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d~v
~ + e(~v ⇥ B)
~
m = eE
K~v ,
(3
D. Taqqu, PRL 97, 10 (2006)
dt
Working
principle
muCool: A novel low-energy muon beam for future precision experiments
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here m and e = +|e| are the mass and charge of the muon, ~v its instantaneous
city and K describes a frictional force proportional to ~v that is caused by collisio
ith the gas atoms. It turns out that the ratio m/K has the dimension of a char
ristic time, thus we can define ⌧c ⌘ m/K, where ⌧c is the mean free time betwe
ollisions [48, 49]. For t
⌧c , a steady state is achieved where d~v /dt = 0 and Eq. (3
ecomes
e ~
1
e
E = h~v i
(h~v i ⇥ B).
(3
m
⌧c
m

order to solve this equation, we introduce the cyclotron frequency as ! = (e/m
nd define the mobility µ of the muons in the gas as µ ⌘ (e/m)⌧c . The station
lution ~vD = h~v i of the above equation is called the drift velocity vector. Solv
q. (3.2), one obtains the drift velocity vector ~vD [49]:
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here Ê and B̂ are the unit
vectors
E and
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B̂ direction
HIMB
workshop,
06.04.2021
3
constant B field (as is our case), the cyclotron frequency ! stays constant wit
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Transverse
compression: working principle
Working principle – 1 stage
st

f" ∝ gas density

Working principle – 1st stage
f" ∝ gas density

6 K: high f"

19 K: low f"
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Transverse compression: simulations

E

Extension
Extension
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Transverse compression: simulations & measurements
e+

Compression: E-field + T-gradient
e+

Drift: only E-field
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More …..

Figure 62: Bottom hole, compression sim.
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3.3 electric field scan - comparison with the simulation
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The measured and simulated time-spectra are shown in Fig. 61. Most of
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Transverse compression: setup & target
A. Antognini et al., PRL 125, 164802 (2020)
I. Belosevic, PhD Thesis ETH Zurich (2019)
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Longitudinal compression: simulation
4

I. Belosevic et al.

eft) Sketch of the transverse target. Trajectories of muons for three di↵erent starting
are sketched, as described in the text. (Right) GEANT4 simulation of the muon
s in the transverse target. Muons start around x = 15 mm and drift in +x-direction
ltaneously compressing in the y-direction.
Fig. 2 (Left) Sketch of the transverse target. Trajectories of muons for three di↵erent starting
positions are sketched, as described in the text. (Right) GEANT4 simulation of the muon
trajectories in the transverse target. Muons start around x = 15 mm and drift in +x-direction
while simultaneously compressing in the y-direction.

Fig. 3 (Left) Sketch of the setup used to measure longitudinal compression. (Right) GEANT4
simulation of the muon z-position versus time in the longitudinal compression stage.

The GEANT4 simulation of the muon trajectories under such conditions is
eft) Sketch
the
setupMuons
used start
to measure
(Right) GEANT4
shown inof
Fig.
2 (right).
at around xlongitudinal
= 15 mm withcompression.
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Longitudinal compression: measurements
Y. Bao et al., PRL 224801 (2014)
I. Belosevic et al., EPJC 79, 430 (2019)

Fig. 2 (Left) Sketch of the transverse target. Trajectories of muons for three di↵erent starting
positions are sketched, as described in the text. (Right) GEANT4 simulation of the muon
trajectories in the transverse target. Muons start around x = 15 mm and drift in +x-direction
while simultaneously compressing in the y-direction.

HV = —500 V

Measured (dots) and simulated (lines) positron hits in the 21
ors shown
2, for
t = 150
ns and
t =used
2000tons.
The centerFig.in3Fig.
(Left)
Sketch
of the
setup
measure
longitudinal compression. (Right) GEANT4
HV = OFF
simulation
the adjacent
muon z-position
versus
in the
distance
betweenoftwo
scintillators
is time
10 mm.
Thelongitudinal compression stage.
d data is the same as in Fig. 3, but convoluted with the geometHV = +500 V
ptance of the detectors. The width of the peak at t = 2 µs is
e large geometrical
acceptance
of the 21 scintillators
and does
The GEANT4
simulation
of the muon
trajectories under such conditions is
t the width
of the
directly
(compare
Fig. 3). x = 15 mm with about 10 mm
shown
in muon
Fig. 2swarm
(right).
Muons
start with
at around
ed areas
show in
thethe
simulated
contribution
to the
hits while
Fig. 6simultaneously
Measured (dots)compressand simulated (line) time spectra for 5 mbar
spread
y-direction
and drift
in positron
+x-direction
ons stopped
regions
I and II. The
data
the simulations
He gas
and is
potentials
ing ininthe
y-direction.
At x
= and
20 mm,
the muon spread
in pressure
y-direction
reducedof 500 V (red), 0 V (black) and
n corrected
for the
finite muon lifetime by multiplying the
+500 V (green). The data has been normalized to the number of into about
1 mm.
t/2198ns
th e
.
coming muons inHIMB
the entrance
detector D1
and fitted06.04.2021
simultaneously
workshop,
PSI
Aldo Antognini
11

