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Abstract
The High-Brilliance neutron Source (HBS) project aims at developing a low-energy
accelerator-driven neutron source facility providing neutron beam brilliances at the
corresponding instruments, which are very competitive to medium-flux fission-based
research reactors. To obtain a large beam brilliance at HBS, the full-fledged facil-
ity simultaneously operates different neutron instruments, which subdivide into three
target stations, each efficiently operated to supply different neutron pulse structures.
This will be realized by generating an interlaced proton pulse structure containing
three different proton beam timing schemes, which are then distributed to the indi-
vidual target stations. The distribution of the different proton pulse sequences to the
target stations is performed by a proton beam multiplexer system which is developed
in the frame of this thesis.

A test setup of this multiplexer system, which primarily consists of a kicker and
a septum magnet, is developed at the 45 MeV proton accelerator facility JULIC of
Forschungszentrum Jülich GmbH. Here, the main focus is on the development of a new
type of permanent-magnet-based septum magnet featuring three different magnetic
dipole field regions in close proximity. The design process of such a septum magnet is
presented in detail together with the analysis of a prototype based on the correspond-
ing magnet technology. Furthermore, proton pulse distribution is demonstrated with
the operation of the kicker magnet of the multiplexer test setup being synchronized
to the proton beam chopper of JULIC. The integration of the multiplexer system at
HBS is described thoroughly including the design of a septum magnet based on the
developments at JULIC and scaled to serve the larger proton beam energy of 70 MeV.
In the context of the HBS multiplexer system, the HBS High-Energy Beam Transport
(HEBT) beamline is designed and associated beam-dynamics calculations are carried
out. The effect of the field quality of the HBS septum magnet on the transmission
through the HEBT is investigated by particle tracking studies.

In addition, another contribution to the maximization of the neutron beam bril-
liance at HBS is made by measurements of the neutron yield for different target
materials applicable at low-energy accelerator-driven neutron sources in the proton
energy range of 22 MeV to 42 MeV. The measurement technique is based on the
analysis of the 2.2 MeV prompt gamma line induced by thermal neutron capture in
the hydrogen nuclei of a polyethylene moderator. The experimental results are used
to benchmark the results obtained from numerical simulations and extrapolated to
70 MeV, which helps selecting the appropriate target material at HBS providing the
largest proton-energy-dependent neutron yield and thus neutron beam brilliance.
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1. Introduction: Optimizing
low-energy accelerator-driven
neutron sources

The potential of neutrons as probe for complex phenomena in soft and hard matter
science manifests in several of its elementary properties and interactions [1]. With
neutrons being subject to the strong nuclear force, they are scattered from the atomic
nucleus which makes them very sensitive to light atoms and thus superior to x-rays
when it comes to the localization of hydrogen atoms. Since neutrons are neutral
particles, they penetrate deeply through matter without energy loss from ionization
making them advantageous for non-destructive investigations. Due to their nuclear
spin, neutrons possess a magnetic moment, which makes them suitable for studies
of microscopic magnetic structures. Consequently, neutrons are a very promising
candidate for scattering experiments by nature. However, the generation of free neu-
trons is challenging. The most common processes for the production of free neutrons
are nuclear fission, spallation or nuclear reactions, with the first two processes being
employed routinely at medium to high-flux neutron sources. While various nuclear
fission research reactors in Europe are currently shut off as they reach the end of
their political and technical lifetime, new spallation sources such as ESS emerge [2,
3]. Nonetheless, the continuously high request for neutron experiments exceeds the ca-
pacity available, especially since the construction and operation of spallation neutron
sources is very challenging and cost-intensive. Low-energy accelerator-driven neu-
tron sources represent a promising new type of neutron source generating neutrons
through nuclear reactions with sub-100 MeV proton or deuteron accelerators. The
emerging field of high current particle accelerators allows the realization of medium-
flux low-energy accelerator-driven neutron sources compatible with research reactors
and complementary applicable with high-flux spallation sources leading to a future
healthy neutron eco-system.

Such a high-power low-energy accelerator-driven neutron source is currently planned
at the Forschungszentrum Jülich GmbH in the frame of the High-Brilliance neutron
Source (HBS) project [4, 5, 6]. The HBS project aims at developing a neutron source
based on nuclear reactions driven by a pulsed 70 MeV, 100 mA proton accelerator.
As the efficiency of nuclear reactions in terms of the neutron yield, i.e. around 0.1
neutrons per proton at HBS, is much lower than for fission, i.e. one usable neutron
per fission event [7, p. 50], or spallation sources, i.e. 20 - 30 neutrons per proton
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1. Introduction: Optimizing low-energy accelerator-driven neutron sources

[7, p. 52], the HBS facility needs to be optimized throughout all subsystems ranging
from the ion source via the target-moderator-reflector unit to the individual instru-
ments. The figure of merit at HBS will be the neutron beam brilliance being defined
as neutrons per source area, wavelength band, time interval and solid angle. In order
to account for the repetitiveness of the pulsed proton beam, the brilliance is further
normalized to the number of primary protons yielding the dimension of the source
brilliance at HBS [5]

[B] = 1
s cm2 sr (1%∆λ/λ) (mA s) . (1.1)

The HBS concept thus does not aim to provide the highest source strength, i.e. the
neutron flux, but intends to optimize the beam brilliance to source strength ratio,
which is particularly beneficial for the investigation of small samples.

In this thesis, the focus is on the optimization of two different parameters directly
affecting the source brilliance at HBS. One is the relative wavelength uncertainty
∆λ/λ, the other being the neutron yield (neutrons per mAs). To maximize the
source brilliance, one aims for a minimum relative wavelength uncertainty ∆λ/λ and
a maximum neutron yield.

Optimization of the relative wavelength uncertainty ∆λ/λ

In order to obtain a minimum ∆λ/λ of the neutron beam at HBS, the corresponding
proton beam pulsing needs to be adjusted. The interplay between the proton beam
pulse length and ∆λ/λ of the neutrons at the instrument is presented in figure 1.1.

target detector

large λTp

tp

t, L

Tp

Tp

small λ

Figure 1.1.: Schematic drawing of interplay between proton pulsing and neutron time
structure. The neutron pulses disperse whilst propagating to the detector
due their continuous energy spectrum. tp: proton pulse length, Tp: proton
pulse period length, t: neutron time-of-flight, L: distance target-detector,
λ: neutron wavelength.

Neutrons generated at the target propagate to the detector at the instrument with
their wavelength-dependent velocity v = h/(mλ) (h: Planck’s constant, m: neutron
mass). The velocity is related to the distance from target to detector L, i.e. the in-
strument length, and the time-of-flight t via v = L/t such that the relative wavelength
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uncertainty can be expressed as ∆λ/λ =
√
(∆t/t)2 + (∆L/L)2. For a given instru-

ment length L and its uncertainty ∆L, ∆λ/λ scales with the relative time-of-flight
uncertainty of a neutron at the detector ∆t/t. With ∆t depending on the proton
beam pulse width tp as any proton in the proton pulse could have contributed to the
generation of a neutron, as well as on the moderation time tm and the absorption or
die-away time td in the moderator, one gets ∆t ∝

√
t2p + t2m + t2d from a convolution.

Thus, tp should be adjusted depending on tm and td, in order to minimize ∆λ/λ. On
the other hand, the proton pulse period length Tp should be chosen such that for ex-
periments with large wavelength neutrons an overlap with small wavelength neutrons
of a subsequent neutron pulse, i.e. the so-called frame overlap as shown in figure 1.1,
is avoided. Generally requesting a fixed proton beam duty cyle tp/Tp = const., a small
relative wavelength uncertainty ∆λ/λ and a reduced frame overlap therefore require
different configurations of tp and Tp when considering experiments with different neu-
tron wavelengths λ. For small λ (high energy neutrons), tp and Tp should be small and
large for large λ (low energy neutrons), respectively. At HBS, the proton beam puls-
ing should be adapted equally well for all instruments operating at different neutron
energies. This is realized by the simultaneous operation of different target stations
with individual proton beam pulsing. Such operation is maintained by a multiplexer
system which is developed in the frame of this thesis.

Optimization of the neutron yield

The second objective of this thesis is to establish a measurement technique for the
characterization of different potential target materials for low-energy accelerator-
driven neutrons sources in terms of their neutron yield. The target material should
be chosen such that it provides the highest neutron yield at the corresponding ion
energy, good mechanical stability and radiation hardness. Calculations based on the
TALYS nuclear code suggest that the proton induced neutron yield from light (low
Z) materials, e.g. beryllium, is optimal below 20 MeV, while at proton energies above
20 MeV, i.e. at HBS, heavy target materials (high Z) such as tantalum appear to be
beneficial [8]. However, various experiments on the determination of the neutron yield
of beryllium [9] as well as tantalum [10] irradiated by protons show differing results
when compared with analytical calculations as well as with numerical simulations
using MCNP [11]. Thus, in order to benchmark MCNP as well as analytical calcu-
lations from Zakalek et al. [8], a novel method for the determination of the neutron
yield is introduced and corresponding measurements are evaluated within this thesis
(following [12]).

The outline of this thesis is:

Chapter 1: An introduction to low-energy accelerator-driven neutron sources and
HBS is given. The motivation for this work being the maximization of the neutron
beam brilliance at HBS is presented.

3
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Chapter 2: The theoretical concepts of charged particle beams in an electromagnetic
field with focus on bending magnets is presented. The mechanism of the neutron pro-
duction in low-energy accelerator-driven neutron sources based on nuclear reactions
is explained.

Chapter 3: The layout and a technical overview of the HBS facility and the corre-
sponding test facility at the JULIC accelerator are given.

Chapter 4: A detailed description of the multiplexer system and the corresponding
subsystems developed at JULIC for HBS is given.

Chapter 5: The integration of the multiplexer system into the framework of the
HBS facility in terms of proton beam transport and radiation hardness is described.

Chapter 6: A neutron yield measurement technique via gamma-ray spectrometry is
described. The corresponding results of such experiment at JULIC are presented.

Chapter 7: The outcome of this thesis is summarized and evaluated in terms of a
conclusion. An outlook regarding the continuation and future improvements of the
work presented in this thesis is given.

4



2. Theory: Ion beam dynamics and
neutron production

This chapter covers the theoretical foundations of charged particle beams, the manip-
ulation of charged particle beams as well as fundamentals of the neutron production
at low-energy accelerator-driven neutron sources.

2.1. Beam physics
A particle moving on a curved trajectory is characterized in a curvilinear coordinate
system (x, y, s) with s being the distance traveled by the so-called reference particle,
i.e. at (x, y) = (0,0), from an arbitrary but fixed start point. Moreover, a co-moving
right-handed cartesian coordinate system (x, y, z) starting with z being tangential to
the path of the reference particle is introduced. Both representations are displayed in
figure 2.1. An ensemble of charged particles traveling with momentum p = (px, py, pz)

Figure 2.1.: Curvilinear coordinate system (x, y, s) and co-moving cartesian coor-
dinate system (x, y, z) for the characterization of charged particles on
curved trajectories.

for which px, py ≪ pz holds is called beam. Generally an ensemble of N point-like
particles can be described by a point in 6N -dimensional phase space [13, p. 114].
For convenience, the 6N -dimensional phase space can be factorized into N points in
6-dimensional phase space assuming that interactions between the particles can be
described by a a smooth continuous field that acts externally on the particles [14, p.

5



2. Theory: Ion beam dynamics and neutron production

21]. Furthermore, the influence of purely conservative forces is considered such that
the particle density in phase space stays constant according to Liouville’s theorem
[15, p. 215]. This allows to conveniently determine the particle beam’s phase space
distribution at any point along s in figure 2.1 by knowing the occupied area in phase
space of the particles in the beginning, which will be described in the following two
sections.

2.1.1. Phase space and beam emittance
A single particle of a beam is fully described by the six component vector

x (s) =

⎛
⎜⎜⎜⎜⎜⎜⎜⎜
⎝

x
x′

y
y′

l
δ

⎞
⎟⎟⎟⎟⎟⎟⎟⎟
⎠

. (2.1)

Here, x and y represent the transversal coordinates according to figure 2.1 whereas
x′ and y′ denote the directional deviation with respect to the reference particle with

x′ = dx
ds

1
= dx

dz =
px

pz

= tan Θx. (2.2)

For pz ≫ px, as for a beam, the divergence angle Θx is small, such that tan Θx ≈ Θx.
Hence, x′ ≈ Θx is typically given as divergence angle with respect to the reference
particle. The same holds for y′. In equation 2.1, l and δ represent the longitudinal
coordinates of the particle with l being the longitudinal spatial displacement along s
and

δ = p − p0

p0
= ∆p
p0
= γ

γ + 1
∆T
T0

(2.3)

being the relative momentum deviation of a particle with momentum p with respect to
the reference particle with momentum p0. Here, ∆T and T0 denote the kinetic energy
deviation and kinetic energy of the reference particle, respectively, and γ = 1/

√
1 − β2

is the Lorentz factor with β = v/c. Here, v is the velocity of the reference particle
and c is the speed of light. Equation 2.1 represents the particle’s phase space coordi-
nates as it represents the particle as a point in 6-dimensional phase space.

A particle beam is described by a statistical set of points in phase space, which can
be monitored transversally by a projection onto the subspaces (x,x′) and (y, y′). In
the following, only the (x,x′)-subspace is considered, as the formalism is identical for
(y, y′) and as both subspaces are fully decoupled in linear approximation in the pres-
ence of beam manipulations with mid-plane symmetry. In (x,x′)-subspace, particles
are centered around their arithmetic mean

1This holds in linear approximation.
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2.1. Beam physics

x̄ = 1
N

N

∑
i

xi

x̄′ = 1
N

N

∑
i

x′i.

(2.4)

The variances are given by

σx =

¿
ÁÁÀ 1

N

N

∑
i

(xi − x̄)2

σx′ =

¿
ÁÁÀ 1

N

N

∑
i

(x′i − x̄′)
2

σ2
xx′ =

1
N

N

∑
i

(xi − x̄) (x′i − x̄′)

(2.5)

and are referred to as the spatial and angular root mean square (rms) envelopes of
the beam (enclosing 68.27 % of the particles in the x-projection as well as in the
x′-projection of a 2-dimensional Gaussian distribution), as well as the covariance
between x and x′, respectively. A Gaussian distribution is generally a good approx-
imation for charged particle beams with 6 rms beam envelopes, i.e. 6σx and 99.73 %
of all particles, representing the diameter of the beam [16, p. 155 f.].

In the presence of linear forces only, it can be shown that all particle trajectories
in (x,x′)-subspace lie on ellipses [15, p. 227]. It is thus convenient to introduce a
so-called phase space ellipse that is represented by its 2-dimensional ellipse matrix

Σx = (
σ11 σ12
σ12 σ22

) . (2.6)

Note that a symmetric matrix with σ21 = σ12 is considered. An ellipse in (x,x′)-
subspace has to fulfill the general equation of a 2-dimensional ellipse, which can be
written as

(x,x′) ⋅Σ−1
x ⋅ (

x
x′
) = 1. (2.7)

The inverse matrix of Σx in equation 2.6 is

Σ−1
x =

1
det Σx

( σ22 −σ12
−σ12 σ11

) (2.8)

and thus equation 2.7 gives

σ22x
2 − 2σ12xx

′ + σ11x
′2 = det Σx. (2.9)

The volume of an n-dimensional ellipse with ellipse matrix Σ can be written as

7



2. Theory: Ion beam dynamics and neutron production

Vn =
πn/2

Γ(1 + n/2)
√

det Σ (2.10)

where Γ(n) = (n − 1)! (with n ∈ N) is the Gamma function. Thus the area of a 2-
dimensional ellipse can be written as A = V2 = π

√
det Σ.

The transversal equation of motion for x (identical for y)

x′′ + k(z)x = 0 (2.11)
of a particle flying through an arbitrary beam transport system with a function k(z)
representing the manipulation of the particle in phase space along z can be solved
with the ansatz

x(z) =
√
ϵ
√
β(z) cos [ψ(z) − ψ0]. (2.12)

Here, ϵ and ψ0 are integration constants and β(z) represents the amplitude and ψ(z)
the phase function along z, respectively. Equation 2.11 is called Hill’s differential
equation. Inserting equation 2.12 into equation 2.11 and following [15, p. 227], one
gets

γx2 + 2αxx′ + βx′2 = ϵ (2.13)
by defining α = −β′/2 and γ = (1+α2)/β. Equation 2.13 is called Courant-Snyder
invariant [17].

Comparing equation 2.13, multiplied by ϵ, and equation 2.9, one can deduce a
physical interpretation of the Courant-Snyder invariant. It shows that a particle
always moves on an ellipse in phase space whilst traveling along s in real space.
While the shape of this ellipse changes along z or s with β(s), α(s) and γ(s), its area
A = π

√
det Σ = πϵ stays constant. Referring to Liouville’s theorem [15, p. 215],

every particle that starts on an ellipse in phase space stays on an ellipse with constant
ϵ. Furthermore, all the particles of a beam that travel on smaller ellipses in phase
space than that of a specified particle will stay on these smaller ellipses. Thus, it is
sufficient to use one sufficiently large ellipse to describe the beam in its 2-dimensional
phase space. This ellipse is characterized by the so-called beam matrix

Σx = (
σ11 σ12
σ12 σ22

) = ϵ( βx −αx

−αx γx
) . (2.14)

The parameters β(s), α(s) and γ(s) are called betatron functions, lattice functions
or Twiss parameters. The parameter ϵ is called emittance of the beam. With equa-
tion 2.12, it can be shown [15, p. 223] that together with equation 2.14, one gets

σ11 = ϵxβx = σ2
x

σ22 = ϵxγx = σ2
x′

σ12 = −ϵxαx = σ2
xx′

(2.15)
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2.1. Beam physics

x′

x

√
σ11 =

√
ϵxβx = σx

√
σ22 =

√
ϵxγx = σx′

A = πϵ

√
σ22(1 − r2

12)

√
σ11(1 − r2

12)

r12
√
σ11
r12
√
σ22

Figure 2.2.: Phase space ellipse in (x,x′)-subspace. The size and the shape of the
ellipse is defined by the beam matrix elements σ11, σ12 and σ22, with
r12 = σ12/

√
σ11σ22 being a dimensionless correlation parameter. Note

that the maximal extent of the ellipse in x and x′ is given by the rms
variances of the particles σx and σx′ , respectively. The occupied area in
phase space A = πϵ is defined by the emittance ϵ.

when assuming a Gaussian particle distribution. With equation 2.15 the phase space
ellipse in (x,x′)-subspace, represented by figure 2.2, surrounds all the particles in
phase space deviating by the rms variances (equation 2.5) from the reference particle
at most. In this scenario, the emittance ϵ of the beam is referred to as rms-emittance,
a measure for the occupied area in phase space and the beam quality. In order to
compare the beam quality of different accelerators at different energies, it is convenient
to use the so-called normalized emittance

ϵn = βγϵ (2.16)

in order to account for adiabatic damping, i.e. emittance decrease, at higher energies
[15, p. 345].

Having set up the formalism for particles in horizontal (x,x′) (and analogous ver-
tical (y, y′)) phase space, a full representation of the particle beam can be given by
extending to a phase space ellipsoid depicted by the 5-dimensional symmetric beam
matrix

9



2. Theory: Ion beam dynamics and neutron production

Σ =

⎛
⎜⎜⎜⎜⎜⎜
⎝

σ11 σ12 σ13 σ14 σ16
σ12 σ22 σ23 σ24 σ26
σ13 σ23 σ33 σ34 σ36
σ14 σ24 σ34 σ44 σ46
σ16 σ26 σ36 σ46 σ66

⎞
⎟⎟⎟⎟⎟⎟
⎠

=

⎛
⎜⎜⎜⎜⎜⎜
⎝

Σx
0 0
0 0

σ16
σ26

0 0
0 0 Σy

0
0

σ16 σ26 0 0 σ66

⎞
⎟⎟⎟⎟⎟⎟
⎠

, (2.17)

where the horizontal and vertical subspaces are assumed to be decoupled and the
dispersion, i.e. the energy-dependent evolution of the beam envelope, is solely in-
troduced in the horizontal plane. The consideration of a 5-dimensional subspace is
valid, when a beam without longitudinal structure2 is considered, such that x5 = l
is dropped in equation 2.1. In equation 2.17, Σx and Σy represent the transversal
beam matrices as described in equation 2.14 and σ16, σ26 and σ66 represent the spa-
tial dispersion, angular dispersion and momentum uncertainty, with σ66 = δ2 from
equation 2.3, respectively. The matrix element σ16, depicting the spatial dispersion,
correlates x and δ, while the matrix element σ26, depicting the angular dispersion,
correlates x′ and δ. It is sometimes convenient to introduce the so-called dispersion
function η as well as the derivative of the dispersion function η′ = dη/ds given by

η = σ16

σ66
(2.18)

η′ = σ26

σ66
. (2.19)

Dispersion primarily arises in the horizontal plane from the deflection by dipole mag-
nets. Here, a finite momentum uncertainty δ allows certain particles to travel on
different trajectories compared to the reference particle as shown in figure 2.3. This
is due to the energy-dependent Lorentz force (equation 2.21).

Once a beam obtains finite dispersion, i.e. σ16 or σ26 non-zero, it is altered by
any further beam manipulation and drift. Considering the effect of dispersion on
the transversal (primarily horizontal) beam envelope in more detail, one observes a
dispersive broadening of the horizontal phase space ellipse shown in figure 2.4 [16, p.
168]. In this Figure, it can be seen that (σ16, σ26) ≠ (0,0) alters the size and shape of
the actual horizontal phase ellipse, such that the rms beam size and divergence of a
dispersive beam is described by

σx =
√
σ
(0)
11 +

σ2
16
σ66

σx′ =
√
σ
(0)
22 +

σ2
26
σ66

(2.20)

2In this work, the focus is on above-µs time structures of the particle beam, such that the bunched
time structure of the beam in the sub-100 ns range from acceleration is not considered. Thus, a
longitudinally continuous beam is assumed.
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2.1. Beam physics

δ > 0
δ = 0
δ < 0

x
z

y

Figure 2.3.: Dispersion, i.e. energy-dependent evolution of the beam envelope, in-
duced in a dipole magnet deflecting horizontally. Particles with higher
energy than the reference particle, δ > 0, experience weaker deflection,
while particles with lower energy than the reference particle, δ < 0, ex-
perience stronger deflection than the reference particle. This results in a
horizontal beam envelope at the end of the dipole magnet which depends
on δ.

x′

x

δ > 0

δ < 0

δ = 0

√
σ
(0)
11 + σ2

16/σ66

√
σ
(0)
22 + σ2

26/σ66

Figure 2.4.: Dispersive broadening of the phase space ellipse in (x,x′) phase space.
The figure shows phase space ellipses at δ = 0, i.e. the actual phase space
ellipse in the absence of dispersion, and additional phase space ellipses
with δ ≠ 0 and σ16, σ26 > 0. These additional phase space ellipses rep-
resent cross-sections of the 3-dimensional phase space ellipsoid (x,x′, δ),
resembling the shape of the dispersion-free phase space ellipse and scaled
according to the decreasing number of particles in this energy interval.
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2. Theory: Ion beam dynamics and neutron production

By

x

N

S By0

h
x

y

z

Figure 2.5.: Dipole geometry (left) and constant magnetic flux density By0 versus
horizontal position x. Here, Bx = 0, i.e. a horizontal bending magnet. h
is the pole gap height.

By

x

S

SN

N
g =

dBy

dx
x

y
a

z

Figure 2.6.: Quadrupole geometry (left) and linear magnetic flux density By = gx
versus horizontal position x. Here, Bx = gy and g > 0, i.e. a focusing
quadrupole in x and defocusing in y. a is the aperture radius.

with σ
(0)
11 and σ

(0)
22 being the beam matrix elements without dispersion. Note that

the emittance is typically specified without dispersive broadening. When (σ36, σ46) ≠
(0,0) in equation 2.17, the same formalism applies for the vertical phase ellipse.

2.1.2. Transverse linear beam dynamics
Equation 2.11 gives the transverse equation of motion in the approximation of linear
beam dynamics. This means non-linear contributions are either neglected or treated
separately as perturbations. Manipulation of charged particle beams is performed via
the Lorentz force

#„

F L = q (
#„

E + #„v × #„

B) . (2.21)

In this work, the focus is on magnetic elements for beam manipulation and thus,
in linear approximation, consider the linear magnetic fields for dipole (bending) and
quadrupole magnets

Bx = Bx0 + gy
By = By0 + gx,

(2.22)

where Bx0, By0 are the dipole field in x and y, respectively, and g is the gradient of
the quadrupole as shown in figure 2.5 and figure 2.6. The constant dipole field is
employed in order to bend the trajectory of the beam either horizontally or vertically.
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2.1. Beam physics

The linear quadrupole field acts as focusing device in x for g > 0, deflecting all particles
with x being different from the reference particle towards the reference particle. At the
same time, all particles with y being different from the reference particle are deflected
away from the reference particle in y. Here, the deflection scales with the offset
of the individual particles from the reference particle. In summary, a quadrupole
with g > 0 is called focusing quadrupole, i.e. focusing in x and defocusing in y,
and a quadrupole with g < 0 is called defocusing quadrupole, i.e. defocusing in x
and focusing in y. Both dipole and quadrupole field contributions in equation 2.22
contribute via equation 2.21 to the magnet strength parameter k(z) in the equation
of motion (see Hill’s differential equation in equation 2.11) yielding

x′′ + (k0(z) + κ2
0(z))x = 0 (2.23)

where k0(z) and κ0(z) take into account the focusing power from quadrupole and
bending magnets along z, respectively3.

In a beam transport line, one typically obtains a sequence of different magnets and
drift spaces, i.e. regions without any magnetic field, resulting in an arbitrary distri-
bution of the magnet strength parameter k(z). This makes it impossible to formulate
a general solution of equation 2.23. A tool to analytically calculate the trajectory of
particles based on its equation of motion is the matrix formalism [17]. It uses the
fact that the solution of any second-order differential equation (as equation 2.23) is
uniquely determined by its initial values x′0 and x0, which can be expressed in matrix
notation as

(x(z)
x′(z)) = (

M11 M12
M21 M22

)(x0
x′0
) , (2.24)

with the 2 × 2 matrix M being the so-called transport matrix. Equation 2.24 holds
under the assumption that during propagation from 0 to z, the magnet strength
parameter k(z) undergoes a step-like evolution, such that small pieces ∆z where
k(z → z +∆z) = const. can be obtained. In this scenario, M is composed of an array
of matrices, each matrix characterizing the trajectory of a particle through a drift,
bending or quadrupole element with different strength subsequently attached onto
each other by regular matrix multiplication as M = MiMi−1..M1M0 with M0 being
the transport matrix of the first element traversed by the beam.

The transport matrix can be extended to a more general formulation when taking
into account both transversal dimensions (x,x′) and (y, y′) as well as the dispersion
originating from the relative momentum uncertainty δ (see equation 2.3). The latter
leads to an inhomogeneous differential equation

x′′ + (k0(z) + κ2
0(z))x = κ0δ. (2.25)

3The structure of the equation of motion for y is the same.
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2. Theory: Ion beam dynamics and neutron production

B

z

B0

lyoke

leff

Figure 2.7.: Hard-edge model of a dipole magnet. The actual magnetic flux density
B(z) at fixed horizontal coordinates x and y is indicated by the solid
line. B changes with z depending on the geometry of the magnet which
is indicated by the gray shaded area marking the yoke of the magnet
with length lyoke. The dashed line represents a constant substitute of the
actual field with B0 and length leff where B(z = 0) = B0.

With this the transport matrix is represented by a 5-dimensional matrix

M =

⎛
⎜⎜⎜⎜⎜⎜
⎝

(x∣x) (x∣x′) 0 0 (x∣δ)
(x′∣x) (x′∣x′) 0 0 (x′∣δ)

0 0 (y∣y) (y∣y′) 0
0 0 (y′∣y) (y′∣y′) 0
0 0 0 0 (δ∣δ)

⎞
⎟⎟⎟⎟⎟⎟
⎠

, (2.26)

with (.∣.) indicating the connection between initial and final value. As in the previ-
ous section, a longitunally continuous beam is considered and thus the longitudinal
spatial coordinate l in equation 2.1 is neglected.

With the 5-dimensional transport matrix in equation 2.26, the beam matrix in
equation 2.17 can be propagated as [18, p. 153]

Σ =MΣ0M
T . (2.27)

Note that the transport matrix formalism works under the assumption that the mag-
netic strength parameter k(z) evolves as step-like function. However, real magnets
do not feature sudden changes of the magnetic flux density. Therefore, the so-called
hard-edge model is employed to approximate smooth transitions of the magnetic flux
density by a step function as shown in figure 2.7. With this, B(z) is replaced by a
box-shaped field distribution along z with B0 and length

leff = ∫
∞

−∞
B(z)dz
B0

. (2.28)
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2.1. Beam physics

A similar approximation is employed for quadrupole magnets with

leff = ∫
∞

−∞
g(z)dz
g0

(2.29)

taking into account the z-dependent evolution of the quadrupole gradient g(z) and
g(z = 0) = g0. The length leff is called effective length. In general the effective length
can be approximated to be

leff = lyoke + 1.3 g,
leff = lyoke + a

(2.30)

for a dipole and for a quadrupole magnet with g being the dipole gap height and a
being the quadrupole aperture radius as indicated in figure 2.5 and figure 2.6, respec-
tively.

The fundamental elements of transverse linear beam dynamics, i.e. drift, dipole
(bending) and quadrupole elements are represented by the following 5-dimensional
transport matrices [16, p. 135 ff.]. The drift transport matrix can be written as

Mdrift =

⎛
⎜⎜⎜⎜⎜⎜
⎝

1 L 0 0 0
0 1 0 0 0
0 0 1 L 0
0 0 0 1 0
0 0 0 0 1

⎞
⎟⎟⎟⎟⎟⎟
⎠

, (2.31)

with L being the drift length. A (horizontally) focusing quadrupole (QF) is repre-
sented by

MQF =

⎛
⎜⎜⎜⎜⎜⎜
⎝

cos (
√
kL) sin (

√
kL)/

√
k 0 0 0

−
√
k sin (

√
kL) cos (

√
kL) 0 0 0

0 0 cosh (
√
kL) sinh (

√
kL)/

√
k 0

0 0
√
k sinh (

√
kL) cosh (

√
kL) 0

0 0 0 0 1

⎞
⎟⎟⎟⎟⎟⎟
⎠

(2.32)
and a (horizontally) defocusing quadrupole (QD), i.e. vertically focusing, by

MQD =

⎛
⎜⎜⎜⎜⎜⎜
⎝

cosh (
√
kL) sinh (

√
kL)/

√
k 0 0 0√

k sinh (
√
kL) cosh (

√
kL) 0 0 0

0 0 cos (
√
kL) sin (

√
kL)/

√
k 0

0 0 −
√
k sin (

√
kL) cos (

√
kL) 0

0 0 0 0 1

⎞
⎟⎟⎟⎟⎟⎟
⎠

,

(2.33)
with L being the effective length of the quadrupole magnet and k being the quadrupole
strength k = g/(Bρ). Here, (Bρ) is a parameter that quantifies the magnetic rigidity
of the beam. The larger the rigidity of the beam, the stronger the magnets required
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2. Theory: Ion beam dynamics and neutron production

L

z1

x1 β1 β2 x2

z2

ρ0ρ0

α

Figure 2.8.: Sector bending magnet with length L, bend angle α and bend radius ρ0.
β1 and β2 are called edge angles. Taken and adapted from [19].

to focus or bend the beam. The transport matrix of a (sector) bending magnet or
dipole magnet is

Msbend =

⎛
⎜⎜⎜⎜⎜⎜
⎝

cosα ρ0 sinα 0 0 ρ0(1 − cosα)
− sinα/ρ0 cosα 0 0 sinα

0 0 1 ρ0α 0
0 0 0 1 0
0 0 0 0 1

⎞
⎟⎟⎟⎟⎟⎟
⎠

, (2.34)

with the bend angle α and the bend radius ρ0 as displayed in figure 2.8. Bending mag-
nets are represented by two different types. The sector bending magnet is constructed
such that the edges are orthogonal to the trajectory of incoming and outgoing beam
as shown in figure 2.8 for β1 = β2 = 0. The rectangular bending magnet yields an
angle of α/2 with the trajectory of the beam as shown in figure 2.9 for β1 = β2 = 0.
The design of a rectangular bending magnet can be deduced from the sector bending
magnet by setting β1 = β2 = α/2 in figure 2.8.

Apart from bending the particle beam trajectory, dipole magnets have focusing
properties. Particles with a horizontal offset x > 0 with respect to the reference
particle travel on a larger path in the dipole magnet and thus experience a larger
deflection than the reference particle. Vice versa for x < 0 and thus particles with
x ≠ 0 obtain horizontal focusing in a dipole field, i.e. so-called dipole focusing being
described by equation 2.34. Furthermore, particles, which enter a bending magnet on
a path that is not orthogonal to the edge of the magnet yoke obtain so-called edge
focusing. This effect occurs in any bending magnet that is different from the design
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2.1. Beam physics

L
β1 β2

x1

z1

z2

x2

ρ0ρ0

α

Figure 2.9.: Rectangular bending magnet with length L, bend angle α and bend radius
ρ0. β1 and β2 are called edge angles. The rectangular bend magnet can
be constructed from the sector bending magnet with β1 = β2 = α/2 in
figure 2.8. Taken and adapted from [19].

in figure 2.8 when β1 = β2 ≠ 0. In such bending magnets, the incoming and outgoing
beam sees a field gradient which is vertically focusing and horizontally defocusing for
β1,2 > 0, and vice versa for β1,2 < 0. The transport matrix for edge focusing can be
expressed as

Medge =

⎛
⎜⎜⎜⎜⎜⎜
⎝

1 0 0 0 0
tanβ/ρ0 1 0 0 0

0 0 1 0 0
0 0 − tanβ/ρ0 1 0
0 0 0 0 1

⎞
⎟⎟⎟⎟⎟⎟
⎠

, (2.35)

with β1 = β2 = β [16, p. 139 ff.]. With this, a rectangular bending magnet can be
described as

Mrbend =Medge(β = α/2)MsbendMedge(β = α/2). (2.36)

More details on the design of magnets for beam deflection are presented in the fol-
lowing section.
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2. Theory: Ion beam dynamics and neutron production

2.2. Magnets for beam deflection
For the deflection of charged particles in the MeV energy range, dipole magnets are
the tool of choice. This section treats the basics of the deflection of charged particles
in dipole magnets followed by the presentation of different concepts of generating
magnetic fields in dipole magnets. Then, a measure for the quality of accelerator
magnets in terms of the so-called harmonic content is introduced. Finally, special
dipole magnets as investigated in this thesis, i.e. kicker and septum magnets, are
presented.

2.2.1. Magnetic beam deflection
Charged particles in a magnetic field experience a deflection which is characterized by
the Lorentz force (equation 2.21). Consequently, particles with mass m and charge
q traveling with velocity v orthogonal to a static homogeneous magnetic field B follow
a circular orbit with radius ρ with

mv2

ρ
= qvB. (2.37)

With this,
(Bρ) = p

q
(2.38)

gives the momentum and charge specific quantity (Bρ) relating the magnetic field B
and the bending radius ρ. (Bρ) is referred to as so-called magnetic rigidity or beam
rigidity (or (Bρ)-value). The larger (Bρ), the larger the required magnetic field at
constant bending radius. For singly charged ions (q = e), (Bρ) can be expressed as

(Bρ)[T m]
4
= p[GeV/c]

0.3 (2.39)

or with natural units, i.e. c = 1, and p =
√
T 2 + 2Tm,

(Bρ)[T m] =
√
T 2[MeV2] + 2T [MeV]m[MeV] ⋅ 1 × 10−3

0.3 (2.40)

with T being the ion kinetic energy and m being the ion mass. For protons, m ≈
938 MeV.

Similar to magnetic deflection, electric fields can be employed to deflect charged
particles. In order to obtain a circular orbit, the electric field E has to act in the plane
of the orbit. Furthermore, it needs to act always orthogonal to the particles’ velocity
v and thus the electrodes generating the electric field E resemble the shape of the
particles’ circular trajectory. Analogous to the magnetic rigidity (equation 2.38), an
electric rigidity (Eρ)[V] = (Bρ[T m]) ⋅v can be defined. As the electric rigidity scales

4with 1 e T m = 1 eV/(m/s) = 3 × 108 eV/(3 × 108 m/s) ≈ 0.3 GeV/c.
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2.2. Magnets for beam deflection

α

ρ

L

#„

B

Figure 2.10.: Magnetic deflection of a dipole magnet with length L and magnetic field
B. The charged particle beam follows a circular orbit in the magnet with
bending radius ρ. The deflection angle is α = L/ρ.

with the square of the particle velocity v and the magnetic rigidity scales linearly with
v, electric deflection of particles with larger kinetic energy becomes increasingly inef-
ficient. A rule of thumb states that magnetic deflection shall primarily be employed
above an electric rigidity of 1 MV, i.e. a kinetic energy of the protons of 500 keV [16,
p. 27]. Since the developments in this thesis focus on proton beams with energies of
45 MeV and 70 MeV, magnetic deflection is considered exclusively in the following.

With (Bρ) fixed, the bending radius ρ in a homogeneous magnetic field B is ρ =
(Bρ)/B. Thus according to the geometry presented in figure 2.10 the deflection angle
α of a beam after passing a dipole magnet with magnetic field B and length L is
α = BL/(Bρ) or more generally

α = ∫
Bdl
(Bρ)

= Bmaxleff

(Bρ)
, (2.41)

with ∫ Bdl being the integrated magnetic field along the trajectory of the reference
particle in the magnet. Here, Bmax being the maximum field and leff being the effec-
tive length of the dipole. Note that figure 2.10 shows a sector bending magnet design
as presented in figure 2.8 where the length of the magnet corresponds to the length
of the beam trajectory in the magnet. Considering a rectangular bending magnet as
in figure 2.9, where magnet and trajectory length differ, equation 2.41 holds for small
deflection angles, where α ≈ sinα.

The horizontal offset ∆x of a beam in the laboratory frame after passing a rect-
angular straight dipole magnet as shown in figure 2.11 can be derived geometrically
as

∆x = ρ −
√
ρ2 −L2. (2.42)
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ρ

α

ρ −∆x

∆x

L

z

x

y
#„

B

Figure 2.11.: Horizontal offset ∆x of positive particles passing with velocity #„v =
(0,0, vz) through a rectangular (straight) dipole magnet with magnetic
field #„

B = (0,By,0), bending radius ρ, deflection angle α and length L.

With α ≈ tanα = L/ρ and
√

1 − α2 ≈ 1 − α2/2 + O(α3) for small α, one obtains in
second-order approximation

∆x ≈ Lα2 . (2.43)

Thus, the horizontal offset of a beam in the laboratory frame after passing a straight
dipole magnet with deflection angle α is given by

∆x(l) =∆xout(l) +∆xin = lα + leff
α

2 (2.44)

where ∆xout(l) and ∆xin account for the horizontal offset accumulated after and inside
the magnet, respectively. l is the downstream distance to the magnet and leff is the
effective length of the magnet.

