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Chapter 1

Motivation for- and introduction

to the TRIµP project

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

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

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

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

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

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

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

explained.

1.1 The Standard Model and physics beyond

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

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

fundamental particles and their interactions, including the electromagnetic, the

weak, and the strong interactions1 [Wei95].

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

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

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

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

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

force).

1Recent observations in neutrino experiments, which report evidence of neutrino oscillations
can be accommodated in the SM with moderate extensions.

1
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Gravity is the only known fundamental interaction which is not incorporated

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

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

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

proven [Kos04, Hor06].

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

symmetries are broken.

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

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

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

They await to be verified experimentally. Such models include Supersymmetry

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

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

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

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

lead to the SM as a low energy approximation.

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

searched for experimentally. This way many speculative theories have been

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

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

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

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

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

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

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

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

method [Jun05B].

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

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

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

Electric Dipole Moments (EDM) in atomic systems.

1.2 TRIµP - precision studies with radioactive

atoms in traps

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

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

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

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

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

magnetic quadrupole field. This provides a shallow three dimensional energy

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

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

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

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

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

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

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

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

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

cool an ensemble of atoms [Met99].

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

vantageous for precision experiments for several reasons. The main advantage

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

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

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

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

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

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

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

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

The surrounding chamber can be equipped with various detectors which will

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

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

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

the charged recoils of the decay towards the detectors.

Atomic trapping allows preparation of polarized samples of the isotope of

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

Moment searches. By measuring radioactive decays with sufficient statistics,

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

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

in β-decay.

β-decay studies

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

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

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

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

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

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

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

which is given by

d2W

dΩedΩν

∼ 1 + a
p · q
E

+ b Γ
me

E
+ 〈J〉 ·

[
A

p

E
+ B q + D

p× q

E

]
+

+ 〈σ〉 ·
[
G

p

E
+ Q 〈J〉+ R 〈J〉 × p

E

]
, (1.1)

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

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

mass of the β particle and Γ =
√

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

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

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

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

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

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

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

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

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

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

high precision.

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

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

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

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

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

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

atom collisions using trapped 23Na atoms [Kno06].

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

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

ββββ detector

MCP

ββββ detector

21Na

ββββ detector

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

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

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

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

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

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

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

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

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

Permanent Electric Dipole Moments

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

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

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

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

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

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

below the present experimental limits. Many speculative models allow much
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P T
−d d d

JJ

−J

−

+

+

−

−

+

Fig. 1.3: A permanent EDM of a fundamental particle violates both Parity (P) and
Time reversal (T) transformations, because it must be proportional to its angular
momentum (spin) ~J .

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

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

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

Particle Present exp. limit SM prediction New physics Reference

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

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

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

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

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

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

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

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

electric field ~E and magnetic field ~B is

d~S

dt
= ~µ× ~B + ~d× ~E, (1.2)

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

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

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

difference of the frequencies

ω1 =
2µB + 2dE

~
ω2 =

2µB − 2dE

~
ω1 − ω2 =

4dE

~
. (1.3)

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

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

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

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

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

octupole deformed nucleus.

1.3 The TRIµP facility

The experimental approach of the TRIµP facility is shown schematically in

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

distinct purpose and the physics involved is different.
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The superconducting cyclotron AGOR [Bra01] (K=600) provides charged

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

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

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

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

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

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

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

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

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

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

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

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

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

the secondary beams. Successful experiments and feasibility studies have been

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

1.4 Outline of this thesis

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

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

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

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

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

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

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

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

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

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

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

the calculations and operations for all commissioning experiments where novel

techniques have been implemented.
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Chapter 2

Production and separation of

short-lived isotopes

There are various techniques to produce short-lived radioactive isotopes. When

production of a large variety of short-lived radioactive isotopes is needed, the

advantages of using particle accelerators is obvious.

To separate the desired isotope from the other products and the primary beam

there are two fundamentally different approaches: the Isotope Separation On-

Line, i.e. the ISOL method [Huy02B, Kös02] and the in-flight separation method

[Mün92, Mor98]. The main difference between the two methods, schematically

shown in Fig. 2.1, is the following: The production and stopping of the products

occur inside the target in the ISOL method. In the in-flight method the produced

particles are beam-like. They exit the target with velocities close to the primary

beam velocity. In general, the ISOL method can provide higher production rates

because a thick target can be used. However, isotope extraction from the target

strongly depends on the specific properties of the isotope and target element. For

example, refractory elements are often difficult to extract.

The TRIµP facility employs the in-flight method for production and sepa-

ration of radioactive isotopes utilizing a dual mode magnetic separator [Ber06].

The production rate R measured in a detector downstream the separator is given

by

R =

∫

dΩdE

d2σ

dΩdE
εsep.(E, Ω)Ibeamd. (2.1)

Here d2σ
dΩdE

is the double differential cross section for solid angle Ω and energy E,

εsep.(E, Ω) is the efficiency given by the acceptance dependence of the separator

11
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ISOL

In-flight

Target

Ion source

Acceleration

Deceleration

p, d, α

Heavy
ions

keV

MeV

Beam
Electromagnetic

separator

Fig. 2.1: Main stages of the ISOL and “in-flight” separation methods.

on the energy E and the solid angle Ω. Ibeam is the particle beam current and d

the thickness of the target in appropriate units. εsep.(E, Ω) is the limiting factor

associated with the separator. The interplay between the cross sections for a

specific reaction, the momentum and angular distributions of the products, and

the limited acceptances plays an important role for the choice of the initial energy

of the primary beam.

In this chapter an overview is given of the relevant reaction mechanisms and

the processes contributing to the momentum distributions of the isotopes pro-

duced in the in-flight method. Further, design issues, operation details, and

specifications of the TRIµP separator are presented. The chapter concludes with

a description of performed experiments and the results from them.

2.1 Production of isotopes

The production of the desired isotope and the selection in the separator should be

considered simultaneously when the aim is to obtain the highest isotope produc-

tion rate at the end of the separator (Eq. 2.1). The isotopes should be produced

within an emittance smaller or comparable to the separator acceptance. The

factors contributing to the momentum distribution of the secondary beam are

related to the production mechanism, i.e. the nuclear reaction, and to the angu-

lar and energy straggling in the target and other materials in the separator. In

the following section an overview of the different production reactions suitable

for the in-flight separation method will be presented, as well as a quantitative

description of the processes responsible for the momentum distributions.
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2.1.1 Nuclear reactions in inverse kinematics

Nuclear reactions in inverse kinematics involve heavy projectiles (heavy ion beams)

and light targets (p, d, He). This allows formation of beam-like products, i.e.

the secondary beams are forward directed with a relatively small emittance. This

makes maximal use of the separator acceptance.

In general, these nuclear reactions can be divided into two groups: compound

reactions and direct reactions. The difference is that compound reactions involve

formation of a compound nucleus which has a lifetime (≈ 10−18 s) considerably

longer than the typical interaction times (≈ 10−21 s). The latter time is char-

acteristic for direct reactions. Both compound and direct reactions can be used

in inverse kinematics for production of radioactive isotopes. Cross sections for

compound reactions decrease with increasing kinetic energy and direct reactions

become predominant. A typical example is a (p,n) reaction. At high energies

it is called a charge-exchange reaction, but the same reaction is referred to as a

fusion-evaporation reaction at low energies.

Fusion-evaporation reactions

In fusion-evaporation reactions the product isotope is obtained after complete

fusion (compound formation) with the thermalization of the excitation energy and

subsequent evaporation of one or more light particles depending on the initial

excitation energy

E∗ = ECM + Q, (2.2)

where ECM is the center-of-mass energy and Q is the Q-value of the reaction. In

the evaporation process, particles are emitted symmetrically with respect to the

beam axis. This leads to an increase of the width of the momentum distribution

of the recoils.

Fusion-evaporation reactions will be used in the TRIµP separator for produc-

tion of heavy isotopes, for example, radium isotopes to be used in the searches

for a permanent Electric Dipole Moments (EDM) [Wil99, Tur00, Jun02, Wil03,

Jun05A, Wil05]. For the production of 213Ra the primary beam would be 206Pb

at ≈8 MeV/u and the target 12C. Evaporation of 5 neutrons is required for this

reaction.

The reaction 20Ne(p,n)20Na (ECM ≈ 21.1 MeV) used in in the commissioning

runs of the TRIµP Thermal Ionizer [Der05] has contributions from both fusion-

evaporation and direct reactions.
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Fig. 2.2: A schematic drawing illustrating the main idea of the abrasion-ablation model
for the projectile fragmentation process. At the ablation phase (1) the projectile hits
a target nucleus and in the overlapping area in z direction a high density “fireball”
is formed and detached from the projectile (2). A pre-fragment proceeds with a ve-
locity similar to the velocity of the projectile (2). After that the excited pre-fragment
evaporates particles in the ablation phase forming the fragment nucleus (3).

Charge-exchange reactions

In inverse charge-exchange reactions the projectile nucleus interacts with a

target proton with the result that a neutron in the projectile nucleus is exchanged

with the target proton. The main advantage of this type of reaction is that the

product velocity remains nearly unaffected. This allows collection of almost all

products, thus resulting in high production rates despite the smaller production

cross sections at high energies. The resulting narrow momentum distribution is

also advantageous when high secondary beam purity is needed because it allows

removal of undesired isotopes by reduction of the separator acceptance with the

momentum slits.

A (p,n) charge-exchange reaction was used for the separator commissioning

runs [Ber06] and for the production of a high purity 21Na beam for the mea-

surement of the Gamow-Teller branching ratio in the 21Na decay [Ach05]. These

experiments used a 21Ne beam at 43 MeV/u and a hydrogen gas target. Produc-

tion of 21Na is important also because it is one of the main isotopes of interest

for the β-ν correlation measurements in optical traps considered by the TRIµP

group [Wil99, Tur00, Jun02, Wil03, Jun05A, Wil05].

Projectile fragmentation reactions

The basic principle of fragmentation reactions is illustrated in Fig. 2.2. Frag-
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Fig. 2.3: Different nuclides produced in the fragmentation of a 30 MeV/u 24Mg beam
on a carbon target measured with the TRIµP separator. The particles are identified on
basis of time-of-flight through the separator and the energy loss in a thin Si-detector.

mentation is associated with peripheral collisions of projectile and target nuclei

at energies above a few 10 MeV/u in which several nucleons can be removed dur-

ing the collision phase forming a projectile-like fragment. If in an excited state,

more nucleons can be evaporated during the deexcitation phase. The two phases

are described macroscopically by the abrasion-ablation model [Mor79, Gai91].

Both abrasion and ablation are based on macroscopic descriptions. The abrasion

phase is associated with the impact parameter defining a geometrical overlap

between the projections of the interacting nuclei. The ablation phase is treated

by a statistical model based on different particle evaporation probabilities for a

given excited nucleus.

Fragmentation can produce a large variety of isotopes (see Fig. 2.3). Accord-

ing to the abrasion-ablation model the products of fragmentation are lighter than

the primary beam nuclei. From Fig. 2.3 it is clear that pickup of target nucleons

should also be considered. The range of possible products is limited only by the

choice of beam and target. This makes fragmentation the preferred reaction in

the in-flight method when the desired secondary isotope is far from stability and
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production by other reactions is either impossible or would lead to collection diffi-

culties, for example, when using fusion or fission. An advantage of fragmentation

is that, because the nucleons in the nucleus can be considered quasi-free at high

bombarding energies, the products emerge from the target with velocities close

to the velocity of the primary beam. Typically light element targets are used,

such as Be and C.

The momentum distribution of the fragments depends in first instance on

the Fermi momentum distribution of the nucleons in the projectile, but also on

the emission of light particles (mainly neutrons) from the excited pre-fragment

and on the Coulomb and nuclear deflection of the pre-fragment from the target

residue. The momentum width of the fragments was studied and parameterized

in [Gol74, Mor89, Fri83, Tar04]. Cross sections for fragmentation can be also

found from parametrization of measured data [Süm90, Süm00].

2.1.2 Momentum distributions

Momentum distributions of secondary beams are defined by reaction kinematics

on one hand and by energy loss and straggling on the other. The initial momen-

tum distribution from the reaction mechanism is the main contributing factor to

the final momentum distribution with thin targets or when the desired fragment

is close in Z to the beam.

Reaction related distributions

Reaction related effects are defined by the reaction kinematics and the Q-value

of the reaction. The reaction kinematics of the product following the emission

of one light particle is illustrated in Fig. 2.4. The relative momentum of the

product is ∆P/P , where ∆P = PL−max − PL−min = 2PT−max, and the opening

angle is ∆Θ = 2Θmax = 2 arcsin(PT−max/P ). For a (p,n) reaction these are well

established by

∆P

P
≈ ∆Θ ≈ 2

M

√
ECM + Q

ECM

, (2.3)

where M is the mass of the product and ECM the energy in the center-of-mass

system. In case |Q| ¿ ECM this is energy independent, i.e.

∆P

P
≈ ∆Θ ≈ 2

M
. (2.4)
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Fig. 2.4: Momentum distribution of particles defined by reaction kinematics. The
momentum kick from the evaporating particle results in an isotropic distribution. The
probability for production in ground state and in various excited states, allowing γ

deexcitation, creates an additional momentum distribution ∆Pex.

The relative momentum width ∆P/P (Eq. 2.3) is reduced in case of endother-

mic reactions at low energies (Q < 0). The light particle leaves at low velocity

giving a small recoil to the product. One may take advantage of this by choosing

ECM just above threshold, -Q.

Also the angular dependence ( dσ
dΩ

)CM should be considered. While at low en-

ergies production cross sections have forward-backward symmetric distributions,

at higher energies dσ
dΩ

peaks in the forward direction allowing high production

rates within the momentum acceptance of the separator.

Multiple scattering

Multiple scattering due to ion interactions with various materials in the sep-

arator (target, windows, and degraders) increases the transverse momentum dis-

tributions (angular straggling). Multiple scattering has been described theoret-

ically [Sig74] and fitted to experimental data [Ann88] for a large variety of ion

energies and material thicknesses. These cover the energies and materials in the

TRIµP separator.

The theoretical approach is based on sequential ion-atom interactions. The

angular distribution of the ions due to the multiple angular scattering is consid-

ered to be a gaussian the full-width of half-maximum (FWHM) α1/2 of which can

be expressed from the reduced FWHM α̃1/2 [Ann88]
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α1/2 = 0.0615α̃1/2

ZpZt

√
Z

2/3
p + Z

2/3
t

Ep

, (2.5)

where Ep is the energy of the particles in MeV. Zp and Zt are the atomic numbers

of the projectile and target nuclei, respectively. From fitted experimental data

α̃1/2 is also related to the reduced target thickness τ [Ann88]

α̃1/2 = 2.0τ 0.55, (2.6)

τ = πa2nd, (2.7)

where n is the density of scattering centers per unit of volume (atomic density of

target), d is the target thickness, and a is a screening radius parameter related

to Zp and Zt

a = (4.7 · 10−9cm) · 1√
Z

2/3
p + Z

2/3
t

. (2.8)

Equations 2.5 - 2.8 are used for the estimations of α1/2 for a given heavy

ion beam and target combination. An example calculation for 20Na at 396 MeV

results in ≈ 2.0 mrad (FWHM) angular straggling in a 3.2 mg/cm2 H2 target

and ≈ 4.6 mrad in 7.9 mg/cm2 Havar. These two materials were used as target

and windows, respectively, in the production of 20Na, which is described later in

the chapter.

Energy loss straggling

Another mechanism leading to an increase of the longitudinal momentum

width is the energy loss straggling of ions passing through materials. It is due

to the statistical nature of stopping of the ions in matter. A semi-empirical

estimation of the energy distribution width ∆E of ions with atomic number Zp

traversing a material (Zt, At) with a thickness d [g/cm2] is given in [Baz02]

∆E = kZp

√
Ztd

At

MeV, (2.9)

where k is a parameter logarithmically increasing with E (ranging from 1 at E

= 1 MeV/u to 2.5 at E = 1 GeV/u). An example for 20Na at 396 MeV results

in ≈ 1.0 MeV (0.25%) energy straggling in the hydrogen target and ≈ 1.1 MeV

(0.28%) in the Havar windows.
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Fig. 2.5: Schematic of differential stopping of a beam and a product particle in the
target material. The maximal energy difference is defined by the target thickness d.

Differential stopping in the target

An important addition to the momentum distribution is associated with the

target thickness d. It originates from the difference of the energy loss of the

primary beam and the product. Isotopes can be produced everywhere in the

target (see Fig. 2.5).

The energy loss ∆E of a charged particle (atomic number Z) having a velocity

V in a target is

∆E =
dE

dx
d ∝ Z2

V 2
d, (2.10)

where d is the target thickness. The difference between the stopping of the beam

and the product particles, with atomic numbers Zb and Zp, respectively, is

∆Ediff =

[
1−

(
Zb

Zp

)2
]

dE

dx
d, (2.11)

expressed in terms of dE
dx

of the beam particle and assuming Vbeam ≈ Vproduct.

Therefore, in reactions where Zp ≈ Zb, in particular in a (p,n) reaction, a much

thicker target can be used than based on considering the stopping of the product

only.

All effects increasing the momentum and angular distributions should be in-

cluded when determining the transmission through the magnetic separator. This

allows one to compare quantitatively different production mechanisms and choose

the one resulting in the highest production rate at the exit of the separator. In

practice, we have used the LISE++ program [Baz02, Tar04] for this purpose.
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2.2 The TRIµP dual mode magnetic separator

The TRIµP magnetic separator can work in two different operation modes with

the common part being the magnetic rigidity selection, i.e. deflection of energetic

charged particles in magnetic fields. The operation principles of the two modes,

the “fragmentation” mode and the “gas-filled” separator mode, are described

separately in the following sections.

The separator consists of two bending sections referred to as Section 1 and

Section 2 (Fig. 2.6). In fragmentation mode, Section 1 is used to separate the

products from the primary beam, whereas Section 2 refines the separation of

the reaction products and refocuses them. In gas-filled mode, only Section 2 is

used for separation while Section 1 is utilized as a continuation of the AGOR

cyclotron beam line.

The main beam optics elements of the TRIµP magnetic separator (Fig. 2.6)

are the bending magnets (dipoles B1 - B4) and focusing magnets (quadrupoles

Q1 - Q9). In fragmentation mode the target is placed in T1 whereas in gas-filled

mode it is in T2. The intermediate focal plane (IFP) is also located in T2. In

fragmentation mode the isotopes are dispersed according to their momenta in the

IFP. At the end of the separator the secondary beams in both modes are focused

in the Final Focal Plane (FFP).

2.2.1 Beam optics

The magnetic rigidity, Bρ, is a measure of the bending radius ρ of the charged

particles in a given magnetic field B

Bρ =
P

Q
≈ MV

Q
, (2.12)

where P is the momentum of the particle.

In beam optics, there are various notations for the different parameters de-

scribing the beam. These parameters include mass M , charge Q, energy E,

momentum P , momentum width ∆P , coordinates x, y, and z, velocities Vx, Vy,

and Vz, angles Θ and Φ, etc. The choice of independent parameters in the scope

of this work will include the following (1×6) vector

(x, Θ, y, Φ, l, δ), (2.13)

where x refers to the horizontal (dispersive direction) position and y to the ver-

tical position, Θ and Φ are the angles in the horizontal and the vertical planes,
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Fig. 2.6: Schematic view of the TRIµP magnetic separator including dipoles,
quadrupoles and target chambers. It consists of two separators: Section 1, starting
at target position in chamber T1 and ending at the Intermediate Focal Plane (IFP) in
T2 and Section 2, from the IFP to the Final Focal Plane (FFP).

respectively. l is the relative time-of-flight in length units, and δ is the deviation

from the central momentum P . These parameters define rays that are relative to

the “central ray” which is the trajectory following the optical axis given by the

magnetic rigidity setting of the separator.

The beam transport through the sections of an electromagnetic system can be

described by the use of transfer maps [Wol87]. A transfer map of a section is the

function that determines the beam properties at the end of the section knowing

the initial beam properties. The beginning and the end of a section can also be

denoted by the times t1 and t2 respectively. Transfer maps can be expressed in

terms of transfer matrices in case of linear motion with abberations excluded.

This allows one to calculate the ray vector at time t2 by using the initial vector

at time t1

(x2, Θ2, y2, Φ2, l2, δ2) = [M](x1, Θ1, y1, Φ1, l1, δ1), (2.14)

where M is the (6×6) transfer matrix. The map of the whole system can be built

from the maps of the separate sections and the optical properties characterized.

First order matrix calculations of the separator Section 1 (T1→IFP) and Sec-

tion 2 (IFP→FFP), as well as the total separator matrix are shown in Table 2.1.

The matrices were obtained by using the beam dynamics simulation and analy-
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x1 Θ1 y1 Φ1 l1 δ1=∆P1/P1

[cm] [mrad] [cm] [mrad] [cm] [%]

Fragmentation mode, Target (T1) → IFP (Section 1)

-1.00109 -3.11472 0 0 -1.99333 0 x2

-0.00007 -0.99913 0 0 -0.38011 0 Θ2

0 0 -9.86542 -27.28089 0 0 y2

0 0 0.00606 -0.08461 0 0 Φ2

0 0 0 0 1 0 l2

3.80391 -8.076427 0 0 -1.293694 1 δ2

Fragmentation mode, IFP→FFP(Section 2)

-1.50821 -8.34780 0 0 -1.38310 0 x2

-0.00176 -0.67279 0 0 -0.38107 0 Θ2

0 0 -0.24316 2.13538 0 0 y2

0 0 -0.01721 -3.96130 0 0 Φ2

0 0 0 0 1 0 l2

5.72294 22.50548 0 0 -0.92306 1 δ2

Fragmentation mode, Target (T1) →FFP (Total)

1.51533 10.45241 0 0 0.57820 0 x2

0.00186 0.67276 0 0 0.00072 0 Θ2

0 0 2.86852 87.00130 0 0 y2

0 0 -0.00002 0.34811 0 0 Φ2

0 0 0 0 1 0 l2

0.00008 -3.81507 0 0 -4.40029 1 δ2

Gas-filled mode, Target (T2) → FFP (Section 2)

-1.81758 -10.31949 0 0 -2.72326 0 x2

0.00017 -0.54920 0 0 -0.40352 0 Θ2

0 0 -2.70529 26.03393 0 0 y2

0 0 0.00004 -0.37002 0 0 Φ2

0 0 0 0 1.00000 0 l2

7.33903 26.68514 0 0 -0.92306 1 δ2

Table 2.1: First order transport matrices of the separator in fragmentation and gas-
filled modes as provided by the COSY code.
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ray x [mm] Θ [mrad] ∆E/E [%] y [mm] Φ [mrad]

1 0 30 2.2 -1 30

2 0 30 0 0 30

3 0 30 -2.2 1 30

4 0 25 3.2 1 0

5 0 16 4.0 0 -30

6 0 0 4.4 1 -30

7 2 0 0

8 0 0 -4.4

9 0 -30 2.2

10 0 -30 0

11 -2 -30 0

12 0 -30 -2.2

Table 2.2: Starting values of the rays shown in Fig. 2.7
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Fig. 2.7: Ray tracing in the separator operating in fragmentation mode [Ber06].
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ray x [mm] Θ [mrad] ∆E/E [%] y [mm] Φ [mrad]

1 0 30 4.0 -1.5 30

2 2 30 0 0 30

3 0 30 0 1.5 0

4 0 0 4.0 0 -30

5 0 30 -4.0 1.5 -30

6 2 0 0

7 0 -30 4.0

8 0 -30 0

9 0 -30 -4.0

Table 2.3: Starting values of the rays shown in Fig. 2.8
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Fig. 2.8: Ray tracing in the separator operating in gas-filled mode [Ber06].
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sis code COSY Infinity [Mak99]. Important elements in the matrices of the two

sections defining the main separator properties are the x and y magnifications

M11 and M33, respectively, the focusing factors in x and y directions M21 and M43,

respectively, and the horizontal momentum dispersion M61.

