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Standard Textbooks

NEUTRONS, - NEW
NUCLE! & MATTER T
INTERFEROMETEY

Quantum Physics:
The Bottom-Up

Haper meal =
I LT
Scarterbig

Approach

| e

Byrne — Neutrons, Nuclei & Matter

Golub, Richardson & Lamoreaux — Ultra-Cold Neutrons
Rauch & Werner — Neutron Interferometry

Willis & Carlile — Experimental Neutron Scattering
Williams — Polarized Neutrons

Dubbers & Stockmann — Quantum Physics

VvVVvVvvVYyvVvyYvYyYy

and others ...
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» Introduction & Motivation

» Rabi’s & Ramsey’s Method

» How to Measure a Neutron EDM

» The nEDM Experiment at PSI

» Future & Ramsey beyond the EDM

Florian Piegsa — Knoxville Summer School — 16.05.2015



» Introduction & Motivation
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Search for New Physics

High Energy Frontier High Intensity/Precision
Frontier

Direct production of new particles Search for a neutron EDM
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Electric Dipole Moment (EDM)

—

dﬁﬂ P -‘.l¢
— A
A Vg

The classic picture of
P & T violation caused by an EDM
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Electric Dipole Moment (EDM)

]

n
B

» A non-zero electric dipole moment (EDM) of a fundamental particle,
e.g. of the neutron, violates parity (P) & time-reversal symmetry (T) .

» With CPT conservation™, from T violation follows CP violation.

* Purcell & Ramsey, Phys. Rev. 78, 807 (1950)
** Luders, Ann. Phys. 2, 1 (1957)
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EDM of Polar Molecules

»

S
E £ Polar molecules do NOT violate T or CP
since they have degenerated states:
N N

! ! . S

. Time reversal d d= id?
H o H S|

H H
Ry i ——— This degeneracy allows
S them to have EDM’s.
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Baryon Asymmetry in our Universe

Electrowga_k SM_}_ R Observed*:
expectation: i § 20 . v

ey . . - s:npg—ng ¢
nB nB o 10—18 .. s o z 6 X 10 10
~y L - . n &
% O ey

n

1. Baryon number violation
2. C and )

3. Thermal non-equilibrium
JETP Lett. 5, 24 (1967)

* e.g. WMAP, COBE, Planck X
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CP Violation

» Electroweak SM:

CP violation has been observed in weak interaction (K%B° systems) and is
included in the SM via the phase § in the quark mixing matrix (CKM).

However, the SM CP violation is very small and accounts for a neutron
EDM of only about 10-31*1 e cm ******,

I’-L'r.l- 1{"5 F:b

r r p
€1 —&( —8&y 51 Vua  Vius  Vin
Vid Vis th

CKM = | 5102 €120y — sa83e" €085 + Sgcye
8163 Cp8zC3 + Ca8xe™® ©15485 — Cige

* Mannel, Uraltsev, Phys. Rev. D 85, 096002 (2012)
** He, McKellar, Pakvasa, Int. J. Mod. Phys. A4, 5011 (1989)
*** Khriplovich, Zhitinitsky, Phys. Lett. B 109, 490 (1982)
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CP Violation

» QCD - Strong CP-Problem:

QCD includes a CP violating term. The strength of the CP violation is
characterized by the angle 6,.p, which is expected to be of order one.

CP-odd ‘O-term’

Gluon field
Lattice QCD™:  42‘? = (~2.94+0.9)-1071¢ 94 € cm

d?’? = (+1.14+1.1)-1071% 95 e cm

Axion’s as a pOSSib'E way out*** 21?1 * Guo, Meissner, JHEP 12, 097 (2012)
** Baker et al., PRL 97, 131801 (2006)

*** Peccei & Quinn, PRL 38, 1440 (1977)
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CP Violation
» SUSY CP-Problem:

2 3 2
d. =102 ecm ( u’ewc ) sin Qgysy

SUSY

Probing for new physics at very high energies, even
beyond the reach of large accelerators/colliders !

