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Working principle
muCool: A novel low-energy muon beam for future precision experiments 3

Fig. 1 Scheme of the proposed muon compression beam line. Muons from the secondary

µ+
beam enter the transverse compression stage, where they are first stopped in the helium

gas and then compressed in transverse (y) direction by using the combination of a vertical

temperature gradient and the electric and magnetic fields. After that, they enter the longitu-

dinal compression stage, where they are compressed in the longitudinal (z) direction and then

extracted into the vacuum.

cyclotron frequency ! = eB/m. However, the presence of the He gas leads to µ+-
He collisions that modify the muon motion. The deviation from the Ê⇥B̂ direction
(averaged over many collisions) will be proportional to the collision frequency ⌫c
between muons and He atoms, as described by the following equation [14]:

tan ✓ =
⌫c
!
, (1)

where ✓ is angle of the muon drift velocity relative to the Ê⇥ B̂ direction. Thus,
we can manipulate the muon drift direction by changing the collision frequency
⌫c.

The collision frequency can be made position dependent by having di↵erent
gas densities in di↵erent regions of our setup. In the transverse compression target
this is achieved by keeping the upper wall of the target at 12 K and the lower at
4 K which creates a temperature gradient and therefore also density gradient in
the y-direction [15].

In the middle of the target (at y = 0, see Fig. 2 (left)), the gas density is chosen
such that ⌫c

! = 1. According to the Eq. (1), at this condition the muons drift at

45� angle with respect to Ê ⇥ B̂ direction, which in our case corresponds to the
+x�direction (see gray trajectory in Fig. 2 (left)).

In the top part of the target, the gas density is lower, which means that ⌫c
! < 1

and muons move essentially in the Ê⇥ B̂ direction. With our field configuration,
this corresponds to muons moving �y-direction while drifting in the +x direction
(red trajectory in Fig. 2 (left)).

In the lower part of the cell, at larger gas densities, ⌫c
! > 1, the muons drift

mostly in electric field direction, i.e in +y and +x directions (blue trajectory in
Fig. 2 (left)). The result is transverse (in y-direction) compression of the muon
beam.

3.1. The basic concept

they can all be initially tested individually, thus simplifying the experimental devel-
opment significantly. A scheme of the target is shown in Fig. 3.1, and the different
stages are described in more detail in the next sections.

3.1.1 The drift velocity vector
The working principle of our novel beam line can be understood by considering the
drift velocity vector ~vD of the µ+ in gas. In the presence of electric and magnetic
fields, the motion of a µ+ in gas (this is of course true for any ion) can be described
by the equation:

m
d~v

dt
= e ~E + e(~v ⇥ ~B) � K~v, (3.1)

where m and e = +|e| are the mass and charge of the muon, ~v its instantaneous ve-
locity and K describes a frictional force proportional to ~v that is caused by collisions
with the gas atoms. It turns out that the ratio m/K has the dimension of a charac-
teristic time, thus we can define ⌧c ⌘ m/K, where ⌧c is the mean free time between
collisions [48, 49]. For t � ⌧c, a steady state is achieved where d~v/dt = 0 and Eq. (3.1)
becomes

e

m
~E =

1

⌧c
h~vi � e

m
(h~vi ⇥ B). (3.2)

In order to solve this equation, we introduce the cyclotron frequency as ! = (e/m)B
and define the mobility µ of the muons in the gas as µ ⌘ (e/m)⌧c. The stationary
solution ~vD = h~vi of the above equation is called the drift velocity vector. Solving
Eq. (3.2), one obtains the drift velocity vector ~vD [49]:

~vD =
µE

1 + !2⌧ 2c

h
Ê + !⌧c

⇣
Ê ⇥ B̂

⌘
+ !2⌧ 2c (Ê · B̂)B̂

i
, (3.3)

where Ê and B̂ are the unit vectors along ~E and ~B.
The drift velocity vector consists thus of three terms, each along a different direc-

tion, and each contributing with a different weight: 1, !⌧c and !2⌧ 2c , respectively. For
a constant B field (as is our case), the cyclotron frequency ! stays constant within
our setup. However, ⌧c is position dependent as it depends on the number dens-
ity n = n(x, y, z) through the equation 1/⌧c = n�, where � is the total elastic cross
section. This implies that K / � justifying the intuitive interpretation of K being a
frictional force. By choosing ⌧c as well as Ê and B̂ appropriately, each of the three
terms in the brackets of Eq. (3.3) can be made dominant. This means that ~vD can
point in different directions at different locations: ~vD = ~vD(x, y, z).

19

𝜏c : mean time between two μ⁺—He collisions
ω : μ⁺ cyclotron frequency

D. Taqqu,  PRL 97, 10 (2006) 
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Trajectories in E- and B-fields with and without gas
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Transverse compression: working principleWorking principle – 1st stage

f" ∝ gas	density Working principle – 1st stage
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Transverse compression: simulations
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Transverse compression: simulations  & measurements

e+

e+ Compression: E-field  +  T-gradient

Drift: only E-field 
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62 transverse compression

Figure 62: Bottom hole, compression sim.