The general scheme
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Mixed transverse-longitudinal compression
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Mixed compression: simulations
(a) HV = 3.72 kV, (E T , E L ) = (0.89, 0.32) kV/cm,

(a) HV = 3.72 kV, (E T , E L ) = (0.89, 0.32) kV/cm,

(b) HV = 4.16 kV, (E T , E L ) = (1.00, 0.35) kV/cm,

HIMB workshop,
PSI
Aldo
Antognini
(b) HV = 4.16
kV,
(E T , E L ) = (1.00, 0.35)
kV/cm,
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A single frame (gray) is used to glue the target and
New target design
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Mixed compression: measurements
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Mixed compression: discrepancy

Simulations &
measurements
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A single frame (gray) is used to glue the target and
New target design
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A single frame (gray) is used to glue the target and
New target adaptable to extraction
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Gas injection for extraction

He

He

destroy the vertical density
gradient

µ⁺

Gas barrier for the target

He
µ⁺
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Extraction (base scheme)
gas injection
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0

z

Extraction — pulsed re-acceleration

Potential

z

0
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0

z

Extraction — pulsed re-acceleration

Accumulation can be very complicated:
degradation of beam quality
muon decay
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z

Extraction — cw re-acceleration

x

Potential

x<0

x=0

z

0
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The muCool setup
HV = 10 kV

B= 5 T
Solenoid

The muCool setup has an overall bias
needed for acceleration

Aldo Antognini
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voltage of 10 V and guided to an experimental room in a solenoidal magnetic field. The
slow positron beam produced in the magnetic field B0 with a radius of r0 and (1)
a
transverse energy spread , E⏊0 is adiabatically transported to a region of lower magnetic
field Bi. The radius ri and the transverse energy spread E⏊i of the beam depend on the
magnetic field Bi as

Extraction from B-field

(2)

Charge particles follow magnetic field lines

.
The beam is accelerated to 5 – 10 keV and emerged from the solenoidal
(1) magnetic field
Bi to field-free space ,where an electrostatic lens and theBPRM are located. The positrons
receive an additional momentum p⏊ in the transverse direction during the transition
between two regions with different magnetic field strength, since the(2)
positrons are not
.
transported adiabatically.
It is essential to reduce p⏊ in order to focus the positron
The beam
is accelerated
to 5 To
– 10suppress
keV and emerged
the solenoidal
field using a
beam
to a small
spot size.
p⏊, thefrom
magnetic
field Bimagnetic
is terminated
Bi to field-free
spacehaving
where an
electrostatic
lensas
andshown
the PRM
are
located.
The
positrons
magnetic
shield
parallel
stripes,
in
Fig.
2.
By
this
structure, the
The
magnetic
field
can
be
terminated
so
that
the
beam
transits
from
a
region
to
receive an additional momentum p⏊ in the transverse direction during the transition
magnetic
flux with
is guided
into
stripes and
pstrength,
besince
suppressed
by taking
a distance
⏊ can
another region
different
fieldthe
strengths.
in this
process
the the
charge
particle
between
two regions
with different
magneticBut
field
positrons
are not
between
stripestraverse
w smaller
values.toAccording
Lorentz
equation
of motion, the
receive antwo
additional
transported
adiabatically.
It ismomentum
essential
reduce p⏊tointhe
order
to focus
the positron
maximum
transverse
momentum
and the
energy
spread areusing
givena by
beam to a small
spot size.
To suppress
p⏊, corresponding
the magnetic field
Bi is terminated
pI
magnetic shield having parallel stripes, as shown in Fig. 2. By this structure, the
magnetic flux is guided into the stripes and p⏊ can be suppressed by taking a distance(3)
between two stripes w smaller values. ,According to the Lorentz equation of motion, the
maximum transverse momentum and the corresponding energy spread are given by