Y 0.1
g d

Sl S

with: Mgy =2 TeV, tan B = 3

Combination of EDM constrains
(e, n & Hg) to a constrain on CP
violating SUSY phases

Pospelov, Ritz, Ann. Phys. 318, 119 (2005)
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ruled out many models of CP
violation - viable model must
comply with EDM limits.

EDM searches represent most
promissing probes for beyond SM
physics. Small ‘SM background’
(complementary to LHC).

Investigate different EDM’s to
learn about the origin of the CP
violation (e, y, n, p, d, Hg, Xe).

EDM Searches

» Search for (neutron) EDM’s has

- o > 3 o Di‘-‘:|N a o
|

d ol fe—|=

- n n - | T

- o
o

s | it LVJ—L]‘L‘ 5 \ | !

1 T T1<r T T T T 1
=20 -25 u

lg (Ke/e)

Ramsey, Rep. Prog. Phys. 45, 95 (1982)

T is generally assumed on the basis of some suggestive theo-
retical symmetry arguments' that nuclei and elementary
pariicles can have no electric dipole moments. It is the purpose of
Lthis note 1o point out that although these theoretical argumentis
are valid when applied to molecular and atomic moments whose
electromagnetic origin is well understood, their extension to nuclei

and elementary particles resis on assumplions not yet tested,

vt resnance pparstus of high resalusiont .
o et bl 2 of he ncut o pcsessan ooy e ——u
e i of 4 trong ecirc ek [ ——

Ramsey, Phys. Rev. 87, 807 (1950)
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Neutron EDM - Situation & Perspective

1“-13 @
» First Ramsey > o
measurement 102 ¢
Smith, Purcell & Ramsey, E s
Phys. Rev. 108, 120 (1957) o 1072 o Baker et al.
— ]
£ 102 i \
= ° o
L (] (€]
» Current limit: = 103
2
-26 3 102 Beam UCN ~ Beyond
|d,] <2.9x1072¢ecm || 3 \\ SM
(90% CL) sp9| \
Baker et al., PRL 97, 131801 (2006) N el.w. SM
" ’ 10-32 - ; . . ) . N
1950 1970 1990 2010
Year of experiment

» Several experiments world-wide, e.g. at PSI, SNS, FRM-2, LANL, TRIUMF
and others, are aiming for improved sensitivities of about two orders of
magnitude. All these efforts employ so-called ultracold neutrons.
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Neutron EDM

about 10 ym

nasa.gov

If a neutron were blown up to the size of the Earth, the current limit
(3%10-26 ecm) on its EDM would correspond to a displacement of the
positive and negative charge by about 10 pm.
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» Rabi’s & Ramsey’s Method
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Isidor Rabi Felix Bloch Edward Purcell Norman Ramsey

Nobel Prize 1944 Nobel Prize 1952 Nobel Prize 1989
Molecular beam Nuclear Magnetic Resonance (NMR) Ramsey method

resoance method
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How to Manipulate Spins ?

» Bloch Equation: Describes the interaction of a spin, i.e. a magnetic
moment, with a magnetic field (here no relaxation):

E

B

a _ R .
—t<u>=y<u>><B f=

Vector of the
Pauli matrices
Gyromagnetic
Ratio

Most general
representation of a
Pauli Spinor

" e ‘!U_r-. (
2 +'”'-.-n.‘r{:

I'-.-I-I~.-|—

i o
e
e

S?-I”l: }[”"{"’:} Expectation
(¥ |d| ) = sin(#)sin(y) value of the Pauli
cos(#) Spinor
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How to Manipulate Spins ?

» Rotating Frame: When applying a circular oscillating field it is often
easier to transform the problem into the so-called
‘Rotating frame’ system. The Bloch equ. becomes:

6 -~ 0 -
~ (@ =y @) x (B +%y) =y (@) x Beyy

Transformed Bloch Equation

Btu/fy
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Rabi Method & Nuclear Magnetic Resonance

[HRTETTT

dB

I
' dz  Detector

A-L.q----lu.u-ﬂ1—-H.A-q-ﬂ- 3

Source

F I I FEFr TT IF I I T

Q_EI |
dz
[ TN 1] e
Polarization . Analysis
Spin flip

(homog. & HF-field)