The COSY Infinity program was used also for other calculations: these include

magnetic field and magnet settings calculations, beam envelope calculations, and

ray tracing. Examples of ray tracing in the TRIµP separator for several dif-

ferent rays in fragmentation and gas-filled mode [Ber06] are shown in Fig. 2.7

and Fig. 2.8, respectively. The starting conditions for the rays are shown in

Tables 2.2.1 and 2.2.1.

The first order transfer matrices were used for defining the separator con-

figuration in the program LISE++ [Baz02] which calculates various operational

parameters for a given beam-product configuration, such as magnet settings, slit

positions, and thicknesses of degraders. It also calculates beam and product

properties at a given position of the separator depending on the actual separator

settings, for example acceptances.

2.2.2 Fragmentation separator mode

Rigidity selection

The fragmentation separator mode is used for fragmentation and other re-

actions that produce fast beam-like products. The production target is placed

in T1. Both the primary beam and the reaction products exit the target in the

direction of the beam. The isotope separation is based on the magnetic rigidity,

Bρ, of the isotopes. For fully stripped ions and including relativistic corrections

the rigidity is

Bρ = (3.107 Tm) · βγ
M

Z
, (2.15)

for ions with mass M and charge Q = Z, where γ=1/
√

1− β2=1/
√

1− (V/c)2

is the Lorentz factor corresponding to ion velocity V and Z is the atomic number

of the particles.

The magnetic rigidity of the primary beam at the entrance of the TRIµP

separator is limited by the maximum magnetic rigidity of the AGOR cyclotron

3.6 Tm (E = 95 MeV/u for N = Z) [Bra01]. By setting the dipoles to the

appropriate field the isotopes of interest can be transported to the Intermediate
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Focal Plane (IFP) of the separator in T2. The isotopes arriving in the IFP are

dispersed by their momentum. The separator momentum acceptance thus limits

the amount of isotopes appearing in T2. The momentum and isotope distribution

of the reaction products allows isotopes with similar Bρ to arrive in T2. When

further selectivity is desired the acceptance of the separator can be reduced by

the use of slits installed at various positions in the system. However, this reduces

also the yield of desired nuclei reaching T2. After passing the dispersive plane

in T2 the isotopes are transported and focused achromatically at the Final Focal

Plane (FFP), which by itself has no further selectivity.

A typical isotope selection in the IFP is shown in the left panel of Fig. 2.9.

Each point in the plot corresponds to a separate ion passing through the detector.

Points corresponding to the same isotope form a group. Each group is associated

with one isotope due to different energy losses and arrival times. The plot shows

that the rigidity selection only is not sufficient to produce a pure beam of the

desired isotope separate from other products.

Degrader selection

Additional isotope selection is made by creating a magnetic rigidity difference

for different isotopes with a degrader in T2. When different isotopes pass through

the degrader they lose energy, ∆E, proportional to the square of their nuclear

charge and velocity (Eq. 2.10). After passing through the degrader and losing

different amounts of kinetic energy, the isotopes enter the second section of the

separator where another P/Q selection is made by tuning the dipoles for the

rigidity of the desired isotopes. Thus different isotopes that had initially the

same rigidity in T2 will lose different amounts of energy and therefore will be

differentiated in rigidity after passing the degrader.

An example of the degrader selection, using a 100 µm silicon detector (E1) as

a “flat” wedge, is shown in the right panel of Fig. 2.9. The separator was tuned

for the maximal 21Na yield. A purity of 99.5 % for 21Na was obtained in the FFP.

The remaining impurities are mainly stable 20Ne isotopes.

Achromatic focusing

The physical idea of the achromatic condition is that the dispersion of Section

2 of the separator compensates for the dispersion of the beam at the IFP created

by Section 1 times the horizontal magnification of Section 1. This allows to focus

all particles in the FFP. This requirement can be expressed by the condition



2.2 The TRIµP dual mode magnetic separator 27

60

80

100

120

140

160

180

200

-20 -10 0 10 20

Relative TOF [ns]

E
n

e
rg

y
 l

o
s

s
 [

a
.u

.]

Relative TOF [ns]

E
n

e
rg

y
 l

o
s

s
 [

a
.u

.]

60

80

100

120

140

160

180

200

-20 -10 0 10 20

N=Z N=Z+1N=Z-1

22

21

19

20

17

18

A=
21Na

21Na

20 Ne

Fig. 2.9: ∆E - TOF spectra obtained with the E1 detector at the IFP (left panel).
The plot on the right panel is obtained by measuring in coincidence with a detector
(E2) in the FFP. The primary beam was 21Ne, 43 MeV/u, the target was H2 gas, 3.2
mg/cm2, and the desired isotope 21Na was produced by a charge-exchange reaction.

(M11)2 (M61)1 = −(M61)2 (2.16)

The dispersion of Section 1 of the separator is M61 = 3.8 cm/%. The dispersion

and the magnification of Section 2 are respectively M61 = 5.7 cm/% and M11 =

-1.5 leading near to a cancelation of the dispersion, M61(Total) = 0.00008.

If a degrader with a homogeneous thickness is used the dispersed particles

at the IFP, passing through the degrader material, lose different amounts of

energy ∆E, which changes their momenta so, that Section 2 does not provide

achromaticity anymore.

In order to be able to keep the particles focused in the FFP, an achromatic

degrader must be used. There are two main types of achromatic degraders -

the wedge degrader and the curved profile degrader. The design of the TRIµP

separator includes a curved degrader in the IFP. The shape of the degrader used in

the TRIµP separator is chosen to preserve the beam achromaticity at the FFP. It

preserves achromaticity independently of the foil thickness. In contrast, a wedge

degrader requires a separate wedge angle depending on degrader thickness.

Separation of isotopes at low energies

The separator was also designed for production and separation of low energy,

heavy products of fusion-evaporation reactions in inverse kinematics. The prod-
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Fig. 2.10: Low energy recoil separation in two modes. Trajectories of ions with different
charge states in a magnetic field in vacuum are shown in the left panel. Trajectories
in gas-filled mode and the effective charge are illustrated in the right panel. Figure
adapted from [Pau89].

ucts are not fully stripped at low energies (E < 10 MeV/u), in particular for

heavy products. This sets a collection limitation to the fragmentation mode,

since the acceptance of the separator does not transport all charge states to the

FFP. The product-beam separation also becomes complicated due to the multiple

charge states and similar velocities both of the residues and the primary beam.

There are two different ways to overcome these problems. The first approach

uses “beam stop fingers” which are placed at the expected positions of the charge

states of the primary beam in the dispersive plane. The main disadvantage of this

approach is the limited transmission efficiency. Its advantage is the preservation

of a good spatial focusing at the FFP. The second approach utilizes filling of the

separator with a low pressure gas, discussed in the following section.

2.2.3 Gas-filled separator mode

Filling the separator volume with gas dynamically creates an average charge state

of the products called the “effective charge” Qeff . It is caused by the continuous

charge changing collisions with the gas atoms/molecules. A schematic drawing

illustrating the effective charge operating principle is shown in Fig. 2.10. The

effective charge state in a velocity range 1< V/V0 < Z1/3 is estimated from the

Thomas-Fermi model of the atom [Ghi88]
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Fig. 2.11: Simulation of separator operation in gas-filled mode. The reaction used
in the simulation is 206Pb+12C→213Ra+5n. The Pb beam energy is 1427 MeV, the
residue energy 1331 MeV, and the carbon target has a thickness of 1 mg/cm2. The gas
is Ar at 6.7 mbar.

Qeff =
V

V0

Z1/3, (2.17)

where V0=2.19×10−6 m/s is the Bohr velocity. Setting the magnets to the cor-

responding magnetic rigidity P/Qeff focuses the residues and transmits them to

the end of the separator. The same is valid for the primary beam after passing

through the target. An approximate estimate of the product and beam magnetic

rigidities in the gas-filled mode is obtained by

Bρ = (0.0227 Tm) · M

Qeff

V

V0

= (0.0227 Tm) · M

Z1/3
. (2.18)

To first order, the magnetic rigidities of the produced isotope and the beam are

independent on the velocity of the ions and their initial charge state distribution.

Thus their rigidity ratio can be estimated

(Bρ)p

(Bρ)b

=

(
M

Z1/3

)

p

·
(

Z1/3

M

)

b

, (2.19)

where indexes p and b correspond to “product” and“beam”, respectively. An

example calculation for 206Pb and 213Ra gives a difference of ≈ 1% which corre-

sponds to a separation of ≈ 7.3 cm for the dispersion of the TRIµP separator
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in gas-filled mode. There are several phenomenological approaches for obtaining

more precise estimation of the effective charge and the corresponding rigidity

based on fitting of measured data ([Bet72, Ghi88, Oga91]).

The magnetic rigidity difference between the product and the beam is not the

only requirement to separate them in space. Another important parameter is the

beam spot size (at the focal plane) which depends on the gas pressure [Ghi88].

At low pressures the mean free path between ion-gas collisions is large and the

effective charge is not well defined. Increasing the pressure the beam spot focuses

around the position corresponding to the effective charge. Increasing the pressure

further increases the beam spot size due to the increased multiple scattering.

Other effects, such as optics and velocity dispersion also influence the size of

the beam spot. Detailed estimations and comparisons with measurements of the

beam spot size are presented in [Ghi88, Lei97].

A Monte Carlo simulation showing the distributions of 206Pb beam at 1427

MeV and 213Ra residues at 1427 MeV is shown in Fig. 2.11 done with the program

described in [Pau89]. The resulting separation in the FFP is calculated to be ≈
36 cm and the beam and product beam spot size ≈ 10 cm. The separation is thus

considerably larger than the ones estimated with Eq. 2.19. The reason for that

is that in the simulation several other effects are included, such as differential

stopping of the projectiles and the products, charge changing cross sections, and

angular straggling.

2.2.4 Main system elements

The main design specifications of the separator in the two operating modes are

listed in Table 2.4.

Fragment Separator Gas-filled Separator

Beam rigidity Bρ 3.6 Tm (Beam line) 3.6 Tm (Section 1)

Product rigidity Bρ 3.0 Tm (Section 1 and 2) 3.0 Tm (Section 2)

Solid angle, vert., horiz. ±30 mrad ± 30 mrad

Momentum acceptance ± 2.0 %a ± 2.5 %

Resolving Power p/dp ≈ 1000 ≈ 2000 (no gas filling)

Momentum dispersion 3.9 cm/% 8.0 cm/%

Bending radius 220 cm 180 cm

acurrently limited to ±1.5% by the vacuum chamber upstream from T2.

Table 2.4: Design parameters of the TRIµP magnetic separator. Table from [Ber06].
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Fig. 2.12: Schematic view of the TRIµP magnetic separator including beam optics
elements, target chambers, and slit positions.

The main elements of the separator, shown in Fig. 2.12, include magnets:

dipoles (B1 - B4), quadrupoles (Q1 - Q9), and a hexapole (Hex); scattering

chambers: T1 and T2; slits (SH1 - SH6). Other important elements not denoted

in the figure include the H2 production target in T1, beam stops BS1 and BS2

in front of T1 and T2, respectively, the degrader system in T2, and diagnostics.

Magnets

The separator consists of first order beam optics elements, such as dipoles and

quadrupoles, as well as a hexapole for second order corrections. There is a dipole

doublet in each of the two separator sections. The main dipole specifications

are listed in Table 2.5. Their maximal magnetic field corresponds to a magnetic

rigidity of 3.6 Tm in Section 1 and 3.0 Tm in Section 2. The higher rigidity

of Section 1 is needed for transporting the primary beam to T2 (matching the

maximal cyclotron rigidity), when, for example, the Gas-filled mode is used.

A single quadrupole focusses in one transverse direction and defocusses in the

other. Quadrupole doublets are used for focusing in both x and y directions.

Their main specifications are shown in Table 2.6. In addition to the quadrupoles,

the entrance and exit edge angles of the dipoles provide vertical focusing (see

Table 2.5).
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Parameter Dipole Magnet Type

B1 B2 B3 B4

Bending radius mm 2200 2200 1800 1800

Max. rigidity Tm 3.6 3.6 3.0 3.0

Max. magnetic field B T 1.64 1.64 1.67 1.67

Bending angle deg 37.5 37.5 37.5 37.5

Central ray arc length mm 1439.9 1439.9 1178.1 1178.1

Vertical gap, full size mm 50 50 60 60

Good field region, dB/B < ± 0.02 % mm 220 220 240 240

Pole width mm 400 400 450 450

Entrance edge angle, vert. focusing deg 18.75 10.0 0 0

Entrance edge curvature, 1/radius 1/m 0.67 -0.2 0.88 -0.2

Exit edge angle, vert. focusing deg 10.0 18.75 18.75 18.75

Exit edge curvature, 1/radius 1/m 0.0 -1.29 0.0 -1.36

Table 2.5: Main design specifications of the dipole magnets. Table from [Ber06].

Parameter Quadrupole Magnet Type

Q1 Q2 Q4 Q5 Q6 Q7 Q8 Q9

Overall length mm 580 680 630 880 680 680 700 700

Focusing strength T 8.2 6.2 5.0 6.3 5.6 2.8 2.0 3.3

Eff. field length mm 480 550 500 780 550 420 420 500

Gradient T/m 17.0 11.3 10.0 8.1 10.2 6.7 4.8 6.7

Horiz. good field mm 120 200 220 220 180 220 220 200

Aperture diameter mm 100 167 184 184 150 184 184 167

Maximum
pole tip strength T 0.85 0.95 0.88 0.75 0.77 0.62 0.45 0.56

Table 2.6: Main design specifications of quadrupoles. Table from [Ber06].

Scattering chambers and production targets

The main scattering chambers T1 and T2 have different purpose and contain

different subelements in the two operation modes of the separator.

In the gas-filled mode (GF mode) T1 is used as part of the vacuum system

and all targets are withdrawn. In fragmentation mode the beam is focused on
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Fig. 2.13: Photographs of scattering chamber T1 taken from the left and the right side
(relative to the beam direction) with the main elements indicated.

the target in T1. There are two target arrangements. The first is the standard

KVI target ladder with several different solid targets mounted on it, including a

scintillating target used for beam optimization. The second target setup is a H2

gas target [You04]. The length of the gas volume in z direction is 10 cm. There

are Havar foils at the two ends of the gas target. They are exchangeable and their

thickness can be varied depending on the gas pressure. A window thickness of 5

µm allows one to operate safely at a gas pressure of 1 bar. A hydrogen target at

room temperature has a thickness at 1 bar of ≈ 0.8 mg/cm2. The hydrogen gas

is cooled in the target system to liquid nitrogen (LN2) temperature (77 K), and

the target thickness at 1 bar increases to ≈ 3.2 mg/cm2. Chamber T1 and the

H2 gas target are shown in Fig. 2.13.

In the gas-filled mode T2 is the target chamber. In the fragmentation mode

the dispersive plane IFP is in T2. The difference between the two modes is

the presence of a vacuum separation flange with a Havar window in GF mode,

which is positioned in front of T2. In fragmentation mode the elements placed

in T2 include moveable slits, a degrader system, beam diagnostics tools, and a

Si detector for the secondary particles.
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Fig. 2.14: Photograph of scattering chamber T2 including the main elements (view
from the left side relative to the beam direction).

Beam scrapers and slits

The system contains stationary (SH1) and moveable horizontal slits (SH2,

SH3, and SH4). SH1 is a stationary circular slit matched to the angular accep-

tance of the separator. It is installed 40 cm downstream from the focal point of

T1. Its current radius is 12.8 mm which corresponds to a defining solid angle of

±32 mrad both in horizontal and vertical directions.

Moveable slits SH2 and SH3 are installed before and after B2. The space

between B1 and B2 is used for stopping of the primary beam in SH2. In case

when the rigidity difference between the desired product and the beam is very

small the beam can be stopped in SH3. When the rigidity difference is very

large the beam is stopped on additionally mounted liners between B1 and SH2

to prevent irradiation of the vacuum chamber walls. Additionally, SH2 and SH3

can be used for “cleaning” of the produced particles from other products when

high purification is required.

SH4 are moveable slits positioned at the dispersive plane in T2. The main

purpose of SH4 is to limit the ∆Bρ acceptance when required by experiment.

Additionally SH4 can be used for off-center transmission of the isotopes. This
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Fig. 2.15: Schematic of slits, degrader system and E1 detector in the target chamber
T2.

allows separate transportation of isotopes with different rigidities to the end of

the separator and is used for diagnostics purposes.

Other slits (SH5 and SH6 in fig. 2.12) positioned in the Section 2 of the

separator may be used depending on the requirements set by experiment. For

example, the slits in Section 2 can be used for cleaning from secondary products

in fragmentation mode or for stopping of the primary beam in gas-filled mode.

A very useful tool for setting slit positions is the program LISE++ [Baz02,

Tar04] which gives a graphical output showing isotope distributions at slit posi-

tions taking into account the detailed separator configuration and the momentum

and angular distributions.

Degrader system

The degrader system is situated in scattering chamber T2 shown in Fig. 2.14

with the main parts labeled. A top view of T2 including slits (SH4), degrader

frame and energy loss detector E1 is shown in Fig. 2.15. Currently the system

consists of three separate stages allowing installation of foils with different thick-

ness on each frame. The three frames are attached to a vertical plunger used for
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positioning of each frame in the beam axis. The shape of the frames was calcu-

lated using the curved degrader utility of the program LISE++ [Baz02, Tar04]

corresponding to the achromatic condition (Section 2.2.2). The curvature of the

degrader provides that isotopes with higher magnetic rigidity pass through thicker

parts of the degrader. This is done in order to compensate for the different en-

ergy loss as function of energy (Eq. 2.10). The thickness of the foils attached to

the degrader frames can be varied without influencing the achromaticity of the

secondary beam in the FFP.

Depending on the specific goals of the experiment (high yields or high isotope

purity) and on the desired isotopes and their energy range various foil thicknesses

are used. Thicker foils increase the spatial separation of the isotopes in the FFP

but the beam spot size increases due to multiple scattering in the material. In

general, the foil material is not of primary concern. Usually materials with low

densities are used in order to provide smaller thickness aberrations. The degrader

foils used in the TRIµP separator are made of aluminium.

Beam Diagnostics

The beam diagnostics are used for adjusting beam properties, such as, beam

spot size on target, centering on axis, and beam current setting. Primary beam

properties are monitored by total beam current measurements and by beam pro-

file measurements. Beam current is measured on beam stops BS1 and BS2 placed

upstream scattering chambers T1 and T2, respectively. Current can be measured

also along the separator on various slits (SH1-SH4). Beam profile measurements

are made using harp beam profilers and scintillating materials mounted at target

positions in T1 and T2.

2.3 Experiments with the TRIµP separator

2.3.1 20Na production and separation

20Na was chosen for the commissioning of the TRIµP Thermal Ionizer described

in section 3. The reasons to choose 20Na instead of 21Na, which is one of the

isotopes of interest for TRIµP, are the short half-life of 20Na (T1/2 = 0.448 s) and

its characteristic β-delayed α emission. This makes the identification of 20Na at

the end of the ion catcher system easier and faster compared to 21Na (T1/2 = 22.5

s). The production, the preliminary calculations, the separation procedure, and

the isotope identification and analysis of the results are presented here.
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Fig. 2.16: Energy level diagram for 20Na [Til98].
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Fig. 2.17: Total cross sections vs. energy (center-of-mass) for 19F(p,n)19Ne reaction
from measured data [Rif68, Kit90] (Q = -4.021 MeV).

Production

The production of 20Na was made using the reaction 20Ne(p,n)20Na. The

reaction is endothermic: Q = -14.67 MeV for the ground state of 20Na. The

energy level diagram of 20Na is shown in Fig. 2.16. The dependence of the total

cross section on the center-of-mass energy ECM is not known for this specific

reaction but is likely to follow the behavior of the 19F(p,n)19Ne cross section data

shown in Fig. 2.17. The 20Na isotopes can be in various excited states, after the

neutron emission. Deexcitation from these states contributes to the momentum

distribution of the particles. The energy distribution width due to deexcitation

process is ≈ 2 MeV because at higher energy the proton decay channel opens.

The 20Ne beam was provided by the cyclotron at Ebeam = 446 MeV (22.3

MeV/u). This beam energy was chosen for the given reaction the cross section

and angular distributions have been measured [Ben72] in the same energy region

(ECM = 21.9 MeV).

The gas target in T1 was filled with H2 gas at p = 1 bar and cooled to

LN2 temperature (T = 77 K) [You04]. The resulting H2 thickness was D = 3.2
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Fig. 2.18: Schematic view of the main elements at the end of the magnetic separator
used in the 20Na production measurements.

mg/cm2. The entrance and exit windows of the gas target were 5 µm Havar foils.

The beam energy at the center of the H2 volume was reduced due to energy loss

in the entrance window and the gas to Ebeam = 21.6 MeV/u corresponding to

ECM = 20.7 MeV.

Kinematic focusing is obtained due to the negative Q-value of the reaction.

The relative momentum and angular distribution widths of the 20Na products due

to the reaction kinematics are calculated (Eq. 2.3) to be, respectively, ≈ 5.4%

and ≈ 54 mrad for ECM = 20.7 MeV.

Two silicon detectors (E1 and E2) were used in the TRIµP separator to mea-

sure ∆E-TOF. E1 is positioned in the dispersive plane (IFP) in T2 and E2 is

positioned at the end of the separator close to the achromatic focal plane (FFP).

E1 is shown schematically in Fig. 2.15 and E2 is shown in Fig. 2.18. Both have a

circular detection area with a radius of 1 cm. E1 was 100 µm thick and E2 was

400 µm. The TOF measurement was made with respect to the radio frequency

of the cyclotron and the arrival times at the detector positions. The cyclotron

frequency for the 20Ne7+ beam was 35.094 MHz corresponding to a time window

of 28.5 ns. The electronics used in the 20Na production measurement are shown

schematically in Fig. 2.19.
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Fig. 2.19: Scheme of the electronics used in the 20Na production measurements.

Calculations

Various calculations were made prior to the experiment in order to estimate

results and critical parameters and to prepare the necessary details of the setup.

The initial magnet settings of the separator required for focusing of isotopes

with a given mass (M), charge (Q), and energy (E) at the Final Focal Plane

(FFP) of the separator were obtained using the COSY Infinity program [Mak99].

The program is set to calculate the matrix elements required for achromatic

focusing at the FFP and the corresponding magnetic fields of the magnets. The

settings for any other isotope are then obtained by scaling the initial magnetic

fields according to the magnetic rigidity of the desired isotope.

The program LISE++ [Baz02, Tar04] was used to simulate operation of the

separator, i.e. production, separation, and transmission of isotopes to the FFP.

The first order transfer matrices and acceptances of the TRIµP separator were

set in the input of the program. The output of the program includes calcula-

tions of the energies and momenta of the produced isotopes, the corresponding

magnetic rigidities, and the spatial and angular distributions along the separator.

These calculations were used in the planning of the experimental steps, keeping

in mind however that production mechanism used in LISE++ is not always ap-

propriate. Spatial distributions of the primary beam and the desired product



2.3 Experiments with the TRIµP separator 41

allow to separate the produced isotopes from the primary beam by setting slit

positions. Energy losses in various materials in the beam line (target, windows,

detectors, degraders) are calculated for the isotopes and included in the simula-

tion. LISE++ is useful for setting up detectors at various positions in the beam

line. The energy loss calculation in the detectors combined with time-of-flight

calculations for various isotopes allow to calculate detector identification plots.

Isotope separation

The following steps given below, which describe the separation of 20Na from

the primary beam and other products are typical for the operation of the sepa-

rator.

The first step is to determine the separator magnet settings required for trans-

porting the primary beam to a scintillating target in the Intermediate Focal Plane

(IFP). The primary beam (20Ne, Ebeam = 22.3 MeV/u) from the cyclotron ar-

rives with a 7+ charge state in T1, where it is centered on a scintillation target.

