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Goal of muCool project

muCool device

ΔE:              0.5 MeV
Diameter:      10 mm
continous beam

ΔE:                     10 eV
Size:                   1 mm
pulsed beam (tagged)

Standard surface muon beam muCool beam

Improve phase space density
of standard muon beams 

 by 10 orders of magnitude
with 10-3 efficiency
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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
ˆE + !⌧c

⇣
ˆE ⇥ ˆB

⌘
+ !2⌧ 2c ( ˆE · ˆB)

ˆB
i
, (3.3)

where ˆE and ˆB 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 ˆE and ˆB 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 : time between two μ⁺—He collisions
ω : μ⁺ cyclotron frequency

D. Taqqu,  PRL 97, 10 (2006) 
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The various compressions stages   Taqqu,  PRL 97, 10 (2006) 
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Beam-time history
Test of longitudinal compression. 

      Successful but limited by gas impurities and misalignments

Measurement of density gradient using neutron imaging on He3 

Improved test of longitudinal compression 
    Behaviour as expected from simulations
Engineering run of transverse compression stage       

       Detectors, cryostat, beam ok, but issues with the cryogenic target

Improved test of longitudinal compression with ExB drift 
Test of the transverse compression

       Behaviour as expected from simulations

Test of mixed longitudinal-transverse compression in a cryogenic target 
       Successful but limited by target issues

2011

2013

2014

2015

2019

2017

✓
✓

✓

✓

✗

✓
✓
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Beam-time history
Test of longitudinal compression. 

      Successful but limited by gas impurities and misalignments

Measurement of density gradient using neutron imaging on He3 
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    Behaviour as expected from simulations
Engineering run of transverse compression stage       

       Detectors, cryostat, beam ok, but issues with the cryogenic target

Improved test of longitudinal compression with ExB drift 
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       Behaviour as expected from simulations

Test of mixed longitudinal-transverse compression in a cryogenic target 
       Successful but limited by target issues
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Improved  test of mixed compression
Simplified extraction test
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Transverse compression setup
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Transverse compression setupCryogenic setup – solenoid – beam line

A. Antognini BV46 meeting, PSI 10.02.2015 – p. 12
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Transverse compression setup
Scintillator – WSF – GAPD – preamp
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High-brightness µ+ beam line (14-02.1)
A. Antognini, I. Belosevic, A. Eggenberger, K.-S. Khaw, K. Kirch,

F. Piegsa, D. Taqqu and G. Wichmann
Institute for particle physics, ETH Zurich, 8093 Zurich, Switzerland

Y. Bao, M. Hildebrandt, A. Knecht, A. Papa, C. Petitjean, D. Reggiani,
E. Ripiccini, S. Ritt, K. Sedlak and A. Stoykov
Paul Scherrer Institute, 5232 Villigen-PSI, Switzerland

D. M. Kaplan and T. J. Phillips
Illinois Institute of Technology, Chicago, IL 60616 USA

A. Antognini BV46 meeting, PSI 10.02.2015 – p. 1

Longitudinal compression setup (2014)

A. Antognini BV46 meeting, PSI 10.02.2015 – p. 7
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Transverse target
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Transverse target
4 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.

3.1 setup 43

Figure 38: Temp. gradient, Comsol simulation. Bottom temperature of 6 K, top tem-
perature 18.6K.

Figure 39: Transverse compression target geometry. Electrodes are not to scale. The
electrodes to which the high voltage is applied are shown in blue, along
with the typical values of the high voltage. The connection between the
electrodes is accomplished via M⌦ resistors. This way, the electric field
at 45° to the x-axis is achieved, of about 1.4 kV/cm strength (black lines).
The magnetic field points in z-direction.

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

3.1 setup 43

Figure 38: Temp. gradient, Comsol simulation. Bottom temperature of 6 K, top tem-
perature 18.6K.

Figure 39: Transverse compression target geometry. Electrodes are not to scale. The
electrodes to which the high voltage is applied are shown in blue, along
with the typical values of the high voltage. The connection between the
electrodes is accomplished via M⌦ resistors. This way, the electric field
at 45° to the x-axis is achieved, of about 1.4 kV/cm strength (black lines).
The magnetic field points in z-direction.

