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Ultracold neutrons 

 move with velocities of few m/s 

  60 neV T-1 200 neV 

strong  magnetic 

Fermi potential VF Vm = -mB Vg = mngh 

gravitation 

100 neV  m-1 

  3.3 T field → 200 neV    2 m → 200 neV  

V 

En < 200 neV 

ideal gas with temperature of milli-Kelvin 
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The main paths to many free neutrons 

Fission 

Spallation 
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Energy distribution of 

fission/spallation neutrons 

(assuming 1Gev protons) 

very few slow 

neutrons 

comparable 

mean energies 

for slow  

neutron users: 

nasty background 
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300 K 

30 K 

v 

Neutron production: 

moderation & 

thermal equilibrium 

Maxwell-Boltzmann 

10-13 F0[cm-2s-1] cm-3 

 

r(UCN)=70x10-13 F0 [cm-2s-1] cm-3 

Institut 

Laue-Langevin 

a=(2kBT/m)1/2  

CN 

UCN 

VCN 
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Superthermal UCN production 

Golub and Pendlebury, PL62A(1977)337: superfluid He 

Golub and Böning, ZPB51(1983)95  
Yu, Malik, Golub, ZPB62(1986)137 

Cooling machine = phonon pump 

CN UCN 
Detailed balance: 

upscattering cross section = 

exp(-DE/kT) x downscattering 

rUCN = FCN S tUCN 
He: small S, long t 

D2: large S, small t 

} solid D2 
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CN energy dependent UCN production 

4He 

F. Atchison et al., PRL99(2007)262502 

D2 

C.A. Baker et al., PLA308(2003)67 



Klaus Kirch Sep 16-21, 2018 

for crude estimates … 

R 
[cm-1] 

tUCN 

[s] 

D2 10-8 0.03…0.1 

He 1..3 x 10-9 10…1000 

  

 

rUCN = FCN R tUCN … inside He-II one can in 

principle produce about 2  

orders of magnitude higher  

UCN density from the same 

cold neutron flux than 

inside solid D2, but ... 
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Bottle of wine question: 
To a slow neutron, all nuclei are 

attractive potential wells from 10 

to 60 MeV deep and a few fm in 

diameter. Nevertheless, most 

elements, when made into 

mirrors, reflect (i.e., repel) slow 

neutrons. Why?? 

 

Answers that reach me by 8pm 

today in form of 1 page 

handwritten short explanations 

take part in the competition. 

The winner will get the bottle of 

sparkling wine which I brought 

(‘Engelhof’ 2012 Rivaner Brut) 
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Scattering of a slow neutron  

on a single nucleus   
Approximate nuclear  

potential as 

spherical square-well 

here, we don‘t have to 

care for the specific  

form of the potential 
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R is the nuclear radius. 

The neutron wavelength l 

is much larger than R 

Already for angular  

momentum 1, the neutron 

must pass the nucleus at 

a distance l out of range 

for the strong force 

Approximate nuclear  

potential as 

spherical square-well 
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Sign of the scattering length 
 

The exact R of a given  

nucleus and the potential  

depth determine the  

boundary condition 

repulsive 

attractive 



Klaus Kirch Sep 16-21, 2018 

Applying the random potential model 

 

see Peshkin and Ringo, Am. J. Phys. 39 (1971) 324 
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UCN at the TRIGA Mainz: 

beam tube D:  

  

ultra-cold 

neutrons I 

beam tube C:  

  

ultra-cold 

neutrons II 

Courtesy: D. Ries, K. Eberhardt 
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Pulse Mode Operation 

Courtesy: D. Ries, K. Eberhardt 



Klaus Kirch Sep 16-21, 2018 

Pulse Mode Operation 

0 ms 800 ms 

50 W  

200 MW (Pmax.) 

30 ms (FWHM) 

10 MWs (Energie) 

320°C (Temperatur) 