Initially all magnets are set according to the calculated magnetic rigidity of the

beam. The beam is then centered on a scintillating target in T2 (IFP) by fine

tuning of the magnets in Section 1. This is done in order to correct for the uncer-

tainty in the beam energy which is almost in the order of ±0.5 MeV/u for 20Ne

at 22.3 MeV/u. The corresponding magnet settings are stored and the gas target

is positioned in the beam line. After passing through the target the beam is fully

stripped to 10+ and a new centering is made by scaling the initial magnet set-

tings in Section 1 by the charge ratio (7/10). The slowing in the target is taken

into account and additional scaling is made. The Bρ and corresponding energies

for the centered primary beam (7+ and 10+ states) are listed in Table 2.7. At

every change of energy and/or charge state of the isotopes along the separator,

for example when passing through materials, the magnets are scaled accordingly.

The next step is to separate the reaction products from the primary beam.

The 20Ne10+ rigidity is higher than the range of rigidities of the 20Na11+ products.

The magnets in Section 1 were set for a rigidity Bρ(20NaM) = 1.21 Tm. It is

above the maximal expected rigidity from calculations of 20Na energy distribution

(see Table 2.7). The magnet configuration corresponding to this rigidity is 9.4 %

lower compared to the rigidity setting for 20Ne10+. This setting corresponds to a

spatial difference of 9.4 cm at SH2 slit position. The calculations are based on

a 10.0 cm/% dispersion at the slits position obtained from the transfer matrices.

The measured horizontal difference was ≈ 9.5 cm. In order to stop entirely the
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Isotope Charge E E Bρ Comment

state [MeV] [MeV/u] [Tm]
20Ne 7+ 446 22.3 1.953 Primary beam before target
20Ne 10+ 417 20.9 1.322 Primary beam after target

20NaF 11+ 394 19.7 1.168 Forward recoil
20NaB 11+ 358 17.9 1.113 Backward recoil

Table 2.7: Isotopes, charge states, energies, and the corresponding magnetic rigidities
observed in the magnetic separator.

primary beam SH2 was closed to a position +7 cm.

Further the 20Na yield distribution is measured in the E1 detector at the In-

termediate Focal Plane (IFP).The distribution is obtained by scaling the magnet

settings in Section 1 stepwise starting from settings which were calculated to be

above the maximal rigidity in the 20Na distribution, Bρ = 1.21 Tm. The step size

∆Bρ = 0.5 % corresponding to a 1.9 cm horizontal offset in the IFP was chosen

to match the horizontal size of the E1 detector (2 cm). The range of magnetic

rigidities covered the whole 20Na momentum distribution.

Results

For each magnet setting one observes various peaks in the ∆E vs. TOF

spectrum as in Fig. 2.9. The peak corresponding to 20Na appeared first at Bρ ≈
1.18 Tm. The rate of 20Na increased with further decrease of the magnetic field

reaching a maximum at Bρ(20NaF ) = 1.168 Tm (corresponding to a forward recoil

due to a neutron emission). Further decrease of the magnetic fields resulted in a

decrease of the 20Na rate until another increase was observed after reaching Bρ ≈
1.14 Tm with a maximal rate around Bρ(20NaB) = 1.113 Tm (backward recoil).

The forward and backward kinematic peaks and their energies and rigidities are

listed in Table 2.7.

The Bρ scan described above is shown in Fig. 2.20. The Bρ dependence has

a characteristic shape with a reduced count rate in the middle corresponding to

the calculated optimum rigidity of 20Na. The distributions were measured for two

different angular acceptances of the separator, ±16 mrad and ±30 mrad, obtained

by using different sizes of the SH1 circular slit. The peaks at Bρ(20NaF ) = 1.168

Tm (19.7 meV/u) and Bρ(20NaB) = 1.113 Tm (17.9 meV/u) correspond, respec-

tively, to a “forward” and a “backward” momentum recoil of the 20Na nuclei
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Fig. 2.20: Upper panel: 20Na yield in detector E1 at the IFP. Data points were obtained
with a Bρ step of 0.5% (E1 also covers approximately 0.5% in Bρ). Lower panel: MC
simulation of the 20Na distribution after the target including energy loss, energy loss
straggling, and isotropic angular distribution. The simulation was made using the
kinematics calculator of LISE++ [Baz02, Tar04]. Horizontal dashed lines define the
angular acceptance of the separator corresponding to the measured data in the upper
plot (±16 and ±30 mrad). Straggling in the target windows is not included in the
simulation.
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from the neutron emission by the compound 21Na nucleus. The neutrons emitted

sideways to the beam axis give a transverse momentum to the 20Na nuclei which

results in losing ions due to the separator acceptance. This effect can be repro-

duced in Monte Carlo simulations, where the acceptance cut is observed as the

low density region in the plots in the lower panel of Fig. 2.20. The simulations

take into account reaction kinematics, straggling in the target, and divergence of

the beam at the target position. Differential angular cross sections were not in-

cluded, a uniform angular distribution was assumed, and a single neutron energy

was used in the simulations. After the neutron emission, the 20Na isotopes can

be produced in various excited states allowed by the excess energy above the Q-

value. The states de-exciting by γ emission are limited by the excitation energy

E∗ = 2.06 MeV (see Fig. 2.16). The results show that in addition to reaction

kinematics the energy straggling in the target and the angular differential cross

section contribute to the width of the distribution.

The rigidity difference between the centers of the forward and the backward

peaks is ≈ 4.8%. This corresponds to an energy difference between the forward

and the backward peak of ≈ 9.1%. The measurement was made using the detector

E1 the size of which corresponds to ∆Bρ = 0.5 % while the maximal momentum

acceptance of the separator is 4 % (±2.0%). This makes the collection of both

peaks at the FFP impossible.

The momentum distribution width due to the reaction mechanism can be re-

duced by decreasing the initial beam energy, thus decreasing the maximal energy

of the emitted neutrons. The two peaks may be collected simultaneously in the

FFP at ECM= 17.5 MeV resulting in a distribution within the separator momen-

tum acceptance (4%). Energy loss and straggling in the target should be taken

into account as well. If one uses this method care should be taken that the beam

energy stays above the production threshold of -14.67 MeV.

The 20Na energies for the centers of the forward and the backward peaks, 394

MeV and 358 MeV respectively, were used for the energy calibration of detector

E2. A 30 µm aluminium degrader was used resulting in further isotope cleaning

and reduction of the energies to 374 MeV and 337 MeV for the forward and

backward peaks, respectively. Nuclide identification plots were obtained with

detectors E1 and E2 (displayed in Fig. 2.21). The isotope energies measured in

E2 are lower due to the presence of a 40 µm adjustable degrader upstream from

the detector.

An example calculation of the isotope distributions at the FFP made with

LISE++ (Fig. 2.22) shows the same nuclides as in the measurement (Fig. 2.21,
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Fig. 2.21: ∆E − TOF plots used for online nuclide identification obtained with detec-
tors E1 in the IFP (left panel) and E2 in the FFP (right panel) of the separator. The
upper plots correspond to magnet settings for the “backward” 20Na peak and lower
plots correspond to the “forward” peak. The results from E2 were measured with a
30 µm aluminium degrader in the dispersive plane and a 40 µm rotatable aluminium
degrader set at 0 degrees, i.e. perpendicular to the beam, in front of E2 (setup shown
in Fig. 2.18).
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Fig. 2.22: Distributions of the produced isotopes in x-direction at position of de-
tector E2 corresponding to magnet settings for the “forward” 20Na peak with a 30
µm aluminium degrader in IFP (Bρ(Section 1 ) = 1.168 Tm, Bρ(Section 2 ) = 1.138
Tm). The distributions are calculated using LISE++ [Baz02, Tar04] program with the
TRIµP separator configuration. The relative amounts (in %) of particles within the
acceptance of detector E2 are shown for each isotope. The two peaks of 20Na corre-
spond, respectively, to the “forward” peak and to the fragmentation reaction channel.
The relative yields of isotopes should not be compared since they were obtained using
a built-in cross section file of LISE++ which may differ from real cross sections.

right-bottom panel), i.e. 20Na, 20Ne, 19Ne, 16O. Only the yield is not correctly

predicted due to simplifications in the evaporation code of LISE++. The settings

correspond to the forward peak settings (E(20Na) = 374 MeV) with a 30 µm

aluminium degrader in the IFP.

The main goal of the experiment was to provide sufficient 20Na rate for the

Thermal Ionizer (TI) commissioning. The maximal rate of 20Na obtained in E2 is

≈ 10 kHz per 1 pnA of 20Ne beam. The maximal intensity of the 20Ne beam from

the AGOR cyclotron was ≈ 750 pnA. The rotatable 40 µm aluminium degrader

is used for energy reduction of the 20Na particles in order to adjust the stopping

range in the Thermal Ionizer. The TI setup and the measurements of the 20Na

extraction efficiency will be discussed in Chapter 3.
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2.3.2 Experiments with separated radioactive isotopes

The facility provides a large variety of radioactive beams, which currently can be

used in experiments requiring stopping of the ions inside a material and, in the

near future, in experiments with low energy beams of short-lived particles using

the Thermal Ionizer and the Radio Frequency Quadrupole cooler systems.

The TRIµP magnetic separator can be used for in-flight production and sep-

aration of a large variety of beam-like radioactive isotopes. Several experiments

have been performed at the TRIµP facility with the objective to measure proper-

ties of various radioactive elements and their decays. Depending on the goals of

the experiment optimization was done either for element purity, or for maximal

production rate. A list of the produced isotopes for these experiments is shown

in Table 2.8.

Product Beam E [MeV/u] Reaction Target Reference
12B 11B 22.3 (d,p) D2 [Bor05]
12N 12C 22.3 (p,n) H2 [Bor05]
19Ne 19F 10.0 (p,n) H2 [Bro05]
20Na 20Ne 22.3 (p,n) H2 [Bor05]
21Na 21Ne 43.0 (p,n) H2 [Ach05]
22Mg 23Na 31.5 (p,2n) H2 [Ach05]

Table 2.8: Radioactive beams produced and separated in the TRIµP separator.

Three different isotopes were required for an experiment aiming to study un-

bound excited states of 12C [Bor05]. The existence of 0+ and 2+ states above the

3α threshold has important consequences for astrophysics and nuclear structure.
12N and 12B were produced using different reaction mechanisms (Table 2.8) and

separated from other isotopes in order to study their β-decays to 12C. The iso-

topes were implanted in the center of a double-sided silicon strip detector with a

thickness of 78 µm. A rotatable aluminium degrader was used in order to adjust

the stopping range in the detector. A purity above 99% was achieved for both

runs allowing detection of signals only from the isotope of interest. The reaction
20Ne(p,n)20Na at 22.3 MeV/u beam was used for the production of 20Na. The

isotopes were stopped in the center of the implantation detector. For the energy

calibration the well studied α lines of the 20Na β-decay were used.

The isotope 19Ne was produced, separated, and measured in order to esti-

mate the feasibility for experiments aiming to measure the half-life of the 19Ne
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superallowed β+ decay to 19F [Bro05]. The 19Ne production rate and purity

were measured using the reaction 19F(p,n)19Ne at 10 MeV/u beam energy. A

maximum rate of 1.1 kHz/nA was measured in a silicon detector with a circular

shape (ϕ = 2 cm) situated in the Intermediate Focal Plane of the separator. The

obtained rate is more than adequate for the goals of the planned experiments.

A contamination level below 1/103 is achievable for the current production rate.

Reduction of β+ decaying 15O and 18F isotopes is desired and can be achieved by

use of degraders and second rigidity separation. Sufficient production rate and

purity of 19Ne are required for improving the accuracy of the 19Ne half-life cur-

rently known at the level of ∼ 0.08%. The latter can be used for the extraction of

fundamental data concerning the CKM matrix element Vud in the charged weak

interaction current at a precision comparable to the 0+ → 0+ decays.

An experiment aiming to improve the current accuracy of the branching ratio

of the Gamow-Teller transition in the 21Na β-decay was performed at the TRIµP

separator [Ach05]. A (p,n) reaction with a 43 MeV/u 21Ne beam was used for

the production of 21Na . The branching ratio contributes to the interpretation of

the results from a recent β-ν angular correlation coefficient measurement [Sci04]

deviating by 3σ from the Standard Model predictions when using the presently

accepted branching ratio values. The main objective for the TRIµP group was

to provide a sufficient rate of 21Na isotopes with a very high purity. A purity

of 99.5 % was obtained using the magnetic rigidity selection combined with the

differential stopping technique. The maximum production rate was 3.2 kHz per

pnA of primary beam. The experiment required in addition a precise γ detector

efficiency calibration which was obtained by production and separation of 22Mg,

the decay of which has been studied recently [Har03]. The reaction used was
23Na(p,2n)22Mg at 31.5 MeV/u.

2.3.3 ”Gas-filled” measurements with 206Pb beam

The gas-filled mode of the separator was commissioned with a 206Pb beam at 8.4

MeV/u. The 12C target was 4.2 mg/cm2 thick and was placed behind a vacuum

separation window (Havar, 2.5 µm). Several measurements were planned for the

commissioning. They included a charge state distribution measurement of 206Pb,

measurement of the spatial width of the effective charge distribution at various

gas pressures, and detection of 213Ra produced by fusion-evaporation reaction
206Pb(12C,5n)213Ra.

The 206Pb beam appears in various charge states after passing through the
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Fig. 2.23: Commissioning of the Gas-filled mode of the separator using a 206Pb beam
and Ar gas. The plot shows the initial charge states of the beam in vacuum after foil
passage (•) and the collection of the charge states due to the effective charge at 2.5
mbar of argon gas filling (N) (see text for full explanation).

carbon target. The charge state distribution of 206Pb was obtained by measuring

beam current with a Faraday cup and sequentially scaling the magnetic fields

in Section 2 of the separator. During the scanning, eleven charge states were

observed, the maxima of which are displayed in Fig. 2.23 by full circles. The

distribution of the maxima of the charge states agree with a fitted normal dis-

tribution, the FWHM of which corresponds to a relative momentum of 9%. The

highest current was observed for Q ≈ 60+ state. The distribution width of each

charge state (shown by the dashed curves in Fig. 2.23 for two adjacent charge

states) was ∆P/P ≈ 0.4%. The distributions are related to the initial beam

emittance and the straggling in the entrance window and the target material.

The next step was to measure the effect of filling the system with argon gas.

The spatial distribution of the beam particles at the FFP was obtained at various

gas pressures with a finger wrapped with aluminized Mylar to separate the finger

electrically from charged particles in the gas. This allows a current to be read

which is proportional to the beam current. Linear scaling of the magnet settings,

as applicable in vacuum mode, is not appropriate in gas-filled mode. The different
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gas pressures required additional adjustments of the magnetic fields accounting

for the different energy losses and effective charge states.

The distribution width due to the formation of the effective charge was found

to be minimal at p = 2 mbar (6.4 cm FWHM, ≈1%). An example for 2.5 mbar is

shown in Fig. 2.23 by triangles and a fitted Gaussian with FWHM of 1.4% equal

to 8.6 cm in horizontal direction. The width of the distribution varied little with

gas pressure. For 5 mbar Argon pressure a comparison was made with the results

from the simulation described in Section 2.2.3. An increase of ≈ 30 % relative to

the calculated distribution was observed in the measurements.

Detection of 213Ra was not observed because of low primary beam intensity

(below 0.2 pnA) and comparison for the separation of 213Ra and 206Pb could not

be made.

2.3.4 Summary and outlook

The magnetic separator was commissioned successfully in fragmentation mode

and first measurements were performed in gas-filled mode. The design parameters

of the separator were verified experimentally and various nuclear reactions were

used for production of radioactive isotopes.
20Na was produced and separated as an intermediate step towards 21Na, which

is of primary interest for TRIµP [Jun02, Jun05A, Wil03, Wil05]. The 20Na isotope

was used in the commissioning of the ion catcher (Thermal Ionizer) described in

Chapter 3. The energy and angular distributions of the isotope were measured

and the results were verified by calculations. The obtained production rate of

10 kHz per 1 pnA of primary beam (20Ne) was sufficient for the goals of the

experiment.



Chapter 3

Thermalization of radioactive

ions

The secondary beams from the magnetic separator have large transverse emit-

tances and a wide energy distribution. Thermalization is required in order to

efficiently collect the produced isotopes and transport them further as a beam

of ions. Thermalization is based on the full stopping of the beam in matter for

subsequent extraction. Such stopping devices are often called ion catchers.

This chapter gives an overview and comparison between the gas stopping

technique and an alternative approach - the Thermal Ionizer (TI), which is used

as an ion catcher in the TRIµP facility. Further, the theoretical description of

the processes involved in a TI is given. The chapter concludes with a description

of the design of the TI and commissioning experiments with 20Na.

3.1 Gas cells

The basic principle of operation of gas stopper cells relies on slowing of the

radioactive isotopes in gases to thermal energies due to multiple collisions with gas

atoms/molecules. The thermalized ions drift in an electromagnetic field towards

an aperture or nozzle where the ions exit with the flowing gas [Ärj85, Den97].

The size of the cell and the gas pressure depend on the energy distribution

of the incoming ions. Narrowing of the energy distribution can be done to some

extent with the range bunching technique. This technique requires an extra

dispersive section and uses monoenergetic degraders [Wei00].

Stopping gas cells are currently in use at several nuclear facilities which in-

clude: MSU [Sch02, Wei04], ANL [Sav03], GSI [Neu04], JYFL [Den97, Äys01],

51
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Fig. 3.1: Measured gas cell extraction efficiencies depending on the ionization rate in
the gas volume. Figure adapted from [Mor06].

and KU Leuven [Kud01]. Slowing of ions using gas cells is considered also in

future large-scale projects [FAIR, SPI2, RIA].

The gas cell stopper method is less dependent on the atomic properties of the

isotope than methods that involve extraction from secondary ion sources where

the chemical and physical properties are of great importance. The fast extraction

(< few ms) allows to utilize gas cells for stopping of a large variety of short-lived

isotopes.

The main disadvantage of using gas cells is the transmission efficiency depen-

dence on the ion beam intensity [Huy02B]. This dependence was confirmed in

various experiments [Mor06] (Fig. 3.1). It is due to the creation of a high density

of ion-electron pairs in the gas volume by the stopping of the ions. This creates a

significant charge density in the gas volume resulting in screening of the electric

fields and leading to an increase of the lateral distribution of the slowed ions.

Another gas cell parameter influencing the efficiency is the purity of the slow-

ing gas. Impurities increase the probability for neutralization processes and mole-

cule formation which lead to isotope losses. A recent study on gas stopping of

ions in noble gases cooled to temperatures below 80 K confirmed the importance

of gas purity [Den06]. The measurements showed a fast increase of the transport

efficiencies from ≈ 2% to ≈ 28% for 219Rn ions in helium with decreasing temper-
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Fig. 3.2: Temperature dependence of transport efficiencies for 219Rn ions in helium,
neon, and argon. Figure adapted from [Den06].

ature. The highest efficiencies were measured in the temperature region below 90

K where most of the oxygen freezes out from the gas volume. Similar results were

obtained for neon and argon gases in the same temperature range (Fig. 3.2). The

maximal efficiencies reached at low temperatures are probably related to charge

changing cross sections and may represent the fundamental upper limits for the

efficiencies for given ion-gas combinations [Den06].

Neutralization and stripping cross sections for various ions in different noble

gases were measured at KVI [Wil06]. The measurements were made below 1

keV/u ion energy where few data are available. The setup consisted of a differen-

tially pumped gas target at pressures that allow only a few collisions between the

ion and the gas atoms. The average charge of the ions decreased to below 1 for ion

momenta below 50 ·108 cmu/s (Fig. 3.3). The results show that charge-exchange

during stopping of ions in noble gases is not governed only by the ionization po-

tential of the gas. Neutralization prior to stopping will occur and reionization is

required in order to obtain high ionization efficiencies at thermalization.

A gas cell suitable for slowing of a large range of isotopes was initially con-

sidered as an ion catcher for the TRIµP facility, but the difficulties with the

extraction efficiency discussed above led to the decision to use an alternative
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Fig. 3.3: Average charge state of ions passing through helium at different momenta.
Figure adapted from [Wil06].

method based on a Thermal Ionizer (TI) [Kir81], since the efficiency of the TI

does not depend on the secondary beam intensity. Similar devices are used in

ISOL (Isotope Separation On-Line) facilities as targets and secondary ion sources

for production and extraction of radioactive isotopes.

An important reason to choose a TI as an ion catcher is the expected high

efficiency for alkaline and alkaline-earth elements (including Na and Ra) which

are important for the primary physics goals of TRIµP (Section 1.2). The range of

elements suitable for extraction with the TI also includes the elements for which

atomic trapping is technically achievable.

The main difference between the design of the TI for TRIµP and the ISOL

design is that the radioactive isotopes are produced outside the TI instead of

using the device as the production target which often requires thick targets and

large dimensions. The dimensions of the TRIµP TI are defined only by the

energy distribution of the ions at the end of the magnetic separator. This keeps

the dimensions of the Thermal Ionizer small providing fast extraction and, thus,

high total efficiencies for short-lived isotopes. Advantageous in the case of the
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TRIµP Thermal Ionizer is the possibility for easy handling and modification of

the setup because activation is negligible.

3.2 Thermal ionizers

The basic operation of the Thermal Ionizer can be divided into several consecutive

parts: stopping, diffusion, effusion, ionization, and extraction. The main parts of

the TRIµP Thermal Ionizer setup are shown schematically in Fig. 3.4. Ions are

stopped in tungsten foils which are placed in a tungsten cavity. In the experiments

reported here a stack of 9×1.5 µm foils was used. The total thickness of the foils

covers the range distribution of the isotopes, considering the energy distribution

at the end of the separator. The isotopes stopped in the foils move to the surface

of the foils by diffusion. This process is enhanced by heating the foils of the

cavity to high temperatures. At the foil surface the isotopes can escape. Multiple

collisions occur with the cavity walls and the ion-electron plasma inside the cavity

volume. During collisions the charge state of the isotope may change many times.

An electric field gradient formed by a DC potential on the extraction electrode

allows extraction of the ions through the exit aperture. The extraction thus

requires the isotopes to be ionized. Isotopes leaving the aperture as atoms will

be lost.

Heating of the cavity is done by electron bombardment from surrounding

W filaments heated by an electric current. The electrons are guided towards the

tungsten cavity surface by applying a DC electric potential (∼ 600 V). In order to

concentrate the heat to the inner parts, several heat shields are used surrounding

the cavity. At the temperature of the inner cavity the main heat transfer mecha-

nism is radiation while in regions at lower temperature conduction is dominant.

Water cooling of the outer heat shields is used to keep the vacuum chamber

at room temperature. The thickness of the heat shields upstream of the cavity

have to be taken into account in the stopping calculation. The Thermal Ionizer

requires a tungsten cavity operating at temperatures above ∼2500 K, which is

technically challenging. Operation at such high temperature requires appropriate

design and material choices. In order to reach sufficient temperatures but prevent

overheating, readout and control of the temperature is required. Operation at

high temperatures limits the lifetime of the heated parts, for example the cavity

walls and filaments, which requires that provisions for maintenance of these parts

should be considered in the design.
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Fig. 3.4: Schematic of TRIµP Thermal Ionizer.
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3.2.1 Stopping of ions in solids

The radioactive isotopes have high energies when leaving the separator. A ro-

tatable degrader is placed close to the Final Focal Plane (FFP) of the separator

that is used for fine adjustment of the stopping range in the tungsten foils of the

Thermal Ionizer. The rotatable degrader system used for the Thermal Ionizer

commissioning measurements consisted of a 40 µm Al foil. Downstream from

the degrader there are three tungsten foils with thicknesses 55, 4, and 4 µm that

also act as heat shields of the Thermal Ionizer. The mean magnetic rigidity and

corresponding energy of the ions are obtained from the settings of the bend-

ing magnets in the second section of the separator. The energy distribution is

calculated taking into account the energy acceptance of the separator and the

additional widening due to straggling effects from the slowing in degraders and

foils. There are 9 tungsten stopping foils each with a thickness of 1.5 µ. Thick-

ness inhomogeneities are taken into account for the estimate of the final stopping

range distribution.