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

+ vertical density gradient

E
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Simulated and measured transverse compression
e+e+

e+e+

Compression: E-field  +  T-gradient

Drift: only E-fiel 
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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 ]
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0

. 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 6
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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

chi

2
/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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Longitudinal compression test

Y. Bao  et al.,  PRL 224801 (2014) 
I. Belosevic et al.,  arXiv:1811.08332 
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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 e

t/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 e

t/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

4 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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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.

Longitudinal compression test

HV = —500 V

HV = OFF

I. Belosevic et al.,  arXiv:1811.08332 
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Fig. 8 (Top) Simulated time spectra for loss rates of R =
(0,0.125,0.25,0.333) µs�1 (lines). The �500 V measurement is rep-
resented by square points. The data and the simulations have been
corrected for the finite muon lifetime by multiplying the counts with
e

t/2198ns. (Middle) Residuals (normalized to the data uncertainty) for
the time spectra from the top figure. For simplicity, error bars are
shown only for the curve with the reduced c2 = 0.95. For other curves
error bars are of the similar size. (Bottom) Reduced c2 as a function
of the loss rate R. A second order polynomial was fitted to these points
(green line).

If these losses would be caused by capture of the muons
by gas impurities, the partial pressure of the impurities would
be 1 ·10�3�3 ·10�3 mbar. The relation between fitted R and
impurity concentration is obtained by fitting the simulation
for various loss rates R to the measured time spectra of Fig. 7
with the additional 0.01 mbar H2 contamination. Because
such an impurity level has not been observed in the exper-

Fig. 9 Sketch of the setup to measure the E⇥B-drift. The muon beam
was injected off-axis to allow the muons to drift a longer distance be-
fore hitting the lateral wall. The electric field has a z-component for
longitudinal compression and a y-component to drift the muons in x-
direction. The three scintillators (“Left", “Middle", “Right") are posi-
tioned in the center of the target at z = 0 and monitor the muon swarm
movement in x-direction.

iment, we may conclude that the origin of these "effective
losses" R cannot be attributed solely to the impurities.

Other explanations, such as uncertainties of the detec-
tor acceptance and of the cross sections implemented in the
simulation are more favored.

4 E⇥B-Drift

The next important step towards the realization of the com-
plete muCool device is the demonstration of the so-called
E⇥B-drift. This drift guides the muons from one compres-
sion stage to the next, and is used to extract them finally into
vacuum through a small orifice.

For this purpose we modified the target cell to gener-
ate an electric field with an additional vertical component
Ey = 120 V/cm. The non-vanishing central term in Eq. 1
leads to a drift of the muons in +x-direction. In total seven
scintillators were mounted around the target at z = 0 along
the x-direction to monitor this drift. For simplicity, in the
sketch of Fig. 9 and in the plots of Fig. 11 we only show
three of them, namely “Left", “Middle", “Right". The target
cell was enlarged to a cross section of 24⇥ 12 mm2 and,
additionally, the muon beam was injected off-center, as in-
dicated in Fig. 9 with the yellow circle. These two modifica-
tions allowed µ+ to drift for longer times before hitting the
right wall of the target, thus enhancing the sensitivity of the
measured time spectra to the muon drift.

The simulated spatial distribution of the muon swarm as
a function of time is given in Fig. 10. This distribution, con-
voluted with the corresponding detector acceptance, gives
rise to the simulated time spectra shown in Fig. 11, together
with the corresponding measurements.

7

Fig. 10 Muon positions in the xz-plane for various times. The time
is given by the color scale. Muon beam centered at x = �6 mm with
3 mm radius is stopped uniformly along the z-axis. The muons drift in
the +x-direction while compression occurs in z-direction.

At early times, the time spectra are dominated by the
muon swarm compression in z-direction, thus the number
of detected positrons increases in all scintillators. However,
after about 2 µs, the number of detected positrons in the
scintillator “Left" decreases, indicating that the muons are
moving out of the acceptance region of this scintillator. On
the other hand, scintillator “Right" detects increasingly more
positrons. This finding indicates that the muon swarm slowly
drifts in x-direction towards the prospective point of extrac-
tion.