Figure 63: Compression, bottom hole, el. field scan

drift, bottom hole Geant4 simulations:

[ January 22, 2019 at 15:03 – classicthesis version 0.1 ]

8

More …..

3.4 conclusions
63

Figure 64: Bottom hole, drift sim.

Figure 65: Drift, bottom hole, el. field scan

3.4 conclusions

[ January 22, 2019 at 15:03 – classicthesis version 0.1 ]

60

transverse compression

•

How do the time-spectra change when I change the cs by 5-10%? In-

stead of changing the HV.

drift, top hole For the "pure drift"
conditions the measurements were

done for the 3.00, 4.00, 4.50, 4.75, 5.00 and 5.25 kV. The muon trajectories

simulations for these settings are shown in Fig. 60. Again, the tilt of 1.10°

around (2.5,-1.0, 0) axis is introduced in the simulation. We can observe

similar trend as before: the higher the voltage, drift direction is more in the

ExB direction. The lack of temperature gradient makes this behavior even

more pronounced than in the top-hole "compression" measurements.

Figure 60: Top hole, drift sim.

[ January 22, 2019 at 15:03 – cla
ssi

cth
esi

s version 0.1 ]

3.3 electric field scan - comparison with the simulation 61

Figure 61: Drift, top hole, el. field scan

The measured and simulated time-spectra are shown in Fig. 61. Most of
the time-spectra exhibit the same shape: increase of counts with the time,
then flattening. The higher the voltage, the larger is the maximum number of
counts, meaning more muons reached the acceptance region of the detectors.
that is consistent with the muon trajectories of Fig. 57 - for higher voltage,
the drift is more in ExB direction, therefore muons can avoid crashing into
the wall longer. For the detector A3 at very high voltage we can even notice
the usual fly-by signature: increase then decrease of counts with the time,
which also supports the GEANT4 simulation of the trajectories.

Fitting the simulated time-spectra to the measurements for each HV and
each detector separately produces the reduced chi-square values from 1.95
to 3.34 for 172 degrees of freedom.

HV (kV) 3.00 4.00 4.50 4.75 5.00 5.25

chi2/ndf 1.95 2.35 3.34 3.14 2.56 2.11

Table 3: Fit results chi-square, top hole, compression

compression, bottom hole Geant4 simulations:

[ January 22, 2019 at 15:03 – classicthesis version 0.1 ]
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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: simulation4 I. Belosevic et al.

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
shown in Fig. 2 (right). Muons start at around x = �15 mm with about 10 mm
spread in the y-direction and drift in +x-direction while simultaneously compress-
ing in the y-direction. At x = 20 mm, the muon spread in y-direction is reduced
to about 1 mm.

2nd stage: longitudinal compression

After the transverse compression stage, muons enter the second compression stage,
which is at room temperature. The electric field now has a component parallel to
the magnetic field and points towards the center of the target, which causes a muon
drift into the center of the target, giving rise to the longitudinal (in z-direction)
compression of the muon beam (see Fig. 3).

Additionally, there is a component of the electric field perpendicular to the
magnetic field, in +y�direction. Therefore, muons also drift in Ê ⇥ B̂ direction,
which in this case points in +x�direction, towards the final compression stage and
extraction into the vacuum.

4 I. Belosevic et al.
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Longitudinal compression: measurements
Y. Bao  et al.,  PRL 224801 (2014) 
I. Belosevic et al.,  EPJC 79, 430 (2019)

4 I. Belosevic et al.
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shown in Fig. 2 (right). Muons start at around x = �15 mm with about 10 mm
spread in the y-direction and drift in +x-direction while simultaneously compress-
ing in the y-direction. At x = 20 mm, the muon spread in y-direction is reduced
to about 1 mm.

2nd stage: longitudinal compression

After the transverse compression stage, muons enter the second compression stage,
which is at room temperature. The electric field now has a component parallel to
the magnetic field and points towards the center of the target, which causes a muon
drift into the center of the target, giving rise to the longitudinal (in z-direction)
compression of the muon beam (see Fig. 3).

Additionally, there is a component of the electric field perpendicular to the
magnetic field, in +y�direction. Therefore, muons also drift in Ê ⇥ B̂ direction,
which in this case points in +x�direction, towards the final compression stage and
extraction into the vacuum.

4

Fig. 5 Measured (dots) and simulated (lines) positron hits in the 21
scintillators shown in Fig. 2, for t = 150 ns and t = 2000 ns. The center-
to-center distance between two adjacent scintillators is 10 mm. The
simulated data is the same as in Fig. 3, but convoluted with the geomet-
rical acceptance of the detectors. The width of the peak at t = 2 µs is
due to the large geometrical acceptance of the 21 scintillators and does
not reflect the width of the muon swarm directly (compare with Fig. 3).
The shaded areas show the simulated contribution to the positron hits
from muons stopped in regions I and II. The data and the simulations
have been corrected for the finite muon lifetime by multiplying the
counts with et/2198ns.

regions where the electric field is not well defined, giving
rise to a substantial background.