3.2.2 Diffusion of ions in solids

When the desired isotopes are stopped inside the Thermal Ionizer foils they have

to come to the surface by diffusion. The diffusion process is governed by the

diffusion equation [Cha43], which can be derived from Fick’s laws [Fic55] and the

continuity equation

∂C

∂t
= D∇2C(~r, t), (3.1)

where C is the concentration of the diffusing particles per unit volume at a given

position ~r in the foil at time t and D is the diffusion coefficient, which is considered

to be constant in the foil.

The steady state diffusion (Fick’s first law), i.e. when the concentration of

the particles C does not change in time, is given by

~j = −D∇C(~r), (3.2)

where ~j is the flux of the particles at any position ~r inside the foil volume.

The diffusion constant D depends on the material temperature T

D(T ) = D0e
− E0

RT , (3.3)
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Fig. 3.5: Calculation of the fractional release efficiencies for 20Na and 21Na ions from
a 1.5 µm foil for different diffusion constants (Eq. 3.4). The efficiencies represent the
fraction of isotopes which would reach the surface within one half-life, for 20Na and
21Na this is 448 ms and 22.5 s, respectively.

where D0 and E0 are the Arrhenius coefficients for diffusion, representing the

maximum diffusion constant D for T →∞ and the activation energy for diffusion,

respectively.

Analytical solutions of the diffusion equation [Cra79, Fuj81] for an infinite foil

with a thickness d lead to the fractional release efficiency after a time t (assuming

homogeneous deposition of the isotopes and extraction from both surfaces)

εd(t) = 2

√
tD

d2
tanh

(√
d2

4tD

)
, (3.4)

which allows one to estimate efficiencies in case of radioactive isotopes by substi-

tuting t with T1/2, which is the half-life of the radioactive isotope. The release

efficiency curve for 20Na (T1/2 = 0.448 s) and 21Na (T1/2 = 22.5 s) and a 1.5 µm

thick foil is plotted versus the diffusion constant D(T ) in Fig. 3.5.

Measured data for D(T ), D0, and E0 are available for a large variety of

elements and materials. Diffusion data for sodium in tungsten could not be

found in the literature, however data exist for lithium and potassium in tungsten

[McC60, Lov63, Bay83, Kir92], as well as, data for lithium, and potassium in

various refractory metals [Kla66, Kir92, Del02] and sodium in platinum [Kla66].



3.2 Thermal ionizers 59

Estimation for diffusion of sodium in tungsten was done by scaling of diffusion

data for other alkaline metals in tungsten [Sch58]

D(M1)

D(M2)
∝

√
M2

M1

, (3.5)

where D(M1) and D(M2) are the diffusion constants for isotopes with mass M1

and M2, respectively. The scaling can be done both for the diffusion constants

D(T ) at a given temperature.

Data for diffusion coefficients D0 and E0 and constants D(T ) from the liter-

ature are listed in Tables 3.2.2 and 3.2.2. The data vary by orders of magnitude

for the same isotope in the same lattice. The reason for that is probably in the

differences in the details of the experiments. Often the substructure of the host

material is not taken into account and the surface diffusion or grain boundary

diffusion are measured instead of lattice diffusion. For the Thermal Ionizer lat-

tice diffusion should be considered since the ions are implanted mainly inside the

grains.

Element Material D0 [m2/s] E0 [kJ/mol] T range [K] Reference

Li Tantalum 2.0·10−9 145 1423 - 1773 [Kla66]

Li Tungsten 8.2·10−3 234 1000 - 1400 [McC60]

Li Tungsten 3.5·10−4 170 1365 - 1500 [Lov63]

K Tungsten 3.0·10−5 44 1000 - 1673 [Bay83]

K Tungsten 3.0·10−5 73 1000 - 1673 [Bay83]

K Rhenium 3.0·10−4 517 2200 - 2300 [Del02]

Li Platinum 5.0·10−7 222 1423 - 1773 [Kla66]

Na Platinum 5.5·10−5 290 1423 - 1773 [Kla66]

Table 3.1: Arrhenius coefficients D0 and E0 for alkaline elements in refractory metals
and platinum derived from measured diffusion constants in a given temperature range.

Values of D(T ) for 20Na obtained by scaling (Eq. 3.5) are shown in Table 3.2.2.

The results differ by a few orders of magnitude leading to a large uncertainty in

the estimation of the diffusion delay related efficiency (Fig. 3.5).

An unexpected behavior can be observed from the diffusion data showing

varying diffusion values at high temperatures [Kir92]. The reason for that may

be that diffusion mechanisms change with temperature [Kir92, Bey03].

Time-dependent fractional release profiles for sodium diffusion in tungsten

foils were obtained also using the diffusion part of the Monte Carlo code Ra-

dioactive Ion Beam Optimizer (RIBO) [San05]. The program can be used for
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Element Material D(T ) [m2/s] T [K] Reference

Li Tantalum 1.2·10−13 1773 [Kla66]

K Tantalum 3.3·10−13 2550 [Kla66]

K Tantalum 3.0·10−14 2550 [Kla66]

Li Tungsten 2.4·10−13 1160 [McC60]

K Tungsten 7.2·10−13 2600 [Kir92]

K Tungsten 4.0·10−15 2600 [Kir92]

K Rhenium 3.0·10−16 2250 [Del02]

Li Platinum 2.1·10−13 1773 [Kla66]

Na Platinum 3.0·10−14 1773 [Kla66]

Table 3.2: Diffusion constants for alkaline elements in refractory metals and platinum
measured at different temperatures.

Element Material D(T ) [m2/s] T [K] Reference

Na Tungsten 1.4·10−13 1160 [McC60]

Na Tungsten 1.0·10−12 2600 [Kir92]

Na Tungsten 5.7·10−15 2600 [Kir92]

Table 3.3: Diffusion constants for sodium (Eq. 3.5) estimated from diffusion data for
lithium and potassium (Table 3.2.2).

calculations of various parameters involved in the extraction of ions from ISOL

targets including diffusion, effusion, and ionization processes.

The diffusion mechanism described here does not include the desorption delay

due to the time needed for the ions to leave the surface and the probability for

the ions to re-diffuse inside the stopper foils. Desorption time depends on the

desorption enthalpy ∆HD for a given ion and material [Eic79]. Alkaline and

alkaline-earth elements have very low ∆HD values which allows one to neglect

the desorption delay and re-diffusion.

3.2.3 Effusion

After diffusion to the surface of the stopper foils the elements have to be trans-

ported to the Thermal Ionizer exit. The process of extraction of the elements from

the cavity to the exit aperture is called effusion. During effusion the products

undergo multiple collisions with stopping foils and cavity walls and interactions
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with plasma. The frequency of the latter depends on the mean free path inside

the TI cavity, thus on the background pressure.

The mean delay time for effusion τe is defined as the sum of the total time

spent between collisions with walls and the total time the ions spent on the walls

due to adsorption

τe = χ(τf + τa), (3.6)

where τf is the average time between collisions with the walls, τa is the average

“sticking time”, and χ is the mean number of collisions before leaving the exit

aperture.

The average time between collisions with material surface τf is calculated

from the temperature of the system defining the energy of the particles

τf (T ) = l

√
M

2kT
, (3.7)

where l is the mean distance between materials (estimated by the size of the

cavity and the distance between the foils), M is the mass of the isotope, and k

the Boltzmann constant. The average adsorption time τa, which also depends on

the temperature T , is governed by the Frenkel equation

τa(T ) = τ0e
−Ha

RT . (3.8)

Here 1/τ0 is the frequency factor (τ0 ≈ 10−13 s), Ha the partial molar adsorption

enthalpy, and R the universal gas constant. Adsorption enthalpy Ha and sticking

time τa for different materials are given in Table 3.2.3. In the operation range of

the TRIµP Thermal Ionizer, T from 2200 to 3000 K, the values for τa range from

1.0·10−10 to 1.6·10−11 s, respectively.

The mean number of collision χ1 can be estimated for neutral particles by the

ratio of the total area of materials inside the cavity (walls and stopping foils) Ac

and the exit aperture area Aa. The exit aperture of the TRIµP TI has a diameter

of 0.30 cm (Aa ≈ 0.071 cm2). The total surface area is Ac ≈ 155 cm2 giving an

estimate for the number of collisions, χ1 ≈ 2000.

For charged particles this estimate is not valid because of penetrating electric

fields through the aperture from the extraction electrode. The estimation in that

case can be done by the ratio of the total cavity volume Ac and Ae which is

the area inside the cavity where the electric potential is equal to the thermal

energy of the ions kT . In order to estimate Ae, the Thermal Ionizer has been
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Element Material Tmelt [K] ∆Ha [kJ/mol] τa [s] Texp [K]

Na Pt 2042 130.0 8.2·10−10 1735

Na Mo 2896 80.2 5.0·10−12 2462

Na Ta 3290 125.4 2.2·10−11 2797

Na Re 3459 184.9 1.9·10−10 2940

Na W 3695 127.1 1.3·10−11 3141

Al W 3695 431.8 1.5·10−6 3141

Si W 3695 616.8 1.8·10−3 3141

C W 3695 888.3 5.9·10+1 3141

Table 3.4: Enthalpy of adsorption ∆Ha and sticking time τa measured at different
temperatures Texp for sodium on different materials [Ros84].

modeled in the program Femlab [Zim04] and electric potentials inside the cavity

were calculated (Fig. 3.6). Equipotential lines corresponding to -0.1 V, -0.2 V,

-0.3 V, and -0.4 V are indicated in the plot. The ion energy at T = 2300 K is

0.2 eV and 0.3 eV at T = 3500 K corresponding to Ae of 1.14 and 0.85 cm2,

respectively. The mean number of ion collisions in the cavity at T = 2300 K and

at T = 3500 K was calculated to be χ2 ≈ 136 and χ2 ≈ 182, respectively.

Since χ1 À χ2, the maximal effusion delay can be estimated using χ1. Effusion

delay times were obtained for χ1 = 2000 and T = 2000 K resulting in χ1τf

= 2.4 µs, χ1τa = 0.5 µs, and the mean effusion delay τe = 2.9 µs. Both τf

and τa decrease with further increase of the temperature. The obtained results

are many orders smaller than the lowest estimated delay from the diffusion in

the stopping foils and, for sodium extraction from the TRIµP Thermal Ionizer,

effusion delay can be neglected. This is due to the very low adsorption enthalpy

(and corresponding sticking times) for sodium on tungsten. In case of other

isotopes, for example aluminium, silicon, and carbon (Table 3.2.3), the delay due

to effusion is comparable or greater than diffusion related delay and should not

be neglected.

3.2.4 Ionization and beam formation

The isotopes have to be ionized in the Thermal Ionizer in order to be extracted

as an ion beam. Extraction is done by applying a negative electric potential on

the extraction electrode shown in Fig. 3.6.

The main ionization mechanism is surface ionization which occurs during ion
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Fig. 3.6: Calculation of electric potentials inside the TI cavity created by setting the
TI extraction electrode to -9.5 kV. Equipotential lines are shown for U= -0.1, -0.2, -0.3,
and -0.4 V. A schematic trajectory of an ion is shown in the plot.

collisions with ionizer walls. Charge-changing processes in the ionizer volume, i.e.

not at the surfaces, can be neglected due to low probabilities depending on the

mean free path λ of the ions/atoms inside the ionizer volume and the ionization

potentials of the elements inside the cavity. At lower TI operation temperatures

(below ∼ 2500 K) the background pressure stays below ∼ 10−4 mbar and λ

(taking an upper limit for the interaction radius of ∼ 10−9 m) is several orders

higher than the mean distance between the cavity walls and the stopping foils

(< 3 mm). At temperatures & 2500 K the vapor pressure in the tungsten cavity

increases significantly and λ can be of the order of 1 mm thus collisions in the

volume should be taken into account.

The degree of surface ionization αs is completely given by the Langmuir equa-

tion [Lan25]

αs =
nis

nas

=
gi

g0

exp

(
ϕ−Wi

kT

)
, (3.9)

where nis and nas are the ion and atom densities, respectively, evaluated near

the cavity surface. They can be considered uniform in the whole cavity volume

at low temperatures. gi and g0 are the statistical weights of the ionic and atomic

states, respectively, obtained from the total angular momentum of the states Ji,0
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Fig. 3.7: Dependence of surface ionization efficiency εsi on ϕ−Wi plotted for various
surface temperatures. Original figure adapted from [Kir81]. Additional horizontal
dotted stripes are estimates of the surface ionization efficiencies for sodium in tungsten
cavity at different temperatures T = 2000, 2500, and 3000 K. The vertical dotted stripe
represents the difference ϕ − Wi ≈ −0.7 eV which is estimated including corrections
for gi/g0 = 0.5. The temperature dependence of ϕ of tungsten has different values in
literature which are included in the estimation.

(gi/g0=1/2 for alkali elements). ϕ and Wi are the work function of the ionizing

material and the first ionization potential of the element of interest, respectively.

The surface ionization efficiency is then

εsi =
nis

nis + nas

=
αs

1 + αs

. (3.10)

Fig. 3.7 shows the surface ionization efficiencies as a function of ϕ−Wi (cor-

rected for the statistical weights) for different temperatures T . The ionization

efficiency for sodium on a tungsten surface is calculated to be between 1 to 9 %

for T in the range from 2000 to 3000 K. The uncertainty of the tungsten work

function ϕ dependence on the temperature T is taken into account in the cal-

culation. The surface ionization efficiency for sodium on tungsten surface was
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measured to be in the range from 6 to 8 % in the temperature range from 2200

to 2850 K [Dat56].

At higher temperatures (&2400 K for W) the ionization efficiency increases

due to the “hot cavity” effect related to the formation of quasineutral plasma in

the cavity volume [Lat75, Afa77, Kir81, Kir90]. This effect is explained below.

The tungsten cavity of the TRIµP Thermal Ionizer is heated by electron bom-

bardment from two tungsten filaments outside the cavity. Thermionic emission

is quantified by the Richardson’s law [Ric21]

J = A0T
2 exp

(
− ϕ

kT

)
, (3.11)

where J is the current density, T and ϕ the material temperature and work func-

tion, respectively, and A0 = 4πmeek
2/h3 = 120.2 AK−2cm−2 is the Richardson’s

constant (me is the electron mass). Electrons are emitted also from the tungsten

stopping foils and the inner walls of the cavity. The density of electrons nes at

the tungsten surface is

nes = 2

(
2πmek

h2

)3/2

T 3/2 exp
(
− ϕ

kT

)
, (3.12)

where h is Planck’s constant. At temperatures above ∼2100 K the electron

density nes ≈ 109 cm−3 becomes comparable with the ion density nis from the

surface ionization of the elements in the cavity (mainly tungsten vapour and

alkaline impurities). With further increase of the temperature both nes and nis

increase, but the density of the emitted electrons from the surface surpasses by

few orders the total ionic density ni. At these densities the electrons, ions, and

atoms form a quasineutral plasma in the cavity volume (ni ≈ ne) while the

majority of the electrons are concentrated near the tungsten surface and form a

potential wall resulting in a negative potential Uplasma inside the cavity volume.

The quasineutrality assumption is valid when the Debye length λD of the

charged particles is smaller than the distances between the walls and the stopping

foils inside the cavity

λD =

√
ε0kT

nee2
, (3.13)

where ε0 is the vacuum permittivity, ne is the density of the electrons inside the

plasma. A calculation for the TRIµP Thermal Ionizer at T = 2100 K and ne ≈
ni ≈ 109 cm−3 results in λD = 0.1 mm which decreases further with increasing

charged particle densities.
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Fig. 3.8: Block diagram illustrating element states and processes in the Thermal Ionizer
operating in the hot cavity regime.
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Fig. 3.9: Electric potential calculation inside the TI volume including the formation
of a plasma potential (Uplasma = -0.7 V at T = 2500 K) which increases the kinetic
energy of the ions in the TI volume. The height represents the electric potential in
the plot. All surfaces remain at ground potential. Ions leaving the cavity surface at
ground potential accelerate due to the plasma potential formed near the surfaces. If
an ion collides with a thermalized particle in the volume, the kinetic energy of the ion
is reduced and the ion cannot reach a surface and stays trapped in the volume. Atoms
leave the surface without being accelerated (at thermal energies) and if ionization occurs
in the volume the resulting ions will be trapped in the plasma potential as well. These
two mechanisms lead to the increase of the ionization efficiency (hot cavity effect).
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The plasma potential Uplasma due to the excess of electrons at the surface is

given by

Uplasma =
kT

e
ln

(
ni

nes

)
. (3.14)

Data from off-line measurements with the Thermal Ionizer of the vapour pressure

dependence on the cavity temperature were used for the estimation of the sum of

the neutral and ionic densities, n0 and ni, and the corresponding nis for surface

ionization of Na from equation 3.9. The measured background pressures are due

to tungsten material evaporation and the outgassing impurities, mainly sodium,

potassium, aluminium, and calcium, of which only potassium has a lower ioniza-

tion potential Wi(K) = 4.34 eV than sodium. A strict upper limit on ni can be

used by assuming that the measured pressure is entirely due to ionized vapour

(ni ≈ n0 + ni). The corresponding plasma potential Uplasma for T = 2200 K and

T = 2500 K was calculated to be -0.2 V and -0.7 V, respectively.

The negative plasma potential acts as a trap for thermalized positive ions

which prevents wall collisions of the ions from the plasma. This increases the

total degree of ionization α by an “amplification factor” N compared to the

degree of surface ionization

α = Nαs = N
gi

g0

exp

(
ϕ−Wi

kT

)
, (3.15)

and

N ≤ NTE =
nes

ni

= exp

(−eVp

kT

)
, (3.16)

where NTE is the maximal amplification which can be obtained in case of thermal

equilibrium, i.e. when the elements are held sufficiently long in the cavity volume.

The processes related to the hot cavity effect are illustrated in Fig. 3.8 and an

electric potential calculation in the TI taking into account the plasma potential

(Uplasma = −0.7 V) is shown in Fig. 3.9.

The thermal equilibrium condition is not fulfilled (and not desired for short-

lived isotopes) for the Thermal Ionizer due to the presence of an exit aperture

allowing ions and atoms to leave the cavity. The probability for ion thermalization

increases with plasma density. This is done either by increasing Thermal Ionizer

temperature or by filling the cavity with low pressure noble gas [Kir90]. In

practice, the amplification factor N can not surpass the mean number of wall

collisions of the ions χA. Typically, N is a few times smaller [Kir90] (Fig. 3.10).
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Fig. 3.10: Ionization efficiency amplification in hot cavities [Kir90]. For the given
ionizer design at T = 2850 K the amplification factor N is estimated to be 150 from
measured efficiencies for various ions (squares). Figure adapted from [Kir90].

The extraction efficiency εextr is increased compared to the ionization effi-

ciency εi due to the presence of a penetrating electric field through the exit

aperture of the cavity. The amplification is equal to the ratio χ1/χ2 and the

resulting extraction efficiency is

εextr =
χ1

χ2

εi. (3.17)

The amplification χ1/χ2 is ≈ 16 for the TRIµP Thermal Ionizer at 2300 K which

means that high extraction efficiencies (& 80 % for εi & 5 %) are even expected

below the temperature range for the hot cavity effect.

3.3 The Thermal Ionizer for TRIµP

3.3.1 Design and specifications

The Thermal Ionizer was designed as an ion catcher for alkaline and alkaline

earth elements [Der05]. The material of choice for the cavity walls and stopping

foils is tungsten because of its high working temperature allowing utilization of
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the hot cavity (plasma) ionization. In addition, diffusion and effusion related

delays are highly reduced at high temperatures which is beneficial for short-lived

isotopes. The main parts, the tungsten cavity and stopping foils, the electron

bombardment heating system, the heat shields, the water cooling of the chamber,

and the electrostatic extraction are shown in Fig. 3.4. The dimensions of the main

cavity elements are listed in Table 3.3.1.

Cavity length 25 mm

Cavity diameter 30 mm

Stopping foils diameter 25 mm

Stopping foils thickness 1.5 µm

Distance between foils 1 mm

Number of foils 9

Entrance windows thickness 62 µm

Table 3.5: Main elements of the Thermal Ionizer. All elements are made of tungsten.

Platinum was used as an alternative material for the ion stopping foils. The

main advantage of platinum is its high work function ϕ = 5.65 eV provides high

ionization efficiencies for surface ionization at lower temperatures. Efficiencies

for ionization of sodium on tungsten and platinum surfaces were measured some

time ago [Dat56]. The surface ionization efficiencies for sodium on tungsten are

. 8 % in the temperature region below 2850 K, whereas an efficiency of 84 % is

reached for platinum at 1700 K. The diffusion constant for sodium in platinum

was measured at 1773 K in [Kla66], D(1773) = 3 ·10−14 m2/s. The lower melting

point of platinum (2045 K) compared to tungsten (3683 K) is the main limiting

factor to achieve fast release from the foils which makes platinum not suitable

as a stopper for short-lived isotopes despite the high ionization efficiency, as was

found empirically.

Different materials for the stopping foils and the cavity walls can be used for

optimizing diffusion and ionization separately. However, possible deposition and

monolayer formation on the cavity walls from evaporated stopping material will

influence the ionization properties and should be considered in such designs.

3.3.2 Experimental setup

The main goals of the first measurements with the Thermal Ionizer were to verify

the operation principles of diffusion, effusion, and ionization in the hot cavity and
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Fig. 3.11: A schematic of the Thermal Ionizer setup.
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Fig. 3.12: Photograph of the experimental setup used for the commissioning measure-
ments with the TRIµP Thermal Ionizer. Secondary isotope beam direction is from left
to right.
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to draw conclusions about critical design parameters for future improvements of

the setup.

The isotope used for the commissioning measurements was 20Na (T1/2 = 448

ms). Its production and separation were described in Chapter 2. The experimen-

tal setup of the Thermal Ionizer is shown in Fig. 3.11 and 3.12. The positions of

various parts are indicated. The detector upstream of the Thermal Ionizer, E2,

is a silicon detector used for ∆E − TOF measurements to identify and optimize

the incoming current of the produced isotopes. The detector E3 is positioned

behind the extraction electrode of the Thermal Ionizer to measure the rate of de-

layed α particles from the β-decay of 20Na. The branching ratio for the α decay

is 16.37 ± 1.28 % [Til98]. A 1.8 µm thick aluminium foil is placed in front of

E3 in order to stop the ions extracted from the Thermal Ionizer and detect the

alpha-particles from the decay of 20Na. The decay of 20Na has been studied and

the alpha lines and branching ratios are well known [Cli89].

3.3.3 Measurements of 20Na stopping and extraction

Stopping and identification of 20Na

After production and separation in the magnetic separator, the next step is to

ensure that the isotope of interest, 20Na, stops in the foils of the Thermal Ionizer.

A total of 9 foils of 1.5 µm thickness and 2.5 cm diameter mounted on a tungsten

frame were used. The mean energy of the ions was determined by the magnetic

rigidity settings of the magnets. To allow varying of the implantation depth a

rotatable 40 µm Al degrader was used for fine adjustment of the energy of the

incoming ions. In this way the maximum of the stopping range distribution can

be adjusted to the center of the stopping foils.

Four different magnet settings were used in the commissioning measurements.

Two of the settings correspond to the forward and backward peaks of the 20Na

distribution as discussed in Chapter 2. These two settings differ by ≈ 5 % in

momentum. The other two settings used a 30 µm Al degrader in the Intermediate

Focal Plane (IFP) of the separator to change from “stopping mode” (inside the

Thermal Ionizer foils) to “shoot-through” mode (implantation in E3). In shoot

through mode the decay lines of the α particles from the decay of the implanted
20Na were observed in E3.

