
R. Iwai NUFACT19 - August 26-31 2019 - Daegu, Republic of Korea

R. Iwai (ETH Zürich) 
on behalf of muCool collaboration

Development of next generation muon beams   
at the Paul Scherrer Institute



R. Iwai NUFACT19 - August 26-31 2019 - Daegu, Republic of Korea

High Intensity Proton Accelerators (HiPA)  
• Two meson production targets for π+/- → μ+/- → e+/-

1.4 MW proton cyclotron 
φ ~15 m 

E = 590 MeV  
fresonator = 50 MHz 

• Two spallation sources for ultra-cold to fast neutrons
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• Highest intensity DC muon beam available (>108 μ+/s @μE4 and πE5 beamlines)

Muon production

Rotating (1 Hz) for 
radiatively cooling

p+

• Polycrystalline graphite target

protons

π+

μ+

surface muons   
from pions stopped 
on the target 

x

π+/-

μ+/-

cloud muons 
pion decay-in-flight

• Surface μ+ at 28 MeV/c most widely used
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Particle physics with muons at PSI 

‣ High-intensity Muon Beam (HiMB)

Beam development   
‣ High-brightness ultra-cold positive muon beam (muCool)

Search for cLFV
‣ μ → eγ (MEG II)
‣ μ → eee (Mu3e)

Exotic atoms
‣ Laser spectroscopy of μp (HyperMu)

Muon EDM

‣ X-ray spectroscopy of high-Z muonic atoms (muX)
‣ Muonium production from SFHe for gravity & spectroscopy experiments
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μ-p scattering (MUSE)
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muCool project

0 mm

10 mm

20 mm

30 mm

• Reduced energy  (4.1 MeV → <1 eV) and beam size (10 mm → <1mm)

• Muons are reaccelerated to keV energy and sent to experiments

• Device to compress the phase space of a standard muon beam 
by 10 orders of magnitude

• Efficiency ~10-3

• Conserve initial polarisation
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muCool: Motivation
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Muonium spectroscopy Gravity of antimatter

Solid state physics 
 (muon spin rotation)

Muon g-2/EDM

I. Belosevic

I. Belosevic I. Belosevic
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Muon Cooling: Longitudinal Compression
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A 10 MeV=c positive muon beam was stopped in helium gas of a few mbar in a magnetic field of 5 T.
The muon “swarm” has been efficiently compressed from a length of 16 cm down to a few mm along the
magnetic field axis (longitudinal compression) using electrostatic fields. The simulation reproduces the low
energy interactions of slow muons in helium gas. Phase space compression occurs on the order of
microseconds, compatible with the muon lifetime of 2 μs. This paves the way for the preparation of a high-
quality low-energy muon beam, with an increase in phase space density relative to a standard surface muon
beam of 107. The achievable phase space compression by using only the longitudinal stage presented here
is of the order of 104.

DOI: 10.1103/PhysRevLett.112.224801 PACS numbers: 29.27.-a, 14.60.Ef, 29.38.Db, 82.20.Tr

Standard muon (μþ) beams have a relatively high energy
and poor phase space quality. A new scheme has been
proposed making use of stopped μþ in a He gas target [1].
Through the stopping process high intrinsic phase space
compression is achieved. The remaining challenge is to
extract the muons fast enough into vacuum. This is done by
compressing the stopped muon swarm with electric fields
and guiding it into a small extraction hole. In this Letter we
report the successful demonstration of muon swarm com-
pression along the magnetic field lines.
Related schemes have been used in the field of rare

isotope investigations [2,3]. High energy ion beams are
stopped in He gas and compressed. Typical manipulation
and extraction times are 5–200 ms. For muons, much faster
techniques are vital.
The new concept for fast compression is based on a

position-dependent muon drift velocity ~vD in gas. In a long
He gas target placed in a longitudinal high magnetic field,
the stopping muons are first transversely, then longitudi-
nally compressed and finally extracted through a 1 mm2

side hole in the transverse direction (see Fig. 1). The
operation takes place in 8 μs [1].
This tertiary beam line is an add on to a secondary

surface muon beam line, reducing the phase space of the
input beam by 1010 with 10−3 efficiency.
By using, e.g., the PSI μE4 surface beam with

