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Why Slow, High-Brightness Muon Beams?

Particle physics experiments:
Efficient formation of muonium for muonium spectroscopy, muonium-
antimuonium conversion searches, muonium gravity tests, …
Improved injection into magnetic systems and much improved beam quality 
for muon g-2, muon EDM, …

Material science (μSR) applications:
Study of surface effects
Study of small samples
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LEMS at PSI
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Low energy µ+ beam and set-up for LE-µSR (LEM) 

~ 11000 µ+/s; accelerate 
up to 20 keV

~1.9 • 108 µ+/s

- UHV system, 10-10 mbar

- some parts LN2 cooled

Polarized Low Energy Muon 
Beam 
Energy:          0.5-30 keV
∆E,  ∆t:        400 eV,  5 ns
Depth:            1 – 300 nm
Polarization   ~100 %
Beam Spot:    12 mm (FWHM)

at sample:           
up to ~ 4500 µ+/s

Sample environment:

B = 0 – 0.3 T ┴ , 0 – 0.03 T ║ 
sample surface
T = 2.5 – 320 K

Beam spot at sample

Spin-rotator
(E x B)

Conical lens

Start detector
(10 nm C-foil)

Sample cryostat
e+ detectors

electrostatic mirror

Einzel lens
(LN

2
 cooled)

moderator

Einzel lens
(LN

2
 cooled)

MCP detector

“surface” µ+ beam, ~4 MeV

Spin

http://www.psi.ch/low-energy-muons/
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Cyclotron Trap

Used for the Lamb shift 
measurements in 
muonic atoms

Typically ~1000 μ-/s on 
2x1 cm2 @ 5 keV

Gain by factor 4-5 for  
μ+ straightforward 
(cross-section)

Higher gains for μ+ in 
principal possible by 
injecting surface muons 
directly
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18 Muon beam, target and electronics
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Figure 3.1: Lay–out of the muon beam, with cyclotron trap CT, muon extraction channel MEC
and 5 Tesla solenoid.

muons [44] cannot be used for negative muons since they are forming exotic atoms.
The beam line producing the ultra–low energy negative muons consists of the cyclotron

trap (CT) [45–47] for the production of low energy muons, the muon extraction channel
(MEC) for their transport and selection, and a 1 m long 5 T solenoid with two transmission
detectors for the muon trigger (see Fig. 3.1). The solenoid also encloses the hydrogen gas
target with its detectors. The features of these three components of the beam line, which
provide a ultra–low energy muon beam with small transverse size and low background are
explained in the following sections. A photo of the PSI πE5 area with the muon beam
line is shown in Fig. 3.2.

3.1.1 Cyclotron trap

The cyclotron trap developed by L. Simons is a magnetic trap produced by two super-
conducting ring coils at a distance of about 40 cm giving a magnetic field of 2 T in the
median plane and 4 T at the coil centers (see Fig. 3.3). Negative pions (108 s−1) with a
momentum of 102 MeV/c with a momentum spread of ∆p/p = ±6% (FWHM) from the
πE5 channel are tangentially injected in the median plane of the trap where they hit a
moderator. The position (radial: r ∼ 10 cm) and thickness (5.4 g/cm2) of the moderator
are chosen such that the pions have a precession trajectory when they exit the moderator
which minimizes the chance of a second hit on the moderator. After moderation the pions
have a momentum of 40−60 MeV/c, i.e., near the “magic momentum” of 40 MeV/c which
is optimal for the generation of muons at low energy. This feature maximizes the number
of axially extracted muons.

About 30% of the moderated pions decay in flight into muons before returning back to
the moderator or hitting the wall of the target vessel. Only a few percent of these muons
have suitable momenta and angles accepted by the magnetic quasi–potential–well (radial
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Figure 3.3: (Left): Schematic view of the CT for a plane containing the trap axis along which the
muons are extracted. A thin foil (20 µg/cm2) is used to slow down the muons during their lifetime
and to produce an axial electric field for extraction. (Right): Principle of the axial extraction of the
muons from the CT trap. The quasi–potential Ui(z) depends on the transverse momentum. The
potential related to the electric field caused by the foil in the center of the CT is q(V (z) − V (0)).
The sum of the quasi–potential and the electrostatic potential is Utot(z) = U(z)+ q(V (z)−V (0)).
On the top figure the extraction does not occur due to magnetic reflection, whereas it occurs in
the bottom figure (U2 < U1). Note that the plotted q(V (z) − V (0)) potential do not represent
the real situation but MC simulations show that the resulting number of extracted muons is not
affected by this simplification.

shown (see for example Ref. [48]) that for slowly varying fields the magnetic flux through
the orbit of a particle is an adiabatic invariant. This constancy of flux can be expressed
in several ways, e.g.,

Ba2

p2
⊥/B

}

= constant . (3.2)

The axial (parallel) momentum at any position along the z-axis can be determined by
combining the second equation and the fact that the momentum of a particle in a magnetic
field is constant,

p2
∥(z) = p2(0)− p2

⊥(0)
B(z)

B0
(3.3)

which leads to the axial quasi–potential

U(z) =
1

2

p2
⊥(0)

mB(0)
B(z) . (3.4)

This means that with increasing magnetic field the axial kinetic energy T∥ = p2
∥/2m is

converted into transverse energy T⊥ = p2
⊥/2m, until T∥ vanishes, and the particle turns

then back in the opposite direction (reflection). The CT is therefore a trap for particles

R. Pohl et al., Nature 466, 213 (2010) 
L.M. Simons, Hyperfine Int. 81, 253 (1993)

Principle of the
cyclotron trap
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Laser Ionization Method
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Fig. 2 A concept of the ultra low muon microscopy

frequency mixing (ωVUV = 2 ωr − ωt) where two 212.5 nm photons(ωr) are used for
two-photon resonant excitation of the 4P55P[5/2] state in Kr, subtracted by a photon
with a tunable difference wavelength (ωt; 820 nm), rather than the frequency tripling
(non-resonant) of 366 nm photons, of which conversion efficiency is in the order of
10−5−6. In our new laser system developed by Wada et al. [6], ωr(100 mJ/p, 2ns) is
generated as the 5th harmonics of 1062 nm (1 J/p), which consists of all solid state
laser system, such as diode laser, fiber amplifier, regeneration amplifier, OPA, OPG
etc., generating expectedly more than 71 µJ/cm2 Lyman-α light of the saturation
intensity for the Doppler broadened Mu at 2000 K.