2.2.2. Excitation of dipole magnets
In this thesis, the focus is on iron-dominated magnets, i.e. magnets which use magnetic
steel yokes in order to efficiently generate magnetic fields in the area of the charged
particle beam. Here, one distinguishes between iron-dominated magnets from coil
excitation (so-called normal-conducting magnets) and iron-dominated magnets based
on permanent magnet excitation. This section primarily follows the explanations
given in [20, p. 270 ff.] and [20, p. 282 ff.].
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2.2. Magnets for beam deflection

lgapw

Figure 2.12.: C-shaped dipole magnet driven by a coil. The air gap has a gap height
of lgap and width w. The integration path for the left hand side of
equation 2.46 is indicated by arrows.

Iron-dominated magnets based on coil excitation

Applying the Stokes theorem to Ampère’s law

∇ ×
#„

B

µ
= #„
j (2.45)

one gets

1
µ ∮

#„

Bd#„

l = ∫
S

#„
j d#„

S = Itotal. (2.46)

Here, Itotal represents the current going through the cross-section of the conductor
drawn in figure 2.12. For simplicity, the geometry of a so-called C-shape dipole magnet
is considered. With equation 2.46 and the integration path drawn in the dipole magnet
in figure 2.12 one gets

Blgap +
1
µr
∫

iron

#„

Bd#„

l = µ0Itotal. (2.47)

Here the contribution which accounts for the integration path through the yoke can
be neglected due to the very large relative permeability µr, and thus

NI = B
µ0
lgap (2.48)

can be obtained, with NI being the Ampère turns of the magnet, i.e. the number of
turns N times the current through a single conductor I, and equivalent to the total
current Itotal.

Exciting a dipole magnet similar to the one in figure 2.12 with finite extent into the
drawing plane generates a total magnetic energy in the gap of the magnet E, which
is given by
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2. Theory: Ion beam dynamics and neutron production

sm

Am
s0

A0

Figure 2.13.: C-shaped dipole magnet driven by a permanent magnet with height sm
and cross section Am. The air gap has a height of s0 with cross section
A0.

E = 1
2LI

2, (2.49)

with L being the inductance of the magnet. The magnetic energy in equation 2.49
can be deduced from the energy density in the magnetic field ρm by integration via

E = ∫
V

ρmdV (2.50)

Thus, the insertion of the magnetic energy density

ρm =
1
2

#„

B
#„

H = B
2

2µ0
(2.51)

into equation 2.50 allows to deduce L via equation 2.49 and equation 2.48 to be

L = µ0N
2leff

w

lgap
, (2.52)

where ∫V dV = w ⋅ lgap ⋅ leff . With equation 2.52, an expression for the inductance of
a dipole magnet as drawn in figure 2.12, taking into account a longitudinal extent
of the magnetic field over an effective length leff , can be obtained, which is entirely
determined by its geometric parameters.

Iron-dominated magnets based on permanent magnet excitation

As for the coil excitation in the previous paragraph, it is referred to Ampère’s law
in equation 2.45 and equation 2.46 in order to investigate the effect of permanent
magnet excitation in an iron yoke on the magnetic flux density in the air gap. For
this, the geometry shown in figure 2.13 with a C-shaped dipole magnet similar to the
one in figure 2.12 is considered. In the absence of currents (Itotal = 0), one obtains

∮
#„

Hd#„

l =H0s0 +Hmsm = 0, (2.53)
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2.2. Magnets for beam deflection

when neglecting the contribution of H from the iron yoke due to the large permeability
(large µr, as when going from equation 2.47 to equation 2.48). In the geometry of
figure 2.13, the magnetic flux Φ = BA on the magnet surface and on the pole surface
equal, such that

BmAm = B0A0 = µ0H0A0. (2.54)

Inserting H0 from equation 2.54 into equation 2.53 allows to relate the magnetic flux
density Bm in the permanent magnet to the field Hm according to

Bm = −µ0
sm

s0

A0

Am
Hm. (2.55)

Here, a so-called permeance coefficient

P ∶= sm

s0

A0

Am
(2.56)

can be defined, which relates the magnetic field Hm to the magnetic flux density Bm in
the permanent magnet depending on the geometry of the setup. With equation 2.55,
representing a straight line, called load line, with slope P in the B(H) diagram of the
permanent magnet, a working point of the permanent magnet, i.e. a set of (Bm,Hm)-
coordinates obtained from the underlying geometry of the setup, can be derived from
the intersection of equation 2.55 with the material-specific B(H)-curve.

A typical B(H)-curve of a rare-earth permanent magnet5 is schematically shown
in figure 2.14. In figure 2.14, with µr = 1, the B(H)-curve is deduced from the
J(H)-curve via

B(H) = µ0H + J(H) (2.57)

and referred to as normal curve representing the flux density produced by the per-
manent magnet. The J(H)-curve is called intrinsic curve representing the response
of the magnet to an external field. Since the focus is on the magnetic flux provision
of the permanent magnet to a magnetic system considering external magnetizing and
demagnetizing influences, the normal curve is primarily considered in the following.
Application of an external magnet field H in figure 2.14 magnetizes the material fol-
lowing the initial curve (dashed line) until the saturation polarization Js is reached
at Hs, i.e. when B scales linear with H. During subsequent decrease of the external
field H, the magnetic flux density B follows the hysteresis loop and remains at the re-
manent field Br at H = 0 with J(0) = Br. When the external field is then reversed, B
decreases linearly until the net magnetic flux density of the magnet material is zero at
Hc,B, i.e. the normal coercivity. The magnetic polarization vanishes at the intrinsic
coercivity Hc,J . Further decrease of H reverses the polarity of the magnet. From equa-
tion 2.57, it follows that Hc,B <Hc,J . For rare-earth permanent magnets, Br ≈ Js, i.e.

5In this thesis, Sm2Co17 as rare-earth magnet material is used.
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Figure 2.14.: Schematic drawing of the B(H), J(H)-curve of a rare-earth permanent
magnet.

J(H) is almost constant when decreasing H. For these so-called hard magnetic ma-
terials, J(H) follows approximately a rectangular hysteresis loop. Therefore, B(H)
is typically linear in the second quadrant of figure 2.14. The transition region from a
linear to a non-linear B(H) dependency is referred to as knee and is positioned in the
third quadrant in figure 2.14. In a permanent-magnet-based system, there is usually
no external driving field H > 0 but an inevitable demagnetization, i.e. H ≤ 0, since
all flux lines which are not guided back end-to-end into the permanent magnet, as it
would be attained when the yoke in figure 2.13 is closed, point in opposite direction
of the flux lines in the magnet. Therefore, one typically concentrates on the second
quadrant of figure 2.14, i.e. the demagnetization curve, when studying the working
point of permanent magnets integrated in a magnetic system. Figure 2.15 shows the
demagnetization curve of a permanent-magnet-based system including load lines with
different slope P (according to equation 2.56) and thus working points of different
yoke geometries. A short circuit geometry is obtained when sm >> s0 in equation 2.56
and thus P → −∞. Here, almost all flux lines originating from the permanent magnet
are guided back into the magnet with only small leakage due to the finite reluctance
of the yoke. In an open circuit, i.e. s0 >> sm, the leakage and thus demagnetizing
field is maximum. Depending on sm, Am, s0 and A0 the working point moves along
the demagnetization curve. With a linear demagnetization curve, there is typically
no flux loss associated with magnetizing the permanent magnet as a bare magnet
and subsequent handling of the magnet, i.e. bringing it into the circuit. It should be
noted that the demagnetization curve is temperature-dependent and thus the knee of
B(H) in figure 2.14 can be shifted from the third into the second quadrant as shown
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Figure 2.15.: Left: Demagnetization curve (second quadrant of figure 2.14) with
load lines and thus working points (B,H) for different geometries of
a permanent-magnet-based system as shown by the schematic drawings
(referring to a geometry similar to figure 2.13). The gray area shows the
maximum energy product (BH)max. Each working point is associated
with a corresponding energy density product BH. Right: Demagne-
tization curve for different temperatures T of the permanent magnet.
Br and Hc,J decrease with larger temperature. Thus the knee of B(H)
moves into the second quadrant and the working point changes.

on the right side of figure 2.15. For a fixed geometry of a permanent-magnet-based
system, the working point thus changes with temperature. If the working point is
shifted such that it is positioned below the knee of the B(H)-curve, the magnetic
flux density returns to a smaller remanent field at H = 0 shown by the dashed line
on the right side of figure 2.15, i.e. the magnetic flux loss is irreversible. For a
permanent-magnet-based system, the working point should always be above the knee
within the expected temperature fluctuations.

Multiplying equation 2.54 by sm and replacing sm on the right hand side of the
equation by the expression obtained from equation 2.53 for sm yields

BmAmsm = −µ0H0A0
H0s0

Hm
(2.58)

and thus

H0 =
√
−BmHmVm

µ0V0
, (2.59)

with Vm(0) = Am(0) ⋅ sm(0) being the volume of the permanent magnet or air gap,
respectively. Thus, for a given air gap volume V0 and a required field H0 or flux
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2. Theory: Ion beam dynamics and neutron production

density B0 = µ0H0 in the air gap, the required volume of the permanent magnet
can be minimized by adjusting the geometry of the setup, i.e. the permeance coeffi-
cient (equation 2.56), such that a working point of the permanent magnet is obtained
where Bm ⋅Hm is maximum. Therefore (BH)max, i.e. the so-called energy product
is a measure for the quality of the permanent-magnet material. For Sm2Co17, which
is used during this thesis, the energy product (BH)max ranges between 159 kJm−3

to 264 kJm−3 which is the second largest energy product obtainable from rare-earth
permanent magnets with NdFeB ranging between 199 kJm−3 to 444 kJm−3 [21].

In order to characterize a system based on rare-earth permanent magnets with
a linear demagnetization curve as shown in figure 2.15 and µr ≈ 1, it is typically
sufficient to consider the material specific remanent field or flux density Br. The flux
density Bm of the permanent magnet follows according to equation 2.57

Bm = µ0Hm +Br (2.60)

with J ≈ const. = Br. The intersection of equation 2.60 with the load line in equa-
tion 2.55 defines the working point and yields the demagnetization field

Hm = −
Br

µ0 (1 + sm/s0 ⋅A0/Am)
(2.61)

and thus the corresponding Bm via equation 2.60. Hence, given the geometry of
the magnet system, the flux density in the air gap B0 can obtained purely from the
remanent flux density Br using equation 2.59 to be

B0 =
Br

s0/sm +A0/Am
. (2.62)

For example a geometry with s0 = sm and A0 = Am gives a magnetic flux density in
the air gap of B0 = Br/2.

Equation 2.62 holds for a C-Shaped geometry as presented in figure 2.13 and ap-
proximates the flux density in systems with slightly different geometry (e.g. shims).
For more complex permanent-magnet-based systems, numerical simulations have to
be performed yielding the working point and thus the flux density in the air gap by
specifying the remanent flux density and the relative permeability.

2.2.3. Magnetic field characterization
For accelerator magnets and the effect of these magnets onto the traversing charged
particle beam, the magnetic flux density #„

B = µ#„

H plays the central role. Here, µ
and #„

H are referred to as permeability and magnetic field, respectively. In accelerator
physics, the term magnetic field is used as synonym for the magnetic flux density [15].
To judge the quality of the magnetic field in an accelerator magnet, it is essential to
obtain a description of the magnetic field in the geometry of the magnets. This can
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2.2. Magnets for beam deflection

be done by introducing the so-called multipole coefficients of a magnet.

In order to obtain an expression for the multipole coefficients in a magnet, a general
expression of the magnetic field in the aperture of the magnet has to be derived from
the Maxwell formulas by solving the magnetostatic boundary value problem in the
magnet aperture. The magnet aperture is free of currents, such that Ampère’s law
(equation 2.45) simplifies to

∇ × #„

B = 0. (2.63)
Gauss’s law of magnetism states

∇ ⋅ #„

B = 0. (2.64)
Equation 2.63 and equation 2.64 can be used to formulate the boundary value problem
either in terms of a scalar potential Φm with #„

B = −∇Φm or in terms of a vector
potential #„

A with #„

B = ∇× #„

A. Both formulations yield identical results in terms of the
multipole coefficients. Following the formulation with a magnetic vector potential #„

A,
one inserts #„

B = ∇ × #„

A into equation 2.63 to obtain

∇ × (∇ × #„

A) = ∇(∇ ⋅ #„

A) −∆#„

A = 0 (2.65)

with the vector identity. With the Coulomb gauge, i.e. ∇ ⋅ #„

A = 0, the Laplace
equation

∆#„

A =∆Az = 0 (2.66)

can be obtained if a purely transversal magnetic field with #„

B = (Bx,By,0) and the
corresponding vector potential #„

A = (0,0,Az) is considered, which holds inside accel-
erator magnets with much larger extent in z than in the transversal plane. Solving
equation 2.66 in the aperture of the magnet gives a general expression of the magnetic
field therein. For the geometry of accelerator magnets, equation 2.66 can be solved by
introducing polar coordinates (r, ϕ). With the separation of variables method with
Az(r, ϕ) = ρ(r)Φ(ϕ), equation 2.66 yields two ordinary differential equations. Solving
these while taking into account the boundary condition in the magnet aperture, i.e.
finite field in the centre of the magnet at r = 0, one obtains the general expression of
the magnetic vector potential in the magnet aperture following [20, p.238 f.]

Az(r, ϕ) =
∞

∑
n=1

rn(Cn sinnϕ −Dn cosnϕ). (2.67)

Thus, the magnetic field components in polar coordinates are

Br(r, ϕ) =
1
r

∂Az

∂ϕ
=
∞

∑
n=1

nrn−1(Cn cosnϕ +Dn sinnϕ), (2.68)

Bϕ(r, ϕ) = −
∂Az

∂r
= −

∞

∑
n=1

nrn−1(Cn sinnϕ −Dn cosnϕ). (2.69)
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2. Theory: Ion beam dynamics and neutron production

The physical interpretation of the n-th contribution (mathematically originating from
a separation constant n2 in the separation of variables technique [20, p.238]) in equa-
tion 2.68 and equation 2.69 is that of a 2n-pole magnetic flux density distribution, i.e.
n = 1,2, .. representing a dipole, quadrupole and higher-order multipole magnetic flux
density distribution. Thus, the magnetic field is represented by a linear combination
of different 2n-pole magnetic flux density distributions with Cn and Dn being the
multipole coefficients.

The multipole coefficients can be obtained from a Fourier series of the radial field
Br. Since the radial field is single-valued, it is periodic with ϕ, such that at a fixed
radius r = r0, i.e. called reference radius, Br can be written as

Br(r0, ϕ) =
∞

∑
n=1
(Bn(r0) sinnϕ +An(r0) cosnϕ) (2.70)

with the Fourier coefficients

An(r0) =
1
π

2π

∫
0

Br(r0, ϕ) cosnϕdϕ (2.71)

Bn(r0) =
1
π

2π

∫
0

Br(r0, ϕ) sinnϕdϕ. (2.72)

The Fourier coefficient A0 = 1/π ∫
2π

0 Br(r0, ϕ)dϕ drops since Gauss’s law states
∇ ⋅ #„

B = ∯
#„

Bd#„

A = r2
0 ∫

2π

0 Br(r0, ϕ)dϕ = 0 for r0 ≠ 0. With equation 2.70, the azimuthal
field component can be derived from equation 2.68 and equation 2.69 to be

Bϕ(r0, ϕ) =
∞

∑
n=1
(Bn(r0) cosnϕ −An(r0) sinnϕ), (2.73)

with An(r0) = nrn−1
0 Cn and Bn(r0) = nrn−1

0 Dn. With this, An(r0) and Bn(r0) repre-
sent the multipole coefficients at the reference radius r0.

Computation and measurement of the Fourier coefficients in equation 2.71 and
equation 2.72 can be performed by determining the radial field components Br at N
discrete points equally distributed on a circle with reference radius r0. In this case,
the Fourier coefficients in equation 2.71 and equation 2.72 can be obtained from
the discrete Fourier transform [20, p. 333 f.]:

An(r0) ≈
2
N

N−1
∑
k=0

Br(r0, ϕk) cosnϕk, (2.74)

Bn(r0) ≈
2
N

N−1
∑
k=0

Br(r0, ϕk) sinnϕk (2.75)
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2.2. Magnets for beam deflection

with ϕk = 2πk/N (k = 0,1,2, ...,N − 1) being the angular coordinate of the N obser-
vations of Br.

The horizontal and vertical magnetic field components Bx and By in cartesian
coordinates can be derived from equation 2.70 and equation 2.73 according to

Bx(r0, ϕ) = Br(r0, ϕ) cosϕ −Bϕ sinϕ (2.76)
By(r0, ϕ) = Br(r0, ϕ) sinϕ +Bϕ cosϕ. (2.77)

For convenience, one typically introduces the complex magnetic field

B(z) = By + iBx =
∞

∑
n=1
(Bn + iAn) (

x + iy
r0
)

n−1
. (2.78)

Here, the multipole coefficient Bn represents the upright (vertical) contributions and is
called normal multipole coefficient, whereas An represents the horizontal contributions
and is named skew multipole coefficient. The set of all Bn and An is called harmonic
content.

2.2.4. Kicker and Septum magnets
Particle accelerators generally cover a certain range in terms of kinetic energy of the
particles, i.e. the difference between the lowest energy, so-called injection energy, and
the final energy. In synchrotrons for example both the frequency of the RF system
and the synchronized current of the dipole magnets are ramped during acceleration
[16, p. 61 ff.]. Here, both systems are limited to some dynamic range, and thus it
is required to use a chain of accelerators with different RF systems and main dipole
magnets, which are connected by transfer lines in order to reach a large final energy
of the particles. For example, a chain of five accelerators is used at CERN in order
to provide TeV-protons from LHC [22]. The consequential demand to transfer parti-
cles between different accelerators as well as other requirements like periodic refilling
of accelerators with particles and access to ionized particles from accelerators at ex-
ternal experiments led to the development of so-called kicker magnets and septum
magnets6. The combination of these two special dipole magnets allows fast injection
and extraction of particles from accelerators. Both are employed for different injec-
tion techniques [23].

In figure 2.16, the single-turn injection and single-turn extraction process with
combinations of kicker and septum magnet are shown. The septum magnet features
two different and closely arranged magnetic field regions, i.e. a homogeneous field
region and a field-free region, with the field-free region typically covering the circu-
lating beam. In single-turn injection (figure 2.16a), the injected beam passes through

6septum: latin for something that encloses.
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Figure 2.16.: Fast single-turn injection (a) and extraction (b) of the beam into and
from a machine with circulating beam, respectively, using a combination
of kicker and septum magnet. The insets show the temporal evolution
of the magnetic field in the kicker magnet with respect to the beam
intensity. The drawing shows the horizontal plane, i.e. the xz-plane in
figure 2.1. Taken from [23].

the homogeneous field region of a pulsed or DC septum magnet, which deflects the
injected beam onto the position of the circulating beam at the centre of the kicker
magnet. The kicker magnet then compensates the remaining angle. Typically, a
horizontally defocusing quadrupole of the accelerator is used in order to support the
kicker magnet by deflecting the off-center injected beam. The kicker magnet is in-
stalled within the aperture of the circulating beam. Therefore, fast rise and fall times
of the kicker magnet’s magnetic field are required in order not to affect the circulating
beam but only the injected beam. Single-turn extraction (figure 2.16b) works very
similar but with reversed order of kicker and septum magnets. Fast ramping of the
kicker magnet in a time interval without beam allows to direct the beam towards the
homogeneous field region of the septum magnet. With this, the extracted beam is
separated from the circulating beam, which passes the field free region of the septum
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2.2. Magnets for beam deflection

magnet. The fall time of the kicker magnet during extraction is normally less critical
since typically the whole beam is extracted. Sometimes a closed orbit bump of the
circulating beam, which is generated with minimum of three pulsed dipole magnets,
is generated in order to move the beam closer to the homogeneous field region of the
septum magnet. In the following, design characteristics of kicker as well as septum
magnets are presented.

Kicker magnets

Kicker magnets are dipole magnets, which are designed to provide very short rise and
fall times of the respective magnetic field. The conceptual design of kicker magnets is
generally based on a C-core yoke similar to figure 2.12 [23]. In order to obtain a small
inductance, the number of turns is as small as possible, i.e. mostly N = 1 (for kicker
magnets with rise and fall times less than a few hundreds of ns [24]), and the horizontal
aperture is minimized (equation 2.52). The horizontal aperture can be smallest when
the kicker magnet is integrated with the vacuum system such that no beam tube is
required. However, if the kicker magnet is positioned external to the vacuum system,
e.g. due to outgassing of some material in the kicker magnet, beam tubes with low
electrical conductivity are used to minimize eddy current losses, e.g. ceramic beam
tubes [25]. For the minimization of eddy current losses, the yoke of kicker magnets is
mostly based on ferrites, which feature a very low electrical conductivity and thus a
large bandwidth. Regardless of the yoke material, the yoke is usually laminated, i.e.
made from thin layers, which are glued together providing an intermediate insulating
layer thus additionally reducing eddy current losses. Typical sheet thicknesses of the
magnetic steel of the yoke are between 0.3 mm and 1.5 mm [26]. Since the inductance
depends also on the length of the magnet (equation 2.52), arrangements of many but
short kicker magnets can be used. Despite small inductances in kicker magnets, the
fast rise and fall times in combination with only few turns per coil, which require larger
currents to generate the magnetic field, demand large voltages for the operation of
kicker magnets according to U = −L ⋅ dI/dt. The large current and voltage pulses are
generated by discharging a capacitor over a high voltage thyratron switch, which can
hold-off up to 80 kV providing 6 kA within 30 ns rise time [23]. In order to provide fast
rise times below 100 ns, modern kicker magnets are usually segmented into cells, which
consist of ferrite C-cores sandwiched between HV capacitance plates with intermediate
grounded plates such that the magnet resembles a broadband coaxial cable and the
overall inductance is distributed over all such cells [27]. These kicker magnets are
then called transmission line kicker magnets, whereas the bulk ferrite kicker magnets
(similar to figure 2.12) are called lumped-inductance kicker magnets.

Septum magnets

The umbrella term septum applies to electrostatic deflectors as well as to magnets
featuring an electric field or magnetic dipole field region, respectively, and a field-free
region in close proximity. Electric field septa are mostly operated DC, whereas mag-
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netic septa are usually pulsed or DC. Both concepts are presented in figure 2.17. While
the electrostatic septum benefits from a much thinner septum thickness (< 100 µm),
the electrostatic deflection is much weaker. With a maximum electric field of elec-
trostatic septa of 10 MV/m and the maximum flux density of septum magnets being
1 T [16, p. 331], the required length of electrostatic septa for e.g. 70 MeV protons
in order to provide the same deflection angle is one order of magnitude larger than
for septum magnets (equation 2.41 for magnetic deflection and α = El/(Bρ)/v [16, p.
331] for electrostatic deflection). For this reason, the focus is on septum magnets in
the following paragraph.

The driving current required for DC electromagnetic septum magnets can reach up
to 4 kA leading to large current densities in the thin septum conductor (figure 2.17b)
as high as 85 A mm−2 [28]. This causes a power consumption of up to 100 kW due
to ohmic heat losses and thus water cooling with large flow rates of up to 60 l min−1

is required which results in excessive pumping and erosion of the conductors. Due
to the large current densities in the septum the operating point of electromagnetic
septum magnets is generally close to the damage threshold which demands a proper
machine protection system. Further issues in most septum magnets are the strong
radiation exposure of the septum, which is irradiated by the beam or beam halo lead-
ing to material degradation of the conductors and complicating maintenance as well
as the mechanical stability of the thin septum bearing the electromagnetic forces. An
overview of different types of electromagnetic septum magnets is given in [29]. One
type of septum magnet, in which some of the above problems, i.e. radiation exposure
and mechanical stability, can be reduced is the so-called massless septum [30] which
provides a dipole and a zero field region without a physical septum to separate the
two field regions. The conceptual design of an electromagnetic massless septum is
presented in figure 2.18. Here, the leakage field from the dipole field region is can-
celed by the addition of a third conductor such that a slow transition between the
dipole field and the zero field region is obtained, i.e. an effective septum. According
to [30] a septum magnet with a dipole field of 0.8 T and an effective septum thickness
of 40 mm can be obtained. The septum thickness can be further reduced by approxi-
mately 10 mm when using permanent magnets to support I2 in figure 2.18.

For the design of septum magnets, a less stringent consideration of the beam size is
applied in this thesis when compared to standard accelerator magnets such as dipole
and quadrupole magnets. With the septum magnets being special magnets which
follow a more challenging design process, a beam diameter of 4 rms beam widths
(rather than 6 rms beam widths), i.e. 4σ and 95.45 % of the beam intensity, is
considered, which facilitates the design. This has only minor influences on the beam
quality throughout a beamline containing septum magnets as they are employed less
frequent, i.e. typically once, when compared to dipole or quadrupole magnets.
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Figure 2.17.: Conceptual design of an electrostatic septum with foil septum (a) and
a DC septum magnet (b). The gap width d of the electrostatic septum
magnet generally varies between 10 mm and 35 mm with the septum foil
thickness t being less than 100 µm. For the magnetic septum, a gap
height g of 25 mm to 60 mm can be obtained with a septum thickness
(septum conductor) t of 6 mm to 20 mm. All data and graphics taken
and adapted from [28].
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Figure 2.18.: Conceptual design of a massless septum [30] with three different con-
ductors I1, I2, I3 to cancel the leakage field of the dipole field region
without physical septum. Taken and adapted from [29].

2.3. Neutron production in low-energy
accelerator-driven neutron sources

The neutron production in low-energy accelerator-driven neutrons sources is based on
the interactions of light ions, e.g. protons for HBS, in the energy range below 100 MeV
with the nuclei of a metal target. Depending on the energy of the primary particle,
i.e. the projectile, and the target material, different nuclear reactions contribute with
their individual energy-dependent cross sections to the generation of neutrons. While
the projectiles propagate through the target, they loose energy and thus the cross
section of the contributing nuclear reactions changes with the penetration depth of
the projectiles. This has to be taken into account when classifying the efficiency of
different target materials in terms of their neutron generation per primary ion, i.e. the
neutron yield, as explained in the following. The energy-dependent neutron yield is an
important parameter for the target material selection at low-energy accelerator-driven
neutron sources and investigated experimentally in chapter 6 of this thesis.

2.3.1. Nuclear reactions
Nuclear reactions can be considered as reactions between two or more nuclei or be-
tween nuclei and other fundamental particles, e.g. electrons or photons. In the follow-
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ing, the focus is on nuclear reactions involving two nuclei as this is the main reaction
driving the generation of neutrons in low-energy accelerator-driven neutron sources.
When two nuclei collide, many different final products with different quantum states
can be created. A reaction branch with well defined initial and final participants as
well as their associated quantum states is referred to as reaction channel. The prob-
ability for a nuclear reaction to follow a particular reaction channel is determined
by the cross section σ of that channel. Nuclear reactions proceed through different
mechanisms. For nuclear reactions involving light mass projectiles in the MeV energy
range impinging on a target nuclei, one can concentrate on three distinct mechanisms,
which are briefly introduced in the following (following the explanations in [31]).

At low projectile energies, the projectile particle can be captured by the target
nucleus forming a highly excited compound nucleus. The excitation energy of the
compound nucleus can be transferred to all of its nucleons and if the energy is con-
centrated in one or more nucleons, the excited nucleus decays with the emission of
these nucleons (typically neutrons). With a time scale of τ ≫ 1×10−22 s, the compound
nucleus reaction is a slow process since the distribution of the projectile energy in the
target nucleus requires some periods of the orbiting nucleons, i.e. ≈ 1×10−22 s. Due to
this large time scale, the information about the formation of the compound nucleus
is lost and therefore the decay products of the reaction are independent of the initial
participants. The final products only depend on the energy, angular momentum and
parity of the quantum state of the compound nucleus. The particle emission is almost
isotropic with some minor dependence on the direction of the projectile nucleus. A
compound nucleus reaction contributing to the generation of neutrons with protons
impinging on a beryllium target is for example

p +9
4 Be→10

5 Be∗ →9
5 B + n (2.79)

or denoted as 9Be(p,n)9B with 10
5 Be∗ representing a beryllium nucleus in an excited

state.

At higher projectile energies, the wavelength associated to the projectile particle
decreases such that localized areas at the surface of the target nuclei can be probed
and thus only a few nucleons of the target participate. The projectile can hereby
transfer energy or transfer one or more nucleons to the target. This type of reaction
is called direct reaction. The corresponding time scale is < 1 × 10−22 s. Typical direct
reactions are elastic scattering where no energy is transferred between the nuclei but
the propagation of the projectile may change and inelastic scattering where the pro-
jectile can excite the target nucleus by transferring energy. Direct reactions, where
a nucleon is transferred from the projectile to the target and vice versa, are called
stripping reactions and pick-up reactions, respectively. The differential cross section
dσ/dΩ of direct reactions is strongly forward peaked as the projectile continues to
move along its initial direction.
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It is possible that the interaction of the projectile and the target neither processes
through a direct reaction nor by the formation of a compound nucleus. If the projectile
energy is transferred only to a part of the target nucleus, no statistical equilibrium,
as in the case of a compound nucleus, occurs. Instead, the projectile nucleons initiate
a cascade of interactions in the target nucleus eventually leading to the emission of
nucleons. Since the emission of particles from the target nucleus occurs before the
formation of a compound nucleus such reaction is called pre-equilibrium reaction. The
corresponding time scale is 1 × 10−18 s.

For processes involving two initial nuclei with an electrical charge of identical polar-
ity, nuclear reactions are only feasible if the interacting nuclei have sufficient energy
to overcome the Coulomb barrier. Therefore, for protons impinging on metal targets
a particle accelerator is required to open the reaction channels required for neutron
generation. The heavier the target material (higher atomic number Z), the higher
the charge of the target nucleus and thus the larger the repulsive effect from the
Coulomb potential of the target nucleus. Thus a larger projectile energy is required
for heavy target materials, e.g. tantalum with respect to beryllium, when operating a
low-energy accelerator-driven neutron source. However, heavy target materials allow
to open reaction channels which contribute with more neutrons per primary ion, e.g.
(p,5n) and (p,7n+α) for protons on tantalum [32].

In low-energy accelerator-driven neutron sources with a specific target material and
projectile ion, the neutron generation generally involves a multitude of nuclear reac-
tions. Some secondary nuclear reactions can be triggered by the products of previous
nuclear reactions while the probability of the individual reactions depends on the
energy of the nuclei which in turn is influenced by the environment of the target,
i.e. moderator and reflector material as well as the corresponding geometry. Thus,
in order to evaluate the efficiency of a low-energy accelerator-driven neutron source
numerically in terms of its neutron yield, i.e. neutrons per primary ion, Monte-Carlo
simulations have to be performed with for example MCNP [11] using the cross sec-
tions of the nuclear reactions from databases, e.g. ENDF [33].

For HBS, analytical calculations of the neutron yield can be performed when consid-
ering only primary proton-induced nuclear reactions that contribute to the generation
of neutrons, i.e. (p,n) reactions. Here, the energy-dependent probability of all occur-
ring (p,n) reactions is summed up yielding a proton-induced neutron yield [8]. As the
protons propagate through the target material, they loose energy and thus the cross
section for the neutron generation changes. This has to be taken into account for the
calculation of the proton-induced neutron yield by considering the energy-dependent
penetration depth of the protons in the target as well as the energy loss along their
path which is described in the following.
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2.3.2. Stopping power
When ions travel through matter, they loose energy through collisions with electrons
and nuclei. The total energy loss in the material per unit path length is given by [34]

− dE
dx = −

dE
dx ∣e

− dE
dx ∣n

(2.80)

with S(E) = −dE/dx being defined as stopping power. The larger the stopping power,
the higher the energy loss per unit path length of a projectile in a target. In equa-
tion 2.80, the contribution from radiative energy loss through the emission of photons,
i.e. bremsstrahlung, is not considered as this is negligibly small for ions penetrating
with a kinetic energy which is below their rest mass (< 938 MeV for protons) [35].
The subscript e in equation 2.80 denotes the electronic stopping power which is due
to interactions of the projectile ion with atomic electrons in the target causing ion-
ization or excitation of the target atoms. The subscript n marks the nuclear stopping
power which accounts for elastic Coulomb interactions between the projectile and
target nuclei. Here, recoil energy is transferred from the projectile to the target. The
nuclear stopping power scales with the mass of the projectile and increases with lower
projectile energy, e.g. from 0.2 % to 15 % with respect to the electronic stopping
power for 100 keV to 1 keV protons on Be [36]. For protons impinging on potential
target materials for low-energy accelerator-driven neutron sources, the nuclear stop-
ping power is orders of magnitude below the electronic stopping power [8]. Thus, the
focus is on the electronic stopping power which can be characterized by the Bethe
relativistic formula [36, p. 39]

dE
dx ∣e

= 4πnz2e4

mev2 {ln [
2mev2

I(1 − β2)
] − β2} (2.81)

for a projectile with velocity v, β = v/c with c being the speed of light and charge num-
ber z. In equation 2.81, me is the electron mass, n is the electron density of the target
material and I is the mean excitation energy of the atoms of the target material. The
mean excitation energy I describes how easily a target atom can absorb kinetic energy
from the projectile. It can be approximated with I ≈ 11.5 ⋅Z ⋅ 1 × 10−6 MeV [37] with
Z being the charge number of the target material. For protons in the MeV energy
range impinging on metal targets, equation 2.81 is well applicable to determine the
stopping power in the target [36, p. 47].

As the projectile looses energy whilst traveling through the target material via
equation 2.81, it slows down. With this, the energy loss per unit path length further
increases yielding a maximum energy loss just before all particles are stopped in the
target. This maximum energy loss at end of the track of the projectiles in the target
is called Bragg peak. The total path length of the projectiles in the target is given by
the stopping range [37]

R =
E

∫
0

1
S(E)

dE =
E

∫
0

1
−dE/dxdE (2.82)

37



2. Theory: Ion beam dynamics and neutron production

with E being the initial kinetic energy of the projectile and S(E) being the stopping
power. With equation 2.82 and equation 2.81, it is for example evident that protons
have a larger stopping range than deuterons at identical initial kinetic energy and
target material as the mass of the deuteron is larger which leads to a smaller velocity
and thus a larger energy loss per unit path length.

The stopping range and the energy loss along the track through the target material
of the projectiles has to be considered when calculating the neutron yield at low-energy
accelerator-driven neutron sources as described in the following paragraph.

2.3.3. Neutron Yield
At low-energy accelerator-driven neutron sources, the neutron yield, i.e. the neu-
trons generated per primary ion (e.g. proton at HBS), is an important parameter
when considering the efficiency of such sources. The neutron yield directly influences
the brilliance of neutron beams obtained from low-energy accelerator-driven neutron
sources (equation 1.1) which is the figure of merit at HBS. Hence, analytical calcula-
tions, numerical simulations as well as measurements of the neutron yield for different
target materials irradiated with protons are inevitable during the design process of
HBS. Numerical simulations and measurements of the neutron yield are performed in
chapter 6 of this thesis. Analytical calculations of the neutron yield from a specific
target material considering only primary nuclear reactions, e.g. proton-induced neu-
tron generation for HBS, allow to compare the efficiency of different target materials.
Considering all proton-induced nuclear reactions that generate neutrons with their
individual energy-dependent cross sections σi,(p,n)(E), the proton-induced neutron
yield Y(p,n) can be calculated according to

Y(p,n) =∑
i

R

∫
0

NA

M
ρσi,(p,n)(E)dx (2.83)

with NA being the Avogardo constant, ρ being the mass density and M being
the molar mass of the target material. Here, R is the stopping range according to
equation 2.82. Such calculations have been performed for various target materials
in [8]. The results are presented in figure 2.19. It can be seen that for protons at
70 MeV as employed at HBS, high neutron yields in the order of 9 to 10×1014 s−1 mA−1

can be obtained when selecting the appropriate target material. At HBS tantalum
(Y(p,n) = 9 × 1014 s−1 mA−1) will be used due to its beneficial material properties, such
as a large blistering threshold and corrosion resistance [5].
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2.3. Neutron production in low-energy accelerator-driven neutron sources

Figure 2.19.: Proton-induced neutron yield calculated according to equation 2.83 with
cross sections from the TALYS nuclear code [38] and stopping range
calculated with SRIM [39]. The white lines mark Tc and Pm which
have no stable isotopes. The white dot marks Ta at 70 MeV proton
energy. Taken from [5].
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3. Low-energy accelerator-driven
neutron sources

In low-energy accelerator-driven neutron sources, an ion beam with a kinetic energy
below 100 MeV impinges on a metal target generating neutrons via nuclear reactions.
Depending on the target material and ion species, typically protons or deuterons, a
different variety of potential reactions contribute to the neutron generation. With
the neutron yield from nuclear reactions ranging between 1 × 10−3 and some 1 × 10−1

neutrons per primary particle, the yield is orders of magnitude smaller than for fission
or spallation reactions. However, the low ion energy, especially when compared to
spallation sources with typically Ekin ≈ 1 GeV, allows compact assemblies of target
and moderator such that a larger fraction of neutrons can be made useful for the
instruments. With this, low-energy accelerator-driven neutron sources being highly
competitive to medium-flux fission-based research reactors can be developed.

In the following, the High-Brilliance neutron Source (HBS) facility is presented.
The HBS is a pulsed medium-flux, high brilliance accelerator-driven neutron source
facility based on a high current linear proton accelerator, scalable up to 70 MeV proton
energy, and optimized to deliver high brilliance neutron beams to a large variety of
neutron instruments [4]. At Forschungszentrum Jülich GmbH, a test facility for HBS
is being set up at the JUelich Light Ion Cyclotron (JULIC) accelerator which is
presented thereafter.

3.1. HBS facility
A floor plan of the High-Brilliance neutron Source (HBS) facility is shown in figure 3.1.
The HBS facility is driven by a high-power linear accelerator (linac) providing 70 MeV
protons with high intensity of up to 100 mA peak current. The linac is supplied by an
Electron Cyclotron Resonance (ECR) source which is connected to a Radio Frequency
Quadrupole (RFQ) accelerator via a Low Energy Beam Transport (LEBT) line. Inside
the LEBT, a chopper system is installed to provide different proton pulsing schemes.
The chopper system generates an interlaced proton pulse structure comprising three
different periodical pulse sequences in terms of pulse and period length. After the
linac, the protons are transported by the High-Energy Beam Transport (HEBT) to
the target stations. This is done by transferring the protons to a top floor where
the multiplexer system is installed in order to unravel the interlaced proton pulse
structure and to send the individual pulse sequences separately to the three different
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3. Low-energy accelerator-driven neutron sources

Figure 3.1.: Floor plan of the HBS facility. 1: Electron Cyclotron Resonance (ECR)
proton source and Low Energy Beam Transport (LEBT) including an
E×B-chopper system, 2: Radio Frequency Quadrupoles (RFQ) for ac-
celeration of protons to 2.5 MeV with subsequent Medium Energy Beam
Transport (MEBT), 3: Drift Tube Linac (DTL) for acceleration of pro-
tons to 70 MeV, 4: High-Energy Beam Transport (HEBT) from DTL to
the individual target stations, 5: Proton beam multiplexer system for the
distribution of different proton pulse schemes to different target stations,
6a: 384 Hz target station, 6b: 96 Hz target station, 6c: 24 Hz target sta-
tion. Taken and adapted from [5].

target stations. A detailed explanation of the multiplexer system for HBS as well as
the layout of the HEBT can be found in chapter 5 of this thesis. The different target
stations are then operated at different proton pulse frequency with the corresponding
proton pulse length being coupled via a fixed duty cycle. At HBS, a 384 Hz target
station is foreseen at the centered position downstream the multiplexer system. A
24 Hz and a 96 Hz target station will be installed on the left and right side, respectively.
A detailed overview of the HBS facility including the subsystems, which are described
in the following, is given in [5].