100 1. 0 0 00 o

Beam Separation _
X
2
2
i 375
q £
E
3
Source @
0.95 11.0 l1.05
Inhomog. magnetic field Frequency of the HF-field [a.u.]
Stern-Gerlach setup as Polarizer Resonance of 7Li in LiCl

F=+|i|v|B]|

Florian Piegsa — Knoxville Summer School — 16.05.2015



Rabi Experiment with Neutrons

By
Analyzer Detector

Polarizer

Neutron beam

By & w
Fourier transformation
of the envelope
w A A
Byrcos(wt) f
(]
/ —ye 2
< > o
K m - Flip 5
Byrcos(—wt) ‘lg
()]
Z
2Byrcos(wt) i > I >
Time wo /21 Frequency
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Ramsey Method

Divide the m-pulse into two separate, phase-locked m/2-pulses:

B,

Polarizer Analyzer

Meutron beam

L
EHF & w
w A
i T= l/v ‘

Fourier- ) g )
transformation mn ©
of the envelope __ /| |\|| 77 /2 ||||i=ccz c
o

(&) ’

"Double slit in time" <«— J—

¥ "Ramsey signal”
Ramsey, Phys. Rev. 76, 996 (1949) wy /21 Frequency

Ramsey, Phys. Rev. 78, 695 (1950)
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Ramsey Signal

Why does the Ramsey signal shows this pattern ?

_>
/2 w = Wg @Bo /2
By & w By & w

Clock comparison
between neutron
spin and HF signal.

wo/2m Frequency
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Phase Shift due to a Sample

/2 spin flip
coil

--‘..‘ Ramsey signal
Yagy (central part)
. /2 spin flip
@ coil Spln A

--..,?@..W analyzer % :
.. S | ,
..‘..‘ Sample Detector @o
. phase shift A@
@’ " A
Bo .."'n.@ ‘g :
v ® i

Ap =y, ABtx1/v

AB: change of the field in the sample
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Phase Shift due to a Sample

“Two beam method”

ty
... /
ay Ya,
ay
....

z
>1< 4
Suppression of common noise / global drifts
X (global magnetic field, HF-phase, temperature etc.)

9.
v»

But, susceptible to drifting magn. field gradients !

Florian Piegsa — Knoxville Summer School — 16.05.2015




» How to Measure a Neutron EDM

R. Magritte
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Larmor Frequency

A
N ’ AE edm
P Hn /
2> /!
V4
s| —H—
L \\\
\ AE edm
H =

AE 0y = h@may = 2u,Bo  With: p, = 1hy,
AEedm = hwedm = ZdnE

BoMEZ) hwn = h(@mag + ®eam) = 2 * (nBo + dyF)
By 1L E |:> hwq, = h(wmag - wedm) =2 (upBo — dyE)

= const.
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How stable the Magnetic Field has to be ?

Environmental fields 107 B(tesld) 4 Biomagnetic fields

Earth's field |—— Microtesla 100+
(about 50 uT) = 10~
-10° 0-

Power | AI— | 100~
owerines Nanotesla 1 g Lung particles
Automobile at 50m —I 409 e

Screwdriver @ 5m ’//4
Chip transistor @ 2m ——}

Ear@zkm—l

Human heart

Skeletal muscles
Fetal heart

|._\_1__‘_hhHuman eye
Human brain :a activity
I—Human brain :evoked
responses
IT SQUID system
noise level
Atomic magnetometer

I SERF atomic
magnetometer
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How stable the Magnetic Field has to be ?

» hAw = 4d,E + 2u,AB

Magnetic field change during
electric field polarity change

d = —
nfalse = 4 p E=1MV/m

dy faise =3 X 107%7e cm  with: AB = 1 fT

» Is it necessary to stabalize the field on the below fT level ???

