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4. Secondary Beam Production

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

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

4.1 Overview of the TRIµP Facility

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

4.1.1 ECRIS and AGOR Beams

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

4.1.2 Target Station

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

3He and 4He gases up to now, where H2 and D2 were taken
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30 Chapter 4: Secondary Beam Production

Figure 4.1: Schematic view of the TRIµP facility at the AGOR cyclotron of KVI.
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for the production of 20Na and 21Na, respectively. For example, D2 at 1
atm at liquid nitrogen temperatures corresponds to a target thickness of 6.4
mg/cm2. Havar foils of 4 µm thickness (3.3 mg/cm2) serve as entrance and
exit windows. In target chamber T1 there is provision for solid targets as
well.

4.1.3 Separator

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

q ≈ vA
Z .

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

energy ∝ Z2

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

4.1.4 Thermal Ionizer

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

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

4.1.6 RFQ

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

4.1.7 Low-Energy Beam Line

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

4.1.8 Neutralization

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

4.1.9 Trapping

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

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

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

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

scrape and clean the beam of products of interest.

4.2 Operation of the TRIµP Separator and

Experimental Results

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

4.2.1 Main Principles of the Separator

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

Bρ =
P

q
≈ Mv

q
, (4.1)

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

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

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

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

from [Berg 06].

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

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

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

∆E =
dE

dx
d ∝ Z2

v2
d, (4.2)

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

monitoring.

4.2.2 Detection System of the Separator

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

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

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

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

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

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

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

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

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

Bρ ∝ v
A

Z
, (4.3)

TOF =
d

v
∝ 1

Bρ

A

Z
, (4.4)

∆E ∝ Z2

v2
d ∝ A2

(Bρ)2
, (4.5)

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

4.3 Production Reactions

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

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

4.3.1 Reaction Kinematics

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

∆p

p
=

2PR

PCMS
, (4.6)

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

∆Θ = 2Θmax ≈ ∆p

p
. (4.7)

We have

∆p

p
= 2

√

MTFMT

MPFMP

(

1 +
Q

ECM

)

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

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

4.3.2 Reaction Mechanisms

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

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

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

Compound-Nucleus Reactions

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

a+A
︸ ︷︷ ︸

α

→ C∗ → b+B
︸ ︷︷ ︸

β

. (4.9)

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

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

region.

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

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

σαβ = g
π

k2

ΓβΓα

(E − Es)2 + (1
2Γ)2

, (4.10)

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

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

σα =
π

k2

lmax∑

l=0

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

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

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

σα = πR2. (4.12)

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

dσ

dp
=

dσ

dΘ′

dΘ′

dΩ
=
dσ

dΩ
2πsinΘ′ · p

PCMSPRsinΘ′
, (4.13)

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

dσ

dp
∝ p

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

Direct Reactions

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

1. Peaking at forward angles of the emitted particles.

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

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

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

q2 = k2
i + k2

f − 2kikf cos Θ′ (4.15)

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

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

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

dσ

dq
∝ e(−q2〈r2〉/3), (4.18)

where
〈
r2
〉

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

dσ

dp
=
dσ

dq

dq

dp
=

PRp

PCMS

dσ

dq
∝ PRp

PCMS
e(−q2〈r2〉/3). (4.19)

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

q2 =
PR

PCMS

(
P 2

beam − p2
)
≈ 2∆p

Pbeam

P 2
beamPR

PCMS
, (4.20)

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

4.3.3 Experimental Results

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

The Compound Reaction

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

To measure dσ/dp we scanned the separator rigidity such that we achieved
steps of 1.8 cm across the 2 cm diameter Si detector. Two scans were made
with angular openings of 32 and 60 mrad. The results are shown in Fig. 4.8.
The forward peak is due to small center of mass angles while the backward
peak is from large angles of about 180◦. This is indicative of a compound
reaction mechanism. The measurement is compared with Monte Carlo sim-
ulations for isotropic emission. For the simulations the LISE program was
used. In this simulation the beam divergence and stopping in the target are
accounted for. The systematic error of the measurement is estimated to be
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Figure 4.8: 20Na yield as a function of the momentum fraction ∆p/p for the reaction

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

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

the result of a Monte Carlo simulation.

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

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

The Direct Reactions

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

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

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

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

and the particle energy.

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

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

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

〈
r2
〉

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

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

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

43 MeV/u using Eq. 4.18.

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

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

4.3.4 Optimization of Radioactive Beam Production

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

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

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

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

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

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

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

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

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

the exit and directly after the entrance foil, respectively.

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

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

4.4 The Thermal Ionizer

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

4.4.1 Principle of the Thermal Ionizer

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

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

4.4.2 Efficiency of the Thermal Ionizer

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

εd(t) = 2

√

tD

d2
tanh

(√

d2

4tD

)

. (4.21)

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

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

D(T ) = D0e
−

E0

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

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

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

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

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

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

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

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

measurements.

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

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

4.4.3 Detection System of the Thermal Ionizer

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

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

4.4.4 Thermal Ionizer Performance

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

20Na) = 448 ms and
τ1/2(

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

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

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

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

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

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

4.5 Conclusion

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

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