3.1.1. Proton accelerator
As shown in figure 3.2, the HBS facility uses a Crossbar-H mode Drift Tube Linac
(CH-DTL) consisting of 35 cavities to provide 70 MeV protons. Between the cavities
magnetic quadrupole doublets are used for focusing of the beam which allows a highly
modular structure. The DTL is designed to be operated with beam currents from a
few mA to 100 mA. The DTL operates at a maximum RF power duty factor of 20 %.
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3.1. HBS facility

Figure 3.2.: Layout of the HBS proton accelerator with about 90 m length. The accel-
erator system is based on a DTL. The front-end of the accelerator consists
of an ECR-source, LEBT, RFQ and MEBT. Taken and adapted from [5].

Figure 3.3.: Chopper system for proton pulse generation in the LEBT at HBS with
E×B-chopper consisting of a chopper magnet together with a deflector
electrode and a septum magnet to transport the beam into a beam dump.
Proton pulses are generated when the pulsed electric field is switched on.
Taken from [40].

Prior to the DTL, the proton beam is extracted from an Electron Cyclotron Reso-
nance (ECR) source. Driving the plasma generation in the ECR source by RF waves
which meet the ECR condition allows to generate high plasma densities and thus high
beam intensities. The ECR source delivers a 110 mA proton beam with an energy
of 100 keV in DC mode operation. After the ECR source, the proton beam is trans-
ported by the Low Energy Beam Transport (LEBT) to the first acceleration stage,
i.e. the Radio Frequency Quadrupoles (RFQ). In the LEBT, the beam is caught from
the extraction system of the ECR source and matched to fit the acceptance of the
RFQ. Furthermore, the LEBT contains a chopper which allows to generate a time
structure of the beam.

The E×B-chopper (figure 3.3) consists of a static dipole magnet and a deflector elec-
trode which is controlled by a high-voltage switch [40]. The beam pulsing is controlled
via the deflector electrode. When no high voltage is applied, the beam is permanently
deflected by the static magnetic field of the E×B-chopper and the subsequent septum
magnet and transported to a beam dump. Proton pulses can be generated by ramp-
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384 Hz 96 Hz 24 Hz

1172 µs
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Figure 3.4.: Interlaced HBS proton pulse structure as generated by the E×B-chopper
in figure 3.3 when operating with a duty cycle of 2 % per pulse sequence
(6 % in total).

ing up the electric field in the E×B-chopper such that the Wien condition is met,
i.e. the magnetic field is compensated by the electric field, such that the protons go
straight through the chopper. The proton pulses can be generated with a maximum
repetition rate of 250 kHz. The rise and fall time of the electric field are in the order
of tens of ns. The E×B-chopper system has the advantage that the duty cycle of the
electrostatic deflector is decreased compared to a conventional electrostatic chopper.

In order to supply the different target stations of HBS in figure 3.1 with the proton
pulse frequencies of 384 Hz, 96 Hz and 24 Hz, an interlaced proton pulse structure
as shown in figure 3.4 is generated by the E×B-chopper. The corresponding pulse
lengths are correlated by the duty cycle. The duty cycle is chosen such that 100 kW
average beam power is deposited on each target. For operation at maximum intensity
of 100 mA at 70 MeV, a duty cycle of 1.4 % per target station should be chosen to
stay within the thermo-mechanical limitations of the target. However, by reducing
the proton beam current to 70 mA, the duty cycle can be ramped up to 2 %. This is
chosen to be the upper limit of the duty cycle per target station and the performance
limit of the multiplexer as it defines the smallest time gap between two different pro-
ton pulse sequences. Figure 3.4 shows the interlaced proton pulse structure at HBS
with a duty cycle of 2 %.

Having passed the LEBT, the beam is guided into the RFQ representing the first
acceleration stage. The RFQ focuses, bunches and accelerates the proton beam. The
input energy of the RFQ is 100 kV while the final energy amounts for 2.5 MeV. Inside
the RFQ, a time-dependent electric quadrupole field is generated acting as strong fo-
cusing device in the transversal plane while together with the mechanical modulation
of the electrodes of the RFQ the particles are accelerated simultaneously [41]. With
this, the RFQ helps to reduce the defocusing effect of space-charge forces which is
especially large at very low energies as in the LEBT. Furthermore, the acceleration
through the RFQ helps to operate the subsequent DTL with reasonable cavity length
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3.1. HBS facility

Figure 3.5.: HBS target station design. The HBS target stations are arranged ac-
cording to figure 3.1. The tantalum target is irradiated from the top and
incorporated in the thermal polyethylene (PE) moderator. A lead reflec-
tor surrounds the PE moderator building a Target-Moderator-Reflector
assembly (TMR). Outside of the TMR an alternating shielding structure
made of borated PE and lead is used to absorb neutrons and gammas
emerging from the TMR. Taken and adapted from [5].

since the cavity length lc scales directly with the relativistic β = v/c of the particles,
i.e. lc = βλ/2 with λ being the RF wavelength. The RFQ is a 4-rod RFQ and will be
fed by an RF frequency of 176.1 MHz [42].

Before injection into the final accelerating structure, i.e the DTL, providing the
70 MeV proton beam, a short Medium Energy Beam Transport (MEBT) section is
used to match the beam transversally and longitudinally into the DTL. The DTL uses
35 CH cavities, which are arranged in a quasi-periodic lattice. Up to an energy of
20 MeV, a periodic arrangement of cavities and quadrupole doublets is used. At higher
energies, where space-charge induced defocusing effects are less severe, two identical
cavities are combined to form a cavity doublet without intermediate quadrupole mag-
nets. Both the DTL and the RFQ are driven by 37 solid state RF amplifiers with up
to 500 kW RF power operating at 176.1 MHz.

3.1.2. Target station
The HBS target station represents a key component of the facility producing neutrons
and supplying them to the neutron guides for the different instruments after modera-
tion to the required neutron energies. In addition the target station provides shielding
which allows to keep the dose rates outside the target station as low as possible. The
layout of the target station is presented in figure 3.5.

In the centre of the target station an internally-cooled tantalum target is installed
which is designed to be irradiated with 100 kW beam power. Tantalum is the material
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(a) (b)

Figure 3.6.: (a): Internally-cooled tantalum target employed at HBS with proton
beam from the top. The target area is 12 cm x 12 cm. (b): Cross-section
of the HBS target with microchannel structure and proton beam dump.
Taken and adapted from [5].

of choice as it offers a large neutron yield for operation with 70 MeV protons, i.e.
9 × 1014 s−1 mA−1 according to [5], as well as good workability and a large blistering
threshold. In order to reduce the thermal and mechanical stress induced by heating
of the target during irradiation, a cooling concept based on microchannels for internal
cooling is proposed for the HBS target as shown in figure 3.6. Here, heat dissipation
is obtained via water flow with 8 m s−1 through 0.35 mm thick microchannels which
penetrate the target. After propagating through the 6.34 mm thick target layer, the
protons are stopped in a dedicated beam stop layer, which is made of water. The
design of the microchannels is adjusted such that the proton beam penetration depth is
similar for protons impinging and propagating at different positions of the target. This
yields a fishbone-type structure with inclined microchannels. The cooling capacity of
the target allows operation with a power density of 1 kW cm−2.

3.2. Test facility at JULIC
Parallel to its purpose of supplying protons and deuterons to the COoler SYnchrotron
(COSY) at the nuclear physics institute (IKP) of Forschungszentrum Jülich GmbH,
the JUelich Light Ion Cyclotron (JULIC) accelerator operates different experimental
areas. This allows to build a test facility of a low-energy accelerator-driven neutron
sources on site enabling various experiments for the development of HBS components.
In this context, various experiments have been performed such as neutron yield mea-
surements to evaluate the choice of target material at HBS (described in detail in
chapter 6) [12], the efficiency of a cold moderator with mesitylene [43] as well as with
mixtures of liquid ortho- and para-hydrogen. Further progress towards HBS at JULIC
is made with the setup of a multiplexer system (described in detail in chapter 4) and
the installation of a prototype of the HBS target station.

In the following, the layout of the cyclotron accelerator JULIC as well as an overview

46



3.2. Test facility at JULIC

of a low-energy accelerator-driven neutron source test facility at JULIC is presented.

3.2.1. JULIC
The cyclotron JULIC is in use since the end of the 1960s. For operation with COSY
in the early 1990s, most systems of the cyclotron were refurbished enabling operation
with unpolarized and polarized H− and D− at 45 MeV and 76 MeV, respectively. An
overview of the JULIC facility with associated experimental areas is given in figure 3.7.

Two independent ion sources are used to supply JULIC with unpolarized H− and
D−. Both are multicusp filament volume sources from the commercial manufacturers
AEA and IBA. For the generation of polarized H− and D−, a colliding beam source
(CBS) is used [44]. The proton and deuteron beams are extracted at 4.5 keV and
7.6 keV, respectively, and transported to the cyclotron through a source beamline. In
the source beamline, a chopper electrode is installed enabling the generation of a mi-
cropulse time structure of the beam. The micropulsing superimposes the macropulse
which gates the beam. The beam is injected from below into the centre of the cy-
clotron after passing a double gap buncher system which helps to match the beam
to the acceptance of the cyclotron. The cyclotron JULIC is of azimuthally varying
field (AVF) type with the magnet poles providing three hills and three valleys. Three
double gap RF cavities for acceleration are installed in the magnet valleys. For ex-
traction of the beam from the cyclotron, an electrostatic septum is used to guide the
beam on the outer turn in the cyclotron to the subsequent beamline.

The proton or deuteron beam which is provided by JULIC is directed by dipole and
quadrupole magnets to the synchrotron COSY or to different experimental areas and
irradiation sites. At IBP1, irradiations can be performed. For further experiments
with larger spatial requirements, the beam can be guided through the NESP2 beamline
into the Big Karl experimental area. Here, a low-energy accelerator-driven neutron
source test facility will be installed which is presented in the following section.

3.2.2. JULIC Neutron Platform
The JULIC Neutron Platform represents a low-energy accelerator-driven neutron
source supplied by a pulsed 45 MeV proton beam with 10 µA maximum beam cur-
rent obtained from the cyclotron JULIC. The facility will be installed in the Big
Karl experimental area shown in figure 3.7 and will be operated with protons from
the JULIC accelerator provided through the NESP beamline. The JULIC Neutron
Platform project aims to provide an experimental test stand for the development of
components for the future HBS facility in terms of targetry, neutron provision, mod-
erator development, optimization of the TMR unit and proton beam multiplexing.

1Industriebestrahlungsplatz, engl.: industry irradiation site.
2Niederenergiebestrahlungsplatz, engl.: low energy irradiation site.
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Figure 3.7.: Layout of the JUelich Light Ion Cyclotron (JULIC) accelerator facility
with associated experimental areas in building 07.2 of Forschungszentrum
Jülich GmbH. 1: Colliding beam source for polarized H− and D−-beams,
2: Multi cusp filament volume sources supplying unpolarized H− and
D−-beams, 3: Electrostatic chopper, 4: Moveable graphite degrader, 5:
Quadrupole magnets (all in red), 6: 38.25○ dipole magnets (all in orange),
7: Non-destructive diagnostics, i.e. beam position monitor (BPM) and
fast current transformer (FCT), 8: Multiplexer system, 9: HBS prototype
target station.
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Figure 3.8.: Floor plan of the planned JULIC Neutron Platform in the Big Karl ex-
perimental area. The facility is based on a test setup of a HBS type
target station, which is irradiated with protons from the NESP beamline
in the horizontal plane. Five extraction channels are planned with three
subsequent neutron beamlines offering a time-of-flight (ToF) option for a
reflectometer, ToF-PGNAA (prompt gamma neutron activation analysis)
and a diffractometer. Two other beamlines offer a future use for imaging
and PGNAA.

Furthermore, it allows to set up and operate neutron scattering and neutron analyt-
ics instruments for the development, training and research together with university
groups and industry. An overview of the JULIC Neutron Platform is given in fig-
ure 3.8.

For neutron generation at the JULIC Neutron Platform a tantalum target with
microchannel cooling structure as shown in figure 3.6 is employed which is framed by
a Target-Moderator-Reflector assembly (TMR) and subsequent shielding as shown in
figure 3.5. This represents a test setup of the HBS target station with the exception
that the target is irradiated from the side rather than from the top as shown in fig-
ure 3.1. The HBS prototype target station at JULIC will allow testing of neutron
extraction as well as target cooling and handling. The target station is installed after
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Figure 3.9.: Layout of the JULIC Neutron Platform. 1: Quadrupole doublet, 2: Beam
position monitor (BPM), 3: Fast current transformer (FCT), 4: Multi-
plexer system test setup (discussed in detail in chapter 4), 5: HBS pro-
totype target station. The facility is supplied with 45 MeV H− stripped
to protons shortly behind the FCT before the multiplexer system. The
drawing does not show the neutron guides and instruments which will be
installed according to figure 3.8.

the multiplexer test setup. It uses the left beamline of multiplexer system which is
tilted by 17○ with respect to the NESP beamline from JULIC. This provides a larger
area on the right side of the target station to arrange different instruments using the
time-of-flight option. Here, a reflectometer, a TOF-PGNAA and a diffractometer are
planned with instrument lengths ranging between 8 m and 10 m. Behind the target
station, a neutron imaging beamline and a PGNAA setup are foreseen. The target
station will be operated with 4 % duty cycle which provides an average beam power on
the target of 18 W. This is comparable with respect to existing compact accelerator-
driven neutron sources as for example at RANS [45] operating at 7 W average power.

A technical drawing of the JULIC Neutron Platform without neutron guides and
instruments is shown in figure 3.9. Three beamlines emerge from the multiplexer test
setup with the left beamline being connected to the target station. The two other
beam ports can be accessed independently with limited space available due to the large
extent of the target station. However, small experiments such as e.g. neutron yield
measurements (as described in chapter 6) can be connected to the right beam port.
The straight beamline coming from the multiplexer test setup is used for diagnostics
of the proton beam and performance tests of the multiplexer system. Operating all
three beam ports of the multiplexer in parallel limits the outer beamlines to 2 % duty
cycle with the centered beamline being supplied with 4 % duty cycle. Independent
operation of the three beamlines can be performed without limitations in the duty
cycle which is explained in the following chapter covering the detailed design of the
multiplexer test setup at JULIC.
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4. Development of a multiplexer
system for HBS at JULIC

As mentioned in the previous chapter, the realization of a multiplexer system for use
and proof of feasibility is realized in the experimental area Big Karl at the NESP
beamline from the injector JULIC of the COSY facility. The individual components
of such a multiplexer system are developed on the one hand to fit the beam param-
eters and to meet the spatial constraints at JULIC, but also to be scalable to the
requirements of the HBS facility.

As presented in chapter 1, the efficient operation of a variety of different instru-
ments at low-energy accelerator-driven neutron sources requires the operation of mul-
tiple targets stations with different proton pulsing schemes simultaneously. At HBS,
three different proton pulsing schemes are multiplexed, i.e. interlaced, with a chopper
system as shown in figure 3.4. Further downstream, the multiplexer system is em-
ployed to separate the two lower proton pulse frequency components from the highest
frequency component and to send them to the dedicated target stations as shown in
figure 3.1 requiring synchronization of the multiplexer system to the chopper system.
At JULIC, the same concept is implemented. Here, the chopper system consists of
an electrostatic deflector positioned in the source beamline of JULIC as shown in fig-
ure 3.7. The conceptual layout of the multiplexer system is identical for both JULIC
and HBS and shown in figure 4.1.

The conceptual setup of the multiplexer system in figure 4.1 is based on the com-
bination of a kicker and a septum magnet as established technology for the selected
deflection of short pulses in charged-particle pulse sequences as presented in sec-
tion 2.2.4. In order to account for the separation of three different interlaced proton
pulse sequences a bipolar kicker magnet and a septum magnet with three different
field regions are implemented. The three field regions in the septum magnet are ar-
ranged such that the left outer field region deflects positive particles further to the
left and vice versa for the right outer field region. The centered region represents a
zero field region (field-free region). The kicker magnet directs the two lower frequency
components towards the outer field regions of the septum magnet while the higher
frequency component passes the system without perturbation. In this manner, a spa-
tial separation of the three pulse sequences is obtained. The angular separation of
the emerging beamlines is dominated by the 17○ deflection of the septum magnet and
the 45○ sector bending magnet, which amounts to 62○. The setup can be operated
simultaneously with eight quadrupole magnets such that the arcs of the multiplexer
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Figure 4.1.: Conceptual layout of the multiplexer system as realized at HBS and partly
at JULIC. 1: Bipolar kicker magnet, 2: Septum magnet with three dif-
ferent field regions, 3: 45○ sector bending magnet, 4: Quadrupole magnet
(all in gray). The higher frequency proton pulse components are indicated
in red while the lower frequency proton pulse components are indicated
in green and blue. After the multiplexer system, the multiplexed pulse
structure is unraveled into three beamlines inclined by 62○. Note that
the multiplexer setup at JULIC does not include sector bending magnets
(3) and quadrupole magnets (4) due to spatial limitations and limited
availability of resources.

system yield an achromat, i.e. dispersion-free optics (σ16 = σ26 = 0 in equation 2.20
behind the multiplexer system1), which will be presented in detail in the following
chapter.

The design goals for the multiplexer system at JULIC and at HBS differ slightly as
listed in table 4.1. For the development of the multiplexer system at JULIC, which
is described in the following, one generally targets a system operated at lower proton
energy. Furthermore, this system is less elaborated since the first stage of realization
demands less stringent timing parameters in terms of 30 Hz and 0.2 Hz for the proton
pulse sequences sent straight and into the arcs, respectively. Also, no achromatic
optics are envisaged due to the restricted spatial requirements.

In the following2, the realization of a multiplexer system at JULIC, following the

1This holds only for σ16 = σ26 = 0 prior to the multiplexer system
2Parts of this chapter have been published [46]. The contributions of the authors are given in
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4.1. Layout

Table 4.1.: Summary of the design parameters for the multiplexer system at JULIC
and at HBS. (Bρ) is the beam rigidity. fstraight(deflected) is the frequency
of the pulse sequence, which is sent straight or which is deflected, respec-
tively. dcstraight(deflected) is the corresponding duty cycle. dcdeflected applies
to both left and right deflected pulse sequences. For JULIC, the respective
fstraight(deflected) and dcdeflected in parentheses gives the design values for a
first experimental proof of principle with relaxed performance.

JULIC HBS
Particle Proton Proton
Beam energy 45 MeV 70 MeV
(Bρ) 0.98 T m 1.23 T m
Beam current 10 µA 100 mA
fstraight, fdeflected 400(30)Hz,100(0.2)Hz 400 Hz,100 Hz
dcstraight, dcdeflected 4 %,2 %(1 ‰) 2 %
Total length 5 m 10 m
Beam optics - Achromat

concept displayed in figure 4.1 and fulfilling the design goals in table 4.1, is described.
First, the technical layout with its three major components is presented. Then, de-
velopments in terms of calculations of beam dynamics including measurements of the
Twiss parameters and the design of the main components of the multiplexer system
are shown. Finally, first results obtained during operation of the dynamic kicker part
of the setup are shown.

4.1. Layout
Figure 4.2 shows the technical layout of the multiplexer system as realized at JULIC.
The position inside the experimental area is indicated in figure 3.9. The multiplexed
proton beam is obtained from the COSY injector cyclotron JULIC from the left.
The multiplexer system is based on three components. The dynamic component
is realized by an air-cooled kicker electromagnet with length l = 520 mm (effective
length leff = 610 mm) and a gap height of 180 mm. The kicker magnet is capable
of generating a beam deflection angle of more than 40 mrad. The gap height of the
kicker magnet is reduced by 68 mm (to 112 mm) for the more performant operation
with fdeflected ≤ 50 Hz, which is described in more detail in section 4.3.2. The kicker
magnet is positioned at 1500 mm distance to a newly developed permanent magnet
based septum magnet with three field regions which will be referred to as Three-
Field Septum Magnet (TFSM) in the following. At the front side of the TFSM, two

Conceptualization. Paul Zakalek: Supervision, Ralf Gebel: Funding acquisition. Thomas
Gutberlet: Project administration. Thomas Brückel: Project administration.
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4. Development of a multiplexer system for HBS at JULIC

Figure 4.2.: Technical layout of multiplexer system as realized at JULIC. The posi-
tion inside the experimental area is shown in figure 3.9. The three main
components of the multiplexer system are labeled. 1: Kicker magnet,
2: Three-Field Septum Magnet (TFSM), 3: Three-Field Magnet (TFM).
The labeling order is according to the description in this chapter. The
important dimensions, i.e. distance from kicker magnet to the TFSM and
distance from the TFM to the kicker magnet, are indicated. Note that
the vacuum aperture is enlarged from 100 mm to 200 mm inner diame-
ter just behind the kicker magnet in order to accommodate the different
beam trajectories originating from the deflection by the kicker magnet or
the TFM. At the end of the TFSM, three different beam ports can be
accessed.

outer dipole field regions of different polarity and a field-free central region are each
separated by 62 mm, which is well reachable with a deflection angle of 35 mrad from
the kicker magnet. The TFSM is designed for a length of l = 650 mm (leff = 700 mm)
with a gap height lgap = 43 mm generating a deflection angle of 265 mrad. Thus, the
total deflection angle at the the end of the multiplexer setup amounts to 35 mrad +
265 mrad = 300 mrad. Inside the septum magnet, a vacuum chamber featuring a
broad horizontal acceptance at the front side and three beamline ports at the rear
side is installed. Just in front of the kicker magnet, a magnet featuring a similar
field distribution as the TFSM representing a prototype of the concept with length
l = 140 mm (leff = 240 mm) and gap height lgap = 110 mm is installed. This so-called
Three-Field Magnet (TFM) generates a deflection angle of 27 mrad of the proton
beam. It is installed on a horizontally movable support, which allows to perform
permanent deflection into either one of the outer field regions of the TFSM depending
on the position. This single target operation mode enables us to irradiate the outer
target stations without being limited to the performance of the kicker magnet such
that the according proton pulse time sequence is either completely controlled by the
chopper of the cyclotron or set to continuous wave (CW). An overview of the different
operation modes with either usage of the kicker or the TFM is presented in figure 4.3.
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4.2. Beam dynamics

Figure 4.3.: Different operation modes of the multiplexer system at JULIC. The figure
shows a top view of figure 4.2. If parallel operation of all three beam ports
after the septum magnet is required, the kicker magnet is used to operate
the multiplexer system such that the interlaced proton pulse structure is
unraveled. In this case, the TFM is centered and the proton beam passes
through the zero field region of the TFM. If a single target station is to
be operated with an arbitrary pulsing scheme or in CW-operation, the
kicker magnet is off. The TFM is moved depending on the operating
target station, e.g. moving the TFM to the right introduces a dipole field
to the beam which deflects the beam towards the left beam port after the
septum magnet as shown.

A detailed report on the developments of the three main components of the mul-
tiplexer system and on the beam dynamics within this setup is presented in the
following sections.

4.2. Beam dynamics
As mentioned in section 4.1, the multiplexer system is installed at the Big Karl exper-
imental area at JULIC shown in figure 3.9. This area is supplied with 45 MeV protons
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4. Development of a multiplexer system for HBS at JULIC

from the JULIC cyclotron, which is presented in detail in section 3.2. The correspond-
ing beamline (NESP beamline) connecting the Big Karl area, and thus the multiplexer
system, and the cyclotron JULIC is the main subject of investigation in terms of beam
dynamics for our setup. As shown in figure 3.7, a total of seven quadrupole magnets
and one dipole magnet dominate the beam dynamics in this beamline. In order to
properly iterate to an optimal setting of these magnets, it is important to know the
initial conditions of the beam prior to this beamline. Therefore, the beam is charac-
terized completely by measurements of the beam matrix using only one quadrupole in
the beamline. For this, the so-called quad scan method [15, p. 224 ff.] is employed to
obtain the 2-dimensional beam matrix (equation 2.14) for both horizontal and verti-
cal planes, i.e. the 4-dimensional beam matrix. Furthermore, a method solving a set
of six non-linear coupled equations with the Newton-Raphson method [47] is used
in order to extract the full 5-dimensional beam matrix (equation 2.17). The results
are then propagated back to the beginning of the NESP beamline and employed for
beam transport simulations, which take into account all quadrupole magnets in the
beamline.

4.2.1. Beam characterization
The measurements of the beam matrix are carried out with the second quadrupole af-
ter the cyclotron JULIC in figure 3.7 labeled as QI12 together with a beam monitor in
the IBP-beamline. All other quadrupole magnets are shut off for the measurements.
The measurement setup uses a Multi-Wire Proportional Chamber (MWPC) as beam
monitor and is shown in figure 4.4 together with an overview of ion-optical elements
in the NESP beamline.

Figure 4.4.: Lattice layout of the IBP beamline and the NESP beamline from fig-
ure 3.7 for the beam characterization and beam dynamics calculations.
The IBP beamline layout (top) shows the geometry for the measurements
of the beam matrix elements with the MWPC being positioned 3.36 m
downstream of QI12. A detailed list of the elements in the beamlines is
given in appendix B.
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4.2. Beam dynamics

For the beam characterization, the quadrupole QI12 is used to vary the beam size at
the MWPC in order to extract the beam matrix at the beginning of the quadrupole.
The beam transport from the beginning of QI12 to the MWPC is described by the
beam transport matrix

M =Mdrift ⋅MQF(D), (4.1)
with Mdrift being the drift transport matrix from equation 2.31 and MQF(D) being the
quadrupole transport matrix from equation 2.32 or equation 2.33 depending on the
polarity of the quadrupole magnet. With M in equation 4.1, the beam matrix Σ0 prior
to the quadrupole transforms to the beam matrix at the MWPC ΣMWPC according to
equation 2.27. In the so-called thin lens approximation of quadrupole magnets, i.e.
the quadrupole strength k and length L are small such that the first-order Taylor-
approximation of sin

√
kL ≈

√
kL and cos

√
kL ≈ 1 is a good approximation, the (1,1)-

element of the beam matrix at the MWPC σMWPC,11 and thus the horizontal rms
beam size squared at the MWPC3, i.e. σ2

x = σMWPC,11 (according to equation 2.15),
can be a deduced to be

σ2
x =k2d2L2σ0,11 − 2kdL(dσ0,12 + σ0,11) + d2σ0,22

+ 2dσ0,12 + σ0,11 +
(dσ0,26 + σ0,16(1 − dkL))2

σ0,66
(4.2)

and analogous for the vertical rms beam size4. Here, d represents the distance from
the quadrupole to the MWPC (d = 3.36 m in figure 4.4) and σ0,ij is the (i, j)-element
of the beam matrix in front of quadrupole QI12. In the following, the formalism for
the calculation of the beam matrix elements σ0,ij with focus on the horizontal dimen-
sion will be examined. However the formalism is identical for the vertical dimension.

In the quad scan method, the dispersive elements of the beam matrix are neglected,
i.e. σ0,16 = σ0,26 = σ0,36 = σ0,46 = 0, such that the last term in equation 4.2 cancels.
With this, varying k and recording the respective σ2

x allows to calculate σ0,11, σ0,12
and σ0,22 by fitting the parabolic model

σx(k) = Ak2 +Bk +C (4.3)
to the data. From the parameters of the fit and equation 4.2, one gets

σ0,11 =
A

d2L2 (4.4)

σ0,12 =
B + 2dLσ0,11

2d2L
(4.5)

3In the following, the subscript MWPC is dropped for the rms beam size squared.
4For σ2

y, replace σ0,11, σ0,12, σ0,22, σ0,16 and σ0,26 with σ0,33, σ0,34, σ0,44, σ0,36 and σ0,46 on the
right hand side of equation 4.2, respectively.
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4. Development of a multiplexer system for HBS at JULIC

Figure 4.5.: Normalized horizontal beam profile as recorded on the MWPC for dif-
ferent quadrupole currents of QI12 in percent of the maximum current
Imax = 80 A. For each setting, the corresponding horizontal rms beam size
σx is calculated (given in mm). The beam waist is obtained at I = −8 %.

σ0,22 =
C − σ0,11 − 2dσ0,12

d2 , (4.6)

such that the 2-dimensional beam matrix Σx is fully characterized.

In figure 4.5 and figure 4.6, the horizontal and vertical beam profiles as recorded
on the MWPC for different settings of the quadrupole magnet QI12 are shown. The
beam profiles are averaged over five consecutive measurements at a constant setting
of the quadrupole. The graphs show a scan of the quadrupole current over the beam
waist. The quadrupole setting is given in percent of the maximum current such that
it transforms to a quadrupole strength with

k [m−2] = gmax

(Bρ)
I [%] = Btip

a (Bρ)
I [%] , (4.7)
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4.2. Beam dynamics

Figure 4.6.: Normalized vertical beam profile as recorded on the MWPC for different
quadrupole currents of QI12 in percent of the maximum current Imax =
80 A. For each setting, the corresponding vertical rms beam size σy is
calculated (given in mm). The beam waist is obtained at I = 10 %.

with gmax = Btip/a being the maximum gradient of the quadrupole magnet. Btip is the
pole-tip field, i.e. the maximum magnetic flux density on the outermost position of
the quadrupole which is described by the aperture radius a. For QI12, Btip = 0.52 T
and a = 36 mm. Note that equation 4.7 holds for positively charged particles such
that I [%] > 0 results in k [m−2] > 0, i.e. a horizontally focusing quadrupole. Fur-
thermore, the formalism in equation 4.2 is derived for positive particles. Since H− is
used throughout the beamline where the measurements are conducted, equation 4.7
has to be multiplied with -1 to apply the formalism correctly to negative particles.
With this and the results presented in figure 4.5 and figure 4.6, one obtains figure 4.7,
which shows the rms beam size squared versus the quadrupole strength.

In figure 4.7, a fit curve according to the model in equation 4.3 is shown, which
allows to calculate the horizontal and vertical beam matrix (following equations 4.4
to 4.6). The results in terms of emittance ϵ and Twiss parameters β, α, γ in front
of QI12 calculated according to

ϵ0,x =
√
σ0,11σ0,22 − σ2

0,12 (4.8)
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4. Development of a multiplexer system for HBS at JULIC

Figure 4.7.: Horizontal (left) and vertical (right) rms beam size squared σ2
x and σ2

y

versus quadrupole strength of quadrupole QI12, kQI12, with data taken
from measurements (shown in black) in figure 4.5 and figure 4.6, respec-
tively. The red curve shows a parabola fit according to equation 4.3 to
the data. The corresponding reduced chi-square χ2

red are displayed.

β0,x =
σ0,11

ϵ0,x

(4.9)

α0,x = −
σ0,12

ϵ0,x

(4.10)

γ0,x =
σ0,22

ϵ0,x

(4.11)

(and analogous for y) are presented in table 4.2.

The quad scan method neglects the dispersion prior to the quadrupole by setting
σ0,16 = σ0,26 = σ0,36 = σ0,46 = 0. However, the beam extracted from the cyclotron nat-
urally has a finite dispersion due to the deflection of the beam during acceleration.
Thus, the results presented in table 4.2 represent the area and shape of a dispersively
broadened ellipse in 2-dimensional phase space as shown in figure 2.4 due to the finite
momentum uncertainty of the beam, i.e. δ0 =

√
σ0,66 ≠ 0.

In order to access the dispersion-free emittance with δ = 0 in figure 2.4 and therefore
all elements of the 5-dimensional beam matrix in equation 2.17, one needs to consider
equation 4.2 completely, i.e. including the last term, together with the measurements
in figure 4.5 and figure 4.6. Equation 4.2 contains six beam matrix elements to be
calculated. Thus, solving six non-linear coupled equations by setting six different
values for the quadrupole strength kQI12,i and by measuring six different values for
the rms beam size squared σ2

x(y),i
, with the subscript i representing the number of

the measurement, for both x and y gives us the 5-dimensional beam matrix. This set
of non-linear equations is solved numerically using the Newton-Raphson method
[48]. With σ2

x,i for i = 2,3,4,5,6,7 and σ2
y,i for i = 3,4,5,6,7,8 in figure 4.7 when
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4.2. Beam dynamics

Table 4.2.: Summary of the results from the quad scan method with quadrupole QI12.
The results characterize the beam at the beginning of the quadrupole QI12.
Note that the quad scan method does not consider dispersion of the beam,
which, however, is finite at JULIC. Thus the corresponding emittances
ϵ0,x(y) describe a dispersively-broadened ellipse as introduced in figure 2.4.

Quad scan
ϵ0,x/mm mrad 10.1(3)
β0,x/m 1.09(5)
α0,x -0.11(3)
γ0,x/m−1 0.93(2)
ϵ0,y/mm mrad 17(2)
β0,y/m 1.8(1)
α0,y 1.43(6)
γ0,y/m−1 1.71(4)

counting from left to right, the beam parameters in table 4.3 can be obtained.

With the beam properties at the beginning of QI12 from table 4.3, the beam is
completely characterized. Here ϵ0, β0, α0 and γ0 represent emittance and twiss
parameters of the phase ellipse with δ = 0 in figure 2.4. The parameters δ0 =

√
σ0,66,

η0 = σ0,16/σ0,66 and η′0 = dη0/ds = σ0,26/σ0,66 describe the momentum uncertainty,
dispersion function and derivative of the dispersion function, respectively. ϵ0,disp. is
the emittance of the dispersively broadened phase ellipse according to

ϵ0,disp.,x =

¿
ÁÁÀ(σ(0)0,11 +

σ2
0,16

σ0,66
)(σ(0)0,22 +

σ2
0,26

σ0,66
) − (σ(0)0,12 +

σ0,16σ0,26

σ0,66
)

2

(4.12)

and analogous for y. The results of ϵ0,disp. in table 4.3 agree with the results of ϵ0
in table 4.2 proving that both methods are consistent. Furthermore, the results in
table 4.3 seem plausible as there is good agreement of the independently calculated
momentum uncertainties δ0. The propagation of the beam described by the results
in table 4.3 from QI12 to the MWPC with the different quadrupole settings gives
figure 4.8.

Both the quad scan method and the application of the Newton-Raphson method
yield compatible results for the 4-dimensional and 5-dimensional beam matrix at the
beginning of quadrupole QI12 which can be associated with the beam profile mea-
surements in figure 4.5 and figure 4.6. One can see from figure 4.8 that the measured
vertical rms beam size deviates slightly from the calculations with the Newton-
Raphson method when considering small quadrupole strengths. Here, the parabola
fit obtained from the quad scan method in figure 4.7 appears to be more consistent
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4. Development of a multiplexer system for HBS at JULIC

Table 4.3.: Summary of the results obtained from a set of six non-linear coupled equa-
tions following equation 4.2 via the Newton-Raphson method. The re-
sults characterize the beam at the beginning of the quadrupole QI12.

Newton-Raphson method
ϵ0,x/mm mrad 9.70
β0,x/m 1.14
α0,x -0.06
γ0,x/m−1 0.88
δ0 1.84 × 10−3

η0,x/m 0.41
η′0,x 0.43
ϵ0,disp.,x/mm mrad 10.20
ϵ0,y/mm mrad 10.80
β0,y/m 1.95
α0,y 1.15
γ0,y/m−1 1.20
δ0 1.84 × 10−3

η0,y/m 1.37
η′0,y -2.00
ϵ0,disp.,y/mm mrad 15.90

Figure 4.8.: Horizontal (left) and vertical (right) rms beam size squared σ2
x and σ2

y

versus quadrupole strength of quadrupole QI12, kQI12, with data taken
from measurements (shown in black) in figure 4.5 and figure 4.6, respec-
tively. The red curve shows the beam size obtained from the propagation
of the results in table 4.3 from QI12 to the MWPC with equation 4.2 for
the different quadrupole strengths.
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with the data. However, with the quad scan method one can only access the dis-
persively broadened phase ellipse and there is no information on the position of the
particles in phase space depending on their momentum uncertainty (figure 2.4). For
simulation of the beam transport through a beamline containing dipole magnets, it is
required to know the initial beam parameters completely in terms of dispersion and
momentum uncertainty. Therefore, the following beam transport simulation is based
on the parameters in table 4.3.

4.2.2. Beam transport
The beam transport simulations are carried out with the Bmad library [49]. Here,
the focus is on the simulation of the longitudinal evolution of the rms beam size σ(s)
given by

σ(s) =
√
ϵβ(s) + (η(s)δ)2, (4.13)

with the rms emittance ϵ, the betatron function β(s) (equation 2.15), the disper-
sion function η(s) (equation 2.19) and the momentum uncertainty δ. In the Bmad
code, the kinetic energy uncertainty ∆T /T0 is considered which is deduced from the
momentum uncertainty δ =∆p/p0 via

∆T
T0
= γ + 1

γ
δ, (4.14)

with γ being the Lorentz factor (see equation A.2). For 45 MeV protons, i.e.
γ = 1.048, and thus with the results from table 4.3, i.e. δ = 1.84 × 10−3, one gets
∆T /T0 = 3.8 × 10−3.

The beam propagation in the NESP beamline shown in figure 3.7 is investigated.
This beamline contains seven quadrupole magnets for beam focusing and one dipole
magnet. The beginning of the NESP beamline is defined to be 0.86 m in front of
quadrupole QI11. The starting parameters of the beam for the beam transport simu-
lation are derived from table 4.3. In order to define these parameters at the beginning
of the NESP beamline, the results obtained at QI12 need to be propagated upstream
by a distance of s = −1.46 m. The Twiss parameters and dispersion function trans-
form via the transport matrix M according to

⎛
⎜
⎝

β(s)
α(s)
γ(s)

⎞
⎟
⎠
=
⎛
⎜
⎝

M2
11 −2M11M12 M2

12
−M11M21 M11M22 +M12M21 −M12M22
M2

21 −2M21M22 M2
22

⎞
⎟
⎠

⎛
⎜
⎝

β(0)
α(0)
γ(0)

⎞
⎟
⎠

(4.15)

and

⎛
⎜
⎝

η(s)
η′(s)

1

⎞
⎟
⎠
=
⎛
⎜
⎝

M11 M12 M16
M21 M22 M26

0 0 1

⎞
⎟
⎠

⎛
⎜
⎝

η(0)
η′(0)

1

⎞
⎟
⎠

(4.16)
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Table 4.4.: Twiss parameters and dispersion function at the beginning of the NESP
beamline as calculated from table 4.3 when going to s = −1.46 m in front of
QI12. Emittances and momentum spread are constant during propagation.

Beginning of NESP beamline
β0,x/m 2.84
α0,x 1.22
γ0,x/m−1 0.88
η0,x/m -0.22
η′0,x 0.43
β0,y/m 7.87
α0,y 2.90
γ0,y/m−1 1.20
η0,y/m 4.29
η′0,y -2.00

following the references [16, p. 262] and [16, p. 266], respectively. With this, the
inverse of the matrices can be built to propagate the parameters to the beginning of
the NESP beamline, which results in table 4.4.

