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Axions
• Proposed to solve the strong CP-violation problem 

• Why is there no CP violation in strong interactions? 
• Peccei-Quinn solution: CP violating phase is replaced by Axion field Θ 
• Field has a minimum at Θ =0   

• i.e. it relaxes towards zero CP-violation, independent of the initial conditions 
• fulfilling Neutron EDM constraints 

• Relics of these excitations from the early universe could be a component of Dark Matter 
• Frequency given by the Axion mass ma oscillating around Θ=0 

• In principle, ma can cover a broad range 
• In certain cosmic models, however, ma is predicted to be ~100 µeV 

• when cosmic inflation took place before correlation between Θ within patches of event horizon got lost 
• Axions couple to photons 

• e.g. an Axion can be converted to a photon in the presence 
of a strong magnetic field 

• ALPS-II: „Light shining through wall“, search for  
Photon-Axion-Photon conversions 

• MADMAX: „Haloscope“, search for Axions in galactic halo via 
Axion-Photon conversions
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where a is the fine structure constant and gg is a model-dependent constant of order 1 [14]. From the above equations
and the limits on fa, the axion coupling to electromagnetism can be inferred as extremely weak. The coupling to
hadronic matter is even weaker still [13]. Further, the lifetime of dark matter axions within the allowable mass range
is found to be vastly greater than the age of the universe (for ma = 1 µeV, t1/2 ⇡ 1054 s) [15].

Two theoretical models bound the axion-photon coupling constant linearly to the mass by defining gg . KSVZ (Kim-
Shifman-Vainshtein-Zakharov) [16, 17] provides the stronger coupling limit,

g
KSVZ
agg ⇡ 0.38

ma

GeV2 , (4)

and DFSZ (Dine-Fischler-Srednicki-Zhitnitskii) [18, 19] yields the weaker limit,

g
DFSZ
agg ⇡ 0.14

ma

GeV2 . (5)

AXION DARK MATTER DETECTORS

Because low-mass axions have extremely low decay rates and exceptionally weak interactions with hadronic matter
and electromagnetism, they were originally thought to be "invisible" to traditional observational technology [20].
However, Sikivie showed that the decay of dark matter axions is accelerated within a static magnetic field through the
inverse Primakoff effect [21, 22].

In a static external magnetic field, one photon is "replaced" by a virtual photon, while the other maintains the energy
of the axion, equal to the rest-mass energy (mac

2) plus the nonrelativistic kinetic energy. B in (2) is effectively changed
to the static magnetic field, Bo. Thus, as the magnetic field strength is increased, so does the decay rate of the axion.
Figure 1 shows the Feynman diagrams for the axion-photon interaction for the two scenarios.

Sikivie proposed an axion detection scheme, based on the Primakoff effect, which used a microwave cavity
permeated by a strong magnetic field to resonantly increase the number of photons produced by the decay [22, 23].
The axion-photon conversion is enhanced when the resonant frequency f ⇡ mac

2

h
, where h is Planck’s constant. There

is also a small correction due to the kinetic energy of the axion, but this is tiny ( DE

E
⇡ 10�6) for cold dark matter.

Observing the proper modes at the accurate frequency with significant sensitivity will lead to detection of the axion
decay signal. This experiment design is often referred to as a "Sikivie-type" detector.

From (2), the coupling strength of the axion to the resonant mode is shown to be proportional to
R

d
3
xBo ·Emnp(x),

where Emnp is the peak electric field of the mode. The power produced in the cavity is given by

Pmnp = g
2
agg

ra

ma

B
2
o
VCmnpQL, (6)

where ra is the local energy density of the axion field, V is the volume of the cavity, and QL is the loaded quality factor
of the cavity (assumed to be less than Q of the axion) [23]. The subscript on Pmnp indicates that the power produced is

  

FIGURE 1. Feynman diagram of axion decay into photons. Left) Conversion in vacuum. Right) Inverse Primakoff effect in a
static magnetic field (Bo).
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Dielectric Haloscope - Principle
• An Axion of ~100µeV can convert into a microwave photon in the presence of a ~10T magnetic field: 

• shine an Axion on a mirror and get a photon back 
• Clever idea to amplify the tiny signals: 

• add dielectric disks that also convert Axions into photons 
• Disks are semi-transparent; waves are reflected by and transmitted through the other disks 
• With suitable arrangement: get coherent amplification by up to factors of O(1000) 
• Arrangement of disks allows for broad frequency amplification into microwave receiver

3

Mirror Dielectric  Disks Receiver 

Be 

Figure 4. A dielectric haloscope consisting of a mirror and several dielectric discs placed in an external
magnetic field Be and a receiver in the field-free region. A parabolic mirror (not shown) could be used
to concentrate the emitted power into the receiver. Internal reflections are not shown. Figure taken with
permission from [10].

