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The main paths to many free neutrons

Fission
=] X o%e.
slow ‘{;‘3 >
neutron N

fission of SN o chain reaction via
- the compound moderated neutrons
nucleus

cascade
particle

Spallation | intranuciear
cascade

inter nuclear

fast
primary cascade
particle
(p+)
— Y .
~1GeV evaporation

® proton

highly excited \ O neutron

nucleus Y

ETH Klaus Kirch Sep 16-21, 2018 (=)



Energy distribution of
fission/spallation neutrons
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the shortest possible time. An important quantity to characterize a moderator is its mean
logarithmic energy decrement per collision, ¢, which is for all practical purposes given by

2
>
£=lnE0—-lnE1.—':s{ ATo3 oAz’

(3.1)

1 for A=1

with E, and E, being the neutron energies before and after the collison and A the atomic
number of the moderator atom. So, hydrogen is the most effective moderator in terms of
energy transfer per collision.

This allows to calculate immediately the average number of collisions x, to shift the spectrum
from one mean energy value to another. For E, = 2 MeV and E; = 25 meV, one has for

example:

1 Eq 1 . 18.2
—ln—==-n(8-10") = —. 3.2
AR ( ) ; (3.2)

T =
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CN

Superthermal UCN

Golub and Pendlebury, PL62A(1977)33

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

Pucn = Pen 2 Tyen
UCN

Cooling machine = phonon pu
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Detailed balance:
upscattering cross section =
exp(-AE/KT) x downscattering
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for crude estimates ...

PucN — (DCN R TucN ... inside He-Il one can in

principle produce about 2

R T orders of magnitude higher
. JCN UCN density from the same
[cm”] [5] cold neutron flux than

D, 108 0.03...0.1 inside solid D,, but ...

Y.N. Pakotilouvski / Nuct. Instr. and Meth.

He |1..3x107°| 10...1000

1

Fig. 1. The principal scheme of the method: 1) The cooled
moderator-converter of UCN. 2) The curved mirror neutron guide.
3} The camera for storage of UCN. 4) The shutter for UCN.
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ULTRACOLD NEUTRON SOURCES AND
NEDM EXPERIMENTS: THE WORLDVIEW

TRIUMF conan

=8 33008 Under conmraction
AT asediment under conmnaction

LANLM.,\

Mainzm.,,,
NC- Statem RIS
C2a30rce under conmrustion
C Mlm
Turbine source runring At cata aking
Rl’-m PN sz
Huau'u.f:rac wrokog
PNPh—.
ummm
AT axpecirant gianned (Shi fram ILL)

! S
SNSmm“h =

TABLE 2. UCN sources and source projects worldwide.
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UCN source location Technique Reference Comment
n-source, moderator, converter
ILL Grenoble, France fission, D> O, liquid D, turbine [17] operational
LANL, USA spallation, C-Be-PE, solid D, [18] operational
PSI, Switzerland spallation, D»0, solid D, [19] operational
TRIGA Mainz, Germany fission, C-H, O, solid D> [20] operational
PULSTAR, NCSU, USA  fission, D, 0, solid CHy, solid D, [21] design/construction
FRM-2, Germany fission, D0, solid D, [22] design/construction
ILL Grenoble, France fission, CN beam, SF-He [23, 24] operational
RCNP Osaka, Japan spallation, C, solid D»0O, SF-He [25] operational
TRIUME, Canada spallation, D, 0O, liquid D,, SF-He [40] design/construction
10 PNPI Gatchina, Russia fission, C, liquid D>, SF-He [27, 28] design/construction
-Ill ESS Lund, Sweden spallation [32, 33] under discussion




Bottle of wine question:

B To a slow neutron, all nuclei are
attractive potential wells from 10
to 60 MeV deep and a few fm in

Proton-

diameter. Nevertheless, most Pt -
elements, when made into -';&:‘;ag.' MM 5
mirrors, reflect (i.e., repel) slow s g—z e
neutrons. Why?? B i

B Answers that reach me by 8pm
today in form of 1 page
handwritten short explanations
take part in the competition.