Table 4.5.: Quadrupole strengths corresponding to the beam transport simulation in
figure 4.9.

Quadrupole k/m−2

QI11 0.24
QI12 1.05
QI13 -2.74
QI14 4.65
QI15 -2.74
QN1 1.84
QN2 -1.78

With the starting parameters of the beam given in table 4.4 and table 4.3, the rms
beam size throughout the NESP beamline can be calculated. By iteratively adjusting
the quadrupole strength of the seven quadrupoles in the beamline and by taking into
account the corresponding aperture diameter, one attains more than 90 % transmis-
sion when going from the beginning of the NESP beamline to the end, i.e. the position
of the target in the TMR-unit as displayed in figure 3.9. The longitudinal evolution
of the transversal rms beam envelope is presented in figure 4.9. The corresponding
quadrupole strengths are given in table 4.5.
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Figure 4.9.: Simulated longitudinal evolution of the transversal rms beam envelopes
σx and σy in the NESP beamline. In addition, the size of the aperture and
the position of the main magnets, i.e. quadrupoles and dipoles, as well
as of the magnets of the multiplexer setup are presented. The element
positions are listed in appendix B. The simulated transmission is around
90 %.

The result in figure 4.9 is important for the design of the three main components
of the multiplexer system in terms of gap height of the magnets (figure 4.2). It is
especially important for the TFSM, which is introduced in section 4.4, to obtain
an aperture in the order of 40 mm without significant beam loss. Note that the
beam transport simulation is based on a beam characterization. However, the beam
parameters may vary slightly for different beamtimes since beam injection into the
cyclotron, acceleration and extraction are not completely reproducible. Thus, the
beam characterization and beam transport simulation presented only give a proof of
principle, i.e. that it is generally possible to obtain similar beam sizes as presented
in figure 4.9. During the commissioning of the beamline the transmission needs to
be optimized iteratively by tuning the quadrupoles and monitoring the beam current
and beam profile at different positions throughout the beamline.

4.3. Kicker magnet
The kicker magnet, which is used in the multiplexer system, is taken from unused
existing stock of the synchrotron COSY. There, it has been employed as a bumper
magnet together with two other identical magnets in order to perform stripping in-
jection of the H− (and D−) ions into COSY [50]. This magnet has been replaced in
COSY by a similar but shorter magnet due to spatial constraints. The kicker magnet
is shown in figure 4.10. Its position within the multiplexer system is indicated in
figure 4.2. The parameters of the magnet are summarized in table 4.6.
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lyoke

lgap

w

z
y

x

Figure 4.10.: Kicker magnet used in the multiplexer system. Its position in the setup
is indicated in figure 4.2. Length lyoke, gap height lgap and aperture
width w are specified in table 4.6. The origin of the coordinate system
is set to be in the center of the magnet.

Table 4.6.: Specifications of the kicker magnet shown in 4.10.

Name Symbol Value
Length lyoke/mm 520
Gap height lgap/mm 180
Aperture width w/mm 250
Effective length leff/mm 610
Turns N 2 ⋅ 10
Conductor area A/mm2 8.6 ⋅ 4
Inductance L/µH 393
Resistance R/mΩ 24
Design field B/mT 35
Design current I/A 250
Design voltage U/V 150
Design slope Ḃ/(T s−1) 35
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Table 4.7.: Specifications of the kicker magnet power supply. Bipolar operation is
realized by contactors at the output of the power supply. This limits the
switching time to tens of ms and the maximum number of switch cycles
to less than 1 × 105.

Name Symbol Value
Current I/A 0.1-250
Voltage U/V 0-150
Polarity Bipolar
Rise time tr/ms 1-10
Flat top time tft/ms 15-50
Fall time tf/ms 10-50
Repetition rate f/Hz <0.25

For the current supply to the kicker magnet, a dedicated and available spare power
supply is used. The specifications of the power supply are given in table 4.7. The tim-
ing parameters, i.e. rise, flat top and fall time as well as repetition rate, are optimized
for the injection process at COSY. Therefore, an asymmetric trapezoidal current-time
diagram is obtained. In the power supply, a capacitor bank with 90 mF is charged by
an external DC power supply with 4 A, 200 V. When triggered, the capacitor bank
is discharged through an array of transistors into the magnet to generate the desired
current pulse. The repetition rate is primarily limited by the thermal load in the
transistors of the power supply as well as by the current of the charging DC power
supply IDC. With dU/dt = IDC/C and thus 150 V/T = 4 A/90 mF, a period length of
T = 4 s is obtained, i.e. f = 0.25 Hz, when charging the 90 mF capacitor bank in the
power supply to its maximum operating voltage U = 150 V.

As indicated in figure 4.2, the kicker magnet is positioned such that it is 1500 mm
(kicker yoke end to septum yoke front) upstream with respect to the TFSM. With the
effective length leff = 610 mm and yoke length lyoke = 520 mm in table 4.6, the distance
from the end of the kicker magnet, in terms of its magnetic field in the hard-edge
model, to the beginning of the septum magnet reduces to l = 1500 mm − (610 mm −
520 mm)/2 = 1455 mm. The TFSM is designed such that three different field regions
with a centered zero field region and two field regions of opposite polarity on the
left and right side are obtained with a separation of ∆x = 62 mm each. Thus, the
deflection angle Θ, which has to be provided by the kicker magnet can be derived via
equation 2.44 to be

Θ = ∆x
l + leff/2

= 62 mm
1455 mm + 610 mm/2 = 35.2 mrad. (4.17)

According to equation 2.41, the field maximum required by the kicker magnet, taking
into account (Bρ) = 0.98 T m for 45 MeV protons, amounts to B = 57 mT, which is
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well above the design field given in table 4.6.

In the following, several upgrades of the kicker magnet, which are carried out in
order to obtain a stronger magnet field and thus fulfilling the geometrical constraints
given by the multiplexer system, are discussed. For this, a second identical power
supply, which is connected in parallel, is used. Furthermore, a modification of the yoke
of the magnet is performed, which allows to reduce the gap height and thus the current
density at constant magnetic field. This allows to increase the operation frequency
of the kicker magnet to ≈ 50 Hz. Finally, the concept of an all-new development of
a power supply is presented, which performs at a higher repetition rate in order to
meet the requirements of operation up to a frequency of 100 Hz for the deflected pulse
sequences as issued in table 4.1. To exploit the full potential of such a power supply
for future multiplexer operation, a new kicker magnet of identical design but with
water-cooled coils will have to be procured.

4.3.1. Parallel connection of power supplies
In order to generate at least 57 mT in the kicker magnet, a current of I = 409 A is
required according to equation 2.48 with the parameters given in table 4.6. Therefore
a second identical and available power supply is employed and connected in parallel,
thus generating a total of I = 500 A at maximum. A direct parallel connection of the
two power supplies results in an oscillation from the controls of the power supplies
causing a power supply failure. Thus, an inductance of 330 µH needs to be connected
in series with each power supply before performing the parallel connection in order
to decouple the controls of the two power supplies. The schematic circuit diagram is
shown in figure 4.11. Here, the power supplies are synchronized by a shared trigger
line such that both power supplies discharge simultaneously into the magnet. With

I1, U1

I2, U2

L1

L2

R1

R2

Lm Rm

TRIG

Figure 4.11.: Schematic circuit of parallel connection of two power supplies (I1 = I2 =
250 A, U1 = U2 = 150 V from table 4.7) in order to supply up to 500 A
to the kicker magnet. The inductances L1 = L2 = 330 µH decouple the
controls of the power supplies (R1 = R2 = 20 mΩ). Lm = 393 µH and
Rm = 24 mΩ are inductance and DC resistance of the kicker magnet.
The dotted line indicates the control trigger line to the power supplies.

this scheme, 500 A can be supplied to the magnet. The operation of the kicker magnet
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4.3. Kicker magnet

Figure 4.12.: Current, voltage and magnetic field diagram for operation of the kicker
magnet with 409 A. The rise, flat top and fall time is set to 3 ms, 49 ms
and 11 ms, respectively. The voltage of the power supply is set to 80 V
maximum.

with 409 A is displayed in figure 4.12 in terms of a current, voltage and magnetic field
diagram showing the generation of 57 mT measured in the center of the kicker magnet.

The additional inductances in figure 4.11 and the larger current supplied to the
magnet result in an increase of the rise time of the current and thus the magnetic
field. Thus, setting the current rise time at the power supply to the minimum of 1 ms
(see table 4.7) results in a larger actual rise time of the magnetic field. Figure 4.13
shows measurements of the rise time of the magnetic field in the center of the magnet,
i.e. the time it takes from the beginning of the ramping of the magnetic field to the
maximum field, with a 10 kHz Hall probe for different power supply configurations
with the kicker magnet.

In figure 4.13, one can see that the parallel operation of a second power supply
according to figure 4.11 results in an increase of the magnetic field rise time by 1.37 ms
compared to the conventional powering of the magnet. This can be explained by
the relation U = −L ⋅ dI/dt. With this, a larger inductance L and a twice as large
current difference ∆I at constant voltage U of the power supply as given from the
parallel connection of two power supplies results in an at least twice as large time
difference ∆t when compared to conventional wiring of the magnet. In addition to the
configuration with two power supplies, the magnetic field rise time for a configuration
with one power supply and an inductance of 330 µH in series is investigated. This is
done in order to simulate the increase of the inductance in the magnet that would
be caused by potential lowering of the magnet gap height as explained in detail in
the following section. Decreasing the gap height by 50 % doubles the magnetic field
in the magnet at constant current (see equation 2.48). In addition, the inductance
doubles at constant horizontal aperture according to equation 2.52. However, when
considering an inset in the magnet which, in addition to decreasing the gap height
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4. Development of a multiplexer system for HBS at JULIC

Figure 4.13.: Measurement of the magnetic field rise time, i.e. from the start of the
field ramp to the maximum, of different power supply combinations
connected to the kicker magnet. The blue line shows the conventional
connection of one power supply. The red line shows the same connection
with an additional inductance of 330 µH in series while the green line
shows the connection of two power supplies according to figure 4.11.
All individual power supplies are powered with 250 A and 150 V. The
current rise time of the power supplies is set to 1 ms.

by 50 %, decreases the horizontal aperture, one gets a system with one power supply
that generates a field comparable to the situation with two power supplies but with
competitive magnetic field rise time. In figure 4.13, such a system is investigated
by simulating an inset with 50 % gap reduction (current remains at 250 A compared
to the two power supply configuration) and 16 % horizontal aperture reduction by a
parallel connection of additional 330 µH (84 % of the kicker magnet inductance being
393 µH - table 4.6). Here, an increase of the magnetic field rise time by 0.48 ms
is observed when compared to the conventional powering of the magnet, which is a
smaller increase of the magnetic field rise time when compared to the two power supply
option. This and a lower thermal load in the magnet coils due to a smaller current
make the method of gap reduction superior to the wiring with two power supplies.
Therefore, an inset for gap reduction was designed and employed for long-term use of
the kicker magnet.

4.3.2. Gap reduction
In the previous section, it was concluded that a larger magnetic field in the kicker
magnet can either be provided by parallel connection of two power supplies thus in-
creasing the current in the magnet coils, or by reduction of the gap height lgap, i.e.
according to equation 2.48 a larger field generated at constant current. The first op-
tion has the advantage that no technical modification of the kicker magnet is required
and it is instantly operational. Therefore, this option is established first. The second
option is not only advantageous in terms of timing, i.e. rise and fall time, as discussed
in the previous section, but also when considering the thermal load due to the current
inside the kicker magnet coils during operation.

70



4.3. Kicker magnet
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Figure 4.14.: Symmetric, trapezoidal current pulse sequence with rise and fall time
tr,f , flat top time tft, maximum current I and period length T .

The kicker magnet is operated in a pulsed mode such that the effective current

Ieff =

¿
ÁÁÁÀ 1

T

T

∫
0

I2 (t)dt (4.18)

needs to be considered to get the DC equivalent with T being the period length
and I(t) being the time-dependent current pulse sequence. Assuming a symmetric,
trapezoidal current pulse sequence with rise and fall time tr,f , flat top time tft and
maximum current I as drawn in figure 4.14, Ieff can be calculated to be

Ieff,trap. = I
√

1
T
[23tr,f + tft]. (4.19)

Here, the first term accounts for the slopes of the current pulse while the second term
accounts for the flat top. The term tft/T is defined as flat top duty cycle of the current
pulse sequence, which determines directly the maximum duty cycle of the deflected
beam of the kicker and thus multiplexer.

For air-cooled electromagnets, i.e the kicker magnet in figure 4.10, where the coils
are cooled solely by convection, the maximum current density j in the coils is 1 A/mm2

for DC operation (10 A/mm2 for water-cooled coils) [26, p. 92], such that

j = Ieff

Acond
< 1 A/mm2. (4.20)

Here, Acond is the conductor cross section area. Thus, the current density j limits the
flat top duty cycle of the current pulse sequence in the kicker magnet and therefore
the duty cycle of the beam, which is deflected by the multiplexer system. With
equation 4.20 and equation 4.19, a limitation of the flat top duty cycle of the current
pulse sequence can be derived being

tft
T
< (1 A/mm2 ⋅ Acond

I
)

2
− 2

3
tr,f
T

(4.21)

71



4. Development of a multiplexer system for HBS at JULIC

Figure 4.15.: Maximum current pulse sequence duty cycle tft/T versus current pulse
frequency of the kicker magnet in figure 4.10 at 57 mT. Reducing the
gap height lgap by an inset from 180 mm to 112 mm increases tft/T and
the maximum operation frequency.

and with equation 2.48 one gets

tft
T
< (1 A/mm2 ⋅ µ0AcondN

Blgap
)

2

− 2
3
tr,f
T
. (4.22)

Thus, the current pulse duty cycle tft/T scales with the inverse of the gap height lgap
squared at constant T . In the setup shown in figure 4.2, a beam tube with 100 mm
inner diameter throughout the aperture of the kicker magnet is employed in order to
accommodate the beam trajectories emerging from the TFM, which is positioned in
front of the kicker magnet. With typically 2 mm wall thickness, one needs to consider
an outer diameter of the beam tube of 104 mm. Additional free space for adjusting
the beam tube limits the minimum gap height of the kicker magnet to 112 mm. From
table 4.6, one gets the kicker magnet conductor cross section being Acond = 34.4 mm2.
Considering the nominal field in the kicker magnet of B = 57 mT (given by the geo-
metrical constraints as derived in equation 4.17), N = 20 turns for the kicker magnet,
and a minimum rise and fall time tr,f of 0.5 ms, which is envisaged for the perfor-
mant kicker magnet power supply as presented in the next section, one can derive the
frequency-dependent maximum current pulse duty cycle as presented in figure 4.15. It
can be seen that the maximum operation frequency and the maximum current pulse
duty cycle increase by a factor of (180 mm/112 mm)2 ≈ 2.6 when decreasing the gap
height from 180 mm to 112 mm.

Thus, with the addition of two insets with a height of 34 mm each to the kicker
magnet, the gap height is reduced to lgap = 112 mm defining the upper threshold for
the duty cycle that can technically be operated. In figure 4.16, the kicker magnet
with two insets with 34 mm height which are mounted to the yoke is shown. Each
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4.3. Kicker magnet

inset consists of 520 iron sheets with 1 mm thickness and an insulating adhesive layer
in order to minimize eddy current effects during the ramping of the magnetic field.
The contour of these insets is optimized by shims of 6 mm height on the outer edges
to improve the field homogeneity in the field region of the beam.

Figure 4.16.: Kicker magnet from figure 4.10 with two insets of 34 mm height mounted
on the original pole areas, which reduce the gap height to lgap = 112 mm.
The insets consist of 520 x 1 mm thick iron sheets with 6 mm shims on
the outer edges. The sheets feature holes in order to stack the sheets
onto two tubes for mechanical stability and precise positioning. The
inner area of the poles is 127 mm wide.

The design of the insets, i.e. the iron sheets, is optimized with a FEM simulation5

of the cross section of the magnet. Figure 4.17 shows the magnetic flux density
distribution in the magnet yoke with insets as well as the field lines in the gap. Here,
no saturation in the insets is present. On the right side of the figure, the horizontal
dependence of the vertical magnetic field is shown for different scenarios. One can
see that a vertical magnetic field of 57 mT, which is required to obtain the correct
deflection angle of 35.2 mrad (equation 4.17), can be easily obtained with the insets
and a reduced current of 253 A. The current scales with the gap height according to
equation 2.48. The kicker magnet without insets requires 409 A to generate 57 mT
at 180 mm gap height. Thus 112/180 ⋅ 409 A = 253 A should be required for 57 mT
at 112 mm gap height. Due to the trapezoidal design of the insets, the magnetic
field at 253 A is in fact larger than 57 mT. Correspondingly, the kicker magnet with
insets driven with 250 A, i.e. one power supply, provides 56.6 mT, which causes a

5The FEM simulations throughout this thesis are carried out with COMSOL Multiphysics v. 5.6
[51].
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(a) (b)

Figure 4.17.: FEM simulation of the cross section of the kicker magnet with insets
as shown in figure 4.16. (a): Magnetic flux density distribution in the
yoke in units of T as well as the field lines. (b): Vertical magnetic flux
density By versus horizontal coordinate x at y = 0 in the kicker magnet
according to the coordinate system in figure 4.10 with and without insets
and for different currents (The nominal scenario with insets is indicated
as red line). The yellow area marks the expected position of the beam.
Note that the plot’s x-axis is inverted such that the beam propagation
is into the image plane. This representation is kept for similar plots in
the following.

horizontal offset of the beam at front face of the septum magnet of 0.5 mm to the
nominal position. This is acceptable for operation of the multiplexer and therefore
operation with one power supply is feasible. The effect of the shims of the insets on
the field quality is well visible by the plateau in figure 4.17b. In order to quantify the
field quality one can calculate the field homogeneity according to

max (∣∆B
B0
∣) =max(∣By(x,0) −By(0,0)

By(0,0)
∣) (4.23)

for −40 mm < x < 40 mm, which is the expected extent of the beam (By(x, y) is
the vertical magnetic flux density at x, y and z = 0). Furthermore, the inductance
of the different configurations presented in figure 4.17b is calculated from the total
magnetic energy stored in the gap, which is extracted from the FEM simulation. From
equation 2.49 and equation 2.50, the inductance is calculated with

L =
2 ∫V ρmdV

I2 =
2leff ∫A ρmdA

I2 , (4.24)

with ∫A ρmdA being the magnetic energy per unit length in the gap. The results in
terms of field homogeneity and inductance are summarized in table 4.8. Here, it can
be seen that the addition of insets to the kicker magnet significantly improves the field
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4.3. Kicker magnet

Table 4.8.: Summary of FEM simulation results from figure 4.17.

Geometry I/A max(∣∆B/B0∣)/10−3 ∫A ρmdA/(J m−1) L/µH

Regular 409 6.5 40.3 294
Insets, no shims 253 17.7 31.2 595
Insets 253 0.9 33.5 639
Insets 250 0.9 32.5 634

homogeneity. However, as expected from equation 2.52, the inductance increases with
the insets. At constant voltage, the gap reduction by addition of two insets increases
the minimum current rise time by 35 % considering U = −L ⋅ dI/dt and a factor 2.2
larger inductance at a factor 0.62 smaller current for the kicker magnet with insets.
Nonetheless, the above 150 % increase in maximum current pulse duty cycle and
operation frequency (see figure 4.15) in combination with the 35 % increase of the
current rise time justifies the addition of the insets.

Measurements of the vertical magnetic flux density of the kicker magnet with in-
sets are shown in figure 4.18. The measurements are carried out at 6 A such that DC
operation of the magnet can be performed within the thermal limitations of the air-
cooled copper coils which facilitates the recording of a field map in the kicker magnet.
The results can then be scaled linearly (according to equation 2.48) to the nominal
current of 253 A which is required according to figure 4.17 to obtain at least 57 mT.
The results agree well with the simulations. The measured integrated magnetic field
amounts to 35.2 mT m such that 35.2 mrad (equation 4.17) kicker magnet deflection
angle are well reachable according to figure 2.10 (with (Bρ) = 0.98 T m).

In order to study the temporal behavior of the modified kicker magnet with insets,
a measurement of the transfer function has been performed. For this, the magnet is
driven by a sinusoidal current waveform. The magnetic field, which is generated by
the kicker magnet is monitored with a measurement coil which is placed in the center
of the magnet. From the voltage signal induced in the measurement coil, one deduces
the effective measured magnetic field Bmeas. The effective expected magnetic field is
calculated from the effective current Î with equation 2.48 yielding Bexp = µ0NÎlgap
with N = 20 being the number of turns and lgap = 112 mm being the gap height of the
kicker magnet. The ratio Bmeas/Bexp is recorded for frequencies of the input current
in the range of 1 Hz to 100 kHz yielding the transfer function of the magnet, which
is shown in figure 4.19. In the low frequency range (below 100 Hz), the measurement
shows a high-pass behavior. This comes from the measurement setup acting as a
voltage transformer. In [52, p. 242 ff.], it is shown that the transfer function of volt-
age transformers with high load resistance (input resistance of voltage measurement
of measurement coil is 10 MW) can be described by a RL high-pass filter with lower
cut-off frequency of flc = R/(2πk2L). Here, R and L are the primary coil resistance
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(a) (b)

Figure 4.18.: (a): Measured vertical magnetic flux density By from z = −600 mm to
z = 0 mm at x = y = 0 mm. The measurement is carried out at 6 A
magnet current and scaled to 253 A. The integrated magnetic field of the
kicker magnet can be calculated to be ∫

600 mm
−600 mmBydl = 2 ∫

0 mm
−600 mmBydl =

35.2 mT m. Here, the integration is along the z-axis. (b): Measured
and simulated By versus horizontal coordinate x at y = z = 0 mm in
the kicker magnet with insets. The measurement is carried out at 6 A
magnet current and scaled to 253 A while the simulation is carried out
at 253 A. The coordinate system which is used is shown in figure 4.10
with the origin in the center of the magnet.

and inductance, respectively, whereas k is the coupling coefficient of the transformer
(k ≤ 1). In our setup, R and L correspond to the kicker magnet. Measurements with
an LCR meter yield R = 178 mΩ and L = 619 µH (complying within ≈ 3 % with the
simulated inductance in table 4.8). The coupling coefficient k can be obtained from a
linear fit of the RL high-pass transfer function to the data in figure 4.19 giving k = 0.88
and thus a lower cut-off frequency of flc = 60 Hz. The transfer function Bmeas/Bexp
in figure 4.19 shows a plateau above 100 Hz and a slight decrease above 10 kHz. At
100 kHz the transfer function seems to rise again which can be explained by the stray
capacitance and inductance of the magnet coils forming a resonant LC circuit and
thus counteracting the decay of the transfer function from eddy current and hysteresis
losses. From figure 4.19, one can deduce that the upper cut-off frequency fuc of the
system is above 100 kHz, which is the maximum setting of the employed signal gen-
erator. Thus, the corresponding time constant of the system is τ < 1/(2πfuc) < 1.6 µs.
The minimum rise time of magnetic field of the kicker magnet can be approximated
by tr,min ≈ 5τ (1 % - 99 % of the magnetic field), which gives tr,min ≈ 8 µs. This is far
below the envisaged magnetic field rise times for the multiplexer operation as pre-
sented in the next section.

To exploit the maximum current pulse duty cycle of 1.8 % of the kicker magnet with
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4.3. Kicker magnet

Figure 4.19.: Transfer function of the kicker magnet with insets as shown in fig-
ure 4.16. The magnetic field is generated with a sinusoidal current
waveform with effective current Î. The expected magnetic field Bexp
is calculated from the effective current via equation 2.48 (N = 20,
lgap = 112 mm). The magnetic field is measured with an air coil in the
magnet yielding Bmeas. The setup works as RL high-pass filter with the
kicker magnet resistance (including cables) R = 178 mΩ and inductance
Lmag = 619 µH. The coupling coefficient of the transformer k = 0.88 is
obtained from a linear fit.

insets (figure 4.15), the engineering of a more performant power supply is required.
Such a power supply will also feature smaller flat top and rise and fall times than
the power supplies in table 4.7. The concept of this power supply is discussed in the
following.

4.3.3. Performant power supply concept
The power supply is designed in order to meet the requirements summarized for the
JULIC multiplexer system in table 4.1. With this, the maximum current duty cycle of
1.8 % for the kicker magnet with insets as well as the maximum operation frequency
of 56 Hz in figure 4.15 are well reachable. In the future, the full potential of the power
supply can be exploited together with a kicker magnet which is specifically designed
for higher thermal load, i.e. a kicker magnet with water-cooled coils. This kind of
magnet can be of identical geometry as the kicker magnet with insets in figure 4.16.
According to equation 4.22 with a current density of 10 A/mm2 for water-cooled coils
[26], a 2 % current duty cycle at 2×100 Hz can easily be maintained with such a kicker
magnet. The design goals of the performant kicker magnet power supply are summa-
rized in table 4.9. An exemplary current pulse sequence as it would be supplied by
the performant power supply to the kicker magnet and a corresponding proton pulse
sequence are shown in figure 4.20. The concept of the performant power supply is
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400 Hz 100 Hz 100 Hz

t in s

I

100 µs
1100 µs 200 µs 1100 µs

100 µs

Figure 4.20.: Exemplary proton pulse sequence (top) and associated current pulse
sequence (bottom) as supplied by the performant kicker magnet power
supply. The proton pulse sequence shows a 400 Hz pulse component
with 4 % duty cycle being sent straight through the multiplexer. The
100 Hz proton pulse components with 2 % duty cycle are deflected to the
left and right. The inset shows the detailed timing of the current pulse
sequence.

Table 4.9.: Design goals of performant kicker magnet power supply. Note that the
polarity of two subsequent current pulses should be invertible in between
these two pulses.

Name Symbol Value
Current I/A 0.1-300
Voltage U/V 0-300
Polarity Bipolar (inter-pulse)
Rise time tr/ms 0.5-10
Flat top time tft/ms 0.1-10
Fall time tf/ms 0.5-10
Repetition rate f/Hz 2×(1 − 100)
Duty cycle tft/T 2×2 %
Load inductance L/µH 1000
Load DC resistance R/mΩ 200

78



4.3. Kicker magnet

Figure 4.21.: Concept of the performant power supply connected to the kicker magnet.

presented in figure 4.21. The power supply is mainly based on a powerful power ampli-
fier (PA) with a series of transistor boards to amplify the input signal of the current
pulse sequence. Two different capacitor banks are discharged via the output stage
being charged with high (HV) or low (LV) voltage for operation during the ramping
of the current or during the flat top, respectively. The current pulse sequence of the
PA is controlled by a PI controller, which receives feedback through a DC current
transformer (DCCT) at the output of the PA and receives the reference signal from
a DAC. The DAC specifies the current pulse sequence, which is given by the CPU
and programmed there. In this manner, specifying the current pulse sequence (rise
time, flat top and fall time), the CPU drives the DAC and at the same time gives
information to a switch (insulated-gate bipolar transistor - IGBT) that decides the
output polarity of the power supply’s current pulse sequence. Before the power sup-
ply is operated, information about the current pulse sequence of the positive current
output signal and the negative current output signal is stored in the CPU. Both pulse
shapes are then independently retrieved via separate trigger inputs.

The design goals in terms of timing as presented in table 4.9 define the combinations
of proton pulse sequences that can be operated with the kicker magnet power supply
and thus multiplexer. The time interval between two subsequent straight pulses with
period length T and duty cycle dcstraight amounts to T − dcstraightT . With this, the
maximum flat top time tft,max of the power supply and thus maximum proton pulse
length depends on the rise and fall time of the power supply tr,f according to

tft,max = T − dcstraightT − 2tr,f . (4.25)

If the duty cycle of the deflected proton pulse component dcdeflected is fixed, the min-
imum possible frequency of the deflected pulse component scales with
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Figure 4.22.: Possible combinations of frequencies for the straight pulse components
and the deflected pulse components with dcstraight = 4 % and dcdeflected =
2 % realizable with the performant kicker magnet power supply with a
minimum rise and fall time tr,f of 0.5 ms (table 4.9). fstraight needs to be
an integer multiple of fdeflected .

fdeflected,min = dcdeflected/tft,max. (4.26)

Figure 4.22 shows the possible combinations of frequencies for the straight pulse
components and the deflected pulse components with dcstraight = 4 % and dcdeflected =
2 % following equation 4.25 and equation 4.26. One can see that for higher frequencies
of the straight pulse components, the lower limit of deflected frequencies increases
slightly due to the decreasing period length of the straight pulse components and the
large flat top times of the deflected pulse components with low frequency at fixed
duty cycle.

4.4. Three-Field Septum Magnet (TFSM)
The Three-Field Septum Magnet (TFSM) as positioned in figure 4.2 marks the cen-
terpiece of the multiplexer system. It serves the purpose to further deflect the beam
after having passed the kicker magnet in order to introduce three separated beam-
lines within a compact overall design. For this purpose, it provides three different
horizontally arranged field regions with outer dipole field regions of opposite polarity
and a central zero field region. The septum magnet is based on permanent magnets.
This technology is employed due to the typically fixed beam parameters of the test
facility at JULIC (and at HBS) as stated in table 4.1 and at low-energy accelerator-
driven neutron sources in general. Here, particle species, beam energy and thus (Bρ)
are fixed and therefore static permanent-magnet-based elements for permanent beam
deflection are more economic than dynamic electromagnets as no power supply or as-
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sociated water cooling is required. Furthermore, using permanent magnet technology
in a septum magnet allows to work without return conductor such that a massless
septum without physical separation of the different field regions can be obtained more
easily compared to an electromagnetic massless septum with complex conductor de-
sign as presented in figure 2.18. In this section, the concept of the TFSM is discussed
first. Then, the technical layout and associated optimizations are explained yielding
the required particle trajectories taking into account the beam size given in figure 4.9.
In addition, the field quality of the septum magnet is studied in terms of its harmonic
content.

4.4.1. Concept

Figure 4.23.: Top: Conceptual design of the TFSM based on SmCo permanent mag-
nets (red) with anisotropic unidirectional magnetization indicated by
arrows and a remanent flux density Br = 1.1 T. The gray area marks
the yoke material, i.e. carbon steel, guiding the field lines. Bottom:
Corresponding FEM simulation indicating the three different magnetic
field regions. The color scale shows the absolute value of the magnetic
flux density B = ∣#„B∣ in the structural material. The arrows show the
direction of the magnetic flux density. The size of the arrows scales log-
arithmically in the range of B > Bmax ⋅ 1 × 10−3, i.e. B > 1.69 × 10−3 T.

The concept of the TFSM is shown in figure 4.23. The septum magnet is based on
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an arrangement of vertically and horizontally magnetized SmCo permanent magnets
with a remanent flux density of 1.1 T together with a carbon steel yoke to guide the
magnetic field lines. The setup has a 2-fold rotational or point symmetry with re-
spect to the center. The FEM simulation results in figure 4.23 show that the setup
generates three distinct field regions. A field region with the magnetic flux density
pointing downwards on the left side and upwards on the right side as well a field region
with vanishing magnetic flux density in the center of the setup. Thus, a proton beam
traversing the left field region of the magnet experiences a deflection to the left side.
A proton beam traversing the right field region is deflected to the right side. In the
center, the proton beam passes without disturbance. The three different field regions
in the setup can be envisaged by the combination of two opposing C-shaped dipole
magnet geometries (similar to figure 2.13) together with two connecting arrangements
consisting of two horizontally magnetized permanent magnets (HPM) and one cen-
tered iron brick each. The breaking down of the overall geometry in these subsystems
is indicated in the top of figure 4.23 by the dashed boxes. The HPMs allow to drag
the magnetic field lines into the intermediate iron bricks which can be seen from the
FEM simulation results in figure 4.23 focusing on the top left HPM. The bottom left
HPM on the other hand pushes the magnetic field lines into the air gap opposing the
direction of the fringe field from the left dipole field region of the septum magnet.
Together, both HPM weaken the stray field of the left dipole field region. The same
applies to the right side of the septum magnet. With this, a broad zero field region
in the center can be obtained in combination with the two outer dipole field regions.

4.4.2. Layout
The dimensions of the septum magnet have a large impact on the overall geometry
of the multiplexer system. With the distance between the septum magnet and the
kicker magnet being fixed in figure 4.2 due to spatial constraints from the experi-
mental area, it is important to horizontally arrange the three different field regions
in the septum as closely as possible next to each other. This helps to reduce the
magnetic field that has to be generated by the kicker magnet, which facilitates the
fast ramping of the magnet. On the other hand, the horizontal separation of the
three different field regions should be large enough in order to provide a reasonable
field quality, i.e. the subsequent beam optical elements should be able to transport
the beam reliably to the target. Furthermore, the vertical separation of the poles
in the dipole field regions of the septum magnet should be wide enough in order to
accommodate the beam without absorption but not too large as the magnetic flux
density scales inversely with the gap height (see equation 2.62). Taking into account
all these considerations and a beam size of less than 40 mm (i.e. four times6 the rms
beam envelope taken from figure 4.9 at the position of the septum magnet), the front

6As explained in section 2.2.4 of this thesis, 4 rms beam widths, i.e. 4σ and thus 95.45 % of the
beam intensity, are considered as beam size in the septum magnets for construction.

82



4.4. Three-Field Septum Magnet (TFSM)

w

h
lgap

sdb

x

y

z

Figure 4.24.: Technical layout of the septum magnet front face based on the concept
in figure 4.23. The width of the front face is w = 330 mm and the
height h amounts to 138 mm. The gap height lgap = 43 mm allows to
accommodate a beam diameter db of 40 mm. The septum front face is
designed to obtain a separation of the beam spots of s = 62 mm. The red
parts indicate SmCo magnets with Br = 1.1 T, the gray parts show the
magnet yoke. The magnetization of the permanent magnets is indicated
with arrows.

face of the septum magnet was designed.

The design is based on the concept in figure 4.23. Note, however, that four addi-
tional vertically magnetized permanent magnets, in the following called compensator
magnets, are added to the central field region. These are arranged such that the mag-
netic flux density gradient, between the left and right dipole field regions is reduced.
This is required for the septum front face design, since the separation of the different
beam spots is smallest at this position and otherwise a plateau of the magnetic flux
density in the center can not be obtained. As explained in section 4.1, the septum
magnet is required to generate a deflection angle of the outer beam trajectories with
respect to the centered unperturbed trajectory of 265 mrad within 650 mm length of
the magnet (yoke dimensions). Thus, with (Bρ) = 0.98 T m from table 4.1 and equa-
tion 2.41, an integrated field of 260 mT m has to be provided by the outer dipole field
regions of the septum magnet. This consideration has been taking into account for
the layout presented in figure 4.24. The design is iterated such that an elongation of
the layout in figure 4.24 along z to a length of 650 mm, i.e. forming a 3-dimensional
monolithic magnet, yields an integrated vertical magnetic field of 261 mT m in the
middle of the outer field regions, i.e. at x = ±62 mm as presented in figure 4.25.
Figure 4.25b presents the integrated vertical magnetic flux density vs x. Here, one
observes a step-like vertical magnetic flux density distribution featuring two outer
opposite field regions covering 4 rms beam widths with a field homogeneity of 1.3 %
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(a) (b)

Figure 4.25.: (a): Vertical magnetic flux density By versus z of the septum magnet
front face in figure 4.24 extended in z to 650 mm length (monolith). By

is shown for different horizontal coordinates x representing the beam
centers as positioned in figure 4.24 at y = 0. The inset shows By at
x = −62 mm inside the magnet. The origin of the coordinate system
is the geometric center of the magnet. (b): Corresponding integrated
vertical magnetic flux density ∫

525 mm
−525 mmBydl versus horizontal coordinate

x at y = 0. The integration is along the z-axis. The yellow shaded area
marks the beam position (4 rms beam widths: light shaded area, 2 rms
beam widths: dark shaded area). The effective length of the magnet is
calculated to be leff = 697 mm.

(at y = 0) according to

max(∣∫ By(±62 mm − 2σx ≤ x ≤ ±62 mm + 2σx,0)dl − ∫ By(±62 mm,0)dl
∫ By(±62 mm,0)dl ∣) . (4.27)

Note that the centered plateau zero field region does not extend to the full beam
size but covers 4 rms beam widths with a maximum deviation of the integrated field
of 14 mT m from the centered zero crossing. However, this can be accepted when
adapting the layout of the septum magnet to the beam trajectories resulting from the
dipole field in the outer field regions. With this, the horizontal aperture of the magnet
and thus the centered zero field region successively increases with z, as described in
the following.