3 Foundations of experimental approach

With this understanding of cosmological axions, we can consider how one might look for such
a particle. The most successful experiments to date are based on cavity resonators in strong
magnetic fields (Sikivie’s haloscopes [45]) such as ADMX [2], ADMX HF [3] or CULTASK [46].
However, these are optimal for ma . 20µeV, which has been considered the most natural range
for axion DM in Scenario A. For much lower values of ma nuclear magnetic resonance techniques
like CASPER [47] or with LC circuits [48, 49] could be e↵ective. Unfortunately, the high mass
regime has proven recalcitrant.

Because of this, the mass range favored in Scenario B is untouched by current experiments, and
for cavity haloscopes will remain so for the foreseeable future. While fifth-force experiments [50]
could search this region, they would not directly reveal the nature of dark matter. In [10] a
new concept to cover this important gap was introduced, capable of discovering ⇠ 100µeV mass
axions. It consists of a series of parallel dielectric discs with a mirror on one side, all within a
magnetic field parallel to the surfaces as shown in Fig. 4—a dielectric haloscope. In this section
we will follow the description contained in [10].

3.1 The principles of axion-photon conversion

As the axion interacts with photons via equation (2.3), it is worth seeing if one can use this
interaction to produce a detectable signal. We are interested in galactic dark matter axions,
which are in a highly occupied state and very non-relativistic (va . 10�3). The associated
de Broglie wavelength, 2⇡/mava & 12.4m (100µeV/ma), is larger than the dimensions of our
dielectric haloscope, which will be roughly a cubic meter. Thus we treat ✓ as a classical field and
take the zero-velocity limit, which implies an (approximately) homogeneous and monochromatic
✓(t) ' ✓0 cos(mat).

The interaction (2.3) enters as a current on the right-hand side (RHS) of the Ampère-Maxwell
equation,

r⇥B� ✏Ė =
↵

2⇡
Ca�B ✓̇, (3.1)

for a medium with permeability µ = 1 and dielectric constant ✏. When a static and homogeneous
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FIG. 2. Boost factor �(⌫a) for configurations optimised for
�⌫� = 200, 50 and 1 MHz (red, blue and grey) centred on
25GHz using a mirror and 20 dielectric disks (d = 1mm,
✏ = 25).

low, reaching �min ⇠ 275 across 50 MHz. The achievable
�min changes with the optical thickness of a disk—in the
example shown � ⇠ 0.8⇡, neither transparent nor fully
reflective. Note that for a given d, there are frequency
bands around ⌫a = 1, 3, 5, ... ⇥ ⇡/(

p
✏d) for which the

disks are transparent and � is limited to the sum of the
EM waves �min  2N + 1, where N is the number of
disks. Further, at ⌫a = 2, 4, 6, ... ⇥ ⇡/

p
✏d the disks do

not emit any radiation. Thus when large � or flexibil-
ity is required one must avoid these frequencies with a
di↵erent set of disks.

SETUP

Dielectrics with large ✏ enhance emission and resonance
e↵ects, leading to a higher �. A good candidate could be
LaAlO3 (✏ ⇠ 25, µ ⇠ 1), which has a very small loss
tangent ⇠ 10�5 at temperatures below ⇠ 80 K. The
transverse area is limited by the feasibility and cost of
an intense magnet: apertures larger than one square me-
ter are extremely challenging. Dielectric disks of that
area would be made by tiling smaller pieces and could
be repositioned using precision motors. The precision
required can be estimated by studying the analytically
tractable cases—the single cavity and the �a/2 symmet-
ric case [26]. We find that the positioning errors have
to be kept below ⇠ 200 µm

