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1. Introduction

TRIµP is a new facility at the Kernfysisch Versneller Instituut (KVI), Gronin-
gen, The Netherlands, which is presently being completed. The acronym
TRIµP stands for Trapped Radioactive Isotopes: µicro-laboratories for fun-
damental Physics [Wils 99]. Among the TRIµP objectives are the study of
the β-decay of radioactive nuclei and a search for a possible permanent elec-
tric dipole moment (EDM) of particles, nuclei and atoms [Jung 02], [Jung 04],
[Wils 03], [Turk 00], [Berg 03a], [Berg 03b]. Both topics are well suited to im-
prove the limits of validity of the Standard Model (SM) in particle physics and
they have at the same time a robust discovery potential for eventual physics
beyond the SM.

This thesis concerns the preparations for precision β-decay studies. His-
torically, β-decay studies have been playing an important role in the develop-
ment of the SM [Herc 01], [Seve 06]. As an example, the first indication of the
existence of a neutrino was found by studying the β-decay spectrum. Later,
also parity violation was shown to occur in β-decays. Nowadays, β-decay is
described within the framework of the Electro-Weak interaction, which itself
is part of the SM [Lang 98]. Therefore, by studying precisely the details of
β-decays, deviations from the SM can be searched for. The potential of such
research to find physics beyond the SM in a complementary way to the route
pursued in high energy physics experiments has been recognized by the nu-
clear and the particle physics communities. This research is an integral part
of their long range planning [Symo 02], [Hara 04], [Akes 06]. The present
limits on non SM contributions to physical processes are rather tight and re-
flect present state of the art experimental possibilities. Improvements require
therefore novel approaches, in particular the application of new and special
experimental techniques. At the TRIµP facility such new experimental ap-
proaches are pursued. Among others atomic physics, nuclear physics and
particle physics techniques are combined in a single experiment. One of those
techniques is, e.g., the trapping of neutral atoms in atom traps consisting of
combined laser light beams and a magnetic field.

This work focuses in particular on two experimental aspects which are
central to reach new limits in β-decay studies. For the first of such experiments
at the TRIµP facility the isotope 21Na has been chosen. Here we are concerned
with the efficient production and separation of the radioactive particles using a

1



2 Chapter 1: Introduction

Figure 1.1: Scheme of the TRIµP facility.

new magnetic separator facility. We explore the neutralization of the produced
ions and the subsequent trapping of the resulting atoms. Both issues are
indispensable prerequisites for a successful precision experiment with 21Na.

1.1 The TRIµP facility Concept

A schematic view of the TRIµP facility and the underlying concept
[Wils 07] is given in Fig. 1.1. For the isotope production beams from the
AGOR superconducting cyclotron are used. AGOR delivers heavy ion beams
with energies of about 10-100 MeV/u. Nuclides of interest, which are needed
for precision experiments, are produced typically in a target containing hy-
drogen, deuterium or helium gas. To separate the nuclides of interest from
the primary beam and other reaction byproducts a magnetic separator is em-
ployed. In this thesis we will discuss how the reactions can be chosen to
optimize the efficiency of the isotope production.

After the separator particles are decelerated in an ion catcher
[Will 06]. Particles from this device are cooled and bunched in a double Ra-
dio Frequency Quadrupole (RFQ) cooler-buncher. From this point particles
are transported to the experimental stations, where β-decay and other experi-
ments take place. This includes in particular setups with atom traps such as a
Magneto-Optical Trap (MOT), in which cold atoms are trapped in the center
of a three-dimensional magnetic quadrupole through the light forces from six
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pairwise counter-propagating laser beams. TRIµP is a multi-user facility and
able to accommodate setups for experiments of outside users. A first external
user experiment on 12C→ 3α decay has been successfully completed using the
unique features of the energetic clean secondary beams available right at the
exit of the separator [Pede 06].

1.2 Trapping of the Radioactive Atoms

In nuclear β-decay a neutrino (νe or νe) and β-particle (e+ or e−) are emitted.
The studies for putting limits on the SM require correlation measurements
between the β-particle and the neutrino. However, it is extremely difficult
to measure the neutrino due to the extremely small efficiency for neutrino
detection. This missing neutrino information can be recovered by measuring
the momentum of the recoiling nucleus. Having measured parameters of both
the β-particle and the recoil nucleus the kinematic information of the decay
can be complete. To measure the recoil with sufficient precision the decaying
sample of the particles should be pure and without substrate. A Magneto-
Optical Trap has certain advantages for such kind of studies. First of all,
atoms in such a trap can be maintained in a well defined position almost
at rest with a characteristic temperature of a few hundred µK. Atoms are
stored in the center of the MOT in a volume of about 1 mm3 and the decay
products are detected by a specially designed detector system, which consists
of a position and energy sensitive fast scintillation electron detector and an
electrostatic reaction microscope [Ban 05] with 4π solid angle for the recoiling
ion. This is very important since the recoil has typically only a fraction
of one keV kinetic energy while it is important that the full momentum of
the recoil can be detected. The second advantage is that after cooling and
trapping the atoms, the MOT can be turned off and the cold particles can
then be manipulated, for example they can be polarized. This aspect is
important for the β-decay and possible permanent Electrical Dipole Moment
(EDM) measurements planned within the TRIµP research programme. In
general trap systems have become very popular as a workhorse for precision
measurements.

For the β-decay experiment a double-trap system was chosen. The first
trap is designed to collect atoms which are formed by neutralizing ions coming
from the RFQ. It is optimized for maximal collection efficiency of the parti-
cles. The second trap is equipped with the necessary detectors for β-decay
measurement and optimized for this purpose. The transfer between the traps
is made by a push from an appropriately tuned laser beam pulse. The first
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trap we refer to as the accumulation trap, the second one as the decay trap. In
this work the accumulation trap is designed and tested. Various operational
characteristics and parameters have been studied.

1.3 Outline of the Thesis

The work of this thesis is concentrated around two important aspects of the
β-decay project: the optimal production of the 21Na isotope and the trapping
of these particles for the β-decay experiment. The isotope 21Na is chosen,
because it has a large physics potential and it is experimentally well accessible.
The outline of the thesis is as follows:

• In chapter 2 a short theoretical introduction into β-decay is given. Rel-
evant aspects of the SM are discussed. The main decay parameters,
which can be addressed in β-decay experiments are described together
with their relation to some models relating to possible physics beyond
the SM. The parameters which are most promising for “new physics”
searches are discussed. In particular a β−ν-correlation parameter mea-
surement is motivated.

• In chapter 3 an overview of recent experiments which address the search
for physics beyond the SM via β-decay studies is given. Experiments
that are in the process of being set up or which are already active are
reviewed. It turns out that 21Na is a promising candidate for β-decay
measurements.

• In chapter 4 a brief introduction to the TRIµP facility and its key el-
ements is given. The optimal reaction to produce 21Na in the TRIµP
facility has been identified in the framework of this thesis. We give an
extensive discussion of various different reaction mechanisms and of the
peculiarities of the reaction kinematics involved. The general discussion
is followed by a presentation of the data taken with the TRIµP separa-
tor. In order to verify the theoretical understanding of this device the
results are compared with predictions for the different reactions mecha-
nisms. Furthermore, improvements have been made to the ion catching
device after the separator, which is referred to as the thermal ionizer.
Here we have achieved in the context of this work a significant efficiency
enhancement over early stages in this project.

• In chapter 5 the neutralization of ions and the accumulation of atoms
in a trap is described. This point of research covered in this thesis is



1.3. Outline of the Thesis 5

preceded by a description of the general principles of atomic cooling and
trapping. The design of the accumulation trap and its performance is
discussed in this chapter. The measured accumulator trap characteris-
tics are presented and evaluated. The parameters describing its opera-
tion are determined. Various ways of further possible improvements are
worked out.

• In chapter 6 a summary of the results and an outlook from the per-
spective of this thesis on upcoming β-decay experiments at TRIµP are
presented.
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2. The Weak Interaction

The continuous spectra of β-decay had indicated the existence of a new par-
ticle: the neutrino. Parity violation was found by observing β-decay from
polarized nuclei. In the early 1960’s β-decay experiments contributed to the
formulation of the theory of weak interactions. Recently, new experimental
techniques brought this field to a renaissance. Using different types of traps
allows one to perform β-decay experiments, where the recoiling nucleus can
be detected with high precision. The main motivation of such experiments is
to search for physics beyond the Standard Model.

The work described in this thesis is motivated similarly: by measuring
more precisely the details of the nuclear β-decay process, deviations from the
established theory can be searched for. In this chapter the most important
properties of β-decay will be discussed along with some aspects of weak inter-
action theory which will be important for later discussions. In our discussions
below we follow [Grot 90] and the review of [Seve 06].

Although the modern formulation of the weak interaction follows the for-
mulation of the Standard Model, we discuss here the weak interaction from a
historical perspective to provide a physical framework for the β-decay exper-
iments which are the central goal of the research presented in this work.

2.1 Fermi Interaction

In 1934 Fermi extended Pauli’s ideas for a quantitative theory of β-decay, to
explain its continuous spectrum. Using Fermi’s golden rule the decay rate of
allowed transitions is given by

dW

dtdEe
=
G2

F

2π3
F (Z,E)peEe(∆f − Ee)

2[BF +BGT ], (2.1)

where Ee, pe are the electron energy and momentum, F (Z,E) is the Fermi
function to correct for the Coulomb interaction between electron and mother
nucleus, ∆f = Ei − Ef is the total decay energy, BF and BGT are Fermi
and Gamow-Teller reduced transition strength, respectively, GF is the weak
interaction coupling constant.

Fermi introduced a weak hadronic current density, which can be written
as

V c†
µ (x) = ψp(x)γµψn(x). (2.2)

7
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Figure 2.1: In the limit of the W boson mass MW → ∞, details of the W prop-

agator become unimportant and the interaction can be expressed as a Fermi point

interaction.

The superscript c stands for ‘charged’ to show that the charge of the particle
is altered. ψp and ψn are the proton and neutron wave functions, γµ are the
four Dirac γ matrices. Fermi assumed a point-like interaction between the
current density V c†

µ and the similarly constructed leptonic current density

lcµ(x) = ψe(x)γµψν(x). (2.3)

From this one obtains the β-decay Hamiltonian

HF (x) =
GF√

2
(V cµ(x)lc†µ (x) + lcµ(x)V c†

µ (x)). (2.4)

This Hamiltonian allows to explain and calculate the probability for β-decay,
electron capture and neutrino scattering on electrons. The neutrino itself was
discovered experimentally by Reines and Cowan [Rein 53] almost 20 years
after its postulation by theory.

According to gauge theory, the mediator of the charged weak interaction
is a gauge boson (W+, W−) with a mass of 82 GeV. Such a mass corresponds
to a range of the force of 10−3fm. This is why for low-energy phenomena the
point-like approximation assumed in the Fermi theory works fine (Fig. 2.1).

2.2 V-A Interaction in the Standard Model

The Fermi theory described above is in fact a vector type theory. It allows
only β-transitions without spin and parity changes. It does not allow for
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Gamow-Teller decays where a spin change of 1 unit and no parity change oc-
curs. Together with theK+ meson decay puzzle this led Lee and Yang [Lee 56]
to point out that parity conservation in β-decay was never tested experimen-
tally. The first clear evidence that parity is strongly violated came from the
measurement of polarized 60Co β-decay [Wu 57]. In this measurement the
asymmetry of the β-emission with respect to the nuclear spin was shown.
The result of the experiment revealed maximal parity violation in β-decay.
After a series of theoretical and experimental investigations Fermi’s current-
current interaction was generalized by Feynman and Gell-Mann (1958) to the
form

HV −A(x) =
GF√

2
Jcµ(x)Jc†

µ (x), (2.5)

where

Jc
µ = hc

µ + lcµ. (2.6)

In these formulas hadronic (hc
µ) and leptonic (lcµ) currents are generalized to

hc†
µ (x) = ψp(x)γµ(1 − cAγ5)ψn(x), (2.7)

lcµ(x) = ψe(x)γµ(1 − γ5)ψν(x). (2.8)

Here the quantity ψγµψ represents the vector component (V ), which was
already present in Fermi’s theory (Eq. 2.2, 2.3) and ψγµγ5ψ the axial vector
component (A) of the interaction, which allows Gamow-Teller transitions.
The overall structure of the weak interaction Hamiltonian is now said to
be V -A relating to the opposite relative sign of the contributions to weak
processes. All β-decay experiments to date are consistent with this structure.

The present framework of electroweak interaction roots in the unification
of electromagnetic and weak gauge theories. This theory was established by
Glashow, Weinberg and Salam. The renormalizability of this theory is the
work of ’t Hooft and Veltman. Here the electromagnetic and the weak inter-
actions are represented as different components of a single gauge theory. After
incorporating also quantum chromodynamics as a description of the strong
interaction a unified theory emerged which nowadays is referred to as the
Standard Model. The SM describes the electroweak and strong interactions
quantitatively. It agrees very well with experimental data to date such as ob-
tained from the BaBar experiment [Aube 02]. In the SM the discrete symme-
tries charge conjugation (C), parity (P), and time reversal (T) are all broken
symmetries. However, the combined CPT symmetry [Schw 51], [Lued 54],
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[Paul 55] remains unbroken. All these symmetry violations have been ob-
served experimentally [Bala 06]. The V-A structure of the weak interaction
in the SM is responsible for the parity violation in β-decays. The combined
parity and charge conjugation (CP) is violated, e.g., in K0 decays. It has
been pointed out by Sakharov [Sakh 67] that at thermal nonequilibrium CP

violation and baryon number violation could explain the matter-antimatter
asymmetry in the universe. However, the known CP violation from K0 decays
is not sufficient to explain the observed discrepancy. Therefore experimental
searches for new sources of CP violation are strongly motivated. Although
the SM describes experimental findings to high accuracy, several intriguing
questions still remain to be answered. Among those are:

• The number of exactly three particle generations remains a mystery.

• In the SM only V -A terms are used to describe the weak interac-
tion. There is no fundamental principle prohibiting other terms (tensor,
scalar, pseudoscalar as well as V +A) to be used. This particular aspect
can be tested by β-decay and will be discussed in the following section.

• The SM is insufficient to describe the matter-antimatter asymmetry in
the universe as well as dark matter and dark energy.

• The SM has many parameters which are not derived from a fundamental
principle, but have to be taken from experiments. For example, the
minimal version of the model has already 21 free parameters, assuming
massless neutrinos and not counting electric charge assignments.

• The left-right asymmetry which is incorporated in the SM is also not
derived from fundamental principles and is considered to be accidental.

These and many more concerns lead to intense searches for physics beyond
the SM. Investigations of the SM by β-decay experiments have recently been
reviewed by [Herc 01] and [Seve 06].

2.3 Beta Decay Beyond the Standard Model

As discussed in Sec. 2.1, in β-decay we can use a point-like approximation.
The most general Lorenz-invariant β-decay Hamiltonian which contains all
possible types of interactions ([Jack 57], [Lee 56]) can be written in this case
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Symmetry violation Ci and C ′
i

C ReC 6= and ReC ′ 6= 0 or
ImC 6= and ImC ′ 6= 0

P C 6= 0 and C ′ 6= 0

T ImC 6= 0 or ImC ′ 6= 0

Table 2.1: Conditions for coupling constants for the cases of discrete symmetry

violations.

as

Hint = (ψpψn)(CSψeψν + C ′
Sψeγ5ψν)

+ (ψpγµψn)(CV ψeγµψν + C ′
V ψeγµγ5ψν)

+
1

2
(ψpσλµψn)(CTψeσλµψν + C ′

Tψeσλµγ5ψν)

− (ψpγµγ5ψn)(CAψeγµγ5ψν + C ′
Aψeγµψν)

+ (ψpγ5ψn)(CPψeγ5ψν + C ′
Pψeψν) + h.c.,

(2.9)

where the tensor operator is σλµ = − i
2(γλγµ−γµγλ). The C and C ′ coefficients

give the relative amplitudes of scalar (S), vector (V ), tensor (T ), axial-vector
(A) and pseudoscalar (P ) interactions. The terms with primed coefficients
are parity-nonconserving interactions. The hermitian conjugate (h.c.) part
is necessary to describe β+ and β− decay and warrants the Hamiltonian to
be hermitian. C and C ′ characterize different symmetry breaking terms (see
Tab. 2.1). Taking into account that C and C ′ can be complex, β-decay is
characterized by 20 parameters. In fact, β-decay is sensitive only to 16 of
them. Two (complex) coefficients do not contribute significantly due to the
fact that at low momentum transfer the pseudo-scalar term ψpγ5ψn vanishes.
For allowed β-transitions from oriented nuclei the β − ν distribution can be
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written as a triple differential decay rate

ω(〈J〉 | Ee,Ωe,Ων)dEedΩedΩν =

F (±Z,Ee)

(2π)5
peEe(E0 − Ee)

2dEedΩedΩν ×

1

2
ξ

{

1 + a
pe · pν

EeEν
+ b

me

Ee

+c

[
pe · pν

3EeEν
− (pe · j)(pν · j)

EeEν

] [
J(J + 1) − 3〈(J · j)2〉

J(2J − 1)

]

+
〈J〉
J

·
[

A
pe

Ee
+B

pν

Eν
+D

pe × pν

EeEν

]}

, (2.10)

where Ee, pe and Ωe and the equivalent quantities with subscript ν denote
the total energy, momentum, and angular coordinates of the β particle and
for the neutrino; E0 is the total energy available in the transition; m is the
electron rest mass; F (±Z,Ee) is the Fermi function which corrects for the
Coulomb interaction between the nucleus and the β-particle; ξ is a transition
strength which is proportional to the decay rate and contains the nuclear
matrix elements MF and MGT :

ξ = |MF |2 (| CS |2 + | C ′
S |2 + | CV |2 + | C ′

V |2)
+ |MGT |2 (| CA |2 + | C ′

A |2 + | CT |2 + | C ′
T |2). (2.11)

The ± sign in Eq. 2.10 corresponds to β− and β+ decays, respectively. Ex-
pressions for the coefficients a, b, c, A,B and D can be found in the literature
[Jack 57], [Seve 06]. They contain model- and nucleus independent Coulomb
corrections of order αZ. These corrections are accurate to 10% [Voge 83]. For
more accurate calculations higher order effects like induced weak currents, for-
bidden matrix elements, radiative corrections, nuclear finite size effects, etc.,
must be considered.

The coefficients a and b, also known as β − ν correlation coefficient and
Fierz interference term, can be used for searching scalar and tensor parts of
the interaction [Burc 95]. Including Coulomb corrections they can be written
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as

aξ = |MF |2 ×
[

| CV |2 + | C ′
V |2 − | CS |2 − | C ′

S |2 ∓αZm
pe

2Im
(
CSC

∗
V + C ′

SC
′∗
V

)
]

+
|MGT |2

3
×

[

| CT |2 + | C ′
T |2 − | CA |2 − | C ′

A |2 ±
αZm

pe
2Im

(
CTC

∗
A + C ′

TC
′∗
A

) ]

, (2.12)

bξ = ±2ΓRe
[

|MF |2
(
CSC

∗
V + C ′

SC
′∗
V

)

+ |MGT |2
(
CTC

?
A + C ′

TC
′?
A

) ]

, (2.13)

with Γ =
(
1 − α2Z2

)1/2
and α the fine structure constant giving the strength

of the electromagnetic interaction. In the SM of the weak interaction only V-A
interactions are present (CV = C ′

V = 1, CA = C ′
A = −1.26992(69) [Seve 06],

CS = C ′
S = CT = C ′

T = CP = C ′
P = 0). For pure Fermi transitions only the

first term in Eq. 2.12 remains. It is only a vector interaction and therefore
aF = 1. The β-particle and the ν are emitted in the same direction and
∆J = 0 (Fig. 2.2). In the extreme non-SM case for a Fermi interaction with
only scalar and no vector part we have aF = −1, which means that the β
and the ν are emitted in opposite directions. To satisfy the ∆J = 0 condition
here the spin of the β must be oriented antiparallel to its momentum.