Comparing the surface muon intensity between RIKEN-RAL (1.2 × 106/s) and U-
Line (2 × 108/s), we can gain a factor of 160. Taking into account the repetition rate
of the pulsed laser system and the muon beam, we can also gain a factor of two, since
both the laser and the muon beam can be synchronized to 25 Hz at MUSE, whereas
the muon beam (50 Hz) is synchronized to every second laser pulse at the RIKEN-
RAL facility. Moreover, the new solid state laser system is designed to generate an
intense Lyman-α light of more than 100 µJ/cm2 needed to saturate the transition of
Mu from the 1S state to the 2P state [6], whereas only about 1 µJ/cm2 of the Lyman-α
light was produced at RIKEN-RAL. Consequently, we may expect, as a maximum,
0.6 × 106/s of the ultra-slow µ+/s at MUSE (Fig. 2). This work was supported by a
Grant-in-Aid for Scientific Research on Innovative Areas “Ultra Slow Muon” (No.
23108002) of the Ministry of Education, Culture, Sports, Science, and Technology,
Japan and its commissioning will be performed in the winter of 2012.

5 Summary

At J-PARC MUSE, we are installing the U-Line which consists of a large acceptance
solenoid made of mineral insulation cables (MIC) and a superconducting curved

Y. Miyake et al., Hyperfine Int. 216, 79 (2013)
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muCool Principle
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Increase in brilliance (after reaccelerating to ~10 keV) by factor 107: B ~ I/εLεT
Longitudinal emittance εL (ΔE⋅Δt) reduced by factor 104  

Transverse emittance εT (Δr⋅Δφ) reduced by factor 106  

➞ Phase space reduced by factor 1010

Efficiency of factor 10-3: Iout = 10-3 Iin

Muon swarm compression inside a helium gas target 
employing position-dependent muon drift velocity.

D. Taqqu, Phys. Rev. Lett. 97, 194801 (2006)
Transverse compression

Longitudinal compression

Secondary μ+ beam
D ≈ 10 mm
E ≈ 4 MeV
continuous
polarized

Tertiary μ+ beam
D < 1 mm
E < 1 eV
pulsed, tagged
polarized

5 mbar He gas
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muCool Principle
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Transverse compression: E ~ 2 kV/cm, B = 5 T

Top:       low density, large τ → drift along ExB
Bottom: high density, small τ → drift along E

μ = eτ/m: mobility
τ = τ(p,T): time between collisions
ω = eB/m: cyclotron frequency
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continuous
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Tertiary μ+ beam
D < 1 mm
E < 1 eV
pulsed, tagged
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5 mbar He gas
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muCool Principle

Simulation of transverse compression stage
Several muon trajectories (together with their drift times in ns) are shown 
starting at different y-positions and all compressing into the funnel on the 
right
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!) are constant, and the effect of varying E depends on the
gas properties. The other possible variations are either the
direction of ~E or the value of N. We here focus on the
variation of N; implementing it leads to what can be called
‘‘density gradient compression.’’ It can be illustrated on the
basis of Eq. (2). Suppose that at a given position N ! N0
and k=! ! 1=N0. Then v ~E equals v ~E" ~B and ! ! 45#. If
there is a density gradient rN in the direction perpendicu-
lar to ~v (and ~B), then, for k independent on N and neglect-
ing diffusion, the swarm size compresses towards zero over
a distance N=jrNj.

A general expression of the compression rate " (neglect-
ing diffusion) can be deduced from the variation of ! from
Eq. (2) in the direction perpendicular to the flow:

 " ! jr!" ~v0j ! sin!0 cos!0

!
1$ #kav=#N

k=N

" jrN " ~v0j
N0

(4)

where !0, ~v0, and N0 are, respectively, the central drift
angle, drift velocity, and density. Clearly, optimal com-
pression takes place at !0 ! 45# with a density gradient
perpendicular to ~v0. The second term in the parentheses
accounts for the density variation of the collision rate
constant which can, depending on its sign, either improve
or hinder the compression.

Of the various options available to implement a density
gradient, we consider here only the simplest one: a static
gas target with one of two opposite target walls either
cooled or heated. For parallel walls, the temperature gra-
dient and consequently the density gradient are perpen-
dicular to the walls. If ~E is applied at an angle of 45# with
the walls, the flow is focused towards the particles having
v ~E ! v ~E" ~B which drift parallel to the walls, and the final
swarm width is set by the competition between compres-
sion and diffusion. But as the swarm width decreases, the
distance between the walls can be reduced, increasing the
density gradient and therefore the focusing strength. The
swarm is squeezed further by quite an amount until the
focusing strength, which at constant ~E will increase in-
versely with the distance between walls, cannot anymore
compete with the diffusion strength, which increases like
the inverse square of the swarm width.

Of the two possible target gases, we select helium since
the$$-He and muonium-He cross sections are sufficiently
well known to allow reliable modeling of the method.
Momentum transfer cross sections in our energy range
can be deduced by applying the classical trajectory ap-
proximation to the collision process with helium atoms.
At any energy %, the cross sections Q%%& are mass-
independent. In the case of the muon, we use the calculated
values for protons [6], and for muonium, we deduce them
from the known H-He interaction potential [7]. Use of
momentum transfer cross sections means averaging over
the angular dependence. This is justified since many colli-
sions are normally needed to change the muon energy

appreciably. The charge exchange cross sections are de-
duced from those of protons [8] by using standard velocity
scaling [5].

