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In memory of professor dr Otto Scharpf
(1929-2019)

Otto Scharpf, a brilliant physicist, experimenter,

a demanding teacher, a critical mind and a warm-
hearted, optimistic person. He was an original, of which
there are few left today because the scientific system
promotes conventional behaviour.




l. Introduction
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The neutron

- gluon

Hadron comprised
of three quarks;
no net charge

Quantity Symbol Value
- 1.674927211(84) x 10~ kg
Rest mass " 1.00866491597(43) at.u.
m.c2  939.565346(23) MeV
Spin I 1%
Charge 0

-0.96623641-107%7 J-T

Magnetic moment W, -1.04187565-1073

-1.91304276 1y,

Mean life time (free) T 879.9+0.9 s (very recent value by [6])

|

Spin and magnetic moment are oppositely oriented, complicating what “up”
and “down” mean with respect to an applied field.




The neutron magnetic moment

The neutrons possesses an inherent magnetic moment related to its spin-angular momentum.

I
-+

Stern, Gerlach (1922)



Neutron interaction with the scattering system

Let s, s;and /, /;be the initial and final states of the neutron and of the scattering system, respectively.

Then, in the Born approximation the scattering cross section contains this matrix element:
(s¢/:1 V(Q) | 5:4)
where V(Q) is the Fourier transform of the interaction potential V(r) :
V(Q) = j V(r) e®RT dor
In general, the potential V(Q) can be written as a sum of spin-inependent and vector-type terms:

V@ = o V(@ + % (@)

n



Neutron interaction with the scattering system

For convenience, both components are sometimes represented in this way:

Vsi(Q) ,(Q)
1
Nuclear Z Ajexp(iQ - 1y) Ez B;I; exp(iQ - ;)
J J

. Y7o

M t 0 —M
agnetic 20 1(Q)
) YTo Me rom ¢

%) ——n(Q) L O e

Electric 2 m, 2 m, n(Q)i cot <2> Z

*) Electric interactions:
e spin-orbit coupling
e Foldy interaction due to the existence of internal electric fields within the neutron



Il. Neutron in a magnetic field



Neutron in a static magnetic field

Quantum mechanics:

e Probability density of finding a particle in a state of
particular orbital angular momentum, spin, and total
angular momentum

e Nothing about the motion of the particle on its orbit, nor

about the coordinates of the axis of rotation.

“Spin-down”

L)



Introduction

All we can say:
e can be visualized as if the orbit “precessed” in an unobservable way about the z-axis, what could be
described by a precession cone of the total /,L, orS.

as for the neutron spin, we know only that the particle has an internal angular momentum of h/2, and
that the three components sy, s, s, obey the commutation relations [sx, Sy] = (hs,, or generally,
[Si,Sj] = ihsg€;jx ,withi,j,k = x,y,z, but no probability density regarding orbit or the spin
directions or something similar is given.

Left: Oscillatory behaviour of the associated Legendre

polynomial Py, (z) for —/1 — u? < z < /1 — p? -0.661 -0.661
and exponential behaviourfor 1 < |z| < /1 — u? as /\

exponential
behaviour

oscillatory
behaviour

obtained for l =40, m =30,u = m/L.
Right: hypothetical orbit of a particle of quantum

numbers [ = 40 and m = 30, “precessing” about the L
z-axis. The particle then moves in the “classically 1.0 _QY/ \/ % 0. 1.0
-0.
-1.0

allowed” region with the oscillatory behaviour and
stays out of the region where Py, (z) behaves Cxponential
exponentially. The y scale is divided by 1046 behaviour




Neutron wave function

The state of a free neutron, i.e. a particle with spin %, interacting with a magnetic field B is described

by a nonrelativistic Schrodinger equation, also referred to as the Pauli equation, whose solution is a two
dimensional spinor wave function of the neutron:

_ Y4 (r) _
l/J(l‘) - (1/)_(1‘)> _ ¢(I‘)|S>

T)

with spatial wave function ¢(r). The state vector for the spin
eigenstates |T) and |!) is given by :

1S) = alT) + b|)

or using the conventional notation of the Bloch
sphere (or Poincaré sphere):

v, : v,
|S) = cos > |T) + e'¥ sinEbN)

4)



A constant spinor:

|+) = ((1)) = X+

0
=) = (1) = X-

(+l=(@1 0)=xI
(== 1) =1

X =Cixe O x- = (ﬁf)

Spinors

The relationship between cartesian space: S = (sy, Sy, S;)
and the spinor space is provided via the Pauli matrices:

5= (1 o) =(; o) o=(p 1)
((sx), (sy), (52)) =§(XT0'xX: xto,x, xto.x)

Note, that the above relation is defined for ({sy), (Sy>, (7)),
and not for (sx, Sy, SZ).