E The winner will get the bottle of
sparkling wine which | brought
(‘Engelhof’ 2012 Rivaner Brut)
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Scattering of a slow neutron

'y
Approximate nuclear ’ﬂ f\ /! /\d - -

potential as
spherical square-well

=\

IRY, V ja

here, we don‘t have to
care for the specific
form of the potential



2.2 SCATTERING FROM A SINGLE NUCLEUs /PProximate nuclear
potential as

2.2.1 The scattering length ! :
| spherical square-well

For slow neutrons with de Broglie wavelength A satisfying

| R is the nuclear radius.
@ | The neutron wavelength A
IS much larger than R

the wavefunction for r > R, i.e. the region where V(r) = 0, has the form of
a spherical wave ~ el»'“‘/‘ﬁ. For r < R, the wavefunctio the form
(for the spherical square-well potential)

satisfying the boundary condition u = 0 at r = 0.

In general K R > 1 so that u makes several oscillations inside the potential
well before joining the external wavefunction at » = R. Thus we can write
for the total wavefunction outside the well (incident plane wave ¢'**" plus

scattered wave) -
- ikr - Already for angular
— gl
o Y=t + f(0)— momentum 1, the neutron
Whel’? f(0) is determined by the boundary conditions at r = R. must pass the nucleus at
With condition (2.6) the scattering is predominantly s wave (a distance A out of range

for the strong force
ETH Klaus Kirch Sep 16-21, 2018 (==

(2.7)
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@ consta,B | | (2.10)

because any angular dependence of f(8) would imply a non-zero angular
momentum. Thus for R < r < 1/k we can write (2.8) as

@ a/r= (r @ @1

so that « has the form of a straight line (figure 2.1).

ETH Klaus Kirch Sep 16-21, 2018 (=)



e 312 KB

Figure 2.2 Functions relevant to equation (2.12): tanKR and KR. Shaded
regions indicate negative scattering length a.

By applﬁng the boundary I;naitiun that «'/u is continuous at r = R we
obtain from (2.7) and (2.11) |

(2.12)

In figure 2.2 we piﬁt tan K R #nd K R separately as functions of KR and we
see that the shaded regions; where tan KR > KR are the only places where
a can be negative, : :

Thus except for the first ‘quadrant (KR < «/2), the regions wheze g
are very small. For all nuclei except hydrogen it turns out £
we expect negative scattering lengths to be rare. This is found Tobe-thetase

N L
im mracrkias ne thora mme o _To_ 41 ..




- Slan of the scatterina lenath
wAAN
AN ;

repulsive ; - |
I The exact R of a given
! nucleus and the potential
| o depth determine the
. : f.\ﬂﬂf:ﬂ’/ _ boundary condition
attractive TV U ;

N g el

Figure 2.1 (a} The spherical square-well approximation to the neuircn-nucleus
‘interaction potential and the more a¢curale Fermi form (broken curve) Ve =
Vo/(1 4 elr=RY *). The wavefunction for a slow neutron (A 3> R) moving in such
a potential ‘(equations (2.7) and (2.11)) is shown for the case of positive scattering
length, a. (b) The wavefunction for the rare case when the strength -V and size R
of the potential result in a negative a.
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Applying the random potential model

NEUTRON SCATTERING AND EXTRA-SHORT-RANGE . ..
NEUTRON SCATTERING LENGTHS
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FIG. I (color online). Measured scattering lengths as a func-
tion of nucleus atomic number.

PHYSICAL REVIEW D 77, 034020 (2008)

NEUTRON SCATTERING LENGTH DISTRIBUTION
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FIG. 2 (color online). This histogram shows the distribution of
measured scattering lengths normalized to the radius of the
nuclei. The curve corresponds to the random potential model.

see Peshkin and Ringo, Am. J. Phys. 39 (1971)|324
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2.4 REFLECTION OF UCN FROM SURFACES

2.4.1 An ideal lossless surface

According to equation (2.46) we can consider the surface of a material with
positive scattering length a as constituting a potential step (figure 2.3), of
Leight

. 2w h?
om

14 Na - (2.47)

where N is the number density in the material, which is assumed to be
homogeneous. Table 2.1 gives values of V for some common materials.