Also in this case, the measured time spectra of all seven
“drift" detectors were fitted simultaneously with the simula-
tion allowing for one common scaling factor, and a different
flat background for each detector. A fair agreement between
data and simulation has been observed (c2

red = 3.44 for 433
degrees of freedom).

To study the effect of the additional muon losses on the
measured time spectra, the loss rate R has been introduced in
the simulation, analogously to the procedure described in the
previous section. The obtained time spectra for the various
R were then fitted to the data. The best agreement between
simulation and the data is obtained for R = 0.125 µs�1, con-
sistent with the loss rate R reported in the previous section.
The best fit, which gives a c2

red = 2.23, is shown in Fig. 11
(dashed lines).

Even with the additional muon losses introduced, some
systematic discrepancies between the data and the simula-
tion still remain. Yet the main goal, namely to demonstrate
the feasibility of the E⇥B-drift, has been achieved.

Fig. 11 Measured (dots) time spectra for the three scintillators “Left",
“Middle" and “Right". The increase and decrease of positron counts in
the detectors “Right" and “Left", respectively, indicates that the muons
are moving towards the right. Simulated time spectra for additional
muon loss rate R = 0 (continuous lines) and R = 0.125 µs�1 (dashed
lines) are fitted to the measured time spectra. The c2

red for R = 0 is
3.44 for 433 degrees of freedom. Introducing the additional loss rate
R = 0.125 µs�1 improves the c2

red to 2.23. Note that the data and the
simulations have been corrected for the finite muon lifetime by multi-
plying the counts with e

t/2198ns.

The difference between the simulation and the measure-
ment can be attributed either to the simplified modelling of
the additional losses (without any energy dependence) or a
misalignment of the beam with respect to the magnetic field
axis.

According to the simulation, the drift velocity is about
2 mm/µs. This value can be increased in the final setup by
increasing the strength of the electric field in y-direction.

5 Conclusions

The longitudinal compression stage of the muCool device
under development at PSI has been demonstrated. An elon-
gated muon swarm of 200 mm length has been compressed
to below 2 mm length within 2 µs. Good agreement be-
tween the simulation and the measurement has been ob-
served. Some additional losses which have been parametrized
by only one constant R have been introduced to improve the
agreement.

Furthermore, the ability to drift the µ+ beam in E⇥B-
direction towards the prospective position of the extraction
hole has been demonstrated by performing a measurement
with the electric field having also a component perpendicu-
lar to the magnetic field. The simulation of the compression
and drift towards the extraction hole is in fair agreement with
measurements when the small additional loss rate R is intro-
duced in the simulation.

In summary, better agreement between simulations and
measurements is achieved by either including small addi-
tional losses in the simulation or, more likely, minor tuning

7

Fig. 10 Muon positions in the xz-plane for various times. The time
is given by the color scale. Muon beam centered at x = �6 mm with
3 mm radius is stopped uniformly along the z-axis. The muons drift in
the +x-direction while compression occurs in z-direction.
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systematic discrepancies between the data and the simula-
tion still remain. Yet the main goal, namely to demonstrate
the feasibility of the E⇥B-drift, has been achieved.

Fig. 11 Measured (dots) time spectra for the three scintillators “Left",
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the detectors “Right" and “Left", respectively, indicates that the muons
are moving towards the right. Simulated time spectra for additional
muon loss rate R = 0 (continuous lines) and R = 0.125 µs�1 (dashed
lines) are fitted to the measured time spectra. The c2

red for R = 0 is
3.44 for 433 degrees of freedom. Introducing the additional loss rate
R = 0.125 µs�1 improves the c2

red to 2.23. Note that the data and the
simulations have been corrected for the finite muon lifetime by multi-
plying the counts with e

t/2198ns.

The difference between the simulation and the measure-
ment can be attributed either to the simplified modelling of
the additional losses (without any energy dependence) or a
misalignment of the beam with respect to the magnetic field
axis.

According to the simulation, the drift velocity is about
2 mm/µs. This value can be increased in the final setup by
increasing the strength of the electric field in y-direction.