For example:

h
(Sy), (Sy),(s,)) = =(cos@sing, singsind, cos?)
Y 2

Spinors

= sind cos @

g.e.d.




Neutron wave function, cntd.

By the way of digression:

the formal equation describing the motion a free neutron, interacting with a magneticeld B is described by
a nonrelativistic time-dependent Schrodinger equation:

HY(r, t) = — (% V? — uoB(r, t)) Y(r,t) = ih%l/)(l‘, t)

Where m and u are the mass and magnetic moment of the neutron, respectively. @ is the Pauli
vector operator.

The time-dependent solution is then:

_ 1,b+(r,t) .
P(r,0) = <¢_<r, t)> = ¢ (x,0l5)



Neutron polarization

Let’s recall: the state vector for the spin eigenstates |T) and |!) is given by :
|S) = a|T) + b|l)

(. .
The neutron polarization vector, P

is defined as the expectation value

\of the Pauli spin matrices:

~

J

P = (S|alS)

P, = (S|o,|S) = 2 Re(a * b)
P, = (S 0y|5) = 2 Im(a * b)
0,|S) = lal* — |b|?

N"U
I
—~
W




Neutron in the magnetic field

The neutron couples via its permanent magnetic dipole moment p to the magnetic field:
Hmag =—u-B=—-uo-B

Magnetic fields are used e.g. to perform arbitrary spinor rotations in particular neutron transport
tasks (cf. neutron optics).

When a neutron ,non-adiabatically” travels through a magnetic field (stationary or time-dependent),
its polarization vector performs Larmor precession, described by the Bloch equation:

dP—Px B
dr VN



Larmor precession

Angular momentum of a spin in a magnetic field (in the z-direction):

hdl— X B or d'u— X B

yn Is the gyromagnetic ratio, i.e. the ratio of the magnetic moment to the angular momentum.

The solutions are:

Uy = || cos(wt) iy = —|ulsin(w,t)

These are oscillatory solutions with the Larmor frequency of:

wp = yYpB




Neutron beam polarization

In @ magnetic field, the polarization of a beam is a vector pointing in the direction of the field,
with the length of the vector defined as the scalar polarization:

N
N Analyzer 1 Analyzer
e ¢l 10 set to N,

T l

P_NT—Ni_F—l N;
N+ N, F+1 N,

F is known as the flipping ratio. The flipping ratio is a frequently measured quantity (in fact,
in every neutron scattering experiment with polarization analysis).




l1l. Uniaxial polarization experiment



Uniaxial Polarization analysis experiment

flipper 1 T

flipper 2

Iy

polarizer

) =11

analyser
Y detector




Uniaxial Polarization analysis experiment
B

flipper 1 T

flipper 2
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polarizer
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Uniaxial Polarization analysis experiment
B
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Uniaxial Polarization analysis experiment
B

flipper 1 T

flipper 2

il

polarizer
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Y detector




Uniaxial Polarization analysis experiment

B
flipper 1 T
|¥ g I % I ‘ flipper 2
polarizer ST iy
1) — L =11
\IU Y—> ) T >’ \

Non-spin-flip spin-flip



IV. Producing a polarized neutron beam



How to polarize neutrons?

polarizer

Generally, three ways of producing a polarized neutron beam are in use:

e polarizing filters (e.g. preferential absorption by polarized 3He nuclei)
e polarizing mirrors and supermirrors (using preferential reflection)
e polarizing crystals (e.g. Coy,Feg, Heusler crystals Cu,MnAl) using preferential Bragg reflection)



Polarizing filters

The two spin states are transmitted differently. Let’s call them T, and T_. The polarizing efficiency of a filter
is then:

T_|_ - T_ . . . T+ + T_
P = with total transmission equal: T =
T, +T_ 2

The thicker the filter, the higher the efficiency P, at the expense of decreasing T. The quantity being
optimized is then: PvT.