This background is dominated by positron hits from the
µ+ that stop in the regions I and II (as defined in Fig. 2).
The background is larger for the detectors placed at the pe-
riphery of the active region (S1, S2 and S20, S21), as shown
in the Fig. 5 (shaded areas). The shape of the background
caused by these muons can be simulated. However, the ex-
act number of µ+ which stop in the regions I and II depends
strongly on the momentum distribution of the initial muon
beam, which is not sufficiently well known.

Therefore, two measured distributions along the z-axis
(for t = 150 ns and t = 2000 ns) are fitted simultaneously
with the sum of 4 contributions:

1. Background arising from the region I
2. Background arising from the region II
3. Linear background
4. Simulation of all the µ+ that stop in the gas (which in-

cludes µ+ in the active region).

The shape of these 4 contributions is known, under assump-
tion that all the detectors (S1 to S21) have the same detection
efficiency. Each of the contributions has to be scaled with a
different scaling factor to account for the different stopping
probability in region I, region II, gas, and prompt stop at the
target lateral walls. The additional linear background allows
us to account for possible misalignment between the target
and the magnetic field axis, which would lead to different
numbers of muon wall stops at the position of the various
scintillators.

Fig. 6 Measured (dots) and simulated (line) time spectra for 5 mbar
He gas pressure and potentials of �500 V (red), 0 V (black) and
+500 V (green). The data has been normalized to the number of in-
coming muons in the entrance detector D1 and fitted simultaneously
with only 2 free parameters, a common normalization and a common
background. In total 5 · 108 muons have been simulated. The data and
the simulations have been corrected for the finite muon lifetime by
multiplying the counts with et/2198ns.

Even though we observe fair agreement between the mea-
surement and the simulation (reduced chi-square c2

red = 2.3,
for 37 degrees of freedom), it is difficult to extract precise
values of the compression efficiency and of the width of the
muon swarm from these measurements, given the limited
geometrical resolution of the detectors S1 to S21 and the
large background from regions I and II. The relatively large
c2

red could be attributed to the small variations of the detector
efficiencies.

In order to better quantify the compression efficiency we
turn our attention to the two telescope detectors T1 & T2 in
coincidence that were placed in the center of the target, at
z = 0, as shown in Fig. 2. Massive brass shielding all around
the target ensured that coincidence hits in T1 & T2 orig-
inated only from muons decaying within the small region
between about z = ±3 mm in the center of the target, as
shown in Fig. 4. From the time difference t = t1�t0 between
the positron hit in T1 and T2 in coincidence (at time t1) and
the entrance detector, at time t0, a time spectrum can be ob-
tained as shown in Fig. 6. The time spectra were recorded
for different applied electric potentials.

It can be seen in Fig. 6 that if no electric field is applied
(black points) the number of muons decaying in the center of
the target (in T1 & T2 acceptance region) stays constant (af-
ter compensation for the µ+ decay). When a negative poten-
tial (red points) is applied in the center of the target cell, the

HV = —500 V

HV = OFF
HV = +500 V
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The general scheme
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Mixed transverse-longitudinal compression
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Mixed compression: simulations

Chapter 4 Measurement of the mixed transverse-longitudinal compression

Next, we see the effect on the muon trajectories in the actual target geometry. Figure 4.9 shows
the simulated muon trajectories for 8 mbar helium gas pressure with different maximum HV.
The simulated arrival time at the target tip at x = 24 mm (tx=24mm) is also noted in the plot, and
as expected from equation 4.1, muons are moved to the target tip faster with the stronger field.
Even the electric field strength is differ by 10 %, a visible change in the orientation of the muon
drifts is seen. With the voltage of 3.72 kV, most of the muons are still able to reach the target
tip, while a small fraction of muons is lost by hitting the target wall on top. This indicates that
if even lower voltages are used at this pressure, a significant amount of muons is lost before
reaching the target tip and the mixed compression is failed.

(a) HV = 3.72 kV, (ET, EL) = (0.89, 0.32) kV/cm,

(b) HV = 4.16 kV, (ET, EL) = (1.00, 0.35) kV/cm,

Figure 4.9 – Simulated muon trajectories with 10 mbar helium gas with various HVs. The
temperatures are Tbottom = 6.4 K and Ttop = 22.1 K.