Even in the stopping mode a fraction of the 20Na beam (. 1 %) is not stopped

in the Thermal Ionizer foils due to range straggling and passes through the exit
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Fig. 3.13: Characteristic lines from α particles following 20Na β-decay. Lines B1 and
B2 are obtained from implantation of 20Na ions in detector E3 (secondary beam passing
through the Thermal Ionizer). Lines T1 and T2 are from 20Na ions extracted from the
Thermal Ionizer, accelerated to ≈ 9.5 keV, and implanted in a 1.8 µm Al foil in front
of E3.

aperture of the TI. These ions are implanted in the detector E3 where the full

energy of the α decays is measured (peaks B1 and B2 in Fig. 3.13). The 20Na

ions released from the TI are stopped in the 1.8 µm Al foil upstream of E3, and

only the energy of the emerging α particles is measured in E3 (peaks T1 and

T2). The origin of the α lines was found by turning off the extraction voltage

which made the TI related lines (T1 and T2) disappear while the lines from the

tail of the 20Na distribution (B1 and B2) were seen independent of the extraction

voltage.

Operation of the Thermal Ionizer

The TI efficiency measured for different ionizer temperatures is shown in

Fig. 3.14. Initially, the cavity was heated by radiation from the filaments.
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Fig. 3.14: Temperature dependence o the TI extraction efficiency obtained by measur-
ing deposited energy in detector E3 from 20Na decay related α particles.

The temperature of the Thermal Ionizer was increased by adjusting the cur-

rent through the electron emitting filaments. The α particles from the decay of

the extracted 20Na ions from the Thermal Ionizer were detected first at T ≈ 2000

K with the corresponding TI efficiency εTI = 0.009 %. Their rate was increased

≈ 25 times at 2250 K (εTI = 2.3 %) due to decreased diffusion delay and in-

creased ionization efficiency. The TI efficiency is obtained by measuring the ratio

between the count rate RTI of 20Na ions stopped in the foil in front of E3 and

the count rate Rtotal of 20Na in E2

εTI(
20Na) =

RTI

Rtotal

. (3.18)

RTI is obtained from the measured rate of α particles RTI(α) in E3 taking into

account the branching ratio (16.37%) and the acceptance reduction (18%) due to

the solid angle Ω determined by the distance between the 1.8 µm Al foil and the

detector E3.
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3.3.4 Summary and outlook

The TI efficiency for 20Na can be used to estimate the efficiency for 21Na taking

into account the half-lives of the isotopes.

Surface ionization is dominant at temperatures below 2500 K and the associ-

ated ionization efficiency is ≈ 3% at 2000 K and ≈ 6% at 2300 K (Eq. 3.10 and

Fig. 3.7). The extraction efficiency is estimated to be ≈ 16 times higher than the

ionization efficiency due to the penetrating field inside the cavity (Section 3.2.4),

reaching a value of & 90% at 2300 K. The extraction efficiency and the calcu-

lated diffusion release curves in Fig. 3.5 can be used to estimate the efficiency of

the TI for 21Na in the same temperature region. A 2.3% TI efficiency for 20Na

corresponds to 16% for 21Na.

The design temperatures for optimal operation of the Thermal Ionizer were

not reached due to electric short-cuts of the filaments at high temperatures. Cor-

rection will require a modification of the support of the filaments. The efficiencies

are expected to be significantly increased at higher temperatures due to shorter

diffusion times and the increasing significance of the hot cavity effect. Currently,

an improved Thermal Ionizer is being built and will be tested. A large num-

ber of thinner stopper foils will be used and higher operation temperatures are

expected.



Chapter 4

Radioactive beam emittance

improvement

Short-lived isotopes produced and separated by the TRIµP magnetic separator

are slowed down in the next stage - the ion catcher. Even though the ions have

been dramatically slowed in this process the emittance of the radioactive beam at

the exit of the ion catcher stage is much larger than the acceptance of the MOT

stages where the actual experiments are planned. Placing a MOT stage right

after the ion catcher would lead to unacceptably low collection efficiency. A Ra-

dio Frequency Quadrupole (RFQ) cooler/buncher stage can cool the radioactive

beam from the ion catcher and thus improve the beam emittance. In addition,

the buncher stage of the system can be used to provide a pulsed beam.

There are various operating physics facilities where beam cooling techniques

are used, such as electron cooling [Bud66] and stochastic cooling [vdM85]. The

first technique utilizes the ion-electron collision cooling. The same collisional

principle is used in the buffer gas cooling technique, where the ions are cooled

by collisions with light gas atoms. This technique is adapted in various nuclear

facilities, such as IGISOL (JYFL) [Den00], ISOLDE (CERN) [Lun00], LEBIT

(NSCL) [Sch02], SHIPTRAP (GSI) [Dil00], and SPIRAL (GANIL) [Cha99].

RFQ cooler/buncher systems rely on radial confinement using a Radio Frequency

Quadrupole field, buffer gas cooling and axial DC field extraction.

75
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4.1 Ion beam confinement, cooling and extrac-

tion

4.1.1 Phase space and beam emittance

An ion beam can be characterized by a mass A, a charge state Q and a mean

energy E of the particles. This is sufficient for a number of applications. Ad-

ditional information about the relative positions x, y, and z and momenta Px,

Py, and Pz of the particles allows a more detailed description. To each of the

particles a six-dimensional state vector Z can be assigned referring to position

and momentum, thus

Z = (x, y, z, Px, Py, Pz). (4.1)

The phase space distribution is a quantity defined by all state vectors of the

particles in the beam. In principle, knowing the vectors Z of all the particles

gives the full beam characterization. In reality identification of all of the vectors

is a heavy and unnecessary task. Instead a quantity called emittance is used which

is connected to the phase space of the particles in the beam. It is a product of the

beam spot size and its divergence. Emittance can be thought of as the volume of

the “cloud” of particles in phase space. Total emittance can be decomposed into

three orthogonal components which are independent of each other. For example,

εx is the emittance in the transverse direction x. It depends on the divergence

αx which is defined as the ratio of the transverse velocity Vx and the longitudinal

velocity Vz. Emittance in beam physics is commonly measured in units of [mm

mrad]:

εx = πxαx = πx
Vx

Vz

. (4.2)

The transverse emittance εy is given in a similar way. Transverse emittances

depend on the longitudinal velocity, and thus they are related to the beam energy.

This implies that for quantitative comparisons transverse emittance must be given

together with the beam energy. An alternative is to use a “normalized” transverse

emittance εnx which removes the influence of the longitudinal velocity:

εnx = γβεx =
1√

1− β2
βεx, (4.3)

where β is the ratio Vz/c which is the longitudinal velocity in units of c.
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4.1.2 Liouville’s theorem

Liouville’s theorem [Wu87] in classical mechanics states that the phase space

density of an ensemble of particles is constant in a system without dissipative

forces. It implies that the beam phase space density cannot be compressed with

conservative forces only. If all three directions x, y, and z are independent of

each other, Liouville’s theorem can be simplified, stating that the phase space

volumes in each direction (x, Px), (y, Py), (z, Pz) are conserved separately if only

conservative forces are applied. If dissipative forces are involved [Lic56], normally,

the beam emittance will increase. An example is the passing of a beam through

matter which worsens the beam properties due to straggling.

However, a combination of conservative and dissipative forces can be used

for beam emittance reduction. The main idea of buffer gas cooling in ion beam

guides and traps is based on combining conservative electromagnetic forces with

dissipative forces from collisions of the beam particles with gas atoms/molecules

to achieve a beam with a lower transverse velocity and thus lower emittance.

4.1.3 RF radial confinement

Charged particles can be confined in space by the use of a combination of elec-

trostatic and magnetic fields (Penning traps) or by combination of electrostatic

and oscillating electric fields (Paul traps and RFQ guides).

Penning traps are based on a design by Penning [Pen36] when he used a

magnetic field to confine the transverse motion of ions produced in gas discharges.

The design of Penning traps, as they are known now, is attributed to Dehmelt

and his co-workers at the University of Washington [Deh67].

Paul traps and their elongated version - the Radio Frequency Quadrupoles

are based on the combination of oscillating electric fields and electrostatic fields.

This was first accomplished by Paul [Pau58] and are considered to be the first

successful ion trapps. For the development of the ion trap technique Dehmelt

and Paul were awarded the Nobel Prize in Physics in 1989.

The Radio Frequency Quadrupole is a modified version of the Paul trap. The

main difference is in the shape of the RF electrodes. A schematic drawing of

a RFQ system is shown in figure 4.1. The confinement of charged particles in

the radial direction is accomplished by the use of alternating electric quadrupole

fields. The field is obtained by applying electric potentials alternating with a

radio frequency on the RFQ electrodes URF . Additionally a DC potential UDC

can be applied on the rods. The applied potential on the quadrupole rods, as
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+Φ0

−Φ0

Φ0=UDC+URFcos(ωRFt)

Fig. 4.1: Schematic drawing of a linear Radio Frequency Quadrupole and applied
potentials.

shown in figure 4.1, has an amplitude Φ0:

Φ0 = UDC + URF cos(ωRF t), (4.4)

where ωRF = 2πν is the angular oscillation frequency and URF is the RF ampli-

tude. The nonrelativistic motion of a charged particle in a combined electric and

magnetic field is described by

~F = Q~E + Q

(
d~r

dt
× ~B

)
, (4.5)

where Q and d~r
dt

are the charge and the velocity of the ion, ~E is the electric and
~B the magnetic field. For an electric field only

~F = Q~E = −Q∇Φ(r, t), (4.6)

where Φ(r, t) is the electric potential at the position of the ion. The equation of

motion of a charged particle is then

d2r

dt2
= − Q

M
∇Φ(r, t). (4.7)

For an ideal quadrupole field in any position (x, y) between the rods the potential

Φ(x, y) can be calculated from the potential on the rods Φ0, taking into account

that the distance between opposite rods is 2r0,
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Φ(x, y) =
x2 − y2

r0
2

Φ0. (4.8)

The motions in x and y directions are then given by

d2x

dt2
+

2Q

Mr0
2

(UDC + URF cos(ωRF t)) x = 0, (4.9)

d2y

dt2
− 2Q

Mr0
2

(UDC + URF cos(ωRF t)) y = 0. (4.10)

4.1.4 Mathieu equations and stability diagram

The differential equations 4.9 and 4.10 are known as Mathieu’s equations and

can be rewritten using the dimensionless parameters a, q, and τ called Mathieu

parameters:

d2x

dτ 2
+ (a + 2q cos(2τ))x = 0, (4.11)

d2y

dτ 2
− (a + 2q cos(2τ))y = 0, (4.12)

where a, q and τ are:

a =
8QU0

Mr0
2ωRF

2
, (4.13)

q =
4QURF

Mr0
2ωRF

2
, (4.14)

τ =
ωRF t

2
. (4.15)

Mathieu equations have both stable and unstable solutions. Radial confine-

ment in RFQ systems is obtained in the case of stable solutions both in x and

y directions. There are several regions of confinement stability in the Mathieu

stability diagram at high values of a and q (Figure 4.2 left panel) , but the most

used stability region is defined by q < 0.91 and small a (Figure 4.2 right panel).

As can be seen in Eq. 4.13-4.14 the parameters a and q depend on the U0 and

URF respectively. Both parameters also depend on the charge-to-mass ratio Q/M

of the ion and quadratically on the distance 2r0 between opposite rods (Fig. 4.1)

and the oscillation frequency ωRF . There is no dependence on the velocity of the

ions, which together with the dependence of the stability on Q/M , is the reason
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Fig. 4.2: Mathieu stability diagrams. Figures adapted from [Muk04].

for the wide use of RF quadrupoles as mass filters and spectrometers. In the

scope of this thesis a and U0 will be always zero for simplicity.

Radial confinement of the ions in RFQ systems relies on the inhomogeneity of

the electric fields between the quadrupole rods. In the case of a quadrupole field,

the potential in the geometrical center between the rods is zero and increases

with the distance from the center (Equation 4.8). This field inhomogeneity leads

to a small average force in direction towards the low field regions, closer to the

center of the RFQ, and results in a “pseudopotential” well for the ions, introduced

in [Deh67]. The pseudopotential Φps(r) for the ions confined by the RF field is

proportional to the applied RF amplitude URF ,

Φps(r) =
QURF

4r0
2

r2, (4.16)

where r is the distance from the central axis.

The stable motion of ions in the RF quadrupole electric field can be decom-

posed into two separate oscillatory motions. Firstly, the micro-motion which is

caused directly by the electric field oscillations, thus having the frequency ωRF .

This harmonic motion follows the strength of the electric field, thus has the largest

amplitude in the regions far from the central axis and is zero on axis. The other

motion, called macro-motion, is associated with the pseudopotential Φps and has

a lower frequency ωmacro which can be related to ωRF :
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ωmacro ≈ q

2
√

2
ωRF . (4.17)

The macro-motion has a typical harmonic-oscillator appearance at lower values

of the q parameter (/ 0.5). It is not well defined at higher q (as will be seen later

in the experimental results in figure 4.8).

Choosing RFQ operating parameters, such as URF and ωRF , for the confine-

ment stability range q < 0.91 when a=0 could lead to the conclusion that con-

finement is always achievable having only the correct URF to ωRF ratio (4.14).

However, this is only true in case of low ion densities, low background gas pres-

sure and without axial electric fields. For high ion densities, as in the case of

ion trapping at the end of the buncher (see section 4.1.8), space charge effects

become significant (section 4.1.7). As shown later, the pseudopotential depth

decreases when an axial drag potential and/or higher gas pressure is present

(equation 4.31). Thus, the use of high URF and ωRF is preferable when staying

well within the stability region. A higher pseudopotential Φps(r) will increase

the loading capacity in the trap region. The increase of the RF amplitude is

limited by the increased probability for electric discharges and also due to limits

of RF power supplies and electronics. This was taken into account in the design

of TRIµP RFQ system.

4.1.5 Buffer gas cooling

Buffer gas ion cooling decreases the ion kinetic energy to thermal energies based

on the interactions between the beam ions and the buffer gas. There are two

types of interactions between the beam ions and the buffer gas atoms/molecules

which do not lead to ion losses. At higher beam energies (more than few eV )

the interaction may be considered as hard-sphere collisions with cross sections

calculated from the radii of the interacting substituents (equation 4.22). At

lower energies the main effect on the ions is due to the long-range interactions of

the ions with the ion-induced polarization of the buffer gas atoms. In this case,

measured ion mobilities in different gases are used in ion cooling calculations

(section 4.1.6).

4.1.6 Ion mobilities in gases

For low beam energies the cooling process is similar to the mechanical viscous

drag force of objects in fluids. In this case the drag force ~F is proportional to the
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mass of the ion M and the relative velocity V of the object and the fluid,

~F = −δM ~V . (4.18)

The proportionality coefficient δ depends on several parameters. It is inversely

proportional to a parameter called ion mobility K, which is a measure of how

fast an ion can move in the gas under the influence of electric fields,

δ =
QE

MVd

=
Q

MK
, (4.19)

where Vd is the ion drift velocity, Q their charge, and E the electrostatic field

strength.

Measured ion mobilities of various positive and negative ions in different gases

were compiled by Ellis [Ell76], [Ell78], and [Ell84]. They were measured at dif-

ferent temperatures T and pressures p. To obtain the mobilities for the actual

gas pressures and temperatures of the RFQ buffer gas system scaling is used

according to

K(p, T ) =
p0

p

T

T0

K0, (4.20)

where K0 is the reduced mobility which is measured for normal conditions (T0=293

K and p0=101.3 kPa).

Ion mobility in gases is highest at lower ion velocities and can be considered

constant at kinetic energies lower than 1 eV (see Fig. 4.3). Thus, the maximum

mobility Kmax can be used to estimate the buffer gas cooling using the minimal

damping

δmin =
Q

MKmax

. (4.21)

The hard-sphere collisions model can be used for energies above a few eV.

The hard-sphere model uses the ion and atom radii to obtain a geometrical cross

section σ,

σ = π(rion + rgas)
2. (4.22)

Several useful parameters like the mean free path λ between collisions as well

as the collision rate Γ , the collision probability P(t) and the number of collisions

N (t) can be obtained from the cross section σ

λ =
1

σn
=

A

σNAρ
=

kT

σp
, (4.23)
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Fig. 4.3: The mobility of 39K+ in He versus kinetic energy. Data points correspond to
the measured mobility of K+ while the dotted line corresponds to the equivalent hard-
sphere mobility KHS defined in Eq. 4.28. The solid line represents a fitted parameter
function for K and KHS . The figure is taken from [Lun99].

Γ = σnV, (4.24)

N(t) = Γt, (4.25)

P (t) = 1− e−σnV t (4.26)

∼= σnV t (for t ¿ 1/σnV ), (4.27)

where V is the relative ion-gas velocity, ρ is the cooling gas density, n the atomic

density, A its molar mass, and NA is Avogadro’s number.

The hard-sphere collision model can be compared to viscous damping by in-

troducing the “equivalent mobility” for hard-sphere collisions KHS [Lun99]

KHS =
2Q

M

(M + mgas)
2

Mmgas

1

nσV
, (4.28)

where mgas is the mass of the gas atoms/molecules. The equivalent mobility

for hard-sphere collisions can be then used for the calculation of the damping

force. The two mobility regions can be combined together by a function with

fitted constants [Lun99].

Buffer gas cooling makes the ion motion (eq. 4.9 and 4.10) anharmonic, with

the effect that higher gas pressure reduces the depth of the pseudopotential Φps(r)

(eq. 4.16). In the presence of a drag force the pseudopotential is [Neu04]
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Φps(r) =
QURF ωRF

2

4r0
2(δ2 + ωRF

2)
r2. (4.29)

An increase of the damping term will reduce the depth of the pseudopotential.

In general, δ2 ¿ ωRF
2 but not for all ion/gas combinations.

For kinetic energies > few 10eV the ion mobility decreases and the damping

term becomes a few times higher than the one taken in equation 4.21. For

example, for measured mobilities of Na+ ions in Helium at 0.05 mbar, δ = 0.09

MHz for a thermal ion energy of 0.025 eV and δ = 0.12 MHz for KE = 8.5

eV. Based on the equivalent hard-sphere mobility, we obtain δ = 0.25 MHz for

KE = 100 eV. The values are all significantly smaller than the frequency range of

the TRIµP RFQ: 2π× 0.5 MHz < ωRF < 2π× 1.5 MHz, therefore, the reduction

of Φps due to damping can be neglected for Na+ in helium gas.

4.1.7 Ion loss mechanisms

Ion losses are unavoidable in the cooling process but understanding the main

loss factors can help to design RFQ systems that keep losses as low as possible.

Ion loss mechanisms include: emittance-acceptance mismatches, charge exchange

processes, molecule formations, and fringe field region losses close to the entrance

and exit apertures. For high charge densities, i.e. at high beam currents and long

trapping and accumulation times (section 4.1.8), space charge effects become

significant and losses occur due the reduced depth of the confining potential well.

The acceptance of the RFQ system needs to match the emittance of the incom-

ing beam. The preceding system, in our case is the ion catcher. An estimation

for 20Na and 21Na beams from the TRIµP Thermal Ionizer gives a transverse

emittance εx ≈ 11 mm.mrad after acceleration to 1 keV [Der04].

Charge exchange processes can be avoided if the incoming energy of the ions

is below the limit for charge exchange. This limits the incoming beam energy.

For He buffer gas and Na+ ions, a hard limit is the difference between the first

ionization potentials of helium (24.6 eV) and sodium (5.1 eV). However, having

an initial energy higher than the difference of the ionization potentials does not

mean necessarily that charge-exchange will occur, because the energy transferred

from the ion to the helium atoms will be, in general, less than the incoming

energy of the ions. Nonetheless, a general rule is to use buffer gases with high

ionization potentials.

A very important issue related to ion confinement, charge-exchange and mole-

cule formation is the purity of the buffer gas. An estimation for the probability
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of hitting an impurity molecule can be made by taking the partial pressure of all

impurities over the buffer gas pressure, see equation 4.27. The typical gas pres-

sure range for buffer gas cooling is from 10−2 to 10−1 mbar. The partial impurity

pressure can be obtained by taking into account the residual gas pressure and

the initial purity of the gas. The charge changing cross sections from impurities

can be orders of magnitude larger than the cross sections from the geometrical

radii of the ion and the impurity particles. For this reason the system needs

to be baked before use and the He gas should be sufficiently pure. The initial

pressure in the system before baking was ∼ 10−7 mbar which corresponds to an

impurity-to-helium ratio ∼ 1/100000 at typical cooler pressures.

4.1.8 DC drag field: axial acceleration and bunching

Manipulations with radioactive ions must be done as fast as possible to minimize

losses due to their limited life time. This requires prompt extraction of the ions

from the RFQ system after cooling. Axial DC electric fields are used for this

purpose. A common solution for shaping the axial field is to have segmented

rods. This is also used in the design of the TRIµP RFQ system.

Applying a small potential difference between adjacent rod segments will pro-

duce an accelerating field along the central axis. The drag potential is shown

on Fig. 4.4. In general, the length of the segments has to be in the order of

the distance between the quadrupole rods, 2r0, in order to maintain a sufficient

gradient in the center of each segment. Calculations of electric fields along the

central axis for various segment lengths were made, showing that a length of 2r0

is sufficient for fast ion extraction.

A special configuration of DC potentials on the segments can be used to trap

the ions. The potential has a minimum at the position of the trap as shown in

Fig. 4.4. The dissipation of the ions’ kinetic energy by the gas leads to their

collection at the bottom of the well. The shape of the electric field forms a

potential well with a depth ΦDC along the beam axis and the motion of the ions

in the longitudinal direction is similar to their motion in the RF pseudopotential

well,

ΦDC(r, z) =
UDC

z0
2

(
(z − zc)

2 − r2

2

)
, (4.30)

with zc and z0 as defined in Fig. 4.4 (the shape of the trap is considered symmetric

in the z direction for simplification). The second term in the equation shows the

dependence on the radial position which decreases off axis.
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Fig. 4.4: Schematic view of a segmented RFQ operating in different modes and the
corresponding potentials along the axis. The upper straight line corresponds to the
ion cooler mode, the lower line shows the potentials for ion trapping and the dashed
line shows the extraction configuration. The end of the RFQ has finer segmentation to
allow better control in the trapping region.

The simultaneous presence of Φps (equation 4.29) and ΦDC form a three-

dimensional potential well where ions can be trapped and accumulated. The

presence of Udrag , as well as the buffer gas, reduces the depth of the potential

well,

Φ(r, z) =
UDC

z0
2

(z − zc)
2 +

(
Q

4

URF ωRF
2

r0
2(δ2 + ωRF

2)
− UDC

2z0
2

)
r2. (4.31)

This allows to estimate the size and the depth of the trap potential as a function

of various system parameters, such as URF , ωRF , UDC and gas pressure.

4.2 TRIµP RFQ cooler/buncher concept

Our RFQ system design concept has to meet several requirements. These include

operation with a large range of isotopes (6 ≤ A ≤ 250), UHV and differential

pumping in the gas-filled mode, operational flexibility, and low production costs.

Experience of other groups building similar systems for cooling and bunching

was taken into account. Details of the building and mounting of RFQ systems

lead to various technical complications. One such complication is the number

of electrical connections for the RF and DC potentials. For example, a system
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Fig. 4.5: A schematic drawing of the double RFQ system (cooler and buncher part)
including rods, segments and separation electrodes. The cooler entrance electrode is
not shown.

consisting of 4 rods and 30 segments per rod would require a maximum of 120

connections for the RF and the same number of connections for the DC signals.

The large amount of electrical connections, wires and feedthroughs also affects

the purity of the buffer gas (cf. section 4.1.7).