4 × 108 μþ=s, an eV-energy beam can be obtained with
1 mm2 transverse area and intensity of 5 × 105 μþ=s, 2
orders of magnitude larger than presently achieved [4]. This
development is also highly attractive in view of the HiMB
project [5] aiming at a surface muon beam of ∼1010 μþ=s.
Space charge effects will limit the output intensity of the
compressed beam to about 1 × 107 μþ=s.
It is important to note that depolarization during muon

swarm compression is only a few percent because of the

strong longitudinal magnetic field [6]. Thus, starting from
highly polarized muons, such a beam can be used for next
generation μSR applications, muonium (Mu) spectroscopy,
a muon g-2 experiment, searches for a muon electric dipole
moment, and Mu-Mu conversion. Because of space charge
effects and muon losses it is not suited for muon collider
projects.
The drift velocity of charged particles in gas in the

presence of electric ~E and magnetic ~B fields is [7]

~vD ¼ μE
1þ ω2τ2c

½Êþ ωτcÊ × B̂þ ω2τ2cðÊ · B̂ÞB̂&; (1)

where Ê and B̂ are the unit vectors along ~E and ~B, ω ¼
eB=m the cyclotron frequency withm the muon mass, μ the
muon mobility in the gas, and τc the mean time between
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FIG. 1 (color online). Schematic of the beam line proposed in
[1]. μþ traveling in the −z direction are stopped in 5 mbar He gas
at cryogenic temperatures. First, transverse (y direction) com-
pression occurs within a density gradient in He gas (blue region).
Then at room temperature the longitudinal (z direction) com-
pression takes place (red region). In the yellow region a mixed
transverse-longitudinal compression precedes before extraction
into vacuum.

PRL 112, 224801 (2014) P HY S I CA L R EV I EW LE T T ER S
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Transverse compression
‣ 5 mbar He gas 
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‣ Temperature gradient                 
at cryogenic temperature

‣ Crossed E- and B-field

Muon Cooling: Longitudinal Compression
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A 10 MeV=c positive muon beam was stopped in helium gas of a few mbar in a magnetic field of 5 T.
The muon “swarm” has been efficiently compressed from a length of 16 cm down to a few mm along the
magnetic field axis (longitudinal compression) using electrostatic fields. The simulation reproduces the low
energy interactions of slow muons in helium gas. Phase space compression occurs on the order of
microseconds, compatible with the muon lifetime of 2 μs. This paves the way for the preparation of a high-
quality low-energy muon beam, with an increase in phase space density relative to a standard surface muon
beam of 107. The achievable phase space compression by using only the longitudinal stage presented here
is of the order of 104.
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Standard muon (μþ) beams have a relatively high energy
and poor phase space quality. A new scheme has been
proposed making use of stopped μþ in a He gas target [1].
Through the stopping process high intrinsic phase space
compression is achieved. The remaining challenge is to
extract the muons fast enough into vacuum. This is done by
compressing the stopped muon swarm with electric fields
and guiding it into a small extraction hole. In this Letter we
report the successful demonstration of muon swarm com-
pression along the magnetic field lines.
Related schemes have been used in the field of rare

isotope investigations [2,3]. High energy ion beams are
stopped in He gas and compressed. Typical manipulation
and extraction times are 5–200 ms. For muons, much faster
techniques are vital.
The new concept for fast compression is based on a

position-dependent muon drift velocity ~vD in gas. In a long
He gas target placed in a longitudinal high magnetic field,
the stopping muons are first transversely, then longitudi-
nally compressed and finally extracted through a 1 mm2

side hole in the transverse direction (see Fig. 1). The
operation takes place in 8 μs [1].
This tertiary beam line is an add on to a secondary

surface muon beam line, reducing the phase space of the
input beam by 1010 with 10−3 efficiency.
By using, e.g., the PSI μE4 surface beam with

4 × 108 μþ=s, an eV-energy beam can be obtained with
1 mm2 transverse area and intensity of 5 × 105 μþ=s, 2
orders of magnitude larger than presently achieved [4]. This
development is also highly attractive in view of the HiMB
project [5] aiming at a surface muon beam of ∼1010 μþ=s.
Space charge effects will limit the output intensity of the
compressed beam to about 1 × 107 μþ=s.
It is important to note that depolarization during muon

swarm compression is only a few percent because of the

strong longitudinal magnetic field [6]. Thus, starting from
highly polarized muons, such a beam can be used for next
generation μSR applications, muonium (Mu) spectroscopy,
a muon g-2 experiment, searches for a muon electric dipole
moment, and Mu-Mu conversion. Because of space charge
effects and muon losses it is not suited for muon collider
projects.
The drift velocity of charged particles in gas in the

presence of electric ~E and magnetic ~B fields is [7]