Finally, the measured time spectra with the helium gas pressures of 5, 8 and 10 mbar with
various HV are shown in Figure 4.10. At each pressure, the counts in the middle Tile spectra are
significantly reduced at the lowest voltage, and it can be seen that the threshold of the working
voltage for the mixed compression depends on the pressure. Furthermore, the correlations
between the electric field strength and the drift time is visible, for example by comparing the
time spectra of the Trans detectors. However in the simulation, the arrival time of the muons
to the target tip is calculated to be faster by 1-2µs when it is compared to Figure 4.10 (f). This
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New target design

Figure 14: (Left) Rendering of the muCool target used to test mixed compression in 2017. Gluing of the
target foil is occurring at the endcaps (gray) while two structures of aluminum oxide (white) are used to
sustain the top sapphire plate given in green. (Right) Rendering of the muCool target developed in 2018.
A single frame (gray) is used to glue the target and to sustain the top sapphire.

Figure 15: Pictures of some gluing steps needed for the production of mixed compression targets.

5 Target development in 2018

In 2017 we observed that several discharges started from two support structures out of aluminum oxides
inside the target that serve to support the top sapphire (see Fig. 14 (Left)). The basic idea of this design
was to decouple the support of the sapphire from the foil gluing that is occurring at the endcaps.

In 2018 we developed a new target concept without these support elements. In this concept, both
the gluing of the folded foil forming the target, and the support of the top sapphire are achieved using a
single 3D printed piece as shown in Fig. 14 (Right). The top sapphire is held in place by small extensions
of the endcaps which produce minimal thermal contact between top and bottom sapphire (through the
endcaps). Because there is no glue between these small extensions and the foil right below the top
sapphire (and right above the bottom sapphire), the 3D printed plastic frame can thermally contract
independently of the thermal contraction of the sapphire plates. This feature qualifies this design for
operation at cryogenic temperatures. Several of such targets have been produced with positive outcomes
when tested at cold temperatures. However to date we have not yet performed breakdown voltage tests
with such targets.

For this new target concept we developed a new gluing process as summarized in Fig. 15. The tightness
of the target produced in this way have been tested various times at cold temperatures. The results have
been positive. Still we are in the process of optimizing this target design.

Another important feature of this design is that the bar at the target tip oriented in the z-direction
can be modified to implement the orifice and the He gas injection at the orifice (see later). A very crude
prototype target having an orifice and with gas injection at the orifice has been already manufactured.
However, the mechanical stability of such a target has not yet been tested at cryogenic temperatures.

11
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Mixed compression: measurements
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Mixed compression:  discrepancy

 Simulations & 
measurements
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New target design

Figure 14: (Left) Rendering of the muCool target used to test mixed compression in 2017. Gluing of the
target foil is occurring at the endcaps (gray) while two structures of aluminum oxide (white) are used to
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11
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New target adaptable to extraction

Figure 14: (Left) Rendering of the muCool target used to test mixed compression in 2017. Gluing of the
target foil is occurring at the endcaps (gray) while two structures of aluminum oxide (white) are used to
sustain the top sapphire plate given in green. (Right) Rendering of the muCool target developed in 2018.
A single frame (gray) is used to glue the target and to sustain the top sapphire.

Figure 15: Pictures of some gluing steps needed for the production of mixed compression targets.
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when tested at cold temperatures. However to date we have not yet performed breakdown voltage tests
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For this new target concept we developed a new gluing process as summarized in Fig. 15. The tightness
of the target produced in this way have been tested various times at cold temperatures. The results have
been positive. Still we are in the process of optimizing this target design.

Another important feature of this design is that the bar at the target tip oriented in the z-direction
can be modified to implement the orifice and the He gas injection at the orifice (see later). A very crude
prototype target having an orifice and with gas injection at the orifice has been already manufactured.
However, the mechanical stability of such a target has not yet been tested at cryogenic temperatures.

11
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Gas injection for extraction

µ⁺

µ⁺

He

He

He destroy the vertical density 
gradient

Gas barrier for the target
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Extraction (base scheme)

z

x
HV 3,6

gas injection

IN

OUT

10 mbar

gas 
target

HV 2,5
HV 1,4

He to pump

He to pump

y

10 mbar

gas injection

x

HV 5

HV 2

B

gas target
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Extraction — pulsed re-acceleration 
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Extraction — pulsed re-acceleration 

z
0

Accumulation can be very complicated:
degradation of beam quality
muon decay
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Extraction — cw re-acceleration 
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Potential
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The muCool setup

Solenoid

B= 5 T

HV = 10 kV

The muCool setup has an overall bias 
needed for acceleration

B
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Extraction from B-field
 Charge particles follow magnetic field lines

width of ~ 1 μsec and a pulse rate of ~100Hz) as shown in Fig. 1. An optical column 
originally designed for photoelectron emission microscopy (PEEM) and  manufactured 
by STAIB Instruments is used for the PRM. Positrons implanted into a foil sample are 
diffused and re-emitted from the far side and accelerated to an objective lens. The 
re-emitted positron image is magnified by three sets of electrostatic lenses, amplified by a 
micro channel plate (MCP), and projected onto a phosphor screen. Focused images on the 
screen are recorded by a CCD camera. 