p
102/� (100 µeV/ma). For

example, for � ⇠ 103, � ⌧ 60 µm would be needed for
ma = 100 µeV, though the exact sensitivity depends on
the configuration. Thus it will probably be more prac-
tical to use a broadband search technique, scanning a
larger mass range in each longer measurement. We are in-
vestigating this requirement with a prototype setup using
20 cm diameter Al2O3 disks. Comparisons of the simu-
lated and measured transmissivity and reflectivity (which
are correlated with �) indicate that few µm precision

could be achieved. Di↵raction appears to be negligible
for the setup, but full numerical studies are required.
Thermal emission of the disks and mirror contributes

to the noise of the experiment, but is suppressed when
compared to a black body by both small dielectric losses
and a good reflectivity, respectively. However, the halo-
scope will reflect thermal emission from the detector into
itself. This e↵ect can be reduced by cooling the detec-
tor to cryogenic temperatures. As detector, we would
use a broadband corrugated horn coupled to a linear am-
plifier like state-of-the-art high-electron-mobility transis-
tor (HEMT) for its broadband capabilities (operable up
to 40 GHz) and/or quantum limited amplifiers. Using
a HEMT detector at room temperature we measured a
10�21 W signal at 17 GHz at 6� in a one week run—we
expect 100 times better performance at cryogenic tem-
peratures. With � ⇠ 400 we would be sensitive to QCD
axions.

DISCOVERY POTENTIAL

For a practical experiment one must scan across ma.
The procedure consists of arranging the disks to achieve
a roughly constant � in a region�⌫� , measuring for some
time �t, and readjusting the distances to measure an ad-
jacent frequency range. The required � for a reasonably
short �t is given by Dicke’s radiometer equation for the
desired signal to noise ratio, S/N = (P/Tsys)

p
�t/�⌫a,

where the system noise temperature is Tsys and the ax-
ion line width �⌫a ⇠ 10�6⌫a. Collecting the signal with
e�ciency ⌘, we get

�t

1.3 days
⇠

✓
S/N

5

◆2 ✓400

�

◆4 ✓1m2

A

◆2 ✓
ma

100 µeV

◆

⇥
✓
Tsys

8K

◆2 ✓10T

Be

◆4 ✓0.8

⌘

◆2

C�4
a� . (9)

In a single measurement we simultaneously search
�⌫�/�⌫a possible axion “channels”. Thus the time to
scan a given frequency range scales inversely to �4�⌫� .
As the Area Law implies that �2�⌫� is approximately
conserved, it appears that narrow resonant peaks are op-
timal, as with conventional cavity haloscopes.
However, both the required placement precision and

the time tR needed to reposition the disks limit �. With
80 disks to be adjusted, tR will be non-negligible—for
an optimal scanning rate the measurement and readjust-
ment times must be similar. The value of � required
to reach |Ca� | ⇠ 1 increases with ma, so the dielectric
haloscope could be adjusted to scan a wider mass range
simultaneously at low masses and increase � decreasing
the bandwidth as the scan proceeds to higher ma. If a
potential signal is found, the dielectric haloscope could
be reconfigured to enhance � at that frequency, quickly
confirming or rejecting it at high significance.

arXiv: 1611.05865
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Axion Limits
• World data (left), dielectric Haloscope (right) 

• A prototype (4 disks, 2T) would already exceed IAXO in this mass regime
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Figure 2. Constraints on a generic ALP with mass and coupling to two photons. Also shown the
prospects for the reach of IAXO, ALPS-II and axion dark matter experiments ADMX, ADMX-HF and
CAPP.

2.6 Axion dark matter

Dark matter axions can be produced in the early universe by at least two processes: in reactions
from SM particles in the thermal bath (thermal axions) and by the vacuum realignment mech-
anism (non-thermal axions). The thermal population is created with momenta similar to the
temperature of the Universe, while the non-thermal population has much smaller momenta, on
the order of the causal Horizon. Thermal axions constitute hot dark matter like ordinary neutri-
nos, while realignment axions constitute cold dark matter. Axions that satisfy the astrophysical
constraints are so weakly-interacting and have such small masses that the cold, non-thermal,
population strongly dominates.