In pure Gamow-Teller transitions only the second term in Eq. 2.12 re-
mains. In the SM only the axial vector contribution contributes and aGT =
−1/3. In this case the β-particle and the ν are emitted in opposite directions
(Fig. 2.2). In the extreme case, when only the tensor components contribute,
we have aGT = 1/3. That means that the β and the ν are preferably emitted
in the same direction. To satisfy the condition for a Gamow-Teller transition
the β-particle must change the direction of its spin (see Fig. 2.2).

The parameter b is not linked to any product of observables and hence con-
tributes in any correlation measurement. In the SM, b = 0 (see Eq. 2.13). The
parameter b is sensitive to possible interferences between scalar and vector as
well as tensor and axial vector components. The coefficient c is mentioned
here for completeness and has no additional implications for parity conserva-
tion, charge conjugation invariance or time reversal violation [Jack 57] other
than the parameter a.
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Figure 2.2: a) Fermi decay (Vector interaction): The spins of the β-particle and

the neutrino ν are antiparallel. For a tensor contribution the β−particle changes

the direction of the spin. b) Gamow-Teller decay (Axial vector interaction): The

β-particle and ν spins are aligned. For a scalar contribution the β-particle changes

the direction of the spin.

Figure 2.3: 21Na β-decay scheme.

For 21Na the nuclear matrix elements have been calculated. The Fermi
matrix element is fully determined by the CVC hypothesis and the simple
isospin structure of a mirror transition, which implies |MF | = 1. The Gamow-
Teller matrix element depends on the nuclear structure of the states involved
and can be derived from the ft values. Decays to the ground state (Fig. 2.3)
are described by CAMGT = ±(0.704 ± 0.003) [Scie 03] and the excited state
decays by CAMGT = ±(0.391 ± 0.005).

Taking into account the MF and MGT values the parameter a can be
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calculated within the SM to be a(21Na) = 0.558 [Scie 04]. An uncertainty
of ∆a = ±0.003 arises from the uncertainties in the end point energy, the
half-life and the branching ratio values.

The parameters A and B describe parity violation as can be seen from
Eq. 2.10. We have

Aξ = |MGT |2 λJ ′J
[

± 2Re
(
CTC

′∗
T − CAC

′∗
A

)
+ 2

αZm

pe
Im
(
CTC

′∗
A + C ′

TC
∗
A

)]

+δJ ′JMFMGT

√

J

J + 1

×
[

2Re
(
CSC

′∗
T + C ′

SC
∗
T − CV C

′∗
A − C ′

V C
∗
A

)

±2
αZm

pe
Im
(
CSC

′∗
A + C ′

SC
∗
A − CV C

′∗
T − C ′

V C
∗
T

)]

(2.14)

and

Bξ = 2Re

{

|MGT |2 λJ ′J

×
[Γm

Ee
(CTC

′∗
A + C ′

TC
∗
A) ± (CTC

′∗
T + CAC

′∗
A )
]

−δJ ′JMFMGT

√

J

J + 1

×
[

(CSC
′∗
T + C ′

SC
∗
T + CV C

′∗
A + C ′

V C
∗
A)

±Γm

Ee
(CSC

′∗
A + C ′

SC
∗
A + CV C

′∗
T + C ′

V C
∗
T )
]
}

(2.15)

where J and J ′ are the spins of the initial and final nuclear states and

λJ ′J =







1 J → J ′ = J − 1
1

J+1 J → J ′ = J

− J
J+1 J → J ′ = J + 1

. (2.16)

The parameters A and B are also known as β and ν asymmetry parameters.
The parameter A was first measured in the (5+ → 4+)β− decay of polarized
60Co nuclei [Wu 57]. As can be seen from Eq. 2.14 and 2.15, A and B can
be used, for example, for searching a tensor component of the interaction in
pure Gamow-Teller transitions. For a mixed transition the situation becomes
more complicated due to the extra interference terms in Eq. 2.14 and 2.15.
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The D coefficient is time-reversal violating and has been studied in a
number of experiments on cold neutrons [Mumm 04] and on 19Ne [Cala 85].
It describes the correlation between the neutrino and β-particle momentum
vectors for decays of spin polarized nuclei

Dξ = δJ ′JMFMGT

√

J

J + 1

×
{

2Im(CSC
∗
T − CV C

∗
A + C ′

SC
′∗
T − C ′

V C
′∗
A )

∓2
αZm

pe
Re(CSC

∗
A − CV C

∗
T

+C ′
SC

′∗
A − C ′

V C
′∗
T )
}

. (2.17)

From Eq. 2.17 it can be seen that D can only be measured in mixed transi-
tions. D is sensitive to the interference of the various amplitudes in particular
vector and axial vector components. It requires that C or C ′ have imaginary
components. In the SM time reversal violation is a higher order effect in the
weak interaction and can be estimated to be of the order of 10−12. Final-state
interactions can mimic time-reversal violation (at the level of 10−4 [Veen 02])
and should be accounted for to accurately determine the time-reversal vio-
lation contribution. Therefore, the level of accuracy of observing D 6= 0 is
limited by the accuracy by which the final-state interaction can be determined
(apart from the experimental accuracy). A measurement of the D coefficient
is one of the main goals in the TRIµP project.

2.4 Conclusion

Measurements of the correlation parameter a, the β-asymmetry parameter
A and the time reversal violating triple correlation parameter D (Eq. 2.10)
are central goals in the TRIµP scientific programme. The β − ν correlation
parameter a (Eq. 2.12) would enable the search for scalar and tensor parts of
the weak interaction. The most precisely measured value of the parameter a
to date for 21Na was measured at LBNL (Sec. 3.4). It appears to deviate from
the SM prediction. This coefficient can be measured for Fermi type transitions
as well as for the Gamow-Teller transitions and for mixed transitions.

The β asymmetry parameter A (Eq. 2.14) can be used to search for tensor
components of the interaction in pure Gamow-Teller transitions. A non zero
value of the time reversal violating D coefficient (Eq. 2.17) would signal a
new source of CP violation, if CPT is assumed to be a valid symmetry. Such
new CP violating sources are searched for at present in various experiments,
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because they could relate to an explanation of matter-antimatter asymmetry
in the universe according to the model of A. Sakharov [Sakh 67]. Therefore D
coefficient measurements are considered urgent, although the required triple
correlations are difficult to measure and polarized samples of nuclides are
required. The coefficient D can be measured only for the case of mixed
transitions.

The decay of the isotope 21Na is a mixed transition and thus 21Na is a
well suited system to study the parameters a, A and D. Experimental con-
siderations for such experiments will be explained in the following chapters.
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3. Review of Recent Experiments

Measuring β − ν Correlation

Parameter a

The current research for deviations from the SM in β-decay mostly concen-
trates on measuring the β − ν correlation parameter a (Eq. 2.10). Such a
measurement might reveal scalar and tensor components in the weak interac-
tion (Eq. 2.12). A difference between the SM β-decay and a possible non-SM
β-decay can be seen, for example, from the recoil spectra of decaying nuclei
(Fig. 3.1). In this section we discuss some recent experiments that attempt
to measure the parameter a. An improved measurement of the β − ν corre-
lation parameter a for 21Na will be the first precision measurement among
the TRIµP activities at KVI. For reference, Fig. 3.2 summarizes the results
of measurements searching for a deviation of the parameter a from the SM to
date.

The recoil energies of the nuclei are at most a few ten eV. Therefore
the decaying samples can not be supported on solid substrates for precise
measurement, as interactions with this substrate would spoil the momentum
distribution of recoiling nuclei significantly. Modern experiments, therefore
take advantage of atomic physics trapping techniques which have been de-
veloped over past decades. Ions can be trapped in Penning or Paul traps,
for neutral atoms magneto-optical traps have been used. The latter have an
advantage of shallow trapping potential wells (up to few µeV). In this chapter
we will discuss the most recent experiments in this field.

3.1 TRIUMF-ISAC Potassium Experiment

At the TriUniversity Meson Facility (TRIUMF) in Vancouver, Canada, the
β-decay of 38mK is studied. The metastable isomer 38mK is a β+ emitter with
t1/2 = 0.924 s. The β − ν correlation between the β+ momentum and the
momentum of the recoiling nucleus 38Ar is measured. The isomeric state is
a 0+ state and it decays to the 0+ ground state of 38Ar by a super-allowed
Fermi transition and thus allows to search for a scalar component on top of
the V-A structure of the weak decay process. The isomer 38mK is produced

19
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Figure 3.1: Characteristic recoil spectra in nuclear β-decay [Scie 03]. For a pure

Fermi decay only the vector component contributes and aβν = 1. For a non-SM

scalar contribution we have aβν < 1 (panel a). For a pure Gamow-Teller transition

only the axial vector component contributes and aβν = −1/3. A non-SM tensor

contribution gives aβν > −1/3 (panel b).

Figure 3.2: Compilation measurements of the β − ν correlation parameter a for

various elements. Results with precision better than 10 % are shown. Adapted from

[Seve 06].
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Figure 3.3: Double MOT setup at TRIUMF for a precision measurement of β-decay

(from [Gore 00]). The 38mK beam is neutralized on a Zr foil and trapped in an optical

trap on the left side. A push beam is used to move atoms to a magneto optical trap

on the right side where the β-decay is measured by observing the recoiling nucleus

and the β-particle.

on-line at the ISAC (Isotope Separator and ACcelerator) facility at TRIUMF
by bombarding a target, made of many thin pressed CaO disks with total
thickness 20 g/cm2, by a 1 µA proton beam of 500 MeV energy. The ion
beam is converted to neutral potassium atoms by stopping the beam in a
hot (≈ 900◦C) Zr foil. In the TRIUMF 38mK measurement the atoms of
the β-decaying sample are trapped in a MOT [Gore 05]. The setup, which
consists of two MOTs, is sketched in Fig. 3.3. The first MOT captures only
metastable potassium and serves as a filter for other isotopes. Only a tiny
fraction of the atoms determined by the Maxwell Boltzmann distribution is
trapped in the MOT from a single passage through the trap’s laser beams.
A standard vapor-cell technique was used, letting the untrapped atoms re-
thermalize by bouncing off a hollow Pyrex cube surrounding the trap (see
Fig. 3.3). This glass cube is coated with SC-77 Dryfilm to help to prevent
permanent chemisorption of the alkalies [Step 94a] on the glass surface.

To avoid large background arising from the decays of untrapped atoms, the
collected metastable potassium atoms are transferred to the adjacent measure-
ment trap by a laser push beam. The transport channel has two 2-dimensional
optical funnels (see Fig. 3.3). The transport efficiency is approximately 75%.
The overall capture efficiency is around 10−3.
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+3 +2
+1

Figure 3.4: Monte Carlo fit to 38Ar recoil ion time-of-flight spectra. The TOF

spectra are shown for three different charge states (+1,+2 and +3) (from [Gore 00]).

The measurement trap is equipped with two detectors: one for measur-
ing the recoil ions and the other for the β+-particles. The recoil ions are
detected on a microchannel plate (MCP) triplet in a Z-stack configuration.
The position of an event on the MCP is read out by a resistive anode with a
resolution of 0.25 mm. The active diameter of the MCP plates is 2.5 cm. All
recoils are guided electrostatically to the MCP. The positrons are measured
by a β−telescope which consists of a position-sensitive Si-detector backed by
a plastic scintillator. In the experiment time-of-flight (TOF) spectra of all
charged recoiling ions (Ar+1,+2,+3) were recorded. The β−telescope serves
as a trigger to start the time of a measurement and the position sensitive
MCP detector also yields the time of the arrival of the ions, which are guided
and focused by static electric fields. Typical spectra are shown in Fig. 3.4.
From the time-of-flight distribution of the recoil ions it is seen that several
charge states are produced after the β-decay. The data are compared to
Monte Carlo (MC) simulations of the process. Two independent analyses of
the data were performed. In the first analysis TOF spectra of ion recoils for
various positron energies were compared to a MC simulation carried out with
the GEANT [Goos 94] particle physics simulation software package. In the
second analysis the complete information of the positron and the recoil ion
is used to deduce the momentum of the neutrino and the angle between the
β-particle and the neutrino momenta. The measured angular distribution was
compared to another MC simulation. Both methods agree with each other.
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Uret

Figure 3.5: Schematic overview of the WITCH setup (from [Seve 06]). A retarding

potential is applied between the source and the end of the low field (0.1 T) solenoid

to select the β-decay particle energy.

The value ã = a/(1+bmβ/〈Eβ〉) = 0.9989±0.0052±0.0036 is in agreement
with the SM. It is the most precise value measured for the parameter a to date.
An experiment with 32Ar decaying on a substrate at the ISOLDE facility at
CERN achieved a comparable precision [Adel 99].

Since the β-decay of 38mK is of pure Fermi type, it sets a limit for a scalar
contribution to the interaction. The result of this experiment served as an
input for a fit to the data [Seve 06] by different models to extract a limit of
the scalar contribution CS/CV = 0.0045(127) which is consistent with zero.

3.2 The WITCH Setup

At the CERN ISOLDE facility, Geneva, Switzerland, the WITCH experiment
aims to search for a possible admixture of scalar and tensor type interactions
in β-decay by measuring a recoil-ion energy spectrum. This information, in
principle, is sufficient to deduce the β − ν correlation parameter a (Fig. 3.1).
This experiment is in its test stage. First recoil ions of the β-decay were ob-
served [Kozl 06], [Beck 03]. To avoid stopping of the recoiling daughter ions
in the source, and to be as independent of other properties of the isotope as
possible, the WITCH experiment utilizes a double Penning trap to store the
radioactive mother ions. Both traps are placed in a magnetic field of B=9 T.
The first trap (cooler trap in Fig. 3.5) is designed for cooling a sample of ra-
dioactive ions. For that purpose Helium gas is used. The second trap (decay
trap in Fig. 3.5) is placed just behind the cooler trap and separated from it
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by an aperture to allow differential pumping. The decay trap is placed at the
entrance of a retardation spectrometer (Fig. 3.5). The retardation spectrom-
eter itself is located in the region where the magnetic field reaches a plateau
of B=0.1 T. Provided that the magnetic field lines change sufficiently slow
along the path of the ions, their motion can be considered adiabatic. Under
this (adiabatic) condition the radial energy of the ions gets converted into
axial energy while the ions are spiraling from the high to the low magnetic-
field region. Due to an electrostatic retardation potential Uret that is applied
between the trap and the low-field region (Fig. 3.5) only ions of charge q with
an axial energy

Eaxial > q · Uret (3.1)

can pass this analysis region. By counting how many ions pass the anal-
ysis plane as function of the retardation potential, the cumulative energy
spectrum can be measured and compared to theory. The experiment is de-
signed for various different radioactive isotopes (35Ar, 26Al etc.). It aims for
6 0.5 % precision for the parameter a. This corresponds to an upper limit
for CS/CV < 9 % at 95 % confidence level.

3.3 The LPC-Caen 6He Experiment

The goal of an experiment at Laboratoire de Physique Corpusculaire (LPC)
in Caen, France, is to improve the precision of the value of the parameter a
in the pure Gamow-Teller decay of 6He, which has been measured more than
40 years ago at Oak Ridge [John 63] (a = 0.334(3)). The β − ν correlation
will be deduced from a TOF measurement and the coincidence between the
β-particle and the recoiling ion. The 6He nucleus decays with a half-life of
t1/2 = 806.7 ms from the 0+ ground state to the 1+ ground state of 6Li. A
schematic overview of the set-up can be found in Fig. 3.6. The low-energy
radioactive beam line LIRAT of GANIL can produce 3.8 · 108 6He ions/s.
After passing the Radio-Frequency Quadrupole (RFQ), ions are decelerated
and pulsed for injection into a Paul trap [Rodr 06]. The RFQ is needed for
reducing the 6He beam emittance and also for cooling and bunching. Cooling
inside the RFQ is achieved by collisions with a buffer gas. The Paul trap is
shown in Fig. 3.7. It consists of two hyperbolic surfaces (end cap electrodes)
and one ring electrode. Ions can be confined in three dimensions by applying
an RF voltage between the end cap electrodes and the ring electrode. The
advantage of using a Paul trap for ion storage is that ions are confined in
such a trap without magnetic fields. Especially the open geometry of the
trap allows a high detection solid angle. To detect β-particles, a telescope
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Figure 3.6: Schematic view of the LPC-Caen 6He setup (from [Lien 06]).

ring electrodeend cap electrodes

Figure 3.7: Schematic view of LPC-Caen β-decay detection system (from [Lien 06]).

consisting of a 300 µm Si-strip detector and a thick plastic scintillator is
used. The recoil ions are counted with a position sensitive MCP detector.
The setup is complete and in July 2006 the first data were collected [Lien 06].
The present statistics allows for a measurement of the parameter a with 2%
accuracy. To improve efficiency of the setup the transport between RFQ and
Paul trap will be studied. The experiment aims for 0.5% precision in the β−ν
correlation parameter a.

3.4 The Berkeley 21Na Experiment

At Laurence Berkeley National Laboratories (LBNL) in Berkley, California,
an experiment to measure β−ν correlations in the mixed decay of the nucleus
21Na to its mirror nucleus 21Ne was conducted [Scie 04]. The 21Na nuclei
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Figure 3.8: Experimental setup of the LBNL 21Na measurement (from [Scie 03]).

The produced 21Na atoms are pre-cooled in a Zeeman Slower and trapped in a

MOT. In the reaction microscope around the MOT cloud electrically charged recoiling

daughter atoms from the β-decay are guided to an MCP detector. The β-particles

are recorded in an energy sensitive scintillator counter. The β − ν correlation is

deduced from the time-of-flight distribution of coincident β+−21Ne events.

are produced by bombarding a MgO powder target with a beam of protons
at a few µA current and with 25 MeV energy. The target is heated in an
oven (Fig. 3.8) to release atomic sodium. These atoms are pre-cooled in a
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Figure 3.9: Compilation of 21Na branching ratio measurements for decays to the

first exited state and the ground state of 21Ne. The data were taken by [Talb 60],

[Arne 64], [Albu 74], [Azue 77], [Wils 80], [Iaco 06] and [Acho 06].

1.2 m long Zeeman Slower. This device allows to decelerate the atoms down
to velocities, at which they can be loaded into a Magneto Optical Trap. A
Time-of-Flight (TOF) measurement similar to the TRIUMF 38mK experiment
(Sec. 3.1) is carried out to deduce the β − ν correlation. The Zeeman Slower
increases the capture efficiency from the atomic beam by a factor of 5 to
10 as compared to loading the MOT without such slowing (see [Scie 03]).
During the measurement up to 8 · 105 21Na atoms were maintained in the
MOT [Scie 04]. After a β-decay the 21Ne recoil ions and atoms have energies
up to 230 eV in several charge states. The recoiling particles are focused by a
static electric field onto a microchannelplate (MCP) detector (Fig. 3.8). The
positrons from the β-decay were measured by a β−telescope consisting of an
energy loss (∆E) and a total energy (E) detector. To reduce false triggers
the β-detector was surrounded by a tungsten-alloy collimator, which restricts
the field-of-view of the detector to a region containing the trapped cloud.
The 21Ne flight time was measured with respect to the trigger from the β-
telescope. The β − ν correlation was deduced from TOF spectra using the
fact that aligned lepton momenta result in shorter flight times because of the
larger nuclear recoil towards the MCP (seeFig. 2.2). Detailed Monte Carlo
simulations were performed for the interpretation of the results [Scie 04].

Since 21Na decays via a mixed transition, it is sensitive to possible scalar
and tensor components in the interaction. From the measured TOF of the
recoil ions a value of a = 0.524(9) could be extracted. This result deviates
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by 3 standard deviations from the SM calculations. The largest uncertainty
in this result is the error in the branching ratio Rb of decays into the first
exited state of 21Ne with respect to the total number of decays. At the time
of the data analysis in the Berkeley experiment this ratio was taken to be
Rb = 5.02± 0.13%. However, there is a history of incompatible experimental
results for this quantity (Fig. 3.9). This gave rise to two new measurements re-
cently. One of them was the first physics experiment carried out at the TRIµP
separator [Acho 05] which has provided a preliminary value of Rb = 4.85(12)%
[Acho 06], [Jung 07]. The second experiment was performed at the TEXAS
A&M university, College Station, USA, and resulted in a branching ratio of
Rb = 4.74(4)% [Iaco 06]. The most up to date values for the branching ratio
do not remove the discrepancy of the parameter a with the SM prediction.