The outer dipole field regions of the septum magnet generate a deflection angle
of 265 mrad throughout the effective length of the magnet leff = 697 mm. Here, the
beam follows a circular trajectory inside the magnet and therefore accumulates a
horizontal offset while traversing the magnet similar to figure 2.11. This has to be
taken into account by broadening the horizontal aperture of the magnet with respect
to its length. As shown in figure 4.26, the beam in the outer field regions of the
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Figure 4.26.: Beam trajectories (red) inside the septum magnet. The gray shaded
area marks the septum yoke and the dashed rectangle marks the ex-
tent of the magnetic field of the septum magnet in terms of its effective
length leff . The trajectory is linear in front of the septum magnet. The
beam sent to the center of the septum magnet follows a straight trajec-
tory. The beam sent to the outer field regions of the septum magnet
obtains a horizontal deflection from the kicker magnet Θ. Inside the
septum magnet’s magnetic field, i.e. within its effective length leff , the
beam in the outer field regions follows a circular orbit with a bending
radius ρ generating a deflection angle α. Behind the septum magnet, the
beam travels on a linear trajectory with deflection angle Θ + α. While
traversing the septum magnet, the beam accumulates a horizontal offset
∆xsm(z) (equation 4.28) described by a circular orbit, which is tilted
by Θ. Dividing the septum magnet into different layers with each i-th
layer being adapted to the additional horizontal extent ∆xsm(zi) at the
center of the layer zi allows to accommodate the beam.
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septum magnet crosses three different regimes. First and prior to the magnetic field
of the septum magnet, the beam follows a linear trajectory inclined with respect
to the z-axis by the deflection angle Θ of the kicker magnet. Inside the septum
magnet, the beam follows a circular path similar to figure 2.11 with an inclination
of the circular segment of Θ. Behind the septum magnet, the beam follows a linear
trajectory with an inclination with respect to the z-axis which is the sum of the kicker
magnet deflection angle Θ and the septum deflection angle α. For the adjustment
of the septum aperture to the beam trajectories, one has to consider the horizontal
offset ∆xsm(z) accumulating with the beginning of the hard-edge magnetic field region
(figure 2.7) of the septum magnet. Here, one sets z = 0 for the following considerations.
With ∆xsm(z) following a tilted circular segment, one obtains

∆xsm(z) =∆x(ρ, z + ρ sin Θ) −∆x(ρ, ρ sin Θ) (4.28)

with ρ being the bending radius from the septum magnet and Θ being the kicker
magnet deflection angle. Here, ∆x(ρ,L) represents the horizontal offset from a circu-
lar segment without tilt from equation 2.42. In order to successively broaden the
aperture of the septum magnet, the magnet is divided along the z-axis into ten
layers of equal length. The number of layers is a compromise between technical
practicability and magnetic field strength. The fewer the number of layers, the eas-
ier is the manufacturing of the magnet since the number of individual components
is reduced. However, if only a few layers are employed, each layer has to cover a
larger horizontal aperture and the magnetic field reduces due to a larger required
pole area according to equation 2.62. Considering the pole area of the individual
layers to be fixed according to the design in figure 4.24, a total of ten layers has
been chosen for the septum magnet. Dividing the septum magnet with a length of
lyoke = 650 mm into ten layers of each llayer = 65 mm length, one can calculate the
broadening of each layer from equation 4.28. The results are summarized in ta-
ble 4.10. Note that the septum magnet front face in figure 4.24 is designed for a
beam spot separation of 62 mm requiring a kicker magnet deflection angle of approx-
imately 35 mrad according to equation 4.17. However, these considerations did not
consider the extending magnetic field of the septum magnet with an effective length
leff = 697 mm with respect to the yoke dimensions, i.e. lyoke = 650 mm. Nevertheless,
the outward shift of the beam on a trajectory as in figure 4.26 (lower trajectory)
∆xsm((leff − lyoke)/2) = xsm(23.5 mm) = 0.9 mm (equation 4.28 with ρ = 2.63 m and
Θ = 35 mrad) at the front face of the septum magnet, i.e the beginning of the magnet
yoke, is comparable to the shift obtained from the pure kicker magnet deflection, i.e.
a linear trajectory, which is 23.5 mm ⋅ sin (35 mrad) = 0.8 mm. Therefore the beam
spot separation at the front face of the septum magnet of 62 mm as shown in fig-
ure 4.24 is still valid. The broadening of the layers is taken into account by adjusting
the intermediate iron parts in figure 4.24, which are connecting the four horizontally
magnetized permanent magnets. The width of these iron parts as shown in figure 4.24
is d = 23.3 mm. By stacking ten layers with individual widths of the intermediate iron
parts as listed in table 4.10, one gets the final design of the septum magnet as shown
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Table 4.10.: Horizontal broadening of septum magnet layers. ∆xsm(zi) is the hori-
zontal offset at the center of the i−th layer zi from equation 4.28 with
the bending radius being approximated with ρ = leff/α = 2.63 m and the
kicker magnet deflection angle Θ = 35 mrad. Here, z starts at the front
side of the hard-edge magnetic field region as shown in figure 4.26 and
thus z1 = (leff − lyoke)/2 + llayer/2 with leff = 697 mm, lyoke = 650 mm and
llayer = 65 mm. Considering the first layer to remain unchanged as pre-
sented in figure 4.24, ∆wi = 2(∆xsm(zi)−∆xsm(z1)) shows the additional
horizontal extent per layer. di = d1+∆wi is the width of the intermediate
iron parts in figure 4.24 for each layer.

i zi/mm ∆xsm(zi)/mm ∆wi/mm di/mm
1 56 2.56 0.00 23.2
2 121 7.03 8.95 32.1
3 186 13.13 21.14 44.3
4 251 20.86 36.59 59.8
5 316 30.23 55.35 78.6
6 381 41.28 77.44 100.6
7 446 54.01 102.91 126.1
8 511 68.46 131.80 155.0
9 576 84.65 184.17 187.4
10 641 102.61 200.10 223.3

in figure 4.27.

Each layer of the final design of the septum magnet features a step-like vertical
magnetic flux density distribution By with respect to x. The strength of the outer
dipole field regions of the septum magnet is almost constant in each layer since only
the centered iron parts with high magnetic conductivity are adapted. The horizontal
separation of the outer dipole field regions and the horizontal extent of the centered
zero field plateau region increases with z as shown in figure 4.28. Note that the four
small vertically magnetized permanent magnets which are used in figure 4.24 to shape
the central zero field region are employed only in the first six layers of figure 4.27.
For the other layers, the horizontal distance between the outer field regions is large
enough to provide a plateau region covering the beam without these compensator
magnets. The position of the compensator magnets is iterated in each layer (i = 1−6)
to maximize the extent of the plateau region. The integrated magnetic field of the
final setup in figure 4.27 can be obtained for the outer field regions by following the
beam trajectories. The integration path then resembles the top and bottom beam
trajectories in figure 4.26. The outer and centered integration paths adapted to the
geometry of the septum magnet are shown in figure 4.29a presenting a top view of the
final setup in figure 4.27. The different integration paths coincide with the beginning
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Figure 4.27.: (a): Final design of the TFSM. The basic design is taken from figure 4.24,
extended in z to lyoke = 650 mm and segmented into ten layers with the
intermediate iron parts’ thicknesses di adjusted to accommodate the
beam trajectories according to table 4.10. The maximum width of the
magnet is wend = 530 mm. (b): Lower half of the TFSM. The small
vertically magnetized compensator magnets surrounding the centered
zero field region in figure 4.24 are employed in the first six layers of the
setup. The horizontal position of the compensator magnets is optimized
within each layer to obtain a minimum deviation of the integrated field
in the zero field region. The horizontal separations of these magnets are
dc,1−6 = 16 mm,29 mm,43 mm,59 mm,78 mm,99 mm. The origin of the
coordinate system is positioned in the center of the magnet.

Figure 4.28.: Vertical magnetic flux density By versus x at y = 0 in the center of each
of the ten layers in figure 4.27.
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Figure 4.29.: (a): Integration paths for the calculation of the integrated magnetic field
of the septum magnet (figure 4.27). The integration paths follow the
beam trajectories calculated similar to figure 4.26 with three different
regimes at y = 0. The parameters are the same as used in table 4.10.
1: Right integration path intersecting with the beginning of the magnet
yoke at x = −62 mm 2: Centered integration path intersecting at x =
0 mm, 3: Left integration path intersecting at x = 62 mm. (b): Vertical
magnetic field By versus z following the different integration paths in (a).
The effective length for the outer field regions can be derived to be leff =
709 mm. The integrated magnetic field at 1 and 3 is ∫

z=525 mm
z=−525 mmBydl(z) =

±274 mT m, respectively. The inset shows By at x = −62 mm inside the
magnet. The origin of the coordinate system is the center of the magnet.

of the septum magnet yoke at different horizontal coordinates x = −62,0,62 mm. The
integrated magnetic field of the outer field regions, i.e. at x = ±62 mm amounts to
∓274 mT m.

The increase of about 5 % of the integrated magnetic field in the outer field re-
gions with respect to the setup without broadened layered structure as presented in
figure 4.25b (274 mT m with respect to 261 mT m) can be attributed to three effects
induced by the broadening of the magnet. One effect is the longer integration path
in the outer field regions of figure 4.29a compared to the straight integration paths
employed in figure 4.25. The integration path increases by 2 %, which applies almost
directly to the integrated field. Another contributing effect is caused by the limited
number of layers, i.e. ten layers in figure 4.27, which are used to adapt the septum
aperture to the beam trajectories. As shown in the inset of figure 4.29, the vertical
magnetic field By increases slightly and fluctuates when approaching the rear part
of the septum magnet (layer number i ≥ 6). This is due to the horizontal sizes of
the layers that are increasingly different with larger z as listed in table 4.10. Since
the individual layers feature an adapted pole shimming (figure 4.24), which partly

89



4. Development of a multiplexer system for HBS at JULIC

compensates the decreasing magnetic field when going from the outer field regions
to the centered region, the magnetic field within one layer is influenced by the shim
of a subsequent layer. This influence scales with z as with increasing difference of
horizontal aperture of the layers the shims of a subsequent layer protrude further into
the center of a current layer. The effect can be compensated when increasing the
number of layers with z and thus decreasing the difference of horizontal aperture be-
tween the layers. However, this heavily increases the amount of necessary individual
parts to build the septum magnet. The effect of neighbouring protruding pole shims
can be quantified when assuming a symmetric longitudinal evolution of By inside the
magnet in figure 4.29. By mirroring By for z < 0 at z = 0 to z > 0, the difference in
the integrated magnetic field caused by neighbouring shims can be calculated to be
≈ 0.2 mT m which is negligible for the setup of the septum magnet. A more dominant
effect from the broadening of the septum magnet causing an increase in integrated
magnetic field between figure 4.29 and figure 4.25 is the larger difference between the
different field regions with increasing layer number as shown in figure 4.28. For the
layers with larger horizontal aperture, the influence between different field regions is
smaller. Thus, the magnetic field in the outer field regions is less attenuated by the
centered zero field region and therefore larger. This can be studied systematically
by evaluating the integrated magnetic field of different setups, each representing one
single layer of the septum magnet (figure 4.27) extended along the z-axis to 650 mm
length. This allows to compare the horizontal aperture-dependent gain of the mag-
netic field in the outer field regions with respect to the setup without broadened
layered structure (figure 4.25b).

Figure 4.30 shows the integrated magnetic field in the outer field regions of a setup
similar to figure 4.24 for different horizontal apertures, i.e. different thicknesses of
intermediate iron parts di (table 4.10), each extended in z by 650 mm. For inter-
polation of the data points a logarithmic model is used resulting in a horizontal
aperture-dependent, i.e. di-dependent, gain of the integrated magnetic field in the
outer field regions of

GBy ,int.(di) =
(∫ Bydl)(di)
(∫ Bydl)(d1)

= 2.7 ln ((di − 20.8 mm)/mm)mT m + 258.6 mT m
261.3 mT m . (4.29)

Note that in figure 4.30 the integration paths are adjusted according to di. With the
di-dependent gain in equation 4.29, one can calculate the overall gain from the broad-
ening of the TFSM in figure 4.27 with respect to the initial structure (figure 4.25b)
via 1/10∑10

i=1GBy ,int.(di) with all di taken from table 4.10, which yields 3 %. Thus,
the larger differences of the different field regions in the layers with larger horizontal
aperture in figure 4.27 primarily cause the stronger integrated magnetic field.

The gain from broadening of the septum magnet can in principle be considered in
the initial design of figure 4.24 to meet the required 260 mT m precisely. However, the
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Figure 4.30.: Integrated vertical magnetic field in the outer field regions ∫ Bydl of se-
tups similar to figure 4.24 but with different width d of the intermediate
iron parts which connect the horizontally magnetized permanent mag-
nets. Each setup is extended longitudinally, in z, by 650 mm. ∫ Bydl is
calculated for di with i = 1,2,3,5,8,10 from table 4.10. The integration
is along the z-axis for y = 0, x1 = −62 mm and xi = −62 mm − di/2 (if
i > 1). For interpolation of the results, a logarithmic model is applied
yielding the formulation in equation 4.29.

design process of the septum magnet at JULIC advanced faster than the findings in
figure 4.30. For the setup of the multiplexer at JULIC, the increase of the integrated
magnetic field of 5 % which results in a smaller bending radius of 2.5 m rather than
2.63 m for the outer field regions thus needs to be considered. This gives a maximal
horizontal offset of the beam with respect to the nominal trajectory shown in fig-
ure 4.29a of less than 4 mm, which is acceptable for the setup at JULIC according to
the particle tracking simulations in figure 4.35. A modified design strategy to consider
the horizontal aperture-dependent gain of the integrated magnetic field ab initio can
be developed from the findings from the JULIC TFSM. For this, the layered struc-
ture with the corresponding intermediate iron pieces with varying thickness should
be designed from the beginning based on the desired bending radius and kicker and
septum magnet deflection angles. Then, the design of the layers is adjusted to yield
the required integrated magnetic field in the outer field regions while keeping the
intermediate iron pieces’ thickness constant. This strategy is employed for the HBS
septum magnet which is presented in figure 5.2.

The horizontal distribution of the integrated magnetic field of the septum magnet
can be evaluated separately for the three different field regions by introducing the
three different cut planes in the central (y = 0) xz-plane of figure 4.27 which are
shown in figure 4.31a. The cut planes in the outer field regions follow the integration
paths in figure 4.29a. This yields the results in figures 4.31b to 4.31d. The field
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Figure 4.31.: (a): Integration planes (xz-planes at y = 0) for the calculation of the
horizontal distribution of the integrated magnetic field of the septum
magnet in figure 4.27. The integration planes follow the integration
paths in figure 4.29a with identical integration limits, i.e. from −525 mm
to 525 mm. (b)-(d): Integrated vertical magnetic field ∫ Bydl versus x
as indicated in (a). In each integration plane a horizontally centered co-
moving cartesian coordinate system is used. The extent of the proton
beam is indicated by the yellow shaded area (dark yellow: 2 rms beam
widths, light yellow: 4 rms beam widths).
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Figure 4.32.: Sketch of the septum magnet in figure 4.27 with a custom made vacuum
chamber inserted. The wall thickness of the vacuum chamber is 1 mm
resulting in an effective gap height of 41 mm (43 mm in figure 4.24). The
vacuum chamber features additional supporting structures in the rear
part of the septum magnet when the beam spot separation is larger.
The large flange at the front is welded on after the chamber has been
inserted into the fully assembled magnet.

homogeneity (similar to equation 4.27) of the outer field regions according to

max(∣∫ By(±∆x(z) − 2σx ≤ x ≤ ±∆x(z) + 2σx,0)dl − ∫ By(±∆x(z),0)dl
∫ By(±∆x(z),0)dl

∣) , (4.30)

with ∆x(z) =∆xsm(z) + 62 mm being the z-dependent beam centroid position in the
outer integration planes (equation 4.28), is 1 % within 4 rms beam widths. The max-
imum deviation in integrated magnetic field in the centered field region from zero
results in 4 mT m.

For operation of the septum magnet, a custom made vacuum chamber is inserted
into the magnet as shown in figure 4.32. The wall thickness amounts to 1 mm reducing
the effective gap height in figure 4.24 to 41 mm, which is still in accordance with the
beam size calculated in figure 4.9.

4.4.3. Harmonic content
In order to evaluate the magnetic field quality in the dipole field regions and to quan-
tify the fringe field in the zero field region of the septum magnet, a decomposition of
the magnetic field into the harmonic content, or multipole coefficients which is used
as synonym in the following, is performed following the explanations in section 2.2.3.

The multipole coefficients can be calculated according to equation 2.74 and equa-
tion 2.75. For this, the radial magnetic field Br(r0,Φk) is extracted from a circle
with radius r0 = 13 mm representing 2/3 of the expected beam radius, i.e. 20 mm.
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The circle is extended to a tube following the different integration paths as shown
in figure 4.29a for all field regions of the septum magnet. The radial field Br(r0 =
13 mm,Φk) is then calculated for Φk = 0...2π with ∆Φ = 2π/360 from the horizontal
and vertical magnetic field components on the reference radius r0 = 13 mm via:

Br(Φk) = Bx(Φk) cos(Φk) +By(Φk) sin(Φk). (4.31)

The multipole coefficients can be averaged throughout the respective integration paths
by using the hard-edge approximation of the radial magnetic field following

Br,h.e.(Φk) = ∫
525 mm
−525 mmBr(Φk)dl

leff
(4.32)

with leff being the effective length of the magnet, i.e. 697 mm for the zero field region
and 709 mm for the outer field regions. With equation 4.32 inserted in equation 2.74
and equation 2.75, one can deduce the multipole coefficients in hard-edge approxi-
mation for the different integration paths in figure 4.29a. For the outer dipole field
regions of the septum magnet, the B1 component, i.e. dipole component, is expected
to be by far the strongest component. For this reason, the multipole coefficients for
the hard-edge approximation in the dipole field regions are normalized according to

an =
An

B1
⋅ 1 × 104, bn =

Bn

B1
⋅ 1 × 104. (4.33)

For the centered and right integration path in figure 4.29a, the harmonic content in
the hard-edge approximation is presented in figure 4.33. Note that, the left field re-
gion can obtained from the right field region of the septum magnet by point reflection.
Their harmonic content is therefore almost identical with the exception that odd mul-
tipole coefficients, i.e. B1,B3, ..., change their sign. Thus, it is sufficient to consider
the right dipole field region to characterize the septum magnet. For the centered
field region in figure 4.33a, there is a dominant quadrupole and octupole component
with −4.2 mT and −4.6 mT, respectively. For the right field region in figure 4.33b,
quadrupole, sextupole, octupole and decapole components are observed with -72, -58,
-22 and -32 units, respectively. According to equation 4.33, one unit of the normalized
multipole components represents a fraction of 1×10−4 with respect to the main dipole
component.

In order to localize the emergence of the individual multipole components through-
out the magnet, figure 4.34 shows the longitudinal evolution of the normal components
Bn for the centered and the right field region. The skew components An can be ne-
glected as shown in figure 4.33. Here, Br is calculated according to equation 4.31
every 1 mm following the integration paths in figure 4.29a. The normal components
Bn are then calculated according to equation 2.75. For the centered field region, the
first three layers of the septum magnet in figure 4.27 appear to be the main contrib-
utors to the quadrupole and octupole component with the quadrupole component
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(a) (b)

Figure 4.33.: (a): Harmonic content of zero field region of septum, i.e. at x = 0 (path
(2) in figure 4.29a). (b): Harmonic content of the right dipole field region
of the septum magnet, i.e. the right integration path (1) in figure 4.29a.
Here, the multipole coefficients are normalized to the main dipole com-
ponent B1 and multiplied by 1×104 according to equation 4.33. Both (a)
and (b) are evaluated on a reference radius r0 = 13 mm in the hard-edge
approximation.

(a) (b)

Figure 4.34.: Normal components Bn of harmonic content versus z following the in-
tegration paths from figure 4.29a for the centered (a) and the right field
region (b). The skew components An are not shown as they are ne-
glectable as shown by the hard-edge approximation in figure 4.33. For
the right field region, B1 is not shown as this is the dominant main com-
ponent.
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decreasing with the beginning of the magnet and the octupole component decreas-
ing gradually throughout the first three layers. Thus, the small separation between
the different dipole field regions in the beginning of the septum magnet seems to be
the largest influence on the emergence of unwanted multipole components. For the
right dipole field region, higher-order multipole components, i.e. n > 2, occur pre-
dominantly in the beginning and the end of the septum magnet. Here, especially the
quadrupole and sextupole components experience a peak right in front of and behind
the magnet yoke. Moreover, the average contribution of n > 2 multipole components
seems to be larger in the first six layers of the septum magnet which can probably be
attributed to the presence of the small compensator magnets, shown in figure 4.24,
therein. The periodic changes of higher-order multipole components in figure 4.34 for
the centered and right field region occur with the layer thickness.

4.4.4. Particle tracking
The interaction of the septum magnet with the particle beam is studied directly via
particle tracking within the three different field regions. This allows to study the
trajectories of the particles in the different field regions with the integrated magnetic
field in figure 4.31. Thus, the effect of the 5 % increase of the integrated magnetic
field in the outer field regions presented in figure 4.29 with respect to figure 4.25a is
investigated. Furthermore, the beam quality in terms of the dispersive emittance (see
equation 4.12) after the septum magnet can be examined and related to the harmonic
content, which is presented in the previous section. The particle tracking is carried
out with an FEM simulation comprising 2.5 × 104 particles per beam [51].

The initial parameters of the particle beam are taken from figure 4.9. In order to
take into account the fringe field extending the magnet yoke on both sides completely
(figure 4.29), the longitudinal starting position of the beam for the tracking studies
is chosen to be 150 mm in front of the septum magnet. Here, the beam transport
calculations yield the beam parameters summarized in table 4.11. These parameters
are implemented for the particle beam before arriving at the septum magnet together
with different horizontal coordinates and initial deflection angles depending on the
different field regions that the beam is supposed to pass. For the outer field regions,
where the beams are expected to intersect with the beginning of the septum magnet
yoke at x = ±62 mm as shown in figure 4.29a, the associated horizontal beam positions
are x = ±62 mm ∓ 35 mrad ⋅ 150 mm in order to account for the linear trajectory with
a kicker magnet deflection angle of 35 mrad. Taking into account the kicker magnet
deflection angle, the outer beams are inclined accordingly. The dispersion in table 4.11
is considered by introducing several phase space ellipses coupled to different kinetic
energies and displaced in the (x,x′) and (y, y′) subspace similar to figure 2.4. The
number of particles of each of this ellipses is weighted by the kinetic energy distribution
with δ in table 4.11. The results obtained from particle tracking are presented in
figure 4.35.
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Table 4.11.: Beam parameters at z = −150 mm in front of the septum magnet as used
for the particle tracking studies. Taken from the calculations presented
in figure 4.9 and table 4.3.

ϵx/mm mrad 9.7
βx/m 2.1
αx -0.2
ηx/m -1.3
η′x 0.1
ϵdisp.,x/mm mrad 10.2
ϵy/mm mrad 10.8
βy/m 4.0
αy 2.2
ηy/m -1.2
η′y 0.0
ϵdisp.,y/mm mrad 15.9
δ 1.84 × 10−3

For all beam trajectories shown in figure 4.35a, the transmission is almost 100 %.
A cross-section of the particle beam is shown in figure 4.35b at z = −145 mm in front
of the septum magnet and at z = 145 mm after the septum magnet. Figure 4.35 shows
that the beam in the outer field regions follows the aperture of the magnet and thus,
despite the larger integrated magnetic field, the beam is well accommodated by the
magnet. However, a slight horizontal broadening of the beam in all three field regions
is visible. In the outer field regions, this can be attributed to the degrading dipole
field at the outer face of the beam as shown in figure 4.31b and figure 4.31d. In
the central region, the beam is defocused horizontally due to the increasing field at
larger x in figure 4.31c.

A more detailed analysis of the beam quality after the septum magnet is obtained
when considering the phase space distribution of the beam. Figure 4.36 shows the
horizontal and vertical phase space of the left beam, i.e. x > 0, and the centered beam
in figure 4.35a. Here, the initial phase space distribution, which is deduced from ta-
ble 4.11 is compared to the phase space distribution obtained 145 mm after the septum
magnet. The right beam has a similar behavior as the left beam and is therefore not
shown. The results from the phase space distributions in terms of emittances, spatial
and angular rms envelopes (according to equation 2.5 and equation 4.8) are summa-
rized in table 4.12. In addition, the average divergence x̄′ is shown, which represents
the deflection angle for the outer beam trajectories after the septum magnet. Here,
x̄′ amounts to approximately ±318 mrad for the left and right trajectory, respectively.
Taking into account the integrated field of 274 mT m in the outer field regions from
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Figure 4.35.: (a): Particle tracking of 45 MeV protons through the septum magnet
for different settings of the kicker magnet with each setting serving a
different field region of the septum magnet. The simulated transmission
through all three field regions is above 99.998 % (b): Cross-section of
the beam 145 mm in front of and behind the septum magnet. The
initial beam parameters for all three beam trajectories are taken from
table 4.11.

figure 4.29, one gets7 α = arcsin (274 mT m/0.98 T m) = 283 mrad deflection from the
septum magnet and, including the 35 mrad kicker magnet deflection angle, 318 mrad
in total which is in agreement with the results from table 4.12. The results in ta-
ble 4.12 show an increase of the horizontal emittance up to 20 % as well as up to 13 %
growth of the vertical emittance, which is due to the higher-order multipole compo-
nents shown in figure 4.33. Multipole coefficients with n > 2 introduce non-linear
forces on the particle beam such that the phase space area, i.e. emittance, changes
inside the septum magnet [16, p. 343]. The emittance growth primarily occurs for
the centered particle beam with its zero field plateau region being smaller than the
beam itself within the first few layers of the septum magnet (shown in figure 4.28).
The presence of non-linear forces from higher-order multipole components is also ap-
parent in figure 4.36 (Center) which shows non-elliptical phase space distributions
after the septum magnet such that the Courant-Snyder invariant (equation 2.13)
is violated.

7Note that for initial design studies of the septum magnet, equation 2.41, i.e. small-angle approx-
imation, is used, which underestimates the deflection angle slightly thus being a conservative
assumption.
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Figure 4.36.: Phase space distribution of the left beam (x > 0) and centered beam
of figure 4.35a. The initial phase space distribution 150 mm in front
of the septum magnet (In - parameters in table 4.11) and the phase
space distribution 145 mm after the septum magnet (Out - parameters in
table 4.12) are shown for both transversal subspaces ((x,x′) and (y, y′)).
The plots show a normalized particle density distribution.
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Table 4.12.: Summary of the results from the phase space distribution analysis
145 mm after the septum magnet. The corresponding beam trajecto-
ries are presented in figure 4.35 (left: x > 0, right: x < 0).

Left Centered Right

x̄′/mrad 318.3 0.0 -318.0
σx/mm 6.2 6.7 6.0
σx′/mrad 2.5 3.0 2.5
ϵdisp.,x/mm mrad 12.7 13.4 11.8
σy/mm 3.8 3.4 3.8
σy′/mrad 5.0 5.4 5.0
ϵdisp.,y/mm mrad 15.4 16.6 15.4

The spatial and angular rms envelopes in table 4.12 suggest that above 4 m drift
without focusing through additional quadrupole magnets can be accepted behind the
septum magnet. The defocusing of the beam throughout this drift length is such that
the target with 150 mm edge length as employed in the JULIC neutron source test
facility can be irradiated.

4.5. Three-Field Magnet (TFM)
As presented in section 4.1, the development and manufacture of the Three-Field
Magnet (TFM) serves two purposes. One is to replace the kicker magnet in figure 4.2
in order to operate the outer target stations independently of the performance of
the kicker magnet (as explained in figure 4.3). The other purpose is to prove the
working principle of the Three-Field Septum Magnet (TFSM) and to show that the
manufacture of such magnet is feasible. It is based on the concept shown in figure 4.23.

4.5.1. Layout
The design of the TFM is shown in figure 4.37. Conceptually it can be considered
as one layer of the septum magnet in figure 4.27 but with different dimensions. The
transverse dimensions are much larger than the front face of the septum magnet in
figure 4.24, which is due to the fact that the beam spot separation is larger. As the
magnet is not employed as septum with the beam spots being horizontally positioned
as closely as possible but as horizontally movable magnet with three different field
regions (as explained in figure 4.3), the design requirements are less stringent. To
maintain three different field regions as in figure 4.23 without the necessity of addi-
tional small vertically magnetized permanent magnets in the central region as used
in figure 4.24, the beam spot separation is chosen to be s = 230 mm. According to
the beam transport simulation in figure 4.9, a beam size of 60 mm for 6 rms beam
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widths is considered. Concerning the vertical dimensions of the magnet, a minimum
gap height of lgap = 112 mm is chosen in order to cover a beam tube with 104 mm
outer diameter as employed as standard in the experimental area in figure 4.2.

With the transverse dimensions being fixed, the longitudinal extent of the TFM is
adjusted in order to meet the geometric constraints in terms of beam deflection angle
with the outer field regions. Figure 4.2 shows that the TFM is positioned 220 mm
(from TFM yoke end to Kicker yoke front) in front of the kicker magnet. Similar to the
kicker magnet in equation 4.17, the deflection angle which has to be provided by the
TFM can be derived geometrically with the aim to encounter the outer field regions of
the septum magnet, horizontally displaced by ∆x = 62 mm (figure 4.24), within a dis-
tance of l = lkicker−septum+ lkicker+ l3−field−kicker = 1500 mm+520 mm+220 mm = 2240 mm.
Without knowledge of the effective length of the TFM, the first guess of the required
beam deflection angle thus gives 62 mm/2240 mm ≈ 28 mrad. This results in a required
integrated field of approximately 27.4 mT m with (Bρ) = 0.98 T m from table 4.1 and
equation 2.41. With the horizontal dimensions of the TFM given (figure 4.37a), the
length can then be iterated such that the required integrated field is obtained. For
the TFM, the length is chosen to be lyoke = 140 mm. As presented in figure 4.38b, this
yields an integrated field 32.9 mT m. The integrated magnetic field resulting from
the simulation in figure 4.38b is approximately 20 % larger than the one, which is
required geometrically. This is deliberately chosen to take into account uncertainties
on the remanent flux density of the SmCo permanent magnets which are employed.
The reduction of the magnetic field, as it is shown in figure 4.44a, is easier than the
enhancement. Therefore, a larger integrated magnetic field is set due to unforeseeable
effects from the manufacturing process.

As discussed in the previous paragraph, the beam deflection angle that is to be
provided by the TFM is approximately ≈ 28 mrad in order to operate the outer field
regions of the septum magnet at ∆x = 62 mm within a distance l = 2240 mm. With
the knowledge about the effective length of the TFM, i.e. leff = 240 mm, the required
beam deflection angle can be reconsidered. The distance from the TFM to the TFSM
reduces to l′ = l − (leff − lyoke)/2 = 2240 mm − (240 mm − 140 mm)/2 = 2190 mm and
following equation 4.17, one obtains a deflection angle

Θ = ∆x
l′ + leff/2

= 62 mm
2190 mm + 240 mm/2 = 26.8 mrad, (4.34)

with a corresponding integrated magnetic field of 26.3 mT m. The necessary integrated
field is supplied by shielding of the TFM with iron plates as discussed later in this
section. However, during regular operation the proton beam can have an angular
offset in the xz-plane (coordinate system from figure 4.37) when passing the TFM.
This has to be compensated in order to reliably supply the outer field regions of the
TFSM. For this, the TFM is positioned onto a support which is not only horizontally
movable in order to switch between different target stations (figure 4.3) but also
longitudinally, which allows to react to beam misalignments in the xz-plane at fixed
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Figure 4.37.: (a): Technical layout of the TFM front face. The width of the front face
is w = 714 mm and the height h amounts to 200 mm. The gap height
lgap = 112 mm allows to accommodate a beam tube with outer diameter
dobt = 104 mm. The expected beam diameter is db = 60 mm (6 rms beam
widths according to figure 4.9). The separation of the beam spots is
s = 230 mm. The red parts indicate SmCo magnets with Br = 1.1 T, the
gray parts show the magnet yoke. The magnetization directions of the
permanent magnets are indicated with arrows. (b): Side view of the
structure in (a) with a yoke length of lyoke = 140 mm. (c): Full TFM
setup with a customized Al support structure. Al support plates are
mounted on the magnet yoke and connected to an Al support frame,
which stabilizes the structure.
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(a) (b)

Figure 4.38.: (a): Vertical magnetic flux density By versus z of the TFM design in
figure 4.37 extended in z to 140 mm length at different horizontal coor-
dinates x representing the beam centers as positioned in figure 4.37a.
The origin of the coordinate system is the geometric center of the
magnet. (b): Corresponding integrated vertical magnetic flux density
∫

400 mm
−400 mmBydl versus horizontal coordinate x. The yellow shaded area

marks the beam position (6 rms beam widths, i.e. ≈ 60 mm according
to figure 4.9). The effective length can be derived to be leff = 240 mm.

beam deflection angle of the TFM. The longitudinal displacement can be tuned by
∆z = ±100 mm in 10 mm steps. This results in an angular acceptance of the beam in
the TFM of ±1.1 mrad which is shared between an angular offset of the beam itself
as well as deviations of the integrated magnetic field of the TFM from the nominal
value.

4.5.2. Magnetic field measurements
For characterization of the TFM, shown in figure 4.37, the magnetic flux density
distribution is measured by a three-axis Hall probe as presented in figure 4.39.
Here, the origin of the coordinate system is in the geometric center of the magnet.
The Hall probe in figure 4.39 is moved within three different xz-planes at y = 0,
i.e. referred to as main plane, and y = ±20 mm. Within each plane, the measure-
ment covers the horizontal coordinates x = ±280 mm and the longitudinal coordinates
−280 mm ≤ z ≤ 200 mm both with 5 mm steps. The asymmetry in z results from the
measurement setup in figure 4.39 which limits the measurement range in z > 0. At
each position, the magnetic field components Bx, By and Bz are averaged over 200 ms
while the positioning of the probe is changed every 3 s with 1 s idle time before the
measurement for the stabilization of the probe.

A systematic effect which has to be taken into account when analyzing the magnetic
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Figure 4.39.: Setup for 3-D magnetic flux distribution measurement. 1: TFM. 2:
3-axis Hall probe. 3: 3-dimensionally movable support of the Hall
probe driven by a CNC machine. The origin of the coordinate system
is located in the geometrical center of the magnet.

field measurements is the rotation of the Hall probe with respect to the magnet.
For the compensation of this effect, a procedure introduced in [53] can be applied.
Here, the imperfection angles pitch α, yaw β and roll γ of the probe as shown in
figure 4.40 are introduced. When assuming the probe coordinate system in figure 4.40
to be aligned with the magnet coordinate system and positioned in a region with
homogeneous dipole field, i.e. By = B0 and Bx = Bz = 0, the introduction of a
pitch angle α ≠ 0 results in a measured field component Bz,m ≠ 0 from the probe.
The rotation of the probe by a roll angle γ ≠ 0 additionally introduces a component
Bx,m ≠ 0 from the probe. Thus, relating all magnetic field components Bx,m, By,m,
Bz,m reported from the Hall probe in a homogeneous dipole field allows to derive

Figure 4.40.: Imperfection angles of the Hall probe. If the probe were perfectly
aligned, its coordinate system would coincide with coordinate system of
the magnet in figure 4.39. Taken and adapted from [53].
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the pitch and roll angles according to

α = arctan(−Bz,m

By,m
)

γ = arctan(Bx,m ⋅ cosα
By,m

) . (4.35)

The yaw angle β has no influence in a homogeneous dipole field such that it can
not be derived accordingly. However, it can be considered less critical as it mixes
the field components Bx,m and Bz,m which are less important for dipole magnets.
Having derived α and γ according to equation 4.35, the measured magnetic field can
be corrected by rotation with

⎛
⎜
⎝

Bx,m,rot.
By,m,rot.
Bz,m,rot.

⎞
⎟
⎠
= Rγ ⋅Rα ⋅

⎛
⎜
⎝

Bx,m
By,m
Bz,m

⎞
⎟
⎠

(4.36)

with Rγ and Rα being the corresponding rotation matrices.

In order to derive the imperfection angles α and γ, the dipole field region of the
TFM at x = −230 mm is considered at z = 0, i.e. longitudinally centered in the mag-
net. Within ∆x = ±20 mm the simulated average fractions of < Bx > / < By > and
< Bz > / < By > are below 1 × 10−4 such that this region can be considered a homoge-
neous dipole field region, and any larger contributions of Bx and By are attributed to
a tilt of the Hall probe or to manufacturing uncertainties. In order to exclude man-
ufacturing uncertainties, averaging of the measured Bx,m, By,m and Bz,m is performed
over 27 individual positions equally distributed between three vertical positions y =
−20 mm,0,20 mm and nine horizontal positions within x = [−250 mm,−210 mm]. The
resulting imperfection angles are

α = −30(1)mrad
γ = −33(2)mrad. (4.37)

The results are implemented into equation 4.36. With this, the vertical magnetic flux
density By,m,rot. shown in figure 4.41 is obtained (Bx,m,rot. and Bz,m,rot. are presented
in figure C.1). Here, the two outer dipole field regions with opposite polarity and a
centered zero field region are clearly visible. The maximum vertical magnetic field
in the dipole field regions amounts to 140 mT, which is about 1.5 % larger than the
simulated maximum vertical magnetic field By,sim.. The larger magnetic field can
be attributed to inaccuracies in the specification of the remanent flux density of the
permanent magnets used. The permanent magnets that are stronger than required
lead to a global gain of the magnetic flux density in the air gap of the magnet. Thus,
the measured and rotated magnetic field components Bi,m,rot. with i = x, y, z can be
scaled according to

Bi,m,corr. = Bi,m,rot. ⋅
max (By,m,rot.)
max (By,sim.)

(4.38)
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Figure 4.41.: Measured and rotated (according to equation 4.36) vertical magnetic
flux density By,m,rot. in the central xz-plane, i.e. y = 0 in figure 4.39, in
mT.

i = x, y, z

in order to correct for the magnetic field gain from the permanent magnets employed.
With this, the characteristics of the measured magnetic flux density distribution can
be compared in more detail to the simulated results. Figure 4.42 shows the differ-
ence between measurement and simulation of the magnetic flux density distribution
considering the measured magnetic field components Bi,m as well as the corrected
measurements according to equation 4.38 yielding Bi,m,corr.. One observes a better
agreement between measurement and simulation for Bi,m,corr.. The difference between
measurement and simulation is on average better than 8 ‰ for ∣Bi,m − Bi,sim.∣ and
better than 4 ‰ for ∣Bi,m,corr. −Bi,sim.∣, each relative to the respective measured main
maximum dipole field component By,m = 138.98 mT and By,m,corr. = 137.14 mT, re-
spectively. The same holds for two xz-sub-planes measured at y = ±20 mm which
are presented in figure C.2 and figure C.3 of the appendix, respectively. Concerning
the installation of the TFM in the multiplexer setup in figure 4.2, the vertical and
horizontal magnetic field components By and Bx, respectively, are the most critical
ones as they induce a magnetic Lorentz force on the beam. Looking at figure 4.42,
it can be seen that the largest difference between measurement and simulation occur
in the areas where no beam is expected, e.g. in the region of vertical magnetic field
gradient with −80 mm > x > −120 mm and 120 mm > x > 80 mm for ∣Bx,m,corr. −Bx,sim.∣
in figure 4.42d.

The magnetic measurements of the TFM prove the working concept of a permanent-
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(a) (b)

(c) (d)

(e) (f)

Figure 4.42.: Absolute difference between measurement and simulation of the mag-
netic flux density of the TFM for the center xz-plane in mT without (first
column) and with correction (second column). (a) shows ∣By,m−By,sim.∣,
(b) shows ∣By,m,corr.−By,sim.∣. (c) and (d) show the same for x and (e) and
(f) for z, where both respective simulated components Bx,sim. and Bz,sim.

are zero throughout the xz-plane at y = 0. The measured and corrected
magnetic flux density Bi,m,corr. is calculated according to equation 4.38
for i = x, y, z.
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(a)

(b)

(c)

(d)

Figure 4.43.: Vertical magnetic flux density By versus horizontal position x at z =
0. (a) shows By,m,rot. and By,sim. for −290 mm < x < 290 mm and the
corresponding insets (b) - (d). The insets show By,m,rot., By,m,corr. and
By,sim.. The position and extension of the beam in the three field regions
is indicated by the yellow shaded area. The beam size is considered as
6 rms beam widths from figure 4.9 at the position of the TFM.

108



4.6. Operational tests

magnet-based magnetic system featuring three different field regions as proposed in
figure 4.23. The characteristic step-like horizontal evolution of the vertical magnetic
flux density of such a magnet can be highlighted by analyzing By at z = 0 as shown
in figure 4.43. The rotated and scaled vertical magnetic field component By,m,corr.
agrees well with the simulated magnetic field in the areas with beam. Thus, the
characteristics of the vertical magnetic flux density distribution are well reproduced
by the manufactured magnet with respect to the simulations. However, the actual
magnet maintains an up to 1.5 % stronger magnetic field in the dipole field regions,
i.e. the scaling factor applied in equation 4.38 and shown as By,m,rot. in figure 4.43,
which has to be considered. Furthermore, the magnet is initially designed to supply
a larger integrated magnetic field than required from equation 4.34 in order to deal
with manufacturing tolerances. Therefore, iron shields are added to the magnet in
order to reduce the magnetic field as explained in the next paragraph.