In the vacuum realignment mechanism, the axion field starts with certain initial conditions,
which then evolve as driven by its potential energy, VQCD. The axion dark matter yield is thus
determined by initial conditions and not by thermodynamics.

Broadly speaking we can consider two types of axion cosmologies. They di↵er in the order of
two critical events: cosmic inflation and the PQ phase transition. The axion is an angular field
defined a 2 (�⇡,⇡)fa. Note that the low energy description we use is expected to break down
at energy scales ⇠ fa: at energy scales higher than fa other degrees of freedom will be relevant.
The PQ phase transition is the moment in the early Universe when these unknown elements
recombined or are restructured, leaving the axion field (and possibly others) as propagating
degrees of freedom. For an analogy, recall that quarks and gluons are the relevant degrees
of freedom of high energy QCD, but when the temperature of the Universe decreased below
⇤ ⇠ 150 MeV, the strong force became confining, combining them into baryons and mesons.
The PQ phase transition happens at energy scales ⇠ fa � ⇤, where the strong interactions
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Figure 9. Projection of sensitivities for dark matter axions and ALPs in the coupling vs. mass
parameter space. The model dependent predicted mass of dark matter axions in this representation lies
on the lines denoted DFSZ and KSVZ referring to the two most accepted models. For all limit setting
sensitivities an axion line width of 10�6, 8K total noise temperature of the benchmark system and 4�
separation from background have been assumed. For the MADMAX projection an 80 dielectric discs with
1m2 area setup in 10T magnetic field strength parallel to the discs have been assumed. Also shown are
sensitivity projections for prototype setups with 4 and 20 discs with 20 cm disc diameter in 2T and 3T
magnetic fields and for a pure magnetized dish approach after one week and five years of measurement.
The projected sensitivities are compared to existing limits from ADMX and other haloscope experiments
[63], from ADMX-HF [3]. Also the IAXO [64] sensitivity for solar axions and ALPs is indicated.

it will depend on the time needed to readjust the disc spacings with high enough precision in
order to change the power boost factor curve, i.e. either the bandwidth of the curve or the
frequency range in which the power boost is enhanced.

Scanning through the frequency range is planned according to the following procedure:

Position discs such that the boost factor curve has the desired “broad” (⇠ 50MHz) band-
width.

Take data until the predicted dark matter signal for the given mass range could be detected
within the probed bandwidth with a given probability P1 (to be defined).

Re-measure all candidate signal within “broad” bandwidth using disc positionings resulting
in narrow boost factor curve around the candidate signals. Using this higher expected
signal one would data until the probability required for detection of signal P2 >P1 is
reached.

– 19 –
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MADMAX Setup
• Dipole magnet: 

• ~1m2 aperture and ~10T field 
• Booster: 

• Mirror 
• ~80 dielectric disks 

• positioned to a few µm precision by motor 
• Parabolic mirror: 

• focus microwaves on receiver 
• Receiver: 

• Horn antenna 
• Cryogenic pre-amplifier

5

Figure 7. Baseline design of the MADMAX approach. The experiment can be divided into three parts:
1) magnet (yellow racetracks), 2) booster – consisting of the mirror (copper disc at the far left), the 80
dielectric discs (gray) plus parabolic mirror (copper disc at the right) and the system to adjust disc spacing
(not shown) – 3) the receiver – consisting of the horn antenna (gray) and the cold preamplifier inside a
separated cryostat (red).

5.2 The magnet

The photon–axion conversion at dielectric transitions scales with the magnetic field component
parallel to the surface B and the surface area A as B2A. When designing a magnet for the
haloscope it is this quantity that should be maximized while the maximum length for the setup
given by coherence issues, signal attenuation in the discs and mechanical constraints are con-
sidered. From the estimations above a magnet suitable for the experiment should reach at least
100T2m2 over a length of up to ⇠ 200 cm. Presently two design concepts that seem feasible are
discussed. They are based on the Canted Cosine Theta magnet design [55] and on a race-track
design [56]. In order to verify the feasibility of the concepts and to potentially identify di↵erent
magnet approaches, design studies are being ordered. These should reveal the time and cost
scales of the proposed magnets within the next year.