AV

[l —

..AEI-‘I;‘_‘* )

'_\ F\'”;x

Figut:e 2.3 Wavefunction of a particle reflected from a material surface repre-
sented by a step in potential energy. .
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Table 2.1 vucw properties of selected materials.

Element Pglcc anrm cc Efo, q'cbgllamd  Vaev Tiot f = W/V
x 102 x 1013 barns x10~%
Ni*® 8.8 9.0 14.4 335 44 8.6
BeO 3.0 7.25 13.6 261 6.6 1.35
Ni 8.8 3.0 10.6 252 48 12.5
‘Be 1.83 12.3 7.75 252 1.4*  0.5*
0.22° 0.08°

Cu®® 8.5 8.93 11.0 244 28 7.0
Fe 7.9 8.5 9.7 210 30 8.5
C 20 10.0 6.6 180 14 0.6
Cu 8.5 8.93 7.6 168 43.5 15.5
PTFE 2.2 2.65 17.6 123 — ——
(Teflon)
Pb 11.3 3.29 9.6 83 2.0 0.6
Al 2.7 6.02 3.45 - b4 2.8 2.25
Perspex 1.18 - 1.65 - 7.88 33.9 — —
(CH2H30), '
v 6.11 7.1 —0.382 ~7.2 50 —
Polyethylene 0.92 3.9 —0.84 —-8.7 — —
(OH:’,)n
H,0O 1.0 3.34 —~1.68 ~147 — —
Ti 4.54 5.6 —3.34 —48 58 —

* 300 K.

® 100 K.

p,;cc—ma.terial d.el'lSitY: Ne o aleenlar deneitge §Y. Jbound 1 1

=]



Klaus Kirch Sep 16-21, 2018



R L N

wn) T

—p— y— -

UCN at the TRIGA Mainz:
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Pulse Mode Operation

Courtesy: D. Ries, K. Eberhardt



Pulse Mode Operation

Courtesy: D. Ries, K. Eberhardt



T Neutrons Beam UCN TSPECT f h
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Fundamental research UCN - Yields

G. Bison et al.: Comparison of ultracold neutron sources for fundamental
physics measurements, Physical Review C 95; (2017) 045503

| | | | | | | | |

28 - -
T
Y] 24 - PSI J. Kahlenberg et al.
S PF2 (ILL) —— Upgrade of the ultracold
=) 20 - I + / neutron source at the pulsed
0 reactor TRIGA Mainz,
‘ﬁ‘ 16 - Eur. Phys. J. A53 (2017) 226
©
212 n
@ TRIGA
0 gl =4 SUN-2
O )
5 (ILL)
D 4 .

0 | | | | | | | | |

20 30 40 50 60 70 80 90 100 110 120

Storage time constant (s) M
Courtesy: D. Ries, K. Eberhardt =
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The intensity frontier at PSI: &, p, UCN

Precision experiments with the Ilghtest unstable partlcles of their kind

_ E - -

The most powerful
proton beam to targets:
590 Mer24mA 14MW

o

. h‘lTRV a7 | Feasibility study for
- @— — HI muon beam with
& O10 +/s below 30 MeV/c

V
\-

b Epr / ;Iﬂ“7'prr—'|'e Iaser spectroscopy
JEC.MEG Il, MT3e[

*= The hlghest |nten3|ty
: pion and muon beams, e.g., |
S, [uptoa few 108 +/s at 28 MeV/c

! The new high intensity

ultracold neutron source ‘

|

Swiss national laboratory W|th stronq mternatlonal collaborations
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Ultracold Neutron Source & Facility
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Excellent performance of HIPA r—- | =
and regular beam delivery to UCN | IR
. 150 UEN Dperation Statistics -ﬂﬂlﬂﬂﬂ UCN Source ‘
Ry s - 1st test: 12/2010 —
g . - Safety approval: 06/2011 j
E [ ] :
g-';'k. p charge [mAh] [ e - UCN start 08/2011
: .. # pulses o § - Reliable performance 2012
|t . - UCN to nEDM since 2012
§ » e -> intensity 90x over 2010
- - Increased duty factor 2015:

2011 7% T T ¥ 016 20 > 40 pA average
ETH kiaus - 2016: = 53pA (60 allowed) =




The PSI UCN source

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

\

£
N
heavy water moderator
— thermal neutrons

N
Ultra Cold Neutron Source

7k | eryo-pump

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

3.6m3 D,O
2 SV-shutter

cold UCN-converter

pulsed

~30 dm3 solid D, at 5 K

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

spallation target (Pb/Zr)

(~ 8 neutrons/proton)
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NEDM at PSI
2009 — 17

m ! : > ‘
. ! "j ‘.= L ] 3 —
Coming from ILL: & \ '
Sussex-RAL-ILL collaboration 8" =,

PRL 97 (2006) 131801
Upgraded by nEDM@PSI
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The nEDM spectrometer

Four-layer Mu-metal shield
to shield the experiment from
external magnetic fields

High voltage lead

with a 1MX2 resistance
Vacuum chamber

 Cesium magnetometer

Precession chamber
where neutron precession
is induced and measured

Electrode (upper)
charged up to 150 kV
electric field = 10° V/m

Mercury lamp
Photomultiplier tube to read out the
to detect the intensity modulation mercury polarization

of the mercury light

Magnetic field coils

are wound around the vacuum
chamber to generate the holding
and compensating fields, as well
as the spin flipping fields

[ Mercury polarizing cell

where the mercury fs polarized _J

<
Mercury lamp
fo polarize the mercury
ultraviolet (253.7 nm)
— J 1 .
‘ o—— Switch
——

— to distribute the UCNs fo
different parts of the apparatus

5 tesla magnet - .
l to spin polarize the UCNJ Spin analyzer




ot e

b nsm # |he nEDM spectrometer

v _,:,_:r,. Four-layer Mu-metal shield
to shield the experiment from High voltage lead
external magnetic fields with a TM® resistance
Vacuum chamber /

 Cesium magnetometer

is induced and measured charged up 10 150 kV

Precession chamber ' ‘
where neutron precession ',//- “ Electrode (upper)
A\

] ' electric field = 10°V/m
= - Mercury lamp
Photomultiplier tube to read out the
to detect the intensity modulation mercury polarization

of the mercury light I

Magnetic field coils

are wound around the vacuum

< .
chamber to generate the holding

Mercury Iamp and compensating fields, as well

o polarize the mercury P
uttraviolet (253.7 rm) | 9 as the spin flipping fields
\ -

‘ - &—— Switch
‘ to distribute the UCNs fo
different parts of the apparatus

| 5 tesla magnet I . (o ]
to spin polarize the UCN: [ Spin analyzer
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Ramsey’s method with UCN -

Polarized UCN External clock

By
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neutron frequency [Hz]

Top CsM

25.1cm

vhAs
Hg lamp—q’u—
'4

12cm 1/V amplifier

photomultiplier
tube

Bottom CsM

t[h]
199Hg E

(foek vn [, 0B Ah  (B?)) _
- (ng> - E 0z |B,| + B, |2 + 0Earth T SHg-light: )
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Magnetic moments

29.1650

7 29.164705(55) MHz /T

PSI result with UCNSs:
ynvag = 3.842457(3)

CAGNAC 1960

2m [1.89 ppm]
YHg =L
L
Yn/YHg = 3.8424574030) T | o \e 1e7e 024 ppm]
[0.78 ppm] Ry
}..':
<
@ = 7.5901152(62) MHz/T
T 10.82ppm]
29.1645 7.5900 7.5902
Yy 127/ (MHz/T)
S. Afach et al., PLB 739 (2014) 128 199 Hg
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Spin-dependent exotic interactions

mass m (eV)
0.1 0.01 0.001 104 10~°

log |gsgrl

1078 107° 104 0.001 0.01
interaction range A (m)

S. Afach et al., PLB 745 (2015) 58

To be updated soon
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Intensity

ﬁﬁu.,

UCN spin-echo spectroscopy (= maw'

-I:l—:l'l-
A spin-echo recovers energy Eigz

dependent dephasing for
T = 2t, in a magnetic field
with vertical gradient.