Let a generalized filter have:

e atotal, spin-inependent absorption cross section: o
e and spin-dependent absorption cross section: 0p
then: g1 = 09+ 0y

Assuming T = exp(—Not) where N is the number density of atoms/nuclei responsible for spin selection
and t is the filter thickness,

It can be proved, that:
P=— tanh(Napt) T = exp(—Nayt) cosh(Napt)



3He spin filters

Close to the resonance energy,
the absorption cross sections of nuclei are dependent upon their polarization and the neutron spin direction:

Ot = Ua(l == pPN)

where:
o, 1S the mean absorption cross section,
Py is the nuclear polarization, I(1=2y) 01_%
and: p = X=
I+1 T4l 7oL
For 3He nuclei, all the absorption occurs inthe o, 1 channel, and therefore, y = 1 and p = —1 giving:

I=3

Ot = O-a(l $PN)

Therefore, for fully polarized 3He (Py, = 1), one spin state passes through the filter with zero
absorption. The other spin state is almost fully absorbed since g, = 5000 barns.



We can now set 0, = g, and 0, = —0,Py

which leads to the expressions:

P = —tanh(OPy,) T = exp(—0) cosh(0Py,)

where: O is the opacity of the spin filter:

0 = No,t = 0.0732 x A[A] x p[bar] x t[cm]

3He polarization produced
via optical pumping methods.

3He spin filters

p [bar] x t [cm] = 10

—— P = —tanh(0OPy,)
—— T = exp(—0) cosh(0Py,)
Q = PT

Neutron wavelength (A)



3He spin filters

e Typical values: 75% initial 3He nuclear polarization with a relaxation time of 100 hours.

e Relaxation of the 3He polarization arises from collisions with the container walls, from dipole-dipole
interactions, and from stray magnetic fields.

Single crystal Si 3He cell (D17, ILL) 't:?’ ‘ B e

G

- } O‘ )’ l

: P L)

3 I p
s .




3He spin filters

Time-of-flight spectrometers require a neutron spin-filter that covers a wide solid angle (big detector
angles) and is efficient at thermal energies — 3He spin filter is ideal for this.

LUUNIC TV 111w ey
ar-Mirrors
cassette

ho Spectrometer)

ooooooooo

- - - v n - y
. \_“ .

Single crystal Si 3He cell (D17, ILL)



The principle of a mirror polarizer

Inside each material the neutron beam (i.e.
the neutrons thereof) have the velocity
other than in the free space. This can be
described by a potential energy. <

For the neutron beam, a layer of material is
2mwh? |+
Nb.

+HNB

spinup T neutrons :
reflected !
>,

+magnetic potential

|

|

|
i i >
spin down | neutrons | :
my transmitted nuclear potential

2
If the material is ferromagnetic there is an A Nb
additional contribution to this potential mpy
energy Vy, = +uN B, the sign depending on
the orientation of the neutron magnetic —magnetic potential
moment with respect to the magnetic —pnbB

induction B.

like a potential well of the depth

N is the number density of scattering nuclei, and B is the magnetic induction applied in the plane of the surface.



Mirror polarizer

Whenever speaking about devices designed to transport, collimate, or monochromatize a neutron beam,
we referred to the neutron optics.

Indeed, nearly all optical phenomena have their neutron counterparts: e.g. refractive index:

optical: neutron:
C
v A2 Ky

As said on previous slide, the neutron experiences a change of energy equivalent to (V) when it enters
medium 2. We can then put:

1

— 2

n= ﬁ — E1—(V) ~ 1 — ﬂ assuming, that: (V) < E4
k, E, 2E,

The potential (V) will in general consist of a nuclear and magnetic part:

(V) = mh” Nb (V)m = tuyB = i’
n — my m = TUND = My

Np



Mirror polarizer

Therefore, the spin-dependent refractive index of magnetised mirrors for neutrons of wavelength A is

NAZ
ny=1-——(b+p)
Snell’s law for refraction index:
_ cos b
= cos 6,
And the critical angle of reflection (defined when 8, = 0) is: Ny, =cosf, =1——

2
There are therefore two critical glancing angles 6. for total (external) reflection:




Mirror polarizer

Between these two critical angles the reflected beam is effectively fully

1 : : : g :

N _ 2 polarized, and In some circumstances the critical angle for one spin state
0.+ = A [— (b + ﬁ)] can be made zero.
- I8

However, the critical angles are very small (typically 10’)

In a polarizing neutron mirror, the basic unit is a non-magnetic/magnetic (A/B) bilayer, whose reflectivity is:

Ry = [Ngbsy — Np(bp % PB)]Z

Therefore, with a careful choice of N and b, the condition of R_ = 0 can be achieved, implying perfect
beam polarization (but not reflectivity) at all angles of incidence.