Adjustment of the integrated field

The simulated envisaged integrated magnetic field amounts to 32.9 mT m with respect
to 26.3 mT m which are geometrically required from equation 4.34. Including the
1.5 % gain of the manufactured magnet with respect to the simulations, a reduction by
7.1 mT m of the integrated magnetic field has to be carried out. This can be realized by
shielding of the magnet with iron plates, which follow the contour of the magnet (as in
figure 4.37) from both sides. The thickness of the iron plates influences the shielding
effect. For the reduction of 7.1 mT m, two 8 mm iron plates are required which is
deduced from an FEM simulation similar to figure 4.38. The plates are mounted on
the magnet as shown in figure 4.44a. The resulting measured integrated magnetic
field is shown in figure 4.44b. With ∓26.27(2)mT m at x = ±230 mm, the integrated
magnetic field in the outer field regions is adjusted to fit the geometrically required
26.3 mT m. The measured field homogeneity of the integrated vertical magnetic field
(similar to equation 4.27) in the outer field regions is 1.4 % throughout the horizontal
extent of the beam. In the centered field region, the maximum deviation in integrated
magnetic field from zero is 1.3 mT m.

4.6. Operational tests
In the scope of this thesis, a test operation of the kicker magnet as the dynamic part
of the multiplexer in figure 4.2 was carried out. The main goal was establishing logics
for synchronization of the kicker magnet and the pulsing of the proton beam from
the JULIC accelerator. For this, the kicker magnet is installed at its designated po-
sition in the experimental area. At this stage, the kicker magnet did not include the
insets presented in figure 4.16 nor feature the parallel wiring of two power supplies
as presented in figure 4.11 and thus supplied a maximum dipole field of 35 mT as
listed in table 4.6. The corresponding power supply can be operated bipolar, however
the change of polarity is realized by contactors and thus not intended to be changed
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(a)

(b)

Figure 4.44.: (a): TFM (shown in figure 4.37) with iron shielding to reduce the in-
tegrated magnetic field. Two iron plates in total are mounted to the
magnet with one plate per side. The iron plates are mounted such that
they follow the contour of the magnetic structure shown in figure 4.37a.
The origin of the coordinate system is in the center of the magnet. (b):
Corresponding measurement of the integrated vertical magnetic field
versus x of the TFM with iron shields. The measurement is carried out
for z = −320 mm to z = 0 mm (at y = 0 mm) and then doubled making
use of the symmetry of the magnetic flux density distribution as shown
in figure 4.41. The integrated magnetic field in the outer field regions,
i.e. at x = ±230 mm, amounts to ∓26.27(2)mT m. The yellow shaded
areas mark the expected beam positions (6 rms beam widths as in fig-
ure 4.43).
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Figure 4.45.: Schematic drawing of the experimental setup for tests of the kicker mag-
net synchronized with the proton beam pulsing of the JULIC accelerator.
The scheme shows the xz-plane, i.e. top view, from figure 4.2 with the
proton beam passing from the left side as indicated by the black arrow.
1: Kicker magnet synchronized to JULIC 2: Movable multi-wire pro-
portional chamber, 3.1: Electrically insulated right side of a collimator
system (green), 3.2: Left side of the collimator system (red), 4: Tanta-
lum target used as beam cup (blue), 5.1: 3He detector at the collimator
position (yellow), 5.2: 3He detector at the extraction channel (yellow),
6: Polyethylene moderator.

periodically, e.g. between two subsequent proton pulses. Therefore, the testing of the
kicker magnet synchronized with the pulsing of the cyclotron JULIC has been carried
out with two different pulse components instead of three, as intended in figure 4.1,
and the power supply being operated unipolar.

The experimental setup for the multiplexer tests with the kicker magnet at JULIC
is schematically shown in figure 4.45. It can be considered as part of the multiplexer
setup in figure 4.2 with the kicker magnet at the exact position but with the TFM and
the TFSM excluded as these magnets were subject to ongoing developments during
the tests. On a position 800 mm downstream the kicker magnet an aluminum collima-
tor with two electrically insulated plates is installed and combined with a tantalum
beam cup, which is positioned behind the collimator. The cup and the two collimator
plates are wired individually to a multi-channel picoammeter such that a destruc-
tive current measurement of the proton beam can be carried out at three different
horizontal positions. With this setup three potential target stations are mimicked
without the necessity of a septum magnet for further spatial separation. The beam
cup in figure 4.45 is completely housed in polyethylene acting as thermal moderator
of the neutrons generated in the cup. Here, a neutron extraction channel is brought
into the polyethylene being inclined by 45○ to the proton beam axis. Additionally,
two polyethylene plates are positioned on the right and on the left side behind the
collimator such that neutrons emerging from the collimator plates are also partly
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(a) (b)

Figure 4.46.: (a): Logics for tests of the kicker magnet synchronized with the mi-
cropulsing (chopper) of the JULIC accelerator. A pulse generator con-
trols the proton beam pulse structure by setting the HV applied from
the micropulsing power supply to a deflector electrode, i.e. a chopper,
in the source beamline of JULIC as in figure 3.7. The proton pulse
structure is dictated by the pulse generator as inverted TTL sequence of
the actual pulse structure (1). Simultaneously, the kicker magnets rise
(2) and fall (3) sequences of the magnet current are controlled by the
pulse generator. (b): Time diagram of the pulse generator with mul-
tiplexed pulse structure (1) and kicker magnet current rise (2) and fall
(3) triggers as well as respective pulse lengths and delays. The temporal
evolution of the proton pulse structure and the kicker magnet current is
implied by red and blue lines, respectively.

moderated. The positioning of two 3He-detectors indicated in figure 4.45 allows to
measure the count rate of neutrons primarily generated by the beam cup and by
the collimator separately. Between the collimator and the kicker magnet, a movable
multi-wire proportional chamber (MWPC) is installed at variable distance dMWPC,
which allows to monitor the transversal beam position and beam size.

The kicker magnet is controlled by a pulse generator, which in parallel operates the
pulsing of the proton beam. The corresponding logics are presented in figure 4.46.
Here, a multiplexed proton pulsing scheme is generated through the micropulsing
(chopper) of the JULIC accelerator containing short pulses with pulse length tp1 and
period length Tp1 as well as longer pulses with larger pulse length tp2 and larger period
length Tp2 which are delayed by td with respect to the short pulse. The proton pulse
scheme is realized through a deflector electrode in the source beamline of JULIC as
indicated in figure 3.7. For this reason, the pulse scheme which is intended for proton
beam is inverted to trigger the high voltage (HV) being applied to the electrode as
HV on at the electrode results in beam off. The rising of the kicker magnet current is
triggered with a variable delay tdr with respect to the short pulse. The rise time tr is
set to fit the gap between the two different pulses. The same applies for the falling of
the kicker magnet current with tdf and tf with respect to the long pulse component.
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The delay of the kicker magnet current’s rise and fall triggers tdr and tdf is adjusted to
take in to account the time-of-flight of protons from the pulse generation to the kicker
magnet. The time-of-flight of protons tTOF from the deflector electrode in the source
beamline to the kicker magnet is dominated by the acceleration inside the cyclotron.
The JULIC accelerator operates at a RF-frequency of fRF = 29.646 MHz represent-
ing the third harmonic, i.e. h = 3, of the revolution frequency frev = 9.882 MHz for
45 MeV protons. The energy gain per turn in the cyclotron is 90 keV such that 500
turns inside JULIC are required to accelerate protons from 4.5 keV, i.e. the energy
in the source beamline of figure 3.7, to 45 MeV. The acceleration time then totals
Tacc = 500 ⋅ 1/frev ≈ 50 µs. Taking into account the time-of-flight in the source beam-
line at 4.5 keV of ≈ 10 µs, the total time-of-flight can be approximated to be ≈ 60 µs.
Here, the time-of-flight at 45 MeV is neglected as this is below 1 µs. A conservative
assumption of tTOF < 100 µs is considered in the following and tdr, tdf in figure 4.46b
are adjusted accordingly.

To show the working kicker magnet synchronization, two different experiments are
carried out. One experiment focuses on synchronous beam current measurements at
the collimator plates and the beam cup in figure 4.45 representing a direct measure-
ment of the spatial separation of the individual pulse components in the multiplexed
proton beam. The other experiment operates the different 3He neutron detectors at
the collimator and beam cup position in time-of-flight mode to indirectly monitor the
deflection of specific proton pulses.

For the beam current measurement, a multi-channel picoammeter providing 20 kHz
sampling rate is used. The parameters for the multiplexed proton beam are chosen
to be tp1 = 5 ms, Tp1 = 50 ms for the short pulse components and tp2 = 15 ms, Tp2 = 5 s
for the long pulse components with a delay of td = 5 ms in figure 4.46b. The pulse and
period lengths are chosen such that the timing provided by the kicker magnet power
supply in table 4.7 is maxed out. For different applications, e.g. the experiment with
the 3He neutron detectors, the pulse lengths can be reduced. The kicker magnet rise
and fall time are chosen to be tr = 3 ms and tf = 10 ms, respectively. With these
settings, the beam current measurements in figure 4.47 can be obtained. It can be
seen from the beam current measurements at the collimator plates and the beam cup
that the proton beam goes straight through the collimator for all pulse components
when the kicker magnet is off as indicated by the left and right collimator signal
being almost equal. When switching on the kicker magnet, which is synchronized
to deflect the long pulse components, these pulse components exhibit a larger beam
current signal on the right collimator plate and a smaller signal on the left collimator
plate, thus indicating that the long proton pulses are deflected to the right while the
short proton pulses pass the kicker magnet unperturbed. Note that, the proton pulses
experience a linear increase of the beam current on a time scale of ≈ 10 ms which is
attributed to a non-optimized injection process into the cyclotron. In addition to
the beam current measurements in figure 4.47, an MWPC is used to determine the
deflection angle of the long pulse components by measuring the proton beam position
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Figure 4.47.: Proton beam current measurement at the beam cup and collimator
plates shown in figure 4.45 (same color scheme) for a multiplexed pro-
ton beam as presented in figure 4.46b with tp1 = 5 ms, Tp1 = 50 ms,
tp2 = 15 ms, Tp2 = 5 s and td = 5 ms. The measurement is triggered by the
long pulse components. With the kicker magnet being switched on, the
long pulse components are deflected towards the right collimator plate
while the short pulse components pass unperturbed. The measurements
are averaged over ten times occurrence of the long 0.2 Hz pulse com-
ponets, i.e. 50 s.

at two different distances dMWPC = 445 mm,730 mm in figure 4.45. The results are
given in figure 4.48. From the fit results in figure 4.48, one obtains the average beam
position for the different MWPC positions and kicker settings, which allows to derive
the deflection angle from the kicker magnet to be

Θ = −21.0(7)mrad. (4.39)

According to table 4.6, the kicker magnet provides a maximum dipole field of 35 mT
at 250 A. With an effective length of 610 mm, this yields 21.8 mrad deflection angle
for 45 MeV protons, i.e. B(ρ) = 0.98 T m, which is consistent with the result obtained
in equation 4.39. In summary, the beam current measurement in figure 4.47 as well as
the MWPC measurement in figure 4.48 show that the deflection of particular proton
pulses in a multiplexed proton pulse scheme can be achieved with the synchronization
of the kicker magnet to the chopper of JULIC.

For further investigations of the kicker magnet operation with multiplexed proton
beam, the 3He detectors in figure 4.45 are operated in time-of-flight (ToF) mode,
which allows to record the time resolved neutron count rate at the position of the
collimator and the beam cup separately. In figure 4.49, the TOF spectra for the 3He
detectors in figure 4.45 are shown. The TOF spectra are recorded for different states
of the kicker magnet. To check the synchronization of the kicker magnet to the JULIC
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Figure 4.48.: MWPC measurement of the horizontal proton beam profile at dMWPC =
445 mm,730 mm in figure 4.45 triggered by the long pulse component in
figure 4.47 with the kicker magnet being off and on, i.e. powered with
250 A. A gaussian fit is performed individually for all measurements
with kicker magnet being off (dotted line) and on (solid line).

accelerator, a multiplexed proton pulse structure is used with identical pulse lengths,
i.e. tp1 = tp2 = 80 µs, and different period lengths, i.e. Tp1 = 80 ms and Tp2 = 6 s
(figure 4.46). The kicker magnet is synchronized to deflect the low frequency, i.e.
Tp2 = 6 s, component. The pulse length of 80 µs is chosen such that dead time effects
of the 3He detectors are reduced. In figure 4.49, the two neutron pulses generated by
the two 80 µs proton pulse components are well visible. The measurements are trig-
gered on the high frequency component. In figure 4.49a, the TOF spectrum at the
position of the extraction channel in the polyethylene moderator (detector 5.2 in fig-
ure 4.45) is shown, which primarily monitors neutrons emerging directly or indirectly
through moderation in the polyethylene from the Ta target (beam cup). Therefore,
the count rate at this detector position is dominated by the proton pulses impinging
on the Ta target. Here, it can be seen that the count rate which is attributed to
the high frequency proton pulse component, i.e. the first neutron pulse in the TOF
spectrum, remains unchanged when switching on the kicker magnet. Whereas, the
count rate which is attributed to the low frequency proton pulse component, i.e. the
second neutron pulse in the TOF spectrum, reduces significantly by approximately
60 % when switching on the kicker magnet. The corresponding results in terms of
the integrated count rate in the interval from 0 ms to 2 ms and 40 ms to 42 ms, which
are attributed to the neutrons generated from the high frequency and low frequency
proton pulse component, respectively, are presented in table 4.13. Here, it can be seen
that the integrated count rate of the high frequency (T = 80 ms) neutron pulse does not
change when the kicker magnet is switched on. The integrated count rate of the low
frequency (T = 6 s) neutron pulse component is related by the ratio 80 ms/6 s = 1/75
to the high frequency component. When the kicker magnet is switched on, the in-
tegrated count rate of the low frequency frequency reduces to a fraction of 0.35(2)
of the corresponding value without kicker magnet operation. From the beam current
measurement in figure 4.47, one observes that the intensity on the target (beam cup)
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(a) (b)

Figure 4.49.: Neutron time-of-flight (ToF) spectra recorded with the 3He detectors in
figure 4.45 with and without the kicker magnet. For neutron generation,
a multiplexed proton pulse structure is used with identical pulse lengths,
i.e. tp1 = tp2 = 80 µs, and different period lengths, i.e. Tp1 = 80 ms and
Tp2 = 6 s (figure 4.46). The kicker magnet is synchronized to deflect the
low frequency, i.e. Tp2 = 6 s, component. The TOF spectra are recorded
within a 80 ms frame and triggered by the high frequency component
(Tp1 = 80 ms). (a) TOF count rate from the 3He detector at the extrac-
tion channel position (5.2 in figure 4.45). (b): TOF count rate from the
3He detector at the collimator position (5.1 in figure 4.45). The insets
show the spectrum at the time interval attributed to the high frequency
(0 to 2 ms) and the low frequency proton pulse component (40 to 42 ms).
The measurement time for all scenarios is 600 s. The beam intensity re-
mains unchanged during the different measurements.

of the low frequency proton pulse component reduces to fraction of 0.57(6) when the
kicker magnet is switched on. The reduction of the corresponding neutron count rate
(by 0.35(2)) must therefore also be influenced by geometric effects which come from
the inclination of the proton beam on the target when the kicker magnet is used.
Nevertheless, the observations in figure 4.49a suggest that the low frequency proton
pulse components are partly stopped before the target and thus selective deflection
of the low frequency pulse components onto the collimator can be performed. This
is also confirmed when looking at figure 4.49b showing the TOF spectrum at the
position of the collimator (detector 5.1 in figure 4.45). The corresponding detector
monitors neutrons primarily emerging from the collimator plates. In the correspond-
ing TOF spectrum, the neutron pulse which is attributed to the low frequency proton
pulse component gets shorter when the kicker magnet is switched on. This indicates
that the neutron source is closer to the detector or that the thermal moderator is less
extended in this scenario. Both indications suggest that the proton beam is deposited
closer to the 3He detector and thus deflected.
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Table 4.13.: Integrated count rate of neutrons at the 3He detector at the extraction
channel of the polyethylene moderator (detector 5.2 in figure 4.45) from
figure 4.49a. The integration intervals are 0 ms to 2 ms and 40 ms to
42 ms for the T = 80 ms and the T = 6 s component.

T/s Counts/s kicker magnet off Counts/s kicker magnet on
80 × 10−3 133.1(5) 132.0(5)
6 2.02(6) 0.71(3)

In summary, the proton beam current measurement with the collimator and the
Ta target beam cup, the proton beam profile measurement with the MWPC as well
as the neutron TOF measurement with the 3He detectors show that the generation
of multiplexed proton beams and the selective deflection of specific proton pulses is
feasible at JULIC. This can be realized by synchronizing the kicker magnet via a
pulse generator to the chopper of JULIC. However, the measurement setup should
be further optimized to study the performance limit of the multiplexer test setup
systematically. For this, the injection process in the cyclotron should be optimized to
obtain sharp proton pulses with beam intensity rise times which are well below 10 ms
as it is observed in figure 4.47. Furthermore, the experiment should be repeated
with the kicker magnet with insets. This increases the deflection angle and thus the
whole beam can be deposited on the collimator plates. Finally, the setup should be
operated with the performant power supply, which allows larger repetition rates. With
this possible effects from the deflection of the low frequency proton pulse component
onto the high frequency proton pulse component can be identified more easily.

117





5. Integration of the multiplexer
system into the HBS framework

This chapter presents the layout of the multiplexer system at HBS based on the
developments reported in the previous chapter for a multiplexer system at JULIC.
The key component of the multiplexer system is the Three-Field Septum Magnet
(TFSM). For application with 70 MeV protons at HBS, the magnet needs to be scaled
to a larger magnetic rigidity which is (Bρ)70 MeV = 1.23 T m and thus 26 % larger than
(Bρ)45 MeV = 0.98 T m for 45 MeV at JULIC. For this reason, the design of a HBS
TFSM is presented in the following. The magnet design benefits from the scalability
of the Three-Field Septum Magnet (TFSM) at JULIC. The other magnets employed
in the multiplexer design are standard electromagnetic accelerator magnets and can
be scaled easily. The HBS multiplexer system represents a central part of the HBS
facility distributing the individual proton pulse components to the different target
stations (figure 3.1). Thus, it needs to be integrated into the HBS High-Energy Beam
Transport (HEBT) section which manages the proton transport from the accelerator
to the target. Therefore, the top-level design of the HEBT, including the multiplexer
section, is presented and corresponding beam dynamics calculations in terms of linear
beam transport and particle tracking have been carried out. Finally, the radiation
hardness of the multiplexer system is evaluated concentrating on the TFSM at HBS.

5.1. Layout
The layout of the HBS multiplexer system is based on the conceptual design presented
in figure 4.1. The design parameters are given in table 4.1. In contrast to the multi-
plexer system which is employed at JULIC, the HBS multiplexer system will feature
additional bending magnets in the outer beamlines as well as quadrupole magnets.
This allows to increase the separation of the three different beamlines which emerge
from the multiplexer system to 62○ while maintaining achromatic beam optics in the
arcs. This is important for the HBS facility as the larger angular separation of the
beamlines provides more space for the individual target stations (figure 3.1).

Figure 5.1 presents the layout of the HBS multiplexer system. The system’s kicker-
septum magnet combination is arranged with 1150 mm distance (yoke-to-yoke) and
provides 300 mrad deflection angle after the septum magnet which is divided between
48 mrad from the kicker and 252 mrad from the septum magnet. With this and
equation 4.17, the beam spot separation at the front face of the septum magnet is
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Figure 5.1.: Layout of the HBS multiplexer system. The layout is based on the concept
presented in figure 4.1. 1: Kicker magnet, 2: HBS Three-Field Septum
Magnet (TFSM), 3: 45○ sector bending magnets, 4: Quadrupole magnets
(all in gray). The total angular separation of the outer beamlines with
respect to the centered beamline amounts for 1.085 rad, i.e. 62○.

68 mm taking into account an effective length of the kicker magnet of leff = 600 mm
and a yoke length of 530 mm. The septum magnet is designed to have an effective
length of leff = 1000 mm and a yoke length of 945 mm. The length increase of the
HBS TFSM with respect to the one at JULIC allows a slightly weaker dipole field
in the outer field regions such that the coexistence of the three different field regions
relaxes. In the arcs of the multiplexer system, a quadrupole magnet between the
septum and the 45○ bending magnet is used in order to provide dispersion-free optics,
i.e. σ16 = σ26 = 0 in equation 2.20 after the multiplexer system1. Two quadrupole
magnets in front of the multiplexer system and at the end of the arcs, respectively,
are used to control the beam size.

5.2. HBS Three-Field Septum Magnet (HBS TFSM)
The design procedure of the HBS Three-Field Septum Magnet (TFSM) follows closely
the strategy for the JULIC septum which is presented in detail in section 4.4. Here,
the knowledge gained throughout the design process of the JULIC septum magnet

1This holds only for σ16 = σ26 = 0 prior to the multiplexer system
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can be used which eases the construction of the HBS septum significantly.

The design goals of the HBS TFSM can be derived primarily from the layout of
the multiplexer system given in figure 5.1. The yoke length is chosen to be 945 mm
with an envisaged effective length of 1000 mm. The deflection angle which has to
be provided by the magnet amounts for 252 mrad while the beam spot separation at
the front face of the magnet needs to be 68 mm. The planned beam size is 24 mm
(4 rms beam widths). From the findings during the developments at JULIC in sec-
tion 4.4, the HBS TFSM is constructed yielding the design which is shown in figure 5.2.
The HBS septum magnet consists of 15 layers with 63 mm thickness each. The gap
height of the magnet is 52 mm thus offering a safety margin for the 24 mm beam.
This is important when considering the large beam power of 300 kW (section 3.1)
at HBS. The actual beam is of elliptical shape with an extent of 24 mm in the ver-
tical and 8 mm in the horizontal plane. Thus, the assumption of a circular beam
with 24 mm diameter is conservative. From the construction of the prototype Three-
Field Magnet (TFM) presented in section 4.5, it is known that the simulated mag-
netic field can be reproduced very accurately by the manufacturer (see figure 4.43).
Thus, the HBS TFSM is constructed to fit an integrated field of 306.5 mT m precisely
without the necessity to consider potential manufacturing uncertainties. Obtaining
∫ Bydl = 306.5 mT m in the outer field regions as shown in figure 5.3 gives a deflection
angle of α = arcsin (∫ Bydl/(Bρ)) = 252 mrad. The field homogeneity in the outer
field regions of the HBS TFSM according to equation 4.30 is 0.2 %. In the centered
zero field region, a maximum deviation of the integrated magnetic field of 2 mT m
from zero is observed. Both evaluations cover 8 mm beam size (4 rms beam widths)
which is extracted from figure 5.7.

A particle tracking study similar to figure 4.35 is shown in figure 5.4 to prove the
successful adaption of the aperture dimensions of the HBS septum magnet to the beam
trajectories. In addition, the horizontal phase space distribution of the left beam in
figure 4.35a at ∆z = −150 mm in front of the septum magnet and at ∆z = 150 mm
after the septum magnet is shown in figure 5.4b and figure 5.4c, respectively. This
demonstrates that the total deflection angle behind the septum magnet amounts for
300 mrad when setting the kicker magnet in figure 5.1 to 48 mrad such that the left
outer dipole field region of the HBS septum magnet is operated.

Figure 5.5 shows the results of the harmonic content in the hard-edge approximation
of the HBS TFSM similar to figure 4.33. The corresponding results are used for the
particle tracking studies of the HBS HEBT which are presented in the following
section. The field quality of the HBS septum magnet is slightly better than for the
JULIC septum magnet which can be evaluated by considering the 2n-pole magnetic
field gradients (equation D.2), which take into account the different reference radii. A
summary of the 2n-pole magnetic field gradients is given in table D.1. The improved
field quality of the HBS septum magnet with respect to the JULIC septum magnet
can be attributed to the smaller dipole field strength in the outer field regions, the
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Figure 5.2.: (a): Technical layout of the HBS septum magnet front face based on the
concept shown in figure 4.23. The width of the front face is w = 353 mm
and the height h amounts for 150 mm. The gap height is lgap = 52 mm.
The planned beam diameter db is 24 mm with a beam spot separation of
s = 68 mm. The red parts indicate SmCo magnets with Br = 1.1 T, the
gray parts show the magnet yoke. The magnetization of the permanent
magnets is indicated with arrows. (b): 3D drawing of the HBS septum
magnet with yoke length lyoke = 945 mm and maximum width at the end
of wend = 676 mm. The HBS septum is segmented into 15 layers with a
length of 63 mm each.
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Figure 5.3.: (a): Integration planes for the calculation of the horizontal distribution
of the integrated magnetic field of the HBS septum magnet shown in fig-
ure 5.2. The integration planes follow the expected beam trajectories.
The integration limits are set from z = −672 mm to z = 672 mm (z = 0
in the center of the magnet). (b)-(d): Integrated vertical magnetic field
∫ Bydl versus deviation along x from the center of the path following the
different planes as indicated in (a). In each integration plane a horizon-
tally centered co-moving cartesian coordinate system is used. The extent
of the proton beam is indicated by the yellow shaded area (dark yellow:
2 rms beam widths, light yellow: 4 rms beam widths).
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Figure 5.4.: (a): Particle tracking of 70 MeV protons through the HBS septum mag-
net for different settings of the corresponding kicker magnet with each
setting serving a different field region of the septum magnet. The simu-
lated transmission through all three field regions is 100 %. (b) and (c):
Horizontal phase space distribution of the left (x > 0) beam in (a) at
∆z = −150 mm in front of the septum magnet (b) and ∆z = 150 mm after
the septum magnet (c), respectively. The plots show a normalized parti-
cle density distribution.
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(a) (b)

Figure 5.5.: (a) Harmonic content of zero field region of HBS septum, i.e. at x = 0.
(b) Harmonic content of the right dipole field region of the HBS sep-
tum magnet. Here, the multipole coefficients are normalized to the main
dipole component B1 and multiplied by 1×104 according to equation 4.33.
Both (a) and (b) are evaluated on a reference radius r0 = 17 mm in the
hard-edge approximation.

larger horizontal separation of the different field regions at the front face of the septum
magnet and a larger width of the pole pieces.

5.3. HBS High Energy Beam Transport (HBS HEBT)

5.3.1. Beam dynamics of HBS HEBT
The HBS High-Energy Beam Transport (HEBT) is a proton transport beamline con-
necting the linear accelerator and the individual target stations at HBS which is
indicated in figure 3.1. It comprises the multiplexer system which is part of the de-
sign of the HEBT. The beam parameters which are considered for the HEBT, i.e. the
parameters obtained at the end of the linac, are summarized in table 5.1.

The dimensions of the HEBT are fixed by the floor plan of HBS and the corre-
sponding building geometry. With this, the top-level design of the HEBT results in
the layout given in figure 5.6. Figure 5.6a shows the HEBT beamline of HBS which
goes straight through the multiplexer system and supplies the 384 Hz target station
in figure 3.1. The structure of the beamline can be segmented into different sections.
The first section of the beamline is used as an achromatic elevator into the top floor
where the multiplexer system is located. The elevator consists of two double bend
achromats based on 45○ sector bending magnets with five quadrupoles each. Each
achromat performs a point-to-point imaging of the beam. In the top floor, the beam
is then transferred to the second section of the straight HEBT beamline. Here, a
quadrupole triplet with four quadrupoles is used to position the multiplexer in some
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(a)

(b)

Figure 5.6.: Side view (yz-plane, x into the image plane) of the top-level design of
the HBS High-Energy Beam Transport (HEBT) beamline. A list with
all elements and positions is given in appendix E. (a): Straight HEBT
beamline. The drawing shows the three different sections and the respec-
tive quadrupole (pink), dipole (black), kicker (black) and beam scanner
(blue) magnet positions. The multiplexer is located in the second section
as indicated. The target is positioned 1.35 m above the ground floor. (b):
Left HEBT beamline projected on the yz-plane. The first section and the
first six quadrupoles of the second section are shared with the straight
HEBT beamline and the third section is identical. In the second section,
the beam passes the left arc of the multiplexer system (shown in detail
in figure 5.1).
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Table 5.1.: Summary of the beam parameters at the end of the linac at HBS for the
design of the HBS High-Energy Beam Transport (HEBT).

Name Value
Beam kinetic energy T/MeV 70
Beam current I/mA 100
Particle Proton
Magnetic rigidity (Bρ)/T m 1.23
Norm. rms emittance ϵn,rms/mm mrad 1
Rms emittance ϵrms/mm mrad 2.54
Twiss parameter β0,x(y)/m 1.1
Twiss parameter α0,x(y) 0
Momentum uncertainty δ/% 0.5

distance to the elevator in combination with a point-to-point imaging. Then, the
multiplexer section is foreseen with the geometry presented in figure 5.1. Here, the
straight beamline sees only the first two quadrupoles of the multiplexer and the zero
field region of the septum magnet. After the multiplexer, a matching section consist-
ing of four quadrupoles is used in order to deal with parasitic defocusing from the
HBS TFSM zero field region and in order to match the beam into a FODO (focusing-
drift-defocusing-drift) structure for a long straight beam transport section. The cell
length of the FODO structure is 5.6 m. Finally four quadrupoles are used to match
the beam from the FODO structure into an achromat which bends the beam down
to the target. The achromat is part of the third section of the HEBT and has the
same geometry as the elevator achromats in the first section. Before the target, four
quadrupoles are installed which allow corrections to the focusing of the beam if nec-
essary. A vertical and a horizontal beam scanner magnet are used to distribute the
beam over the target. The HEBT beamline which is going through the left arc of
the multiplexer is shown in figure 5.6b (The right HEBT beamline follows the same
concept). All three beamlines of the HEBT share the elevator in the first section, the
quadrupole triplet of the second section and the first two quadrupoles of the multi-
plexer setup. Furthermore, the third section is identical. Thus, differences of the left
(right) HEBT beamline with respect to the straight beamline manifest throughout
the multiplexer and before the third section. This can be seen in figure 5.6b where
the outer beamline of the multiplexer and a subsequent matching section are imple-
mented. As the left (and right) HEBT beamline is shorter than the straight beamline,
a FODO structure is not required.

The results of beam dynamics calculations corresponding to the beamline layouts
presented in figure 5.6 are shown in figure 5.7. A linear beam transport calcula-
tion with the Bmad library [49] has been carried out yielding the horizontal2 and

2Note that in the following the horizontal coordinate x and vertical coordinate y refer to the
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(a)

(b)

Figure 5.7.: Results from linear beam transport calculations with the Bmad library
[49]. (a): Horizontal and vertical Beta function βx(y)(s) and dispersion
function ηx(y)(s) with respect to longitudinal position s along the straight
HEBT beamline (presented in figure 5.6a). (b): Corresponding results
for the left HEBT beamline (presented in figure 5.6b).

vertical betatron βx(y) (equation 2.15) and dispersion function ηx(y) (equation 2.19).
Note, the aperture of the HEBT beamline has been chosen to be 60 mm. Consid-
ering 6 rms beam widths as total beam size, one gets a maximum rms beam width
of σx(y) ≤ 10 mm. The rms beam width relates to the betatron function and dis-
persion via equation 4.13. The geometry of the individual sections of the HEBT
and the quadrupole strengths have been iterated to fit the beam size to the aper-
ture (σx(y) ≤ 10 mm), i.e. βx(y) ≤ 40 m in the absence of dispersion (ηx(y) = 0) and
βx(y) ≤ 30 m for the maximum dispersion of ηx(y),max = 0.8 m in the arcs. From the
results in figure 5.7, one can deduce that the HEBT lattice enables achromatic beam
transport, visible through the cancellation of the dispersion function after each bend-

co-moving coordinate system of the beam (figure 2.1).
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ing section, with sufficiently small beam size. The beam diameter on the target is
set to 30 mm. The beam is then distributed on the target with beam scanners as
presented in figure 5.11.

In order to evaluate the performance of the HEBT beamline under more realistic
conditions, a particle tracking study is performed using the TraceWin code [54]. Here,
space-charge-induced defocusing can be considered. Furthermore, the harmonic con-
tent of all magnets employed in the HEBT beamline can be implemented representing
a measure for the field quality of the magnets (see section 2.2.3). This is especially
interesting for the results in figure 5.5 from the HBS TFSM as one can evaluate di-
rectly if the corresponding field quality is sufficient for the HBS facility. Note that
in figure 5.5b the harmonic content of the right field region of the septum magnet
is calculated. In order to implement the harmonic content of the HBS septum into
the left HEBT beamline, the odd multipole components (b3, b5, ...) in figure 5.5b need
to change sign. For all quadrupole magnets employed in the HEBT, the harmonic
content is approximated by the measured harmonic content of the quadrupoles at
COSY [55] since these possess comparable dimensions. For the dipole magnets, no
comparable design is found. Therefore all harmonics allowed in the dipole magnet
(n = 3,5,7,9, ...) are approximated to be bn ≈ 1×10−4 (normalized to the dipole compo-
nent). All others are set to bn ≈ 1 × 10−5. A corresponding reference radius of 35 mm
representing half of the gap height of the dipole magnets is assumed. The results
of the particle tracking studies for the straight and for the left HEBT beamline are
summarized in figure 5.8 and figure 5.9, respectively.

Figure 5.8 shows the transversal phase-space distributions at the beginning and at
the end of the straight HEBT beamline for different scenarios, i.e. no space charge,
with space charge and with space charge and non-zero higher-order multipole com-
ponents. The beam size at the target is consistent with what is observed from linear
beam transport in figure 5.7a, i.e. 30 mm beam diameter (6 rms beam widths). The
emittance growth is less than 8 %, whereas only 2 % of this can be attributed to the
introduction of non-zero multipole components, which suggests that the field quality
of the HBS septum magnet is sufficient for the implementation at the HBS facility.
Furthermore, figure 5.8 shows the (x, δ) and (y, δ) subspaces, i.e. the horizontal and
vertical position of the particles versus their respective momentum uncertainty, re-
spectively. Here, an uncorrelated distribution is observed throughout all scenarios
which shows that the achromatic feature of the straight HEBT beamline is preserved.
Similar observations can be made for the left beamline, which are shown in figure 5.9,
with a maximum emittance growth of 7 % (0.5 % from the non-zero multipole com-
ponents only). For the left HEBT beamline, some correlation of the distribution in
the (x(y), δ) subspaces can be observed, which are probably due to dispersion mixing
between the horizontal and vertical plane as some finite but small dispersion is still
present after the different achromats. For both the left and the straight HEBT beam-
line, the (y, y′) phase space distributions at the target position show some non-linear
signature when considering the multipole components of the magnets. Here, the shape
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Figure 5.8.: Particle tracking results from TraceWin calculations [54] for the straight
HEBT beamline. The corresponding lattice from linear beam transport in
figure 5.7a is implemented and the phase space distribution at the target
is investigated for different scenarios. The rows show the (x,x′), (y, y′),
(x, δ) and (y, δ) phase spaces. For (x,x′) and (y, y′), the 2σ phase ellipse
(surrounding 86.5 % of the particles) and the rms emittance are shown.
The columns show the corresponding phase spaces at the beginning (In),
i.e. at the end of the linac at HBS, and at the target. The phase spaces
at the target are calculated without space charge and multipole contri-
butions (Out, no s.c./no m.), with space charge and without multipole
contributions (Out, s.c./no m.) and with both effects (Out, s.c./m.), re-
spectively. The plots show a normalized particle density distribution.
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Figure 5.9.: Particle tracking results from TraceWin calculations [54] for the left
HEBT beamline. The corresponding lattice from linear beam transport in
figure 5.7b is implemented and the phase space distribution at the target
is investigated for different scenarios. The rows show the (x,x′), (y, y′),
(x, δ) and (y, δ) phase spaces. For (x,x′) and (y, y′), the 2σ phase ellipse
(surrounding 86.5 % of the particles) and the rms emittance are shown.
The columns show the corresponding phase spaces at the beginning (In),
i.e. at the end of the linac at HBS, and at the target. The phase spaces
at the target are calculated without space charge and multipole contri-
butions (Out, no s.c./no m.), with space charge and without multipole
contributions (Out, s.c./no m.) and with both effects (Out, s.c./m.), re-
spectively. The plots show a normalized particle density distribution.
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(a) (b)

Figure 5.10.: Accumulated beam loss in the centered and left HEBT beamline cor-
responding to the particle tracking studies shown in figure 5.8 and fig-
ure 5.9, respectively. The beam loss is calculated without space charge
and higher-order multipole components (no sc., no m.), with space
charge only (sc., no m.) and with both effects (sc.,m.). The aper-
ture throughout the HEBT beamline is 60 mm. The position of the end
of the TFSM is indicated by a red line, i.e. 39.6 m. (a): Accumulated
beam loss in the straight HEBT beamline. (b): Accumulated beam loss
in the left HEBT beamline.

of the phase space distribution deviates slightly from an ellipse. This observation can
be traced back to the higher-order multipole components in the HBS septum magnet.
The effect is more dominant in the vertical phase space as the vertical beam size at
the beginning of the septum magnet in figure 5.7a and figure 5.7b is larger than the
horizontal beam size.

The accumulated beam loss from the linac to the target, which corresponds to
the particle tracking studies for the straight HEBT beamline (figure 5.7a) and the
left HEBT beamline (figure 5.7b), is shown in figure 5.10. Here, a maximum beam
loss of 2.6 % and 4 % is observed for the straight and for the left HEBT beamline,
respectively. Both beamlines show identical losses prior to the TFSM, where both
beamlines share the same elements. Thereafter, the change of the beam loss dif-
fers, where for both beamlines the addition of non-zero multipole components in the
septum magent seems to increase the beam loss. For the left beamline however,
there is still some more general optimization required as the beam loss without space
charge and without multipole components (no s.c./no m.) itself is already larger than
the corresponding loss for the straight beamline. For optimization of the beamlines
concentrating on the compensation of higher-order multipole components from the
HBS septum magnet, non-linear magnets, e.g. sextupole and octupole magnets, and
collimators can be used. Using these, the transmission should be improved within
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future optimizations to obtain an average beam loss throughout the HEBT beamline
which is less than 1 W m−1 [5]. So far, an average beam loss in terms of power of
38 W m−1 is obtained before the TFSM. For the straight beamline after the TFSM,
one gets 22 W m−1, whereas the left and right beamline yield 115 W m−1 each. For the
calculations an average beam power of 300 kW and 100 kW is considered before and
after the TFSM, respectively. Note that a straightforward approach to reducing the
average beam loss by the use of a 100 mm aperture diameter throughout the HEBT
(instead of 60 mm) as well as a scraper in the beginning of the HEBT, which limits
the beam size to 6 sigma, yields an average beam loss below 1 W m−1 in all beam lines.

At the end of the HBS HEBT beamline the beam is distributed in all three beam-
lines by a set of scanner magnets. The scanner magnets perform horizontal and
vertical deflection of the beam separately. The horizontal scanner magnet is posi-
tioned 7.3 m in front of the target. The vertical scanner magnet is positioned 6.6 m in
front of the target. Both magnets are planned to have a length of 0.5 m. The proton
beam scanning technique is explained in the following.