3.5 Conclusion

A measurement of 21Na β-decay correlation parameters is one of the main
near future goals in the TRIµP research program. Such measurements are
strongly motivated by a number of reasons:

1. The precisely measured value of the correlation parameter a
(Eq. 2.12) that deviates from the Standard Model, comes from a 21Na
β-decay experiment.

2. The technique to trap Na with optical traps is well established and
today a standard in atomic physics laboratories. Therefore potential
technical complications are minimized for Na isotopes.

3. The decay scheme involves a mixed Fermi and Gamow-Teller transition.
Therefore, the time reversal violating coefficient D (Eqs. 2.10, 2.17) can
be measured in a polarized sample of atoms.



4. Secondary Beam Production

The TRIµP separator was built to produce secondary radioactive particles,
either to be used as a fast secondary beam or to be stopped and extracted as
a low energy beam. An extensive overview of the TRIµP separator and its
characteristic is given in [Berg 06] and [Tray 06b]. In this chapter a general
overview of the full TRIµP facility is given and its main features are discussed.
Particular emphasis is put on new work not covered in those early reports.

The main principles of all key elements of the entire facility are reported in
Sec. 4.1. The operation of the separator is described in Sec. 4.2. In addition,
the production of 20Na and 21Na secondary beams is described in detail in
Sec. 4.3. In particular we will discuss the reaction mechanisms and the choice
of the kinematics. The principles and the performance of the ion catcher
(thermal ionizer) are discussed in detail in Sec. 4.4.

4.1 Overview of the TRIµP Facility

A schematic overview of the TRIµP facility illustrating its various components
is presented in Fig. 4.1.

4.1.1 ECRIS and AGOR Beams

The cyclotron AGOR at KVI provides the primary beams for the radioactive
particle production. The cyclotron accelerates heavy ions up to 100 MeV/u.
The ions are produced with an ECR (Electron Cyclotron Resonance) source.
In our experiments, the optimal charge state of the 20Ne beam for the most
stable operation during 21Na production appears to be 20Ne6+. At present
AGOR can deliver up to 500 W of beam. A project is on its way to increase
the beam power up to 1 kW, which corresponds to a 20Ne beam current of 2
pµA at 25 MeV/u.

4.1.2 Target Station

Inverse kinematics has been chosen as the method for secondary radioactive
beam production. A gas target [Youn 04] cooled to liquid nitrogen tempera-
ture is installed in target station T1 (Fig. 4.1). The target has been operated
with H2, D2,

3He and 4He gases up to now, where H2 and D2 were taken

29
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Figure 4.1: Schematic view of the TRIµP facility at the AGOR cyclotron of KVI.



4.1. Overview of the TRIµP Facility 31

for the production of 20Na and 21Na, respectively. For example, D2 at 1
atm at liquid nitrogen temperatures corresponds to a target thickness of 6.4
mg/cm2. Havar foils of 4 µm thickness (3.3 mg/cm2) serve as entrance and
exit windows. In target chamber T1 there is provision for solid targets as
well.

4.1.3 Separator

In the interaction of a beam particle with a target nucleus a secondary par-
ticle may be produced. In the dual magnetic separator particles of interest
are separated from other produced particles. The separator consists of two
sections. Each section has magnetic quadrupoles (Q) and dipoles (D) in the
configuration QQDDQQ. Quadrupoles are used for focusing the particles after
the target and dipoles bend particles. The first section creates a dispersion for
particles with various momentum to charge ratios (rigidity), Bρ = P

q ≈ vA
Z .

In the first part of the separator particles with different rigidities are selected
by slit systems which stop particles outside of an interval of allowed rigidities.
In the Intermediate Focal Plane (IFP) particles with the same rigidity are
selected. They are passed through a degrader (see Sec. 4.2) where they loose

energy ∝ Z2

v2 , with Z the nuclear electric charge and v the velocity of the
particles. This causes momentum dispersion for particles which at this point
are degenerate in momentum. The second section refocuses the dispersed
products in the Final Focal Plane (FFP). With the focal point depending on
Z2, this allows one to select a single isotope as the strongest output beam.
For 21Na a purity above 95 % has been achieved [Acho 05].

4.1.4 Thermal Ionizer

After the separator all secondary particles in a beam have essentially the same
energy of typically a few ten MeV/u. To decelerate atoms to thermal velocities
a thermal ionizer is employed. In this device the particles are stopped in thin
tungsten (W) metal foils. Then the particles diffuse to the surfaces of the foils.
This process is enhanced by heating the foils to high temperature of order 2650
K. After escaping from the surface of the foils the particles undergo multiple
collisions with the cavity walls and the stopping foils. During these collisions
the charge state of the particles can change many times between neutral
and singly positively charged. The charged particles are extracted from the
thermal ionizer by an electric field gradient produced by the DC potential of
an extraction electrode. For more details see Sec. 4.4.1 and [Tray 06b].
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4.1.5 Wien Filter

The thermal ionizer cavity and the stopping foils are made of W. Therefore, in
these foils traces of alkali elements, in particular 23Na, are found as remainders
of the production process. Such atoms also appear as output of the thermal
ionizer. To eliminate these contaminations a Wien filter is installed. A Wien
filter has orthogonal magnetic and electric fields. If we inject particles with
electric charge q into this electromagnetic field such that they are orthogonal
to both the electric field E and the magnetic field B, they will feel a force:
F = q(E+(vB)). A static magnetic field (B ≈200 mT) and a tunable electric
field select the isotopes. For ions with a velocity v0 = E/B the net force on
the ions is zero and hence they will travel straight and undeflected through
the filter. All other ions with velocities different from v0 will feel a non-zero
force and hence their trajectory is bent out of the beam. The resolution of
the Wien filter is better than two mass units in the region of 21Na.

4.1.6 RFQ

To improve the emittance of the slow secondary beam a double Radio Fre-
quency Quadrupole (RFQ) system is used. The first RFQ section provides
transverse cooling of the particles and the second section has a potential well
at the end to accumulate particles. This feature is exploited for pulsing the
beam through switching the downstream wall of the well potential appropri-
ately. The principles underlying an RFQ are well understood and described
in many articles, for example [Paul 90]. The TRIµP RFQ [Tray 06b] system
consists of two mechanically identical segmented RFQ structures. Each RFQ
includes an entrance electrode with an aperture. The main RFQ structure
consists of 4 segmented rods and an exit electrode with an aperture. The
apertures are needed for differential pumping. The cooling is achieved by
interactions of the ions with He buffer gas. Typically the first RFQ works
at about 10−2 − 10−1 mbar pressure. The second RFQ serves as a buncher
and works at 10−4 mbar. To prevent charge-exchange processes a buffer gas
with a high ionization potential is needed. The TRIµP RFQ is operated with
He. A small potential difference is applied along both RFQs to drag ions
along the central axis. Voltages of the last few segments of the second RFQ
are chosen such that a potential well is created to store ions. For extraction
and transport of the ion beam to the MOT a drift tube is installed at the
beginning of the low-energy beam line which follows immediately after the
RFQ exit. It is pulsed at the same repetition rate as the RFQ.
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Figure 4.2: Schematic view of the drift tube and low energy beam-line system.

4.1.7 Low-Energy Beam Line

For transporting the ion beam to the experiments and also to improve vacuum
after the RFQ system a Low-Energy Beam line (LEB) is installed (Fig. 4.2).
The pulsed drift tube is operated at a voltage of typically several kV. This
concept assures that parts of the apparatus which need frequent human access,
such as the thermal ionizer and optics setup around the MOTs can remain
at ground potential. The LEB contains two Einzel lenses and two pairs of
deflection plates for horizontal and vertical beam steering. The system is
pumped by a turbo pump of 150 l/s pumping speed.

4.1.8 Neutralization

Only neutral atoms can be trapped in a magneto optical trap. For this reason
the ions are neutralized after having been transported to the trap region on 25
µm thick Y or Zr foils. The foils are heated to about 1000 K for fast thermal
release of the radioactive atoms. The study of this process is a central part
of this thesis and is extensively discussed in Sec. 5.3.

4.1.9 Trapping

After neutralization the atoms are collected in the magneto optical accumu-
lation trap. The design and commissioning of this device is part of this work
and details are presented in Ch. 5. After accumulation the trapped atoms are
transported to the decay trap (Fig. 4.1) which is surrounded by the detectors
necessary for the β-decay studies, see [Soha 06].
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Figure 4.3: Schematic overview of the TRIµP magnetic separator. The separator

consists of two bending sections. The reaction products are separated in the IFP

after passing through the first section and refocussed in the FFP by the second part.

A specially shaped degrader in the IFP and a number of slits (SH2-SH6) help to

scrape and clean the beam of products of interest.

4.2 Operation of the TRIµP Separator and

Experimental Results

The AGOR cyclotron typically delivers heavy-ion beams with a few 10 MeV/u
up-to a maximum magnetic rigidity of 3.6 Tm. For reactions in inverse kine-
matics most of the reaction products are directed into the separator accep-
tance (Sec. 4.3.1).

4.2.1 Main Principles of the Separator

The main characteristics of the TRIµP magnetic separator are listed in
Tab. 4.1. The separator itself consists of two bending sections (QQDDQQ)
where Q denotes a single magnetic quadrupole and D a dipole magnet (Fig.
4.3). The first section separates products of the reaction and the primary
beam according to magnetic rigidity:

Bρ =
P

q
≈ Mv

q
, (4.1)

where B is the magnetic field and ρ is the bending radius of the ion. P and q
are the momentum and the charge of the particle, respectively; M and v are
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Beam rigidity Bρ 3.6 Tm (Beam line)
Product rigidity Bρ 3.0 Tm (Section 1 and 2)
Solid angle, vert., horiz. ±30 mrad
Momentum acceptance ± 2.0 %a

Resolving Power p/dp ≈ 1000
Momentum dispersion 3.9 cm/%
Bending radius 220 cm

a currently limited to ±1.5% by the vacuum chamber upstream from the IFP.

Table 4.1: Design parameters of the TRIµP magnetic separator. Table adapted

from [Berg 06].

its mass and velocity. Secondary particles of the same rigidity are focussed
on the same position in the Intermediate Focal Plane (IFP).

Each section of the magnetic separator consists of two dipole bending
magnets and focussing quadrupole magnets. The double D configuration is
favored over a single D. This choice reduced costs and allowed for additional
possibilities to make higher order ion optical corrections. In addition, in the
first section of the separator the space between the two dipoles is used for a
slit system (SH2) and diagnostics [Berg 06]. In a typical (p,n) reaction, the
incident beam can be stopped with the slit system SH2 (see Fig. 4.3).

The second deflection stage starts from the IFP and is designed to focus
achromatically all the particles from the IFP in the Final Focal Plane (FFP).
The main idea of the achromatic focus is that the dispersion of the second
section of the separator compensates for the dispersion of the particles in the
IFP created by the first section. The IFP includes a degrader allowing to
create a difference in the magnetic rigidity depending on the charge of the
isotope. The energy loss ∆E for charged particles with atomic number Z
(assuming fully stripped particles) is given by

∆E =
dE

dx
d ∝ Z2

v2
d, (4.2)

where d is the thickness of the degrader material and v is the ion velocity. This
makes the separator isotope selective. Note that a wedge shaped degrader in
the IFP can be used to compensate for the variation in velocity v of the ions
in the IFP. This comes due to the fact that particles with higher velocity but
the same A/Z ratio have larger deflection radius (Eq. 4.1). They need to be
decelerated more than particles which have lower velocities.
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Figure 4.4: Electronic scheme for the Si detectors for the separator secondary beam

monitoring.

4.2.2 Detection System of the Separator

The reaction products were identified inside the separator with two semicon-
ductor detector setups one at the IFP and one at the FFP position (Fig. 4.3).
Si detectors of 2 cm diameter and 100-300 µm thick were mounted on the
optical axis. Fig. 4.4 shows the electronics scheme. The signals from each
detector were amplified by an Ortec 571 amplifier and recorded with an Or-
tec AD811 ADC. A Time-of-Flight (TOF) measurement of particles travelling
through one of the detectors is achieved by a LeCroy 2228A TDC unit. It
is started with a trigger from one of the detectors and it is stopped with a
timing signal derived from the phase of the radiofrequency with which the
cyclotron was operated. Each of the detectors can be chosen as a trigger for
the data acquisition.

As an example we discussed here the 20Ne(d,n)21Na reaction (see also
Sec. 4.3). The beam was 20Ne at 22.3 MeV/u energy. The gas target in T1 was
filled with deuterium gas at 1 atm and cooled to liquid nitrogen temperature
via a cold finger. The target thickness corresponds to 6.4 mg/cm2. Foils made
from 4 µm Havar are the entrance and exit windows of the gas target.

A typical identification spectrum in the IFP is shown in the upper panel
of Fig. 4.5. It presents the TOF of particles traveling in the first part of the
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Figure 4.5: Energy spectra from the intermediate focal plane (IFP) detector ob-

tained with a 22.3 MeV/u 20Ne beam on a deuterium gas target. The upper panel

shows (reversed) the time-of-flight (TOF) as function of the energy loss in the IFP

detector. The middle panel shows the projection of the upper distribution on the en-

ergy axis. The lower panel represents the energy spectrum in the IFP detector gated

on particles from the FFP detector. Note, the trigger for the spectra is different

selecting a slightly different part of the cross section of the secondary beams.
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separator versus the energy loss, ∆E, of the particles traveling through the
Si detector. All particles hitting the Si detector have approximately the same
Bρ value. From Eqs. 4.1 and 4.2 we have

Bρ ∝ v
A

Z
, (4.3)

TOF =
d

v
∝ 1

Bρ

A

Z
, (4.4)

∆E ∝ Z2

v2
d ∝ A2

(Bρ)2
, (4.5)

where A is the atomic mass number, Z is the charge state and v is the velocity
of the reaction product. These relations explain the characteristic appearance
of this spectrum. The upper horizontal dashed line in the spectrum corre-
sponds to N = Z − 1 nuclei, the middle line to N = Z and the lower one to
N = Z + 1. In the figure the TOF time axis is reversed due the TDC start
signals from the Si detector trigger and the stop signals from the phase of the
cyclotron RF (Fig. 4.4). Not all the peaks fall onto the grid. This is due to
“wrapping”, which is caused by events where the TDC stop signal comes from
a neighboring period in the cyclotron RF. For particles travelling longer than
1/f (f is the cyclotron frequency) the time coordinate for such a particles will
be “wrapped” around a time interval 1/f . Note that the full dynamic range
of the TOF can be exploited by using a second validation of the RF signal in
the electronics (Fig. 4.4). An expected TOF spectrum can be calculated using
the LISE software package [Bazi 02]. This program allows to trace particles
through electromagnetic particle transport systems, in particular the TRIµP
separator. The simulation and experiment coincide to sufficient accuracy and
are fully satisfactory for all practical applications up to now. The middle
panel in Fig. 4.5 represents a projection of the two-dimensional spectrum
onto the energy loss (∆E) axis. In the IFP there are three major reaction
products observed: 21Na, 20Ne and 16O. The lower panel shows the distribu-
tion of particles in the IFP that also pass through the second detector in the
FFP at the exit of the separator. Most of the contaminations are removed
at this point. We were able to improve the purity of the 21Na beam without
intensity loss.

4.3 Production Reactions

The TRIµP separator provides a large variety of secondary beams. In this
section the effective production of 20Na and 21Na beams is reported. First
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Figure 4.6: Transfer reaction in the center of mass system in inverse kinematics.

the role of inverse kinematics is discussed, followed by a description of various
different reaction mechanisms.

4.3.1 Reaction Kinematics

All nuclides of interest should be produced within an emittance smaller or
comparable to the acceptance of the TRIµP magnetic separator. Let us con-
sider binary reaction kinematics where a projectile (P) collides with a target
(T). In the reaction a Projectile Fragment (PF) and a Target Fragment (TF)
are produced [Tray 07]. With inverse kinematical reaction we mean that the
mass of the P and PF is much larger than that of the T and TF. The maximum
momentum difference of the PF produced in such reactions is (Fig. 4.6)

∆p

p
=

2PR

PCMS
, (4.6)

where PCMS is the momentum of the center of mass system before the collision
and PR is the PF momentum in the center of mass system. Here we consider
the non-relativistic case. The angular dispersion of the emitted particles is
determined by (see Fig. 4.6)

∆Θ = 2Θmax ≈ ∆p

p
. (4.7)

We have

∆p

p
= 2

√

MTFMT

MPFMP

(

1 +
Q

ECM

)

, (4.8)
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where Q is the energy excess (Q-value) of the reaction, ECM is the center of
mass energy and MP , MT , MPF , MTF are the masses of the particles involved
in the process.

For |Q| << ECM the momentum spread depends only on the mass ra-
tio and is independent of ECM . Another interesting case arises for negative
Q-values: At threshold where ECM ≈ |Q| a significant decrease of the mo-
mentum spread can be obtained.

4.3.2 Reaction Mechanisms

Nuclear reactions may be divided roughly into two main groups: compound
nucleus reactions and direct reactions.

For compound reactions an intermediate compound nucleus is formed.
The given compound nucleus may be formed by several projectile and target
combinations. However, the decay mode of such a compound nucleus de-
pends only on the amount of excitation energy available. In other words the
compound nucleus does not have a “memory” of its formation. The typical
time scale of such reactions are determined by the lifetime of the compound
nucleus of ≈ 10−18 s. For direct reactions there is no long-lived intermediate
state involved. They proceed faster than compound reactions. The typical
time scale of direct reactions is ≈ 10−21 s, which is about the fly-by time of
the nuclei.

Both reaction types can be used with the TRIµP separator for produc-
tion of radioactive isotopes. Cross sections for compound reactions prevail
over direct reactions in the low-energy region (just above the threshold of
the reaction). For higher energies (well above the threshold) direct reactions
dominate and the compound nucleus cross sections decrease. In the middle
energy region both reaction mechanisms play a role such as multistep com-
pound reactions and pre-compound reactions. For (p,n) reactions this issue
is discussed below.

Compound-Nucleus Reactions

As mentioned above a compound reaction can be described [Jack 70] as a
two-stage process

a+A
︸ ︷︷ ︸

α

→ C∗ → b+B
︸ ︷︷ ︸

β

. (4.9)

First a compound nucleus (C∗) is formed by amalgamation of a projectile
and a target nucleus (entrance channel α) and in the second stage it decays
into channel β. The lifetime of the compound nucleus is ~/Γ, where Γ is
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Figure 4.7: Schematic view of the mechanism for compound nucleus formation. The

left panel represents the resonance behavior and the right panel gives the continuum

region.

the total width of the state in C∗. For low-excitation energies the spacing
of the energy levels is larger than the level width and the reaction cross
section exhibits resonant behavior (left panel of Fig. 4.7). At higher excitation
energies the width Γ overlaps several energy levels and the cross section varies
much slower with energy (continuum region). Such reactions are referred to
as fusion-evaporation reactions.

For well separated levels (resonant behavior) the cross section for α → β
can be written as a Breit-Wigner resonance

σαβ = g
π

k2

ΓβΓα

(E − Es)2 + (1
2Γ)2

, (4.10)

where Es is the energy of the resonant state, ~k is the momentum in channel
α in the center of mass (CM) and the statistical weight g = (2l + 1) for the
orbital angular momentum l. The relative decay rates into both channels are
given by Γα/Γ andΓβ/Γ, respectively. Note that the maximum cross section
(π/k2) can be larger than the geometrical cross section.