In practice this is hardly achievable, since the spin-down neutrons have to go somewhere. They are either
transmitted or absorbed in an absorbing layer (often Gd, which has a non-zero reflectivity at very low angles)



Bender polarizer (O. Scharpf, D7 @ ILL).

Mirrors are bent to ensure at least one
reflection of the neutrons. Polarization less
good due to finite reflectivity of absorbing
layer. But able to accept large divergence of
angles (stacked device).

Mirror polarizer

Transmission polarizer

Very good polarization, since clean separation
of polarization states is achieved.

Can only accept limited divergence and one
wavelength.



Neutron supermirrors

"o Air
_____ P
. d Thin film . V\
_____ b 2
\ Substrate ks
n, 5
L Air
=N d} )
d
n2 dz 1 Sinﬂc/l, sin6/ A —»
_______________ The multi-bilayer system introduces an
» .6 1
n, Substrate additional Bragg peak at sin— = Sd.




Neutron supermirrors

single mirror multilayer supermirror
Z,
n, =1 (vacuum)

n (material)

e refractive indexn < 1

o

e total external reflection

-

nE

R
-

e.g. Ni 6, = 0.1°/A -

increasing d
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Supermirror systems
(eg Co/Ti, Fe/Si etc)

A gradient in the spacing of the bilayers results
In a range of effective Bragg angles, and
therefore a reflectivity which extends beyond
values expected for normal mirror reflections.

Supermirror m-number indicates the range of
angles for good reflectivity

For a single (thick) layer of Ni, m = 1 = 0.1°/A.

Reflectivity

1.00 —
0.80 |
0.60 |
0.40 |
0.20 |

0.00 |

Neutron supermirrors

0.02 0.04 0.06 0.08 0.1 0.12
'I"‘.““L'""\'." "\'- ' ' '
4l M\rvwiﬂf!vwmwﬂ "“B"LH‘H
Supe mirror T E.
| A
II Broad band
I multilayer
) :
ol
Periodic ‘ ‘ 1
multilayer ’1 Y F‘
4.0



Neutron supermirrors

Q, [nm™)
0.000 0.109 0.217 0.326 0.434 0.543 0.651 0.760

11 regime of total reflection | regime of supermirror

0.0 0.5 1.0 15 2.0 2.5 3.0 35
m-value

Now commercially available from Swiss Neutronics



Unpolarized it D7 @ I L L
white beam (it Analysers
rd’
AN
' N
Unpolarized mono- N Guide fields
chromatic beam AN o
¥ Neutrons flipped by \\ /,r’"
Hlipper ~ Some neutrons
T .
Be filter | Spin-turn coils L T LT LT # ¢
(removable)

Focusing
graphite monochromator

Neutrons polarized
by supermirrors

T

Neutrons analysed
by supermirrors

i

D7 has been dismantled to be replaced with a new instrument
called D007. D007 will soon be commissioned.




D7 @ ILL
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Neutron supermirrors

i _ﬁL e

ey mll“ nlmullulumm-wa‘=

Supermirror “bender” analyser array on D7,
ILL. There is over 250 m?2 of supermirror in the
full analyser array.




Neutron supermirrors

New "Scharpf-type" bender supermirrors
now produced at the ILL.




Crystal planes POlaI’IZing CI’yStalS
A
M A

Cu,MnAl (Heusler)
crystal grown at ILL

B
If the incident beam is considered as a superposition of P = 1
and P = —1 states, then the cross section for Bragg reflection
is:
d ~
0 : 2= F(Q) + 2Fy(Q)Fy (Q)(P - )+ F(Q)
) For |Fy(Q)| = |F)(Q)] the reflected beam will be polarized
o~ o 2
For P-ii=-1 ——=(Fv(Q - Fu(Q)

Polarizing efficiency Pr = 2Fy (@Fu(Q)
- [F{(Q@ + Fi(Q)]




V. Guiding and flipping



Guiding the polarization

If the direction of the magnetic field (quantisation axis) remains constant in the rest frame of the neutrons
then the direction of the polarization of the neutron beam will be preserved.