~vD ¼ μE
1þ ω2τ2c

½Êþ ωτcÊ × B̂þ ω2τ2cðÊ · B̂ÞB̂&; (1)

where Ê and B̂ are the unit vectors along ~E and ~B, ω ¼
eB=m the cyclotron frequency withm the muon mass, μ the
muon mobility in the gas, and τc the mean time between
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FIG. 1 (color online). Schematic of the beam line proposed in
[1]. μþ traveling in the −z direction are stopped in 5 mbar He gas
at cryogenic temperatures. First, transverse (y direction) com-
pression occurs within a density gradient in He gas (blue region).
Then at room temperature the longitudinal (z direction) com-
pression takes place (red region). In the yellow region a mixed
transverse-longitudinal compression precedes before extraction
into vacuum.
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Detector 1

Detector 2

Detector 1

Detector 2

• Demonstrated in 2015

I. Belosevic, Joint annual meeting of 

Swiss and Austrian Physical Societies 2017

+ + data

— — simulation

μ+

Demonstration of transverse comp.
‣ Demonstrated in 2015
‣ Excellent agreement between measurement and simulation

I. Belosevic et al., Hyperfine Interact (2019) 240: 41.
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Longitudinal compression
‣ 5 mbar He gas 
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‣ Room temperature

‣ Parallel E- and B-field

Muon Cooling: Longitudinal Compression
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A 10 MeV=c positive muon beam was stopped in helium gas of a few mbar in a magnetic field of 5 T.
The muon “swarm” has been efficiently compressed from a length of 16 cm down to a few mm along the
magnetic field axis (longitudinal compression) using electrostatic fields. The simulation reproduces the low
energy interactions of slow muons in helium gas. Phase space compression occurs on the order of
microseconds, compatible with the muon lifetime of 2 μs. This paves the way for the preparation of a high-
quality low-energy muon beam, with an increase in phase space density relative to a standard surface muon
beam of 107. The achievable phase space compression by using only the longitudinal stage presented here
is of the order of 104.
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Standard muon (μþ) beams have a relatively high energy
and poor phase space quality. A new scheme has been
proposed making use of stopped μþ in a He gas target [1].
Through the stopping process high intrinsic phase space
compression is achieved. The remaining challenge is to
extract the muons fast enough into vacuum. This is done by
compressing the stopped muon swarm with electric fields
and guiding it into a small extraction hole. In this Letter we
report the successful demonstration of muon swarm com-
pression along the magnetic field lines.
Related schemes have been used in the field of rare

isotope investigations [2,3]. High energy ion beams are
stopped in He gas and compressed. Typical manipulation
and extraction times are 5–200 ms. For muons, much faster
techniques are vital.
The new concept for fast compression is based on a

position-dependent muon drift velocity ~vD in gas. In a long
He gas target placed in a longitudinal high magnetic field,
the stopping muons are first transversely, then longitudi-
nally compressed and finally extracted through a 1 mm2

side hole in the transverse direction (see Fig. 1). The
operation takes place in 8 μs [1].
This tertiary beam line is an add on to a secondary

surface muon beam line, reducing the phase space of the
input beam by 1010 with 10−3 efficiency.
By using, e.g., the PSI μE4 surface beam with

4 × 108 μþ=s, an eV-energy beam can be obtained with
1 mm2 transverse area and intensity of 5 × 105 μþ=s, 2
orders of magnitude larger than presently achieved [4]. This
development is also highly attractive in view of the HiMB
project [5] aiming at a surface muon beam of ∼1010 μþ=s.
Space charge effects will limit the output intensity of the
compressed beam to about 1 × 107 μþ=s.
It is important to note that depolarization during muon

swarm compression is only a few percent because of the

strong longitudinal magnetic field [6]. Thus, starting from
highly polarized muons, such a beam can be used for next
generation μSR applications, muonium (Mu) spectroscopy,
a muon g-2 experiment, searches for a muon electric dipole
moment, and Mu-Mu conversion. Because of space charge
effects and muon losses it is not suited for muon collider
projects.
The drift velocity of charged particles in gas in the

presence of electric ~E and magnetic ~B fields is [7]

~vD ¼ μE
1þ ω2τ2c

½Êþ ωτcÊ × B̂þ ω2τ2cðÊ · B̂ÞB̂&; (1)

where Ê and B̂ are the unit vectors along ~E and ~B, ω ¼
eB=m the cyclotron frequency withm the muon mass, μ the
muon mobility in the gas, and τc the mean time between
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FIG. 1 (color online). Schematic of the beam line proposed in
[1]. μþ traveling in the −z direction are stopped in 5 mbar He gas
at cryogenic temperatures. First, transverse (y direction) com-
pression occurs within a density gradient in He gas (blue region).
Then at room temperature the longitudinal (z direction) com-
pression takes place (red region). In the yellow region a mixed
transverse-longitudinal compression precedes before extraction
into vacuum.