For higher excitation energies, when the compound-nucleus formation pro-
ceeds via strongly overlapping states the formation cross section is:

σα =
π

k2

lmax∑

l=0

(2l + 1)T l
α. (4.11)
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Here T l
α is the transmission coefficient. Classically lmax is the angular mo-

mentum in the entrance channel for which nuclei a and A still touch, i.e.
R ≈ RA + Ra. In cases where fusion occurs for r ≤ R, i.e. T l

α = 1, equation
4.11 reduces to the geometrical cross section

σα = πR2. (4.12)

Light particle evaporation (or emission) gives rise to a Maxwell-like energy
spectrum of the emitted particles. The angular distribution is forward-backward
symmetric and can be even isotropic. This is reflected in the final momentum
distribution in the separator. There we have

dσ

dp
=

dσ

dΘ′

dΘ′

dΩ
=
dσ

dΩ
2πsinΘ′ · p

PCMSPRsinΘ′
, (4.13)

where Θ′ is the center of mass angle and p is the momentum of the projectile
fragment in the laboratory system. For an isotropic angular distribution
dσ/dΩ we get

dσ

dp
∝ p

PCMSPR
, for PCMS − PR ≤ p ≤ PCMS + PR. (4.14)

Direct Reactions

In a direct reaction the transition from an initial to a final state occurs without
intermediate compound nucleus formation. The distributions are character-
ized by

1. Peaking at forward angles of the emitted particles.

2. Slow changes in the cross section with the incident particle energy.

3. Small changes in velocity between the projectile and the projectile-like
fragment and also between the target and the target-like fragment.

In more detail we discuss here what happens in a typical (p,n) reaction.
In case of a direct reaction the linear momentum transfer is

q2 = k2
i + k2

f − 2kikf cos Θ′ (4.15)

= (ki − kf )2 + 4kikf sin2(Θ′/2), (4.16)

where k = p/~ and Θ′ is the center of mass angle (see Fig. 4.6). For a high
energy (p,n) reaction ki ≈ kf ≈ k one gets

q2 ≈ 4k2 sin2(Θ′/2). (4.17)
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The momentum dependence for (p,n) reactions is discussed in
[Tadd 87]. A simple parametrization of the cross sections is given by

dσ

dq
∝ e(−q2〈r2〉/3), (4.18)

where
〈
r2
〉

is the mean square radius of the beam particles (in inverse reac-
tions). The measured momentum dependence is

dσ

dp
=
dσ

dq

dq

dp
=

PRp

PCMS

dσ

dq
∝ PRp

PCMS
e(−q2〈r2〉/3). (4.19)

The momentum transfer q is connected with the measured momentum p by

q2 =
PR

PCMS

(
P 2

beam − p2
)
≈ 2∆p

Pbeam

P 2
beamPR

PCMS
, (4.20)

where p = (1−∆p/Pbeam)Pbeam, which is relevant for describing experimental
data.

4.3.3 Experimental Results

We have studied examples of compound and direct reactions to optimize ra-
dioactive nuclide production in the TRIµP separator.

The Compound Reaction

For compound reactions near threshold a small emittance is possible for a large
negative Q-value (Eq. 4.8). Let us consider the p(20Ne,20Na)n reaction with
an incident 20Ne beam of 22.3 MeV/u energy. For this reaction Q= −14.7
MeV. Equation 4.7 yields ∆Θ = 54 mrad and ∆p/p = 5.4%. These values
are close to the maximum separator acceptance of ∆ΘSep = 60 mrad and
(∆p/p)Sep = 4% (see Tab. 4.1).

To measure dσ/dp we scanned the separator rigidity such that we achieved
steps of 1.8 cm across the 2 cm diameter Si detector. Two scans were made
with angular openings of 32 and 60 mrad. The results are shown in Fig. 4.8.
The forward peak is due to small center of mass angles while the backward
peak is from large angles of about 180◦. This is indicative of a compound
reaction mechanism. The measurement is compared with Monte Carlo sim-
ulations for isotropic emission. For the simulations the LISE program was
used. In this simulation the beam divergence and stopping in the target are
accounted for. The systematic error of the measurement is estimated to be



44 Chapter 4: Secondary Beam Production

����������
�� ���	�
���
�� ����
���

	�������	���������
�/u

Figure 4.8: 20Na yield as a function of the momentum fraction ∆p/p for the reaction

p(20Ne,20Na)n for two separator acceptance angles. The circles correspond to the

opening of 32 mrad and the squares to an opening of 60 mrad. The histograms are

the result of a Monte Carlo simulation.

20 %. The simulations are normalized to the high momentum part of the mea-
surement. Equation 4.14 implies an isotropic distribution of dσ

dp . In reality
the measured distribution has strong forward and backward peaks. This is in
part due to the angular cut of the first diaphragm in the separator (∆Θ = 32
or 60 mrad). The dip between the peaks is more pronounced for a smaller
separator acceptance. The remaining discrepancies are due to the finite size
of the detector and because the actual distribution of the reaction products
is not fully isotropic [Bent 72].

The Direct Reactions

We studied two direct reactions. The first one is 20Ne(d,n)21Na at energies
of 23 MeV/u and of 45 MeV/u. The second reaction is 21Ne(p,n)21Na at 43
MeV/u energy. The experimental setup and procedure are identical to the
compound reaction measurements.

The obtained production yields are presented in Fig. 4.9. The direct
reactions are more forward peaked than the compound reactions (Fig. 4.8).
The momentum spread is at most 2%.
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Figure 4.9: 21Na yield as a function of the momentum fraction (∆p/p) for various

reactions. The lines are connecting the corresponding points. The peaks are shifted

with respect to each other because the resolution is determined by the detector size

and the particle energy.

For the 21Ne(p,n)21Na reaction the Q-value is -4.3 MeV and for
20Ne(d,n)21Na it is 0.2 MeV. Therefore, in contrast to 20Na production dis-
cussed previously, the kinematic focussing is due to forward peaking of the
angular distribution and not due to the Q-value.

For direct reactions a small value of the linear momentum transfer q is
typical. The minimum momentum transfer for 21Ne(p,n)21Na at 43 MeV/u is
q = 0.08 fm−1. This is approximately 6 times smaller than for the compound
reaction 21Ne(p,n)21Na at 23 MeV/u.

The slope in the spectrum for the reaction 21Ne(p,n)21Na at 43 MeV/u
was fitted to Eq. 4.18 with

〈
r2
〉

as a free parameter (Fig. 4.10). From this fit

a reduced radius is obtained as r0 = r/A1/3 = 1.5 fm with 20 % systematic
uncertainty. Using this experimental method is only moderately accurate,
because of the resolution of the spectrum.

The smallest momentum fractions, i.e. if Θ′ = 180◦, would have been 87%
for 20Ne(d,n)21Na and 91% for 21Ne(p,n)21Na. No yield was found in both
cases, as expected.
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Figure 4.10: Fit of the high momentum part of the 21Ne(p,n)21Na reaction yield at

43 MeV/u using Eq. 4.18.

Converting the momentum fraction to a laboratory angle we observe a
maximal yield at 2.5◦ for 23 MeV/u 20Ne(d,n)21Na. For the same reaction
at 45 MeV/u we find a maximum at an angle of Θ = 2◦. For the 43 MeV/u
21Ne(p,n)21Na reaction the maximum is determined at Θ = 1.1◦. All these
reactions yield reaction products close to the full acceptance of the separator
which is ∆Θ = ±1.7◦ or lie fully within the accepted range.

Even if the compound reaction has a large negative Q-value and hence
it is kinematically more focussed, the direct reaction shows better forward
focussing owing to the reaction mechanism. This makes direct reactions the
preferred mechanism for the on-line production in the TRIµP separator, in
particular, because it allows to increase the target thickness and thereby ob-
taining a higher number of produced nuclei.

4.3.4 Optimization of Radioactive Beam Production

In Tab. 4.2 all the secondary beams developed so far in the TRIµP facility
are listed. All data were obtained with a gas target at 1 bar pressure. The
exit and entrance windows of the target pressure cell are 4 µm Havar foils.
For the β-decay experiment the production rate of 21Na has to be maximized.
To increase the yield of the secondary particles the pressure in the gas target
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Secondary Primary E Reaction Target Rate Reference
beam beam MeV/u /nA
20Na 20Ne 22.3 (p,n) H2 1.0 · 104 [T]
21Na 20Ne 22.3 (d,n) D2 1.3 · 104 [T]
21Na 20Ne 45.0 (d,n) D2 8.0 · 103 [T]
21Na 21Ne 43.0 (p,n) H2 3.2 · 103 [A]
12B 11B 22.3 (d,p) D2 [Bo]
12N 12C 22.3 (p,n) H2 [Bo]
19Ne 19F 10.0 (p,n) H2 [Br]
22Mg 23Na 31.5 (p,2n) H2 [A]

Table 4.2: Radioactive secondary beams developed in the TRIµP magnetic separa-

tor. [A]:[Acho 05], [Bo]:[Borg 05], [Br]:[Brou 05] and [T]:TRIµP .

20Ne E, P, Havar 21Na Emax, 21Na Emin, ∆E
E ,

MeV/u atm µm MeV MeV %
22.3 1 4 414 409 1.2
40 1 4 776 773 0.4

22.3 10 10 197 94 52.5
40 10 10 669 635 5.1
40 10 20 647 611 5.5
60 10 20 1089 1065 2.1

Table 4.3: 21Na energies for a number of beam energy (E) and target pressure (P)

combinations for the 20Ne(d,n)21Na reaction. The energies Emax and Emin are the

energies after the exit foil of the target and refer to a production point directly before

the exit and directly after the entrance foil, respectively.

can be increased. For this purpose the window thickness must be increased
also to gain sufficient mechanical strength. More material in the beam path
(Havar and gas) leads to a wider energy distribution of the reaction products.
The 20Ne(d,n)21Na reaction is considered as an example. The minimal and
maximal energy were calculated in a Monte Carlo simulation with the LISE
program. All results for various target and window thicknesses are listed in
Tab. 4.3. The resulting energy distribution must be compared to the separator
acceptance of 8%.

The energy distribution for a 20Ne beam of 22.3 MeV/u which has been
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used up to now is unacceptably large for a thick target. This problem can be
avoided with higher energy beams. For a 40 MeV/u beam the distribution
falls within the acceptance of the separator.

4.4 The Thermal Ionizer

At the end of the TRIµP separator the energy of the secondary beam is much
too high to meet the requirements for particles needed in the actual β-decay
experiments. For collecting and transporting the secondary beam with low
energy to different experiment stations the beam has to be thermalized and
bunched. In this section the cooling principles exploited in the thermal ionizer
[Tray 06b] will be briefly explained. Here we present the latest experimental
results obtained concerning the performance of the thermal ionizer.

4.4.1 Principle of the Thermal Ionizer

The general principles of the Thermal Ionizer1 (TI) are well understood
[Kirc 92]. A schematic drawing of the TRIµP TI is given in Fig. 4.11. The
main principle is that particles are stopped in bulk material consisting of W
foils. In the TRIµP TI a stack of eleven W foils of 1 µm thickness are the stop-
ping material. The overall thickness of them is sufficient to stop secondary
beam particles coming from the separator. The foils are heated to about 2650
K inside a tungsten cavity which is heated by electron bombardment. The
particles diffuse to the surface and escape. From the surface of the foils the
particles escape and they start to move inside the W cavity. Since moving is
a random walk process, the particles collide many times with the TI foils and
cavity walls. In this process the charge state of the particles changes multiple
times. At the end of the W cavity there is an opening. The extraction field
of the extractor extends into the W cavity through this hole. Therefore ions
from a region next to this hole are extracted from the cavity. Charge states
higher than +1 are completely negligible, because of the difference in the work
function of W and the necessary ionization energy to produce higher charge
states.

1 A thermal ionizer was preferred over a gas cell stopper because of the higher efficiencies
for the alkali and alkali earth isotopes for particle yields up to 109 /s.
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Figure 4.11: Schematic view of the TRIµP Thermal Ionizer (from [Tray 06b]).

4.4.2 Efficiency of the Thermal Ionizer

The efficiency of the TI mainly depends on the diffusion process of the ions
out of the heated W foils. The fraction of particles released as a function of
time εd [Fuji 81] for an infinite area foil of thickness d and diffusion constant
D is given by

εd(t) = 2

√

tD

d2
tanh

(√

d2

4tD

)

. (4.21)

For 20Na and 21Na the release efficiency for various diffusion constants is
shown in Fig. 4.12 for ε = εd(τ), where τ is the lifetime of the respective
nuclide.

The diffusion constant is temperature dependent, which can be expressed
by the Arrhenius equation

D(T ) = D0e
−

E0

RT , (4.22)
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Figure 4.12: Release efficiency of the Thermal Ionizer (see Eq. 4.21) as a function of

the diffusion constant (temperature) for 20Na and 21Na . The upper panel presents

the experimental results of the release efficiency of the thermal ionizer for 20Na and
21Na . The lower panel presents the release efficiency of the thermal ionizer as a

function of the diffusion constant D. The circles and the triangles correspond to the

simulated points and the stars to the experimental results at T=2640 K. Experimental

efficiencies are with respect to a reference measurement using α particle detection

after the decay of 20Na. This is the source of the main uncertainty for an absolute

calibration.
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Figure 4.13: Electronic scheme for the NaI detectors in the thermal ionizer efficiency

measurements.

where D0 is the diffusion constant and E0 is the activation energy.
Simulations by [Tray 06b] have shown that diffusion is the process domi-

nating the time behavior and has therefore the main influence on the extrac-
tion efficiency from the TI for radioactive isotopes. This efficiency can be
measured by comparing the number of particles in the beam before the TI
i.e. at the Si detector in the FFP with the number of particles released by
the TI. The latter measurement is discussed in the next section.

4.4.3 Detection System of the Thermal Ionizer

The radioactive ions are extracted from the TI with an energy of about 5-10
keV and are deposited onto a 5 µm Al foil about 30 cm downstream of the
TI. Na particles out of the TI can not be detected by Si detectors, because
the ions are not energetic enough to introduce any significant energy to such
a detector. A pair of NaI detectors is therefore installed around the foil
for detecting back to back 511 keV γ-rays from e+e− annihilation following
21Na β+ decay. They are positioned opposite to each other to detect the
two annihilation photons in coincidence. The electronics scheme for the NaI
detectors is shown in Fig. 4.13. The main advantage of this setup is the
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capability to pulse/chop the cyclotron beam and record the time dependence
of the detected radiation. A pulser gives clock ticks to measure how long
the beam was on or off. A second pulser (DG535) switches the beam on and
off. In this way the characteristic decay time can be measured. For 20Na an
alternative method based on β-delayed α-emission could be used [Tray 06b].

In Fig. 4.14 the two-dimensional spectrum of the energy deposited in each
of the two NaI detectors is shown. The dominant feature is due to γ’s of
511 keV. No annihilation events are found with the TI extraction turned off.
By chopping the cyclotron beam and gating on annihilation events we can
observe the time dependence of such events. In Fig. 4.15 the beam on/off
spectrum is shown. First we accumulate particles for 50 s and then let them
decay for another 50 s. The spectrum shows that indeed annihilation events
are only due to 21Na decay, because of the unique and characteristic half-life
of τ1/2 = 22.5 s. With continuous beam the rate of 21Na production reaches
equilibrium after about 100 s which correspond to about 4 lifetimes of 21Na .
From the equilibrium rate the production rate of 21Na can be deduced. This
procedure includes the efficiency calibration of the NaI detectors. We have
5 · 103 21Na atoms/s extracted per 1 pnA beam current of AGOR.

4.4.4 Thermal Ionizer Performance

In the region of 2700 K the measured efficiencies were 7(2)% for 20Na and
48(3)% for 21Na. This is in good agreement with the release efficiencies for
20Na and 21Na ions for 1 µm foils and a diffusion constant ofD = 2·10−15 m2/s
using εd(τ). The release efficiencies for 20Na and 21Na are shifted with respect
to each other because of the difference in half-lives of τ1/2(

20Na) = 448 ms and
τ1/2(

21Na) = 22.5 s. The temperature dependence of the release efficiency
has been measured for 20Na (Fig. 4.12). This is a preliminary result and the
absolute scaling should be verified independently [Tray 06a]. It has a rapid
rise with temperature as expected from the exponential behavior of Eq. 4.22.

The emittance of the beam after the TI is at most 11 mm.mrad for 1
keV of outgoing ions. After the electrostatic transport system the ions have
an energy of 10 keV. The transverse emittance in front of the entrance of
the RFQ is then ≈110 mm.mrad. This corresponds to ≈1100 m/s transverse
velocity. Lowering of the transverse velocity component of the particles and
bunching of the particles is done with double RFQ structure [Tray 06b].
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Figure 4.14: Correlation spectrum of the photon energies deposited in two NaI

detectors set up to observe back to back 511 keV γ-rays from positron annihilation.
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Figure 4.15: Coincident 511 keV γ detection yield in the NaI detectors as function of

time. β+-decays from 21Na (τ1/2 = 22.5 s) are observed this way through annihilation

photons of the positrons. In the first 50 s the AGOR beam was on, in the next 50 s

the beam was off (not corrected for dead-time). The curve is a fit through the data.

4.5 Conclusion

Two different reaction mechanisms were considered for the production of
21Na: one fusion-evaporation type reaction and one direct reaction. The
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latter mechanism is preferred as it allows to increase the thickness of the tar-
get 10 fold. Of the direct reactions investigated the 20Ne(d,n)21Na is favored
over a 21Ne(p,n)21Na as 21Ne is not commercially available any more, more-
over its yield is not higher than for the stripping reaction (d,n). With 1 kW,
corresponding to 2.2 µA at 23 MeV/u of beam 3 · 108 21Na nuclei/s can be
produced.

An efficiency as high as 48(3)% [Tray 06a] was observed for the transmis-
sion of the thermal ionizer at a temperature inside the cavity around 2650 K.
This was measured using the α-decay of 20Na as a calibration. Due to low en-
ergetic β-particles at the same energy this gives an uncertainty depending on
a particular detector used. Therefore the absolute value may vary by a factor
of up to 4. The temperature dependence in the essential temperature range
is to reasonable approximation exponential in agreement with expectations
(linear part in Fig. 4.12). With the current efficiency up to 1.5 ·108 particles/s
of 21Na+ ions can be delivered to the RFQ for the maximum AGOR beam
current. For higher temperatures a further increase of the efficiency for 21Na
appears feasible.



5. Neutralization and Trapping of a

Na Ion Beam

For precision measurements of parameters describing nuclear β-decay one
would like to collect atoms in a trap for a time on the order of the lifetime
of the investigated radionuclide. An ideal method is to trap neutral atoms
in a Magneto Optical Trap (MOT). This allows for manipulating atoms such
that they can be studied, e.g. to observe the full kinematics of the recoiling
daughter nucleus in a nuclear β-decay. However, in the TRIµP facility the
thermal ionizer delivers a beam of singly charged ions. In order to be able to
feed this ion beam efficiently into a MOT we investigate in this chapter the
principles of neutralization of these ions and their subsequent trapping. This
will be followed by a discussion of the design and the measured properties of
a MOT setup for accumulation of Na atoms.

5.1 Theory of Laser Cooling and Trapping of

Atoms

Laser cooling was one of the important breakthroughs in modern (atomic)
physics. This technique results from groundbreaking developments in laser
technology and atomic spectroscopy. The concept was introduced in the late
1960-s and early 1970-s. It is based on the fact that photons carry a mo-
mentum which can be transferred to atoms (see for example [Ashk 70]). The
first success on 3-dimensional cooling was reported by [Chu 85] and is known
as an optical molasses. Raab [Raab 87] added an inhomogeneous magnetic
field to the laser beams and created the first Magneto Optical Trap, which
rapidly became a very powerful tool in atomic physics [Adam 97]. A MOT
is the most efficient atom trap invented until now and it became a central
and essential tool in most experiments which work with cold atoms. In this
section we discuss the principles of laser cooling and trapping.