4.2.1 Double RFQ system

The concept of the TRIµP RFQ cooler/buncher system includes two mechanically

identical and exchangeable sections, referred to as the cooler and the buncher.

Each consists of an entrance electrode with an aperture, main RFQ part with

four rods and segmented structure and an exit electrode with an aperture shown

in Fig. 4.5. The apertures are needed for differential pumping which provides

a controlled pressure difference between the cooler and the buncher pcooler >

pbuncher, providing also sufficiently low pressures in the vacuum sections before

the cooler and after the buncher.

There are several advantages of having a design with separated sections for

cooling and bunching. There is a possibility to switch the system to different

operating modes depending on the actual task. The main working mode expects
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the first RFQ to be at pressures suitable for cooling and the second one to be

at lower pressure sufficient for the accumulation and bunching, hence the names

“cooler” and “buncher”. Another possibility is to use the first section as a mass

filter and the second part for combined cooling and bunching. A third option

would be to use the system as a single RFQ of a double length by removing the

separation electrode. The chosen design provides higher flexibility for setting up

various experiments and keeps in mind that TRIµP is a general user facility.

An important advantage of the double RFQ system follows from equations 4.29

and 4.31, which show dependence of the RF confinement pseudopotential and the

trapping potential on the damping term δ and on UDC . Having the RFQ stages

separated allows to adjust individually their parameters for optimal cooling and

optimal accumulation and bunched extraction.

4.2.2 RF capacitive coupling and DC resistor chain

A main feature is the capacitive coupling of the RF potentials to the segmented

electrodes. The basic idea was to only connect the four rods to the RF signal

and then transmit the RF potential to the segments by capacitive coupling. The

main rods and the inner segments are separated by a thin insulating material

(see Fig. 4.5) with a thickness as small as possible allowing higher capacitance

between the surfaces and at the same time preventing electric breakthroughs from

the RF voltages.

A suitable material is Polyimide foil (Kapton), because of its good and stable

electrical properties. The dielectric constant of different Polyimide materials

varies from 2.5 to 3.5 and the dielectric strength stays in the order of a few

kV/mm. Additional advantage of Polyimide is that it preserves its electrical

properties even at temperatures close to 300◦C which makes the material suitable

for vacuum baking.

4.3 Prototype RFQ tests

4.3.1 Design and specifications

A simplified prototype RFQ system was built in order to test design ideas of

the TRIµP concept. In particular, to test the capacitive coupling of the RF

oscillating potential from the main rods to the DC segments.

The prototype RFQ shown in figures 4.6 and 4.7 consists of four copper tubes
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Fig. 4.6: The RFQ prototype with a Cs+ ion gun on the right side attached.
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Fig. 4.7: Schematic drawing of mechanical parts and electrical connections of the RFQ
prototype (Beam from right to left).

used as the RF rods. The length of the rods is 250 mm and their radius is 6.5 mm.

The distance between opposite rods is 10 mm, thus r0 = 5 mm. To each of them

a triple layer foil is attached. The foil consists of Copper-Kapton-Copper layers,

providing electrical insulation between the Copper layers. The total foil thickness

is 180 µm and the thickness of the Kapton layer is 80 µm. A segmented structure
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has been obtained on one side of the Kapton foil by chemical etching of the copper

layer resulting in 10 mm long segments separated by 1 mm grooves. The foils

were folded over the cylindrical rods with the non-segmented layer attached to the

rods providing a good electrical connection for the RF signal. The capacitance of

a single segment (10 mm × 28 mm) was measured, Cseg. ≈ 70 pF . Neighboring

segments are connected by 1.5 kΩ chip resistors, this provides a DC gradient

along the segments and minimizes electrical connections to all segments. For the

purpose of the prototype tests it was sufficient to have electrical connections to

three points along the length of the RFQ. The connections (see Fig. 4.7) for each

rod were made to the first and the last segments, Uq1 and Uq3, and to a special

shorter segment (5 mm), Uq2, initially considered for the ion trapping tests.

The setup includes a Cs+ thermal ion source mounted in a commercial ion

gun [HWL]. There are also entrance (1 and 2) and exit (3, 4 and 5) electrodes

made of thin plates on the two sides of the quadrupole with various aperture

sizes listed in table 4.1. The ion gun is separated from the RFQ by a small tube

attached to electrode 1 and to a vacuum separation plate. This was done in order

to keep the pressure low on the ion source side when buffer gas is present in the

quadrupole. This is needed to avoid conductive cooling of the ion source, thus

keeping the ion current independent of pressure. The source can provide ions with

low kinetic energies (1-100 eV) with currents up to a few nA. A turbomolecular

pump was located on the side of the ion source. As buffer gas helium was used.

The gas pressure in the quadrupole region could be increased to 1 mbar, while the

pressure at the ion gun stayed below 10−2 mbar. The dimensions of the various

elements of the setup are shown in table 4.1.

Ion currents were measured on electrodes 1, 3 and 5 with electrometers. Elec-

trodes 1 and 5 were always connected to ground. Electrodes 2 and 3 define the

potentials at entrance and exit of the RFQ. Electrode 3, having an aperture of

2.5 mm, is used for the current reading of ions off axis. The ions close to the

quadrupole central axis passing through the aperture of electrode 3 are detected

on the last electrode 5 which is closed. Electrode 4 is always at ground potential

and it reduces cross talk between electrodes 3 and 5.

The maximum amplitude of the RF signal applied on the rods URF was ≈ 110

V amplitude zero-to-peak and the RF frequency, νRF , was adjustable from 0.54

MHz to 1.5 MHz. The initial kinetic energy of the ions entering the quadrupole

is determined by the difference of the potential at the ion gun Uacc. and the

potentials at the entrance set by Ue2 and Uq1.
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Element name size [mm]

RFQ length, lRFQ 250

Rod radius, rrod 6.5

Distance between rods and axis, r0 4.82

Segment length 10

Short segment length 5

Distance between segments 1

Separation tube length 20

Separation tube inner diameter (1), φ1 4

Aperture diameter (2), φ2 8

Aperture diameter (3), φ3 2.5

Aperture diameter (4), φ4 5

Distance tube-(2) 2.8

Distance (2)-RFQ 0.8

Distance RFQ-(3) 0.8

Distance (3)-(4) 0.8

Distance (4)-(5) 0.8

Table 4.1: Dimensions of setup elements.

4.3.2 Ion guide mode

The goal of the first measurement was to test the RFQ performance in vacuum.

The transmission measurement was done by reading currents I(3) and I(5) (on

electrodes 3 and 5, respectively) at the end of the quadrupole. A triangular shape

amplitude generator was connected to the main RF signal amplifier. I(5) is the

current of the ions which pass through the aperture of electrode 3 and I(3) the

current of the off-center ions, which hit the electrode.

The dependence of the currents on the RF amplitude URF is shown in Fig. 4.8

for three different kinetic energies, KE, of the incoming ions: 5, 10 and 15 eV. We

scanned URF from 0 to 59 V at νRF =540 kHz. Resulting values of the Mathieu

q parameter defining stable radial confinement varied from 0 to 0.6, thus staying

within stable operation. I(3) and I(5) show oscillating behavior which can be

explained by macro motion (see Fig. 4.9).

The expected ωmacro from equations 4.17 and 4.14, depending on URF , is
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Fig. 4.9: Calculated trajectories of ions in a RFQ for two different q parameter values.
The macro motion oscillations are shown with beam envelope nodes.

ωmacro(URF ) =
q

2
√

2
ωRF =

4QURF

2
√

2Mr0
2ωRF

≈ 6.3× 10−3(MHz) · URF , (4.32)

for Cs+ ions and r0 ≈ 4.8 mm. The period of the ion macro-oscillations in µs is

T (URF ) =
2π

ωmacro

≈ 9.98× 102

URF

. (4.33)

The number of beam oscillation periods increases with URF for the same ion ki-

netic energy. For every full period there are two macro oscillation nodes resulting

in two maxima of the number of ions passing through the aperture on the axis

which leads to two maxima of I(5) (Fig. 4.9).

The number of periods N of the macro-motion, depending on URF , is:

N =
t

T
=

l

VzT
=

2.51× 102URF

Vz

, (4.34)

where t is the time the ions spend inside the RFQ, l=0.25 m is the length of the

quadrupole and Vz is the longitudinal component of the ion velocity assumed to

be determined only by the kinetic energy of the incoming ions KE.

For ∆N=1 the calculated values of corresponding ∆URFcalc. are given in

Table 4.2. For comparison the corresponding ∆URFexp. from measured data

(Fig. 4.8) are listed too. The step between two neighboring peaks of either I(3)

or I(5) corresponds to 1
2
T . The data are in good agreement with the calculations.

The sum current I(3)+I(5) is a measure of the radial confinement of the RFQ.

It increases with the RF amplitude, reaching a plateau after URF≈15 V (q=0.13)

and having maximum values from URF =40 V (q=0.19) to URF =30 V (q=0.28).
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KE Vz t ∆URFcalc. ∆URFexp.

[eV] [m/s] [s] [V] [V]

5 2690 92.8 5.2 4.9

10 3810 65.6 7.4 7.3

15 4670 53.6 9.0 9.1

Table 4.2: The macro-motion phase repetition dependence on the ∆URF calculated
and measured for several ion kinetic energies KE.

The slow drop of I(3) + I(5) with further increase of URF can be explained by

“RF heating”. At some RF phase the acceptance of the RFQ is exceeded either

by the divergence or by the spatial distribution of the ions. This results in ion

losses. The RF heating effect increases with URF at constant ωRF [Lun99].

The results from the RFQ operation measurements in vacuum are qualita-

tively well described. There is a good quantitative agreement of the measured

ion currents with the expected values from calculations based on the ion motion

in a pseudopotential well created by oscillatory RF electric fields. This confirmed

that the RF capacitative coupling is suitable for implementation in RFQ systems.

4.3.3 Buffer gas cooling measurements

The effect of buffer gas cooling was measured by filling the vacuum system of the

experimental setup (Fig. 4.7) with helium of 99.999% purity to pressures ranging

from 10−5 to 10−1 mbar. Measurements were performed for various ion kinetic

energies from 2 eV to 25 eV by applying a potential difference between Uacc. and

Uq1. This was done by varying only Uacc., while the potential Uq1 was kept at

25 V. URF was kept constant during each measurement. URF values for different

measurements were in the range from 27 V to 46 V and the frequency νRF was

set to 540 kHz. In terms of the Mathieu q parameter this corresponds to values

between 0.27 and 0.46. The drag field was varied by applying different potentials

Uq2 and Uq3. Their initial values were the same as Uq1 thus no DC drag voltage

was initially applied. Approaching pressures of 10−2 mbar and above, Uq2 and

Uq3 were adjusted at each step in order to maximize I(5).

The transverse cooling was measured by reading the currents on electrodes (3)

and (5). The electrometer connected to electrode (5) was connected to ground,

while the one connected to (3) was connected to an electric circuit with adjustable

DC voltage output which was powered by three standard 9 V batteries connected
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Fig. 4.10: Dependence of ion currents on electrodes (3) and (5) on the helium gas
pressure for URF =45.5 V and ion kinetic energies of 2 eV, 5 eV, 10 eV and 15 eV.
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URF =45.5 V and ion kinetic energies of 2 eV, 5 eV, 10 eV and 15 eV.

in series. This was done in order to have electrode (3) at the same potential as

Uq3 and at the same time to have stable voltage to avoid unwanted effects on

current readout which had to be read at very small currents, down to 1 pA.

The macro-motion damping due to ion collisions with the gas atoms does not

lead to a reduction of beam size comparable with the aperture size. When the

pressure was above ≈ 5× 10−3 mbar the cooling effect is clearly visible. The ion

transmission through the aperture increases, which can be seen in Fig. 4.10 for

various ion kinetic energies. The ratio I(5)/I(3) increases to ∼ 40 at pressures

above 5 × 10−2 mbar, see Fig. 4.11. The results show a decrease in the total

current I(3)+I(5) with the increase of the buffer gas pressure. This effect is more

pronounced for KE below 10 eV. For higher KE the total current I(3)+I(5) is

stable for pressures below 5 × 10−2 mbar. The maximum ion current passing

through the central aperture is reached at a helium pressure p ≈ 4× 10−2 mbar.

The I(5)/I(3) ratio in this pressure region is ≈30 for KE > 10 eV and, as shown

in the measurements, for constant pressure it is higher for lower KE.

The decrease of the total current I(3)+I(5) at higher gas pressure can be

explained by the gas pressure influence on the incoming ions upstream the RFQ

entrance which has a larger effect on slower ions. Collision with gas atoms without

the RF radial confinement lead to an increase of the transverse emittance of the

ion beam, thus increase of the losses before the entrance of the RFQ. The distance

between the ion source and the RFQ entrance was larger than 40 mm. In addition,

the formation of a helium gas jet towards the ion gun cools the ion source and

also reduces the initial ion current.
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4.4 Simulations

Simulations of ion beam behavior in the RFQ cooler, buncher and pulse extraction

tube were made for several reasons. The RFQ system design includes vacuum

separation electrodes which distort the electric field near the entrance and exit

apertures of each RFQ section. The importance of these induced fringe fields can

be estimated by the simulations [Lun89]. Another reason to do simulations is to

estimate the ranges of system parameters for stable operation, find critical values

and predict the overall behavior of the system for a given set of parameter values.

Comparison of the parameters obtained in the simulations to those obtained from

the real system operation can be useful to predict the operating parameters of

the cooler/buncher for certain ions in advance.

4.4.1 Electric field calculation

The calculation of the electric field in the RFQ system was made with the program

Femlab [Zim04]. For the RFQ simulations the use of Femlab was simplified to

the use of electrostatic equations only.

The use of Femlab can be divided into several consecutive stages: geometrical

modeling, meshing, setting material properties (including surface and volume

properties), solving equations and extracting results.

Geometrical modeling includes definition of sizes and placement of the main

contributing elements, in our case the RFQ electrodes. Computational power lim-

itations require omission of details which do not contribute to the final electric

field calculation. Other details can be skipped or simplified after a correct esti-

mation of their influence on the calculation. Such a detail, for example, was the

supporting RF rods which are capacitively coupled to the segment pole faces. The

three-dimensional model used for the DC field calculations is shown in Fig. 4.12.

The specifications of the RFQ model are shown in Table 4.3.

The DC and RF fields were calculated separately. This allows scaling of the

magnitudes of the calculated RF and DC fields separately. The electric field at

any point inside the RFQ is proportional to the applied potential on the rods,

thus scaling of the resulting electric field corresponds to scaling of all applied

potentials. For the RF field calculations the segmentation was left out and the

potential was alternated between the rods to obtain a static quadrupole field.

Scaling with a time dependent factor generates the RF field. The side views of

the DC and RF models are shown in Fig. 4.13.
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Element name size [mm]

RFQ length, lRFQ 330

Segment curvature radius, rrod 6.5

Distance between segment poles and axis, r0 5

Long segment length 10

Short segment length 5

Distance between segments 1

Distance between segments and separation electrodes 1

Entrance aperture diameter 2

Exit aperture diameter 2

Table 4.3: Specifications of the RFQ model used in Femlab.

Next step in the Femlab calculations is the geometrical meshing. Meshing

divides the whole structure, including the volume for the field calculation inside

the RFQ, into small tetrahedral elements. These finite elements are used later in

the calculation of physical variables. Smaller mesh sizes increase the accuracy of

the calculation, but at the same time, this leads to a larger number of elements

which requires more computer memory.

Division of the geometric models into several sections along the beam axis was

done as indicated in Fig. 4.13 in order to increase the accuracy of the calculation.

Calculations were performed for each of the sections separately which then were

combined for the simulations. In order to obtain correct E values the boundaries

of the separate geometries were chosen to overlap as indicated in Fig 4.13.

Also for calculational accuracy the program was set to have smallest mesh size

near the segment pole faces and close to the entrance and exit apertures while

the size of the elements further from the central axis was increased. An example

of boundaries with varying mesh sizes is shown in Fig. 4.14. A typical number of

elements used in one single DC or RF section calculation was ≈ 3×105.

Defining physical properties was done by setting the type and values of the

“surface” and “volume” parameters. Surface parameters include RF and DC

potentials on the segments and ground potentials on the separation electrodes

and the surface of the box surrounding the RFQ (not shown in Fig. 4.12 - 4.14).

The DC potentials used in the calculation differ for the cooler and buncher

electric fields. The gradient of the DC field in the cooler is obtained by decreasing

the potential stepwise per segment. The steepness of the gradient is varied in the
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Fig. 4.12: A three dimensional drawing of the RFQ model, including segments and
separation electrodes, used for electric field calculations with Femlab.

DC1

DC2a

DC2b

DC2c

DC2d

DC3

RF1

RF2

RF3

Fig. 4.13: Schematic side view of the RFQ models divided to smaller sections for
higher electric field calculation accuracy. Adjacent sections are made to overlap for
calculational purposes in order to obtain correct field values in the section end regions.
Upper drawing shows the division of the DC model and the lower - the RF model.
Sections DC2a, DC2b, and DC2c are identical in the Femlab modeling.
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Fig. 4.14: A 3D drawing of the RFQ model used in Femlab with reduced mesh size on
the segments close to the center axis and on the exit electrode close to the aperture.

simulations by scaling the calculated field with a constant input factor. The same

is done with the gradient in the buncher, but the scaling does not change the

position and shape of the trap well. When a different shape of the trap potential

is required the potentials of the last sections should be modified accordingly. The

last section of the model has two versions. The first one is for the trapping and

accumulation of the ions and the second one is for their extraction. The difference

is created by the potential on the exit electrode.

Once modeling and meshing are done and variables are set, the calculation

can start. Electrostatic problems, such as the present problem, Femlab calculates

with a simple iterative stationary linear solver. The value of the tolerance used for

the electrostatic field calculations was set to 10−7. The program then calculates

the electric field values using iterations until the result error becomes smaller

than the set tolerance.

After solving the equations, the program can be used for graphical display

of the calculated variables, in our case the potentials and electric fields. An

example of the graphical output from Femlab for the DC and RF potentials

inside the RFQ is shown in Fig. 4.15. In order to use the calculated fields in the

simulations, the field values Ex, Ey, and Ez were extracted on a grid of 0.5 mm

in x and y directions and 2 mm in z direction which resulted in 21 × 21 × 166

points for the total length of the cooler and of the buncher. For the latter two

different potential configurations were used for the last section DC3 (Fig. 4.13)
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Fig. 4.15: Graphical results from Femlab showing calculated potentials in the y = 0
plane for applied UDC = 0.5 V/segment (upper) and URF = 75 V (lower) in the model
section DC1 (Fig. 4.13). Potentials, with units of Volts, are expressed by grey scales
shown on the right side. The applied potentials on the electrodes are excluded from
the figure and appear in white.
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corresponding to the accumulation and extraction mode as mentioned above.

The three dimensional electric field maps were exported from the Femlab to the

Matlab [Hun01] program environment in order to perform the simulations.

4.4.2 Ion tracing in vacuum

The first part of the simulations is single ion tracing in vacuum. which shows

the micro and the macro motions of the ions discussed earlier in section 4.3.2

concerning measured data obtained from the RFQ prototype.

Tracing of ions in known electric fields is straightforward. The equations of

motion in the three directions separately is

d2u

dt2
=

Q

M

[
EuDC

+ EuRFmax
cos(ωRF t + ϕ)

]
, (4.35)

where u represents x, y, and z. EuDC
and EuRF

are obtained from Femlab. EuDC

is time independent. The time dependence of the EuRF
is obtained by ωRF and

EuRFmax
which is the field corresponding to the maximum amplitude on the rods.

The position and the velocity of the ion can be calculated in steps of ∆t by

choosing a ∆t ¿ TRF and taking as input the initial position and velocity at

t=0. Typical TRF corresponding to the TRIµP RFQ operating frequencies are in

the order of a µs and ∆t used in the simulations was 1 ns.

EuDC
and EuRFmax

were obtained using the electric field maps from the Femlab

calculations which contain E values at discrete positions defined by the map grid.

To calculate Eu at a position (x, y, z) a linear combination of the coordinates

and the field values at the corners of the enclosing cube formed by the grid is

used (Fig. 4.16). The E field at (x, y, z) is

Exyz =
1∑

i,j,k=0

Eijk(1−∆x)(1−∆y)(1−∆z), (4.36)

where ∆x, ∆y, and ∆z are the distances from the ion position to the corners

of the cube and Eijk are the values from the E maps (Fig. 4.16). The linear

approximation in the calculation of Exyz used here is justified when the size of

the E map grid is small. For higher precision of the E field either a reduction

of the grid size is necessary or the values of neighboring grid cubes need to be

included in the field calculation using more complicated numerical methods.

Examples of calculated ion trajectories in the RFQ system are shown in

Fig. 4.17. There are four trajectory calculations corresponding to different q
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stability range. The x and y coordinates are superimposed.
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parameters. The applied RF potential on the rods is 25, 50, 75, and 101 V re-

spectively for each plot, while the frequency was kept constant, νRF = 1500 kHz.

Each trajectory consists of x and y positions plotted for different z. The ion used

in the simulations is 20Na+ having initial kinetic energy of 15 eV. The starting

position of the ion is (0,0,0) and the initial transverse velocities Vx and Vy are

both 500 m/s which corresponds to 0.026 eV. There is no UDC and the ions pre-

serve their initial longitudinal velocity Vz along the whole length of the RFQ. The

calculation confirms the harmonic oscillation approximation of the macro-motion

for low q parameters discussed in 4.1.4. The micro-motion amplitude induced by

the RF is also visible on the plots. ωmacro becomes comparable to ωRF at higher

URF which is the reason for the complex oscillation pattern at larger q parameter

values. Another feature visible in the trajectory simulations is the increase of

the number of oscillations with the increase of the URF parameter used in the

prototype RFQ measurements in section 4.3.2.

4.4.3 Transverse cooling by buffer gas

In the trajectories simulations buffer gas cooling was included by adding the

damping term δ (Eq. 4.21) and the DC drag field EDC in the equation of motion

of the ion. The equation of motion for u = x, y and z in the presence of buffer

gas is

d2u

dt2
=

Q

M

[
EuDC

+ EuRFmax
cos(ωRF t + ϕ)− du

dt

1

K

]
, (4.37)

The last term δ = Q
MK

in the equation reduces the velocity of the ion. However,

the ion velocity cannot be reduced below the thermal velocity of the ions. When-

ever damping occurs diffusion takes place as well [Rei65]. This is expressed by

the Einstein relation

K

D
=

Q

kT
. (4.38)

Where D is the diffusion coefficient. To account for this, a random force has to be

added to Eq. 4.37 which corresponds to solving the Langevin equation. It causes

ion velocity fluctuations and the associated ion diffusion in the gas. Diffusion

is inversely proportional to K and therefore proportional to pressure (Eq. 4.20).

In the Monte Carlo simulation it is included in by sampling at normal velocity

distribution such that
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〈V 2〉 =
3kT

2M
(4.39)

when t →∞ in the absence of electric fields [Rei65].

Typical results from the simulation of ion trajectories in gas are shown in

Fig. 4.18. The four different plots were obtained for different helium pressures:

0.01, 0.02, 0.03, 0.04 mbar. The ion used in the simulation was 20Na+ with an

initial kinetic energy of 15 eV. Its initial position was on the center axis and the

transverse velocities Vx and Vy were chosen to be 2000 m/s (0.42 eV) in order to

have a large initial macro motion amplitude. The applied RF signal corresponds

to q parameter of 0.22, URF =25 V and ωRF =1500 kHz. Udrag=0.3 V per segment

of 1 cm length was applied in order to prevent the ions from stopping before the

exit aperture which was chosen to have a radius of 1 mm. The calculation shows

that damping of the macro motion occurs in a narrow pressure region compared

to the total pressure range. The optimum pressure for cooling was found to be

≈0.03 mbar. For lower pressures the amplitude of the macro motion is still larger

than the size of the exit aperture. Increasing the pressure above the optimum

pressure does not reduce the amplitude of the ion oscillations further because of

the diffusion.