5 Conclusions

The longitudinal compression stage of the muCool device
under development at PSI has been demonstrated. An elon-
gated muon swarm of 200 mm length has been compressed
to below 2 mm length within 2 µs. Good agreement be-
tween the simulation and the measurement has been ob-
served. Some additional losses which have been parametrized
by only one constant R have been introduced to improve the
agreement.

Furthermore, the ability to drift the µ+ beam in E⇥B-
direction towards the prospective position of the extraction
hole has been demonstrated by performing a measurement
with the electric field having also a component perpendicu-
lar to the magnetic field. The simulation of the compression
and drift towards the extraction hole is in fair agreement with
measurements when the small additional loss rate R is intro-
duced in the simulation.

In summary, better agreement between simulations and
measurements is achieved by either including small addi-
tional losses in the simulation or, more likely, minor tuning

Longitudinal compression with ExB drift
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Mixed longitudinal-transverse compression
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.

Compression and extraction times

Total compression and extraction times:

- Our beam line: 8 µs
- Ion beam lines: several ms

→ High efficiency (e−8/2.2 = 2 · 10−2)

A. Antognini BV46 meeting, PSI 10.02.2015 – p. 21

transverse longitudinal mixedmixed



Aldo Antognini BV50, PSI        29.01.2019 19

Figure 2: (Left) Schematic of the setup for mixed transverse-longitudinal compression at cryogenic tem-
perature. The top part of the target is at 19 K, the bottom part at 6 K. The colored contour represents the
electrostatic potential at the target walls used to define the electric field with longitudinal and transverse
components. (Right) Schematic of the electrostatic potential at the target walls resulting from the con-
catenations of two “unit” cells shown in the left panel. In such a way a longer (in longitudinal direction)
target can be realized having larger stopping e�ciency.

of the Kapton needed in the beam-time version were su�cient to cause several leak tightness problems
at cold temperatures. These problems prevented us to e�ciently investigate and solve the discharge
problems. Still we managed to demonstrate mixed transverse-longitudinal compression. Yet, we did
not reach the parameters in term of density and electric field strengths needed to obtain the optimal
compression e�ciency.

4 The realized setup

To realize the mixed transverse-longitudinal compression the electric field within the target has to have
a transverse (at 45� (E

x

= E

y

) in the x � y plane) and a longitudinal (along the z-axis) component as
schematically shown in Fig. 3. The transverse component E

T

is responsible for the compression in vertical

Figure 3: Schematic of the electric fields and target geometry needed to realize mixed transverse-
longitudinal compression. Between the top and bottom part of the target there is a density gradient
required for transverse compression. The surface muon beam enters the target from the �z-direction.
The muon swarm is compressed in y-and z-direction while drifting in +x-direction until it exits the target
through a small orifice at z = 0. The electric field has a transverse (in x � y plane) component E

T

and
a longitudinal (z-direction) component E

L

.

direction (y) and drift in x-direction while the longitudinal components E

L

leads to the compression in
longitudinal (z) direction. For the realization of the required electric field within the target following steps
are carried out: First, we assume an electric field inside the target. In a second step, the corresponding
potential distribution at the target walls is computed. The walls of the target are then flattened onto

3

Target and simulations of mixed compression

+ vertical density gradient
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Target construction for mixed compression

Figure 4: Scheme describing the folding process from a lined Kapton foil in 2D (Left) to a 3D target
(Right) having a well defined electric field in its interior. The color code indicates the voltage of the
equipotential lines (electrodes).

one plane and several equipotential lines are selected with a regular voltage drop between them. The
selected equipotential lines are “printed” on a Kapton foil in form of copper electrodes coated with
gold. After folding the Kapton foil as shown in Fig. 4 to realize the triangular shape of our target, the
assumed electric field is obtained everywhere within the target volume, provided each electrode is set at
the correct potential. The various electrodes are connected to each other with 100 M⌦ SMD resistors
forming a voltage divider. The choice of the large resistivity is to reduce the heat production in the target.
Thus, by applying the suited HV at one (or few) electrode(s) and grounding some other electrodes, it is
possible to set the correct potential of all the electrodes.