To realize high-speed PRM imaging, brightness enhancement of the positron beam 
on the PRM sample is important. There are a few different methods [4-11] for 
enhancing the brightness of LINAC-based slow positron beams. In this paper, we will 
consider the method of focusing the slow positron beams using a magnetic field 
termination device [7-11] dedicated to the PRM apparatus. 

 
2.  Design of focusing device for LINAC-based slow positron beams 

2.1 Extraction of the slow positrons from a solenoidal magnetic field  

A positron beam is generated through electron-positron pair creation using an 
electron LINAC. At AIST, fast positrons are produced by irradiation of a Ta converter 
with a 70-MeV electron beam from LINAC [5,12]. After thermalization through a 
tungsten moderator in a magnetic field of 7 mT, slow positrons are extracted by a bias 
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 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   

    
                                                                   

(1) 
  , 

   
                                            (2)    
. 

The beam is accelerated to 5 – 10 keV and emerged from the solenoidal magnetic field 
Bi to field-free space where an electrostatic lens and the PRM 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 positrons are not 
transported adiabatically. It is essential to reduce 'p⏊ in order to focus the positron 
beam to a small spot size. To suppress 'p⏊, the magnetic field Bi is terminated using a 
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 
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    
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The magnetic field can be terminated so  that the beam transits from a region to 
another region with different field strengths. But in this process the charge particle 
receive an additional traverse momentum 

width of ~ 1 μsec and a pulse rate of ~100Hz) as shown in Fig. 1. An optical column 
originally designed for photoelectron emission microscopy (PEEM) and  manufactured 
by STAIB Instruments is used for the PRM. Positrons implanted into a foil sample are 
diffused and re-emitted from the far side and accelerated to an objective lens. The 
re-emitted positron image is magnified by three sets of electrostatic lenses, amplified by a 
micro channel plate (MCP), and projected onto a phosphor screen. Focused images on the 
screen are recorded by a CCD camera. 

To realize high-speed PRM imaging, brightness enhancement of the positron beam 
on the PRM sample is important. There are a few different methods [4-11] for 
enhancing the brightness of LINAC-based slow positron beams. In this paper, we will 
consider the method of focusing the slow positron beams using a magnetic field 
termination device [7-11] dedicated to the PRM apparatus. 

 
2.  Design of focusing device for LINAC-based slow positron beams 

2.1 Extraction of the slow positrons from a solenoidal magnetic field  

A positron beam is generated through electron-positron pair creation using an 
electron LINAC. At AIST, fast positrons are produced by irradiation of a Ta converter 
with a 70-MeV electron beam from LINAC [5,12]. After thermalization through a 
tungsten moderator in a magnetic field of 7 mT, slow positrons are extracted by a bias 
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 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   
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The beam is accelerated to 5 – 10 keV and emerged from the solenoidal magnetic field 
Bi to field-free space where an electrostatic lens and the PRM 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 positrons are not 
transported adiabatically. It is essential to reduce 'p⏊ in order to focus the positron 
beam to a small spot size. To suppress 'p⏊, the magnetic field Bi is terminated using a 
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 
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    
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pI =e 
I 

vZBr dt-ewBl2. (10) 

FIG. 2. The model used for the computer simulation of the aperture, at the 
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 
were nearly the same except for some insignificant modifications. 

ponents of the electric field with a special device), thus re- 
ducing the phase space of the equivalent beam in the r-B 
picture. 

The other device for field extraction, proposed by Shi 
et aL9 and described in the following section, introduces a 
different correlation between transverse momentum and po- 
sition (see Fig. l), thus reducing the transverse energy added 
to the outcoming beam. In both methods it is impossible to 
conserve the number of particles. In the first this is due to 
irrotationality of the electric-field vector, while in the second, 
as shown below, the introduction of a magnetic grid for field 
termination results in an overall loss of cylindrical symmetry. 

B. Field termlnation and aperture design 

The idea is to use a kind of magnetic grid at the-center of 
a full iron shield as illustrated in Fig. 2. The B field lines 
enter into the rings and the four radial bars guide them to the 
bulk structure of the shield. Now the Busch theorem cannot 
be applied to the overall circular area since the number of 
particles for sure will not be conserved: a fraction of posi- 
trons will hit the iron structure and never arrive to the final 
surface, S1. But we can apply the general form of the Busch 
theorem locally using two parallel surfaces of equal shape, 
with respect to the open area between two rings, before and 
after the shield. Considering two rings far from the axis, 
separated by a distance w, with simple passages we obtain 
for the maximum transverse momentum and energy 

pI =(eD)(wB), (8) 

E;= (e”/8m)w”B2. (9) 

Equation (8) can also be derived’ by using the Lore&z equa- 
tion and the conservation of the flux for determining the 
value of B,= wB/2d (d is the thickness of the shield), i.e., 