5.3 The booster

Depending on the size of the magnet, it will be necessary to use up to 80 discs placed inside a
magnetic field with strength ⇠ 10T. According to eq. 3.5 the mean distances between the discs,
ranging from ⇠ 20mm at 10GHz to ⇠ 2mm at 100GHz will have to be aligned with a precision
of about 10µm and 1µm, respectively. For 80 discs this would necessitate a length of the system
of up to 200 cm (low frequency setup). The booster could consist of framed discs with thickness
⇠ 1mm, connected to precision rails on which they can be moved by a mechanism connected

– 16 –
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Proof-of-principle Experiment (MPI)
• Five sapphire disks (200mm diameter) 
• Positioning to better than 15 µm 
• Cold pre-amplifier 

• Measured 
• amplifier properties 
• transmissivity and reflexivity of disks

6

Figure 12. Left: Proof of principle setup for transmission measurements with five discs. Right: receiver
system

four samplers reduces the dead time of the system due to internal signal conversion and memory
storage from 75% to less than 2%.

The setup described above was used for first proof of principle measurements. These mea-
surements indicate that the assumptions on 10 –30GHz receiver sensitivity and disc placement
precision, necessary to estimate the sensitivity of the MADMAX approach are realistic. Some
details on these measurements are described in this section.

6.1 HEMT preamplifier measurements

First measurements with the HEMT preamplifier performed inside liquid helium have been
performed. The gain and noise behaviors are shown in Fig. 13. While the gain as function of
frequency was confirmed to behave as expected from the data sheet, the measured noise was
higher by ⇠ 2K with respect to expectations from the data sheet. This is attributed to the
non-optimal preliminary setup inside a liquid helium transport dewar.

To determine the required signal strength, the receiver system described above was used for
measurement of a weak signal (⇠ 5 ⇥ 10�23 W) at 17.8GHz with a sampler bandwidth of
50MHz with a Fourier transform bin-width of 2 kHz and the preamplifier inside liquid helium.
The injected signal corresponds to a photon flux with bandwith of 10�7 of the freequency (instead
of 10�6

asexpectedfromanaxionsignal of 4.2 photons per second. The fake axion signal could
be detected within three days measurement time with & 4� separation from background.

6.2 Transmissivity and Reflectivity measurements

The axion (or hidden photon) to photon conversion can be treated classically: it simply sources
an additional term in the Maxwell equation (see sec. 3). This implies that transmissivity and
reflectivity of the haloscope can be calculated for a given boost factor curve. Hence, they can be
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Figure 13. Gain and noise measurements of the HEMT preamplifier at 4.1 K. Expectations from the
data sheet are also shown.

used to verify the simulated boost factor behavior. This is used to test the calculations of the
boost factor and to aid correct disc placement. This has been done with the prototype setup
shown in Fig. 12.

In general for the group delay distribution one expects as many peaks as there are discs, while
for the transmissivity there appears one peak less than there are discs in the setup. For both
curves the peak at highest frequency has the highest correlation with the expected boost factor
curve.

A comparison of a transmissivity measurement with 1-D simulation is shown in Fig. 14. While
details of the transmissivity behaviour di↵er slightly, the general behaviour is encouragingly sim-
ilar, especially the position of the peak at highest frequencies, which has the highest correlation
with the boost factor curve. The same has been consistently verified for reflectivity measure-
ments using group delay peaks.

The long term stability was investigated using a long term (⇠ 15 hours) reflectivity mea-
surement with four sapphire discs and a metallic mirror. The variations of the peak position,
attributed to mechanical (vibration) or thermal (contraction or expansion) changes in the setup,
are of the order of 1MHz, substantially narrower than the envisioned bandwidth of the boost fac-
tor. This proves that long-term measurements can be performed over a sizeable bandwidth even
under these experimental conditions (without vibrational damping and temperature fluctuations
of the order ± 10C).

In order to improve the match between measurement and simulation, an algorithm is being
developed for disc placement:
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Figure 14. Left: First smoothened transmission measurement (red) taken with five manually adjusted
Al2O3 discs between receiver and emitter compared to the behavior predicted by simulation (blue). Right:
reflectivity (black) and group delay (red) measurements as compared to simulation for a 3 disc setup after
optimization of disc spacings using an iterative algorithm.

A reflectivity measurement is done.