“0 23 46 69 92

¥*/dof = 159/143
Center of mass offset: 6.3(3) mm

10 20 30 I 40 50 60 70 80 90 11
Energy (neV)

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

1000 T
Ban 2007

Sanebrov 2009
Altarev 2009
This Work

B Searches for nn’ oscillations .,
F G.Banetal., PRL99 (2007) 161603 2
¥ |. Altarev et al., PRDSO0 (2009) 03200:

E to be updated soon ...

1z s]

T,

020 0.50

0.02 0.05 0.10
B'[G]

Berezhiani et al., arXiv:1712.05761

B Searches for Lorentz violation
B |. Altarev et al.,PRL 103 (2009) 081602
E |. Altarev et al., EPL 92 (2010) 51001

E to be updated soon ...
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Acc. sensitivity (1) (1E-26 ecm)

Expect from SM:

-
o
i i

' d, < 103% ecm
T Experimentally:
o o <3.0x 10%® ecm
5 Pendlebury et al.,
3 ° | PRD92(2015)092003 |
ik
AR -
4B
@
&
i3
JPendiebury et al., PRD92 (2015) 092003 ! &
A e, .
. . . G, Yy,
4~ Analysis of blinded data in progress X //
-*’ﬁf A /f" /f’/: f/x:" ;”,:"f’ // x”'/x”'l o, ;‘:f/ //:»" /xl’" /{’/ //’f “ ¢ . i A
1 10 100 1000
Days (since 01.08.15 without annual shutdown)
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- What is'the nature of Dark Matter?

| 1022 eV 10eV 1keV 1GeV .. 1TeV

ALP / axion sterile v WIMP




Search for nEDM oscillations with time

300 —— R array periodogram, ET 1B
= 200 A periodogram without gradient-drift correction
== mean of MC periodograms
100 - 1,...,50 false-alarm thresholds
60 -
40 A
30 - j
20 -

...-50pHz 1/300 Hz ...+50pHz

10 1

N
(I R lllln

10~/ 10°° 107> 1074 103
frequency (Hz)

10—22 eV) (1016 GeV
Ja

oscillation amplitude (1072% ecm)

dn(t) = 5.9 x 107%? Cg ( ) cos(mgt) e - cm

Mq
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Search for nEDM oscillations with time
PHYS. REV. X 7, 041034 (2017)

100 - _ Y
_ 95% C.L. limits e’ O e
] __ mEEs eRee
60 - ¢ nEDM g
y EFE [
40 - / = e
30° PhD theses
20 - N. Ayres, Sussex
M. Rawlik, ETHZ

long time-base

oscillation amplitude (1072% ecm)

10 -
] short time-base
6 .
4 - . ,
gl memeverm | mweeewy
nHz 108 1077 10® 10> 10~* mHz
I"Lilj(qgggt;ofg;)m 4 PSI (2015-16) has b Frequency The Universe appears to roughly contain
- an - as been :
_ e 5% ordinary matter (H, He, stars, us, ...),
analyzed for time variations of the nEDM. 27% Dark Matter and 68% Dark Energy.