Hence, the maximum transverse momentum can be reduced 
by a factor w/rh with respect to the cylindrically symmetric 
case, and pL becomes a periodic function of r (with a pitch 
length equal to w) as shown in Fig. 1. The perpendicular 
momentum is not added in the azimuthal direction (except 
for positrons passing in the midplane between two bars). 
Nevertheless, if we consider, as in the previous section, the 
beam extracted like an isotropic source with the maximum 
transverse energy given by Eq. (9), we obtain a much smaller 
area in the r- 8 diagram (see again Fig. 1). The beam 
brightness-per-volt is then given by 

The brightness can be increased diminishing either the width 
w between two rings and/or the field B in front of the shield. 
Of course, the possibility of reducing B is limited by the 
difficulty in realizing a large device and more so by possible 
aberration effects of the electrostatic lens system for the sub- 
sequent focusing of a beam with a large diameter. Also, w 
has a lower limit imposed by practical considerations and the 
necessity of maximizing the transmission efficiency. In our 
case, for having acceptable dimensions of the shield to be 
placed inside the high-vacuum system and for reducing the 
complexity of the design, we have chosen the following pa- 
rameters: w=6 mm and B ranging between 50 and 100 G. 
Since the initial source diameter is of the order of 1 cm in 1 
T, the total diameter of the grid was fixed to 100 mm. With 
these data, from Eq. (9), we obtain a maximum transverse 
energy ranging from 19.8 to 79 eV. 

In order that the particles can pass through the grid, they 
should not follow the field lines. This is easily achieved if the 
magnetic field changes rapidly in a distance much smallerl” 
compared to the particle’s pitch length (in a field of 100 G, 
the pitch lengths are 4.7 and 21.3 cm for particles of 500 eV 
and 10 keV, respectively). The first requirement of the shield, 
then, is that the magnetic field must drop down to zero in a 
distance of the order of 1 cm. The internal structure of the 
aperture then has the double function of reducing the trans- 
verse energy of the extracted beam and of terminating the 
field lines nonadiabatically. In order to optimize all the other 
aperture design parameters, a computer simulation analysis 
was done, and the results are discussed in the next section. 

@. Simulation of the field distributions 

The simulation work for designing the aperture was per- 
formed by using the OPERA3D program based on the finite 
element method.*’ Two possibilities were available for the 
practical realization of the device: ii) to design a one piece 
shield that could be put inside the vacuum system or (ii) to 
couple a smaller iron aperture placed inside a vacuum tube, 
with an external larger shield. The second solution was not 
optimal since the gap between the two parts produced an 
appreciable leaking of the magnetic field. The remaining 
stray magnetic field of the order of 10 G (from an initial field 
strength of 100 G) would have made the subsequent focusing 

Rev. Sci. Instrum., Vol. 66, No. 7, July 1995 Slow positron beam 3821 

Gerola et al., Rev. Sci. Instrum. 66 (7) 1995 

B
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Terminate B-field
The radial component produces an azimuthal force

The azimuthal force produces a divergence

it expands, its angular velocity decreases to conserve angular
momentum. The angular velocity of the beam after it travels
a distance d in this region is given by

! = !L
vz

2

vz
2 + !L

2d2 . !16"

The beam size increases as the beam propagates such that the
angular momentum of the beam is conserved. The beam size
Rf after the beam travels a distance d from the exit of region
II is given by

Rf
2 = Ri

2 + #!LRi

vz
$2

d2, !17"

which can be derived from Fig. 4. Here, Ri is the beam size
at the exit of region II. The far-field beam divergence is
therefore given by "d =!LRi /vz. The product of beam size at
the beam waist and the far-field divergence is known as the
emittance. The angular momentum of the beam thus gives
rise to an equivalent emittance E for the beam given by

E =
eB0Ri

2

2#mvz
, !18"

which is known as the Busch emittance and is derived in
Ref. 3 using the envelope equation. Our derivation implies
that if there is a residual magnetic field at the cathode of the
electron gun, the beam acquires an angular momentum and
develops an equivalent emittance given by Eq. !18". In ap-
plications where low electron beam emittance is required, we
need to make sure that the residual magnetic field at the
cathode location is as small as possible. In some applica-
tions, we use this angular momentum to generate a flat elec-
tron beam with very low emittance in the vertical direction
compared to the horizontal direction. To do so, we deliber-
ately put a magnetic field at the cathode location to generate
a beam with an angular momentum. A set of skew quadru-
poles is then used to remove the angular momentum, gener-
ating a flat beam.6