,

(3)

,
,

■■■

(4)

(4)

Gerola et al.,
Rev. Sci. Instrum. 66 (7) 1995
FIG. 2. The model used for the computer simulation of the aperture, at the
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center of a full iron disk of 60 cm diameter. The rings and the bars are 1 and
2 mm wide, respectively. The thickness of the shield is 1 cm. The total
radius of the aperture is 5 cm. The dimensions of the manufactured shield
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Extraction from B-field
~ = B0 êz
B

~ =0
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Terminate B-field
The radial component produces an azimuthal force

evz Br (z)

The azimuthal force produces a divergence
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voltage of 10 V and guided to an experimental room in a solenoidal magnetic field.
slow positron beam produced in the magnetic field B0 with a radius of r0 a
transverse energy spread E⏊0 is adiabatically transported to a region of lower mag
field Bi. The radius ri and the transverse energy spread E⏊i of the beam depend o
magnetic
Bi as diameter of 1mm
At B = 4field
T : beam

Extraction from B-field

(1)

,

(2)

.
The beam is accelerated to 5 – 10 keV and emerged from the solenoidal magnetic
Bi to field-free space where an electrostatic lens and the PRM are located. The posi
Terminate
B-field atmomentum
B=0.01 T with
spacing
receive
an additional
p⏊ 2
in mm
the grid
transverse
direction during the trans
between
two divergence
regions with2different
Far field
mrad magnetic field strength, since the positrons are
transported
adiabatically.
is essential to reduce p⏊ in order to focus the pos
Beam diameter
is 20Itmm
beam to a small spot size. To suppress p⏊, the magnetic field Bi is terminated us
Transmission
70% parallel stripes, as shown in Fig. 2. By this structure
magnetic
shield having
magnetic flux is guided into the stripes and p⏊ can be suppressed by taking a dist
between two stripes w smaller values. According to the Lorentz equation of motion
maximum transverse momentum and the corresponding energy spread are given by
B=0.01 T

,
,
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Preliminary simulations of extraction
sapphire (extended by 8 mm)
plastic frame

1×1×2 mm3 orifice

He

Aldo Antognini
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Preliminary simulations: density
Continuous flow simulations with ANSYS
(accurate till 5 mm from last wall)

Cryo

genic

Targe He injection
t
Pumped re
gio

n

Differentially pumped region will be
simulated with Monte Carlo approaches

He injection
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Preliminary simulations: temperature

Aldo Antognini
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Preliminary simulations: density
Injection at 100 K, 10 mbar

He injection

10 mbar

Cryogenic Target

Pumped region
optimistic configuration !!

5 mm inside pumped region:
500x smaller density relative to target

Aldo Antognini
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Preliminary simulations: density gradient in target
Cryo

genic

He injection
Targe
100 K
t

Density gradient is only minimally
affected by gas injection

4 mm from tip inside gas target:

Aldo Antognini

He injection
100 K
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z

Efficiency for cw acceleration using mixed target
HIMB
HIMB
HIMB

3 x 10-1 Injection into solenoid and coupling into gas target
6 x 10-3 Stopping in active region of gas target (10 mbar, 14 K)
1.0 x 10-1 Compression towards orifice (in about 5 μs)

x

6 x 10-1 Extraction from orifice
4 x 10-1 Drift from orifice to re-acceleration region
Accumulation and pulsing
8 x 10-1 Muon decay till end of solenoid
7 x 10-1 Transmission through grid
2.5 x 10-5 Total efficiency

Using demonstrated mixed target
10% (FWHM) momentum bite is a big problem
Stopping probability in 10 mbar He @ 14 K, 5 T:
2.1% FWHM= 1%
1.6% FWHM= 3%
0.6% FWHM= 10%

Aldo Antognini
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z

Efficiency for cw acceleration using mixed target
5 x 10-1

3 x 10-1 Injection into solenoid and coupling into gas target

1 x 10-2

6 x 10-3 Stopping in active region of gas target (10 mbar, 14 K)

1.5 x 10-1

1.0 x 10-1 Compression towards orifice (in about 5 μs)

6 x 10-1

6 x 10-1 Extraction from orifice

4 x 10-1

4 x 10-1 Drift from orifice to re-acceleration region

x

Accumulation and pulsing
8 x 10-1

8 x 10-1 Muon decay till end of solenoid

7 x 10-1

7 x 10-1 Transmission through grid

1.0 x 10-4

Potential

x<0

2.5 x 10-5 Total efficiency

Using demonstrated mixed target

x=0

Upper limit with this mixed layout

“Adjabatic” efficiency improvements
E-field design, colder T, larger active region, smaller B,
elongated orifice, material that allows larger field strengths…..

