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in an He gas target  with an efficiency of  - 
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Muon compression

3.1. The basic concept

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

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

m
d~v

dt
= e ~E + e(~v ⇥ ~B) � K~v, (3.1)

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

e

m
~E =

1

⌧c
h~vi � e

m
(h~vi ⇥ B). (3.2)

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

~vD =
µE

1 + !2⌧ 2c

h
Ê + !⌧c

⇣
Ê ⇥ B̂

⌘
+ !2⌧ 2c (Ê · B̂)B̂

i
, (3.3)

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

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

σx = 0.12 mm
σy = 0.14 mm

ϵ∞ = 96 %

 Efficient coupling Excellent beam quality after bending
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He gas injection scheme
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Density distribution and streamlines in transverse plane
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Target frame
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Why complicating our lives with back- and side-injections?
100%                                      0%

 Conceptional design 

II

I
II

I

II

I

0%                                       100%

2 × 10−3 kg/m3
25%                                       75%

6 × 10−5 kg/m3

5 × 10−5 kg/m3



Aldo Antognini CHRISP users meeting, PSI        06.02.2024 12

Started to develop the gas system hardware

Figure 13: Pumping speed of the A4 roots pumps (Left) and of the HiPace 2300 turbo pump (Right) of
Pfei↵er.

0.2 mbar (at room temperatures). This value aligns reasonably well with the pump speed specified in
Fig. 13 for a similar roots system.
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Figure 14: (Left) Picture of the multi-stage roots pump. (Right) Measured pressure as a function of the
mass flow rate at the inlet of the multi-stage roots pump.

Similarly, given the mass flow rate entering the region II as obtained from simulations, we can estimate
the pressure at the inlet of a turbo pump evacuating this second di↵erential region. The maximal (for
100% back-injection at 10 mbar) expected mass flow through in the second di↵erential region will be of

the order dm/dt = 5 · 10�8 kg/s (see Fig. 10). This corresponds to pdV
dt = 0.03 Pam3

s = 30 Pa `
s at 300 K

temperature. This number can be compared to the performance of large turbo pumps e.g. to a Pfei↵er
HiPace 2300 as shown in Fig. 13 (Right): with this mass flow and using this pump, an inlet pressure
smaller than 1⇥ 10�4 hPa is expected. This demonstrates that a large turbo pump is capable to tackle
the mass flow of the second di↵erential region and that in this region the equivalent pressure (at room
temperature) will be in the 10�4 � 10�3 mbar range so that with high probability a third di↵erential
region is needed.

Given that the muCool target is situated within a 5 T solenoid with a 1 m bore length, it becomes
crucial to account for the resistivity of the pipes connecting region I to the roots pumps. We simulated
the geometry shown in Fig. 15 where the gas leaving the region I first enters a pipe of 1 m length with
diameter � = 40 mm and then a second pipe (in series) with diameter � = 160 mm of 2 m length. While
the second pipe, which is connected to the roots system, has to be at room temperature, the temperature

11

 Conceptional design 
 Calibration method 
 Roots pump for region I 
 Construction of gas system 

From LEMMING
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Conceptional drawing of the new cryogenic system
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Pictures of the target during the gluing process
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Robustness: back-to-side injection fractions

Target simulations Extraction simulations
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Robustness: side-injection temperature

He density
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10  mbar
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Robustness: target pressures
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Robustness: top-bottom sapphire temperatures
Target simulations Extraction simulations
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Robustness: alignment of Kapton foils
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Robustness: Temperatures of top/bottom bars
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Status

 Robust  extraction scheme 
 Target  mechanical model  
 Target gluing procedure 
 Target tight at cryogenic temperatures 
 Pump system for evacuating the Region I 
 Preliminary HV test with simplified target 
 Gas scheme and cryostat concept

 Realize complete target mechanics and test it under gas flow 
 Electrical stability of full target with 18 independent electrodes 
 Patch charges loading effects 

 Design and construct vacuum chamber, cryostat, gas system, target region 
 New 2.5W ( @4K ) pulse tube  

 Design and construct positron detectors and entrance counter  

2024
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Goals for 2024 and beam time request

Test mixed compression while injecting and evacuating He gas

Test extraction of the compressed beam from the target

4.5 weeks of beamtime in piE1, very preferably in December
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Back-up
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Mixed longitudinal-transverse compression demonstrated
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The full muCool scheme

Towards muon cooling at the Paul Scherrer Institut G. Lospalluto

1. Introduction

High-precision experiments using muons and muonium atoms o�er promising opportunities
to challenge the Standard Model. Such experiments including the measurement of the muon EDM,
muonium spectroscopy and muonium gravity would benefit from intense high-quality and low-
energy muon beams [1]. However, standard muon beams have poor phase space quality due to
scattering in the muon production target combined with the large acceptance of the secondary
beamlines [2].

The goal of the muCool device is to implement a fast cooling scheme to reduce the phase space
of a standard `

+ beam by a factor of 109 with an e�ciency up to 10�4, i.e. a boost in brightness
up to a 105. Typical parameters of the initial beam (before compression) and the final beam (after
compression) are indicated in Fig. 1. In this article, we highlight the working principle of the
muCool device and we report on its current status.

2. Working principle

Figure 1 shows a diagram of the muCool apparatus. It consists of a cryogenic helium gas target
with a pressure of several mbar placed inside a 5 T solenoid. Surface muons are initially injected
into the target and are slowed inside the gas to O(eV) energies. Then they are steered into a sub-mm
spot due to a special arrangement of ⇢ and ⌫-fields in combination with a gas density gradient [3].
From here, they are extracted into vacuum, accelerated electrostatically and extracted through an
iron grid in a field-free region. The entire process takes less than 10 µs, which is crucial given the
short 2.2 µs muon lifetime.

!!!!" ≈ 2000 mm ⋅ mrad
!#!#" ≈ 2000 mm ⋅ mrad
* ≈ 4 MeV
Δ* ≈ 0.4 MeV (1 !)

IN

* ≈ 10 keV
Δ* ≤ 100 eV (1 !)

OUT
!!!!" ≈ 2mm ⋅ mrad
!#!#" ≈ 10 mm ⋅ mrad

Preli
minary

Figure 1: Schematic (not to scale) of the muCool setup showing injection of the positive muon beam into the
gas target, phase space compression inside the target, reacceleration and extraction from the surrounding high
magnetic field solenoid. The input beam parameters are from simulations of the HIMB beamline planned at
the Paul Scherrer Institut [1]. The output beam characteristics have been computed propagating the extracted
beam until a ⌫-field of 0.1 T is reached [4].
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Target frame
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Target without Kapton foils
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Extraction region
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Density vs back-to-side injection fractions
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Density versus side-injection temperatures
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