We next discuss the effect of the space-charge force due to
the self-field of the electron beam. The electron beam will
generate its own electric and magnetic fields, which will af-

fect its trajectory. These forces will be overall repulsive and
will counteract the focusing effect due to the solenoid. The
most interesting situation arises when the net force is such
that the electrons rotate inside the solenoid in helical trajec-
tories with radii equal to their radial distance from the sole-
noid axis. In this case, the entire beam would rotate around
the solenoid axis with the Larmour frequency and with a
constant beam radius, as shown in Fig. 5. Let us find out
when this scenario can occur. If we assume the electron
beam distribution to be uniform in a cylinder with constant
radius and infinite length, the electric field and magnetic field
can be calculated and the result for the radial force on an
electron at a radial distance r from the solenoid axis is

Fr = 2
mc2

$z#
2

I

IA

r

R2 . !19"

Here, $z=vz /c, where c is the speed of light, I is the electron
beam current, IA=4%&0mc3/e=17.04 kA is the Alfvén cur-
rent, &0 is the permittivity of free space, and R is the radius of
the electron beam. This force will oppose the Lorentz force
due to the solenoid field, which is −e!LBzr. It can be shown
that if the magnitude of the space-charge force Fr becomes
half of the magnitude of the Lorentz force due to the sole-
noid field, then the radius of the electron’s trajectory be-
comes equal to its radial distance r from the solenoid axis.
The requirement that the magnitude of the space-charge
force becomes half of the magnitude of the Lorentz force
leads to the condition

R =% 8m2c2

#$ze
2B2

I

IA
. !20"

If at the entrance of the solenoid the electron beam has a
radius equal to the matched beam radius given by Eq. !20",
the electrons will perform uniform circular motion at the
Larmour frequency, with the center of the trajectories on the
solenoid axis. For a given beam radius, the magnetic field
can be chosen such that Eq. !20" is satisfied. In that case, the
defocusing force due to self-fields will cancel the focusing
force due to solenoid field, and the electron beam will main-
tain a constant radius in the solenoid. Note that we have not
considered the diamagnetic field generated by the electron
beam in the longitudinal direction opposing the solenoid
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Fig. 4. Expansion and rotation of a beam with angular momentum. The solid
curve is the periphery of the beam at the exit of region II, and the dashed
curve is the periphery of the beam after it travels a distance d . The beam
rotates by an angle "R and expands self-similarly.

.o

Fig. 5. Trajectories of electrons due to the solenoid magnetic field and the
self-field of the electron beam when the electron beam radius is given by Eq.
!20". The electron beam distribution is assumed to be uniform.
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At B = 4 T : beam diameter of 1mm 

width of ~ 1 μsec and a pulse rate of ~100Hz) as shown in Fig. 1. An optical column 
originally designed for photoelectron emission microscopy (PEEM) and  manufactured 
by STAIB Instruments is used for the PRM. Positrons implanted into a foil sample are 
diffused and re-emitted from the far side and accelerated to an objective lens. The 
re-emitted positron image is magnified by three sets of electrostatic lenses, amplified by a 
micro channel plate (MCP), and projected onto a phosphor screen. Focused images on the 
screen are recorded by a CCD camera. 

To realize high-speed PRM imaging, brightness enhancement of the positron beam 
on the PRM sample is important. There are a few different methods [4-11] for 
enhancing the brightness of LINAC-based slow positron beams. In this paper, we will 
consider the method of focusing the slow positron beams using a magnetic field 
termination device [7-11] dedicated to the PRM apparatus. 

 
2.  Design of focusing device for LINAC-based slow positron beams 

2.1 Extraction of the slow positrons from a solenoidal magnetic field  

A positron beam is generated through electron-positron pair creation using an 
electron LINAC. At AIST, fast positrons are produced by irradiation of a Ta converter 
with a 70-MeV electron beam from LINAC [5,12]. After thermalization through a 
tungsten moderator in a magnetic field of 7 mT, slow positrons are extracted by a bias 
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 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   

    
                                                                   

(1) 
  , 

   
                                            (2)    
. 

The beam is accelerated to 5 – 10 keV and emerged from the solenoidal magnetic field 
Bi to field-free space where an electrostatic lens and the PRM 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 positrons are not 
transported adiabatically. It is essential to reduce 'p⏊ in order to focus the positron 
beam to a small spot size. To suppress 'p⏊, the magnetic field Bi is terminated using a 
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 
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    
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Terminate B-field at B=0.01 T with 2 mm grid spacing
Far field divergence 2 mrad
Beam diameter is 20 mm
Transmission 70%

E:                                10 keV
ΔE:                            100 eV
Diameter:                    20 mm
Divergence:                  2 mrad 

Extraction from B-field

B=0.01 T
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Preliminary simulations of extraction

plastic frame
sapphire (extended by 8 mm)

He

1×1×2 mm3 orifice
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Preliminary simulations: density
Cryogenic Target

Pumped region

He injection

He injectionContinuous flow simulations with ANSYS 
(accurate till 5 mm from last wall)

Differentially pumped region will be 
simulated  with Monte Carlo approaches
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Preliminary simulations: temperature



Aldo Antognini HIMB workshop, PSI        06.04.2021 32

H
e 

in
je

ct
io

n
Cryogenic Target Pumped region

Injection at 100 K, 10 mbar

5 mm inside pumped region: 

500x smaller density relative to target

10 mbar

optimistic configuration !!