We apply the method to existing surface muon beams
(momentum 28 Mev=c, intensity up to 106 $$=s for
pulsed beams or up to 109 $$=s for dc beams). The long
gas target is placed on the axis of a 5 T solenoid after a
degrader on which the muon beam is focused. Most muons
remain contained within the 2 cm wide target and slow
down into a 14 mm wide volume. The density gradient
compression between slanted walls is illustrated in Fig. 1.
The swarm shrinks into a concentrated flow of 0.5 mm
FWHM in an average time on the order of the muon life-
time. The drift times are shorter in the lower density region
because of the increased muon kinetic energy at lower
collision rates. Note, however, that the focusing strength
decreases at lower densities. It comes out that the com-
pression time "'1 [Eq. (4)] is everywhere smaller than the
muon lifetime.

The electron multiplication coefficient & was computed
with the CERN MAGBOLTZ program [9] which takes in
account all electron-He interactions. In the configuration
of Fig. 1, & is near 0:4 cm'1 with a slight density depen-
dence, giving an electron gain along the longest electron
path e&lmax (lmax ! 2:7 cm) of 5, which is much less than
the value needed to induce a Townsend discharge at low
temperature. In fact, gains reaching 200 without break-
down have been achieved at 14# K and below since the
feedback via helium ions, metastable helium atoms, or
ultraviolet photons is strongly reduced at low temperatures
[10]. The adopted value of the electric field is therefore
quite conservative, and an experimental test of the present
configuration may show that higher fields and smaller
compression times may be achieved. Note that while the
electrons reach the walls within 1 $s, the slow He$ ions
need 50 $s. The resulting space charge modifies the elec-
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FIG. 1 (color online). Density gradient compression in helium
gas for muon trajectories starting 10 mm away from the left
target wall. The drift time up to the throat is given in ns near the
starting point of each muon trajectory. Constant density lines are
shown together with the density scale. The magnetic field is
Bz ! 5 T, the electric field j ~Ej ! 1800 V=cm, and the pressure
4.6 mbar. For a 50 cm long target, 1 liter=hour liquid helium is
consumed for cooling the lower wall.

PRL 97, 194801 (2006) P H Y S I C A L R E V I E W L E T T E R S week ending
10 NOVEMBER 2006

194801-2
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Longitudinal compression: E ~ 60 V/cm, B = 5 T

Compression along E- and B-field direction
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Ê +!øÊ £ B̂

§
(2)

~vD = µE
1+!2ø2

£
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E < 1 eV
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muCool Principle

Simulation of transverse and longitudinal compression
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Trajectories: transverse/longitudinal stages
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A. Antognini BV45, PSI 28.01.2014 – p. 6



Andreas Knecht COOL Workshop 2015, 28. 9. - 2. 10. 2015

muCool Principle

The full system will feature an additional compression stage
The total time needed for the compression will be ~ 8 μs
Wall and neutralization losses should be minimal
Expect an efficiency of O(10-3)
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Simulations and optimizations of the muon drift from
stopping to accumulation in high vacuum have been done.
For the selected wall temperatures (constant along z) and
electric potentials, the temperature, density, and electric
field distributions were calculated with the ANSYS software
[13]. Gas flow and density at the exit hole and in the
vacuum regions were obtained via the DS2G package
[14]. An arbitrarily long stopping target in the z direction
made of successive z compression regions of 2zmax length
was considered. The stages following the initial transverse
compression are shown in Fig. 2. The compression in z
extends up to zmax ! 5 cm (10 cm distance between holes)
at a density of 1:5" 1017 at=cm2 and Ez=N ! 54 Td,
giving a maximum electron multiplication of 15 [15]
over the full 5 cm gain length of the low density channel.
Sufficient wall distances and region lengths have been
selected in order to insure minimum wall losses due to
muon diffusion. These are 5% near the extraction holes and
below 1% elsewhere besides 5% losses for muons starting
near jzj ! zmax. In a more compact design allowing more
wall losses, the dominating decay losses can be strongly

reduced and the overall efficiency increased. Note that
about 20% of the losses result from the neutralization
reaction, partly during the initial transverse (y) compres-
sion, as some muonium atoms are formed at energies too
low to be reionized before slowing down, and partly during
z compression at low density where muonium atoms
formed at high energy diffuse towards the walls.

The outcome of the operation is the conversion of an
initial stopping volume of 7 mm radius and 10 cm length in
the z direction with a central density of 50" 1017 at=cm3