Group delay and reflectivity are compared to the ones calculated for the given boost factor
curve. The algorithm calculates a set of disc positions with which a better agreement
between measurement and expectation can be obtained.

The discs are positioned to this new set of coordinates.

The reflectivity and group delay measurements are repeated.

This is done iteratively until the positions converge and the di↵erence is tolerably small.

Fig. 14 (right) shows for a preliminary realization of the algorithm using a three disc plus
mirror setup the comparison of measured and simulated reflectivity and group delay as a function
of frequency after optimization. With the current algorithm typically convergence happens
after ⇠ 30 iterations, with a very good match between the two spectra. The specification on
the accuracy of disc thickness is 25µm. In order to get the best match between simulation and
measurement the disc thickness used for the simulation had to be adjusted within the uncertainty
range. For several attempts the reproducibility of the individual disc positions was within 1µm.
This gives confidence that the precision can be well controlled, at least for 20 cm discs.

7 Towards realization of MADMAX: magnets, prototypes and sites

It is encouraging that the receiver sensitivity and the precision of disc placement could be verified
experimentally for a 20 cm diameter, four disc plus mirror setup. Before a full scale experiment
can be built, however, additional investigations have to be performed.

The proposed components have to be tested for their performance in a strong magnetic
field.

A technology to obtain dielectric disc areas of ⇠ 1m2 has to be developed and tested.

– 24 –
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MADMAX at H1
• MADMAX Magnet Infrastructure

7

 11 

5.c Description of the Activity 
This proposal aims at improving existing and creating new cryogenic infrastructure at DESY for 
experiments and detector tests. Key projects of the Quantum Universe cluster rely on cryogenic 
infrastructure for new experiments and detector developments. Examples are:  

• The WISP- and axion-search experiments planned at DESY in collaboration with UHH 
and within the framework of the „Quantum Universe“ Cluster of Excellence rely on liquid 
Helium supplies for superconducting magnets. Examples are the ALPS II experiment 
and the MADMAX experiment.  

• Studies for cryogenically cooled mirrors for future gravitational wave experiments (ex-
tensions of LIGO and others) rely on cryogenic infrastructure. 

• Future detector developments will use test environments with high magnetic fields gene-
rated, e.g., by an existing 5T superconducting magnet.  

• Similarly, the cryogenic infrastructure can play a crucial role in advanced detector R&D.   
 
Despite its orientation towards Cluster of Excellence projects, the platform is conceived as a 
general-purpose infrastructure that can be used by all activities on the Bahrenfeld campus; it will 
therefore become an important asset for DESY and UHH that could easily be extended to serve 
the needs of other future on-site experiments. In its initial form, the platform will deliver liquid 
helium (LHe) at 4 K.  
 
The scenario for the suggested cryogenic platform relies on the existing three (formerly HERA) 
cold boxes at DESY (“cryo plant”) and on the former HERA hall north (DESY building 51), in 
which the ALPS II experiment is being installed. The same area is planned to host the MAD-
MAX experiment and cryogenic setups for R&D on future Gravitational Wave experiments. 
 

 
 

Figure 1: Schematics of cryogenics connections and installations  
for an example experiment (“MADMAX”). 

Erika Garutti / 1510-11/05/2017 - Saclay 

The H1 magnet yoke

7

3.3	m	

~	7	m	

• MADMAX	must	be	installed	on	a	support	plaVorm	
• the	beam	pipe	opening	in	the	yoke	can	be	enlarged	
• the	L	piece	hos8ng	the	antenna	will	be	outside	the	yoke

Madmax Collaboration Meeting – 19/10/2017 8W. Abdel Maksoud

First evaluations: 4 racetracks actively shielded dipole

Field specification + +

Peak field - 15.7 T is quite high Æ should be optimized
Stress analysis +
Conductor design +

Mechanical layout + +
Superconductor - Only feasible with Nb3Sn due to high peak field
Stray field + +

Compatibility H1 yoke - - Useless yoke / Could be too big for the H1 yoke (already 4mx3m 
with no layout, shields and cryostat) / Shielding coils contribute to 
40 % of the main field so cannot be just taken off from the design

Magnet volume +

Field lines

Stray field 
(0.5 T – 25 mT)

E. Garutti

W. Abdel Maksoud



Erika Garutti / 1510-11/05/2017 - Saclay 

The H1 magnet yoke

3

• 60	cm	thick	stainless	steel		
• inner	radius	3.3	m		
• divided	in	two	ver8cal	halves		
• mounted	on	movable	rails			
• can	be	opened	to	access	inner	volume	
• 2	m	movement	in	~	20	min.		