1015 n/cm2 

160 MW  

40 ms  

7 MWs  

240°C  

70 MW  

65 ms  

5 MWs 

170°C 

2 

$  

1.75 $  

1.5 

$  

Courtesy: D. Ries, K. Eberhardt 
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Fundamental research UCN – Yields 

(ILL) 

(ILL) 

J. Kahlenberg et al.:  

Upgrade of the ultracold  

neutron source at the pulsed  

reactor TRIGA Mainz,  

Eur. Phys. J. A 53 (2017) 226 

G. Bison et al.: Comparison of ultracold neutron sources for fundamental  

                         physics measurements, Physical Review C 95; (2017) 045503 

Courtesy: D. Ries, K. Eberhardt 
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The intensity frontier at PSI: p, m, UCN 

nEDM, n2EDM 

CREMA: mp / md / mHe laser spectroscopy 

MuLan/MuCap 

MEG, MEG II,  Mu3e 

PEN 

PIF 

nTRV 
The most powerful 

proton beam to targets: 

590 MeV x 2.4 mA = 1.4 MW 

The highest intensity  

pion and muon beams, e.g., 

up to a few 108m+/s at 28 MeV/c 
The new high intensity 

ultracold neutron source  

Swiss national laboratory with strong international collaborations 

Precision experiments with the lightest unstable particles of their kind 

MuSun 

MUSE 

pHe 

Feasibility study for 

HI muon beam with 

1010m+/s below 30 MeV/c 

AlCap MuX 
muCool 
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UCN-Source 
- 1st test: 12/2010 
- Safety approval: 06/2011 
- UCN start 08/2011 
- Reliable performance 2012 
- UCN to nEDM since 2012 
  -> intensity 90x over 2010 
- Increased duty factor 2015: 
  20  40 mA average 
- 2016:  53mA (60 allowed) 
 

nEDM 

590 MeV Proton Cyclotron 
2.2 .. 2.4 mA Beam Current 

Excellent performance of HIPA 
and regular beam delivery to UCN  

Ultracold Neutron Source & Facility 
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The PSI UCN source 

pulsed 
1.3 MW p-beam 
600 MeV, 2.2 mA, 
1% duty cycle 

spallation target (Pb/Zr) 
(~ 8 neutrons/proton) 

heavy water moderator 
→ thermal neutrons 
3.6m3 D2O cold UCN-converter 

~30 dm3 solid D2 at 5 K
 

tank 

7
 m

 

DLC coated 
UCN storage vessel 
height 2.5 m, ~ 2 m3 

 

UCN guides towards 
experimental areas 
8.6m(S) / 6.9m(W) 

SV-shutter 

cryo-pump 
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nEDM at PSI 

2009 – 17  

Coming from ILL: 

Sussex-RAL-ILL collaboration 

PRL 97 (2006) 131801 

Upgraded by nEDM@PSI 

nedm.web.psi.ch 

www.psi.ch/nedm/ 
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nEDM at PSI 
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The nEDM spectrometer 
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The nEDM spectrometer 
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Ramsey’s method with UCN 

 frf 



Klaus Kirch Sep 16-21, 2018 

Ramsey’s method with UCN 

 

Sensitivity: 

a Visibility of resonance 
T Time of free precession 
N Number of neutrons 
E Electric field strength 
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Frequency ratio R 

UCN 199Hg 

…) 
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Magnetic moments 

γn 

γHg 

S. Afach et al., PLB 739 (2014) 128  
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 Spin-dependent exotic interactions  

S. Afach et al., PLB 745 (2015) 58 To be updated soon 
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UCN spin-echo spectroscopy 

A spin-echo recovers energy 

dependent dephasing for 

T = 2t1 in a magnetic field 

with vertical gradient.  

gz 

S. Afach et al., PRL114(2015)162502 
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Earlier results using nEDM 

Searches for nn’ oscillations 
G. Ban et al., PRL99 (2007) 161603 

I. Altarev et al., PRD80 (2009) 032003 

to be updated soon … 

 