into a volume 0.5 mm long in y, 2 mm long in z, and in x its
length depends on the period between the final pulsed
beam extraction: it is 7 mm for a 1 !s period. In the center
of this volume, the gas density is 0:05" 1017 at=cm3 and
falls rapidly in the y-z plane to 0:0001" 1017 at=cm3, i.e.,
4" 10#4 mbar for pumping powers of 200 l=s per hole. A
50 cm long target will stop a substantial fraction of stan-
dard surface !$ beams giving an efficiency greater than
10#3 for the whole operation or an intensity greater than
106 !$=s for the most intense available muon beams. With
a final swarm average kinetic energy of 0.75 eV, the
increase in phase space density relative to the initial
muon beam is greater than 1010. This allows, for example,
a beam of 10% 0:5 eV energy and less than 1 cm2 area to
stop on the first layer of a target with a timing of 10 ns. At
energies above 10 keV, a muon microscope with a position
resolution below 10! can be achieved.
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FIG. 2 (color online). Compression and extraction of the muon
swarm. (a) x-y plane with constant density lines and electric field
lines with field vector at their end. (b) x-z plane with a factor 10
increase in z scale on the left. (c) Average muon kinetic energy
and drift velocity in x (dotted curved line). Trajectories shown
start at x ! 10 mm, y ! 17 mm, and z ! 5, 15, 25, 35, 45, 55,
in mm. Only the end of the initial y compression region (see
Fig. 1) is shown. It is followed by an intermediate region where
the temperature is slowly increased to 300 K and Ez increased
from zero to 66 V=cm. The low density z compression region,
operated at a low transverse field of 150 V=cm, where 100 eV
muon energies are reached, is followed by a cold region where
the gas density is high enough to allow cooling and final
compression of the muon swarm before extraction through a
1 mm diameter hole. The average delay time in each region is
given at the bottom of the figure.
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Simulations and optimizations of the muon drift from
stopping to accumulation in high vacuum have been done.
For the selected wall temperatures (constant along z) and
electric potentials, the temperature, density, and electric
field distributions were calculated with the ANSYS software
[13]. Gas flow and density at the exit hole and in the
vacuum regions were obtained via the DS2G package
[14]. An arbitrarily long stopping target in the z direction
made of successive z compression regions of 2zmax length
was considered. The stages following the initial transverse
compression are shown in Fig. 2. The compression in z
extends up to zmax ! 5 cm (10 cm distance between holes)
at a density of 1:5" 1017 at=cm2 and Ez=N ! 54 Td,
giving a maximum electron multiplication of 15 [15]
over the full 5 cm gain length of the low density channel.
Sufficient wall distances and region lengths have been
selected in order to insure minimum wall losses due to
muon diffusion. These are 5% near the extraction holes and
below 1% elsewhere besides 5% losses for muons starting
near jzj ! zmax. In a more compact design allowing more
wall losses, the dominating decay losses can be strongly

reduced and the overall efficiency increased. Note that
about 20% of the losses result from the neutralization
reaction, partly during the initial transverse (y) compres-
sion, as some muonium atoms are formed at energies too
low to be reionized before slowing down, and partly during
z compression at low density where muonium atoms
formed at high energy diffuse towards the walls.

The outcome of the operation is the conversion of an
initial stopping volume of 7 mm radius and 10 cm length in
the z direction with a central density of 50" 1017 at=cm3

into a volume 0.5 mm long in y, 2 mm long in z, and in x its
length depends on the period between the final pulsed
beam extraction: it is 7 mm for a 1 !s period. In the center
of this volume, the gas density is 0:05" 1017 at=cm3 and
falls rapidly in the y-z plane to 0:0001" 1017 at=cm3, i.e.,
4" 10#4 mbar for pumping powers of 200 l=s per hole. A
50 cm long target will stop a substantial fraction of stan-
dard surface !$ beams giving an efficiency greater than
10#3 for the whole operation or an intensity greater than
106 !$=s for the most intense available muon beams. With
a final swarm average kinetic energy of 0.75 eV, the
increase in phase space density relative to the initial
muon beam is greater than 1010. This allows, for example,
a beam of 10% 0:5 eV energy and less than 1 cm2 area to
stop on the first layer of a target with a timing of 10 ns. At
energies above 10 keV, a muon microscope with a position
resolution below 10! can be achieved.
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FIG. 2 (color online). Compression and extraction of the muon
swarm. (a) x-y plane with constant density lines and electric field
lines with field vector at their end. (b) x-z plane with a factor 10
increase in z scale on the left. (c) Average muon kinetic energy
and drift velocity in x (dotted curved line). Trajectories shown
start at x ! 10 mm, y ! 17 mm, and z ! 5, 15, 25, 35, 45, 55,
in mm. Only the end of the initial y compression region (see
Fig. 1) is shown. It is followed by an intermediate region where
the temperature is slowly increased to 300 K and Ez increased
from zero to 66 V=cm. The low density z compression region,
operated at a low transverse field of 150 V=cm, where 100 eV
muon energies are reached, is followed by a cold region where
the gas density is high enough to allow cooling and final
compression of the muon swarm before extraction through a
1 mm diameter hole. The average delay time in each region is
given at the bottom of the figure.
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Experimental Tests in Stages

13

Transverse compression:
First experimental test in Dec. 2014
Improved tests in Dec. 2015

Longitudinal compression:
First experimental test in 2011
Improved tests in Dec. 2014

Extraction into vacuum:
Under development

Transverse compression
Longitudinal compression

Secondary μ+ beam
D ≈ 10 mm
E ≈ 4 MeV
continuous
polarized

Tertiary μ+ beam
D < 1 mm
E < 1 eV
pulsed, tagged
polarized

5 mbar He gas
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Test of Longitudinal Compression

First test of longitudinal 
compression in 2011

πE1 beamline tuned to 10 MeV/c
Only small fraction of muons 
stopped in gas

Developed special simulation able 
to reproduce measured data after 
introduction of:

small misalignment
chemical absorption
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Bao et al., Phys. Rev. Lett. 112, 224801 (2014)

collisions. For small ωτc the muon drift is along the electric
field lines. This is the regime of high gas density where the
collision rate is large. For large ωτc the third term
dominates and muons follow the magnetic lines.
The beam line we are developing is composed of a

sequence of stages as shown in Fig. 1. In the initial
transverse compression stage a μþ beam is stopped in
He gas at 5 mbar pressure inside a 5 T longitudinal B
field B̂ ¼ ð0; 0; 1Þ and a transverse electric field
Ê ¼ 1=