Aldo Antognini
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Applications
Assume an efficiency of 5 x 10-5 (cw extraction)
⇨ Muon rate of 5 x 105 µ/s

µSR

Muonium spectroscopy

Focus the beam to 1 mm diameter
(@ 5 keV), better overlap with lasers

Focus the beam to have > 100 mrad
⇨ beam diameter of < 1 mm (@ 10 keV)

Improve laser excitation rates by > 200
compared to present experiment at LEM

Beam could be switched between multiple
spectrometers operating in parallel to avoid
pile-up losses.
Including 60% losses to transport the
muons to the various spectrometer
3 beamlines (left, center, right) with
5x104 µ/s each and sub-mm size could
be operated

P. Crivelli

LEM
2020

µ
Mu

Well suited also for post-acceleration to
hundreds of keV

A. Masamitsu

µ

Aldo Antognini
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Applications
Muonium gravity

A. Soter

Assume an efficiency of 5 x 10-5 (cw extraction)
⇨ Muon rate of 5 x 105 µ/s @ 10 keV, sub-mm size

Measure g with an accuracy of
1 m/s2 in 2 weeks
100 nm grating pitch

The low energy
improves muon to vacuum muonium conversion
The small size
simplifies grating production (pitch, size, precision)

Aldo Antognini

Alternative with Whispering Gallery setup
is explored where the size of the muCool
beam is even more important (A. Soter &
V. Nesvizhevsky)

HIMB workshop, PSI
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Applications (push muCool performance)
µEDM

P. Schmidt-Wellenburg

To have dμ < 10-23 e cm
5 x 105 µ/s @ 125 MeV/c,
100 kHz rep. rate pulsing
Phase-space V: 2 mm mrad
Phase-space H: 20 mm mrad
4 ns timing

Alternative: cw extraction + entrance detector
Assume cw extraction efficiency of 5 x 10-5
20% losses in post-acceleration stage
⇨ Muon rate: 4 x 105 µ/s
-

Improve dμ limit (relative to µE1) by

-

Less background?

2 (pileup !)

Presently using µE1
5x 104 µ/s @ 125 MeV/c
Requires post-acceleration from
1.5 MeV/c to 125 (200) MeV/c

A. Masamitsu

Aldo Antognini

Next improvement 2 muons per bunch at 200 kHz pulsing
leads to a muon rate of 4 x 105 µ/s
with a factor of 3 losses during accumulation an
extraction efficiency of about 1.5 x 10-4 is needed
beam size increase during accumulation?

HIMB workshop, PSI
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Summary
Long way to go
Injection into solenoid and target

👍 Compression in target

Total estimated efficiency for CW-extraction
HIMB output → muCool outside solenoid:
2 x 10-5 —

1 x 10-4

Extraction from gas target
Drift from orifice to re-acceleration region
Acceleration
Extraction from B-field

For pulsed extraction there are additional losses

E:
ΔE:
Diameter:
Divergence:

10 keV
100 eV
20 mm
2 mrad

Many challenges & risks
Mechanical stability
Discharge issues
(could increase at the HIMB rates, target
tested only at 10 kHz)
Gas, vacuum and thermal management
Beam degradation in drift-region,
accumulations and re-acceleration

Aldo Antognini

Larger improvements ?
If dispersion could be obtained at target position
the stopping probability could be increased by a
factor of 2 (inhomogeneous degrader)
Other target layout & material?
Concatenation of two mixed compression regions
could be used to double stopping efficiency.
Issues: evacuation / μ-He-collisions

HIMB workshop, PSI
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Is possible to decrease phase space?
NbTi/Nb/Cu multilayer shield for the
superconducting shield (SuShi) septum
D. Barna∗† , M. Novák∗ , K. Brunner∗ , C. Petrone‡ , M. Atanasov‡ , J. Feuvrier‡ , M. Pascal‡
∗ MTA Wigner Research Centre for Physics, Budapest
† barna.daniel@wigner.mta.hu
‡ CERN, Geneva