5.1.1 Photon Atom Interaction

Laser cooling is based on the interaction between light and atoms 1. Let us
first consider an atomic two-level system. For an atom of mass m absorbing a

55
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Figure 5.1: Light forces on atoms: (a) A two-level atom initially in the ground

state (top), absorbs a photon with momentum ~k. The excited atom gains a velocity

~
−→
k /m. The internal atomic energy is released isotropically by spontaneous emission.

After many cycles its contribution to the average velocity change is zero. (b) In case

of stimulated emission the momentum gained by absorption is lost again by the

photon emission by stimulated emission. At the end no gain in momentum occurs.

Adapted from [Adam 97].

photon, the energy hν of the latter is almost entirely converted into internal
energy i.e. populating the excited state. The momentum of the absorbed

photon ~
−→
k , where the absolute value of the wavevector is |−→k | = 2π/λ, causes

the atom to recoil in the direction of incoming light and the atoms velocity is
changed by

∆−→v =
~
−→
k

m
, (5.1)

Between subsequent absorptions of photons the atom returns to the ground
state by spontaneous emission. The emitted photon again will change the
momentum of the atom, but isotropic emission results in an average of zero
momentum transfer after a large number of such events (Fig. 5.1). Therefore
the resulting net change in the atoms momentum is directed along the laser
beam.

Spontaneous emission is central for laser cooling, since it introduces a
dissipation mechanism which is required in any cooling scheme. An absorption
can also be followed by a stimulated emission into the driving laser field. In
these two processes then no momentum is transferred to the atom, since the
momentum transfer in stimulated emission is exactly in the opposite direction
of absorption (Fig. 5.1). The acceleration depends on light intensities. Even
at arbitrary high light intensity the spontaneous emission rate can not exceed

1 In this chapter we are mainly following the description given in large detail in [Metc 99].
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γ
2 = 1

2τ , where τ is the lifetime of the excited state. Therefore, the maximum
deceleration of an atom exposed to a laser beam is

−→a max =
∆−→v
2τ

=
~
−→
k

m

γ

2
, (5.2)

where γ is the spontaneous decay rate which is related to the natural linewidth
through Γ = γ

2π .
In this work we are concerned with the Na atom which offers theD2 line for

optical cooling and trapping. This atom technically realizes a complication-
free two-level system. The parameters for the relevant 2S1/2−2P3/2 transition
are: a wavelength of λ = 589.16 nm corresponding to a transition energy of
~ωa = 2.104 eV and a spontaneous decay rate of γ = 1/τ = 6.29 · 107s−1.
The saturation intensity is Is = πhc/3λ3τ = 6.4 mW/cm2 for the Na D2

line. The atom has a mass of mNa = 22.99 u. For Na the maximum possible
deceleration by laser light is 9 · 105 m/s2 or 105 g. Therefore, even though a
single photon recoil is relatively small, the radiation force can be enormous,
since the atom can scatter on resonance up to 30 million photons per second.

The photon scattering rate γp depends on the detuning δL = ωl − ωa,
where ωl is the laser frequency and ωa is the atomic resonance frequency.
The Doppler-shifted laser frequency, as it is seen by the atoms, must match
the atomic transition to maximize the scattering rate, which is given by a
Lorentzian

γp =
γ

2

s0

1 + s0 + [2 (δL + ωD) /γ]2
, (5.3)

where s0 = I/Is is the saturation parameter defined as the ratio of the light
intensity I to the saturation intensity. The Doppler shift seen by the atom is

ωD = −−→
k · −→v . The absorption of (directed) laser light results in a force

−→
F = −→a ·m = ~

−→
k γp. (5.4)

To decelerate moving atoms the laser beam must be detuned to compen-
sate for the Doppler shift. Let us consider a one-dimensional case. For two
laser beams of identical frequency directed opposite to each other the total
force is determined by adding the forces exerted by each beam (Eq. 5.4).
Atoms moving along the laser beams experience a force which depends on the
frequency of the laser light. One single atom will interact in general mostly
with only one of the laser beams (unless the velocity is very small). So the
net force will be directed against the propagation of the atoms. This damping
mechanism is called ‘optical molasses’ (OM). For three orthogonal intersecting
laser beam pairs it is possible to achieve significant three-dimensional velocity
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Figure 5.2: Dependence of the acceleration due to the two counter-propagating red

detuned laser beams on the Na atom velocity. For the calculation a detuning of

δL = −γ is taken. The laser power in each beam is 20 mW/cm2. The dotted lines

indicate the force from the individual laser beams. The solid line is the total force

from (both) counter-propagating laser beams.

damping of the atoms in the intersection region. This leads to cooling and
accumulation of atoms in the region where all laser beams overlap. From equa-
tions 5.3 and 5.4 one can calculate the force on atoms in a one-dimensional
optical molasses

−→
F OM =

−→
F + +

−→
F −, where

−→
F ± = ±~

−→
k
γ

2

s0

1 + s0 + [2 (δL ∓ |ωD|) /γ]2
(5.5)

This includes stimulated emission as well. For the negative δL the applied
force leads to a deceleration of the atoms (see Fig. 5.2). It is maximal close
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to vc ≈ ±γ/k. Since the force is directed against the direction of motion
this leads to a damping of the velocity of the atoms. For Na this maximum
is at 6 m/s. Experimentally the optical molasses requires balancing of the
intensities of the counter-propagating laser beams to about 1%. In an optical
molasses the atomic motion is damped and the average velocity is reduced to
less than 1 m/s. However, there is no force which would confine atoms in the
laser beams. This shortcoming can be overcome by a magneto-optical trap,
which will be discussed in the next section.

5.1.2 The Magneto Optical Trap

By combining an optical molasses with a spherical quadrupole magnetic field
a trapping potential can be created. Such a trap is called a Magneto-Optical
Trap. The inhomogeneous magnetic field creates a position dependent Zee-
man splitting of the resonant transition frequencies as shown in Fig. 5.3. The
atom is placed between counter-propagating laser beams with opposite cir-
cular polarizations (|R and |L). The frequency of the laser light itself is red
detuned to compensate for the Doppler shift. For simplicity it is assumed
that the magnetic field varies linearly with the distance from the center and
is equal to zero in the center. Due to the splitting of the atomic magnetic
sublevels in the magnetic field the scattering rate γp varies with the magni-
tude of the magnetic field. In this way exited states with MJ = +1 are shifted
upward for positive magnetic fields and the state with MJ = −1 is shifted
downward by the same magnetic field. Selection rules for dipole transitions
with σ+ and σ− light are ∆MJ = +1 and ∆MJ = −1, respectively. For an
atom at position z0 (Fig. 5.3) the detuning δ− is smaller than δ+ and hence
it will interact more likely with the σ− beam than with the σ+ beam and
consequently will be pushed towards the center. The same reasoning can be
applied to the atoms at other positions on the z axis. All atoms are therefore
pushed towards and collected in the center (z = 0). This picture can be ex-
tended to three dimensions (Fig. 5.4) by using (instead of one beam) three
mutually orthogonal pairs of counter-propagating laser beams. The magnetic
coils are in anti-Helmholtz configuration which gives a zero magnetic field in
the center, where all laser beams overlap.

Similarly as for the optical molasses (Eq. 5.5) the total force
−→
F =

−→
F − +−→

F + on the atoms is given by

−→
F ± = ±~

−→
k
γ

2

s0

1 + s0 + [2δ±/γ]
2 , (5.6)
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J

J+1

Figure 5.3: Principle of a one-dimensional MOT for an atom with ground state J

and excited state J+1. a) Applied magnetic field as a function of distance to the trap

center. b) Selection rules for various polarizations of the laser light. c) Schematic

illustration of the interaction of an atom with laser light in a MOT.

where we include the Zeeman shift in the detuning for each laser beam

δ± = δL ∓−→
k · −→v ± µ′B/~. (5.7)

Here µ′ ≡ (geMe − ggMg)µB is the effective magnetic moment of the transi-
tion and B(r) is the position dependent strength of the magnetic field. The
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Figure 5.4: MOT in three dimensions. Three pairs of circular polarized

counter-propagating laser beams are combined with a magnetic field generated by

two coils carrying a current I in an anti-Helmholtz configuration. The direction of

the electric current (I) is indicated with arrows. Right and left circular polarization

of the laser beams are indicated by | R > and | L >.

subscripts g and e refer to the ground and excited states, gg(e) is the Landé
g-factor, µB is the Bohr magneton, and Mg(e) is the magnetic quantum num-
ber. In a MOT the atomic density is limited because trapped atoms absorb
photons scattered by other trapped atoms, which leads to a repulsive force
between the atoms. Owing to these factors the maximal atomic density in
the MOT is limited to ∼ 1011/cm3 [Metc 99].

For Na the level scheme differs from the idealized one (Fig. 5.3), where
also J is the only relevant angular momentum. There is hyperfine splitting
of the atomic levels in 23Na caused by the nuclear spin of 3/2. The hyperfine
splittings of the 32S1/2 ground state and 32P3/2 excited state are shown in
Fig. 5.5. When the laser drives the Fg = 2 → Fe = 3 transition, the Fe = 2
state is also accidentally excited due to Doppler and Zeeman shifts, the line-
widths of the states involved, non-perfect circular polarization of the laser
beams etc.. The Fe = 2 excited state can decay then into the Fg = 1 ground
state, where eventually all atoms would end up, because of this unwanted
optical pumping effect. To get atoms back to the cooling cycle a ‘re-pumping’
transition Fg = 1 → Fe = 2 is used. The highest velocity of an atom at
which it still can be trapped is called the capture velocity. It depends on the
trap parameters: magnetic field gradient, the size of the laser beams and the
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Figure 5.5: Left side: Schematic view of the hyperfine splittings of the 32S1/2 and

32P3/2 states of Na. F is the total atomic angular momentum and MF is the projec-

tion of the total angular momentum of the atom on the magnetic field axis. Right

side: Possible schemes for laser trapping. Thicker arrows indicate possible trapping

transitions and thinner arrows show ’re-pumping‘ transitions.

laser intensity. It can be determined through a simulation of the scattering
process. We have (Eq. 5.6)

−→a (δ,−→r , s0) =

−→
F+ +

−→
F−

m
, (5.8)

for r smaller than the radius of laser beams rlaser. The acceleration −→a (δ,−→r , s0)
is a function of the trap parameters: the detuning δ, the position r and the
laser saturation intensity s0. The dependence on the velocity v of the atom
enters through the detuning δ (Eq. 5.7). Numerical integration of the equation
of motion

d−→v = −→a · dt =

−→
F+ +

−→
F−

m
dt, (5.9)

d−→r = −→v · dt, (5.10)
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Figure 5.6: One-dimensional simulation of capture velocity vc versus laser detuning

in units of γ (γ = 10 MHz for Na). The sets correspond to saturation parameters

of s0 = 0.4, 1.1, 2.1, and 3.1. The simulations were made for a magnetic field of 10

G/cm (0.1 T/m) and a trap radius of 1 cm.

have been performed, where the atom starts at the distance rlaser for different
initial velocities. We determine the maximal velocity vc for which the atom
is still trapped in the trap center. In Fig. 5.6 the result of such a calculation
is shown for parameters which are used in our experiment. The maximum
capture velocity vc is shown as a function of laser detuning and saturation
parameter s0. For Na vc is around 30-60 m/s for typical experimental param-
eters. Since the capture rate is proportional to v4

c (see Eq. 5.26) it is very
important to maximize the capture velocity to obtain the highest trapping
efficiency.

5.2 Laser Setup

A dye laser is shared with the Atomic Physics group at KVI. The laser system
was originally set up by [Turk 01] and improved subsequently [Knoo 06]. In
particular for the requirements of our experiment we improved the stabiliza-
tion of the dye laser frequency using saturated absorption spectroscopy.

The schematic layout of the laser setup is shown in Fig 5.7. The main
laser is the Spectra Physics (Model 380) dye laser (2) which is operated with
Rhodamine 6G dye. This laser is pumped by a solid state Millenia laser 532
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Figure 5.7: Laser setup used for the experiments. (1) Millenia solid state pump laser

(3.6 W), (2) Spectra Physics dye laser (≈360 mW), (3) Spectra Physics Stabilock , (4)

New Focus resonant EOM (1720 MHz), (5) saturation absorption spectroscopy setup,

(6) Photodiode for detection of saturated absorption signal, PID module, (7) fiber

launcher and (8) interferometer. (9) Lock-in amplifier to derive saturation spectrum.

The signal is fed into a PID controller which allows us to stabilize the laser to the

side of the saturated absorption spectrum.

nm (1) which operates at 3.6 W output power. The dye laser gives 350 mW
of light at 589 nm. To create the re-pumping frequency for the MOT a
1720 MHz New Focus resonance Electro-Optical Modulator (EOM) is used
(4). An example of the EOM output intensity as a function of frequency is
shown in Fig. 5.8. The re-pumper itself is necessary for bringing atoms from
the Fg = 1 state back to the cooling cycle (Sec. 5.1.2). The side bands of the
EOM provide the re-pumping light and are set to about 16% of total laser
intensity. This leaves 68% of the laser intensity for the cooling and trapping
beam.

The dye laser needs to be frequency stabilized. This is achieved in two
stages. Fast frequency changes are corrected by the Stabilock system (3)
(Spectra Physics Model 388). However, slow frequency changes can not be
corrected by the Stabilock system. For trapping of Na atoms the laser fre-
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Figure 5.8: The intensity distribution of a laser beam after passing through an elec-

tro optical modulator at the frequency of 1720 MHz. The intensity of the sidebands

is determined by the rf-power to the EOM. For efficient re-pumping of Na atoms

the intensity ratio of the carrier to the first order sideband at the higher frequency

should be 5:1. The situation indicated in the figure is also acceptable.

quency of 5 ·1014 Hz needs to be kept in a range of ±15 MHz absolute. This is
achieved by exploiting a saturated absorption signal (Fig. 5.9). In particular
for our experimental conditions the high frequency side of the unresolved peak
for the 32S1/2, F = 2− 32P3/2, F = 1, 2, 3 transitions is used for stabilization.

A photodiode detects the signal from saturated absorption spectroscopy
(Ch. 7 in [Demt 96]). The pump beam is amplitude modulated by a me-
chanical chopper wheel revolving at around 300 Hz. The photodiode signal
is fed into a lock-in amplifier to derive the signal depicted in Fig. 5.9. The
error signal for the locking electronics is generated by subtracting an offset
voltage. The offset voltage can be varied to scan the laser over a range of
about 100 MHz. Shortest scan periods of 100 ms were possible. The light
which comes out of the EOM is coupled into an optical fiber of 100 m length
via a fiber launcher (7) and transported to the experiment located in a dif-
ferent room. For the experiment we have 70-100 mW laser power available.
Although this power is enough for a MOT for Na atoms, optimal performance
of the setup requires some 500 mW of laser power. This is due to the fact
that for higher capture velocities of the atoms a larger detuning (Fig. 5.6) is
needed, which makes more laser power necessary.
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Figure 5.9: Saturation absorption spectroscopy signal recorded with amplitude

modulation of the pump beam and lock-in detection. The laser is locked to the

high frequency side of the low frequency maximum (indicated with arrow). Cross

over resonances within peaks are not resolved. The negative signal is due to cross

over resonances. Below the spectrum the position and strength of the Saturated

absorption signal (a) and the crossover signals (b) are indicated. The frequency is

given relative to the F = 2 → F = 3 transition.

5.2.1 Design of Efficient Accumulation MOT

The primary goal of this work is to establish an experimental method for
efficient loading of Na from an ion beam into a Magneto Optical Trap (MOT).
This accumulation MOT has to be optimized concerning neutralization and
capture efficiencies. On the other hand the main goal of the β-decay MOT is
to hold trapped atoms as long as possible for the β-decay measurement. The
requirements for the accumulation MOT differ strongly from those for a setup
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Figure 5.10: The grey (red) spectrum shows the number of trapped atoms as a

function of the laser frequency relative to the F = 2 → F = 3 transition. The

black (blue) spectrum is a zoom of the spectrum shown in Fig. 5.9. The dotted line

represents the resonant transition (γ/2π=10 MHz). We have two different regions

in the laser frequency, where we observed trapped atoms. The frequency difference

(59 MHz) between these signals was used to calibrate the frequency axis (assuming

the trapping transitions indicated in Fig. 5.5).

for β-decay. The most significant difference is that in the accumulation MOT
area a large number of not trapped Na atoms will exist, which also β-decay
and would contribute to a large background in a precision β-decay experiment
in such an environment. Thus we split these two tasks and construct two
different MOT setups. Here we focus on the accumulation MOT. The β-
decay experiment itself is carried out in the second MOT, which is loaded
with atoms from the first one.

The Na level structure allows for several possible trapping schemes. The
first one (type I MOT) is based on the Fg = 2 → Fe = 3 transition with
re-pumping through F = 1 → F = (2, 1). Another scheme (type II MOT) is
based on the Fg = 2 → Fe = 2 transition. Here the cooling laser has to be
detuned by the splitting of the F = 2 and F = 3 hyperfine component of the
excited state (Fig. 5.5). By scanning the laser frequency we can observe both
types in our setup (Fig. 5.10). In our setup the type II MOT is much weaker
than the type I MOT, because cooling and re-pumping laser frequencies are
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EIP (Na) 5.139 eV
EWF (Y) 3.1 eV
EWF (Zr) 4.05 eV
EWF (W) 4.55 eV

Table 5.1: Ionization potential EIP and work function EWF for relevant materials.

The work functions are taken from [Skri 92].

optimized for the type I MOT. For our experiments we choose the first type
because of its larger collection efficiency and higher density of atoms inside
the MOT cloud.

5.3 Neutralization Technique

The radioactive 20Na and 21Na isotopes are extracted as an ion beam from
the thermal ionizer (see Ch. 4.4). They are transported to the accumulator
MOT region by an electrostatic transport system and are captured on a thin
metal foil. The material for this foil must fulfill several conditions:

• Low work function to extract a large neutral fraction of the evaporated
radio-nuclides. This means that there should be a low chemical binding
for Na to the material of the foil.

• Large diffusion constant of Na in the foil material.

• Easy to heat to a temperature (low desorption energy) at which Na is
released from the surface.

• Low vapor pressure at the high temperatures needed for operation.

In experiments with other alkali elements, K [Gore 00],
[Melc 05] and Fr [Aubi 03], [Lips 04], these issues were already addressed.
Y and Zr were identified as good candidates for a neutralizer material.

5.3.1 The Neutral Fraction

The Na ions shot into the foil must diffuse rapidly to the front surface and
desorb from the foil. The ion to atom ratio evaporated from the surface is
determined by three parameters: the work function EEF , the temperature T
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of the neutralizer material and the ionization potential EIP of Na (5.139 eV).
The atom to ion ratio is given by the Langmuir-Saha equation

n+

n0
=
w+

w0
exp

(
EWF − EIP

kBT

)

, (5.11)

where w+ and w0 are the statistical weights of the ionic and atomic states,
respectively, corresponding to the total angular momentum of the states. The
ratio of the statistical weights w+/w0 = 1/2 for all alkali elements [Dinn 96].
We investigated yttrium, zirconium and tungsten foils of 25 µm thickness.
The work functions for the materials that we have used are listed in Tab. 5.1.
Because EIP − EWF > 0.5 eV for all cases the foil can be heated to 1000 K
while the fraction of ions remains negligible.

The Diffusion Time

The typical kinetic energy of ions impinging upon the neutralizer foil is 1-
10 keV. This corresponds to stopping these ions in the neutralizer within a
surface layer of thickness 13 nm according to available range tables [Zieg 85].
We want to determine a range of parameters for which the release from the foil
is faster than the time scale given by the lifetime of the isotopes of interest.

The distribution of particles inside the foil was calculated with the pro-
gram SRIM, which determines the stopping and the range of ions in matter
based on a quantum mechanical treatment of ion-atom collisions
[Zieg 85]. We obtained the depth distribution of ions at various energies
from 1 to 6 keV. The results of the simulations are plotted in Fig. 5.11. In
the upper part of Fig. 5.11 the implantation depth distribution is shown. The
distribution resembles to first order a truncated normal distribution. In the
lower part of the figure the ionization density of the particles as a function of
implantation depth is shown. Most of the energy is deposited at the surface
of the material, regardless of the energy.

