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Chapter 1

Motivation for- and introduction

to the TRIµP project

This thesis describes the development of scientific equipment of the TRIµP (Trap-

ped Radioactive Isotopes: µ-laboratories for fundamental Physics) facility. The

physics motivations and the main goals of the TRIµP project are presented,

which is designed towards precision experiments with radioactive atoms in traps.

The basic ideas of the present scientific directions of the local scientific group,

correlation measurements in β-decay and searches for a permanent Electric Dipole

Moment (EDM), are given. The facility equipment required for such studies is

explained.

1.1 The Standard Model and physics beyond

Presently, the Standard Model (SM) is the theory that gives the most complete

description of all known fundamental processes in physical nature. It describes

fundamental particles and their interactions, including the electromagnetic, the

weak, and the strong interactions1 [Wei95].

The theory is based on the existence of 12 fundamental fermions, 6 leptons (e,

νe, µ, νµ, τ , ντ ) and 6 quarks (u, d, c, s, t, b), which are the main constituents of

matter. The interactions between these particles are explained by introduction of

12 force-carrier bosons (the photon for the EM interaction, the weak interaction

bosons W+, W−, and Z0, and 8 types of gluons as the mediators of the strong

force).

1Recent observations in neutrino experiments, which report evidence of neutrino oscillations
can be accommodated in the SM with moderate extensions.
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Gravity is the only known fundamental interaction which is not incorporated

in the SM. Quantization of the gravitational force has not been successfully

demonstrated yet. Various theoretical attempts to include gravitation, such as

String or M-theories, either could not yet be experimentally verified or were dis-

proven [Kos04, Hor06].

The success of the SM was validated by a large variety of experimental obser-

vations. All experiments aiming to challenge the SM have confirmed theoretical

predictions within the SM. In the few cases where a deviation was reported, either

the results led to an acceptable addition, for example the experimental evidence

for neutrino flavor oscillations [Fuk98, Ahm02] implying a non-zero ν mass (it can

be incorporated in the SM by introducing additional parameters) or an error was

found later within the SM calculations, for example measurements of the muon

anomalous magnetic moment [Ben06], the ν-Z boson couplings [Zel02], and the

unitarity of the Cabibbo-Kobayashi-Maskawa matrix [Har02].

Despite the success of the Standard Model, it is not an all-encompassing the-

ory. The SM does not include gravity and, further, it contains some 30 arbitrary

parameters, such as the masses of the fundamental fermions and the strengths of

the couplings. Other unsolved questions in physics include the matter-antimatter

imbalance in the universe and the large amount of undetected “dark matter” and

“dark energy” the presence of which is inferred from gravitational effects at large

scales [Spe03]. In addition, the Standard Model does not provide an explana-

tion why there are exactly three lepton and three quark flavors and why discrete

symmetries are broken.

The Standard Model has evolved over the last decades incorporating exper-

imental and theoretical findings. There exists a number of speculative models,

which try to extend the SM to explain some of the not yet understood features.

They await to be verified experimentally. Such models include Supersymmetry

(SUSY) [Nil84], Left Right Symmetry [Moh75], Technicolor [App92], and many

others, which may explain the masses of the fundamental particles and show a

road towards a grand unification of the forces. String theory [Gre87], which de-

scribes general relativity and quantum mechanics in one single approach, may

lead to the SM as a low energy approximation.

In general, new models predict yet unobserved phenomena, which can be

searched for experimentally. This way many speculative theories have been

strongly restricted in their parameter space in the last decades by experiments,

for example the gauge theory of CP nonconservation [Wei76] or the Minimal

Supersymmetric model (MSSM) [Nil84]. The experimental verification of these
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models is based on two different approaches. One is the high energy approach,

the direct search for new phenomena or predicted particles, for example SUSY

particles [Alb06]. A complementary approach, typically at low energies, is based

on precision experiments. One measures quantities with a very high precision

to see if they violate the SM. The searches are often guided by the speculative

models. For example, the search for a permanent EDM of a particle is an effective

method [Jun05B].

The TRIµP physics programme [Wil99, Tur00, Jun02, Wil03, Jun05A, Wil05]

aims to employ the precision approach [Har04]. The main objectives of TRIµP

are precision measurements of β-decay observables and searches for permanent

Electric Dipole Moments (EDM) in atomic systems.

1.2 TRIµP - precision studies with radioactive

atoms in traps

Trapping or confining an individual atom or ion to a small empty volume for

detailed study has become an important experimental technique in recent years.

The most common atomic trapping technique is based on a combination of light

and magnetic fields. Such a trap consists of 6 pairwise counterpropagating, cir-

cularly polarized laser beams, which overlap in the center of a three dimensional

magnetic quadrupole field. This provides a shallow three dimensional energy

minimum for atoms, if the frequency of the laser beams is slightly red detuned

from an atomic transition frequency of the atom. The frequency shift increases

the probability for photon absorption for atoms moving away from the center

of the trap. Due to the fact that the absorbed energy is reemitted in random

directions a net force is acting on average, which pushes the atoms back into

the center. The quadrupole magnetic field induces a Zeeman shift of the atomic

states proportional to their magnetic quantum number. This shift increases with

distance from the trap center. The photon absorption of the atoms increases as

they move away from the trap center. Both effects together allow to trap and

cool an ensemble of atoms [Met99].