YES NO

for effects correlated with E-field direction, e.g. for random noise effects, which will
leakage currents, magnetisation due to charging average out over time. However, ...
of electrodes (gradients), geom. phases etc.
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Statistical Sensitivity

"visibility”

— 3 L] . _ NA
N(w) = No[l +7n sm((w — wO)T)] with: n = A <1
0

AN (w) oy /N
3 NonT=—"=Y"2" glope at w = wy
O | wn Opy, Ow,

» We want to measure a frequency/phase shift, i.e. make two measurements
each with for instance "/, detected neutrons:

o o_vzvzo
Aw —
nT\/No n
sdE — 2nTE./N,
Aw = o
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The First Experiment (Oak Ridge)

E=70kV/icm B,=25mT
Electrodes: 1.35m, d=0.35cm

|d,| <5%107%% e cm

F1c. 1. Schematic diagram of the apparatus. 4, the magnetized
iron mirror polarizer. 4’, the magnetized iron transmission
analyzer. B, the pole faces of the homogeneous field magnet.
Note the horseshoe-like magnets bolted along the bottom. C, C’,
the coils for the radio-frequency magnetic field. D, the BF; neutron
counter. The magnetic fields in the polarizing magnet and the
homogeneous field magnet are at right angles, and two twisted
iron strips were used between them to rotate the neutron spins

adiabatically.

Smith, Purcell, Ramsey, Phys. Rev. 108, 120 (1957)
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Last nNEDM Beam Experiment (ILL)

U

|d,| <3x107**ecm (90% CL) ] \ -
i [ | 80
/

= T = PRPE
= Z <
5 » § P \
= | / o \
° 4 — T 80 —1— s 1
= | Y 1 I
_ NEUTRON GUIDE TUSE B 3/[7 \ | |
T3 . i i |
NEUTRON . 7] | 0 —
BEAM / -SPIN POLARIZER- -~ DOUBLE MAGNETIC g / [ % 450700 50800 50900 51000 51100 51200
7 IRON MAGNETIC - SHIELD - EACH 2.5-mm = ! OSCILLATOR FREQUENCY (Hz)
/ S MOLYPERMALLOY = T
MIRROR y . T
~ | \

100 120 140 160 180 200 220
VELOCITY (m/s)

POLISHED
IRON
MIRRORS —

YR /
= 7 . ' |
((}(w AL | R
= \Q: .

ELECTROSTATIC
PLATES

« E=80-130kV/icm
(length =1.8 m, gap =1 cm)
RF COIL—

* By=1.7mT (permanent magnets)
_SPIN ANALYZER-

/ 1HON MAGNETIC |« Switching HV polarity every 200 s

MIRROR

+ Changing RF-phase every 2 s (+§ > —g)

* Invert flight direction every other day

\\! .
\\\ ’: -
~ “DETECTOR
NALNICO
MAGNETS
(2 EACH SIDE)
ROTATING TURNTABLE
' Dress et al., Phys. Rev. D 15, 9 (1977)
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Relativistic vxE - Effect

» In general:

0 0B, 2 2 2 2
— — o0B% + 6B 0B, - (6B% + 6B
B=<0>+ 8B, [B| ~ By + 8B, + — -——— (2;2 2
By 5B, ‘ 0 0

|
transversal fields

» Relativistic vxE - effect (seen by moving neutron).

By
- DX E
Byxg = — c2 E
a
|B| ~ By + ﬁsina + i(g)z + ..
c 2B, \ c? Byxg
E.I.

> vxE effect is velocity dependent !

> d ~10"2%ecm-sina for: v =100 m/s

n,false

> 2" order term non-zero, even if a = 0.

> Elsewhere effect responsible for spin-orbit coupling in atoms
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UCN or Neutron Beam ?

Beam UCN

7)) » Usually much larger E-fields » Lower velocity — vxE-effect smaller
“Q » More neutrons / Statistics » Much larger interaction times T
E » Well-established neutron optics (about 100 sec instead of 100 ms)
technology » Limited dimension — easier to
control the magnetic field
» vxE-effect, however ... » UCN density still low
» Beam specific systematic effects =~ » UCN specific systematic effects due

to gravity, wall collisions, and
confinement (e.g. geometric phase)

» E-field is limited due to leakage
currents & discharges

Con’s
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» Neutron EDM Experiment at PSI
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PSI Proton Accelerator