ffiffiffi
2

p
ð1; 1; 0Þ. The gas temperature in this first stage

has a vertical gradient from 4 to 12 K. At lower densities
(top part) τc is large and ~vD is dominated by the Ê × B̂ term.
Hence, the muons drift diagonally in the −y direction and
in the þx direction. By contrast, at larger densities (bottom
part) the first term of Eq. (1) dominates and the resulting
drift velocity is along Ê. Therefore, muons originating from
the upper (lower) part of the stop distribution while drifting
in the þx direction are moving downwards (upwards)
giving rise to a compression in the transverse (y) direction.
The 10 mm wide stopping volume in the y direction is
thereby reduced to a swarm of muons moving in the x
direction with a height of 0.5 mm (in the y direction) and a
length (in the z direction) of 50 cm or more [1].
The muon swarm is then entering a second stage at room

temperature (low density) where longitudinal compression
(in the direction of B̂ or z) takes place. Hence, the muons
are directed towards the exit hole as shown in Fig. 1. The
third term of Eq. (1) is here dominant. The electric fields are
designed such that Ez changes sign in the center of this
region. Thus, muons drift to the center along the magnetic
field lines, which gives rise to longitudinal compression. A
nonvanishing Ey component guarantees that the muon
swarm drifts also along the þx axis because of the
Ê × B̂ term. An additional muon swarm compression in
both the y and z direction occurs in a third stage followed
by vacuum extraction through a small orifice.
In this Letter we present an experimental demonstration

of compression along the magnetic field lines, i.e., longi-
tudinal compression. A standard μþ beam is stopped in a
few mbar He gas at room temperature and 5 T longitudinal
magnetic field. The elongated stopping distribution is
compressed into the minimum of a V-shaped electrostatic
potential as shown in Fig. 2. From the time distribution of
the muon-decay positrons (eþ) detected with two positron
counters (P1, P2) placed in the vicinity of this potential
minimum it is possible to quantify the muon drift.
The experiment was performed at the PSI πE1 beam line

tuned to deliver μþ of 10 MeV=c momentum (500 keV
energy). After elimination of the positron contamination
with a electromagnetic separator, the μþ beam is focused
into a 5 T solenoid containing a He gas target at a few mbar
pressure. A μþ rate of 2 × 104 s−1 was measured using a
30 μm thick plastic scintillator (S1) of 10 mm diameter read
out by four Geiger-mode avalanche photodiodes. S1 pro-
vides the event start time.

The beam momentum and the scintillator thickness were
chosen to give the highest (few %) fraction of μþ stops in
the 160 mm long “active” region of the few mbar He target.
The majority of the μþ passes through the gas and reaches a
second detector S2 which is also used to align the target
along the B-field lines.
The inner walls of the target are made of printed circuit

boards (PCB) covered by thin metallic strips used to define
the V-shaped electrostatic potential. To compress the μþ to
the center (z ¼ 0) of the target a negative HV is applied
to the central strips. The other strips are at decreasing
absolute potential till z ¼ %80 mm, where ground poten-
tial is applied.
The S1, S2, P1, and P2 signals are recorded with a DRS4

[8] waveform digitizer triggered by P1 or P2. Figure 3
shows eþ time distributions measured in P1 and P2 relative
to S1. To remove the effect related to the μþ decay, the
histograms have been scaled with expðt=τÞ, where t is the
time and τ ¼ 2.2 μs the μþ lifetime. The “prompt” peaks
originate from the higher energy μþ decaying in flight in
the acceptance region (between%18 mm in the z direction)
of P1 and P2.
When a negative HV is applied, the μþ are attracted close

to P1 and P2. The resulting eþ time distributions (blue, þ)
show an increase caused by the muon drift into a region
with higher positron detection acceptance. On the contrary,
applying a positive HV, the μþ are pushed out of the
acceptance region resulting in a decrease of detected
positrons (green empty circles).
The curve for large positive HV at delayed time

is equivalent to a background measurement. Its flat
asymptotic behavior reveals that this background is
muon-correlated. It arises from μþ stopping in the target
walls, in the beam collimators, in the beam dump, and in
the inactive region of the target.
A relevant difference between the conditions of this

experiment and those in the longitudinal compression stage
of [1], is that in [1] the μþ enter the longitudinal

FIG. 2 (color online). Setup in the 5 T solenoid. Muons enter
the gas target, cross the entrance detector S1, and a fraction stops
in the He gas. The stopped μþ are compressed along the B field
using a V-shaped electric potential. P1 and P2 are eþ counters. S2
is a scintillator counter for aligning the muon beam.
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compression stage at an energy around 1 eV, while in the
experiment presented here, the muons enter the active
volume at keV energies. Thus, here the slowing-down
process competes and is mixed with the drift induced by the
electric field.
To analyze the measured time spectra (which include

prompt peak, background, slowing down, and compres-
sion) and quantify the compression, we extended the
GEANT4 simulation package [9] to include μþ physics
in the 0.1 eV–1 keV energy range. Below 1 keV energy
standard GEANT4 processes have been switched off and
elastic μþ − He collision, Mu formation and Mu ionization
have been implemented. Among these processes the elastic
μþ − He scattering is the decisive interaction that controls
the muon compression. It has been included in the Monte
Carlo (MC) simulation starting from the proton differential
cross sections calculated in [10] adapted to muons using
energy scaling [11].
When a μþ crosses matter in the keV energy regime it

undergoes charge exchange, that is electron-capture and
electron-loss processes. Both processes have been
accounted for separately in our MC simulation using the
velocity scaled cross sections of [12]. The stopping power
caused by these processes is given in Fig. 4, where for
simplicity only the net μþ energy losses caused by the full
charge exchange cycle is represented without separating
electron-capture and electron loss. The μþ stopping power,
indicated by the circles in Fig. 4, which results from
velocity scaling the measured proton stopping power
[13], deviates from the stopping power given by the charge
exchange because it also includes non-negligible processes