The electrode layout is adapted to account for mechanical constraints such as HV connectors and the
size of the SMD resistors, but also to minimize electrical breakdown e↵ects. A COMSOL simulation is
finally used to compute the real electric field inside the target. This electric field deviates from the initially
assumed field due to the “discretization” process that occurs when selecting certain equipotential lines
(discretization given by the finite width of the electrodes, and the gap between electrodes), and the various
adaptations needed to fulfill mechanical requirements while maximising the voltage at which electrical
breakdown occurs. With the electric field map at hand, it is possible to run GEANT4 simulations of the
muon motion to compute the e�ciency of the compression process for various values of the maximal HV
and density distributions. Continuous adaptation of the electrode layout is then needed to maximize the
voltage at which electrical breakdown occurs.

A picture of a lined Kapton foil used to test mixed transverse-longitudinal compression is shown in
Fig. 5 (Left) while the right panel shows the target that has been realized by folding such a foil. The top
and bottom walls of the target are held at constant temperatures by gluing them to sapphire crystals
which exhibit a large thermal conductivity at cold temperatures. The top sapphire is heated with a heat
pad (orange in Fig. 5 (Right)) while the bottom sapphire is thermally contacted to the copper base-plate
which in its turn is thermally contacted to the 1 m long copper cold finger at 6 K temperature. A gradient
of density and temperature is thus established in vertical direction within the target.

The muon compression and drift in the target is monitored using plastic scintillators placed outside
of the target to detect the positrons from muon decays. Each scintillator is wrapped in Teflon and
connected to a wavelength shifting (WLF) fiber as shown in Fig. 6. The fluorescence light produced in
the scintillators is converted in the WLF and transported over two meters to warm temperatures and
outside the vacuum. There, the light is detected by silicon photomultipliers.

The scintillators to monitor the muon swarm motion are positioned right above the top sapphire plate
as schematically shown in Fig. 7. These scintillators are divided in two groups, some monitoring the
transverse compression and the drift in x-direction (green), the other the longitudinal compression and
also the drift in x-direction (blue). The positioning of these scintillators was optimized using GEANT4
simulations. As an example, a simulation of the geometrical acceptance of the bottom three tiles is given
in Fig. 8. To increase their geometrical resolution, the scintillators have been embedded into a copper
block which acts as shielding material for positrons not originating in the vicinity of the scintillator.
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Fig. 5 (Left) while the right panel shows the target that has been realized by folding such a foil. The top
and bottom walls of the target are held at constant temperatures by gluing them to sapphire crystals
which exhibit a large thermal conductivity at cold temperatures. The top sapphire is heated with a heat
pad (orange in Fig. 5 (Right)) while the bottom sapphire is thermally contacted to the copper base-plate
which in its turn is thermally contacted to the 1 m long copper cold finger at 6 K temperature. A gradient
of density and temperature is thus established in vertical direction within the target.

The muon compression and drift in the target is monitored using plastic scintillators placed outside
of the target to detect the positrons from muon decays. Each scintillator is wrapped in Teflon and
connected to a wavelength shifting (WLF) fiber as shown in Fig. 6. The fluorescence light produced in
the scintillators is converted in the WLF and transported over two meters to warm temperatures and
outside the vacuum. There, the light is detected by silicon photomultipliers.

The scintillators to monitor the muon swarm motion are positioned right above the top sapphire plate
as schematically shown in Fig. 7. These scintillators are divided in two groups, some monitoring the
transverse compression and the drift in x-direction (green), the other the longitudinal compression and
also the drift in x-direction (blue). The positioning of these scintillators was optimized using GEANT4
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Figure 5: (Left) Picture of a Kapton foil with SMD voltage divider. In the region with the V-shaped
electrodes of ±30 mm length in z-direction, the mixed transverse-longitudinal compression occurs. Outside
this region, there is only transverse compression. (Right) Picture of the folded Kapton glued on two
sapphire plates and mounted on a copper base plate. In grey are the gas pipes to the target.

Figure 6: Picture of scintillators with glued-in WLS fibers before being wrapped and mounted on the target.

Pictures of the embedding of these scintillators into the copper collimator is shown in Fig. 9. Figure 10 is
showing pictures of the target region equipped with scintillators, collimators, gas pipes and temperature
sensors.