We used the simulation package RIBO [Leit 06] to study the dependence
of the release time of the neutralizer as a function of the diffusion coefficient
D. This program allows to solve the diffusion equation in a bulk material
from a given starting distribution of particles and a known diffusion constant
D. For this simulation we used a Gaussian distribution of particles inside
the foil given by the straggling range of Na, which itself was obtained with
the SRIM program. The fast release of the Na atoms from the surface of the
neutralizer is guaranteed, because of the elevated temperature (≈ 1000 K).

Values for the diffusion coefficient D which can be found in the TARGISOL
databases are listed in Tab. 5.2. The TARGISOL database is the most com-
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Figure 5.11: Implantation of 1 and 6 keV Na ions into a Zr foil. Data taken from

SRIM package calculations. In the upper picture the fraction per nm of implanted

particles is plotted versus the implantation depth. In the lower part the ionization

density of the incident particles versus the implantation depth is plotted.

Element Material T (K) D (m2/s) reference Edes (eV)
Na Ti 900 1 · 10−16 [T] 0.87
Na Ti 1200 8 · 10−14 [T] 0.87
Na Ti 1500 4 · 10−12 [T] 0.87
Rb Zr 1200 3 · 10−10 [T] 0.74
K W 1200 7 · 10−8 [T] 1.90
Na W 1300 1 · 10−20 [K] 1.32
Na Zr 0.97

Table 5.2: Diffusion coefficient calculated by D = D0e
−

E0

RT , where R is the universal

gas constant and E0 is the activation energy. [T]: data are taken from TARGISOL

database [TARG 07], [K]: diffusion coefficient scaled from KVI Thermal Ionizer per-

formance [Tray 06b].
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plete database, which combines the data from various sources. Data from this
compilation have been used for developing ISOL targets. Some data in the
database for the very same parameter are not compatible with each other and
depend on the original sources. They must be applied with great caution. For
Na in Y and Zr there are no data available. To get an estimate we used the
data for Na in Ti [TARG 07]. For W the reported D varies by several orders
of magnitude. We take the D values derived from the KVI Thermal Ionizer
performance [Tray 06b]. The approximated D value for W was scaled to 1000
K temperature, which is the typical operation temperature for the neutralizer
foils [Melc 05].

The result of the simulations is presented in Fig. 5.12. ForD > 10−13 m2/s,
which corresponds to temperatures > 1200 K for Na in Ti (see Tab. 5.2), the
release time is less than 100 ms. According to the simulation it is possible to
release > 90 % (for D > 10−14 m2/s) of the particles implanted into the foil
in less than 100 ms. The release time scales with 1/D. For a very small dif-
fusion coefficient (D ≈ 10−20 m2/s) the main fraction of implanted particles
remains inside the foil for much longer time (longer than the typical lifetime of
particles of interests). In the accumulation MOT setup we have chosen 25 µm
thick 10x5 mm2 Y and Zr foils at temperatures of about 1000 K (Sec. 5.4.6).

Sticking Time

Although a detailed description of desorption is complicated, for the purpose
of this study we can describe it with a simplified model. The Na atoms are
trapped in a Van der Waals potential close to the surface of the foil. The depth
of the potential is Edes. The desorption of the Na atom from the neutralizer
is to first order governed by

dNn

dt
= −κNn, (5.12)

where Nn is the number of atoms in the neutralizer and the desorption rate
κ is given by

κ = ν0e
−

Edes
kT . (5.13)

Here ν0 is the frequency of the vibrating bond between atom and surface. A
typical value for ν0 is 1013 s−1. For Na on a Zr surface we have Edes = 0.97
eV. The average sticking time τs = 1/κ therefore depends exponentially on
temperature. For Zr we get τs ≈ 103 s at room temperature and 1 µs at
700 K. Fast desorption requires therefore a heated neutralizer, but still lower
temperatures are required than for fast diffusion, which means that τs is in
our experiment always much smaller than the lifetime of the radionuclide.
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Figure 5.12: Result of RIBO simulations. Differential release in %/s as a function

of time for a number of foils. Panels a-c show diffusion out of the titanium foil at

900 K, 1200 K and 1500 K. Panel d shows diffusion out of a tungsten foil at 1300

K. For the simulation we used the stopping range profile for 2-10 keV Na ions (see

Fig. 5.11).

Since neutral atom trapping requires Ultra High Vacuum (UHV) condi-
tions the vapor pressure of the heated metal neutralizer foils is important.
For Y it is 10−11 mbar and for Zr and W < 10−15 mbar at a temperature of
1200 K.

We performed measurements for a number of neutralizer materials and
temperature combinations to find the optimal conditions for neutralization
and trapping.

5.3.2 Glass-cell Design for Na Trapping

The accumulation MOT is made of glass because it is UHV compatible and
it allows for a very compact design of the MOT. In addition, it can be coated
with dryfilm to reduce the sticking of Na atoms to the surface of the vacuum
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vessel. The effective capture volume of the MOT can be a large fraction of
the total volume of the cell. The neutralization foil is inside of the glass cell.

In the past two decades many schemes were developed for loading of an
atom trap. Since short-lived radioactive atoms can only be obtained in limited
quantities, improving the collection efficiency plays a central role in the field
and was studied in a number of experiments [Rosa 03], [Aubi 03], [Gore 00],
[Lu 97] with K, Na, Rb, Cs, Fr. High efficiency MOT’s for radioactive atoms
were reported in [Corw 97] for Rb [Aubi 03] and [Step 94b] for Cs. According
to these articles the material and the shape of the MOT chamber is very
important for high efficiency performance. The vacuum conditions inside the
MOT chamber play also an important role. The vacuum should be better
than 10−8 mbar for a storage time in the trap of larger than 1 s. In the
design of the vacuum cell for the trap we considered the trapping efficiency
in some detail. In an Appendix to this work we give detailed equations for
a determination of trapping efficiencies and the dependence on the geometry
and surface properties of the cell.

For modelling the trapping efficiency we assume that the atoms have a
velocity distribution of a three-dimensional thermal gas. The normalized
distribution is

f(v) · dv = dP =
v2

ṽ3
·
√

2

π
· e−

v2

2ṽ2 · dv, (5.14)

with

ṽ =
vrms√

3
=

√

kBT

m
, (5.15)

where m is the mass of the atom. An estimate of the probability to catch an
atom in a single pass through the laser beams is given by (see also [Metc 99])

P1 =

∫ vc

0
f(v)dv ' 1

3

√

2

π

(vc

ṽ

)3
, (5.16)

where vc is the capture velocity. This shows that for a high capture efficiency
a large capture velocity vc is a prerequisite. The capture velocity can be found
by solving the equation of motion using Eq. 5.6 and 5.9 specifying the MOT
parameters. For Na and realistic total laser power of 200 mW the capture
velocity vc can be as high as 60 m/s as shown in Fig. 5.6. As the MOT capture
rate depends strongly on vc also the available laser power is highly important.
In Fig. 5.13 P1 is shown as a function of temperature for various vc. At room
temperature one has P1(Na) ≈ 8 · 10−4 (Fig. 5.13). The volume from which
an atom can be collected is given by the volume which is illuminated by all
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Figure 5.13: Single pass capture probability for neutral atoms in a MOT (see

Eq. 5.16) as a function of temperature for a number of capture velocities vc from

the thermal gas in three dimensions.

six laser beams, if we assume a flat top intensity profile of the laser beams.
This volume we call Vcapture and it has a surface area of Acapture.

The probability to trap an atom increases with the number of passes of the
atom through the trapping region and with decreasing velocity of the atoms.
Wall collisions allow not only repeated crossing of the trapping region but
also thermalize the atoms to the wall temperature of the glass cell of 300 K.
Since the wall temperature is lower than the foil temperature these collisions
will lower the average velocity of the particles and hence increase the capture
probability (Fig. 5.13).

There are two factors, which are important for optimizing the number of
passes: the sticking of the atoms to the wall and the escape of atoms through
the exit ports of the cell. Both of them must be minimized for optimal
performance of the MOT. In general, alkali metals like Na easily share their
valence electron with other materials; in other words they stick to them. The
dominant attracting force of atoms to the wall is the Van der Waals force.
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Choosing a coating that minimizes this force will shorten the sticking time of
the atoms. We used a dryfilm coating SC-77 which is based on paraffin (silane
based compound) [Step 94a]. This kind of coating is transparent for the laser
light. A detailed description of the coating mechanism and instruction on the
coating procedure can be found in [Fedc 97].

For the escape of the atoms through the exit ports all cell openings must
be small to minimize the escape probability from the cell. The number of
passes through the laser volume can be estimated (see Appendix A.1) as

Npass ≈
Acapture

Ae +AsPs
<
Acapture

Ae
, (5.17)

where Acapture is the surface of the volume where the laser beams overlap.
As and Ae are the surfaces of the cell and the exits, respectively. Ps is the
sticking probability.

The best shape of the cell would be a sphere because in this configuration
the whole volume of the cell can be illuminated by the MOT beams. However,
in such a design the laser light would suffer because the curvature of the glass
acts as a lens and external correction lenses would be required. Another option
is to use a cubic cell. Assuming 5 cm sides and two exit holes of 10 and 5
mm diameter, which are necessary for the entrance aperture of the atom and
the exit aperture for the transport to the β-decay MOT setup. In this case
it is possible to get around 80 passes of the atoms inside the overlap region
of the laser beams. The manufacturing of cubes with optical-quality glass
surface is difficult. Glueing the glass plates together is not an option because
the cleaning and coating procedure includes exposure of the cell to chemically
active substances that dissolve the glue. A commercially available solution
[Inc 06] keeps all essential features of a cube and it is shown in Fig. 5.14.

The cell has 3 ports with standard CF16 flanges. The widest opening of
16 mm inner diameter is for the incoming ions and pumping of the cell. The
opposite flange of 11 mm inner diameter is used for inserting the neutralizer.
From the various neutralizers we chose Y and Zr as the most promising ones
(see Ch. 5.3.1). The third flange in the glass cell has 11 mm inner diameter
and is intended for transferring trapped atoms to the β-decay MOT. The
diameter of the six windows for the laser beam is 25 mm each. The cell it-
self is made of Pyrex glass. Fig. 5.15 shows a close up view. The central
spot is a cloud of trapped Na. For our glass cell we have As ≈ 100 cm2,
Acapture ≈ 20 cm2 and Ae ≈ 4 cm2 which were technical compromises ac-
commodating the possibilities of the technical support available at the time
of setup. Nevertheless, it allows to study the main features of such a device.
The maximum number of passes (Eq. 5.17) is five and it is determined by
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Figure 5.14: Glass vacuum cell for the accumulator MOT. (1) the direction of in-

coming ions, (2) the direction for particle transfer to the second trap. Location (3)

is used for the neutralizer. Opposite to the port (2) is a window for a laser pushing

beam, to transport the atoms from the accumulator MOT to the β-decay -MOT.

Figure 5.15: Atomic 23Na cloud loaded from background gas into the accumulator

MOT. The trapped atoms are visible in the center of the glass cell. The vapor

pressure of 23Na in the experiment was increased by heating an attached reservoir

containing Na metal to about 330 K.



5.4. Commissioning of the Na Accumulator MOT 77

the size of the exit holes. For a large amount of atoms, as they can be made
available from a 23Na heated sample, the single passage efficiency still is suf-
ficient to make a MOT-trapped cloud of atoms visible to the human eye. For
radioactive species it will be important to optimize the capture efficiency in
particular by increasing the number of passes.

5.4 Commissioning of the Na Accumulator MOT

A schematic drawing of the experimental setup to study the accumulator
MOT is shown in Fig. 5.16. Singly charged ions are extracted from a Heat-
Wave Labs (Model HWIG-250) ion gun (1) which delivers ion beams with
energies up to several keV and currents up to several 10 nA. After the ion
gun, the beam is focused by two Einzel lenses (2) and steered to the neutral-
izer (4) by two pairs of steering plates (3). The neutralizer can be heated by a
direct current supplied via two electrodes spot welded to the neutralizer foil.

The laser light is transported from the dye laser setup to the optics table
with a 100 m optical single-mode fiber. It is coupled to the setup by a fiber
launcher (5). To define the polarization the laser beam passes a linear polar-
izer (6). After a beam expander (7) the laser beam is split in three beams of
about the same intensity and routed through the MOT glass cell. Circular
polarization is produced by quarter wave plates. A magnetic field gradient of
up to 0.15 T/m was produced by two 5 cm diameter coils in anti-Helmholtz
configuration. The MOT cloud is more confined for a higher magnetic field
gradient, but the gradient has only a weak influence on the number of trapped
atoms.

To understand the system we performed a number of measurements.

• In the first experiment we exposed the cold (T≈300 K) neutralizer to
Na ions from the ion gun for different time intervals. Next the neu-
tralizer was rapidly heated to T ≈ 1000 K by a 2.0 A current, thereby
releasing the Na atoms deposited. The time dependence and magnitude
of the signal were recorded and the number of trapped atoms was es-
timated. These measurements were performed in a collect and release
cycle. All other measurements were done with the neutralizer at a fixed
temperature of T ≈ 1000 K and the ion beam was chopped instead.

• To investigate the influence of the incoming ion energy, a measurement
of the number of trapped atoms for different energies and intensities of
incoming ions was performed.
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Figure 5.16: Accumulator MOT setup scheme. A singly charged Na ion beam from

an ion gun (1) is transported through two Einzel lenses (2) and a set of steering plates

(3) onto the neutralizer foil (4). The laser light is transported with a single-mode

optical fiber from the laser room and coupled to the optical setup by a fiber launcher

(4). The beam is linear polarized (5) and expanded (6). To split a laser beam into

three retroreflective beams for the MOT operation, two beam splitters (8a, 8b) of

70%:30% and 50%:50% splitting ratio are used.
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Figure 5.17: Fluorescent light detection scheme for the accumulator MOT setup.

An avalanche photodiode S2382 from Hamamatsu with 0.5 mm active area is the

heart of the detection system.

• To quantify the effect of the dryfilm coating we compared the number
of trapped atoms for coated and uncoated cells.

5.4.1 Detecting the MOT Population

An avalanche photodiode S2382 from Hamamatsu (0.5 mm active diameter)
with a built-in preamplifier built at KVI [Damm 06] serves as light detector
for the scattered light from the atom cloud in the MOT. The sensitivity is
Rp = 0.2 V/nW in a 100 Hz bandwidth. The signal is further amplified
in a Stanford Research System low noise preamplifier Model 560. The time
dependence of the signal is recorded on a storage oscilloscope. For imaging
the MOT cloud onto the photodiode we used apertures and a single lens (see
Fig. 5.17).

The aperture is necessary to reduce scattered laser light from the surfaces
of the glass cell. Furthermore, the imaging system is shielded from other
light sources: To reduce the light intensity from the hot neutralizer, we have
a narrow band interference filter around 590 nm which has a transmission
of Cf = 50% and a filter width of 10 nm. The interference filter allows to
suppress light coming from sources other than Na atoms or the laser including
the light from the neutralizer. The sensitivity of this detection system allows
to observe the light emitted by as few as about 100 atoms in the MOT cloud:

In order to establish the detection limit we have pursued a dedicated
measurement, based on an estimate of scattered light intensity. For a two-
level system the power of scattered light of one atom PΩ is

PΩ =
Ω

4π
~ωeγp =

Ω

4π
~ωe

γ

2

s0
1 + s0 + 4(δL/γ)2

, (5.18)
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where e is the charge of the electron needed for converting transition energy
~ω from eV to W · s. Ω is the solid angle covered by the optical system. The
fluorescence signal SF detected by the photodiode is related to the number
of atoms in the MOT (NMOT ) by

NMOT =
SF

Cf

1

RpPΩ
. (5.19)

We neglect the light attenuation due to the glass surfaces of the cell, because
it is much smaller than the uncertainty in PΩ. The laser beam of the accu-
mulator MOT with 20 mW per beam (5.3 mW/cm2) of laser power remains
below the saturation intensity of 6.4 mW/cm2. For scattered light of the
MOT the total light intensity from all 6 beams is ≈ 30 mW/cm2 or s0=4.7.
For the current setup the estimated maximal detuning δL ≈ 20± 10 MHz. In
this case s0

1+s0+4(δL/γ)2
= 0.3±0.2. For example, for these parameters the cal-

culated photodiode sensitivity is (9 ± 3)106 atoms/V. For our measurements
we had a noise limit of 10 µV.

In all experiments the detuning of the laser was chosen such that the MOT
fluorescence was maximal. However, the maximum fluorescence does not cor-
respond to the maximum number of particles trapped in the MOT. A model
calculation for a 1-dimensional MOT following the approach of [Metc 99]
demonstrates this. Simulations were performed for a typical magnetic field
gradient of 10 G/cm (0.1 T/m). Figures 5.18 and 5.19 show the dependence
of the fluorescence and the number of trapped atoms, respectively, as a func-
tion of laser detuning. The detuning is given in units of the linewidth γ,
which is 10 MHz for Na atoms. The maximal number of atoms in the MOT is
achieved for δL = 60 MHz and the maximum fluorescence is seen at δL = 20
MHz. This is a combination of two effects: A larger detuning allows for a
higher capture velocity of the MOT (Fig. 5.6), which increases the number of
trapped atoms (Eq. 5.16). However, a larger detuning δL reduces the power
of scattered light of the trapped atoms (Eq. 5.18). There is about a factor of
3 difference in the scattered light intensity for the two optima.

When we are working with stable atoms we tune for maximal fluorescence
because this gives the best signal to noise ratio. For radioactive atoms the
number of trapped atoms can be determined from the β-decay rate of stored
particles. This means that the MOT capture efficiencies measured in this work
can be increased by a factor of three by operating the MOT in a detuning
which corresponds to the maximum number of atoms.
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Figure 5.18: One-dimensional simulation of the MOT fluorescence versus the laser

detuning from resonance in units of γ. The simulations are performed for saturation
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Figure 5.20: Detection system used for the temperature measurement. rA is the

radius of the region from which we collect fluorescence on the photodiode and rl is

the radius of the laser beams.

5.4.2 Temperature of Trapped Particles

The temperature of the atom cloud is important for the design of the transfer
system of the atoms to the β-decay MOT. We implemented a method to
determine the temperature in a simple way.

Assume we have atoms trapped at a temperature T. The atoms have a
velocity distribution according to Eq. 5.14. If the trapping light is switched
off for some time toff the atoms will fly away with all atoms keeping their
individual velocities. The distance r from the center of the trap changes
linearly in time.

r = vavg · t. (5.20)

For the average velocity we take vavg =
√

3ṽ of Eq 5.15. After some
time the atoms have left the region of radius rA from which we collect the
fluorescence onto the photodiode (Fig. 5.20). Some time later they have left
the region of overlap of laser beams. The size of this region is given by the
radius rl of the laser beams. In the latter case atoms can not be recaptured
after the trapping light is switched back on.

In the experiment we collect the fluorescence from the trap center after
switching the trapping lasers back on. A fraction of the atoms may still be
inside the region of radius rA, or in the region of laser beams (r < rl), or may
have left the trap. If the distance r < rl the atoms can be recaptured and
they slowly drift to the center of the trap. Thus the fluorescence will increase
again as a function of time (Fig 5.21). From a set of such measurements
we determine the number of atoms in the trap center by the fluorescence
right after the laser was switched back on and the number of atoms that
remained still in the full laser covered trapping volume (Fig. 5.22). The
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plot) and inside of the trapping laser beams (lower plot) versus the time the trapping

beams were switched off.

s-shaped increase of the signal arises from the recapturing of atoms, that
remained in the laser-beam overlap region. For a short time of toff = 1.2 ms
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a fraction about 40% remains inside the volume imaged on the photodiode.
The rise time of this signal is dominated by the response of the photodiode.