5.3.2. Proton beam raster scanning
In order to achieve a homogeneous proton beam intensity distribution on the target,
beam scanner magnets are employed at HBS. As presented in figure 5.6, a set of
two beam scanner magnets is positioned in the end of the straight as well as the left
and right HEBT beamline to perform horizontal and vertical deflection of the beam
separately. The beam scanning strategy is similar to the one applied at ESS [56]. The
goal is to distribute the beam power over a large fraction of the target area (12 cm
× 12 cm according to figure 3.6) within the time interval of one proton pulse and to
obtain a maximum average power density of 1 kW cm−2, which is design goal of the
HBS target [5]. For this, the two scanner magnets are powered individually with a
triangular current waveform generating a corresponding triangular beam deflection
which results in a Lissajous-like beam raster pattern on the target. The triangle
as waveform has the advantage that the scanning velocity is constant and thus no
lingering at the edges of the target occurs. To ensure a closed beam raster pattern
over the extent of the target within one proton pulse, the repetition rates of the
triangular beam deflection in the horizontal (fx) as well as the vertical (fy) plane
need to be integer multiples of the inverse proton pulse length tp, i.e.

fx = nx ⋅ 1/tp
fy = ny ⋅ 1/tp

(5.1)

with nx, ny = {2n + 1, n ∈ N} being coprime integers such that a complex crosshatch
pattern is generated. The larger (nx, ny), the finer the mesh. However, a large (nx, ny)
requires a more demanding performance of the beam scanner magnets since the oper-
ation frequency increases. For the very short proton pulse lengths at HBS, i.e. 52 µs
in figure 3.4 with a duty cycle of 2 % or even 37 µs if the duty cycle is reduced to 1.4 %
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(a) (b)

Figure 5.11.: (a): Beam centroid position following a crosshatch pattern which is gen-
erated with a horizontal and a vertical beam scanner magnet driven by
a triangle current waveform with the frequencies following equation 5.1
with (nx, ny) = (5,3) and a ϕy = −π/2 phase shift. The beam size
(30 mm) is indicated by a centered circle. (b): Average power density
distribution on the target obtained from the beam raster scan pattern
in (a) with the proton beam duty cycle being adapted such that 100 kW
beam power is deposited on the target. The 12 cm × 12 cm target area is
indicated by a rectangle. The maximum power density is 0.98 kW cm−2

with a fraction of 0.4 % of the beam power being outside the target area.

in order to operate at 70 MeV and 100 mA, (nx, ny) should be as small as possible and
as large as necessary. As the beam raster pattern is convoluted with the proton beam
size, a less dense mesh can be accepted when obtaining a larger beam size. How-
ever, distributing a larger beam spot over the target increases the fraction of particles
impinging outside of the dedicated target area. Thus, one needs to iterate to a com-
promise between the smallest possible (nx, ny) and the beam size while envisaging a
maximum average power density of 1 kW cm−2 on the target. At HBS, this results in
a proton beam diameter of 30 mm (6 rms beam widths, as presented in figure 5.8 and
figure 5.9) and (nx, ny) = (5,3). The corresponding crosshatch pattern is presented
in figure 5.11a. Such a pattern can be generated for an arbitrary proton pulse length
when obeying equation 5.1 with (nx, ny) = (5,3) and a ϕy = −π/2 phase shift for the
vertical triangular beam deflection. From figure 5.11, one can see that such a setting
allows to operate the HBS target with a homogeneous beam power distribution and a
maximum average power density which is below 1 kW cm−2. The homogeneity of the
beam power on the target can be represented by the average power density and the
associated standard deviation. For the 12 cm × 12 cm target area in figure 5.11, the av-
erage power density amounts to 0.7(3) kW cm−2. The homogeneity improves strongly
when considering a slightly smaller fraction of the target, such that one obtains an
average power density of 0.9(1) kW cm−2 for a central 10 cm x 10 cm area on the target.
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The operation frequencies of the beam scanner magnets need to be adjusted to
fulfill equation 5.1 with (nx, ny) = (5,3) such that one obtains a maximum operation
frequency of the horizontal scanner magnet of up to 136 kHz when considering the
shortest 37 µs proton pulses which corresponds to a proton pulse frequency of 384 Hz
and a duty cycle of 1.4 %. The maximum operation frequency of the vertical beam
scanner magnet is 81 kHz. The nominal deflection of the beam scanner magnets in
figure 5.11b is chosen to be 51.25 mm which, together with the minimum distance
from scanner magnet to target of 6.6 m (vertical scanner), results in a deflection
angle of 8 mrad. Thus, an integrated magnetic field of 10 mT m needs to be provided
by the magnets for 70 MeV protons. To ensure low Eddy current losses and a high
frequency response, the beam scanner magnets should employ a NiZn ferrite yoke with
high resistivity and narrow BH-loop such as CMD5005 from Ceramic Magnetics [57]
which can be operated at up to 100 MHz. A similar magnet design can be found at
ESS for the corresponding beam scanner magnets being operated with a triangular
waveform with up to 40 kHz generating an integrated field of 5 mT m [56].

5.4. Evaluation of radiation hardness
The permanent magnet technology of the TFSM (figure 5.2) represents a possibly vul-
nerable part of the multiplexer system at HBS when considering radiation-induced
damages. Radiation-induced demagnetization of permanent magnets is a phenomenon
often observed in permanent magnet based accelerator magnets due to their exposure
to a radiation environment containing e.g. protons, neutrons, gammas and electrons
[58, 59]. The mechanism which drives the radiation-induced magnetic flux loss in per-
manent magnets is thought to be based on the generation of thermal spikes [60]. A
thermal spike is generated by an incoming radiation particle which transfers a part of
its energy to a primary knock-on atom after an collision. The thermal spike transfers
the energy of the collision to the lattice structure of the magnet material. The area
affected by the thermal spike may then undergo a domain reversal causing a loss of
magnetization of the sample [61]. Neutrons and protons, interacting directly with the
atoms of the permanent magnet material, represent the most critical type of radiation
when considering the radiation hardness of permanent magnets.

The radiation hardness of permanent magnets not only depends on the radiation
intensity but also on the material. In the work of T. Bizen et al. [62], the authors
report that the radiation-induced demagnetization decreases with larger coercivity
while in the work of R. D. Brown and J. R. Cost [63] it is reported that the geome-
try of the magnet significantly influences the demagnetization during irradiation with
neutrons. In the latter, it is observed that a large length-to-diameter ratio L/D (with
the magnetization along the symmetry axis of a cylinder) results in a larger radiation
hardness. This can be explained by the geometry-dependent working point of perma-
nent magnets. Increasing the length (along the magnetization axis) of a permanent
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magnet at constant diameter or cross section, increases the permeance coefficient in
equation 2.56. With this, the working point is shifted to a lower demagnetization field
−H and thus the loss of remanent magnetic flux density with temperature is smaller
which is shown in figure 2.15. Concerning rare-earth permanent magnets as employed
at the HBS septum, SmCo magnets exhibit a superior radiation resistance when com-
pared to NdFeB permanent magnets [59]. The smaller radiation hardness of NdFeB
magnets can properly be attributed to the boron which is used in these magnets as
this has a large probability for thermal neutron capture and a low mass, which leads
to a high energy primary knock-on atom. For the HBS (and JULIC) TFSM, the above
findings are taken into account such that the permanent magnet material of choice
is Sm2Co17 with a coercivity of Hc ≥ 1990 kA m−1 and a remanent flux density of
Br = 1.1 T (YXG-32H from Bakker Magnetics [64]) or Hc ≥ 1750 kA m−1, Br = 1.15 T
(VACOMAX 262 HR from Vacuumschmelze [65]) depending on the manufacturer.
The length-to-diameter ratio L/D of the left and right main magnets, which are most
likely to be exposed to the proton beam, in figure 5.2 and figure 4.27 can be approx-
imated to be 1.27 and 1.05 for HBS and JULIC, respectively.

In order to estimate the lifetime of the septum magnet at the HBS facility, ex-
perimental results from radiation-induced demagnetization measurements are scaled
conservatively to the radiation environment expected during regular operation of HBS
in the following. Here, the focus is on the radiation-induced damages from protons
and neutrons as these are superior compared to electrons and photons [59]. During
regular operation of the HBS facility, the beam loss is expected to be below 1 W m−1.
This value is extracted from similar facilities [66] as corresponding simulations at HBS
require a detailed material composition of each accelerator component which is not
available from the conceptual design of HBS. In the work of E. Mauro et al. [66],
it is shown that the 1 W m−1 beam loss can be represented by localized hot spots
with 10 W beam loss every 10 m. As a conservative approach, such a hot spot is
positioned in the centre of the septum magnet. Assuming that the protons emerging
from that hot spot are completely deposited in the permanent magnet material with
a total inner3 cross section area of 2550 cm2, one gets a proton current density of
approximately 5.6 × 10−5 µA cm−2 at the permanent magnets. In the work of E. W.
Blackmore et al. [67], 1.6 cm2 Sm2Co17 (2.5 cm thickness) magnet samples have been
irradiated with 500 MeV protons at an integrated proton current of up to 12 µA h. A
linear radiation-induced demagnetization with respect to the integrated proton cur-
rent is observed with a slope of −0.02 %/(µA h), i.e. −0.032 %/(µA h cm−2). With an
expected current density at the magnets of 5.6×10−5 µA cm−2 for the HBS septum, the
demagnetization per year of HBS operation can be calculated being −0.01 %. Here,
5000 h operation of HBS per year are considered [5]. This lies within the uncertain-
ties of the remanent flux given by the manufacturer particularly as the proton energy
at HBS is much lower. Considering neutron induced demagnetization of Sm2Co17,

3The area of the permanent magnets in the septum magnet which points into the direction of the
proton beam, i.e. to the air gap of the magnet.
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C. H. Chen et al. [60] showed that no magnetic flux loss of the magnets occurred
when irradiated with neutrons at fluences up to 2.1 × 1013 cm−2. The magnet sam-
ples employed have a similar length-to-diameter ratio, i.e. L/D = 1.25, as for the
HBS septum. Furthermore, R. Hardekopf [68] observed no flux loss of Sm2Co17 up
to neutron fluences of ≈1 × 1020 cm−2. In order to approximate the neutron fluence
emerging from beam loss during regular operation at HBS, radiation protection stud-
ies at comparable facilities such as LINAC4 at CERN, i.e. 160 MeV protons at 40 mA,
are considered [69]. The total neutron fluence per primary proton can be extracted
by integrating the neutron fluence spectrum in [69] calculated for the highest pro-
ton energy of 160 MeV and generated from the accelerating structures. This yields
a neutron fluence of ≈ 9 × 10−3 cm−2 per proton. Assuming that the 10 W beam loss,
i.e. 9 × 1011 s−1 protons at HBS, inside the septum magnet contribute completely to
the generation of neutrons, one gets a neutron flux of 8.1 × 109 cm−2 s−1. This gives
a neutron fluence of 1.5 × 1017 cm−2 per year and thus there would be no observable
magnetic flux loss in the permanent magnets of the HBS septum magnet after several
hundred years of operation according the findings of R. Hardekopf [68].

Considerations of proton and neutron induced radiation damages based on beam
loss studies at comparable facilities and measurements of the radiation-induced mag-
netic flux loss in Sm2Co17 magnets show that the HBS TFSM can be employed at
the HBS facility without considerable demagnetization of the permanent magnets.
Even though a conservative analysis of the radiation hardness of the HBS septum
magnet has been performed, more detailed studies of the beam loss and associated
neutron fluence spectra should be performed based on the exact environment of the
HBS facility in terms of FLUKA simulations [70]. Furthermore, it should be noted
that the radiation hardness of the HBS septum magnet is evaluated for regular HBS
operation. In the case of failures, where the proton beam accidentally hits parts of the
beamline directly, a beam mitigation device has to be used which triggers a fast shut
down of the proton beam. For this, beam loss monitors should be installed directly
in front and behind the septum magnet. A spare septum magnet should be available
anytime in the rare case of unforeseeable scenarios leading to unexpected magnetic
flux loss.
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6. Neutron yield measurement

In this chapter1, the experimental determination of the total neutron yield, i.e. taking
into account all the reaction channels that generate neutrons, for 22, 27, 33, 42 MeV
protons on beryllium (Be), vanadium (V) and tantalum (Ta) targets is presented.
For this purpose, a novel method for the experimental determination of the neutron
yield via measurement of the 2.2 MeV prompt gamma-ray of hydrogen induced by
thermal neutron capture in a polyethylene moderator is introduced. Furthermore,
simulations of the experiment with MNCP [11] and the ENDF/B-VII.1 database
[33] are performed in order to apply corrections to the measurements and to access
the proton-induced neutron yield, i.e. considering only neutrons generated through
the (p,n) reaction channel. The experimental results are compared with the results
obtained from the corresponding numerical simulations as well as from analytical
calculations [8] allowing to benchmark the simulations. This supports target mate-
rial selection and estimation of the efficiency at future low-energy accelerator-driven
neutron sources.

6.1. Experimental setup

The experimental setup for the determination of the neutron yield has been installed
at the NESP experimental area of the JULIC accelerator (figure 3.7). For the exper-
iment, H− ions with 45 MeV are extracted from JULIC and subsequently decelerated
and stripped to 22, 27, 33 and 42 MeV protons with a moveable graphite degrader
which is positioned just behind the cyclotron as shown in figure 3.7.

1This chapter comprises parts of an associated publication [12]. Many authors contributed to the
publication and the individual contributions are specified in the following (according to https://
www.elsevier.com/authors/policies-and-guidelines/credit-author-statement): Mar-
ius Rimmler: Writing - original draft, Formal analysis, Data curation, Visualization, Inves-
tigation. Johannes Baggemann: Investigation. Sarah Böhm: Formal analysis. Paul-
Emmanuel Doege: Investigation. Olaf Felden: Resources, Supervision. Nils-Oliver Fröh-
lich: Resources. Ralf Gebel: Resources, Funding acquisition. Jiatong Li: Formal analysis.
Jingjing Li: Writing - review & editing, Investigation. Eric Mauerhofer: Writing - review
& editing, Conceptualization, Investigation, Supervision. Ulrich Rücker: Methodology, Su-
pervision. Mathias Strothmann: Investigation. Yury Valdau: Resources. Paul Zakalek:
Writing - review & editing, Data curation, Methodology, Investigation. Thomas Gutberlet:
Writing - review & editing, Supervision. Thomas Brückel: Project administration, Funding
acquisition.
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6. Neutron yield measurement

Figure 6.1.: Sketch of the experiment for the determination of the neutron yield via
prompt gamma spectroscopy being positioned in the NESP experimental
area of JULIC shown in figure 3.7. The zoom shows the experimen-
tal setup with 1: Polyethylene moderator cylinder with 400 mm length,
400 mm outer diameter and 90 mm inner diameter, 2: Target holder with
targets as listed in table 6.5 with electronic connection to a picoammeter,
3: Kapton vacuum window , 4: Lead collimator cylinder with copper in-
ner layer, 5: HPGe-detector. The HPGe-detector and the lead collimator
are positioned such that a solid angle Ω includes the whole polyethylene
moderator cylinder, 6: Quadrupole doublet, 7: Set of non-destructive
beam diagnostics. Taken and adapted from [12].

Layout

The experiment is installed downstream of a quadrupole doublet and a set of non-
destructive beam diagnostics, including a beam position monitor (BPM) and a fast
current transformer (FCT) [71] as shown in figure 6.1. Here, the proton beamline
is connected to the experimental setup for neutron yield determination consisting
of a hollow polyethylene moderator cylinder, which surrounds the exchangeable tar-
gets. The setup includes a farraday cup type current measurement connected to
the targets and a gamma spectroscopy system. In figure 6.1, exchangeable Be, V or
Ta targets are irradiated with protons. The Be target is a cylinder with a radius of
35 mm and a thickness of 100 mm. Here, the thickness exceeds the stopping range
of the protons by several tens of mm. The V and Ta targets are disks with a radius
of 40 mm. The corresponding thicknesses range between 2.56 mm to 4.54 mm for V
and between 1.6 mm to 3 mm for Ta in order to account for the increasing stopping
range of protons with an energy of 22 MeV to 42 MeV, respectively. The target thick-
nesses are chosen such that the proton beam is just stopped completely inside the
target. The targets are placed in the center of a 400 mm long hollow polyethylene
cylinder with a wall thickness of 155 mm acting as neutron moderator and as neutron
monitor. The proton beam current on the target is measured by maintaining an elec-
trical connection from the target to a calibrated current amplifier (Keithley 18000-20,
calibration in appendix F). Upstream of the target, the proton beam passes a set
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of non-destructive diagnostics, which allows to perform beam current measurements
without a target and thus without the connected faraday cup type current measure-
ment. This is used to extrapolate the target proton beam current during background
measurements when no target is installed. A thin Kapton foil exit window behind
the polyethylene moderator is installed to bring the setup under vacuum. The exit
window allows to perform background measurements with minimal influence from the
passing proton beam.

To determine the total neutron yield in equation 6.2, a gamma-ray spectrometer
is employed to measure count rate of the 2.2 MeV prompt gamma line of hydrogen
induced by thermal neutron capture in the polyethylene moderator. The gamma-ray
spectrometer consists of a high-purity germanium (HPGe) coaxial detector (Canberra
GR1020 with relative efficiency of 10 %, energy resolution of 2.2 keV at 1.32 MeV for
6 µs shaping time), which is shielded by a cylindrical lead collimator with an opening
diameter of 125 mm and a wall thickness of 80 mm. The gamma-ray spectrometer
is aligned orthogonal to the flight direction of the protons pointing onto the target
position. The distance between the collimated HPGe-detector and the outer surface
of the polyethylene moderator is 1 m such that the whole volume of the moderator is
seen by the detector.

Proton beam profile

The background in the gamma-ray spectrum containing gammas generated through
other structures than the target, which are unintentionally irradiated by the proton
beam, should be reduced as much as possible. For this, the quadrupole doublet in
figure 6.1 is used to focus the proton beam onto the targets inside the polyethylene
moderator. This is especially important for measurements at low proton energies
where the neutron yield is expected to be small. The quadrupole magnet settings
are iterated by monitoring the proton beam profile at the exact position of the tar-
gets prior to the measurements of the neutron yield at each proton energy. For the
measurement of the beam profile an in-house developed multi wire proportional cham-
ber (MWPC) is used. The MWPC measures the beam intensity by 64 wires along
the horizontal axis and 64 wires along the vertical axis. The wires are separated by
1 mm. The beam profile measurements are shown in figure 6.2. It can be seen that
the beam is focused such that most of its intensity is deposited on the targets with
radius r = 35 mm for Be and r = 40 mm for V and Ta. Note that for 42 MeV, the beam
has a small horizontal offset. However, due to the small beam size at this energy,
one irradiates almost exclusively the targets. The beam size in full width at half
maximum (FWHM) corresponding to the measurements in figure 6.2 is summarized
in table 6.1. With this, the background of the prompt gamma line of hydrogen, which
is measured in the absence of a target in the polyethylene moderator in figure 6.1, is
reduced to less than 1 % with respect to the recorded intensity during measurements
with target (see table 6.5).
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Figure 6.2.: Horizontally (left) and vertically (right) projected beam profile measured
with a MWPC at the exact position of the targets prior to the neutron
yield measurement for the different energies. Taken and adapted from
supplementary material of [12].

Table 6.1.: Summary of the beam size in FWHM corresponding to the measurement
with MWPC in figure 6.2. The minimum target diameter is 70 mm. Taken
from supplementary material of [12].

Energy xFWHM yFWHM
(MeV) (mm) (mm)
22 43 42
27 39 31
33 34 31
40 21 20
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Figure 6.3.: Stopping range R versus proton energy Ep in PMMA. Simulated with
the SRIM toolkit [39]. Taken and adapted from supplementary material
of [12].

Table 6.2.: Measured stopping range in PMMA cube R and associated proton energies
Ep according to figure 6.3. Taken from supplementary material of [12].

R Ep
(mm) (MeV)
4.3(2) 22(1)
6.2(2) 27(1)
9.4(2) 33(1)
13.9(2) 42(1)

Proton energy determination

As shown in figure 2.19, the neutron yield obtained from a specific target material
strongly depends on the energy of the primary proton. It is therefore important
to have good knowledge of the proton energy employed for the neutron yield mea-
surement to properly benchmark the corresponding simulations. For this reason, the
proton energy is characterized experimentally with two independent methods.

First, the energy of the proton beam is determined for the different settings of
the graphite degrader at JULIC by measuring the stopping range of the beam in a
PMMA cube via a GAFchromic film as described in [72]. The relation of the stop-
ping range in PMMA to the energy of the proton beam is calculated with the SRIM
toolkit [39] and displayed in figure 6.3. With figure 6.3 the measured stopping range
can be associated with a proton energy as shown in table 6.2. The uncertainty of the
determined energy value comes from the alignment of the GAFchromic film with the
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Table 6.3.: (Bρ)-values and associated proton energies (equation 2.40) calculated ac-
cording to equation 6.1 with N = 264, leff = 965.4 mm, lgap = 60.35 mm
and α = 38.25○ of the first dipole in the beamline from JULIC to NESP
(figure 3.7).

I (Bρ) Ep
(A) (Tm) (MeV)
86.25 0.69 22.3
93.96 0.75 26.4
103.95 0.83 32.2
115.77 0.92 39.8

PMMA cube, which is estimated to be not better than 0.2 mm.

Another method for determination of the proton energy uses the energy-dependent
strength of the first dipole in the beamline from JULIC to NESP (figure 3.7). This
allows to crosscheck the energies derived in table 6.2. With equation 2.41 and the
deflection angle α = 38.25○ of the first dipole magnet being fixed by the geometry of
the beamline, the required maximum field in the dipole magnet Bmax scales with the
magnetic rigidity (Bρ) of the protons. Thus, according to equation 2.48, the dipole
current I, which is required to obtain the appropriate deflection angle, scales linearly
with (Bρ). Therefore (Bρ), and thus also the proton energy, can be deduced from
the dipole current I with

(Bρ) = µ0Nleff

lgapα
I (6.1)

with N being the Ampere turns, leff the effective length and lgap the gap height of the
magnet. The corresponding results including the proton energy (from equation 2.40)
are summarized in The results obtained from the evaluation of the dipole settings
in table 6.3 and the results obtained from the measurement of the stopping range in
a PMMA cube in table 6.2 agree within the uncertainties. Since the measurement
with the PMMA cube represents a direct approach to extract the proton energy and
the evaluation of the dipole settings works only with certain approximations, e.g.
neglection of hysteresis in the iron of the dipole magnet, the results in table 6.2 are
considered for the determination of the neutron yield.

6.2. Method
The target total neutron yield Y (s−1 mA−1) is determined from the measured count
rate of the 2.2 MeV prompt gamma line of hydrogen induced by thermal neutron
capture in the polyethylene moderator and using an AmBe source of well-known
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neutron emission for calibration as follows:

Y = [Ztarget

Itarget
−
Zno target

Ino target
] ⋅ NAmBe

ZAmBe
⋅ fAmBe

ftarget
⋅ gAmBe

gtarget
, (6.2)

with Z (s−1) being the count rate of the 2.2 MeV gamma line, I (mA) the av-
erage proton beam current measured on the target or extrapolated from the non-
destructive current measurement in the case of the measurements without target and
NAmBe = 2.59 × 104 s−1 being the neutron emission of the AmBe source (Amersham
Buchler, NAmBe = 2.8×104 s−1 at 10 mCi in 1970, T1/2 = 433 y). f is a correction factor
for neutrons leaving the system and not contributing to the production of 2.2 MeV
photons which is given by

f = 1 − nescape, (6.3)

where nescape is the fraction of neutrons escaping the polyethylene moderator. In
equation 6.2, g is a correction factor related to the geometrical efficiency for the
detection of 2.2 MeV photons which is expressed by

g = p
f
, (6.4)

where p is the total number of 2.2 MeV photons emitted from the polyethylene moder-
ator towards the HPGe-detector normalized to the fraction of absorbed neutrons with
the target or AmBe source f . Therefore, pAmBe/ptarget represents the overall correc-
tion of the experiment in terms of efficiency when comparing the measurements with
target and with AmBe calibration source in equation 6.2. Note that the correction is
applied as ratio of correction factors for the target and for the AmBe measurements,
such that it does not need to be considered that not all neutrons absorbed in the
polyethylene moderator contribute to the production of 2.2 MeV photons.

The measured values of the count rate Z and of the current I, are given in table 6.5
and discussed in the following. The values of nescape and p are estimated numerically
and summarized in table 6.4.

Gamma spectra analysis

Each gamma-ray spectrum is recorded for 1 to 2 hours (real time) and analysed with
Gamma-W software [73]. To obtain a live time of the detector of around 75 % of the
real time or larger, the proton beam intensity is adjusted accordingly. As an example
the prompt gamma-ray spectra recorded during irradiation with 42 MeV protons with
and without Be target are shown in figure 6.4. The identified isotopes are given on
the spectra. The spectrum recorded with the Be target is dominated by the prompt
gamma line of hydrogen (H-1) in figure 6.4c. The prompt gamma lines of carbon (C-
12) induced by thermal neutron capture and by inelastic scattering of fast neutrons
in the polyethylene moderator are also observed (figure 6.4d). The remaining gamma
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Figure 6.4.: Prompt gamma-ray spectra in the energy range a) 100 – 1.000 keV, b)
1.000 - 2.000 keV, c) 2.000 - 4.000 keV and d) 4.000 - 9.000 keV recorded
with (green) and without Be target (red) for an irradiation with 42 MeV
protons. The gamma lines labeled with an asterisk are induced by in-
elastic scattering of fast neutrons, the other being issued from neutron
capture. The prompt gamma line of hydrogen (H-1) at 2.2 MeV is high-
lighted by the inset showing the fitted data. The live time of the mea-
surement is 2834 s (3600 s real time) and 1780 s (1800 s real time) with
and without Be target, respectively. Taken and adapted from [12].
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lines are induced by interaction of slow and fast neutrons escaping the moderator
with the HPGe-detector (Ge, In), the collimator shielding (Pb, Cu) and surrounding
structural materials (Al, Fe, Cr). The same gamma lines with lower count rates are
also observed in the spectrum recorded without the Be target, i.e. the corresponding
background measurement yielding Zno target in equation 6.2. The spectra recorded
for all targets at various proton energies show the same gamma-ray signature with
the exception of some target-specific characteristics such as gamma lines for inelastic
neutron scattering of fast neutrons from V in the case of the V target which do not
influence the determination of the neutron yield.

Target current analysis

The average proton beam current on the target directly influences the measured neu-
tron yield in equation 6.2 and it therefore needs to be analysed precisely. The target
beam current is measured with a current amplifier and ranges on average between
0.1 nA and 2 nA as presented in table 6.5. It is adjusted such that the live time of the
HPGe-detector is not below 75 %. The current amplifier is calibrated with an exter-
nal picoampere source and the offset during the experiment is measured in between
the measurements with different targets as explained in the appendix (appendix F).
In order to extrapolate the beam current on the target for the background measure-
ments where no target is installed in the polyethylene moderator, i.e. Ino target in
equation 6.2, the BPM (beam position monitor) signal recorded upstream of the ex-
perimental setup shown in figure 6.1 is used. The sum of the voltage signal induced at
the four capacitive pick-up plates of the BPM UBPM = Uleft+Uright+Utop+Ubottom scales
with the proton beam current [74]. It is used to evaluate the ratio Ītarget/ŪBPM,target
separately for all different proton beam energies. Here, Ītarget is the target proton
beam current and ŪBPM,target the BPM signal averaged at fixed proton energy for
all target materials. With this Ino target is extrapolated for each proton beam energy
following

Ino target = UBPM,no target ⋅
Ītarget

ŪBPM,target
. (6.5)

Since the recording of the gamma-ray spectra and the proton beam current measure-
ment are not synchronized, the measured average proton beam current additionally
has to be scaled in order to consider the dead time of the HPGe-detector. This is
done with

I = Iraw ⋅
tLT

tRT
(6.6)

with tLT being the live time and tRT the real time of the HPGe-detector. Iraw is the
average proton beam current directly extracted from the current amplifier.
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Figure 6.5.: Layout of the simulation geometry. 1: Polyethylene moderator cylinder,
2: Target, 3: Gamma detector band with 1200 mm radius from the target
center and 100 mm width. Taken from [12].

6.3. Simulation of experiment
6.3.1. Simulation setup
The simulation of the experiment is carried out with the Monte-Carlo N-Particle
Transport Code (MCNP) [11]. The corresponding cross section data is based on the
Evaluated Nuclear Data File database (ENDF/B-VII.1) [33]. The geometry of the
simulation environment is identical to the experimental setup as shown in figure 6.1
except that the HPGe-detector is replaced by a spherical detector band with the ra-
dius being the distance from the target center to the HPGe-detector, i.e. 1200 mm,
and with a width being similar to the HPGe-detector entrance width, i.e. 100 mm.
This allows one to speed up the computation time by taking advantage of the cylin-
drical symmetry of the setup. Figure 6.5 shows the geometry of the simulation. All
simulations with targets are carried out with a primary proton beam with 1 × 107

protons (except for 42 MeV protons on Be, where the number of protons is limited
by MCNP to 1.7 × 105 resulting into a larger statistical error) while simulations with
the AmBe calibration source are performed with a virtual neutron source and 1× 107

neutrons distributed through a neutron spectrum deduced from the specifications of
the AmBe source [75]. The target thickness and diameter in the simulation geom-
etry is adapted according to the experiment and identical to the ones in table 6.5.
The relevant simulation output for the different target and energy combinations is

summarized in table 6.4. Here, the total neutron yield Y, the neutron yield from the
(p,n)-reactions Y(p,n), the neutron yield from (n,2n)-reactions Y(n,2n) and the average
neutron energy Ēn are extracted from a sphere surrounding only the target without
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Table 6.4.: Summary of MCNP simulation results with Y being the total neutron yield
and Y(p,n) being the proton-induced neutron yield. Y(n,2n) amounts for the
neutron yield of (n,2n) reactions. Ēn is the average neutron energy. nescape
represents the fraction of neutrons escaping the polyethylene moderator,
p gives the total number of 2.2 MeV photons detected on the cylindrical
detector band normalized to the generated neutrons and g gives a correc-
tion factor related to the detection efficiency of 2.2 MeV photons. Taken
from [12].

Target Y Y(p,n) Y(n,2n) Ēn nescape p g
(s−1 mA−1) (s−1 mA−1) (s−1 mA−1) (MeV)

22 MeV
Be 1.251(3)E+14 1.107(3)E+14 1.44(1)E+13 4.00(6) 0.304(1) 1.38(3)E-02 1.99(4)E-02
V 0.599(2)E+14 0.599(2)E+14 7(2)E+10 1.73(4) 0.245(2) 1.50(4)E-02 1.99(5)E-02
Ta 0.494(2)E+14 0.493(2)E+14 1.8(3)E+10 1.26(3) 0.213(2) 1.49(4)E-02 1.89(6)E-02
27 MeV
Be 1.771(3)E+14 1.555(3)E+14 2.16(1)E+13 4.86(9) 0.326(1) 1.32(2)E-02 1.96(3)E-02
V 0.914(2)E+14 0.914(2)E+14 2.5(4)E+10 2.08(6) 0.262(2) 1.45(3)E-02 1.96(4)E-02
Ta 0.931(2)E+14 0.931(2)E+14 6.4(6)E+10 1.46(5) 0.223(1) 1.50(3)E-02 1.93(4)E-02
33 MeV
Be 2.490(4)E+14 2.184(4)E+14 3.06(1)E+13 6.1(1) 0.354(1) 1.24(2)E-02 1.91(3)E-02
V 1.400(3)E+14 1.399(3)E+14 9.4(8)E+10 2.5(1) 0.281(1) 1.44(3)E-02 2.01(4)E-02
Ta 1.669(3)E+14 1.668(3)E+14 1.7(1)E+11 1.67(9) 0.233(1) 1.44(2)E-02 1.88(3)E-02
42 MeV
Be 3.74(4)E+14 3.27(4)E+14 4.7(1)E+13 7.8(2) 0.402(7) 1.2(2)E-02 2.0(3)E-02
V 2.328(4)E+14 2.325(4)E+14 2.7(1)E+11 3.1(2) 0.305(1) 1.36(2)E-02 1.96(3)E-02
Ta 3.143(4)E+14 3.137(4)E+14 6.5(2)E+11 2.0(1) 0.245(1) 1.44(2)E-02 1.91(2)E-02
AmBe - - 5(3) 0.3702(2) 1.280(4)E-02 2.030(6)E-02

polyethylene moderator in figure 6.5. nescape is defined as the number of neutrons es-
caping from the complete system, i.e. neutrons passing through a sphere surrounding
target and moderator, normalized to the total number of neutrons generated from the
target. The gamma correction factor g (equation 6.4) is derived from the photons at
2.2 MeV energy detected on the spherical detector band in figure 6.5 normalized to
the fraction of neutrons f (equation 6.3), which are absorbed by the polyethylene.

It should be mentioned that Y represents the total neutron yield, i.e. taking into
account all reaction channels that generate neutrons in the experimental setup. Y
depends strongly on the geometry of the setup including the target as well as the
moderator. In order to be more independent from the experimental setup, it is useful
to consider additionally the proton-induced neutron yield, i.e. taking into account
neutrons only generated from the (p,n) reaction channel. To access the proton-induced
neutron yield, one has to subtract the contribution of all other reaction channels to
the neutron production from the neutron yield Y. Consulting the ENDF/B-VII.1 [33]
database, it turns out that the (n,2n) reaction channel is the most dominant of these
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Figure 6.6.: Simulated neutron escape ratio nescape versus simulated average neutron
energy Ēn of neutrons emerging from the targets and the AmBe calibra-
tion source. A line is drawn to guide the eye for each target material. All
data taken from table 6.4. Taken and adapted from [12].

reaction channels whereas other reaction channels are negligible. Therefore

Y(p,n) = Y −Y(n,2n) (6.7)

approximates the proton-induced neutron yield with Y(n,2n) being the neutron yield
of (n,2n) reactions.

6.3.2. Simulation results
Concerning the results from the MCNP simulation, one starts with focusing on the
correction factors, which are applied to determine the total neutron yield by means
of equation 6.2. The correction factor f in equation 6.3 which takes into account the
neutron escape ratio nescape appears to have the greatest influence as nescape differs
strongly for the different target and energy compositions with respect to the simula-
tion with AmBe (see table 6.4). The neutron escape ratio can be associated with the
neutron energy, assuming that neutrons emitted from the target with higher energy
have a lower probability to be absorbed in the polyethylene moderator, thus escaping
from the moderator without generating 2.2 MeV photons. However, for all targets
and for the AmBe calibration source, nescape cannot solely be related to the neutron
energy. The proton-energy-dependent angular distribution of the neutron emission
additionally influences nescape due to the geometric anisotropy of the cylindrical mod-
erator. From figure 6.6 showing nescape versus Ēn, one can conclude that the neutron
escape ratio nonetheless scales approximately linearly with the average energy of the
neutrons produced by the target. The average neutron energy itself scales with the

151



6. Neutron yield measurement

proton energy (see table 6.4) and depends on the atomic number of the target. Here,
the average neutron energy is determined from the neutron spectrum of a bare target.

In summary, all simulated nescape in table 6.4, except for Be at 42 MeV proton
energy, are smaller than nescape for the AmBe calibration source and therefore the
correction fAmBe/ftarget primarily lowers the measured yield. Applying nescape via
equation 6.3 as a correction factor to the calculated total neutron yield introduces a
systematic uncertainty based on the database (ENDF/B-VII.1) [33] employed in the
simulations. The plausibility of the simulated nescape for all targets is given by the lin-
ear behavior between the measured photon yield of the gammas induced by interaction
of slow and fast neutrons escaping the moderator with the HPGe-detector collimator
PYcollimator with respect to the simulated yield of escaping neutrons. PYcollimator is de-
termined by the gamma count rate of the 278 keV, 962 keV and 2614 keV gamma lines
in figure 6.4a and figure 6.4c which are induced by the interaction of slow and fast
neutrons with Cu and fast neutrons with Pb, respectively. All materials are employed
in the collimator of the HPGe-detector. PYcollimator is defined as

PYcollimator =
Z278 keV +Z962 keV +Z2614 keV

I
(6.8)

with Z being the gamma count rate of the respective gamma lines and I being the av-
erage proton beam current. Note that for the background measurements, i.e. without
target, the gamma count rates are negligibly small. With equation 6.8, PYcollimator
monitors neutrons escaping the polyethylene moderator. Hence, it is expected that
PYcollimator scales linearly with the neutron yield of neutrons escaping the polyethylene
moderator

Yescape = Y ⋅ nescape (6.9)

with Y being the simulated total neutron yield and nescape being the neutron escape
ratio taken from table 6.4. Since the angular distribution of the neutron emission
from the target can be material-specific, it is expected that PYcollimator scales linearly
with Yescape individually for all targets. Such behavior is shown in figure 6.7 present-
ing a linear fit through the data points for each target material separately. Note that
for V the corresponding gamma lines are only poorly or, as in the case of 22 MeV
protons, not identifiable leading to large error on the count rate and thus overfitting.
For Be and Ta however, the linear behavior is confirmed. Thus the simulated nescape
is validated by experimental observations and can therefore be well applied as a cor-
rection factor to the calculation of the measured total neutron yield. Note that the
photon yield of all individual gamma count rates in equation 6.8 shows this linear
trend individually such that, for the sake of compactness, the accumulated photon
yield PYcollimator can be introduced.

Concerning the gamma detection efficiency factor g (see table 6.4) for the different
energy and material combinations as well as for AmBe, one observes identical values.
This suggests that the gamma-detector sees a similar gamma source and that changes
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Figure 6.7.: Measured photon yield PYcollimator (equation 6.8) of prompt gammas in-
duced by slow and fast neutrons at the collimator of the HPGe-detector
shown in figure 6.1 versus simulated neutron yield of neutrons escaping
the polyethylene moderator cylinder Yescape for all target materials. A
linear fit is shown for each target material separately to crosscheck the
proportionality between PYcollimator and Yescape. Taken and adapted from
[12].

of the thermal neutron cloud in the polyethylene moderator have a negligibly small
effect on the gamma emission for all experiments.

As stated in the previous section (see equation 6.7), the total and proton-induced
neutron yield primarily differ by the contribution of the (n,2n) reaction. Looking
at table 6.4, it can be seen that the (n,2n) reaction yield of Be is typically between
two or three orders of magnitude larger than for V and Ta. This is partly because
of the large volume of the Be target with respect to the V and Ta targets, but not
entirely as it can be seen when looking at the neutron yield of the (n,2n) reaction
channel Y(n,2n) normalized to the target volume as shown in figure 6.8. Thus Be has
the largest neutron yield of (n,2n) reactions for the geometry of the setup used in this
work. The neutron yield of (n,2n) reactions for Be is up to 12 % of the total neutron
yield, whereas it is below 0.1 % of the total neutron yield for V and Ta.

6.4. Results
The proton-energy dependence of the experimental and simulated total and proton-
induced neutron yield for the different targets is shown in figure 6.9a and figure 6.9b,
respectively. In both cases, the simulated data agree well with the experimental ones
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Figure 6.8.: Simulated neutron yield of (n,2n) reaction channel Y(n,2n) normalized to
the target volume versus proton energy. All data taken from table 6.4.
Taken and adapted from [12].

for all targets and proton energies taking into account the uncertainties. The relative
uncertainties on the measured values Y and Y(p,n) are of statistical nature and vary
between 6 and 18 %. The results are summarized in table 6.5.

The total neutron yield of Be is about a factor 2 higher than that of V over the
entire range of proton energy. When compared to Ta, the gain in the total neutron
emission of Be decreases with increasing proton energy from 2.6 at 22 MeV to 1.2 at
42 MeV. In the energy range 22-27 MeV, V and Ta perform similar whilst Ta exhibits
a stronger increase in the total neutron yield above 30 MeV.