PRL 112, 224801 (2014) P HY S I CA L R EV I EW LE T T ER S
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Demonstration of longitudinal comp.
‣ Demonstrated in 2011/2014
‣ Excellent agreement between measurement and simulation

-500 V

+500 V 0 V

I. Belosevic et al., Eur. Phys. J. C (2019) 79: 430
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Mixed transverse & longitudinal compression  

‣ New scheme with simpler setup
B

ET

EL

y

x
z

x [mm]
40− 20− 0 20 40

y 
[m

m
]

20−

10−

0

10

20
h

Entries  1380652
Mean x   3.905
Mean y 2.016− 
RMS x   17.37
RMS y   3.291

0

200

400

600

800

1000

1200

1400

h
Entries  1380652
Mean x   3.905
Mean y 2.016− 
RMS x   17.37
RMS y   3.291

step_y:step_x {step_x < 34}

x [mm]
20− 0 20 40

z 
[m

m
]

40−

20−

0

20

40
h

Entries  1380652

Mean x   3.905

Mean y 0.7988− 

RMS x   17.37

RMS y   9.545

0

200

400

600

800

1000

1200

1400

1600

1800

2000

h
Entries  1380652

Mean x   3.905

Mean y 0.7988− 

RMS x   17.37

RMS y   9.545

step_z:step_x {step_x < 34}

‣ Single stage at cryogenic 
temperature

�12



R. Iwai NUFACT19 - August 26-31 2019 - Daegu, Republic of Korea

Realised target 
• Kapton foil with equipotential lines  
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Beam test setup 
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• First demonstration of mixed compression at the end of 2017
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Solenoid

Cryo-cooler

μ+
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Target installation

 16

Heating pad He line

Collimator

Cold-finger

μ+

Detectors
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Measurement of mixed compression
Transverse direction

x

y
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Extract muons into vacuum

μ

‣ Through 1×1 mm2 orifice
‣ He gas injection and efficient pumping to maintain target pressure

 18

muCool: Next steps

He IN

He OUT 

μ＋

He IN

He OUT 

He OUT 

μ＋

B

E

Increase E-field strength
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SINQ

TgE

TgM

HiMB project (108 μ+/s →1010 μ+/s) 
• R&D for generating a higher-intensity DC 

muon beam 

• Profits: Next generation cLFV searches, 
μSR, muCool,… 

• New production targets, new solenoidal 
beamlines

�19
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‣ Slanted target has better 
muon yield

‣ Prototype test in Nov. 2019

‣ Mechanical and thermal simulation 
completed 

Mechanical prototype TgE

�20

TgE: New target geometry 

TgE
+30%

+30%

+60%

+35%

proton

Current geometry New geometry
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TgM: Solenoidal beamline

Beamline of solenoids 
similar to capture  
solenoids

Large aperture (500 mm) 
bending magnets

20 mm TgM 
5˚ rotated slab

1.3 x 1010 μ+/s @28 MeV/c for proton current 2.3 mA 

TgM

‣ New target station coupled to two new 
beamlines

‣ Two normal-conducting, radiation-hard 
capturing solenoids

‣ First simulation of simple beam optics
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Conclusions
Next generation muon beams under development at PSI

muCool (High-brightness ultra-cold positive beam)
‣ Transverse and longitudinal compressions separately demonstrated
‣ Mixed compression scheme partially demonstrated

HiMB (High intensity Muon Beam )
‣ New slanted target (Test in Nov. 2019)

‣ Next: Improve mixed compression & develop muon extraction 

‣ New solenoidal beamlines (Simulation ongoing)

Supported by SNF grant              
200020_172639 and 20021_137738

‣ Higher intensity DC muon beam up to 1010 μ+/s at 28 MeV/c seems to be feasible

‣ Excellent agreement between data and simulation. ε~10-3 seems to be feasible
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Back up
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Improve maximum E-field

‣ Limited by discharging He gas

‣ Coverlay on electrodes, reducing “hot spot”, 
materials with lower εr

E-field strength
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Physical Processes at Low Energy

30

Long. comp. test: physical processes

 T [eV]
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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
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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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