such as ionization and excitation of the target helium atom.
Because no cross sections are available for these processes,
between 300 eV and 1 keV we have adapted the energy
losses of the charge exchange processes to reproduce the
stopping power scaled from proton data. This approxima-
tion is good enough since simulations show that the drift
of the muon is insensitive to the precise implementation of
these processes, as muons spend only a small fraction of
time in this energy range.
The curve shown with triangles in Fig. 4 illustrates the

average kinetic energy (T) loss of diffusive motion per unit
length along a given direction (dz) when only elastic
scattering takes place. This curve has been obtained from
the diffusion theory of [14] using the energy scaled trans-
port cross sections of [10]. The horizontal red and blue lines
represent the kinetic energy gain per unit displacement in
the z direction due to an electric field (in the z direction). By
equating energy loss caused by collisions, with energy gain
due to the applied electric field, one can estimate the
average muon equilibrium drift energy at the corresponding
field and density conditions. For example, as shown in
Fig. 4 at E ¼ 68.75 V=cm and a pressure of 12 mbar, the
average kinetic energy is 0.4 eV. As E=N increases (N
being the gas number density), the average equilibrium
energy increases. If E=N is larger than the local maximum
at around 1 eV energy, muons are accelerated to much
higher kinetic energies as shown by the vertical (blue,
dashed) line. At this point, the energy gain in the E field is
always larger than the energy loss due to elastic collisions.
Hence, muons are continuously accelerated (“run-away”)
until other processes (charge exchange and inelastic colli-
sions) limit their speed [14,15]. Fast longitudinal
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FIG. 3 (color online). Measured and simulated (continuous
lines) positron time spectra multiplied with et=2200 for two
different pressures, where t is the time in ns. The simulations
account for muon chemical capture with a rate of 40 × 106 s−1

and a misalignment between the target and B field of 1 mrad
(see text).
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FIG. 4 (color online). Energy loss processes of μþ at low energy
scaled from proton data. The empty circles show the stopping
power caused by He ionization, He excitation, and charge
exchange processes. The curve with squares accounts for energy
losses due to Mu formation and ionization. The curve with
triangles represents the kinetic energy loss [dT=ðNdzÞ] caused by
elastic scattering per unit length in a fixed direction (z, electric
field direction). The vertical dashed lines (blue, red) are the
resulting equilibrium energies at two experimental conditions.
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Test of Longitudinal Compression

From simulation: 
Compression is indeed fast and 
completed in < 2 μs

Situation in real setup will be 
somewhat different: 
Here slowing down of ~10 keV 
muons mixed with compression

15

compression of the μþ swarm within 10–15 cm length
requires the μþ to be accelerated at run-away conditions.
The equilibrium energies computed with our MC simu-
lations based on differential cross sections reproduce the
equilibrium energies obtained from the diffusion theory in
[14] and shown in Fig. 4.
A simulated time evolution of the muon spatial distri-

bution during compression in the target is given in Fig. 5.
Starting from an approximately flat stop distribution
(t ¼ 100 ns), the muons are compressed in the center in
less than 2 μs.
The positron time spectra of P1 and P2 simulated with

our MC program are shown in Fig. 6. The 12 mbar with
HV ¼ −550 V (continuous) curve has a fast and a slow
component. The slow component which becomes visible at
times later than 700 ns arises from slow muons drifting at
the equilibrium energy of 0.8 eV. The fast component
results from compressing muons while having several

hundreds eV energy, thus, still in the process of slowing
down to the equilibrium energy. For 5 mbar no fast and
slow component can be distinguished since the equilibrium
drift energy is higher (around 200 eV) and the muon
deceleration process from the 100 keV energy regime is
slower. Hence, most muons reach the center of the target
before they slow down.
The measured time spectra of Fig. 3 do not show any hint

of a slow component. At 12 mbar the measured compres-
sion is completed at about 500 ns. According to simu-
lations, at this time the μþ energy ranges from 1 to 10 eV.
The probable explanation for the absence of the slow
component is that at these energies the muon interacts with
impurities to form muonic ions or to replace a proton of
these molecules (“chemical capture”). We therefore intro-
duced into the MC simulations a constant loss rate R in the
low energy range up to a cutoff energy which was taken to
be 10 eV. Large desorption rates have been measured in our
target (PCB glued with araldite) giving rise to impurities of
about 1014 molecules=cm3 corresponding to few atomic
monolayers when integrated over the active target length. It
is known that few monolayers of impurities on the Ar-
moderator surface of the LEM beam line [16] are sufficient
to reduce by 1 order of magnitude the number of μþ with
energy between 0 to 30 eVemerging from the surface [17].
The dotted curves in Fig. 6 show the effect of this chemical
capture assuming a rate of R ¼ 40 × 106 s−1 for energies
< 10 eV. These values where chosen to fit the mea-
sured data.
The measured time distributions show a slightly larger

flat (muon correlated) background than the simulations.
This can be explained by a small (about 1 mrad and within
uncertainties) misalignment between the magnetic field
lines and the target, causing an increased number of μþ

stopping in the target walls in front of the positron
detectors. Adjusting the simulations with such misalign-
ment and including chemical capture, yields complete
agreement with the measured spectra as shown in Fig. 3.
Variation of the elastic μþ − He cross section by a factor of
2 leads to simulated time spectra which disagree strongly
with the measurements.
In conclusion, we have demonstrated the compression of

stopping muons along the magnetic field direction. This
demonstration relies on the agreement between the exper-
imental results and simulations based on GEANT4
extended to account for low energy processes. For the
first time run-away conditions for muons [14] have been
experimentally exploited. Applying our MC program to
muons starting the process at low energy as in [1], yields a
longitudinal compression process with almost no losses in
walls or muonium formation in less than 2 μs.
Using an additional electric field, these muons can be

drifted (E × B term) in the x direction and extracted into
vacuum through an orifice of ∼mm2 size. Their average
energy would be a few eV before being reaccelerated by a

z [cm]
-6 -4 -2 0 2 4 6

1

10

210

310
t = 100 ns

t = 500 ns

t = 1000 ns

t = 2000 ns

FIG. 5 (color online). Muon distribution at various times during
the compression for 5 mbar and HV ¼ −550 V.
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FIG. 6 (color online). Simulated eþ time spectra without
(continuous lines) and with (dashed lines) muon chemical capture
to impurities with R ¼ 40 × 106 s−1 and 10 eV cutoff.
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Improved Setup