4.4.4 Ion distributions and beam emittance

Repeating the trajectory simulation for many ions was performed to estimate ion

distributions, beam emittances and system transmission efficiency calculations.

In order to prepare realistic initial beam properties a Monte Carlo method was

used. The initial coordinates and transverse velocities were taken from normal

distributions. The spatial distributions were limited by the entrance aperture

size. The transverse velocities were limited by introducing a maximum transverse

velocity in the input of the program. The latter was done in order to have an ion

distribution which represents the emittance of the beam at the cooler entrance.

The ion beam from the Thermal Ionizer was estimated to have an emittance of at

most 11 mm.mrad at 1 keV beam energy [Der04]. After electrostatic retardation

of the beam at the cooler entrance to 10 eV, the transverse emittance grows to

110 mm.mrad. This gives a maximal transverse velocity of ≈ 1100 m/s.

Distributions of the ions along the central axis of the cooler were obtained from

the values of x, y, Vx, Vy, Vz, and t for a given z. This allows for characterization

of the full beam emittance. Examples of the calculated distributions in the cooler

at z positions 10, 160 and 330 mm are shown in Fig. 4.19. RFQ settings include
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coordinates are superimposed.
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pressure of 3.5 · 10−2 mbar, URF =80 V, νRF =1500 kHz, and UDC=0.3 V per

segment. In this case the ions were 23Na+ with initial KE=10 eV and maximal

transverse velocity 3000 m/s (0.93 eV).

A special procedure in the simulations is the switching between trapping and

extraction from the buncher. The two modes require different DC electric field

settings in the second part of the buncher. They represent the potential config-

urations shown in Figure 4.4. The switching between the two modes is assumed

to be much faster than the micro-motion of the ions in the RF field, thus instant

switching was used in the simulation.

The influence of magnetic fields was also calculated in the distribution simu-

lations. The output of the simulations was not effected for field intensity below

0.5 T. The influence of the stray magnetic fields from the AGOR cyclotron can

safely be neglected.

4.4.5 Transmission efficiencies and confinement

The transmission efficiency of a system section is defined as the fraction of the

incoming particles that emerge at the end, for example at the exit of the RFQ.

Calculations were made by starting with an initial number of ions at the cooler

input and propagating them to different positions. The positions of interest

include entrances and exits of cooler, buncher, and drift tube, as well as the

trap position and the center of the drift tube. The calculations were repeated

for various beam parameters, such as ion mass and charge, transverse emittance,

kinetic energy and for system parameters such as URF , νRF , UDC , URF , pcooler,

pbuncher, etc.

Confinement in the cooler and the buncher was close to 100% for a very broad

range of input parameters. Confinement is incomplete only when the transverse

velocities were increased to a few times the maximal transverse velocities expected

from the Thermal Ionizer (≈1100 m/s for 20Na ions). Also with the buncher

operating as a trap, no ion losses were observed at typical operating pressures.

Transmission efficiencies depend on the aperture sizes of the separation elec-

trodes for the RFQ sections and on the diameter of the Einzel lenses and the drift

tube for the LEBL. For the optimal settings the εt for the cooler and the buncher

were above 90% and 95% respectively using 1 mm aperture radii. The total εt

was > 90% The calculation was done for 23Na ions. A typical result is seen in

the lower panel of Fig. 4.19 showing the transverse phase space distribution just

before the aperture at the exit of the cooler.
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potential well with a length of ≈ 25 mm.

The output from the trap can be optimized by adjusting the extraction po-

tential on the exit electrode. The size of the bunch in the trap region is shown

in Fig. 4.20. The longitudinal size of the trap in the simulations was ≈ 25 mm.

Space charge effects in the trap region which may decrease the trap potential

were not included in the calculations.

In summary the simulations show that the RFQ should have a very high

efficiency for sodium ions with easily achievable voltages.

4.5 RFQ system specifications

4.5.1 Experimental setup

A schematic drawing of the cooler, buncher and the extraction tube is shown

in Fig. 4.21 and a photograph of one RFQ section with the support frame is

shown in Fig. 4.22. The system has been developed and commissioned using a
23Na+ ion source mounted on an ion gun HWIG-250, also used in the prototype

tests. It consists of three main stages: the cooler, the buncher, and the drift

tube. They are placed in standard NW160 double cross chambers, each with a
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Fig. 4.21: Schematic drawing of TRIµP RFQ cooler, RFQ buncher, and drift tube
placed in standard NW160 vacuum chambers.

length of 330 mm. Further downstream electrostatic elements are placed for beam

manipulation, including Einzel lenses and x and y steerer plates. The system is

presently used for loading sodium atoms in a “collector” Magneto-Optical Trap

(MOT). The whole system will be transported and attached to the beam line

after the TRIµP separator and Thermal Ionizer for loading radioactive sodium

into the collector MOT.

4.5.2 Vacuum system

A schematic diagram of he vacuum system including the pumping system and

the gas filling system is displayed in Fig. 4.23. It consists of separate sections

connected by exchangeable apertures and the various pressures are obtained by

differential pumping.

A gas purification and filling system is connected to the cooler vacuum cham-

ber, providing higher gas pressure in this section. A Rest Gas Analyzer (RGA)

is mounted behind the buncher section in order to measure the amount and type

of impurities in the vacuum. Figure 4.23 is a schematic showing the connections

to the pumps, valves, and bypass options.
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Fig. 4.22: A photograph of one section of the TRIµP RFQ system.

4.5.3 Electronics

The TRIµP separator can provide a large range of radioactive isotopes with vari-

ous masses. The RFQ stage has to be designed accordingly. An important factor

related to the range of isotopes that the RFQ stage can accommodate, is the elec-

tronics and especially the part providing the RF signals. The RF generator and

amplifier were designed and built in the KVI workshop [Sto02]. There are several

operational modes with preset frequencies of 500, 750, 1000, 1250, and 1500 kHz.

The amplitude is adjustable by an additional DC power supply connected to the

main amplifier. The maximal URF achievable by the electronics is 100 V (zero-

to-peak amplitude). Figure 4.24 shows the corresponding operational limits at

URF =100 V depending on the ion atomic weight A for various frequencies.

The vacuum chambers are at ground potential. The DC potentials on var-

ious electrodes can be set using power supplies controlled by a computer. The

electrodes include RFQ segments and separation electrodes, drift tube electrodes

and Einzel lenses. The potentials connected to the RFQ sections and the drift

tube are shown in Fig. 4.25, their labeling is indicated.

The buncher and drift tube require switching potentials. This is provided by
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Fig. 4.23: Schematic of the vacuum and gas purification and filling systems in the
TRIµP LEBL.
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Fig. 4.24: Mathieu parameter q ranges that can be obtained with RFQ electronics for
the five ωRF settings as function of the ion atomic mass (maximal amplitude URF is
100 V). The dashed lines indicate the intended operation range 0.1< q <0.7.

two fast switches connected to power supplies. The first switch is connected to

the buncher exit electrode El1 with a voltage difference on the order of a few

tens of volts. The second switch is connected to the drift tube, designated as

El4. On loading the potential is set to the same value as on El2. When the ion

bunch is in the center of the drift tube it switches to a positive potential of up

to +5 kV. Ions, being already inside the drift tube, do not “see” the switching.

When the ions exit the drift tube they move toward a region at ground potential

which accelerates them to 5 keV. Next, the bunch properties are controlled by

potentials on Einzel lenses and steerers in the TRIµP Low Energy Beam Line

(LEBL).

The time sequence and lengths used in the switching is set by several TTL

timing modules. The timing scheme is shown in Figure 4.26 and will be explained

in section 4.6.3.

4.6 RFQ system commissioning measurements

The commissioning of the RFQ system consisted of measuring its main properties

using a stable sodium ion source. The measurements included cooling by buffer

gas in the cooler, trapping of ions in the buncher, measurements of the trap limits,

and the system efficiency. A Micro Channel Plate (MCP) detector was placed at
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Fig. 4.26: Timing for pulsed ion extraction from the buncher and pulsed ion acceler-
ation in the drift tube. t1 is the length of the extraction configuration of the buncher,
t2 is the time for switching of the drift tube to + few kV approximately equal to the
time the ions need to reach the center of the drift tube, t3 is the time the drift tube
stays at + few kV, t4 and t5 define the MCP counting gate which is set to exclude the
noise related to the drift tube switching.
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Fig. 4.27: The setup used for the measurements described in section 4.6. Electrodes
on which DC potentials were applied are numbered (1) - (15). Electrodes used for
measuring of ion currents are designated by the symbol pA.

the end of the LEBL. A schematic drawing with the main elements is shown in

Fig. 4.27. Additionally, ion currents were measured on various electrodes for the

efficiency measurements. The various electrodes and components are numbered

for reference in this section, as shown in the figure.

4.6.1 Buffer gas cooling

The buffer gas cooling measurement was performed with the MCP detector posi-

tioned at the end of the experimental setup. The frequency and the amplitude of

the RF signal were kept constant while the drag potential UDC was varied step-

wise. This was repeated for several different buffer gas pressures in the expected

cooling range. Figure 4.28 shows the MCP pulse height as a function of UDC
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Fig. 4.28: Measured data from the MCP detector showing dependence of the optimal
ion transmission in the cooler on the longitudinal drag potential UDC for buffer gas
pressures of 3.0 · 10−2 mbar (¦) and 8.6 · 10−2 mbar (◦).

for buffer gas pressures of 3.0·10−2 and 8.6·10−2 mbar. At low UDC ions are lost

because they stop in the gas volume. At high UDC the ions reach the separation

electrode (4) before they are sufficiently cooled, i.e. their oscillation amplitude is

insufficiently damped to pass through the aperture. The optimal UDC differs for

the two pressures because of the different cooling rates. As expected the cooling

rate is higher at higher gas pressures.

Another cooling measurement was performed by ion current reading on sepa-

ration electrodes similar to the measurement on the RFQ prototype (section 4.3.2).

In this measurement the buncher section was used in continuous mode. DC po-

tentials on various electrodes were set as shown in the top panel of Figure 4.29

Ion currents were measured on electrodes (4), (9) and (10) while the pressure

in the cooler was varied (Fig 4.30). The input current was measured by operating

the RFQ under vacuum1. It was observed that I(4) increased with increasing the

pressure instead of decreasing with pressure as expected for cooling action. This

can be explained by the influence of the separation electrode on the RF field near

1By varying URF and UDC in vacuum the ions can be manipulated to fall on various elec-
trodes (cf. section 4.3.2)
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Fig. 4.30: Measured ion currents on separation electrodes (4), (9) and (10) depending
on the buffer gas pressure. Electrode (4) corresponds to a current from off center ions
while I(9) and I(10) are from cooled ions passing through the exit aperture of the cooler
and reaching the end of the buncher.

the aperture. The ions, having low longitudinal velocities due to the cooling, have

to pass through a region with a reduced radial confinement. To verify the reason

for the cooled ion transmission reduction and to solve it, the cooled ions were

electrostatically accelerated before the separation electrode. This was followed

by subsequent deceleration in the buncher.

The acceleration was done by putting electrode (4) on a lower potential com-

pared to the end of the cooler (3). This increases the ions longitudinal velocity

along the last few segments of the cooler. To prevent ion losses in the buncher

the beginning of the buncher (5) was set to a similar potential as (3), providing

also deceleration along the first few segments of the buncher. This approach was

used and cooling was measured again.

The effect of the potential drop ∆U(34)=U(3)-U(4) was measured by observ-

ing the currents at the exit electrode of the buncher I(9) and at the electrode (10)

while keeping (11) at a potential much higher than the kinetic energy of the ions,

which allowed the use of (10) as a Faraday cup. ∆U(34) was varied and I(9) and

I(10) were measured at a constant pressure. The results for p(1)=3.6 ·10−2 mbar

are shown in Fig. 4.31. The potentials on the electrodes were set according to the

plot in the middle panel of Fig. 4.29. The initial kinetic energy of the ions was

10 eV, set by U(0)=+60 V and U(1)=+50 V. U(3) and U(5) were equal and set

to +37 V. U(8) was set to +25 V and U(11) to +60 V. The RF signal amplitude

was URF =80 V at νRF = 1500 kHz (q ≈ 0.6).
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Fig. 4.31: Measured ion currents on electrodes (9) and (10) at the end of the buncher
(without pulsing on (9)) depending on the potential difference U(3)-U(4). The results
are obtained with a cooler pressure p(1) of 3.6 · 10−2 mbar.

The results show a large influence of ∆U(34) on I(9)+I(10), representing

the ion current passing through the aperture of electrode (4). The measure-

ment includes negative values of ∆U(34), starting at U(4)=+41 V. The non-zero

I(9)+I(10) values at negative ∆U(34) are due to ion kinetic energies from the

DC acceleration in the buncher which for the current configuration was larger

than the energy damping by the buffer gas, ∆U(13)=U(1)-U(3)=+14 V. I(9)

and I(10) increase with ∆U(34) until saturation is reached at ∆U(34)=+7 V.

This result shows the importance of longitudinal acceleration of the cooled ions

for the transmission through an aperture on a conductive electrode. The in-

crease of I(9) and I(10) after acceleration shows that the low transmission ef-

ficiency shown in Fig. 4.30 is neither due to insufficient cooling in the cooler

nor to ion losses in the cooler. In order to compensate for the ion longitudinal

velocities increase after entering the buncher the ions are slowed by applying

∆U(45) = U(4)−U(5) = −∆U(34). The acceleration-deceleration approach was

used also in the efficiency measurements of the cooler and buncher.

The pressure difference in the cooler and buncher allows using a separation

electrode with a larger aperture. This will additionally reduce the ion losses near

the aperture.

Other possibilities for improvement of the RF confinement near the aperture

were also considered. The idea is to change the separation electrode design in

order to allow the RF electric field magnitude to be large enough in the region

around the aperture. This can be done in several ways. One such solution
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is to change the electrode material with an insulating material allowing field

penetration. In order to prevent charging of the surface by ion collisions it should

be covered by a thin conductive layer connected to ground. Another option is

to have the conductive separation electrode divided to four parts aligned along

the RFQ rods. The four parts will be electrically separated which will allow the

RF field to be induced on them and prevent field reduction close to the electrode

surface.

4.6.2 Transmission efficiencies

Transmission measurements for the cooler and the buncher (in continuous mode)

were done by measuring currents on electrodes (4), (9), and (10). Electrodes

(4) and (9) are the separation electrodes on the two sides of the buncher, while

(10) was used as a Faraday cup by applying high positive potential on (11). The

incoming ion current, I(total), through the entrance electrode of the cooler (1)

was estimated the same way as in 4.6.1. The transmission efficiency at the end

of the cooler is

εcooler =
I(9) + I(10)

Itotal

, (4.40)

the efficiency of the buncher is

εbuncher =
I(10)

I(9) + I(10)
, (4.41)

and the total efficiency of the two RFQ sections is

εRFQ = εcooler · εbuncher =
I(10)

Itotal

. (4.42)

The currents were measured while varying the helium gas pressure p(1). The

expected pressure range for cooling was covered, starting from below 10−6 mbar

and ending around 10−1 mbar. Efficiencies were measured for various DC poten-

tial configurations. A typical result is shown in Fig. 4.32 corresponding to the

potential settings shown in the lower panel of Fig. 4.29. The ion beam kinetic

energy was 15 eV. The current on electrode (10) increases with p(1) reaching a

maximum at ≈ 3.5 · 10−2 mbar. The obtained efficiencies at this pressure are

εcooler = 56%, εbuncher = 58%, and εRFQ = 33%. The buncher efficiency increases

further with gas pressure in the cooler. εbuncher≈ 70% at p(1) = 10−1 mbar. It

is important to note that εbuncher was obtained for the buncher in “continuous”
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Fig. 4.32: Measured currents on electrodes (9) and (10) as a function of the helium gas
pressure in the cooler. The DC potential configuration for this measurement is shown
in the lower panel of Fig. 4.29.

mode. In the buncher mode additional ion cooling takes place in the potential

well.

The efficiency values are considerably lower than those obtained from the sim-

ulations. There may be several reasons for this. (1) The efficiency reduction due

to the procedure to get ions through the intermediate apertures was not consid-

ered in the simulations. (2) The step size in the z-direction in the simulations

has been rather coarse (2 mm) which may underestimate fringe field effects near

the apertures. (3) Whereas the damping of the transverse motion of the ions is

well understood, fluctuations due to diffusion become significant for light ions at

typical cooling gas pressures. These fluctuations were included in the calculations

via the Langevin equation. For a quantitative estimate of the fluctuations it is

required that the random force in the Langevin equation is correctly described.

4.6.3 Ion trapping, accumulation and extraction

The ions are brought to thermal energies in the cooler after which they enter the

buncher which is filled with buffer gas at lower pressure. In the buncher their

longitudinal velocity is reduced further which allows for ion trapping by applying

appropriate DC potentials (as shown in Fig. 4.4). The buncher accumulates ions

in the trap region for a set period of time. Next, they are extracted as bunches

into the drift tube. Extraction is done by lowering the potential on the buncher

exit electrode. Extraction is desired in short pulses. This requires fast switching
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between the trapping and the extraction configurations on a much smaller time

scale than the ion motion.

Several measurements were done in order to estimate the properties of the

buncher. An important relation between the ion loading current and the max-

imal accumulation time is shown in Fig. 4.33. The extracted ion bunches were

measured with the MCP detector placed at the end of the experimental setup.

The measured pulses on the MCP were transformed into the number of ions per

pulse by calibrating the integrated signal with the number of individually counted

ions at low ion rates. The accumulation/extraction time t6− t1 was varied in the

range from 1 ms to 60 s. The number of ions per extraction pulse increases

with increasing t6 − t1 until the trap region is filled with ions. By varying the

incoming beam intensity the trap is filled at different rates. Saturation is reached

when approximately 5 · 104 ions are detected with the MCP detector. This sets

a lower limit for the trap capacity. The DC potential configuration used in this

measurement formed a narrow trap in longitudinal direction with z0 ≈1 cm. The

measured bunch lengths at the MCP were in the order of 100 ns (FWHM) for

the current potential configuration.

The trap capacity limit can be explained by the space charge effect. When

the ion density increases and reaches certain values the repulsive electric force

from the ion cloud reduces the trapping potential which prevents further filling

with ions.

Trap storage times were measured after halting the incoming beam at the

cooler entrance. This was done by turning off the acceleration voltage between

the ion source and the cooler entrance electrode (U(0) = U(1)). Prior to each

measurement the trap is filled for a time sufficient to reach the maximal filling

capacity (shown in Fig. 4.33). The ions are extracted with varying storage time.

The extracted bunches are detected at the MCP detector (Fig. 4.34, top panel).

The measurement was initially performed at residual gas pressure in the order

of 10−7 mbar and using helium with a 99.999 % purity (squares). Then the

measurement was repeated at initial pressure of ∼ 10−9 mbar and with additional

gas purification (diamonds). In the latter average storage times of ≈ 8 s were

obtained. The experiment clearly shows that the loss rate of ions in the trap is

related to the residual gas and the purity of the helium gas.

Measurements were also done by repeated emptying the trap while loading

was turned off (Fig. 4.34, bottom panel). This was done in order to estimate the

amount of ions remaining in the system. The ions already present in the system

between the cooler entrance and the buncher exit are sufficient to fill the trap
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again. The extraction was repeated (without loading ions) until all particles had

left the system. The measurement was repeated for various extraction frequencies

(0.25 Hz - 2 Hz). The change of pulse heights after each extraction for the different

frequencies will allow to study both cooling and loss rates in the system in detail.

4.6.4 Summary and outlook

The RFQ cooler/buncher system was commissioned with an ion source with sta-

ble Na. The results from the measurements were used used for estimation of

transmission efficiencies of the cooler and buncher for sodium ions. The maximal

efficiency of the cooler with the current separation electrode was ≈ 56%. The

buncher efficiency was measured in continuous mode (≈ 58%) and is expected

to increase in pulsed mode due to the additional cooling of the ions in the trap

(with the additional requirement of obtaining low impurity levels). Higher trans-

mission efficiencies can be obtained if needed by using a modified cooler/buncher

separation electrode.

Measurements of the trap properties show a trap capacity of ≈ 5 ·104 ions for

a potential configuration corresponding to the shortest possible longitudinal trap

size (≈ 2 cm). The maximal trap capacity is expected to be up to a few times

larger for large longitudinal trap sizes.

Storage time measurements show that given the current gas purity the system

can operate at accumulation times below 1 s. The minimal accumulation time

depends on the pressure in the buncher. At typical buncher pressure of ∼ 10−3

mbar the accumulation time required for longitudinal cooling is in the order of 1

ms.

The main specifications of RFQ cooler and buncher are listed in Table 4.4.

Cooler efficiency 56%

Buncher efficiency (continuous mode) 58%

Minimal trap capacity 5 · 104 ions

Extraction time range 10−3 - 1 s

Table 4.4: Main RFQ cooler/buncher properties obtained from off-line measurements.



Chapter 5

Conclusion

The TRIµP facility is designed to operate in two ways: In the first mode it fa-

cilitates the collection of radioactive isotopes in traps, which is required for the

precision experiments planned by the TRIµP group. In the second mode it is used

for production of various separated radioactive isotopes for experiments defined

by other users. The former utilizes all stages of the facility (Separator, Ther-

mal Ionizer, Radio Frequency Quadrupole cooler/buncher, and Magneto-Optical

Traps), whereas the latter experiments can be performed at various positions

along the beam line, for example at the end of the separator.

Three of the main experimental stages of the TRIµP facility, i.e. the Magnetic

Separator, the Thermal Ionizer, and the Radio Frequency Quadrupole (RFQ)

cooler/buncher system were designed, built, and successfully commissioned. The

experiments confirmed the expected qualitative behavior of the systems. The

results from the measurements were also used to draw conclusions about possible

future system improvements which could optimize the operation of the various

stages. These include improvements of the mechanical design of the Thermal

Ionizer allowing the system to operate at higher temperatures (above 2300 K)

which would result in faster extraction and possible changes of the separation

electrode design in the RFQ system currently limiting the total efficiency of the

cooler for light elements.

Production of sodium isotopes

Production of 21Na was used for the separator commissioning measurements

for verification of the separator design properties, such as angular and momen-

tum acceptances and momentum dispersion. Several different reactions involving

different primary beams and energies were used in the different commissioning
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runs (Table 5.1). This was also done in order to compare production rates and

to determine the optimal reaction for the β decay studies of 21Na.

Product Beam E [MeV/u] Reaction Target Rate [Hz/pnA]
20Na 20Ne 22.3 (p,n) H2, 3.2 mg/cm2 1.0·104

21Na 21Ne 43.0 (p,n) H2, 3.2 mg/cm2 3.2·103

21Na 21Ne 20.0 (p,n) CH2, 20 mg/cm2 -
21Na 24Mg 30.0 (p,α) CH2, 20 mg/cm2 -
21Na 24Mg 30.0 fragm. C, 23 mg/cm2 -
21Na 20Ne 22.3 (d,n) D2, 6.4 mg/cm2 1.3·104

Table 5.1: Radioactive beams produced and separated for the commissioning mea-
surements of the TRIµP facility.

The (p,n) reaction was used for 21Na production at two different 21Ne beam

energies, i.e. at 43 MeV/u and at 20 MeV/u. The reaction at 43 MeV/u produced

beam-like products with low momentum spreads due to the angular dependence

of the differential cross section. The products were mainly focused in forward

direction allowing transport of most of the isotopes within the acceptance of

the separator. The observed production rate at the Final Focal Plane (FFP)

of the separator was 3.2 kHz per 1 pnA of primary beam. The reaction at 20

MeV/u, a compound reaction, had a larger cross section but a wider spread

allowing transport of only a smaller fraction of the isotopes which led to a lower

production rate at the FFP.