 

Searches for Lorentz violation 
I. Altarev et al.,PRL 103 (2009) 081602 

I. Altarev et al., EPL 92 (2010) 51001 

to be updated soon … 

 

199Hg 

n 

Berezhiani et al., arXiv:1712.05761 
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The neutron EDM itself … 

Expect from SM: 

dn < 10-30 ecm 
  

Experimentally: 

 < 3.0 x 10-26 ecm 
Pendlebury et al., 

PRD92(2015)092003 

Analysis of blinded data in progress 
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What is the nature of Dark Matter? 
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Search for nEDM oscillations with time 
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ILL 
PSI 

mHz nHz 
Frequency 

Search for nEDM oscillations with time 

nEDM data from 
ILL (1998-2002) and PSI (2015-16) has been  
analyzed for time variations of the nEDM.  
None have been found, setting the most  
stringent oscillating EDM limits so far.      
  

 

The Universe appears to roughly contain 
5% ordinary matter (H, He, stars, us, …),  
27% Dark Matter and 68% Dark Energy.  
The nature of the Dark components is yet 
unknown. 

PhD theses 

N. Ayres, Sussex 

M. Rawlik, ETHZ 
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GHz nHz 

Axion mass [eV] 
10-24 10-6 

excluded 

nEDM places the first  laboratory limits.  
on axion – gluon couplings 

nEDM search for ultra-light axion dark matter 

Oscillating nEDM data could come from 
the interaction of ultralight axions which  
could be the Dark Matter in the Universe. Abel et al., PRX7(2017)041034 

short time-base 

long time-base 

Teamed up with 

theorists 

Flambaum, Stadnik, 

Fairbairn, Marsh 
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Extrapolation to storage ring EDM 

arxiv:1710.05271 
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2018: n2EDM at PSI 

March 
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2018: n2EDM at PSI 

July 
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2018: n2EDM at PSI 

Sept 



Klaus Kirch Sep 16-21, 2018 

 

n2EDM baseline: 

s(dn)~1E-27ecm in 500 days 

Commissioning 2020 
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2018: n2EDM at PSI 
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Storage ring EDM 
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Muon spin precession in B and E field 
Muon spin precession in the presence of B and E  field, 
perpendicular to each other and to the muon momentum: 

E 

B 

m-spin 

m-trajectory 

Example:  
B-field pointing down,  
E-field radially outward:   w

a
: spin precession in orbital 

plane 

 (“g–2” precession)  

  w
e
: spin precession out of orbital plane 

  w =   w
a 
+   w

e 
 tilts the precession    

   plane out of the orbital plane 

  w
a 

  w
e 
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Muon spin precession in B and E field 

  w
a 

  w
e 

Strategy for g–2 measurement at storage rings:  

●  run at “magic g”, g = 29.3 (p
m
= 3.1 GeV) 

   

     ⇒ no effect from electric fields, can use electric focusing 
   (need for uniform B field precludes magnetic focusing)  

●  assume h small for measurement of a   

   ⇒ direct access to a if B is known 

●  look for small vertical oscillation to put a limit on h. 

● All recent limits have been obtained in this way (CERN, Brookhaven) 

● Plagued by systematics: g–2 precession interferes strongly!  
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Muon spin precession in B and E field 

  w
a 

  w
e 

New method for EDM measurement: the “frozen spin” technique!  

● Go to lower momentum, install a “magic E field” (radially), such that w
a
 vanishes   

  completely:  
 

●The spin remains parallel to the momentum along the  
  orbit (“frozen spin”) 

● In the presence of an EDM (h≠0) the spin is slowly  
  rotated out of the orbital plane. 