The data (Fig. 5.21) show that during the first ≈10 ms the atoms are
recaptured and driven back to the center of the trap. For toff > 10 ms atoms
are lost from the MOT. It takes about 1.5 ms for half of the atoms to travel
more than the distance rA and ≈20 ms to move out of the region of trapping
beams defined by the radius rl (Fig. 5.22).

In the experiment we used a mechanical chopper to block the trapping
beams for time ranges from 1.2 ms to 54 ms. We recorded the fluorescence
from the center of the trap with a photodiode setup (Fig 5.20). The experi-
mental values are rA = 0.8(2) mm and rl = 10(2) mm. This together with the
times at which 50% of the atoms have left the respective volume (Fig. 5.21)
gives an average velocity of 0.8(2) m/s and 0.5(1) m/s, respectively. This cor-
responds to temperatures of 230(80) µK and 590(240) µK, respectively. The
measurement is limited by the accuracy of the radii rA and rl. For a better
and more consistent measurement the determination of rA and rl have to be
improved and the Gaussian distribution of the light in a laser beam would
have to be taken into account. The extracted temperatures are within the
expected range for a Na MOT.

5.4.3 Pulsed Release from Neutralizer

In our first measurements we accumulated Na from the ion beam on the
neutralizer for a certain period and then released the particles by increasing
the neutralizer temperature in a fraction of a second. We observed that the
atoms are released in a short time interval from the neutralizer. A typical
example of this neutralizer operation is shown in Fig. 5.23. The beam-on
time was 60 s at 3 nA of incoming ion beam. The current of implanted
ions was measured with a picoampmeter. In this figure the vertical left line
indicates the time ton, when the neutralizer was switched on. The right
vertical line indicates, when the ion beam was switched off (toff ) while the
neutralizer remains on. After about another 10 seconds the magnetic field
was switched off. This releases all atoms from the MOT and the remaining
signal is a measure of the background. The experiment was performed with
a non-coated glass cell, which means that we were working in the single path
approach where the capture efficiency is determined by P1 (Eq. 5.16 and
A.27).

We recognize three components contributing to the signal:

1. Sudden release of Na atoms in the MOT when the neutralizer is heated.
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Figure 5.23: Typical signal of trapped particles as a function of time. Na ions from

an ion beam at 0.45 keV were accumulated for 60 s. Then the neutralizer was heated

to 1230(50) K. The left vertical line corresponds to the time, when the neutralizer

heating is turned on. The right vertical line indicates, when the ion beam is turned

off. (a) gives the slow release of the Na from heater support etc. (b) includes the

constant ion beam (see Eq. 5.22). (c) is an overall fit of the contributions (a) and (b)

plus a contribution from the accumulated particles heated off the neutralizer foil.

This contribution is given by (Eq. A.20/A.27 in Appendix A)

NMOT ≈ A ·N0 · e−γloss(t−ton). (5.21)

where A can be different depending on a chosen approximation, γloss is
the MOT loss rate due to collisions of trapped atoms with background
gas. N0 = R∆t is the number of ions implanted on the neutralizer for
an accumulation time ∆t and incoming rate R.

2. A second smaller contribution is due to the steady state situation, where
the Na beam is switched on continuously while the neutralizer is heated
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(see Eq. A.22/A.30 and Eq. A.24)

Non
MOT ≈ A ·R

γloss
(1 − e−γloss(t−ton)), (5.22)

N
off
MOT ≈ A ·R

γloss
e−γloss(t−toff ). (5.23)

Here R is the number of incoming Na ions per second. It is assumed
that the loss rate from the cell volume (Eq. A.2 and A.3) is much faster
than the loss rate γloss from the MOT.

3. The third component is not associated with the ion beam. It is as-
sociated with the Na vapor pressure in the cell. Na is released from
heated parts of the neutralizer support etc. To restrict the number of
parameters in the fit procedure we assume

NMOT = B ·
(

1 − e−γloss(t−ton)
)

. (5.24)

These three components were used to fit the data. A typical example is
shown in Fig. 5.23. Four parameters were fitted; they were ton, AN0, γloss and
B. The value for ton indicates a delay of about 1 s to heat the neutralizer to
the operating temperature. Note that the second component does not require
an additional parameter, because its amplitude is related to the first by the
fraction (∆t · γloss)

−1.
The deduced lifetime of the atoms in the MOT (τMOT = 1/γloss) is found

to be τMOT = 0.41 ± 0.03 s and does not depend significantly on the accu-
mulation time (Fig. 5.24). The lifetime of the MOT can be estimated for
low enough pressure P roughly to 10−8/P s, where P is in mbar [Metc 99].
During the experiment the ion pump gauge (Fig. 5.16) indicated P = 10−8

mbar. Therefore, the measured MOT lifetime τMOT is consistent with this
estimate.

Alternatively, the lifetime can be used to determine the cross section of
the trapped atoms with the background gas (see Eq. A.17). In this case we
find σ = 1.3 · 10−13 cm2. The uncertainty in this measurement comes from
the uncertainty of the pressure in the glass chamber itself. The lifetime is
consistent with the typical measured value of σNa−Na = 10 · 10−13 cm2 and
σNa−N2

= 0.3 · 10−13 cm2 (see [Pren 88] and [Cabl 90]).
In Fig. 5.25 we show the dependence of AN0 on the accumulation time.

A linear dependence a0 + b0∆t is observed. One would expect a0 = 0 (no
accumulation) but a0 = (9.73 ± 0.4)103 is found. We attribute this to the
fact that an amount of Na will remain on the surface of the neutralizer and
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Figure 5.24: The lifetime of particles inside the trap as function of the accumulation

time of Na ions on the neutralizer.

its support even when the ion beam is switched off. This problem will not
arise with radioactive atoms. The fitted value of b0 = (2.81 ± 0.14)102 /s
or approximately 102 /(s·nA). A similar type of measurement, but for Cs, is
described in [Rosa 03]. For Cs a 20 keV ion beam was used. The reported
MOT lifetime was τMOT = 1/γloss = 4.17 s for 7 · 10−10 mbar of background
pressure. The estimated foil release constant is 1 s. In our case the release time
is also of this order for a neutralizer temperature of 1230(50) K. This is much
shorter than the lifetime of radio-nuclides of interest (21Na). We are limited
by the diffusion (Sec. 5.3) in the neutralizer and not by the rate at which we
increase the neutralizer temperature. We can set a limit D > 10−16 m2/s for
the diffusion constant.

5.4.4 MOT Efficiency as Function of Beam Energy

An alternative way to operate the accumulator trap is to keep the neutralizer
at high temperature all the time. Then the atoms will be released continuously
into the trapping cell. To increase the signal to noise ratio for measurements
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Figure 5.25: Number of particles in the trap as a function of ion beam accumulation

time for a 0.45 keV incoming Na beam. A 25 µm thick Zr foil was used as a neutralizer

(see Sec. 5.4.1 for relation between number of atoms and fluorescence signal).

of the number of trapped atoms we switch the ion beam on and off. In this
case we can distinguish better the signal from the trap from the scattered
light. The number of trapped particles in a MOT follows the same pattern
as the charging and discharging of a capacitor (App. A.2.1). The character-
istic loading and decay rate is determined by the background pressure in the
trapping cell. We determine the trap loading rate which is directly connected
to the trapping efficiency ε. It is equal to the ratio of the loading rate of
particles into the MOT to the rate of incoming particles (Eq. 5.25).

A typical signal is shown in Fig. 5.26. The left vertical line indicates the
time when the beam was switched on and the right line, when the beam was
switched off. The fit through the data assumes that the MOT population
during the ion beam-on period is proportional to R

(
1 − e−γlosst

)
and during

the ion beam-off times it decays exponentially according to e−γlosst (Eqs. A.22
and A.23). From Fig. 5.26 we extract τMOT = 1/γloss = 2.37 ± 0.06 s.
This figure is few times larger than the value from the previous experiment
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indicating that the vacuum conditions were better for experiments described
in this section.

In general it is found that the shape of the signals depends on a number
of parameters. The leading signal (after the ion beam is switched on) varies
strongly as a function of the temperature of the neutralizer. For example, the
signal in Fig. 5.27 (lower panel) shows a loading signal which may be due to
the sudden shake-off of atoms from the neutralizer surface when the ion beam
is switched on. The ion beam stays on long enough to reach equilibrium.
Therefore the value of the signal from trapped atoms just prior to switching
the beam off is used to characterize the magneto-optical trap. We study the
influence of the incoming beam energy on the number of trapped atoms. Data
were obtained for 1, 2, 4 and 6.2 keV of Na beam using a cell that was not
coated. The results are shown in Fig. 5.28. The fluorescence signal from the
trapped atoms is shown as a function of the neutralizer temperature. A 25 µm
thick Zr foil was used as neutralizer. The largest signal is obtained for the
lowest energy of the incoming ions. It was not possible to achieve a stable ion
beam below 1 keV energy. The data are normalized to 1 nA (6.2 · 109 p/s) of
incoming beam.

The maximum yield in the MOT is (4.6 ± 0.5)103 atoms/nA. Taking the
capture efficiency of the MOT as

εc =
NMOT

τtrap

1

R
, (5.25)

where NMOT is the number of particles observed in the MOT and R is the
current of implanted ions on the neutralizer surface. The resulting capture
efficiency is εc = 3 · 10−7. The capture efficiency contains the factor P1 and
the efficiency for releasing the implanted atoms (Eq. A.7).

The fact that at 1 keV one observes the highest number of trapped neutral
Na atoms suggests that a smaller implantation depth is of advantage (see
Fig. 5.11).

5.4.5 Coated Cell Measurements

To investigate the effect of a dryfilm coating on the glass the experiment was
repeated with a coated and a non-coated MOT cell each. Data for 1 keV
incoming Na beam are shown in Fig. 5.29.

In both experiments the total laser light power was 75 mW and was stable
within 7 %. For the coated cell the maximum yield of trapped atoms was
(2.9 ± 0.3)104 atoms/nA. For the non-coated cell this yield is (4.6 ± 0.5)103

atoms/nA. Thus the number of atoms in the trap is 6 times larger than for



5.4. Commissioning of the Na Accumulator MOT 91

Neutralizer temperature (K)
1100 1150 1200 1250 1300 1350 1400 1450 1500 1550

(p
/n

A
)

3
N

um
be

r 
of

 tr
ap

pe
d 

at
om

s 
x1

0

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

5
Incoming ion energy

=1 keVionE
=2 keVionE
=4 keVionE
=6.2 keVionE

Figure 5.28: Number of particles inside the accumulator MOT as a function of

neutralizer temperature. A Zr foil was used as a neutralizer. The error bars are

estimated from the reproducibility of selected points. The lines connect the cor-

responding points. Low implantation energies give a higher neutralization result,

because the diffusion time scales with the square of the implantation depth.

the non-coated cell. From the geometry of the glass cell we can estimate
that the enhancement factor should approximately scale with the number of
bounces, which is about 5 for the current configuration (see Sec. 5.3.2). The
next design of the glass cell should accommodate a much higher number of
bounces of particles inside the cell, to exploit the enhancement by the dryfilm
coating and to significantly increase the efficiency of the setup.

Assuming that all incoming ions will be available for trapping as a uniform
vapor we can estimate the capture velocity using Eqs. A.7 and 5.16

εc =
γloss ·NMOT

R
=

√

2

π

(vc

ṽ

)4
·Npass (5.26)

where NMOT is the number of particles trapped and R corresponds to the
number of incoming particles. Eq. 5.26 results in vc = 10.0 ± 1.1 m/s. This
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Figure 5.29: Number of particles trapped inside the accumulator MOT as function

of the neutralizer temperature for a coated and an uncoated cell. SC-77 dry film was

used for coating (Sec. 5.3.2). Zr foil of 25 µm thickness served as neutralizer. The

lines are drawn to group corresponding points.

is well below the estimated 30 m/s (see Sec. 5.1.2) for our laser intensity and
detuning and may be related to the specific configuration of the trap and the
low laser intensity. Our simulation (Fig. 5.6) shows that for increasing the
capture velocity the laser detuning from Fg = 2 → Fe = 3 must be increased
up to 60 MHz together with the laser power (≈500 mW and 2 cm diameter).

5.4.6 Release Efficiency for Different Neutralizer Materials

and the Role of the Temperature

Three different neutralizer materials were tested. To see which performed
better we measured the MOT signal for Y, Zr and W neutralizer materials.
For W we did not observe any significant signal associated with the incoming
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Figure 5.30: Number of particles inside the accumulator MOT as function of the

neutralizer temperature for a SC-77 dryfilm (see p. 75 and [Step 94a]) coated cell.

Zr and Y foils of 25 µm thickness served here as neutralizers. At high temperature

the MOT signal is limited by the high residual gas pressure.

ion beam. The reason is most likely the slow diffusion in the foil. This
observation is confirmed by the simulation of diffusion in hot metals (see
Sec. 5.3 and Fig. 5.12).

For Y and Zr foils (Fig. 5.30) the maximum yield is approximately the
same. Both neutralizers differ only in the temperature where the signal is
maximal. The temperature was measured with a pyrometer. The emissivity
of the materials (εY = 0.368 and εZr = 0.436) was accounted for. The
precision of the pyrometer measurement is about ±50 K.

A maximum in the number of trapped atoms is reached at 1180 K for Y
and at 1400 K for Zr (Fig. 5.30). Towards higher temperatures the number
of trapped atoms decreases in both cases. This effect is associated with a
pressure increase in the trapping cell.

One of the contributions to the background gas is the vapor pressure of
the neutralizer material. It was found that for the temperature range of
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Figure 5.31: Upper panel: Number of trapped 23Na atoms NMOT as a function of

neutralizer temperature. Middle panel: reciprocal MOT lifetime 1/τMOT , which is

proportional to the background pressure. Lower panel: NMOT /τMOT . This gives the

trapped atom number corrected for constant vacuum pressure.

1000-1500 K the vapor pressure of Y is higher than of Zr, which is in good
agreement with the observed behavior of these neutralizers. At temperatures
above 1400 K the vapor pressure of the Zr neutralizer starts to determine the
total pressure.

For Zr and Y the resulting number of trapped atoms is at the maximum
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about the same, i.e. some 25 · 103/nA (see Fig. 5.30). The Y neutralizer
reaches this value at some 220 K lower temperature. Zirconium is less brittle.
Therefore it is considered a better choice.

Since the number of trapped atoms scales with the incoming rate times the
MOT lifetime τMOT we conclude that the highest loading rates were achieved
at the highest achievable temperatures. The capture efficiency we get from
this measurement at 1400 K is ≈ 8 · 10−7 and one could expect that this
increases towards higher temperatures. In our experiment we were limited
to this temperature range. To go further with these neutralizer materials we
have to improve the pumping on the glass cell which counteracts the request
for smaller pumping holes. For the accumulator MOT a lifetime as short as
100 ms should be feasible since the atoms can be transferred rapidly to the β-
decay MOT for which a much better vacuum can be maintained (10−9 mbar).

5.5 Conclusion

In this chapter detailed studies of the accumulation MOT were presented.
The experiment confirms that we can successfully neutralize and trap stable
23Na ions.

We used different materials as neutralizers. It was shown that Y and Zr
foils work for our system and that a W foil does not. The main reason, why W
does not work, is very slow diffusion of Na from the material (Fig. 5.12). Since
the neutralizer efficiency is a combination of different material properties, it
is possible that alloys or even insulators might have a better performance.

The optimal temperature range for Y and Zr neutralizers was identified.
For Y the optimal temperature is around 1180 K and for Zr around 1400 K.
The difference can be understood by the difference in the vapor pressures at
the operating temperatures for these materials and by different diffusion con-
stants for Na in these materials as well as their different adsorption energies.
At lower than the optimal temperatures the MOT signal is limited by the
release from the neutralizer and at high temperatures the increasing vapor
pressures contribute to the MOT losses.

Our experiments also confirm that diffusion of the particles inside the
neutralizer is of importance. The largest MOT signal was obtained for the
lowest energy of the incoming beam where the implantation depth is minimal.

The pressure inside the glass cell of the MOT chamber in general plays an
important role for the magnitude of the trapped atoms. For MOT optimiza-
tion a pressure in the range of 10−9 mbar is necessary.

The coated and uncoated cells were compared with each other. For a
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coated cell 6 times more particles were observed in the MOT for otherwise
the same experimental conditions (Fig. 5.29). The enhancement factor for a
coated cell is approximately equal to the number of bounces which a particle
can have on average before escaping from the cell. For the current glass cell
design the number of bounces is about 5 (see Sec. 5.3.2). The enhancement
factor for the coated cell is in good agreement with the number of bounces
inside the cell, if one assumes that in the uncoated cell every second wall
collision results in sticking of the atom. In order to increase the efficiency of
the MOT it is important to design a cell which can accommodate as many
bounces as possible. That requires a larger ratio of surface to exit port area.

Our model calculations for a one-dimensional capture MOT (Fig. 5.6)
show that larger laser intensities result in a larger capture velocity. This has
a strong impact on the number of trapped atoms (Fig. 5.19) and increases
the capture efficiency.



6. Summary and Outlook

The TRIµP facility was built and commissioned as a multiuser facility. A va-
riety of radioactive beams has been produced with high purity. They were ex-
ploited in experiments of the TRIµP group and of outside users (see Tab. 4.2).

The interests of the TRIµP group concentrate on exploring possible physics
beyond the Standard Model [Onde 06]. Two directions are pursued. The first
one is to study β-decay of radioactive atoms, which allows to look for inter-
actions, that can not be explained within the Standard Model. The other di-
rection is to search for a permanent electrical dipole moment in heavy atoms
[Damm 06]. Both types of experiments are using Magneto Optical Traps
(MOT’s) to prepare cold samples of radioactive isotopes. The main subject
of this work is the production of Na isotopes and the neutralization and trap-
ping of Na atoms in a MOT. The β-decay studies will be performed with a
radioactive isotopes suspended in a MOT.

6.1 21Na Isotope Production

Extrapolating the yields of 21Na we have measured in this work, it should
be possible to produce up to 108 nuclei per second for 1 kW of 20Ne beam.
The complete list of production, transport and expected event rates is given
in Tab. 6.1 for 21Na. The production makes use of inverse kinematics, which
matches the separator acceptance. High purity radioactive beams (better than
99%) can be produced in the TRIµP facility. The reactions (p,n) and (d,n)
were studied as production mechanisms for 21Na. The reaction mechanisms
for isotope production are well understood and characterized.

The ions are decelerated to thermal energies in a thermal ionizer, which
operates with high efficiency. In the future the efficiency can be increased by
increasing the temperature of its inner cavity, where the fast secondary beam
is stopped. In addition, the stopping foils (currently 1 µm) will be made
thinner (0.75 µm). This modification will reduce the diffusion time in the
material and is expected to boost the efficiency of the thermal ionizer.
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6.2 Magneto Optical Trap

After production of 21Na and transport of the isotope through the separator
and the thermal ionizer, up to 107 particles are available at the position of
the MOT. Within this work an experimental method for loading of the MOT
with a Na ion beam was developed. The requirements for this accumulation
MOT are very different from those for the MOT needed for the β-decay
measurements. Therefore two different devices are used. This work focuses
on the accumulator MOT from which we will transport cold atoms to a β-
decay MOT. The β-decay experiment itself is carried out in this second MOT.

6.2.1 Neutralization

In order to trap particles inside the accumulator MOT they must be first
neutralized. The main characteristics of different neutralizer materials were
studied. It was found that Zr and Y neutralizers perform equally well. W
material is not suitable. For the fast desorption and release from the foil
surface it is heated to about 1000 K. Zr is preferred over Y due to the better
mechanical stability under high temperatures despite the higher operating
temperature needed. The results of this thesis have stimulated a project to
search for better materials than the ones which are known in the community.
They should have in particular low vapor pressure at the optimal operating
temperature.

6.2.2 Accumulator Trap

The critical factors in the design of the accumulator MOT were carefully
studied. To maximize the capture efficiency the walls of the cell are coated
with SC-77 dry film. This coating prevents permanent chemisorption of Na
atoms. In the current configuration atoms bounce on average 5 times before
they escape through the exit and pumping ports. The efficiency of the MOT
trapping is increased correspondingly.