Abstract—A passive superconducting shield was proposed
earlier to realize a high-field (3-4 T) septum magnet for the
Future Circular Collider. This paper presents the experimental
results of a potential shield material, a NbTi/Nb/Cu multilayer
sheet. A cylindrical shield was constructed from two halves, each
consisting of 4 layers with a total thickness of 3.2 mm, and
inserted into the bore of a spare LHC dipole corrector magnet
(MCBY). At 4.2 K, up to about 3.1 T at the shield’s surface
only a leakage field of 12.5 mT was measured inside the shield.
This can be attributed to the mis-alignment of the two half
cylinders, as confirmed by finite element simulations. With a
better configuration we estimate the shield’s attenuation to be
better than 4 × 10−5 , acceptable for the intended application.
Above 3.1 T the field penetrated smoothly. Below that limit no
flux jumps were observed even at the highest achievable ramp
rate of more than 50 mT/s at the shield’s surface. A ’degaussing’
cycle was used to eliminate the effects of the field trapped in
the thick wall of the shield, which could otherwise distort the
homogeneous field pattern at the extracted beam’s position. At
1.9 K the shield’s performance was superior to that at 4.2 K, but
it suffered from flux jumps.
Index Terms—superconducting shield, NbTi, septum magnet,
Future Circular Collider, accelerator

Superconductor that cancel or decrease B-field

Freeze desired amount of B-field to keep polarisation, e.g. 0.1 T
6 mm thickness needed to shield 5 T, 5 K operation

The Future Circular Collider (FCC) study was launched in
2014 to identify the key challenges of the next-generation
particle collider of the post-LHC era, propose technical solutions and establish a baseline design. In its early phase the
parameters are subject to frequent changes. The current values
of the relevant parameters are shown in Table I. One of the key
problems of the proton-proton ring is the high beam rigidity
and the very strong magnetic fields required to manipulate this
beam. A new generation of superconducting dipole magnets
using Nb3 Sn conductors is being developed to produce the
16 T field necessary to keep the beam on orbit. The beam
extraction system uses so-called septum magnets, which create
zero field at the position of the circulating beam, and a high
field region in close proximity for the extracted beam kicked
off-orbit by upstream kicker magnets. The unprecedented
beam rigidity (a factor of 6.6 higher than in today’s highestenergy ring, the LHC) puts serious requirements on these
magnets as well. A magnetic field of at least 3 T is desired
in order to keep the total length of the septa within limits,
and the apparent septum thickness (total thickness of all
materials, including beam pipes and beam screens between
the two regions) needs to be minimized in order to relax the

Super-conducting shield could be used also to accelerate muons
Injection through a tiny slit or hole
Use strips as before to drift atoms into shield with ExB
grad B effect on muon motion ?
Collisions in injection region

I. I NTRODUCTION

Parameter
Circumference
Collision energy
Injection energy
Septum field homogeneity
Septum integrated field
Deflection by the septa
Deflection by the kickers
Maximum apparent septum thickness

Symbol

!

B dl
αs
αk

Value
80-100
50+50
1.3/3.3
±1.5
190
1.14
0.13
25

requirements on the kicker magnets’ strength. The ta
is 25 mm, which corresponds to a thickness of 1
of the shield itself, without beam pipes and beam
These lead to a very sharp transition between the
and no-field regions of the septa. These requirement
more important for the high-energy LHC (HE-LH
(an alternative to the FCC), which would use FCC t
in the LHC tunnel, where space is very limited.
In a recent proposal [1] this field configuration
realized by the combination of a superconducting ma
passive superconducting shield, referred to as a sup
ing shield (SuShi) septum in the following. The ge
the shield and the magnet winding need to be optimi
taneously to give the required field homogeneity o
shield. While a complete demonstrator prototype cr
homogeneous field pattern would be a major project
the design and construction of a special superconduc
net, different superconducting shield materials can
tested in simpler setups and existing magnets. Thes
study the performance of the shield materials in gen
special focus on the following points: (i) Maximum
field with a given thickness. This defines the appare
thickness of the septum magnet for a given magn
(ii) Stability against flux jumps, which lead to t
collapse of the shielding currents and the penetrat
magnetic field to the circulating beam. Besides an
beam abort, the shield would need to be heated
critical temperature and cooled back in zero field
reset”) in order to eliminate the trapped field. This
long process, leading to unacceptably long deadt
shield itself must be stable against spontaneous fl
and external perturbations such as energy depos
to beam loss must be minimized in the accelera

Probably wrong
thinking and stupid
idea

Alternative: Longitudinal extraction from target and longitudinal injection in shield
Aldo Antognini

TABLE I
R ELEVANT PARAMETERS OF THE F UTURE C IRCULAR C O
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