NA-Hall

Experimental Hall

B beaon Bpana Reid SvG
Taiges Soege I

0 Medicra

o Freducdien 77
2 Ly Iemirest GF 1E
1 Poivs (Teapy Gadp

C Maddie Fiyd e
Fallwarwd &g

!rru-mpn
2gk) Shidn Phpch ww
Wabnise Sddonr

590 MeV x 2.2 mA = 1.3 MW

/

proton current 106 p+/s
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PSI Accelerator Units

Sector magnet

_—— - i

1. Stage: Cockcroft-Walton accelerator (800 keV)
2. Stage: “Injektor-2” — small ring cyclotron (72 MeV, 37% c)
3. Stage: Large Ring Cyclotron (590 MeV, 80% c)
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Solid Deuterium UCN source at PSI

@-®- @
A Fau
et . r; .
»J’ : ' DLC coated UCN storage

vessel (2m3, 2.5 m height)

UCN guides to UCN valve

experiments

Solid D2
(UCN converter, 30| at 5K)

Port to nEDM D,0-moderator (3.6 m3)

Experiment

Pb/Zr spallation target

(about 8 neutrons per proton) Pulsed proton beam

590 MeV, 2.2 mA
Designed for 1000 UCN cm3 - currently about 30 UCN cm-3 (1% duty cycle, pulse length = sec)
Running since 2012
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Solid Deuterium UCN source at PSI
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nEDM Experiment at PSI

bl Improved setup of
- the old RAL/Sussex/ILL
Experiment (‘olLL’)
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nEDM Experiment at PSI

Four layer | High voltage
mu-metal shield feed-through (R=1MQ)

Vacuum chamber

(@ =100 cm, length = 154 cm) Cesium magnetometers

HV Electrodes
(Al coated with DLC)

UCN Precession chamber
(h =12 cm, @ = 47 cm, ring coated with dPS)

iss—~ Hg readout lamp

Photomultiplier tube
(detect modultaed Hg light)

Hg polarization cell i Magnetic field coils
% I (By, trimming & RF)
UV Hg lamp

=—— UCN switching valve

; — magr;et NiMo coated UCN UCN |
: ' id \_"’7 spin analyzer
for UCN polarization glass guides

[ *+—— UCN detector (SLi doped scintillators)
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Ramsey Cycle

N 4 .
UCN Source (PSI) nEDM Experiment Magn. field

shiedling

Precession
chamber
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Ramsey Cycle

-

\

-

/

Analyzer

/ Foil

Detector
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Ramsey Cycle
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199Hg co-Magnetometer

19Hg-atoms are polarized using circular polarized UV light (254 nm). They are then filled in the same
precession volume as the UCN (‘co-magnetometer’). The average (time & volume) magnetic field is
measured by a free induction decay of the Hg nuclear spins (8 Hz @ 1uT) using a UV reading light —
absorption of the light depends on the orientation of the spin and causes a modulation of the light
intensity detected with a photo-multiplier tube (sensitivity = 100 fT for approx. 100 s measurements).

Mgmary spi precegsion

QWPLP T w0000 -
l",-,, Precession chamber -
o |
F "\ E VL
= | T B =
T™MHg probe lamp Photamultiplior g
8 xonpo
=
o 200E
= Palanzing coll ?_- co
- Ouarlor-wave plale (OWP) .l_:-."
. ; 20000
Leear polanser {LP)
400X - - - T T
[ ool 4000 Laono [ Foile] 1O&an L2l
=t ) Laris ADC meading na.
; . = 0=
Hyg suurce —fs & - Hg pump lamp ; * % e raw neubron FequBnGy
e COTATH-d SRUtom fraguancy
1 =
Ha 32 1 B asii2 i %'
rr|F-.- = Mg m = Fors = Mg as 3
) I E
1 i
F=172 E
sp F= 12
P POl U | I W LIV Yo e T |
5 10 15 | 2%
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139Cs Magnetometer (HV-compatible)

capacitor

« A pump laser (about 895 nm) generates a macroscopic magnetization in the Cs-vapour, which precesses
at its Larmor frequency in an external magnetic field (Nuclear Spin = 7/2, Electron Spin=7 - F =3 or4).