A B
I Adiabatic helical rotation *
| of :
: “guide” field :
|
: :
| |
Beam : P
- — >
direction

B B

If the direction of the field B changes sufficiently slowly in the rest frame of the neutrons, then an adiabatic
(or reversible) rotation of the polarization occurs.

In an adiabatic process, the system is always “infinitesimally close” to equilibrium.



Non-adiabatic field change

For a non-adiabatic reorientation of the guide field the polarization will not re-orient. Instead, the beam
will preserve its initial direction, and begin to precess about the new field direction.

B Z Non-adiabatic rotation of

7 ? A “guide” field
I /
I
|
|
|
|
|

Beam

y
- —

direction




Non-adiabatic field change

For a non-adiabatic reorientation of the guide field the polarization will not re-orient. Instead, the beam
will preserve its initial direction, and begin to precess about the new field direction.

/ “guide” field

+ B Non-adiabatic rotation of
|
|
I
]
I
I
|
|

Beam
- . i
direction

W

Non-adiabatic rotations enable the beam polarization to be effectively “flipped” with
respect to the guide field.
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DrabRin mt-flipper

Drabkin flipper: useful for white
beams of limited size

— used on the reflectometers CRISP
and SURF at ISIS

Radial magnetic field off-axis results
in low flipping ratios.

Useful for thin beams only
BUT: No material in beam.



Current Sheet (Dabbs Foil)

A “sudden field-reversal” n-flipper.
Works for wide wavelength band

(for wavelengths which adiabatically
follow the field).



;. Mezei flipper

| The Mezei flipper uses a non-
I e & adiabatic 90° field change to project
F . . . .
the polarization direction of the
beam onto any arbitrary field axis.

T2

A flip of  radians with respect to the guide field can be achieved if the resultant field
within the coil, B, is perpendicular to B; and:

Qv
d =
VnBR

For example: a 1 A neutron will be spin-flipped by 7 in a distance of 1cm if B = 1 mT.



VI. XYZ Polarization analysis



Magnetic scattering

A complete, in-depth desciption of the magnetic neutron scattering (magnetic dipole interactions, as
opposed to strong nuclear interactions) requires a state-of-the-art density matrix formalism, and is far
beyond the scope of this lecture. An extensive treatment of this subject can be found in Otto Scharpf’s
report: The spin of the neutron as a measuring probe. Application of spin polarized neutrons to measure
electronic (including magnetic) properties of metals, semiconductors, superconductors”.

The magnetic neutron scattering formalism is laid out in the Squires book Introduction to the Theory of
Thermal Neutron Scattering.

Here we confine ourselves to merely touching upon the main issues, reproducing largely from Ggran
Nilsen’s OSNS’17 talk.

The scattered polarization and cross section (translating into the intensity) depends on the relative
orientation of the beam polarization and the magnetic moments in the sample, making the experiment
itself, and subsequent data analysis by no means a trivial task.

*used to be available on the web, now | can give it to anybody interested.
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Magnetic scattering

Q Nuclear spin |

K/

Nuclear Magnetic

Most samples also contain magnetic moments, originating either from nuclei or the electrons — they exhibit
magnetic properties.
(after Ggran Nilsen, OSNS'17)



Magnetic

MxQ

M, =QxM(Q) xQ

/1. One can only measure the components M 1L Q R
2. If M, 1L P; — scattering with neutron spin flip (SF)
3 IfM, || P; — scattering with no neutron spin flip (NSF) y

Magnetic scattering

a®

(after Ggran Nilsen, OSNS’17)



Magnetic scattering
Study case I.

Disordered electronic magnetic moments of the sample.

g oo § o o
Q,O'?é\oiﬂczM:-:(]
o { T o

do do N2
<dQ)TT <dﬂ>u (Q l)
After averaging over the random direction of M, the magnetic

do\ (do 5 = 2 elastic scattering cross section only depends on angle
dQ . ~\da i x1+ (Q' i) between the incident polarization P; and Q.