Improved cleanliness of target → no chemical absorption
Better shielding of detectors, larger volume → less background
More scintillators (26) → observe temporal evolution of the compression
Scintillators in telescope configuration → high spatial sensitivity at center
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schematic

20 cm

HV connection

Voltage divider
Scintillator bars read-out by SiPM
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Results of Improved Setup

Compression efficiency ∼ a/b
From simulation: (100 ± xx)% compression
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Results of Improved Setup

Observed much improved 
compression signals:

Longer drift times
Larger compression effects due 
to less background and spatially 
more sensitive detectors

Confirmed effect of chemical 
absorption due to impurities
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Introduction Working Principle Longitudinal Compression Summary

2014 vs. 2011
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Comparison 2014 vs. 2011:

Much larger e↵ect

Less impurities (less
chemical absorption) !
compression continues for
t�1 µs

Reduced background

! Confirmed impurity hypothesis
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Results of Improved Setup

Observe temporal evolution 
of compression with row of 
scintillators

19

Introduction Working Principle Longitudinal Compression Summary

Measured µ+ Swarm Compression
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Test of Transverse Compression
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GEANT4 simulations: time spectra
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Test of Transverse Compression

Simulated signals in the different scintillator bars for muons starting at 
different initial heights
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GEANT4 simulations: time spectra

s]µtime [
0.0 0.5 1.0 1.5 2.0
0

2000

4000

6000

8000

10000

S1 (Compression)

s]µtime [
0.0 0.5 1.0 1.5 2.0
0

2000

4000

6000

8000

10000

12000

14000

S7 (Compression)

s]µtime [
0.0 0.5 1.0 1.5 2.0
0

5000

10000

15000

20000

25000

30000

35000

40000
P1
P2
P3
P4
P5

S3 (Compression)

s]µtime [
0.0 0.5 1.0 1.5 2.0
0

2000

4000

6000

8000

10000

S1 (Only Drift)

s]µtime [
0.0 0.5 1.0 1.5 2.00

2000

4000

6000

8000

10000

12000

14000

S7 (Only Drift)

s]µtime [
0.0 0.5 1.0 1.5 2.00

5000

10000

15000

20000

25000

30000

35000

40000
P1
P2
P3
P4
P5

S3 (Only Drift)

Assuming
vµ=const

A. Antognini BV45, PSI 28.01.2014 – p. 30

GEANT4 simulations: time spectra
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Setup for Transverse Compression

Setup in the πE1 area of PSI. ~20 kHz μ+ @ 10 MeV/c
Cryostat with long cold-finger inside superconducting 5 T magnet

22

Cryostat with the cold 
finger

Full setup at πE1 PSI

Engineering run setup (Dec 2014)

Cryostat with the cold 
finger

Full setup at πE1 PSI

Engineering run setup (Dec 2014)
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Setup for Transverse Compression

23

Pulse tube refrigerator 
operated in ~200 G

OFHC and ultra-pure Al  
cold finger

Scintillator bars read-out 
by 2 m fibres and SiPM (in air)

Entrance collimator
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Setup for Transverse Compression

24

Bottom plate with
gold traces

Kapton side wall  
with gold traces

Scintillator 
bar

Helium gas line

Resistors for voltage division

HV cables
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Results from First Test 2014
Things that worked:

Reached ~5 K on bottom plate of 
target cell
Nice and clear signals seen from 
scintillator bars read out by 2 m 
long fibers
Possibility to align target with 
positrons once cold

Things that didn’t work:
Finished cell just a few days before 
end of beam time 
Gas cell developed a cold leak
Lost some HV contacts

But: Concept in principal viable

25

Time [s]
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Scintillator signal after 2 m of fibre
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Lots of work in last year!

Improved cell design and high-voltage connection
Gas-tight cell at cryogenic temperatures and over several temperature cycles
Reached electric field strength of ~ 2 kV/cm with magnetic field

26

Problems
(in engineering run 2014):

• HV connections
• breaking of the voltage divider on 

sapphire
• electrical breakdown in He
• leak tightness

Engineering 
run

Now

Transverse compression stage - challenges

→ ready for tests of transverse compression this December!
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Conclusions

27

Interesting physics opportunities in particle physics and material science 
using slow, high-brightness muon beams

The muCool collaboration aims at generating such a beam using a novel 
technique employing a density gradient in helium gas and electric and 
magnetic fields. The efficiency will be of O(10-3) with an increased 
brightness of the muon beam of 107.

Longitudinal compression has been demonstrated experimentally with 
good progress towards transverse compression
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Backup

29
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Physical Processes at Low Energy

30

Long. comp. test: physical processes

 T [eV]
-110 1 10 210 310 410 510

/g
]

2
 [M

V 
cm

zU

10

210

310 Measured Stopping power
Elastic Scattering
Charge exchange

12 mbar, 68.75 V/cm

5 mbar, 62.5 V/cm

Simulated energy loss per unit length along z-axis

Muonium formation
and ionization
µ+ + He → Mu+ ...

Mu + He → µ+ + ...