» A small oscillating rf-field applied perpendicular destroys the magnetization (the Cs-vapour gets opaque).
This effect is maximized, if the osc. frequency equals the Larmor frequency (wgr = w;, about 3.5 KHz/uT).

» Glass bulb with Cs-vapour has a diameter of about 2 cm.

Knowles et al., NIM A 611, 306 (2009)
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Systematic Effects

» Biggest challange remains the stability of the magnetic field and the
accuracy/precision of the magnetic field measurement/correction.

» Systematic effects can be separated in direct and indirect effects:

hw, = —hy,B¢ — 2d,E v 2E v
L RI = n _ [dn _ ng_n
thg = _hYHgBO - ZngE YHg thg YHg
@ = Ay meas
Vn
dn,meas =dy + d;t,false + ' ng,false
YHg
\_'_l
~ 3.84
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Systematic Effects — Direct

dymeas = dn + d;z,false

<

O

» ‘Uncompensated B drift’ — due to field In the precession chamber

gradients and gravitational effect on UCN ‘ UCNs \#g-

Center-of-mass shift = mm

(measurable at E=0)

» UCN vxE effect (rotat. motion, 2"d order)

. B2
faox (|B|) = By + BT iabatic
» UCN and Hg experience different fields 2By

(Vuen K Vhg) ng x | <§) | = By non-adiabatic
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Systematic Effects — Indirect

Yn
dy g.false
VHg <

AN
~ 3.84

» Hg-EDM*: |dy,| <3.1x10"2°ecm (95% CL)

dn,false —

» Geometric phase effect due to transversal fields**

E Xv aBOZ r hY%‘I 0B
= =) — | > g 0,z
= c? ¥ ( 0z )2 Ahg false = 32c2 b* 0z

Correct for effect by measuring nEDM as a
function of the vertical magnetic field gradient
which is determined with Cs magnetometers !

Florian Piegsa — Knoxville Summer School — 16.05.2015



» Future & Ramsey beyond the EDM
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Beyond the nEDM

» Physics Results obtained with the same nEDM Apparatus:

291650
Z4 P51 result with UCNs: =
Tn""..f 3.842457(3) é
.
: L]
| 8
-d+ -
=
v
L
_ =
5 = GREENE 1979
tI:E E T T L
g *
; >
10 10°  10° 0001 001 e ' 75002
interaction range A (m) Yisging [ 2%/ (MHZIT)
Search for new exotic interactions n/1%%Hg - magnetic moment ratio **

(Axion-Like-Particles) *

* Afach et al., Phys. Lett. B 745, 58 (2015)
** Afach et al., Phys. Lett. B 739, 128 (2014)
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Planned n2EDM Experiment at PSI

» New features/improvements:

Two UCN precession chambers with opposite electric field directions

Improved magnetic enviornment due to better shielding & compensation

Higher neutron statistics due to better adaption to PSI UCN source

Improved magnetometry (Hg, Vector-Cs, 3He)
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Other Ramsey Neutron Beam Experiments

Piegsa & Pignol,
PRL 108, 181801 (2012)

Piegsa et al.,
PRL 102, 145501 {2009)

Ramsey’s technique using neutron beams
is very powerful — maybe one should
reconsider a beam nEDM measurement !? +mW @ 100 K.
van den Brandt et al., NIM A 611, 231 (2009)
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A new nEDM Beam Experiment (at ESS) ?!

» Main systematic in nEDM beam experiment caused by vxE - effect:

angle between
E- and B-field

UCN Beam

hAw = 4dnE hAw = 4dpE ’

» Idea: Separate the two effects by directly measuring the frequency
shift as a function of the velocity at a pulsed neutron source:

Aw ‘
_-_’—_J_“‘,_E.—/_-_-
EDM l
-
0 neutron velocity

Piegsa, PRC 88, 045502 (2013)
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Cryogenic nEDM Experiment at SNS

CDs

3He
SERVICES

Intriguing alternative approach
and measurement scheme
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Sketch of the planned \\I?’//{'

SNS setup by R. Golub
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Thank you for your attention.
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