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Introduction

e Established: April 1, 1997
2 Employees
e Turnover ~100kEuro

* Consultancy and research
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Investigations
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Principle

* Neutrons fall down

* Coherence theory

* Interaction of neutron with magnetic field
* Propagation of polarization

e Spin echo
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Principle
* Neutrons fall down: McReynolds 1951, Dabbs 1965
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Principle

* Coherence theory: Scattering as coherence phenomena, Gahler et al. (1998)

detector slit
entrance slit sample

/ -.
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Principle

* Coherence theory: Mutual coherence function (Mandel, 1965)

r(rl,rz,l') = <lﬂ*(l'1,f)40(l'zaf + T)>

4

M (r,1,.0) = (" (r,£)g(r;, £ +0)) = (r;)

4
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Principle

* Interaction of neutron with magnetic field

The Schrédinger equation:

2
i W(r0) =~ 2@ () +V (0,0) W (r01)

ot 2m

V(r) =1 (B

= potential energy due to spin: Zeeman energy
= include spinor description
= for the moment we omit interaction with material
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Principle
* Interaction of neutron with magnetic field

The potential energy of the neutron in a magnetic field
and resulting kinetic energy are

— —_ . R T .  — T
E,. =ha, =% B; wn = E, T B, kT =k, ¥ Ak,
with
m ma w -m
M=y p=l0 28 ST,
n’k, nk, v,  2h
resulting in the Schrodinger equation:
LO¥ __ oW (4B 0,
ot 2m 0y’ 0O -uB
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Principle

* Coherence function becomes coherence matrix

AL Ut (7, t +7)

== * —fi = ¥
U (7, t +7) (THEh (L))

t

Coherence approach to

neutron propagation

in spin echo instruments

V.-O. de Haan
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Principle

* Interaction of neutron with magnetic field A

k, + Dk
Interpretation: the neutron spin (expect.value)
ko precesses by an angle 26 = 2AkL = —my,A,BL/h
around the field direction, being the integration
ky =Bk 1 . . of the wave-number difference between the plus
0 L Y and minus wave function integrated over L

p.(L)=(0,)=ab" +a’b =exp(-2iAkL) +exp(2iAkL) = cos 2AkL
p,(L)=(6,)=i(ab" —a'b) =i(exp(-2iDkL) - exp(2iAKL)) = sin 2AKL
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* Propagation of polarization
Mezei (1980): Polarisation is coherence between spinstates

_ R U+ (r ¢
<( wH(F L) U (7 ) )'ﬂj( \p—i; £) )>
) t

Pi(F) = .
i(7) (U (7, ) UH(F, 1)), + (U= (7 ) U= (7, 1)),

- Ut (i, t +7) L e
) = (4o i) ) (WG ¥ G ) |

t

. Te(I(7, 7 0)5;)
173(1): ‘ .(. = J -
Tr(l'(r,r,0))
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Principle to practice

* Propagation of polarization

Rotator sample Rotator Detector

Sowrce  Polanser Region I Region II Flipper Analyser
@y D+ 1D
; ; Fr)(Fa) = —r—
@) /= Jn(Fd)—Jf(."d) Js™ ( d)
—
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Principle

* Refraction of light

e
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Principle

* Refraction at magnetic boundaries
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Principle

* Refraction at magnetic boundaries

LY
T —F
o\ \
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Principle

* Refraction at magnetic boundaries
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Principle
e Spin Echo: Interferometer for the two spin states

L

\ Horizontal

| split
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Past measurements

e COW

e De Haan et al.
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Past Measurements

* Sisingle-crystal interferometer (COW experiments)

! , R. Colella et al., Phys. Rev. Lett. 34 (1975) 1472
K.C. Littrell et al., Acta Cryst. 54 (1998) 563

Skew symmetric
interferometer

IHe

phase difference between both paths:

Ap=k,l —k,l O Ak 1Az

Incident
monochromatic
neutron beam

o Aluminium
phasc [lag

Si (220) or (440)
Bragg planes
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Past Measurements

» Sisingle-crystal interferometer (COW experiments)

so00

Results: interference signal as a function of %= I
extra phase added to both arms g soc |
for two wavelengths EF ( !
1000 — =) Z. 14404y A si(220)
[E LA
phase shift Agas a function 20- g oo
. 15! ..: &2 1soco ) 1.07806G)Y A a0
of rotation angle & o =& . -
-§ 05 L ‘ -0. 80 -0.40 -0.30 -0.20 -0.10 .C.)nl::) 0. 10 o .20 ©. 320 O A0 (=23
£ 00
g 05! -’ | some numbers
2 40+ |
" st | E,, =18 meV
20 - |
Conclusion: om o0 om o om E,, =70 meV
experimental phase shift is 1.0 £ 0.1% smaller, e Az =18 mm
compared with theory, when taking m; = m, AE, =2 neV
q, BonPhysics Research and Investigations BV, Puttershoek, The Netherlands
Onderzoeks- en Ontwikkelingsbureau : .
BonPh SiCS www.bonphysics.nl
y Workshop on Matter-Wave Interferometry. May 23-24, 2019 22

Research and Investigations B.V.