The proton-induced neutron yield shows a similar tendency compared to the total
neutron yield. The proton-induced neutron yield of Be is higher than that of V by
a factor of about 1.9 in the energy range 22-33 MeV and by a factor 1.6 at 42 MeV.
When compared to Ta, the gain in the proton-induced neutron emission of Be de-
creases with increasing proton energy from 2.2 at 22 MeV to 1.0 at 42 MeV. Thus it
can be expected that Ta will outperform Be at proton energies above 50 MeV. This
can be further investigated when extrapolating the results of Y(p,n) in figure 6.9b
to larger proton energies, which is shown in figure 6.10. Here, Be and Ta are com-
pared in the proton energy range of 22 MeV to 70 MeV by fitting a growing function
of Y(p,n) = A ⋅ (Ep[MeV])2 and Y(p,n) = A ⋅ (Ep[MeV])3 to the experimental results
obtained from Be and Ta, respectively. The models are chosen such that a reduced
chi-squared χred ≈ 1 is obtained. For Be, one gets A = 2.12(7) × 1011 s−1 mA−1 MeV−2,
whereas for Ta A = 4.7(1) × 109 s−1 mA−1 MeV−3. At 70 MeV, i.e. the nominal pro-
ton energy of HBS, the proton induced neutron yield can be extrapolated to be
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(a)

(b)

Figure 6.9.: (a): Experimental total neutron yield Y (open rectangle) and simulated
total neutron yield (circle). (b): Experimental proton-induced neutron
yield Y(p,n) (open rectangle) and simulated proton-induced neutron yield
(circle). A line for the simulation results is drawn to guide the eye. The
experimental data is taken from table 6.5 and the simulated data is taken
from table 6.4. Taken and adapted from [12].

155



6. Neutron yield measurement

Figure 6.10.: Extrapolation of the proton induced neutron yield for Be and Ta targets
to proton energies of up to 70 MeV based on the results obtained from
figure 6.9b.

1.04(3) × 1015 s−1 mA−1 for Be and 1.61(5) × 1015 s−1 mA−1 for Ta. Thus, the usage of
Ta for HBS is preferred in terms of the proton induced neutron yield as suggested al-
ready by the analytical calculations in figure 2.19. Moreover, the extrapolated proton
induced neutron yield from Ta in figure 6.10 of 1.61(5) × 1015 s−1 mA−1 is larger than
the corresponding result from analytical calculations yielding 9 × 1014 s−1 mA−1.

Table 6.6 shows a summary of measurements and calculations of the total neutron
yield Y and the proton induced neutron yield Y(p,n) from various publications. When
comparing the results for the determination of the neutron yield from a Be target
irradiated with 22 MeV protons in table 6.5 with measurements from [76] using TOF
techniques (Y = 1.50(6)× 1014 s−1 mA−1), one observes that the result in table 6.5 is a
factor of 0.83(6) smaller. In [77], experiments using the "manganese bath" technique
with Be and 23, 35 and 45 MeV protons result in measured total neutron yields of
1.2(1), 2.3(2) and 3.2(3) × 1014 s−1 mA−1, respectively. The results in table 6.5 are
slightly larger but in reasonable agreement deviating by a factor of 1.0(1), 1.2(1) and
1.3(2) at the most similar measured energies of 22, 33 and 42 MeV, respectively. In
the work of [10], which also uses the "manganese bath" technique, a total neutron
yield of 1.77(8), 9.2(4) and 1.26(6) × 1014 s−1 mA−1 for Be, V and Ta, respectively,
at 32 MeV proton energy was measured. Here, at 33 MeV for the same targets, the
results for Y in table 6.5 are typically larger by a factor of 1.5(1), 1.4(1) and 1.4(1) for
Be, V and Ta, respectively. A comparison of the total neutron yield for targets with
a large (n,2n) contribution is generally rather difficult as it depends strongly on the
experiment condition, i.e. the moderator and target geometry. The differences in the
measured neutron yield, especially for Be, can most likely be attributed to this. In
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order to have a more consistent comparison of the values from different experiments,
the proton induced neutron yield Y(p,n) should be considered which can unfortunately
not be extracted from the literature data.

Comparing the experimental results of the proton-induced neutron yield Y(p,n) in
table 6.5 to the analytical calculations based on the TALYS nuclear code in [8] (shown
in figure 2.19 and summarized in table 6.6), one sees that the dominance of high-Z
materials as Ta over low-Z materials as Be seems to be shifted from 20 MeV to higher
energies (> 42 MeV). This can be attributed to the much larger Y(p,n) of Be in ta-
ble 6.5, i.e. up to three times as large as in [8] (table 6.6), while the measured Y(p,n)
for V and Ta are in agreement with the analytical calculations, deviating by maximum
16 and 17 %, respectively. As stated already in [8], the large deviation in Y(p,n) of
Be can most likely be traced back to the underlying TALYS nuclear code producing
inaccurate cross-sections for light elements.

In summary, the good agreement between the neutron yield measurements, the
numerical simulations and the analytical calculations shows that the performance in
terms of the neutron yield of low-energy accelerator-driven neutron sources such as
HBS can be well investigated using MCNP based on ENDF/B-VII.1 or approximated
with calculations following equation 2.83 with the cross sections from the TALYS
nuclear code [38].

157



6. Neutron yield measurement

Table 6.5.: Summary of experimental data, i.e. average proton beam current I and
count rate for the 2.2 MeV gamma line Z, according to proton energy
and target, target radius r and target length l. The neutron yield Y is
calculated according to equation 6.2 and the proton-induced neutron yield
Y(p,n) according to equation 6.7. Taken from [12].

Target r, l I Z Y Y(p,n)
(mm,mm) (mA) (s−1) (s−1 mA−1) (s−1 mA−1)

22(1)MeV
Be 35, 100 1.474(1)E-07 22.8(3) 1.24(8)E+14 1.10(7)E+14
V 40, 2.56 1.373(1)E-07 10.6(3) 0.57(4)E+14 0.57(4)E+14
Ta 40, 1.6 1.426(1)E-07 9.4(2) 0.49(3)E+14 0.49(3)E+14
no target - 1.4168(8)E-07 0.10(1) - -
27(1)MeV
Be 35, 100 2.610(4)E-07 51.2(3) 1.7(1)E+14 1.45(9)E+14
V 40, 2.56 2.623(5)E-07 27.2(4) 0.79(5)E+14 0.79(5)E+14
Ta 40, 1.6 2.535(5)E-07 30.0(3) 0.87(6)E+14 0.87(6)E+14
no target - 3.064(3)E-07 0.13(1) - -
33(1)MeV
Be 35, 100 6.025(4)E-07 181(1) 2.7(2)E+14 2.4(1)E+14
V 40, 3.69 6.352(4)E-07 105(1) 1.28(8)E+14 1.28(8)E+14
Ta 40, 2.0 6.459(3)E-07 153(1) 1.8(1)E+14 1.8(1)E+14
no target - 6.171(2)E-07 0.42(3) - -
42(1)MeV
Be 35, 100 8.670(1)E-07 379(3) 4.0(7)E+14 3.5(6)E+14
V 40, 4.54 7.997(1)E-07 217(2) 2.2(1)E+14 2.2(1)E+14
Ta 40, 3.0 7.859(1)E-07 349(4) 3.4(2)E+14 3.4(2)E+14
no target - 17.137(1)E-07 0.57(4) - -
AmBe - - 0.0297(18) - -
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Table 6.6.: Summary of the total neutron yield Y and the the proton induced neutron
yield Y(p,n) with respect to target material and proton energy taken from
literature. Taken from supplementary material of [12].

Target Energy Y Y(p,n) Technique
(MeV) (s−1 mA−1) (s−1 mA−1)

[76] Be 22 1.50(6)E+14 TOF
[78] Be 23 3.32E+14 TOF
[77] Be 23 1.2(1)E+14 Manganese bath

Be 35 2.3(2)E+14
Be 45 3.2(3)E+14

[10] Be 32 1.77(8)E+14 Manganese bath
V 32 9.2(4)E+13
Ta 32 1.26(6)E+14

[8] Be 22 0.34E+14 TALYS-based
Be 27 0.46E+14 analytical calculations
Be 33 0.7E+14
Be 42 1.2E+14
V 22 0.6E+14
V 27 0.95E+14
V 33 1.44E+14
V 42 2.3E+14
Ta 22 0.42E+14
Ta 27 0.84E+14
Ta 33 1.56E+14
Ta 42 3.1E+14
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The High-Brilliance neutron Source project (HBS) aims at developing a low-energy
accelerator-driven neutron source with maximum beam brilliance to source strength
ratio. A high beam brilliance will be ensured by an optimal balance between relative
wavelength uncertainty and bandwidth for all instruments operating at different neu-
tron wavelengths. Depending on the neutron wavelength range, different requirements
for the proton pulsing scheme lead to the operation of three different target stations
with three different proton pulsing schemes. Such operation schemes can be realized
by generating an interlaced proton pulse structure in the linear accelerator using a
chopper and by then unraveling the proton pulse structure with a multiplexer system,
which is integrated in the proton beam transport section connecting the accelerator
and the target stations.

The multiplexer system is synchronized to the chopper and distributes the different
proton pulse components to the associated target stations. The development of the
concept of a multiplexer system for HBS is described in this thesis. A test setup has
been realized at the JULIC accelerator facility at Forschungszentrum Jülich GmbH
for this purpose. The multiplexer system is based on a bipolar kicker magnet and a
newly developed septum magnet, which features two magnetic dipole field regions of
opposite polarity and a central zero field region. To estimate the dimensions of the
associated magnets in terms of gap height, emittance measurements at the JULIC
accelerator and subsequent proton beam transport calculations have been carried out
yielding the expected beam size at the position of the multiplexer test setup. The
kicker magnet of the multiplexer test setup is based on a reused magnet of the COSY
facility that has been modified to provide larger field strengths while preserving low
rise and fall times of the magnetic field. First tests of the kicker magnet being synchro-
nized to the chopper of the JULIC accelerator have been performed with an interlaced
proton pulse sequence. For the challenging proton pulse sequences which are foreseen
for HBS, a new kicker magnet power supply needs to be developed, which remains a
challenge in electrical engineering.

The septum magnet represents the key technology of the multiplexer system. The
design is based on permanent magnets due to the fixed beam parameters in terms of
energy and particle type at HBS. A detailed report on the construction of the magnet
and an analysis of the performance in terms of calculations of the harmonic content
as well as particle tracking through the magnet are given. The design proves to be
feasible for the operation at JULIC. To show the working concept of the septum mag-
net with its three different field regions, a prototype magnet has been manufactured
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and tested successfully. In order to operate the complete setup of the multiplexer at
JULIC, the septum magnet should be obtained from the same manufacturer requir-
ing the design of a support structure similar to the one employed at the prototype
magnet. For the application of the multiplexer system at HBS, the setup at JULIC
has been scaled to be able to operate at higher beam energies and to maintain low
emittances. For this purpose, a HBS septum magnet is developed based on the design
of the corresponding magnet at JULIC. The harmonic content of the HBS septum
magnet has been calculated and considered in the design of the High-Energy Beam
Transport (HEBT) section at HBS. The transmission through the HEBT beamlines
in consideration of the field quality of the HBS septum magnet has been shown to be
above 96 %. Further optimizations of the beamline in terms of the addition of non-
linear magnetic elements such as sextupole and octupole magnets should be performed
to increase the transmission obtaining a maximum beam loss of 1 W/m (now being
115 W/m). The radiation hardness of the permanent-magnet-based septum magnet
has been evaluated based on the radiation environment at comparable facilities show-
ing that the septum magnet can be employed at HBS. However, detailed simulations
of the radioactivity at HBS should be used to make more accurate estimations of the
lifetime of the septum magnet. Furthermore, a safety concept for accidental beam
loss that might damage the magnet needs to be developed.

Another contribution towards the maximization of the neutron beam brilliance at
HBS has been done in terms of neutron yield measurements of different potential
target materials for low-energy accelerator-driven neutron sources, i.e. beryllium,
vanadium and tantalum [12]. This helps to benchmark calculations and simulations
which are used for the decision on the target material which provides the highest
neutron yield and thus neutron beam brilliance. The neutron yield is determined
by the measurement of the 2.2 MeV prompt gamma line induced by thermal neutron
capture of hydrogen in a polyethylene moderator cylinder surrounding the target with
a Ge-detector. The neutron to gamma conversion factor of the experiment is deter-
mined using an AmBe calibration neutron source. The measurement of the neutron
yield has been carried out at JULIC for different proton energies, i.e. at 22, 27, 33,
42 MeV. To correct the experimental results for the ratio of neutrons escaping from
the polyethylene moderator without generating 2.2 MeV gammas and to deduce the
proton induced neutron yield from the measured total neutron yield, numerical sim-
ulations of the experimental setup are performed using MCNP [11]. The final results
of the total and proton induced neutron yield agree well with the corresponding neu-
tron yield obtained from the simulations. Considering proton energies below 42 MeV,
the results indicate that the proton induced neutron yield obtained from beryllium
is highest when compared to vanadium and tantalum. At 42 MeV and above, tanta-
lum seems to outperform beryllium. The measured proton induced neutron yield can
be extrapolated to a proton energy of 70 MeV as obtained at HBS. The correspond-
ing results indicate that tantalum provides the largest neutron yield for HBS, i.e.
1.61(5)×1015 s−1mA−1, in comparison to beryllium and vanadium. As the experimen-
tal determination of the neutron yield includes corrections obtained from numerical
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simulations of the experiment, an unknown systematic error is introduced to the re-
sults. The plausibility of the correction factor for neutrons escaping the polyethylene
moderator is checked by monitoring the photon yield of gammas induced by thermal
and fast neutrons captured by the Ge-detector and its surrounding shielding material.
However, a dedicated measurement should be performed for the experimental deter-
mination of the neutrons escaping the moderator in order to be independent of the
numerical simulations of the setup. This could be done by calibrating the gammas
generated from the Ge-detector with the bare AmBe neutron source, i.e. without the
surrounding polyethylene moderator. This then allows to determine the fraction of
neutrons escaping the polyethylene moderator directly during the subsequent experi-
ment. However, if this technique is used, the measurement time must be extended as
the gamma count rate emerging from the Ge-detector material is much smaller than
the corresponding signal from thermal neutron capture of hydrogen in the moderator.
In addition, it would be interesting to perform the experiment together with a second
Ge-detector, which is positioned behind the moderator following the direction of the
proton beam, allowing to investigate a potential angular dependence of the experi-
ment.

In summary, two individual steps towards the optimization of the neutron beam
brilliance at HBS have been done in terms of the development of a multiplexer sys-
tem and the measurement of the neutron yield for different target materials. In
parallel, further contributions concentrating on the increase of the brilliance at HBS
are being investigated in our workgroup. Among these are the optimization of the
target-moderator-reflector unit with respect to the moderator and reflector material
as well as their associated geometry, the design of one dimensional cold finger mod-
erators being inserted into the thermal moderator and the development of neutron
guide systems, which preserve the source brilliance. Coalescing all these contribu-
tions within the HBS facility helps to provide a future low-energy accelerator-driven
neutron source, which successfully replaces the fading out research reactor neutron
sources allowing an adequate provision of neutrons to the scientific community.
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A. Relativistic kinematics
The momentum p and kinetic T of relativistic particles with mass m are related with
p =
√
T 2 + 2Tm, if c = 1 and all units in eV are set, and thus

dp
dT =

T +m
p

. (A.1)

With this and the Lorentz factor γ = (T +m)/m, the momentum and the kinetic
energy uncertainty can be related as follows

dp
p
= dT
p2 (T +m)

= dT
T

T +m
T + 2m

= dT
T

γ

γ + 1 . (A.2)

A summary of important kinematic factors used throughout this thesis is given in
table A.1.

Table A.1.: Summary of the kinematic factors for the test facility at JULIC and the
HBS facility with the kinetic energy T , the momentum p, the Lorentz
factor γ = (T +m)/m and β = (1 − 1/γ2)1/2 = v/c. Here, v is the velocity
of the particles and c is the speed of light. For protons, m ≈ 938 MeV/c2.

JULIC HBS
T/MeV 45 70
p/(MeV/c) 294 369
γ 1.05 1.08
β 0.30 0.37
βγ 0.32 0.4
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B. List of elements in the NESP
beamline

A list of important elements used in the NESP beamline (presented in figure 4.4) is
given. The element name and type, path length of the reference particle s at the end
of the respective element (co-moving coordinate system in figure 2.1) and element
length l (effective length) are given. Additional remarks containing bend angles Θ of
dipole magnets and further information are presented. Note that for the Bmad library
[49], positive bend angles in the horizontal plane bend towards negative x values.

Table B.1.: List of elements in the NESP beamline. For bending magnets (SBend),
H denotes horizontal deflection of the beam (Θ: bend angle of dipole
magnets, β1(2): edge angles according to figure 2.8).

Index Name Type s/m l/m Remark
0 BEGINNING Beginning 0.000 —
1 D1 Drift 0.860 0.860
2 QI11 Quadrupole 1.160 0.300
3 D2 Drift 1.460 0.300
4 QI12 Quadrupole 1.760 0.300
5 D3 Drift 2.060 0.300
6 DI11 Sbend 3.025 0.965 H, Θ = 38.25○, β1 = β2 = 10.3○
7 D4 Drift 3.325 0.300
8 QI13 Quadrupole 3.625 0.300
9 D5 Drift 4.125 0.500
10 QI14 Quadrupole 4.425 0.300
11 D6 Drift 4.925 0.500
12 QI15 Quadrupole 5.225 0.300
13 D7 Drift 5.525 0.300
14 DI12 SBend 6.491 0.965 off
15 D8 Drift 11.291 4.800
16 QN1 Quadrupole 11.630 0.339
17 D9 Drift 12.530 0.900
18 QN2 Quadrupole 12.869 0.339
19 D10 Drift 16.443 3.575
20 SEPT SBend 17.113 0.670 TFSM, off
21 D12 Drift 20.913 3.800
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B. List of elements in the NESP beamline

22 END Marker 20.913 0.000
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C. Magnetic field measurements of
the Three-Field Magnet (TFM)

This chapter comprises additional material from the magnetic field measurements of
the Three-Field Magnet (TFM) presented in section 4.5.2.

(a) (b)

(c)

Figure C.1.: Measured and rotated magnetic flux density (according to equation 4.36)
in the central xz-plane (y = 0). (a) shows the vertical magnetic flux den-
sity By,m,rot. in mT. (b) and (c) show Bx,m,rot. and Bz,m,rot., respectively.
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C. Magnetic field measurements of the Three-Field Magnet (TFM)

(a) (b)

(c) (d)

(e) (f)

Figure C.2.: Absolute difference between measurement and simulation of the magnetic
flux density ∆B of the TFM for the xz-plane at y = 20 mm in mT with-
out (first column) and with correction (second column). The measured
and corrected magnetic flux density Bi,m,corr. is calculated according to
equation 4.38 for i = x, y, z. (a),(b): ∆By. (c),(d): ∆Bx, (e),(f): ∆Bz.
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(a) (b)

(c) (d)

(e) (f)

Figure C.3.: Absolute difference between measurement and simulation of the mag-
netic flux density ∆B of the TFM for the xz-plane at y = −20 mm in
mT without (first column) and with correction (second column). The
measured and corrected magnetic flux density Bi,m,corr. is calculated ac-
cording to equation 4.38 for i = x, y, z. (a),(b): ∆By. (c),(d): ∆Bx,
(e),(f): ∆Bz.
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C. Magnetic field measurements of the Three-Field Magnet (TFM)

(a)

(b)

Figure C.4.: Vertical magnetic flux density By versus longitudinal position z at x =
−230 mm. (a) shows By,m,rot. and By,sim. for −280 mm < z < 280 mm. The
yellow shaded area marks the extent of the magnet. (b) shows By,m,rot.,
By,m,corr. and By,sim. inside the magnet.
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D. 2n-pole magnetic field gradients
For the implementation of the harmonic content of the HBS Three-Field Septum
Magnet (TFSM) into TraceWin, one needs to calculate the 2n-pole magnetic field
gradients corresponding to the multipole components n in figure 5.5. Considering the
real part of the complex magnetic flux density in equation 2.78 at y = 0, one gets the
vertical magnetic flux density

By(x) =
∞

∑
n=1

By,n(x) =
∞

∑
n=1

Bn (
x

r0
)

n−1
. (D.1)

The skew components An are negligible for the magnets treated in this thesis. With
equation D.1,

Gn =
∂n−1By,n(x)

∂xn−1 = (n − 1)! Bn

rn−1
0

(D.2)

is typically defined as the 2n-pole gradient. A summary of the 2n-pole gradients for
the JULIC and for the HBS septum magnet is given in table D.1.

In TraceWin [54], a slightly different definition of the 2n-pole gradient is used which
has to be considered, i.e.

Gn,TraceWin =
1

(n − 1)!
∂n−1By,n(x)

∂xn−1 = Bn

rn−1
0

. (D.3)

The results from figure 5.5 can be cross checked for plausibility when inserting the
obtained normal components Bn into equation D.1 with the corresponding reference

Table D.1.: Summary of 2n-pole gradients calculated according to equation D.2 with
the harmonic content taken from figure 4.33 (JULIC) and figure 5.5
(HBS).

Gn JULIC center JULIC right HBS center HBS right
G2/(Tm−1) −3.23 × 10−1 −2.14 × 10−1 −1.82 × 10−1 0.40 × 10−1

G3/(Tm−2) - −2.65 × 101 - −1.14 × 101

G4/(Tm−3) −1.26 × 104 −0.23 × 104 −0.76 × 104 −0.23 × 104

G5/(Tm−4) - −1.04 × 106 - −0.55 × 106

G6/(Tm−5) - −1.15 × 108 - −0.36 × 108
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D. 2n-pole magnetic field gradients

(a) (b)

Figure D.1.: Horizontal distribution of the integrated vertical magnetic flux density of
the HBS septum magnet (figure 5.3) compared to the vertical magnetic
flux density calculated using equation D.1 with the harmonic content
from figure 5.5. The results from equation D.1 are multiplied with the
effective length leff = 1000 mm of the HBS septum magnet. The extent
of the proton beam is indicated by the yellow shaded area (dark yellow:
2 rms beam widths, light yellow: 4 rms beam widths). (a): Central zero
field region of the septum magnet. (b): Right dipole field region of the
septum magnet.

radius of r0 = 17 mm. The resulting vertical magnetic flux density can be compared
with the horizontal evolution of the integrated vertical magnetic flux density in fig-
ure 5.3 which shows good agreement as presented in figure D.1. For the right field
region (figure D.1b), the vertical magnetic flux density which is reconstructed from
the harmonic content calculations seems to yield a larger quadrupole component in
the vicinity of the beam when compared to the integrated vertical magnetic flux den-
sity. This is probably due to reference radius (r0 = 17 mm) exceeding the beam size
such that the harmonic content represents a worse magnetic field quality than actu-
ally present within the beam spot. This is nevertheless a conservative representation
of field quality and thus appropriate for the particle tracking studies in figure 5.8 and
figure 5.9.
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E. List of elements in the HBS
HEBT beamlines

This appendix gives a comprehensive list of all elements employed in the HBS HEBT
beamlines, which are described in detail in section 5.3. The lists are divided into a list
comprising all elements shared between all three, i.e. straight, left and right, HEBT
beamlines (table E.1) and two lists for the elements exclusively used in the straight
HEBT beamline (table E.2) and in the left HEBT beamline (table E.3), respectively.
The lists are separated at the position of the kicker magnet of the multiplexer. The
element name and type, path length of the reference particle s at the end of the
respective element (co-moving coordinate system in figure 2.1, used in figure 5.7)
and element length l (effective length) are given. Additional remarks containing
quadrupole strenghts k, bend angles Θ of dipole magnets and further information are
presented. Note that for the Bmad library [49], positive bend angles in the horizontal
plane bend towards negative x values (right in figure 5.6), whereas positive bend
angles in the vertical plane bend towards positive y values (up in figure 5.6).

Table E.1.: List of elements in the first section and in parts of the second section of
the HBS HEBT beamline (Layout shown in Figure 5.6). The list com-
prises all elements which are shared among the three HEBT beamlines
(straight, left, right) before the kicker magnet of the multiplexer. For
bending magnets (SBend), H and V denote horizontal and vertical de-
flection of the beam, respectively (Θ: bend angle of dipole magnets, k:
quadrupole strength).

Index Name Type s/m l/m Remark
0 BEGINNING Beginning 0.000 —
1 D11 Drift 3.000 3.000
2 Q11 Quadrupole 3.300 0.300 k = −5.796 000 58 m−2

3 D12 Drift 3.400 0.100
4 Q12 Quadrupole 3.700 0.300 k = 5.489 401 37 m−2

5 D13 Drift 3.800 0.100
6 DI11 Sbend 4.910 1.110 V, Θ = 45○
7 D14 Drift 5.410 0.500
8 Q13 Quadrupole 5.710 0.300 k = 5.869 371 81 m−2

9 D15 Drift 6.210 0.500
10 DI12 Sbend 7.320 1.110 V, Θ = 45○
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E. List of elements in the HBS HEBT beamlines

11 D16 Drift 7.420 0.100
12 Q14 Quadrupole 7.720 0.300 k = 5.489 401 37 m−2

13 D17 Drift 7.820 0.100
14 Q15 Quadrupole 8.120 0.300 k = −5.796 000 58 m−2

15 D18 Drift 11.120 3.000
16 D19 Drift 14.120 3.000
17 Q16 Quadrupole 14.420 0.300 k = −5.796 000 58 m−2

18 D110 Drift 14.520 0.100
19 Q17 Quadrupole 14.820 0.300 k = 5.489 401 37 m−2

20 D111 Drift 14.920 0.100
21 DI13 Sbend 16.030 1.110 V, Θ = −45○
22 D112 Drift 16.530 0.500
23 Q18 Quadrupole 16.830 0.300 k = −5.869 371 81 m−2

24 D113 Drift 17.330 0.500
25 DI14 Sbend 18.440 1.110 V, Θ = −45○
26 D114 Drift 18.540 0.100
27 Q19 Quadrupole 18.840 0.300 k = 5.489 401 37 m−2

28 D115 Drift 18.940 0.100
29 Q110 Quadrupole 19.240 0.300 k = −5.796 000 58 m−2

30 D116 Drift 22.240 3.000
31 D20 Drift 24.740 2.500 Second section
32 Q21 Quadrupole 25.040 0.300 k = −2.589 750 63 m−2

33 D21 Drift 25.790 0.750
34 Q22 Quadrupole 26.090 0.300 k = 1.777 847 09 m−2

35 D22 Drift 27.090 1.000
36 Q23 Quadrupole 27.390 0.300 k = 1.777 847 09 m−2

37 D23 Drift 28.140 0.750
38 Q24 Quadrupole 28.440 0.300 k = −2.589 750 63 m−2

39 D24 Drift 30.940 2.500
40 D25 Drift 33.440 2.500
41 Q25 Quadrupole 33.740 0.300 k = 4.760 088 59 m−2

42 D26 Drift 33.840 0.100
43 Q26 Quadrupole 34.140 0.300 k = −4.266 241 34 m−2

44 D27 Drift 34.240 0.100
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Table E.2.: List of elements in parts of the second and in the third section of the
straight HBS HEBT beamline (Layout shown in Figure 5.6a). The list
comprises all elements of the straight HEBT beamline starting with the
kicker magnet of the multiplexer. For bending magnets (SBend), H and
V denote horizontal and vertical deflection of the beam, respectively (Θ:
bend angle of dipole magnets, k: quadrupole strength).

Index Name Type s/m l/m Remark
45 K21 Sbend 34.840 0.600 Kicker, off
46 D28 Drift 35.940 1.100
47 DI21 Sbend 36.940 1.000 TFSM, off
48 D29 Drift 40.340 3.400
49 Q27 Quadrupole 40.640 0.300 k = 1.586 243 63 m−2

50 D210 Drift 41.640 1.000
51 Q28 Quadrupole 41.940 0.300 k = −4.272 677 32 m−2

52 D211 Drift 42.940 1.000
53 Q29 Quadrupole 43.240 0.300 k = 2.772 567 02 m−2

54 D212 Drift 44.240 1.000
55 Q210 Quadrupole 44.540 0.300 k = −2.628 246 09 m−2

56 D213 Drift 47.040 2.500
57 Q211 Quadrupole 47.340 0.300 k = 0.600 000 00 m−2

58 D214 Drift 49.840 2.500
59 Q212 Quadrupole 50.140 0.300 k = −0.600 000 00 m−2

60 D215 Drift 52.640 2.500
61 Q213 Quadrupole 52.940 0.300 k = 0.600 000 00 m−2

62 D216 Drift 55.440 2.500
63 Q214 Quadrupole 55.740 0.300 k = −0.600 000 00 m−2

64 D217 Drift 58.240 2.500
65 Q215 Quadrupole 58.540 0.300 k = 0.600 000 00 m−2

66 D218 Drift 61.040 2.500
67 Q216 Quadrupole 61.340 0.300 k = −0.600 000 00 m−2

68 D219 Drift 63.840 2.500
69 Q217 Quadrupole 64.140 0.300 k = 0.600 000 00 m−2

70 D220 Drift 66.640 2.500
71 Q218 Quadrupole 66.940 0.300 k = −0.600 000 00 m−2

72 D221 Drift 69.440 2.500
73 Q219 Quadrupole 69.740 0.300 k = 0.600 000 00 m−2

74 D222 Drift 72.240 2.500
75 Q220 Quadrupole 72.540 0.300 k = −0.600 000 00 m−2

76 D223 Drift 75.040 2.500
77 Q221 Quadrupole 75.340 0.300 k = 0.600 000 00 m−2

78 D224 Drift 77.840 2.500
79 Q222 Quadrupole 78.140 0.300 k = −0.600 000 00 m−2
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E. List of elements in the HBS HEBT beamlines

80 D225 Drift 80.640 2.500
81 Q223 Quadrupole 80.940 0.300 k = 0.600 000 00 m−2

82 D226 Drift 83.440 2.500
83 Q224 Quadrupole 83.740 0.300 k = −0.600 000 00 m−2

84 D227 Drift 86.240 2.500
85 Q225 Quadrupole 86.540 0.300 k = 0.600 000 00 m−2

86 D228 Drift 89.040 2.500
87 Q226 Quadrupole 89.340 0.300 k = −0.600 000 00 m−2

88 D229 Drift 91.840 2.500
89 Q227 Quadrupole 92.140 0.300 k = 0.600 000 00 m−2

90 D230 Drift 94.640 2.500
91 Q228 Quadrupole 94.940 0.300 k = −0.600 000 00 m−2

92 D231 Drift 97.440 2.500
93 Q229 Quadrupole 97.740 0.300 k = 0.914 198 86 m−2

94 D232 Drift 98.740 1.000
95 Q230 Quadrupole 99.040 0.300 k = −2.995 064 78 m−2

96 D233 Drift 100.040 1.000
97 Q231 Quadrupole 100.340 0.300 k = 2.613 597 26 m−2

98 D234 Drift 101.340 1.000
99 Q232 Quadrupole 101.640 0.300 k = −2.603 963 58 m−2

100 D235 Drift 102.640 1.000
101 D31 Drift 105.640 3.000 Third section
102 Q31 Quadrupole 105.940 0.300 k = −3.755 320 89 m−2

103 D32 Drift 106.040 0.100
104 Q32 Quadrupole 106.340 0.300 k = 4.234 481 63 m−2

105 D33 Drift 106.440 0.100
106 DI31 Sbend 107.550 1.110 V, Θ = −45○
107 D34 Drift 108.050 0.500
108 Q33 Quadrupole 108.350 0.300 k = −5.869 371 81 m−2

109 D35 Drift 108.850 0.500
110 DI32 Sbend 109.960 1.110 V, Θ = −45○
111 D36 Drift 110.060 0.100
112 Q34 Quadrupole 110.360 0.300 k = 4.234 481 63 m−2

113 D37 Drift 110.460 0.100
114 Q35 Quadrupole 110.760 0.300 k = −3.755 320 89 m−2

115 D38 Drift 111.560 0.800
116 Q36 Quadrupole 111.860 0.300 optional, not used
117 D39 Drift 112.160 0.300
118 Q37 Quadrupole 112.460 0.300 optional, not used
119 D310 Drift 112.760 0.300
120 Q38 Quadrupole 113.060 0.300 optional, not used
121 D311 Drift 113.360 0.300
122 Q39 Quadrupole 113.660 0.300 optional, not used
123 D312 Drift 113.960 0.300
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124 KH31 Kicker 114.460 0.500 Beam scanner (H)
125 D313 Drift 114.660 0.200
126 KV31 Kicker 115.160 0.500 Beam scanner (V)
127 D314 Drift 121.760 6.600
128 END End 121.760 0.000
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E. List of elements in the HBS HEBT beamlines

Table E.3.: List of elements in parts of the second and in the third section of the left
HBS HEBT beamline (Layout shown in Figure 5.6b). The list comprises
all elements of the left HEBT beamline starting with the kicker magnet of
the multiplexer. For bending magnets (SBend), H and V denote horizontal
and vertical deflection of the beam, respectively (Θ: bend angle of dipole
magnets, k: quadrupole strength).

Index Name Type s/m l/m Remark
45 K21L Sbend 34.840 0.600 Kicker - H, Θ = −2.75○
46 D23L Drift 35.940 1.100
47 DI21L Sbend 36.940 1.000 TFSM - H, Θ = −14.44○
48 D24L Drift 38.440 1.500
49 Q27L Quadrupole 38.740 0.300 k = 4.891 222 11 m−2

50 D25L Drift 39.050 0.310
51 DI22L Sbend 40.160 1.110 H, Θ = −45○
52 D26L Drift 40.260 0.100
53 Q28L Quadrupole 40.560 0.300 k = −5.216 794 12 m−2

54 D27L Drift 40.660 0.100
55 Q29L Quadrupole 40.960 0.300 k = 5.330 999 58 m−2

56 D28L Drift 44.960 4.000
57 Q210L Quadrupole 45.260 0.300 k = 2.715 799 11 m−2

58 D29L Drift 46.260 1.000
59 Q211L Quadrupole 46.560 0.300 k = −3.681 817 56 m−2

60 D210L Drift 47.560 1.000
61 Q212L Quadrupole 47.860 0.300 k = 3.622 253 79 m−2

62 D211L Drift 48.860 1.000
63 Q213L Quadrupole 49.160 0.300 k = −3.331 384 57 m−2

64 D212L Drift 50.660 1.500
65 D31L Drift 53.660 3.000 Third section
66 Q31L Quadrupole 53.960 0.300 k = −3.755 320 89 m−2

67 D32L Drift 54.060 0.100
68 Q32L Quadrupole 54.360 0.300 k = 4.234 481 63 m−2

69 D33L Drift 54.460 0.100
70 DI31L Sbend 55.570 1.110 V, Θ = −45○
71 D34L Drift 56.070 0.500
72 Q33L Quadrupole 56.370 0.300 k = −5.869 371 81 m−2

73 D35L Drift 56.870 0.500
74 DI32L Sbend 57.980 1.110 V, Θ = −45○
75 D36L Drift 58.080 0.100
76 Q34L Quadrupole 58.380 0.300 k = 4.234 481 63 m−2

77 D37L Drift 58.480 0.100
78 Q35L Quadrupole 58.780 0.300 k = −3.755 320 89 m−2

79 D38L Drift 59.580 0.800
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80 Q36L Quadrupole 59.880 0.300 optional, not used
81 D39L Drift 60.180 0.300
82 Q37L Quadrupole 60.480 0.300 optional, not used
83 D310L Drift 60.780 0.300
84 Q38L Quadrupole 61.080 0.300 optional, not used
85 D311L Drift 61.380 0.300
86 Q39L Quadrupole 61.680 0.300 optional, not used
87 D312L Drift 61.980 0.300
88 KH31L Kicker 62.480 0.500 Beam scanner (H)
89 D313L Drift 62.680 0.200
90 KV31L Kicker 63.180 0.500 Beam scanner (V)
91 D314L Drift 69.780 6.600
92 END End 69.780 0.000

181





F. Calibration of target current
measurements

The experimental determination of the neutron yield, which is described in detail
in chapter 6, requires to measure the proton beam current on the target with high
accuracy. For the target beam current measurement, a current amplifier (Keithley
18000-20) is electrically connected to the isolated target. The current amplifier con-
verts the small current signal (< 2 nA) to a voltage signal which is then processed
by subsequent ADC electronics. The conversion factor from current to voltage de-
pends on the range which is selected at the current amplifier. For our measurements,
two different ranges are used depending on the target beam current. Either a 10 nA
range, i.e. 10 nA corresponding to 10 V voltage signal, or a 100 nA range, i.e. 100 nA
corresponding to 10 V voltage signal, are used such that the input signal at the ADC
does not exceed 1 V. This limitation comes from the specifications of the ADC (Red
Pitaya, model V1.1). In order to determine the proton beam current accurately,
both range settings of the current amplifier are calibrated using a picoampere source
(Keithley 261). The picoampere source is connected to the current amplifier and the
corresponding voltage signal is recorded. In addition, the picoampere source current
signal is recorded with a calibrated amperemeter (Keithley 2400). figure F.1 shows
the voltage signal recorded through the current amplifier versus the current signal
measured with the calibrated amperemeter for different settings of the picoampere
source for the 10 nA and 100 nA range of the current amplifier. A linear fit yields the
calibration data.

During the neutron yield measurement, the current amplifier is wired differently
than during calibration with the targets being connected directly to the current am-
plifier. This might influence the voltage offset. Therefore, the voltage offset of the
current amplifier is measured prior to each run for ≈5 minutes in between the neutron
yield measurement and in the absence of the proton beam. The corresponding results
for the different range settings of the current amplifier are presented in figure F.2.
The offset measured during calibration is shown for comparison.

The offset during calibration and during the measurement generally agrees within
the uncertainties. The offset during the measurements seems to be stable.

With the calibration data from figure F.1 and the voltage offset during the neutron
yield measurement in figure F.2, the corrected average proton beam current I is
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F. Calibration of target current measurements

(a) (b)

Figure F.1.: Calibration of the current amplifier used for the measurement of the pro-
ton beam current on the target in chapter 6. IPA is the current applied
with a picoampere source to the current amplifier as measured with a
calibrated amperemeter. UADC is the voltage signal recorded at the cur-
rent amplifier. (a): 10 nA range setting at the current amplifier. (b):
100 nA range setting at the current amplifier.

(a) (b)

Figure F.2.: Measurement of the voltage offset recorded at the current amplifier for
the different runs during the neutron yield measurement with the proton
beam being shut off. For comparison the voltage offset from the calibra-
tion in figure F.1 is shown. (a): runs with 10 nA range setting at the
current amplifier. (b): runs with 100 nA range setting at the current
amplifier.
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extracted from the voltage signal via

I = (Utarget −Uoffset,b.t.) ⋅
1

slope (F.1)

with Utarget being the voltage signal recorded during the neutron yield measurements
with beam and Uoffset,b.t. being the offset signal recorded in between the neutron yield
measurements without beam (from figure F.2). The conversion factor from voltage
to current 1/slope is taken from the results in figure F.1.
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