None have been found, setting the most

The nature of the Dark components is yet
stringent oscillating EDM limits so far.

unknown.
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NEDM search for ultra-light axion dark matter

Oscillation frequency (Hz)
NHz 106 103  10° 103 100  GHZz
103
Supernova energy-loss
el cxcluded
Big Bang
10-2 nucleosynthesis -
T o
g 10712 ¢ nEDM g
O . WPR "
"'b /- - = NI
5 10715
O .
O Teamed up with
_ie _ theorists
10 short time-base Flambaum, Stadnik,
-21 ™~ : ! Super-Planckian { Fairbairn, Marsh
10 long time-base axion decay constant
1024 4 r - r : - -
10-24 10742 10~ 107> 1072 10~° 106
Axion mass [eV]
Oscillating nEDM data could come from nEDM places the first laboratory limits.
the interaction of ultralight axions which on axion — gluon couplings
could be the Dark Matter in the Universe. Abel et al., PRX7(2017)041034
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Extrapolation to storage ring EDM

Oscillation Frequency (Hz)

/f (GeV™")

CG

2x107"° 2x107 2x10™ 2x10™ 2x10° 2x10° 2x10°
10-4 | ] | | 1 ] ] 1 1 1 1 1 ] 1 ] 1 | 10-4
_ Resonance method
107 4 \ - 107
] short-time base W - C
10-10 _ \ ‘d\Bd\D :_, - - 10_10
] nEDM Q .- N
10-13_ 60& @Qé',"' 10-13
107 4 [ 1078
107° [ 107
102 - [ 102
102 L 107
10-25 : | 10-28
10-31 | | | 1 1 | | I | 1 I | | | 1 I I 1D3
10 10 107® 107" 107" 10° 10°
Axion Mass (eV) arxiv:1710.05271
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Storage ring EDM

Klaus Kirch



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:

ot (o) E (£ s
2\ c
N\

m 1 —~2 c
— _/ J
Y Y

— —

o, ®,
Example:
B-field pointing down,
E-field radially outward: 00 spin precession in orbital

plane

u-spin (“g—2" precession)

. Spin precession out of orbital plane

u-trajectory @,
®= o+ o tiltsthe precession

plane out of the orbital plane
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Muon spin precession in B and E field

Strategy for g—2 measurement at storage rings:

e run at “magic y”’, y = 29.3 (p“: 3.1 GeV)

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

—

aB

e assume 1 small for measurement of a o = €
= direct access to a if B is known m

e |ook for small vertical oscillation to put a limit on n.
e All recent limits have been obtained in this way (CERN, Brookhaven)

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

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

e Go to lower momentum, install a “magic E field” (radially), such that w_ vanishes
completely:
DY E ~ aBcB+?

eThe spin remains parallel to the momentum along the = E’ . .
orbit (“frozen spin”) 0 = __Q — L ﬁ X B

e In the presence of an EDM (1 #0) the spin is slowly m 2 <

rotated out of the orbital plane.

. el . . .. F. Farley et al.:
e Much superior sensitivity than with parasitic approach! New Me¥hod 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

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

e run at “magic y”, (pp: 0.7 GeV, E=233 MeV), need no magnetic field
= all electric storage ring

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

e In the presence of an EDM (1 #0) the spin is slowly
rotated out of the orbital plane.

e Many systematic controls, CW/CCW, ...

arxiv:1502.04317
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Storage ring EDM

E CPEDM collaboration proposing proton EDM in
(400m) electrostatic ring at CERN,

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

E 30m prototype planned

B JEDI in Julich to demonstrate method in COSY

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

E Dedicated small muon ring experiment at PSI?
(JPG37(2010)085001)

I
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Possibllity for a large Muon EDM?

In a model independent approach, d, uniquely constrains some couplings
(M. Pruna arXiv:1710.08311), d , is not limited by small d, but only by the direct
experimental limit du<1.8x10'19ecm (Bennett et al., PRD80(2009)052008)

If NP in a, = d, could naturally be of same order, ~102?ecm
(Feng, Matchev, Shadmi, NPB613(2001)366)

If NP in a,and a, (with the sign of the slight tension in a,)
- muon and electron sectors would be decoupled
— large d,, possible (Crivellin, Hoferichter, Schmidt-Wellenburg, arXiv:1807.11484)

Present g-2 experiment will improve sensitivity to d ~10-°-2tecm

Dedicated small storage ring could reach d ,~10-2*-**ecm at PSI
(Adelmann et al., JPG37(2010)085001)

Upper Detector

=

S e

Lowecr Dctector

i

Time [arb.]