A 24Mg beam at 30 MeV/u was used both with hydrogen and carbon targets

resulting, respectively, in a (p,α) and fragmentation reactions. Both reactions

gave low production rates at the end of the separator. The (p,α) reaction results

in a very broad momentum distribution of the products which exceeds the sep-

arator acceptance. The fragmentation reaction has a much smaller cross section

compared to the other production mechanisms.

A (d,n) reaction with a 20Ne beam at 22.3 MeV/u was employed using a

deuterium target (6.4 mg/cm2). The produced 21Na was focused in forward

direction with a momentum spread of ∼ ±1% which was entirely within the

separator acceptance (±2%) allowing the use of thicker targets. The reaction is

advantageous compared to the (p,n) reactions due to the higher production rate

at the FFP (≈ 13.4 kHz/pnA). Additionally, 20Ne gas is much cheaper than 21Ne

gas due to the low natural abundances of the 21Ne isotope.



127

Thermal Ionizer ion catcher

It was decided to use a Thermal Ionizer (TI) for stopping of the energetic

ions. The first online tests of the system with 20Na (T1/2 = 448 ms) showed that

the extraction efficiency of the TI has the expected temperature dependence and

the maximal efficiency obtained for 20Na is 2.3 % at 2300 K. An estimate for the

corresponding TI efficiency for 21Na gives a value of 16 %. The main factor for

the low efficiency is the diffusion delay in the stopper foils. Thinner stopping foils

will be used in the upcoming runs to verify this suggestion. Additionally, higher

operation temperatures will be possible due to modifications in the design of the

TI heating elements.

RFQ cooler and buncher system

The Radio Frequency Quadrupole (RFQ) cooler and buncher system was com-

missioned off-line with a 23Na ion source. The commissioning shows that the

system can be used for cooling and bunching with a maximal storage time of a

few seconds in the buncher at present vacuum conditions. Baking of the system

will decrease the impurities and larger storage times are expected. The present

cooler+buncher efficiency of ≈ 32% for sodium is expected to be increased by

a new design of the separation electrode. The modified electrode will allow to

increase the radial confinement of the ions near the aperture.

Magneto-Optical Traps

The RFQ system is currently used for loading a “collector” Magneto-Optical

Trap (MOT) with 23Na ions [Rog05]. After commissioning of the MOT, both

systems (RFQ and MOT) will be placed at the magnetic separator beam line

together with the Thermal Ionizer. A Wien filter is considered as an intermediate

stage between the Thermal Ionizer and the RFQ in order to decrease the amount

of undesired ions in the RFQ, thereby reducing the space charge effects.

The last part of the TRIµP facility is a “decay” MOT [Soh05, Soh06] attached

to the collector MOT. The atoms from the collector MOT will be transferred to

the decay MOT where a complex detector system is being built for the detection

of the recoils and β particles. The TRIµP facility is expected to be completely

functional by the end of 2006. An estimate of the rate of 21Na β-decays for the

precision experiments of TRIµP including measured or estimated efficiencies of

the facility parts is shown in Table 5.2.



128 Conclusion

Year 2006 Year 2007-

Experimental stage ε [%] 21Na rate [Hz] ε [%] 21Na rate [Hz]

Production target 1·107 3 · 108

Magnetic separator 100 1·107 100 3 · 108

Thermal Ionizer 16 1.6·106 50 1.5 · 108

RFQ cooler/buncher 32 5.1·105 60 9 · 107

Collector MOT 1 5.1·103 1 9 · 105

Decay MOT 20 1.0·102 20 1.8 · 105

Detection system 1 1.0·100 1 1.8 · 103

Table 5.2: Efficiencies ε of the different stages in the TRIµP facility and expected
rates of 21Na. The current production rate (Year 2006) is given for a 750 pnA primary
beam intensity (equivalent to ∼ 340 W for 22.3 MeV/u 20Ne beam) and 6.4 mg/cm2 D2

target. Primary beam intensity of 2200 pnA (∼ 1 kW) and ∼ 10 times target thickness
increase is expected in future (Year 2007-).

Outlook

Currently work is going on towards completion of the whole TRIµP facility,

which is expected to be fully functional by the end of 2006. First β-decay cor-

relation experiments with trapped radioactive atoms (21Na) are expected soon

after. Simultaneously, work is going on towards optical trapping of radium which

is required for the experiments searching for permanent Electric Dipole Moments

in fundamental particles.

In the frame of this thesis a radioactive ion beam facility for use at high ener-

gies (MeV/u) including state-of-the-art cooling devices for the secondary beams

was set up. Presently, the facility fulfills the requirements for the precision ex-

periments planned for the near future. Meanwhile, several user experiments with

radioactive beams are foreseen in the near future.



Nederlandse samenvatting

Dit proefschrift introduceert de wetenschappelijke doelstellingen van de TRIµP

groep [Wil99, Tur00, Jun02, Wil03, Jun05A, Wil05] en beschrijft het ontwerp,

bouwen en ingebruikname van de voornaamste onderdelen van de faciliteit. TRIµP

is gebouwd voor precisiemetingen aan ingevangen radioactieve atomen. De fa-

ciliteit biedt een grote variatie aan zuivere radioactieve bundels. Deze werden al

benut bij experimenten, waar ionen in een materiaal werden gëımplanteerd. In

de nabije toekomst biedt de faciliteit lage energiebundels van kortlevende deeltjes

voor experimenten waarbij vertraging, bundelkoeling en atoom vangst nodig zijn.

1. Het Standaard Model en verder

De huidige theorie die het best inzicht geeft in de fysische wereld, is het Stan-

daard Model [Wei95]. In de laatste decennia is het uitgegroeid tot de leidende

theorie voor de fundamentele natuurkunde. Voorspellingen van het Standaard

Model zijn bevestigd door nagenoeg alle experimenten die deze theorie testen.

Afwijkingen tussen theorie en enkele van de experimenten bleken niet echt of

konden later in de theorie opgenomen worden door toevoeging van vrije para-

meters. Ondanks de successen van het Standaard Model zijn er verscheidene

theoretische en experimentele indicaties voor fysica waar het Standaard Model

niet voldoet. Voorbeelden zijn de aanwezigheid van “donkere materie” in het

universum en de relatief geringe rol van anti-materie in het verloop van de “Big

Bang”.

Verscheidene speculatieve modellen zijn voorgesteld als uitbreiding op het

Standaard Model om de onopgeloste waarnemingen te kunnen verklaren. De pa-

rameterruimte van deze modellen is beperkt, waardoor het mogelijk is ze exper-

imenteel te testen. Door de experimentele resultaten worden de toepassingsmo-

gelijkheden van veel modellen sterk bëınvloed. Voor het experimenteel testen

van deze modellen en het zoeken naar fysische verschijnselen die verder gaan dan

het Standaard Model, worden twee verschillende benaderingen toegepast. De
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eerste manier is door het direct zoeken naar voorspelde materie of verschijnselen

bij zeer hoge energieën. De tweede methode is gebaseerd op precieze metingen

en richt zich op kleine verschillen tussen de experimentele resultaten en de the-

oretisch voorspelde verwachting. Het TRIµP programma berust op de laatste

benadering, met als voornaamste doel het meten van β-verval en het zoeken naar

permanente elektrische dipool momenten (EDM) in atomaire systemen.

2. β-verval en het zoeken naar een permanent EDM

Beta-verval, een manifestatie van de zwakke wisselwerking, wordt in het Stan-

daard Model beschreven door vector en hoekvector stromen met tegengestelde

tekens (V-A), die schending van pariteit en “linkshandige” structuur veroorza-

ken. Andere mogelijke stromen, zoals scalaire, pseudo-scalaire en tensor stromen

vereisen het bestaan van nieuwe fysica. De huidige experimentele limiet op deze

stromen zijn niet heel erg strikt en verbetering is nodig om de fundamenten

van beta-verval te onderzoeken. De door de TRIµP groep geplande experi-

menten [Jun05A, Wil05] behelzen hoek- en energiecorrelatie metingen tussen

beta-deeltje en neutrino, waarbij gebruik wordt gemaakt van kortlevende alkali

en aardalkali elementen, zoals 21Na.

Een permanent EDM van een elementair deeltje schendt zowel Pariteits-

(P) als Tijdsomkerings-symmetrie (T) [Lan57] en met aanname van het CPT

theorema wordt CP-symmetrie ook geschonden. CP schending is in het Stan-

daard Model ingebouwd door een enkele complexe fase in de Cabibbo-Kobayashi-

Maskawa matrix [Khr97]. Dit leidt tot extreem kleine waarden voor de elektrische

dipool momenten, die, voor alle deeltjes binnen het Standaard Model, verschil-

lende ordegroottes onder de huidige experimentele limieten liggen. Vele spec-

ulatieve modellen staan grotere EDM waarden toe, zodat deze modellen getest

kunnen worden met precieze EDM metingen [Dam05, Jun05A, Wil05]. De TRIµP

groep richt zich voornamelijk op radium isotopen, en onderzoekt de mogelijkhe-

den voor lichte ionen, zoals 1H, 2H, en 3He [Ond05].

Bij β-verval kunnen correlaties tussen het β deeltje en het teruggestoten ion in-

formatie verschaffen over de impuls van het neutrino, dat moeilijk direct te meten

is. In een medium kunnen zulke metingen niet met voldoende nauwkeurigheid

gedaan worden door wisselwerkingen met het medium. Experimenten waarbij

naar permanente Elektrische Dipool Momenten wordt gezocht, zijn gebaseerd op

observaties, met hoge gevoeligheid, van de precessie van de spin van een deeltje

in een elektrisch veld, hetgeen eveneens niet in een medium gedaan kan worden.
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Fig. 1: Schematische weergave van de experimentele opstelling van de TRIµP faciliteit.

Een manier om bëınvloeding door een substraat uit te sluiten is het gepro-

duceerde monster te vangen in een val, zoals een magneto-optische val (MOT).

Verdere voordelen van magneto-optische vallen zijn: de productie van monsters

met zeer lage temperaturen en goede ruimtelijke lokalisatie, reductie van achter-

grondstraling en de mogelijkheid isotopen exclusief te selecteren.

Om de gewenste radioactieve isotopen in de val te brengen moeten verschil-

lende stappen genomen worden. Ze moeten worden geproduceerd, gescheiden,

afgeremd, gekoeld, en gevangen als neutrale atomen. Deze serie behelst een grote

diversiteit aan experimentele technieken. De efficiëntie en snelheid van elke stap

zijn zeer belangrijk, in het bijzonder wanneer kortlevende isotopen gebruikt wor-

den.

3. Naar precisie-experimenten in vallen

De doelstellingen van de TRIµP groep, gebruikmakend van precisie metingen,

vereiste het bouwen van een faciliteit die radioactieve nuclëıden kan leveren met

voldoende aantallen en puurheid. De opbouw van de faciliteit (zie Fig. 1) en de

functie van de belangrijkste onderdelen is hieronder gegeven samen met een uitleg

over het werk dat is gedaan aan het ontwerpen, bouwen, berekenen, en het inge-

bruiknemen van deze onderdelen. Dit proefschrift omvat het werk dat is gedaan

aan isotopen-productie en -scheiding (“target” en separator), aan het stoppen

van de ionen en bundelvorming (ion catcher), en aan het koelen en groeperen van

de ionenbundel (radiofrequentie quadrupolen).

Productie en scheiding van radioactieve isotopen

De gezochte radioactieve nuclëıden worden in verschillende kernreacties ge-

produceerd met “omgekeerde kinematiek”, waarbij gebruik wordt gemaakt van

zware-ionen-bundels van het AGOR supergeleidend cyclotron op het Kernfy-

sisch Versneller Instituut (KVI) [Bra01]. De bundel wordt gefocusseerd op het

productie-trefplaatje stroomopwaarts van de magnetische separator (Fig. 1). De

separator is ontworpen om de producten te scheiden van de primaire bundel en
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Fig. 2: ∆E - TOF spectra verkregen met detectoren in het focaalvlak van de separator.
De linker grafiek is een voorbeeld van magnetische rigiditeitsselectie. De rechter grafiek
is met degrader selectie toegevoegd.

tevens de gewenste isotopen te scheiden van andere producten. De separator

heeft twee instellingen: de “fragmentatie” toestand en de “gas-gevulde” toes-

tand. Eerstgenoemde wordt gebruikt voor bundel energieën boven ∼ 10 MeV/u,

terwijl de laatstgenoemde bedoeld is voor energieën onder ∼ 10 MeV/u, waar

fusie-evaporatie reacties de boventoon voeren.

De separator is operationeel gemaakt [Ber06] en verscheidene reactiemecha-

nismen zijn gebruikt voor de productie van natriumisotopen (20Na en 21Na). Dit

is gedaan om de optimale reactie en energie te bepalen voor de productie van
21Na, een van de belangrijkste isotopen voor beta-verval studies van de TRIµP

groep.

Het gewenste product wordt gescheiden van de primaire bundel en de andere

producten d.m.v. hun magnetische rigiditeit. Hoewel de primaire bundel, die een

smalle impulsverdeling heeft, eenvoudig verwijderd kan worden, is het uitfilteren

van andere producten niet volledig na de Bρ scheiding (Fig. 2, links). Verdere

zuivering (Fig. 2, rechts) kan worden bewerkstelligd door een energie “degrader”

in het dispersieve vlak van de separator en een daaropvolgende tweede rigiditeits-

selectie. De degrader selectie is gebaseerd op de ladingsafhankelijke differentiële

afremming in materialen.

De maximale productieopbrengst van 21Na werd verkregen met een (d,n) re-

actie. Deze was ∼ 1.3 · 104 deeltjes/s bij een 1 pnA 20Ne bundel (22.3 MeV/u)

en een 6.4 mg/cm2 D2 trefplaatje.
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Afremmen, Extractie, en vorming van Laag Energische Bundels
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Fig. 3: Karakteristieke alpha lijnen bij het
β-verval van 20Na. De lijnen B1 en B2 kor-
responderen met implantatie van 20Na in de
detector. De lijnen T1 en T2 zijn van 20Na
ionen afkomstig van de Thermal Ionizer.

De natrium-isotopen hebben aan

het einde van de separator gewoon-

lijk een te grote snelheid om gevan-

gen te kunnen worden en moeten dus

afgeremd worden. Dit wordt gedaan

in de zogenaamde Thermal Ionizer

ionenvanger. De ionen worden tot

stilstand gebracht in een aantal hete

wolfram folies, die zich in een ver-

hitte holte bevinden. Na diffusie

naar het oppervlak kunnen de ionen

geëxtraheerd worden door een kleine

opening in de holte. Door botsingen

met de wanden en de folies worden

de ionen verschillende keren geneutra-

lizeerd en geionizeerd, voordat ze als

ion geëxtraheerd worden. Om de ion-

fractie te optimaliseren wordt de tem-

peratuur van de holte boven ∼ 2000K gehouden, omdat zowel de waarschijn-

lijkheid voor ionizatie als de diffusie-snelheid omhoog gaan bij toenemende tem-

peratuur.

De Thermal Ionizer is in gebruik genomen met een 20Na bundel. Het voordeel

van dit Natrium isotoop is de korte halfwaardetijd (448 ms) en de karakteristieke

alpha lijnen die op het betaverval volgen (zie Fig. 3). De uit de Thermal Ionizer

geëxtraheerde isotopen zijn tot 9.5 keV versneld en vervolgens gestopt in een dun

aluminium folie, vlak voor een detector waar ze vervolgens vervallen. Hierdoor

zullen alleen de alpha-deeltjes de detector bereiken. Een gedeelte van de energie

die vrijkomt in het verval zal hierbij verloren gaan. Dit maakt het mogelijk

om deze alpha’s te onderscheiden van die afkomstig van direct in de detector

gëımplanteerde 20Na ionen. Dit geeft aanleiding tot een verschuiving van de

gemeten alpha energiën (zie Fig. 3).

Bij een temperatuur van 2300K zijn voor 20Na transmissie efficienties gehaald

van ∼ 2.3%. Voor 21Na wordt een efficientie rond de 16% verwacht, vanwege de

langere levensduur (22.5 s). Naar verwachting kunnen in toekomstige experi-

menten hogere temperaturen bereikt woorden, en dus hogere efficienties.
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Ionen Koeling en Bundeling

De emittantie van de Thermal Ionizer bundel is groot en koeling is daarom

noodzakelijk. Hiervoor is na de TI een radio-frequentie quadrupool (RFQ) gëın-

stalleerd. Naast de koeling bundelt deze RFQ de ionen tot korte pulsen.

Er is een prototype RFQ koeler gebouwd om een baanbrekend nieuw concept

te testen, gebaseerd op het capacitief koppelen van de radio-frequent golven. De

meet resultaten aan het prototype komen overeen met berekeningen.

Het ontwerp van de TRIµP RFQ is meegenomen in simulatie voor de bepaling

van verliezen ten gevolge van randvelden en om de eigenschappen van het systeem

te bestuderen. De simulatie-resultaten stemmen overeen met de kwalitatieve

verspellingen, maar overschatten de transmissie van het systeem.
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Fig. 4: Gemeten ionen stroom op de as (4) en terz-
ijde (¤) als functie van de gas druk in de RFQ.

Het operationeel maken van

de RFQ is gedaan met sta-

biele Na isotopen. De verschil-

lende gasdrukken, waarbij de

koeler en buncher werken, wor-

den bepaald door differentieel

pompen. Een aantal metingen

zijn uitgevoerd om het koelver-

mogen van het koeler gedeelte

en de ionen opslag capaciteit

van het buncher gedeelte te

bestuderen (zie Fig. 4). De laatste bleek sterk af te hangen van de mate van

verontreiniging van het systeem. Voor zowel het koeler als het buncher gedeelte

worden momenteel transmissies gehaald van 55 – 60%. Dit is laag in vergelijking

tot de simulaties, hetgeen verklaard kan worden door de invloed van randvelden

in de nabijheid van de extractieapertuur, en door de toenemende rol van diffusie

bij het gebruikt van lichte ionen.

Atomaire vallen en correlatie metingen in beta verval

In atoomvallen kunnen correlatie metingen tussen β-deeltjes en de restkern gedaan

worden. Door impuls en energie behoud kan de complete vervalskinematiek gere-

construeed worden. De opzet van het β-verval experiment van TRIµP zal bestaan

uit twee aangesloten MOT systemen: de “verzamel” MOT [Rog05] en de “ver-

val” MOT [Soh05, Soh06]. De verzamelval wordt gebruikt om te neutraliseren,
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verzamelen en koelen van de 21Na ionen en de vervalsval wordt gebruikt om de

werkelijke metingen te maken, en zal de detectoren voor de β deeltjes en de 21Ne

ionen bevatten.

4. Conclusies

De TRIµP separator kan gebruikt worden voor ”in-flight” productie en schei-

ding van een grote verscheidenheid aan radioactieve kernen. Bundels worden

geleverd met energien in de orde van enkele MeV per nucleon en zijn al met succes

gebruikt voor experimenten door gebruikers, bijvoorbeeld voor het meten van β-γ

”branching ratios” in 21Na [Ach05] en voor het bestuderen van het drievoudige α

verval van gexciteerde toestanden van 12C - een experiment dat zeer belangrijk is

voor het onderzoeken van de vorming van elementen in sterren [Ped06]. Afhanke-

lijk van de experimentele vereisten kan de bundel geoptimaliseerd worden ofwel

naar elementaire puurheid of naar maximale productiesnelheid.

Voor experimenten bij lagere energien zijn gekoelde en ”gegroepeerde” bun-

dels beschikbaar. Laagenergetische bundels zullen gebruikt worden in de β-verval

en EDM experimenten, die gaande zijn [De, Mol, Soh]. De huidige productiesnel-

heden lijken voldoende te zijn voor de eerste gedeelten van deze experimenten. De

productiesnelheden zullen verhoogd worden door optimalisatie van de onderdelen

van de faciliteit en door de op handen zijnde verbeteringen van het cyclotron naar

kW bundels.
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[Äys01] Nucl. Phys. A693, 477 (2001)

[Bak06] C. A. Baker, et al., submitted to Phys. Rev. Lett (2006)

[Bay83] B.Bayat and H.W. Wassmuth, Surface Sci. 133 1 (1983)

[Baz90] D. Bazin, et al., Nucl. Phys. A515, 349 (1990)

[Baz02] D. Bazin, et al., Nucl. Instr. and Meth. A482, 307 (2002)

[Ben72] R. F. Bentley, Ph.D. Thesis, University of Colorado, Boulder (1972)

[Ben06] G. W. Bennett, et al., Muon g-2 Collaboration, Phys.Rev. D73,

072003 (2006)

[Ber06] G.P.A. Berg, et al., Nucl. Instrum. Meth. A560, 169 (2006)

[Ber91] W. Bernreuther and M. Suzuki, Rev. Mod. Phys. 63, 313 (1991)

[Bet72] H.-D. Betz, Rev. Mod. Phys. 44, 465 (1972)

139



[Bey03] G. J. Beyer, et al., Nucl. Instr. and Meth. B 204, 225 (2003)

[Bor05] M. J. G. Borge, et al., KVI Annual Report, p. 12 (2005)

[Bra01] S. Brandenburg, AIP Conf. Proc. 600, 99 (2001)

[Bra04] S. Brandenburg, Proc. 17th Int. Conf. on Cyclotrons and their Ap-

plications, eds. Y. Yano and A. Goto, Tokyo, Japan, (2004)

[Bro80] K. L. Brown, et al., Designing Charged Particle Beam Transport

Systems, CERN 80-04 (1980)

[Bro05] L. Broussard, et al., KVI Annual Report, p. 11 (2005)

[Bud66] G.I. Budker, Proc. Int. Symp. On Electron and Positron Storage

rings, Saclay, 1966, p. II-I-I; At. Energ., 22, 346 (1967)

[Cha43] S. Chandrasekhar, Rev. Mod. Phys. 15 (1) (1943)

[Cha99] A. Chabert, et al., Nucl. Instr. and Meth. A423, 7 (1999)

[Cho89] D. Cho, et al., Phys. Rev. Lett. 63, 2559 (1989)

[Cli89] E. T. H. Clifford, et al., Nucl. Phys. A493, 293 (1989)

[Cra79] J. Crank, The Mathematics of Diffusion, 2nd ed., Clarendon, Oxford,

1979

[Dam05] U. Dammalapati, et al., KVI Annual Report, p. 18 (2005)

[Dat56] S. Datz, E. Taylor, J. Chem. Phys. 25, 389 (1956)

[De] S. De, PhD thesis in progress

[Deh67] H. G. Dehmelt, Adv. At. Mol. Phys. 3, 53 (1967)

[Del02] R. Delhuille, et al., Rev. Sci. Instrum. 73, 2249 (2002)

[Den97] P. Dendooven, Nucl. Instr. and Meth. B126, 182 (1997)

[Den00] P. Dendooven, et al., Czech. J. Phys. 50/S1, 235 (2000)

[Den06] P. Dendooven, et al., Nucl. Instrum. Meth. A558, 580 (2006)

[Der04] O. Dermois, private communication (2004)

140



[Der05] O. Dermois, et al., KVI Annual Report, p. 15 (2005)

[Dil00] J. Dilling et al., Hyp. Interact. 127, 491 (2000)

[Dzu01] V. Dzuba et al., Phys. Rev. A63, 062101 (2001)

[Eic79] B. Eichler, ZfK Rossendorf Report 396 (1979)

[Ell76] H. W. Ellis, et al., At. Data and Nucl. Data Tables 17, 177 (1976)

[Ell78] H. W. Ellis, et al., At. Data and Nucl. Data Tables 22, 179 (1978)

[Ell84] H. W. Ellis, et al., At. Data and Nucl. Data Tables 31, 113 (1984)

[FAIR] FAIR, Conceptual Design Report, GSI, Darmstadt (2001);

http://www.gsi.de/zukunftsprojekt/index e.html

[Fic55] A. Fick, Ann. Phys. Lpz. 170, 59 (1855)
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