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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
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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.



2.1 Production of isotopes 13

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-



22 Production and separation of short-lived isotopes

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
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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



2.3 Experiments with the TRIµP separator 39

Central
beam axis

Stationary slits

E2

20Na beam
to TI

End of separator
Top view

Rotatable
degrader
40 µm Al Heat shields

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
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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).



46 Production and separation of short-lived isotopes

20Na: 0.5%

19Ne: 56.2%

20Na: 93.6%

16O: 3.9%

13N: 0.0%

12C: 0.0%

17F: 16.9%

20Ne: 20.9%

E2 detector

1

10

100

1000

10000

-60 -40 -20 0 20 40 60

x [mm]

Y
ie

ld
 [

a.
 u

.]

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.