Erika Garutti / 1510-11/05/2017 - Saclay 

MADMAX in the DESY North Hall

10

25
 m

Phase-II
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MADMAX Magnet Design
• Design studies in MADMAX 

collaboration: 
• Babcock Noell 
• CEA Saclay 

• Challenging magnet design 
• large field (>10T) 
• large bore (>1m) 

• Stray fields should be low 
enough to allow co-use of 
the experimental area 

• Use of H1 yoke would have 
an impact

10
Madmax Collaboration Meeting – 19/10/2017 15W. Abdel Maksoud

First evaluations summary 

Field specification + + + + - - + +
Peak field - ++ + ++
Stress analysis + - - - - +
Conductor design + - - - - +  
Mechanical layout + + - - + + - -
Superconductor - + + + + +
Stray field + + - - - - - -
Compatibility H1 yoke - - + + - + +
Magnet volume + + + - - + +

First order 
conclusions that will 
be confirmed by 
further detailed 
studies

Encouraging 
solution that has 
to be optimized 

if shielding is 
required

Seems not 
feasible due to 
technological

limits (conductor 
, layers, …)

Seems not 
feasible due to 
design, techno 
and cost limits 

(field, cond, vol)

Encouraging 
solution if the H1 

yoke fits with 
the stray field 
requirements 

W. Abdel Maksoud
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H1 Yoke Simulation
• CST EM Studio 

• specialised tool for low-frequency 
and static EM calculations 

• Full 3D tetrahedral mesh, 
magnetostatic solver 

• Simplified model of the H1 yoke 
• Cylindrical model instead of 
octagonal 

• Plate structure 
• Steel ST1010 

11
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Coil Modelling
• Magnet is a simple arrangement of four 

„Helmholtz-like“ coils 
• 2m long, 1x1m space in the centre 
• no mechanics, no check of forces, nothing… 

• Number of windings and current tuned to 
reach 10T central field 

• Correction („anti-Helmholtz“) coils with 
switched polarity 

• When correction coils are off, set central 
coils to have 1/3 higher current to recover 
central field at ~10T

12
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Magnetic Fields without Yoke
• Front view, cutting plane at z=0 

• left: correction coils off 
• right: correction coils on

13
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Magnetic Fields with H1 Yoke Closed
• Front view, cutting plane at z=0 

• left: correction coils off 
• right: correction coils on

14
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Magnetic Fields with H1 Yoke Opened by 1.5m
• Front view 

• left: correction coils off 
• right: correction coils on

15
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MADMAX in H1 Yoke

16
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MADMAX Collaboration
• Formally founded on 18 October 2017 
• Groups: 

• U Aachen (D) 
• U Hamburg (D) 
• U Tübingen (D) 
• U Zaragoza (E) 
• MPI für Radioastronomie, Bonn (D) 
• MPI für Physik, Munich (D) 
• CEA-IRFU Saclay (F) 
• DESY 

• Timeline 
• Finding Phase 

• verify concept, review of theoretic background 
• Design studies for magnet concept and mechanics 
• Smaller prototype by 2021 

• some physics reach 
• Real experiment after 2021

17
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What is in it for FLC?
• So far FLC is/was involved in:  

• Support in simulation of magnetic stray fields 
• „Spin-off“ from the cryo platform work 
• Expertise in FLC: Uwe, KB 

• Technical support: 
• H1-Hall preparation (K. Gadow) 

• Physics is interesting, but of course closer to ALPS-II (Ringwald, Lindner, et al.) 
• Expertise for MADMAX technologies is not so strong in FLC 

• Magnet design, cryogenics 
• Mirrors 
• Microwave receiver 
• Positioning 

• But, it could be fun 
• It is in-house and it will (most probably) happen 
• Timelines are commensurate with ILC: 

• most technical work done before, e.g. ILD construction would start
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