Trapping of radioactive atoms in such Magneto-Optical Traps (MOT) is ad-

vantageous for precision experiments for several reasons. The main advantage

comes from the very shallow trapping potentials created by light and magnetic

fields allowing production of a sample at very low temperatures (in the sub-mK

range), thus with very low absolute and relative velocities. Moreover, the size
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of the spatial distribution of the trapped particles can be varied by adjusting

the laser photon flux and the magnetic field gradient, which allows localization

of the atoms in a well defined volume of typically ≤ 1 mm3. Other advan-

tages of trapping are the possibility to perform experiments in the absence of

any holding substrate, the highly reduced background radioactivity due to initial

pre-purification of the samples, and the exclusive isotopic selectivity.

The surrounding chamber can be equipped with various detectors which will

allow to measure the properties of the products from the radioactive decays, e.g.

the properties of the β-decay of 21Na. The MOT operation is highly independent

of electric fields, this allows one to apply a DC electric potential in order to guide

the charged recoils of the decay towards the detectors.

Atomic trapping allows preparation of polarized samples of the isotope of

interest which can be used for spin correlation measurements and Electric Dipole

Moment searches. By measuring radioactive decays with sufficient statistics,

this will allow tests basic symmetries with high precision. TRIµP aims here for

improving the current best limits on time-reversal violation and new interactions

in β-decay.

β-decay studies

The β decay, being a manifestation of the weak interactions, is explained in

the Standard Model by vector and axial-vector currents with opposite signs (V-A)

responsible for the left-handed structure and Parity (P) violation. Other possible

currents, such as scalar, pseudo-scalar, tensor, would imply the existence of new

physics. The present experimental limits for these currents of typically ∼ a few

% are not very stringent and several groups are performing experiments with

the aim to improve them by measuring the double differential decay probability,

which is given by

d2W

dΩedΩν

∼ 1 + a
p · q
E

+ b Γ
me

E
+ 〈J〉 ·

[
A

p

E
+ B q + D

p× q

E

]
+

+ 〈σ〉 ·
[
G

p

E
+ Q 〈J〉+ R 〈J〉 × p

E

]
, (1.1)

where p and q are the β particle and the neutrino momenta, respectively, 〈J〉 and

〈σ〉 the spins of the atom and the β particle. E and me are the energy and the

mass of the β particle and Γ =
√

1− (αZ)2 . The coefficients a, b, A, B, D,

G, Q, and R depend on the fundamental weak coupling constants and nuclear

matrix elements. The D and R coefficients are zero if time reversal symmetry
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Fig. 1.1: Schematic recoil measurement in β-decay (from [Wil99]).

is conserved. Experimental searches for finite values of the D and R coefficients

require polarization of the trapped atoms (〈J〉 6= 0). The determination of R

requires also measuring the polarization of the electrons 〈σ〉.
The first experiments planned by the TRIµP group [Jun05A, Wil05] involve

β-ν angular and energy correlation measurements using short-lived alkaline and

earth alkaline elements with the first isotope in consideration being 21Na. The

TRIµP group will start with the measurements of the a coefficient. It will be

followed by measurements of D once polarization of 21Na can be achieved with

high precision.

Direct measurements of the neutrinos are not practical. Instead of detecting

the neutrinos correlation measurements of the β particle and the recoiling ion will

be made (Fig. 1.1). Momentum and energy conservation allows one to reconstruct

the complete decay kinematics. This experimental technique, called Magneto-

Optical Trap-target Recoil Ion Momentum Spectroscopy (MOTRIMS) [Flé01,

vdP01, Tur01], is already used at KVI for charge-exchange measurements in ion-

atom collisions using trapped 23Na atoms [Kno06].

The β-decay experimental setup of TRIµP will consist of two connected MOT

systems: the “collector” MOT [Rog05] and the “decay” MOT [Soh05, Soh06]
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Collector MOT Decay MOT

ββββ detector

MCP

ββββ detector

21Na

ββββ detector

Fig. 1.2: Schematic of the TRIµP β-decay MOT setup. Radioactive isotopes are
collected in a first MOT and then transferred for precision measurements into a second
one.

(illustrated in Fig. 1.2). The collector trap is used to neutralize, collect and cool

the 21Na atoms and the decay trap is used for the actual measurements of the

decay observables. The laser beams in the collector MOT have a large diameter

in order to increase the probability for trapping, whereas the lasers in the decay

MOT are narrow as the samples are localized in space. The decay trap is installed

in a large vacuum chamber allowing installation of detectors for the β particles

and a microchannel plate (MCP) detector with position sensitive read-out and

guiding electrodes needed for the detection of the recoiling 21Ne ions.

