumping from the 7s6d 3D1 and the

7s6d 3D2 states than for barium. The energy difference of the 6d7p 3Do
1 to the
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6d2 3F2 state is smaller than for the respective states in barium, while branching

to the ground state 7s2 1S0 increases due to relativistic effects. This improves

the ratio of branching to the ground state 7s2 1S0 and to the other states ζ, i.e.,

AB/Aζ 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 3D1 → 6d7p 3Do
1 and the

7s6d 3D2 → 6d7p 3Do
1 transitions than in barium.

An advantage of radium over barium is the possibility to use the weaker

intercombination line 7s2 1S0 → 7s7p 3P1 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 210Ra

to 215Ra at the TRIµP facility at KVI [37] a sensitive radium EDM experiment

appears to be possible.



Appendix A

Numerical Calculation: Magnetic

Field

The magnetic induction, B(−→r ), 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 6s2 1S0 → 6s6p 1P1 transition in barium (see Section 4.5).

According to the law of Biot-Savart the vector potential,
−→
A(−→r ), produced by

a single current carrying loop is

−→
A(−→r ) =

µ0

4 π

∫ −→
J

|−→r | · dr, (A.1)

where
−→
J is the current density of a current I flowing through the loop, −→r is

position vector and µ0 is free space permeability. The corresponding magnetic

induction
−→
B(−→r ) can be obtained by applying Maxwell’s equation for the mag-

netic induction −→
B(−→r ) =

−→∇ ×−→A(−→r ). (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 Bz, Bρ and Bφ of the magnetic induction can be written as [201,202]

Bz =
µ0 I

2 π
· 1

[(R + ρ)2 + (z− d)2]1/2
·
[
K(κ2) +

R2 − ρ2 − (z− d)2

(R− ρ)2 + (z− d)2
· E(κ2)

]
,

(A.3)

Bρ =
µ0 I

2 π ρ
· (z− d)

[(R + ρ)2 + (z− d)2]1/2
·
[
−K(κ2) +

R2 + ρ2 + (z− d)2

(R− ρ)2 + (z− d)2
· E(κ2)

]
,

(A.4)
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and

Bφ = 0, (A.5)

where I is the current through the loop, K(κ2) and E(κ2) are the complete elliptic

integrals of first and second kind of the integrant

κ2 =
4 R ρ

[(R + ρ)2 + (z− d)2]
. (A.6)

The azimuthal field component Bφ is zero due to the cylindrical symmetry of the

current loop. The axial and radial components are independent of the azimuthal

angle φ.

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, εi(λi), is the number of emitted photo-electrons due to

a single incident photon at wavelength λi. 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 λ1 and λB are essential

input for several experiments in this work (see Section 5.1). For that purpose

the relative quantum efficiencies, ε1/εB, 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

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 λB and λ1 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 = α · σ T4. (B.1)

Here σ is the Stefan-Boltzman constant and α is the ratio between the absolute

power radiated by the filament and the measurable electrical power supplied to

the bulb. For a light bulb α ' 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 ∆λ

U(λ, T) =

∫
2h c2

λ5
·
[
exp

(
hc

λkBT

)
− 1

]−1

dλ (B.2)

where h is Planck’s constant, c is the speed of light and kB 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 λ±∆λ of the spectral distribution is selected

by a band pass filter, which has a transmission bandwidth of 2 ·∆λ = 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, F410, F480, F550 and F590, 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(λ, T). In a second step the count rate, C(λ, T), for the PMT

R7205-01 (from Hammamatsu Corp., Shizuoka, Japan) was measured for the

same optical power U(λ, T). The measurements were repeated for many different

filament temperatures. The characteristic temperature dependence U(λ, T) (see

Eqn. B.3) can be used to determine the absolute temperature of the filament.

The relative quantum efficiency εi/εj at the two different wavelengths λi and λj

were obtained by comparing measurements at a fixed temperature To

εi

εj

=
C(λi, To)

U(λi, To)
· U(λj, To)

C(λj, To)
. (B.3)

The calibrated quantum efficiencies of the PMT are ε(480 nm) = 0.55(3) (filter

F480), ε(550 nm) = 0.13(2) (filter F5500) and ε(590 nm) = 0.03(2) (filter F590) rel-

ative to the quantum efficiency at wavelength 410 nm (filter F410). The filters

F410 and F5500 select the fluorescence at the wavelengths λB and λ1 used in the

experiments with barium. The relative quantum efficiency at the two detected

wavelengths λ1 and λB is ε1/εB = 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

vr =
~ k

m
. (C.1)

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

as

γp = γ · Ω2

γ2 + 2Ω2 + 4δ2
, (C.2)

where γ = 1/τ is the decay rate of the upper state, δ is the frequency detuning

of the light from the atomic resonance and Ω is the Rabi frequency. The Rabi

frequency depends on the light intensity, I, and the decay rate γ. The saturation

parameter at a light intensity I is

S0 =
I

Is
=

2Ω2

γ2
, (C.3)

where Is is the saturation intensity of the transition. The scattering rate can be

written as

γp(S0, δ) =
γ

2
· S0

1 + S0 + (2δ
γ
)2

. (C.4)

The time averaged optical force on an atom is determined by

−→
F (S0, δ) = γp(S0, δ) · ~−→k , (C.5)

where
−→
k is the wave vector of the transition at wavelength λ and ~ is Planck’s

constant. The optical force
−→
F (S0, δ) yields a maximum acceleration of

amax = vr · γ

2
. (C.6)
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Characteristic values Numerical values

Natural linewidth Γ 18.33 MHz

Saturation intensity Is 14.12 mW/cm2, i.e., S0 = 1

Recoil velocity vr 0.0052 m/s

Maximum scattering rate γ
2

6 · 107 s−1 at S0 À 1

Deceleration amax 310 · 103 m/s2

Doppler velocity vD 0.163 m/s

Doppler temperature TD 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 6s2 1S0 and
the 6s6p 1P1 states.

The necessary minimal distance S to decelerate atoms from an initial velocity v0

is

S =
1

2

v2
0

amax

. (C.7)

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

TD =
~
kB

· γ

2
, (C.8)

where m is the atomic mass. The velocity of atoms corresponding to this tem-

perature is

vD =

√
~
m
· γ

2
, (C.9)

where kB is Boltzmann’s constant. The minimum velocity vD and temperature

TD 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.