The MOT population is monitored and measured by a photodiode observ-
ing the fluorescence. For imaging the MOT cloud on the photodiode we built
a system that minimizes light scattering from the glass surfaces. This system
allows us to observe as little as about 100 atoms in the MOT cloud.

The optimal temperature range for atom trapping on Y and Zr neutralizers
was identified. For Y the optimal temperature is around 1180 K and for Zr
it is 1400 K. The difference can be understood by the difference in the vapor-
pressures for these materials at a given temperature. This causes an increase
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of the background pressure inside the trap cell. The trap lifetime is inversely
proportional to this pressure. At lower than optimal temperature the trap
signal is limited by the release from the neutralizer. At higher temperatures
the capture efficiency increases, but because of increasing pressure the lifetime
of the MOT decreases. At this moment it appears that the capture velocity is
vc ≈ 10 m/s considering the trap efficiency of 10−4%. This can be improved
significantly by higher laser power, an improvement which is on its way.

6.3 Outlook

The best method for 21Na production is a (d,n) reaction with a primary beam
of 20Ne at 40-60 MeV/u. In order to maximize the production rate of 21Na
the pressure in the gas target has to be increased to 10 bar. The thickness
of the Havar windows on the gas target cell can be increased up to 20 µm.
In order to remain within the separator acceptance the 20Ne beam energy
must then have 40-60 MeV/u energy. A 21Ne beam on a proton target would
also be a good option, but it depends on the commercial availability of this
isotope. For the neutralizer we have tested only metal foils. As an alternative
one should also consider compound materials. There is an indication that
electrically conductive LiF at much lower temperatures (≈400 K) can work as
neutralizer. This would solve the vapor pressure problem and corresponding
studies are on their way.

For similar trap setups capture efficiencies as high as 1 % were reported
for the elements Cs and Fr [Rosa 03], [Lu 97]. In order to increase the effi-
ciency of the accumulator trap first of all it is crucial to increase vc up to its
maximum which is around 40-60 m/s. This would increase the capture rate
up to 1000 times. To increase the capture velocity the laser power must be
increased to allow for wider trapping beams and larger detuning of the laser.
A laser of 500 mW power and 2 cm diameter will be made available, which is
sufficient for achieving this large improvement. Because the capture efficiency
is proportional to the number of bounces of Na atoms inside the cell, a mod-
ification of the glass cell for the accumulator trap will be made. The ratio
of the area of the cell walls to the area of the exit ports must be maximized
in order to increase the number of bounces of Na atoms inside the cell. This
also allows for a larger overlap volume of the laser beams. By optimizing the
geometry of the cell a factor of 10 improvement appears possible.

The Na atoms should spend minimal time in the accumulator MOT be-
fore they are transported to the measurement MOT. This will in particular
minimize the losses due to high background pressure.
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In the decay MOT the measurement of the 21Na can take place. The
setting up of this device is in an advanced stage (see [Soha 07]). It is equipped
with all detectors necessary for the β-decay measurements. The efficiencies
for a 21Na β-decay experiment, which take into account nuclide production
and transport up to the decay MOT, are summarized in Tab. 6.1.

Stage in the Efficiency (%) Number of 21Na particles (1/s)
experiment

Production target 3 · 108

Separator 100 3 · 108

Thermal ionizer 50 1.5 · 108

Transport 50 7.5 · 107

Double RFQ 35 2.6 · 107

LEB 50 1.3 · 107

Accumulation MOT 1 1.3 · 105

Atoms transfer 60 7.8 · 104

Det. MOT collect. 80 6.2 · 104

Consequences for β-decay experiment
Detection system 10 6.2 · 103

Table 6.1: Estimated 21Na atom rates at various stages of a 21Na β-decay experi-

ment. For the calculations the maximum AGOR beam intensity of 1kW (2200 pnA

of 22.3 MeV/u 20Ne) is taken and 10 bar pressure for the gas target is assumed. The

last row gives the expected event rate in a β-decay experiment.

The expected event rate in a β-decay experiment for realistic experimental
parameters should allow the determination of β-decay parameters to a relative
accuracy of 10−4 in less than 1 day of actual running time (105 s = 1 day).
This will allow for careful systematic studies and also provide some room for
compensating lower efficiencies in stages of the experiment which at a given
moment may not perform optimally.

This work has demonstrated that β-decay experiments with high precision
are feasible for the TRIµP facility. In particular, one can expect from a
21Na experiment improved values for the β − ν correlation parameter a, the
parity violation parameter A and the time reversal violating triple correlation
parameter D with unprecedented precision.



A. Characterization of the

Magneto-Optical Trap

In the following we derive relations that are essential to characterize the MOT
operation.

A.1 Trapping Efficiency

We derive a quantitative description for loading a MOT with a beam of par-
ticles entering the trapping cell. The number of atoms in the cell volume V
is N . N follows from a rate equation

dN

dt
= R− Ls − Le, (A.1)

where R is the input rate of incoming particles, Ls is the loss rate due to the
permanent sticking to the glass cell wall and Le is the loss rate due to escape
of particles through the pumping ports of the cell. The loss rates are

Ls =
1

4
nAsṽPs, (A.2)

Le =
1

4
nAeṽ, (A.3)

where n = N/V is the density of atoms, ṽ is an mean velocity of the atoms
inside the cell, As and Ae are the surface areas of the cell and the pumping
ports. Ps is the probability that an atom gets lost on the wall. The MOT
capture rate for the particles inside the cell is

Rc =
1

4
nAcapture

∫ vc

0
vf(v)dv ≈ 3

4
nAcapturevcP1, (A.4)

where Acapture is the surface area of the cell which overlaps with the laser
beams and P1 is the probability for capturing a particle into a MOT in a
single pass (Eq. 5.16).

The average number of passes for an atom to be captured is

Npass ≈
Acapture

Ae +AsPs
. (A.5)
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For a coated cell wall surface, where AsPs � 1, we have

Npass ≈
Acapture

Ae
. (A.6)

In equilibrium there is dN/dt = 0, such that R = Ls + Le. The MOT
capture efficiency is

εc =
Rc

R
= 3

vc

ṽ
P1

Acapture

Ae +AsPs
. (A.7)

A.2 Time Dependence of the MOT Population

In the following we consider the number of atoms N as function of time in a
cell with volume V when an amount Ns is introduced suddenly, for example
when after accumulation on the neutralizer the atoms are released:

dN

dt
= −1

4

N

V
ṽ(As +Ae) +

Ns

τs
. (A.8)

The last term is introduced to describe the gain from particles Ns on the
surface that are released with a rate determined by the temperature dependent
sticking time τs. The number of atoms on the surface evolves as

dNs

dt
= −Ns

τs
+

1

4

N

V
ṽAs. (A.9)

With ai = Aiṽ/4V this can be written as

dN

dt
= −asN − aeN +

Ns

τs
and (A.10)

dNs

dt
= −Ns

τs
+ asN, (A.11)

which can be solved in a general way. However, more useful is the behavior
when parameters approach limits:

N = N0e
−(as+ae)t, sticking limit: τs → ∞. (A.12)

N = N0
τsase

−(as+τs)t + 1

1 + asτs
, no pumping: ae → 0. (A.13)

N = N0e
−aet, non-stick surface: τs → 0. (A.14)
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A.2.1 Pulsed Operation of the Neutralizer

We can evaluate the number of particles trapped in the MOT as function of
time. The change in the number NMOT of atoms trapped is governed by

dNMOT

dt
= αcN − γlossNMOT − βN2

MOT . (A.15)

Here αc is the capture rate, and γloss accounts for collisional losses with the
background gas. The last term arises from intra-MOT scattering, which we
can neglect here. The capture rate of the MOT is

αc ≈
3

4

Acapture

V
vcP1. (A.16)

The trap decay rate γloss can be estimated as

γloss = ṽσbnb, (A.17)

where nb = p/kT is the density of background particles determined by the
residual pressure in the cell, and σb is the cross section for collisions with the
MOT atoms.

Eq. A.15 can be solved by inserting the solution for N(t) given in sec-
tion A.2. Here we will assume that asτs � 1, the solution forN(t) in Eq. A.14.
We obtain

NMOT =
αcN0

γloss − ae

(
e−aet − e−γlosst

)
. (A.18)

The MOT signal is maximal for

t =
ln γloss − ln ae

γloss − ae
. (A.19)

In practice the loss of atoms not yet trapped is much faster than the loss of
trapped atoms, i.e. ae � γloss and

NMOT ≈ αcN0

ae
e−γlosst. (A.20)

We also note that N0 = R∆t, where R is the incoming beam current and ∆t
the accumulation time.
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A.2.2 Continuous Operation of the Neutralizer

Now we consider a pulsed ion beam entering a cell with a neutralizer kept
at a fixed high temperature. When the beam is turned on, the number of
particles in the volume increases as

N(t) =
R

ae
(1 − e−aet). (A.21)

Here it has been assumed that asτs � 1. Inserting this dependence in Eq. A.15
one obtains

Non
MOT =

αcR

ae

(
1

γloss
+

1

ae − γloss
e−aet

)

− αcR

γloss − ae
e−γlosst (A.22)

≈ αcR

aeγloss
(1 − e−γlosst), (A.23)

N
off
MOT ≈ αcR

aeγloss
e−γlosst, (A.24)

where the approximations assume that ae � γloss. The last expression,
Eq. A.24, uses the result of Eq. A.20. The loading and decay of the trap
therefore resembles the charging and discharging of a capacitor.

A.2.3 Non-coated MOT Cell and Neutralizer Temperature

Dependence

A number of measurements were made with a non-coated cell. This means
that the surface of the cell does not play a role. The atoms are only coming
directly from the neutralizer. This situation is also convenient for a discussion
of the temperature dependence of the neutralizer.

Pulsed mode

When N0 atoms are collected and the neutralizer temperature is rapidly in-
creased, the emission rate from the neutralizer is κN0 exp(−κt), where κ is
the strongly temperature dependent desorption rate introduced in Sec. 5.3.1.
A differential equation analogous to Eq. A.15 governs this situation

dNMOT

dt
= P T

1 κN0e
−κt − γlossNMOT . (A.25)

P T
1 is the capture probability for atoms emitted from a surface at a temper-

ature T . The solution of this equation is

NMOT =
P T

1 κN0

γloss − κ

(
e−κt − e−γlosst

)
. (A.26)
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In the limit of a hot and a cold neutralizer we have

NMOT ≈ P T
1 N0e

−γlosst, hot neutralizer (κ >> γloss) (A.27)

NMOT ≈ P T
1 κN0

γloss
e−κt, cold neutralizer (κ << γloss << t) (A.28)

Continuous Mode

When the neutralizer remains at constant temperature and the beam is
switched on at a time t = 0, the emission rate is R(1 − e−κt) resulting in

NMOT (t) =
P T

1 R

γloss
{1 − 1

1 − κ/γloss
e−κt − (1 − 1

1 − κ/γloss
)e−γlosst}. (A.29)

The relevant limiting behavior is then for the hot neutralizer

NMOT =
P T

1 R

γloss
(1 − e−γlosst) (A.30)

and an initially linear dependence

NMOT =
P T

1 R

γloss
κt (A.31)

emerges for the cold neutralizer.
Finally, we note that equations A.27 and A.30 are analogous to equa-

tions A.20 and A.23, respectively, except for a common factor.
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Nederlandse samenvatting

TRIµP is een nieuwe faciliteit, die op dit moment ontwikkeld wordt op het
KVI. Het acroniem staat voor: Trapped Radioactive Isotopes: micro-laborato-
ries for fundamental physics. Het doel is om tot een betere beschrijving van
de fundamentele krachten te komen. Hierbij speelt het Standaard Model een
belangrijke rol. Het Standaard Model beschrijft de sterke en electrozwakke
wisselwerking. Het is tot op heden in zeer goede overeenstemming met ex-
perimentele resultaten. Er blijven echter ook nog vele vragen onbeantwo-
ord. Enkele doelstellingen van TRIµP zijn het bestuderen van β-verval van
radioactieve atomen en het zoeken naar een mogelijk permanent electrisch
dipool moment. Dit laatste schendt de symmetrie van tijdsomkering. Dit
onderzoek verkent de grenzen van het Standaard Model en zou fysica buiten
het Standaard Model kunnen aantonen.

Dit proefschrift behandelt de voorbereidingen voor precisie β-verval ex-
perimenten. β-vervalexperimenten hebben in het verleden een belangrijke rol
gespeeld bij de ontwikkeling van het Standaard Model. Gezien de huidige
limieten voor afwijking van het Standaard Model kunnen zulke experimenten
alleen een nieuwe limiet stellen als gebruik wordt gemaakt van speciale tech-
nieken om de gewenste precisie te bereiken. Dit werk bestrijkt twee experi-
mentele aspecten die een centrale rol spelen in het bereiken van nieuwe lim-
ieten. Het gaat om het efficiënt produceren en scheiden van radioactieve
deeltjes met een magnetische separator en het onderzoeken van neutralisatie
van ionen en het daaropvolgende invangen van de atomen in een atoomval.
Beiden zijn onmisbare voorwaarden voor succesvolle precisie experimenten

Onderzoek naar β-verval

Bij β-verval wordt een neutrino en een β-deeltje uitgezonden. Gevoelige stud-
ies naar de limieten van het Standaard Model vragen om meting van zowel
het β-deeltje als het neutrino in dit verval. Het is echter extreem moeilijk
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om het neutrino te detecteren vanwege de extreem lage efficiëntie van neu-
trinodetectie. Als alternatief kan de ontbrekende informatie van het neutrino
worden herleid door de impuls van de terugstotende kern te meten. Door
zowel het β-deeltje als de terugstoot van de kern te meten is de kinematische
informatie compleet. Om de terugstoot voldoende nauwkeurig te meten is het
noodzakelijk dat het juiste radioactieve isotoop gebruikt wordt en dat er geen
substraat nodig is.

De Magnetisch-Optische Val (MOV) heeft belangrijke voordelen voor een
dergelijke studie. Ten eerste kunnen atomen in een MOV op een goed
gedefinieerde positie worden vastgehouden en gekoeld. Ze verkeren daarbij
bijna in rust en de temperatuur is dus erg laag in zo’n val. Atomen wor-
den opgeslagen in het midden van de MOV en de vervalsproducten worden
gedetecteerd met een speciaal ontworpen detectorsysteem. Het is van groot
belang dat de impuls van de restkern bekend is. Dit vereist nauwkeurige
meting van de energie van de terugstoot kern, welke slechts een klein gedeelte
is van de totale energie die vrijkomt in het verval.

Het tweede voordeel is dat na het koelen de MOV kan worden uitgezet en
dat vervolgens de koude atomen kunnen worden gemanipuleerd, bijvoorbeeld
om ze te polariseren. Dit aspect is belangrijk voor de β-verval studies en ook
voor EDM metingen zoals gepland door de TRIµP groep. In het algemeen zijn
dit soort vallen erg populair geworden als werkpaard voor precisiemetingen.
In dit werk wordt het β-verval van een natriumisotoop beschouwd.

Productie van 21Na Isotopen

Dit proefschrift beschrijft een studie naar de opbrengst van 21Na productie
aan de hand van metingen en extrapolatie. Met de maximum intensiteit van
het AGOR cyclotron, blijkt het mogelijk om 108 deeltjes per seconde te pro-
duceren. Een volledige lijst van productie en transport verhoudingen door de
bundellijn en de experimentele opstellingen is gegeven in Tabel. 1. Meerdere
reacties voor het produceren van 21Na zijn overwogen. De 21Ne(p,n)21Na re-
actie is tot nu toe het beste gebleken. De 20Ne(d,n)21Na reactie levert ook
voldoende productie, en heeft het voordeel dat 20Ne een veel hogere natuur-
lijke abundantie heeft.

Neutralisatie

Na de vertraging en het transport van 21Na door de separator en de thermal
ionizer, zijn er 107 deeltjes per seconde beschikbaar. Naast de 21Na produc-
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ε, % 21Na, [1/s]
Productie doelwit 3 · 108

Separator 100 3 · 108

Thermal ionizer 50 1.5 · 108

Transport 50 7.5 · 107

Dubbele RFQ 35 2.6 · 107

LEB 50 1.3 · 107

Accumulatie MOV 1 1.3 · 105

Transport van atomen 60 7.8 · 104

Detectie MOV 80 6.2 · 104

Detectie systeem 10 6.2 · 103

Tabel 1: Ingeschatte 21Na hoeveelheden op verschillende stadia van een 21Na

β-decay experiment. Voor de berekeningen is 1kW (2200 pnA of 22.3 MeV/amu
20Ne) als maximum bundel intensiteit van AGOR genomen. De gasdruk van het gas

doelwit is op 10 bar gesteld. De onderste regel geeft de verwachtte telsnelheid.

tie, is ook een experimentele methode voor het vullen van een Magnetisch-
Optische Val (MOV) met een Na-ionenbundel bestudeerd. Om de deeltjes in
de MOV te vangen, moeten de ionen eerst worden afgeremd. Dit gebeurt door
ze te implanteren in een folie. Vervolgens kunnen ze weer worden uitgezonden
als neutrale atomen. De mate waarin het folie materiaal hierop van invloed
is, is hier bestudeerd. Het blijkt dan dat zirconium en yttrium kwalitatief
vergelijkbare resultaten geven. Om deeltjes snel te laten ontsnappen uit het
folie, werd het verhit tot ≈1000 K. Vanwege de betere mechanische stabiliteit
bij hoge temperaturen heeft een zirconium folie de voorkeur boven een yttrium
folie. Het resultaat van dit proefschrift laat zien dat nieuwe, betere, materi-
alen voor deze toepassing nodig zijn. Deze materialen moeten in het bijzonder
een lage dampdruk hebben bij de optimale operationele temperatuur.

Atoom Val Opstelling

Voor het β-vervalexperiment werd voor een opstelling met een dubbele val
gekozen (Fig. 1). De eerste val is ontworpen voor het neutraliseren en verza-
melen van de ionen die van de RFQ komen. Hij is geoptimaliseerd voor de
maximale invangst van de deeltjes. De tweede val is uitgerust met alle noodza-
kelijke detectoren voor het β-verval en is ook hiervoor geoptimaliseerd. De
overdracht van de atomen van de eerste naar de tweede val vindt plaats met
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Figuur 1: De val in de TRIµP β-vervalopstelling. De kleinere val is voor het neu-

traliseren en het verzamelen van natrium atomen. Hij is geoptimaliseerd voor een

hoge verzamelfrequentie. De grotere val is ontworpen voor de β-vervalmetingen.

Hij is uitgerust met een detectiesysteem dat ontworpen is voor het detecteren van

β-deeltjes en de terugstoot van de ionen van het vervalsproces.

behulp van een geschikt afgestelde laserbundel. De eerste val noemen we de
verzamelval en de tweede de vervalsval. In dit werk is de verzamelval ontwor-
pen en getest. Verschillende operationele karakteristieken en parameters zijn
bestudeerd.

De belangrijkste parameters die de efficiëntie van de verzamelval bëınvloe-
den werden bestudeerd, evenals de voor het ontwerp kritische factoren. De
efficiënte neutralisatie en het invangen van natrium atomen zijn het belang-
rijkste. De verzamelval is gemaakt van glas omdat binnenin een dunne film
van materiaal kan worden aangebracht om het plakken van de atomen aan
de wand van de vacuümkamer te verminderen. Glas is ook voor ultra hoog
vacuüm geschikt en het staat een erg compact ontwerp van de MOV toe.

De verwachte telsnelheid van gebeurtenissen in een β-vervalexperiment
voor realistische parameters zal het mogelijk maken de β-vervalparameters



111

met een relatieve nauwkeurigheid van 10−4 in minder dan een dag vast te
stellen. Dit werk heeft ertoe bijgedragen om te laten zien dat β-vervalexperi-
menten met hoge precisie mogelijk zijn met de TRIµP faciliteit.
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