Past Measurements

» Sisingle-crystal interferometer (COW experiments)

o /\
W G

!

e . :,
\ N L 1 € Am>g
N —cosa(l —tanfp tanw).
ko
O L ' H
E‘_/Lf-"’ P A Conclusion:
: experimental phase shiftis 1.0 + 0.1% smaller,
¥ X X X, compared with theory, when taking m; = m,
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Past Measurements
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Past Measurements

+)
-
+B AB -B

1%t precession region scan coil 2"d precession region

o Offspec is a time-of-flight instrument covering wavelength range 0.2 < A< 1.4 nm

o The spin-echo polarisation of the recombined neutrons is measured: P(B,A) = <cos(¢L)>

o with Larmor phase: @ = _[(k+ (x) -k (x))dx 0 Ak, LAz
o extra phase is created by scan coil

o experiments are performed with splitting both in horizontal and vertical plane

o inclination angle of whole setup between -1.0 and +0.5 degrees
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Past Measurements

H%H . T A

+B AB —B & OffSpec
15t precession region scan coil 2" precession region
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Past Measurements
* OffSpec @ ISIS

Reflectometer with spin-echo option
meant for SERGIS and SESANS.
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Past Mleasurements

)
i3
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Past Measurements

@ = [ (k" (x) =k (x))dx 0 Ak, LA
k* =k, - Dk, /2 - Dk,

[+) e k™ =k, + Dk, [2+ Dk,

= e

|_> splitting in horizontal plane

Ak
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Past Measurements

@ = [ (k" (x) =k (x))dx O Ak, LA
k* =k, - Dk, /2 - Dk,

[+) k" =k, + Ak, [2+ Dk,

) M

+B -B
g
)
Akl ﬂ I splitting in vertical plane
0
|+) —
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Past Measurements

B fnenton . Wavelength = 0.4 nm Wavelength = 0.8 nm
05 o
54
05 Result 1: Contour plot of the
4 . . , spin-echo polarisation as a
R S function of wavelength and

Scan-coil current (A) Scan-coil current (A)

extra phase added to both arms

Scan-coil 0-gm 0

current

(A)
echo condition AB =0

-1 -4-F ] | -4 ! I ] N i
02 04 06 08 10 1.2 1.4 02 04 06 08 1.0 1.2 1.4
Wavelength (nm) Wavelength (nm)
splitting in horizontal / vertical plane
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Phases are described by

Result 2: Parameter C; as a function of inclination angle

Past Measurements

Ag =CA+C,A*+CA’

C,: echo-condition
C,: Sagnac effect
(small correction)

C;: result of gravity

10.8 ———————
vertical splitting theoretical value for m; = m,
- — -~ Dbestfit
10.6 | i
o~ 104k | Conclusion:
g i | | experimental phase shift is, within
E 53 - | the experimental
g horizontal splitting —3 accuracy of 0.1%, in agreement
0.0 == with theory,
ol 1 - 1 when taking m;=m,
i i - 1 intercept C;: exp:10.619(9) theory:
04 L1 R R S — = — 10.618(24)
-1.0 0.5 0.0 0.5
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inclination angle (deg)

some numbers

E, =0.4-20 meV
AE, =20 neV
Az=03-14 um
AE, =0.03-1.4 peV
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Faraday,
diary entry: March 19, 1849

What in gravity answers to the dual or antithetical nature of the forms of Force in
Electricity and Magnetism?

Perhaps the to and fro, that is the ceding to the force or approach of Gravitating
bodies and the effectual reversion of the force of separation of the bodies, quiescence

being the neutral condition.

Try the question experimentally on these grounds — then the following suppositions or
suggestions arise ...

Bodies approaching by gravitation, and bodies separated per force, whilst gravitating
towards each other, may shew in themselves or in surrounding matter or helices,
opposite currents of electricity round line of motions as an axis. But if not moving to or
fro each other, should produce no effect.
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Faraday,
diary entry: March 19, 1849

All this is a dream. Still, examine it by a few experiments.
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Future measurement

10,1 -
m 10,0 T
=
| ==
':g* 9,9 - } !
E 9,8 A ":11‘ © 50 deg
% @ < -50 deg
9,7 1 s O 60deg
9.6 - 4 A -60deg
9.5 - —Gravity ISIS
9,4 A é
9,3 ] 1 I 1 L] ] | ] 1
-2 -1 -08 -06 -04 -02 O 02 04 0,6
Inclination angle in mrad
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Future measurement

e Spin-Gravity Coupling at OffSpec — July 2019

* Follow project on research gate:
https://www.researchgate.net/project/Spin-Gravity-coupling
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Future measurement
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Future measurement

H=—§O')/B Beff =B——§

Hence, the effect cannot be independently measured.
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Future measurement

H(r) = Hys(r) + Hpa(7)

-

(%

- /10 AO 32
HVA(T') =SVA TQVgAO";T]VA SVA = HOF: 1.21.10°° eV

9

v

>\ /10 2
Hpa (1) = Spa 7(9,4) o\

|E 5|z

5 A,
X ez) Naa  Spap = (E) = 5.3.10% eV

yielding a possible limit on g, g4 of 10“8and on (g,)? of 5.10%
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Closure

In the coherence approach picture each neutron
spectrometer can be seen as a neutron interferometer.

In the coherence approach picture the polarisation of a
neutron beam can be interpreted as the interference
between two coupled wave functions.

Neutron spin-echo methods can be effectively used to
study fundamental physics questions.
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Thanks for your attention!

Dr. ir. ing. Victor de Haan
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