5 Simulations and measurements

Simulations of the mixed transverse-longitudinal compression are shown in Fig. 11 for target conditions
leading to optimal transverse compression. The simulated y- and z-distributions at x = 20 mm are given
in Fig. 13 (Top). At these ideal conditions, 63% (neglecting muon decay), 7.6% (including muon decay)
of the muons stopped in z 2 [�30; 30] mm reach the plane at x = 20 mm with z 2 [�2; 2] mm. In a
cross section of 1⇥ 1 mm2 in y- and z-direction, these e�ciencies reduce to 24% (neglecting muon decay)
and 2.85% (including muon decay). These muons could be e�ciently extracted into vacuum through an
orifice with 0.5 � 1 mm diameter.

In the 2017 beam-time we have not been able to reach such optimal conditions. The strength of the
reached electric field (during data taking) was 38% smaller than needed for ideal transverse compression.
A simulation of the muon swarm compression corresponding to the experimentally reached target con-
ditions is shown in Fig. 12. The corresponding simulated y- and z-distributions of the muon swarm
at x = 20 mm is given in Fig. 13 (Bottom). At the conditions reached in the 2017 beam-time, 65%
(neglecting muon decay), 3.3% (including muon decay) of the muons stopped in z 2 [�30; 30] mm reach
the plane at x = 20 mm with z 2 [�2; 2] mm. In a cross section of 1⇥ 1 mm2 in y- and z-direction, these
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Measurement of mixed compression

Figure 5: (Left) Picture of a Kapton foil with SMD voltage divider. In the region with the V-shaped
electrodes of ±30 mm length in z-direction, the mixed transverse-longitudinal compression occurs. Outside
this region, there is only transverse compression. (Right) Picture of the folded Kapton glued on two
sapphire plates and mounted on a copper base plate. In grey are the gas pipes to the target.

shown in Fig. 5 (Left) while the right panel shows the target that has been realized by folding such a foil.
The top and bottom walls of the target are held at constant temperatures by gluing them to sapphire
crystals which exhibit a large thermal conductivity at cold temperatures. The top sapphire is heated with
a heat pad (orange in Fig. 5 (Right)) while the bottom sapphire is thermally contacted to the copper
base-plate which in its turn is thermally contacted to the 1 m long copper cold finger at 6 K temperature.
A gradient of density and temperature is thus established in vertical direction within the target.

The muon compression and drift in the target is monitored using plastic scintillators placed above the
top sapphire plate as schematically shown in Fig. 6. The scintillators are used to detect the positrons
from muon decays. More details about the scintillators have been presented in the previous status report.
These scintillators are divided in two groups, some monitoring the transverse compression and the drift
in x-direction (green), the other the longitudinal compression and also the drift in x-direction (blue). The
positioning of these scintillators was optimized using GEANT4 simulations. As an example, a simulation
of the geometrical acceptance of the bottom three tiles (Tile4, Tile5 and Tile6) is given in Fig. 7. To
increase their geometrical resolution, the scintillators have been embedded into a copper block which acts
as shielding material for positrons not originating in the vicinity of the scintillator.
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Tiles 1, 2, 3

Tiles 4, 5, 6
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Tiles 3, 6
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Figure 6: Scheme of the placement of the scintillators above the top sapphire plate to measure the muon
swarm drift and compression for two views: (Left) front view, (Right) top view. The scintillators Trans1,
Trans2 and Trans3 (green) are used to expose the drift in x-direction and the compression in y-direction.
The scintillators Tile1...Tile6 are used to monitor the longitudinal compression (blue). Time coincidence
between Tile1&Tile4, Tile2&Tile5 and Tile3&Tile6 are used to increase the spatial resolution.
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Sub-optimal mixed compression observed

   ET = 1.1 kV/cmET = 0.7 kV/cm

According to simulations
   Δy ╳ Δz = 5 ╳ 60 mm2    

         1 ╳ 1 mm2

1%  efficiency
(including decay)

According to simulations
   Δy ╳ Δz = 5 ╳ 60 mm2    

         1 ╳ 1 mm2

3%  efficiency
(including decay)

Sub-optimal compression due to target issues:

ET = 0.7 kV/cm   instead of aimed  ET = 1.1 kV/cm 
motion of muon too close to target walls

slower motion
larger losses
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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.
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New target design
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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.
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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.