Elastic scattering:
µ+ + He → µ+ + He

Difference:
He ionization
and excitation

µ+ cross sections at low energy are not know:
- velocity scaling from p data for the charge exchange
- energy scaling from p data for elastic scattering

[Lin. et al., J. Phys. B 12, 4179 (1979)]
Kin. energy gained in E-field

Equilibrium kinetic energy

A. Antognini BV45, PSI 28.01.2014 – p. 13
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Extraction into Vacuum

No flow inside target!
Reinjection of helium “blocks” outflow of helium from target cell and compensates 
losses

31

Extraction into vacuum

To pump To pump

Sk
im

m
er

1

0.15 1.2

He

He

He

µ

End of He target

Injection

Differential region

Extraction reg.
p ≈ 10−4 mbar

A. Antognini BV45, PSI 28.01.2014 – p. 8
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Extraction into Field Free Region

Field termination with a magnetic grid
Tested with electrons at a few keV
~50% transmission and increased transverse energy by O(10 eV)

32

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 
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FIG. 3. The calculated B field distribution along the z axis. The shield is 
centered at z=1005 cm. The magnetic field is produced by a long solenoid 
of 16 cm inner diameter, placed very close to the shield. 

operation difficult to perform. lo Thus it was necessary to use 
a one piece shield. The main problem was then to optimize 
the ratio between the diameter of the solenoid producing the 
guiding magnetic field and the total diameter of the shield, in 
order to have the best reduction factor of field intensity with 
the minimum overall dimension. This ratio was found to be 
around l/3. In the final design the shield diameter was 60 cm 
and the inner and the outer solenoid diameters were, respec- 
tively, 16 and 18 cm. An optimal thickness of the shield was 
found to be 1 cm. Dimensions of rings and bars were chosen 
in order to avoid saturation of the material and to maximize 
the ratio between open and total area of the structure (the 
bars and the rings were 2 and 1 mm in thickness, respec- 
tively). The relative magnetic permeability of the material 
used in the simulation was 4000 (characteristic of the so- 
called ARMCO iron that we used for the construction of the 
device). 

The calculated B field distribution on the axis is shown 
in Fig. 3. It drops very rapidly from 110 down to 3.5 G (the 
precision of the calculation is of the order of +2 G). The 
radial component of the magnetic field along the radial di- 
rection, in the midsection between two bars, is shown in Fig. 
4. It is periodically spread out over the whole aperture so that 
the maximum transverse momentum added to the particle is 
strongly reduced. 

D. Ray tracing simulation 

The limited number of finite elements in which the re- 
gion between two rings was subdivided prevented the use of 
the same model for the ray tracing simulation. Thus a sim- 
plified geometry, a single rectangular slit (Fig. 5), was used 
so that the subdivision in the open space was fine enough for 
a more precise calculation. The results of this simulation are 
presented in Table I. 

Some considerations are necessary, also in view of the 
discussion of the experimental results obtained. We observe 
that, from the previous theoretical consideration, the maxi- 
mum transverse energy does not directly depend on the inci- 
dent energy of the particle, as long as the transmission effi- 
ciency remains constant. But the transmission efficiency is a 
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FIG. 4. Radial component of the magnetic field as a function of the radial 
distance from the axis at 1 mm distance from the shield, in the midplane 
between two bars. The result of the calculation in this case is not quantita- 
tively correct due to the small number of mesh points at disposition between 
the rings. 

function of the incident energy. In fact, in this geometry, if 
the motion is nonadiabatic, the transverse momentum is 
added mainly in a direction parallel to the long side of the 
slit, so that the particles do not bump into the iron (see Fig. 
5). But for low energies some of the positrons will tend to 
follow the field lines or they will acquire a component of the 
momentum parallel to the short side of the slit and thus they 
will hit the shield. This can be seen in Table I where the 
transverse energy is decomposed into two parts, E, and 
E rY, related to the motion in the x and y direction, respec- 
tively. At high energy, ET,, is negligible and the transmission 
efficiency has the maximum value. At low energy only the 
particles within an effective width less than w will be trans- 
mitted with a reduced transverse energy; the transverse en- 
ergy at high incident energy is very close to the theoretical 
estimation (see Sec. II B). Both the transmission efficiency 
and the transverse energy monotonically decrease at lower 
incident energies (for the magnetic field of the order of 100 
G). 

111. MEASUREMENT OF THE TRANSMlSSlON AND 
DIVERGENCY 

The basic measurements of the transmission and the di- 
vergency of the extraction aperture are fairly simple. How- 
ever, the realization of the required field and charged particle 
beam conditions, as discussed in the previous sections, de- 
mands nontrivial efforts for the experimental setup which 
will be shown in this section. 

A. Experimental setup 

The experimental setup for measuring the performance 
of the shield and the extraction aperture is shown in Fig. 6. 
The aperture, as already mentioned, was produced from a 60 
cm diameter disk of ARMCO iron, of 1 cm thickness, by a 
spark erosion process. Vacuum annealing for 4 h was done 
for restoring the magnetic properties of the material. In the 
final design, with nonsignificant differences with respect to 
the model used for the simulation, the overall diameter of the 
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Measurement of Gas Density Gradient

33

Density gradient via neutron radiography
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Measurement of Gas Density Gradient
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Density gradient via neutron radiography

Rectangular cell Triangular cell

The color scales represent the exponential absorption coefficient.
→ The colors are proportional to the density ρ

• Data normalized using a monitor detector and empty cell measurements.
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Density gradient via neutron radiography
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Density gradient via neutron radiography
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Coldfinger Temperatures

35

Heating with Heating Wire (Target 2014)

0.48 W

0.75 W

1 W

6

T<7 K
�

� 
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Electric Discharges
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Electric Discharges

0.3 kV/cm
-

Our density: O(10�5)g·cm�3

6

↵⌦ � 

Require 2 kV/cm

Strong B-field!

~E ⇥ ~B-drift
Increase e↵ective
density
Increase breakdown
voltage

VBD at cryogenic
temperatures for He

M. Irmisch et al.; IEEE Trans.
on E. I. Vol 28, No. 4, Aug 1993
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