Preliminary simulations: density
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Preliminary simulations: density gradient in target
Cryogenic Target

He injection
100 K

He injection
100 K

4 mm from tip inside gas target:

Density gradient is only minimally 
affected by gas injection
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z

x

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%

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)

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

Efficiency for cw acceleration using mixed target

Using demonstrated mixed target

HIMBHIMB
HIMB
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z

Potential

0

z

x

x<0

x=0

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

Efficiency for cw acceleration using mixed target

Using demonstrated mixed target
Upper limit with this mixed layout

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 

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 2.5 x 10-5 Total efficiency
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Focus the beam to have > 100 mrad                 
⇨ beam diameter of < 1 mm (@ 10 keV)

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 

Well suited also for post-acceleration to 
hundreds of  keV

Applications  

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

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

Assume an efficiency of  5 x 10-5  (cw extraction)

     ⇨ Muon rate of  5 x 105  µ/s 

P. Crivelli

A. Masamitsu

µ

µ

Mu

LEM 
2020

muCool
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 Muonium gravity

Applications 
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

assuming gratings with 100 nm pitch

The low energy
improves muon to vacuum muonium conversion

The small size
simplifies grating production (pitch, size, precision)

Measure g with an accuracy of 
1 m/s2 in 2 weeks 

100 nm grating pitch

Alternative with Whispering Gallery setup 
is explored where the size of the muCool 
beam is even more important (A. Soter & 
V. Nesvizhevsky)
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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  ≲2  (pileup !)
- Less background?

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?                     

µEDM

Applications  (push muCool performance)
P. Schmidt-Wellenburg

A. Masamitsu

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

Presently using µE1
5x 104  µ/s @ 125 MeV/c  

Requires post-acceleration from 
1.5 MeV/c to 125 (200) MeV/c
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Injection into solenoid and target

Compression in target

Extraction from gas target

Drift from orifice to re-acceleration region 

Acceleration

Extraction from B-field

Summary
Total estimated efficiency for CW-extraction
HIMB output → muCool outside solenoid: 

2 x 10-5     —    1 x 10-4

 For pulsed extraction there are additional losses

E:                                10 keV
ΔE:                            100 eV
Diameter:                    20 mm
Divergence:                  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 

👍

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

 Long  way to go 

 Larger improvements ?
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Is possible to decrease phase space? 

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
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
Alternative: Longitudinal extraction from target and longitudinal injection in shield

1

NbTi/Nb/Cu multilayer shield for the
superconducting shield (SuShi) septum
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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

I. INTRODUCTION

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 so-
lutions 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 Nb3Sn 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 highest-
energy 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

TABLE I
RELEVANT PARAMETERS OF THE FUTURE CIRCULAR COLLIDER

Parameter Symbol Value Unit
Circumference 80-100 km
Collision energy 50+50 TeV
Injection energy 1.3/3.3 TeV
Septum field homogeneity ±1.5 %
Septum integrated field

∫
B dl 190 Tm

Deflection by the septa αs 1.14 mrad
Deflection by the kickers αk 0.13 mrad
Maximum apparent septum thickness 25 mm

requirements on the kicker magnets’ strength. The target value
is 25 mm, which corresponds to a thickness of 17-18 mm
of the shield itself, without beam pipes and beam screens.
These lead to a very sharp transition between the high-field
and no-field regions of the septa. These requirements are even
more important for the high-energy LHC (HE-LHC) option
(an alternative to the FCC), which would use FCC technology
in the LHC tunnel, where space is very limited.

In a recent proposal [1] this field configuration would be
realized by the combination of a superconducting magnet and a
passive superconducting shield, referred to as a superconduct-
ing shield (SuShi) septum in the following. The geometry of
the shield and the magnet winding need to be optimized simul-
taneously to give the required field homogeneity outside the
shield. While a complete demonstrator prototype creating this
homogeneous field pattern would be a major project including
the design and construction of a special superconducting mag-
net, different superconducting shield materials can be easily
tested in simpler setups and existing magnets. These tests can
study the performance of the shield materials in general, with
special focus on the following points: (i) Maximum shielded
field with a given thickness. This defines the apparent septum
thickness of the septum magnet for a given magnetic field.
(ii) Stability against flux jumps, which lead to the sudden
collapse of the shielding currents and the penetration of the
magnetic field to the circulating beam. Besides an immediate
beam abort, the shield would need to be heated above its
critical temperature and cooled back in zero field (“thermal
reset”) in order to eliminate the trapped field. This is a very
long process, leading to unacceptably long deadtimes. The
shield itself must be stable against spontaneous flux jumps,
and external perturbations such as energy depositions due
to beam loss must be minimized in the accelerator at this

Probably wrong 
thinking and stupid 

idea