Permanent Electric Dipole Moments

A permanent EDM of a fundamental particle violates both Parity (P) and

Time reversal (T) symmetries [Lan57] (Fig. 1.3) and with the assumption of the

CPT theorem also CP symmetry [Wei95] is violated. CP violation is incorpo-

rated in the Standard Model through one single complex phase in the Cabibbo-

Kobayashi-Maskawa matrix [Khr97]. This leads to small values of Electric Dipole

Moments for all particles within the SM which are several orders of magnitude

below the present experimental limits. Many speculative models allow much
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Fig. 1.3: A permanent EDM of a fundamental particle violates both Parity (P) and
Time reversal (T) transformations, because it must be proportional to its angular
momentum (spin) ~J .

higher EDM values which allows one to test these models by precision EDM

measurements. The current experimental limits to the EDM in various systems,

the predictions of the SM, and the limits for new physics are listed in Table 1.1.

Particle Present exp. limit SM prediction New physics Reference

e < 1.6 · 10−27 ≤ 10−38 ≤ 10−27 [Ber91, Reg02]

µ < 2.8 · 10−19 ≤ 10−35 ≤ 2 · 10−25 [McN04]

τ < 3.1 · 10−17 ≤ 10−34 ≤ 1.7 · 10−24 [Ina02]

p (−3.7± 6.3) · 10−23 ∼ 10−31 ≤ 6 · 10−26 [Cho89]

n < 3.0 · 10−26 ∼ 10−31 ≤ 6 · 10−26 [Bak06]
199Hg < 2.1 · 10−28 ∼ 10−33 ≤ 2 · 10−28 [Rom01]

Table 1.1: Limits on the permanent EDM in various systems given in [e cm] at 90%
confidence level. The “New physics” column contains maximum values in speculative
models.

Measurements of the EDM are based on the observation of the precession of

the particle spin in electric fields. The rate of spin precession of a particle in

electric field ~E and magnetic field ~B is

d~S

dt
= ~µ× ~B + ~d× ~E, (1.2)

where ~µ is the magnetic dipole moment and ~d is the EDM. By flipping the sign

of the electric field one should observe two separate frequencies ω1 and ω2 in case

of a non-zero value of ~d, the magnitude of which is directly proportional to the
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Fig. 1.4: The experimental scheme of the TRIµP facility.

difference of the frequencies

ω1 =
2µB + 2dE

~
ω2 =

2µB − 2dE

~
ω1 − ω2 =

4dE

~
. (1.3)

The TRIµP group will use radium isotopes for the EDM experiments [Dam05,

Jun05A, Wil05]. Due to the specifics of the atomic spectral lines of Ra enhance-

ments of the EDM signal are predicted [Dzu01] compared to other atoms, for

example 199Hg which has set the current best EDM limit (Table 1.1). Further

signal enhancement may be obtained by choosing a radium isotope with a strongly

octupole deformed nucleus.

1.3 The TRIµP facility

The experimental approach of the TRIµP facility is shown schematically in

Fig. 1.4 including photographs of the main facility stages. Each stage has a

distinct purpose and the physics involved is different.



1.4 Outline of this thesis 9

The superconducting cyclotron AGOR [Bra01] (K=600) provides charged

particle beams with energies up to 95 MeV/u for Z=N isotopes, where Z is

the nuclear charge and N the neutron number. This primary beam hits the pro-

duction target, where radioactive isotopes are produced. These are guided in

the magnetic separator stage where the desired isotopes are separated from the

primary beam and cleaned from other reaction products. Next is the ion catcher

stage which stops the energetic radioactive isotopes and allows to extract them

as a low energy ion beam. The Radio Frequency Quadrupole (RFQ) cooler stage

improves the quality of the beam and provides bunching in order to load the

final stages, the Magneto-Optical Traps (MOT). Here the ions are neutralized

and trapped by means of lasers and magnetic fields. At this stage the energy of

the particles is so low that they can be used for precision measurements.

Further, TRIµP is also a user facility because of the large variety of radioactive

isotopes that can be produced and the wide range of possibilities to manipulate

the secondary beams. Successful experiments and feasibility studies have been

performed by external groups and more are planned for the future.

1.4 Outline of this thesis

The main goals of this thesis are to provide a thorough overview of the achieve-

ments in the design, assembly, and commissioning of the main parts of the TRIµP

facility over the last few years, as well as to describe the physics processes in-

volved. This thesis covers the production target, the magnetic separator, the ion

catcher, and the Radio Frequency Quadrupole cooler. These topics are presented

in chapters following the order of the scheme in Fig. 1.4. In the conclusion, a

short summary of the substantial achievements and milestones is given, as well

as an overview of the ongoing activities and an outlook for the upcoming work

towards the precision experiments planned by the TRIµP group. The work for

the thesis is focused, in particular, on the design, simulations, and the build-

ing of the RFQ, design calculations for the ion catcher (Thermal Ionizer), and

the calculations and operations for all commissioning experiments where novel

techniques have been implemented.
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