● Much superior sensitivity than with parasitic approach! 
F. Farley et al.: 
New Method of Measuring Electric 
Dipole Moments in Storage Rings, 
Phys. Rev. Lett. 93 (2004) 052001 
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Proton spin precession in B and E field 

  w
a 

  w
e 

New method for proton EDM measurement: “frozen spin + electrostatic” 

● run at “magic g”, (p
p
= 0.7 GeV, E=233 MeV), need no magnetic field 

   

     ⇒ all electric storage ring  

 

●The spin remains parallel to the momentum along the  
  orbit (“frozen spin”) 

● In the presence of an EDM (h≠0) the spin is slowly  
  rotated out of the orbital plane. 

● Many systematic controls, CW/CCW, … 

arxiv:1502.04317 
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Storage ring EDM 

CPEDM collaboration proposing proton EDM in 

(400m) electrostatic ring at CERN, 

ultimately to 1E-29ecm (or even beyond) 
(see e.g. arxiv:1502.04317) 

30m prototype planned 

 

JEDI in Jülich to demonstrate method in COSY 

(magnetic ring) for deuteron to about 1E-20ecm 
(PR Accel. Beams 20(2017)072801, arxiv:1703.01295) 

 

Dedicated small muon ring experiment at PSI? 
(JPG37(2010)085001) 
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Possibility for a large Muon EDM? 
In a model independent approach, dm uniquely constrains some couplings 

(M. Pruna arXiv:1710.08311), dm is not limited by small de but only by the direct 

experimental limit dm<1.8x10-19ecm (Bennett et al., PRD80(2009)052008) 

If NP in am  dm could naturally be of same order, ~10-22ecm  
(Feng, Matchev, Shadmi, NPB613(2001)366) 

If NP in am and ae (with the sign of the slight tension in ae) 

 muon and electron sectors would be decoupled 

 large dm possible (Crivellin, Hoferichter, Schmidt-Wellenburg, arXiv:1807.11484) 

Present g-2 experiment will improve sensitivity to dm~10-20..21ecm  

Dedicated small storage ring could reach dm~10-22..23ecm at PSI 
(Adelmann et al., JPG37(2010)085001)  
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Artist's impression (A. Streun) 
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Perhaps we should stop here … 
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Next future 2020s perspectives 

Based on reasonable extrapolation and author claims 

-30 

-28 
-29 

-23 

-18 
-17 -17 
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Backup 
 



Klaus Kirch Sep 16-21, 2018 

   planned      running 

 

UCN source 

 

Neutron EDM experiment 

UCN sources and nEDM experiments 

PRC 95(2017)045503 
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nEDM@PSI 
Our collaboration (50 people, 15 institutions, 7 countries) just finished 

nEDM and starts assembling the n2EDM experiment aiming 

at an improvement in sensitivity by an order of magnitude.  

nEDM collaboration in Bern, May 11-13, 2017 

www.neutronedm.org 

http://www.neutronedm.org/
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nEDM is presently being taken apart 
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nEDM is presently being taken apart 
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PSI ring cyclotron 
• at time of construction a new 

concept: separated sector ring 

cyclotron [H.Willax et al.] 

• 8 magnets (280t, 1.6-2.1T),  

4 accelerating resonators 

(50MHz), 1 Flattop (150MHz),  

15m 

• losses at extraction  200W 

• reducing losses by increasing 

RF voltage was main upgrade 

path  

[losses  (turn number)3, W.Joho] 

• 590MeV protons at 80%c 

• 2.4mA x 590MeV=1.4MW 
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1MW 

10MW 

100kW 

Courtesy: M. Seidel 
1 10 

1 

Ia
v
g

 [
m

A
] 

10 

0.1 

HIPA at PSI is a leading machine at the intensity frontier. 

It produces the highest intensities of muons and pions 

at low momenta and of ultracold neutrons. 

The most powerful 

proton beam to targets: 

590 MeV x 2.4 mA = 1.4 MW 

PSI ring cyclotron 

Ebeam [GeV] 