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.
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Gas injection for extraction

µ⁺

µ⁺

He

He

He

To avoid the disruption of the 
vertical density gradient

a new gas injection scheme 
is needed
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Gas injection for extraction
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   He velocity distribution in direction   
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Gas injection for extraction
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Electrodes to guide muons out of gas target
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Figure 18: Schematic of the setup to perform mixed longitudinal-transverse compression followed by
extraction from the orifice and re-acceleration. The electrodes are indicated in red. The He gas flow is
indicated by blue arrows while in green are represented the trajectories of some muons. (Left) In the x-y
plane the compression in vertical direction and the drift in x-direction is well visible. At the orifice a
vertical electric field defined by the electrodes HV2 and HV5 is used to guide the muons in +x-direction
due to the ~

E⇥ ~

B drift. (Right) In the x-z plane the longitudinal compression is well visible. The horizontal
electrodes (aligned in x-direction) are used to guide the muon out of the target and to re-accelerate them
in z-direction.
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Figure 19: Schematic of the setup for 2019 beam time to realize a simplified test of the muon extraction
from the gas target. In red are given the electrodes, in blue the He gas flow. The mixed compression and
the extraction out of the orifice will be measured as a function of the helium gas flow.
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μ⁺ guided out of target via ExB drift
E-field defined by HV2 and HV5

HV3,6 and HV1,4 to confine μ⁺         
in z-direction (t < 0)
HV3,6 and HV1,4 to re-accelerate μ⁺ 
in z-direction (t > 0)
μ⁺ moves in various differentially 
pumped regions
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Beam time requests  
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Figure 18: Schematic of the setup to perform mixed longitudinal-transverse compression followed by
extraction from the orifice and re-acceleration. The electrodes are indicated in red. The He gas flow is
indicated by blue arrows while in green are represented the trajectories of some muons. (Left) In the x-y
plane the compression in vertical direction and the drift in x-direction is well visible. At the orifice a
vertical electric field defined by the electrodes HV2 and HV5 is used to guide the muons in +x-direction
due to the ~

E⇥ ~

B drift. (Right) In the x-z plane the longitudinal compression is well visible. The horizontal
electrodes (aligned in x-direction) are used to guide the muon out of the target and to re-accelerate them
in z-direction.
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Figure 19: Schematic of the setup for 2019 beam time to realize a simplified test of the muon extraction
from the gas target. In red are given the electrodes, in blue the He gas flow. The mixed compression and
the extraction out of the orifice will be measured as a function of the helium gas flow.
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  Improved test of mixed compression (2.5 weeks in 𝜋E1)

   Simplified test of extraction                     (1 week in 𝜋E1)

various cryogenic targets need to be 
tested with various  electric fields 
and temperature distributions.

extract μ⁺ through a small hole for various He flows:
test extraction
test disruption of mixed compression

“vacuum”  in the extraction region is strongly limited 
by mechanical constraints (bore diameter, thermal 
shields…) 
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If extraction successful….

A single-stage target with mixed compression + extraction 
could be used alone to deliver an interesting beam
(without the need to develop the complete system)

Rate µ+  (πE5, 11 MeV/c) 1 MHz

stopping efficiency: 60 mm, 10 K, 5 mbar 40%

mixed compression eff. : Δy ╳ Δz = 1 ╳ 1 mm2 2%

extraction through hole 30%

drift + accumulation time after extraction (2.5 µs) 30%

Total rate after extraction: eV, 1 ╳ 1 mm2 700 Hz

Conservative estimate
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Simulations of mixed compression

   Aimed conditions    

  2017 beam-time  conditions

ET = 1.1 kV/cm     ET/EL = 3.5

ET = 0.7 kV/cm     ET/EL = 3.5

3% of μ⁺ starting from 
Δy ╳ Δz = 5 ╳ 60 mm2 
are compressed into
Δy ╳ Δz = 1 ╳ 1 mm2    

(including decay)

1% of μ⁺ starting from 
Δy ╳ Δz = 5 ╳ 60 mm2

are compressed into 
Δy ╳ Δz = 1╳1 mm2    
(including decay)