ETH Klaus Kirch Sep 16-21, 2018 (=)



Artist's Impression (A. Streun)

LU

Ll. orblt 3 electrodes

s gradlen i

_inner etecto manet

outer detecto

f """ "

-osﬂ" o

ﬁ 77 , PP e l upper EDM
| = a3 | i j »:Ldete"ctor

S grm———

‘main coils septum%mﬂector
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Perhaps we should stop here ...



Next future 2020s perspectives

10_15- 10—15
107"} 107"
1021 10721
’§10-24- 10~24
--0_5-10—27_ 10—27 - <d(mea3)
=
8 10_30- 10—30 [] SM_G
= SM-CKM
10_33 10—33
10_36 10—36
107%° I | I 107%°
Ve Vu V;
PID
Based on reasonable extrapolation and author claims
ETH Klaus Kirch Sep 16-21, 2018 EE—D






?

18

| B

1iyTR* Y
L T
B 50

'
-



Backup
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UCN sources and nEDM experiments

NC-Stateusa)

D2 source under construction

TRI U M F(Canada)

He source under construction
nEDM experiment under construction

Ve
VB

LANLGon

D2 source running
nEDM experiment R&D

UCN density (UCN/cm3)

)
s

SNS (usa)

nEDM experiment in He under construction

PSI

Mainz (Germany)

D2 source operating

l LL(France)

Turbine source running /

nEDM experiment (PNPI) setup N
and /

He source prototype running \§/ s

v i

\Q

TU M (Germany)

(Switzerland)

D2 source operating
nEDM completed, n2EDM in construction

R CN P (Japan)

He source tested - TRIUMF
nEDM experiment R&D - TRIUMF

P N P I (Russia)

He source under construction
nEDM experiment planned

o
(@
0\ o)

." PA R C}apan)

D2 source under construction

nEDM experiment under construction

D2 source planned
nEDM experiment planned

12y PRC 95(2017)045503 planned running
or st | \
T e 7| |UCN source Q &/
ol F 1 S =
o SUN-2
o | .. 1| |Neutron EDM experiment
2 .——. TRIGA .
020 ?LO 4‘0 ;0 éO 7‘0 !;0 9‘0 1‘00 1‘10 120
Storage time constant (s) Klaus Kirch Sep 16-21, 2018




NEDM@PSI

Our collaboration (50 people, 15 institutions, 7 countries) just finished
NEDM and starts assembling the n2ZEDM experiment aiming
at an |mprovement In sen5|t|V|ty by an order of magnltude

www.neutronedm.orq

nEDM coIIaboratlon in Bern May11 13,2017

tpc nEDM .. - e T e e S § i Ot
=~ wn o Klaus Kirch Sep 16-21, 2018 E@]



http://www.neutronedm.org/
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NEDM Is presently being taken apart
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PSIrlng cyclotron

* at time of constructlon 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 oc (turn number)3, W.Joho]
* 590MeV protons at 80%c
« 2.4mA x 590MeV=1.4MW

ETH Klaus Kirch Sep 16-21, 2018 d;E_I}



High Intensity Proton Accel.

PSI ring cyclotron

20.0MW e T T T
0°C o, FTEF R
5.0°C - T 10 L ) ADS ]
2211 i C = ]
I MYRRHAC) EURIS® O study
@ planned
e " . ‘ggiupgr @ operating
1‘?j'2f Prcdu:ctlon | O FRIB ESS
e — o O s
: idle < LANSCE Project X _
fin Gg}pulse/ﬁ()(ls E 1 P = 100kW o @ Frojec O I-éIESII\D‘lL ]
C ower
The most powerful R P o . P
JPARC
proton beam to targets: & | =
_ - 100kW o MW P =10MW
590 MeV x 2.4 mA=1.4 MW ISl
0 1 E [ 7
' r CSNS LP SPL ]
i CERN 10MW ]
O
@ IPNS @ P RC20GeV
0.01 S -
0.1 10 100
Ebeam [G eV] Courtesy: M. Seidel

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.

Klaus Kirch Sep 16-21, 2018 EE—D