(after Ggran Nilsen, OSNS’17)
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Magnetic scattering
Study case Il.

Electronic magnetic moments of the sample all aligned.

e 0 9 9 % 3

$$ 5 8 8 8 /

/1. MLQ — all of M measured. \
2. P;|IIMLQ —allscattering with spin flip

MIlIP; L

do

o P M: ( )TToc by + by

(the indices N and M refer to
,nhuclear” and ,magnetic”, resp.)

Different!

\

d
e —P,| M: (d—;)ll & |by — by|?

\

(after Ggran Nilsen, OSNS’17)



Magnetic scattering
Problem:

Can an XYZ-difference experiment be performed on a multidetector instrument?
O. Scuarrr and H. CAPELLMANN: The XY Z-Difference Method with Polarized Neutrons 359

phys. stat. sol. (a) 135, 359 (1993)

Subject classification: 61.12 and 75.25; 85

Institut Laue-Langevin, Grenoble') (a) and

Institut fiir theoretische Physik der Rheinisch-Westfilischen Technischen Hochschule
Aachen™) (b)

The XYZ-Difference Method with Polarized Neutrons
and the Separation of Coherent, Spin Incoherent,
and Magnetic Scattering Cross Sections in a Multidetector

By

O. ScHARPF (a) and H. CAPELLMANN (b)

Dedicated to Professor Dr. CHRISTOPH SCHWINK on the occasion of his 65th birthday

Equations are derived for the polarization analysis in a multidetector to separate coherent, spin
incoherent, and magnctic scattering using thrce-dimensional analysis or the xyz-difference method.
Then the conditions for the magnetic guide fields to rotate the polarization into the threc directions
X, ¥, and z are discussed on the basis of the existing instrument D7 at the ILL in Grenoble.



1. the 7T (180°) rotation of P; about M

2. projection of M onto P;

) NSF )
3. the measuring of the = ratio

On D7 we carried out this rotation
by means of three pairs of mutually
perpendicular Helmholtz coils.

Diffuse scattering instrument D7 with full 3D
polarization analysis. The sample in the cryostat
positioned in the centre of three Helmholtz coils.

Magnetic scattering

This means that, the polarized neutron scattering experiment on a magnetically ordered sample requires:

Analyzers @

Guide field Chopper

(D

0,
Gfe(..ro )
s Spin
turn coils

Encoders

For the angles

—

Air cushions on marble floor

Berylium filter

Polarizer

Cryostat Flipper

) Analyzers
Collimator (removed)




The Schrpf Equations

e

i . R, Ty
L

a known as the Scharpf angle



Example: Volborthite

llYl]YYlY]YY‘Y]‘Illl711|]'.11‘IYYT']‘Y'< Pl II'TTT[ I YTTTTYTTYTTT T
_ @ Nuclear l Volborthite 3K 0.20
- —#- Magnetic .
- —@- Spin incoherent o 1 L
25+ | i
SRR | 015
= . i T
o 20_ % 9 t Li
.%7)‘ : T o TH
2 L : 4 @ L
o
5 1sF , ] 2 0.10
e, R ¢ ¢ <
q " [ 4 8
I | t 4 3 g "
"g 10_ @ o0 09 - T ‘
i 2 12 © 0.05
! s - ofy = =
\ () ? o pL % e ¥ 4 *
51 . § % X ® ITY RIS ©
?“'MM*M%*HWWMW' ]
Sl kot Ll T ] 0.00
0~,‘mwwwﬂmﬂumw.; T e e ey
0 1 2 3 4 0.5 1.0 1.5 2.0 25 3.0 3.5
Wavevector transfer (A1) Wavevector transfer (A1)

Volborthite measuredon D7 with an incident wavelength of 3.1A.

The magnetic scattering is dwarfed by the enormous nuclear Bragg scattering for Q > 2 A~
and also by the nuclear spin-incoherent scattering due to hydrogen, and, to a lesser extent, vanadium, in the
sample. (J. R. Stewart et al. J. Appl. Cryst. (2009) 42, 69-84)



VII. Separation of coherent and incoherent
scattering in uniaxial experiment



coh/incoh separation

Let | be the non-zero nuclear spin and let b, and b_ denote scattering lengths associated with the [ +%

1 ~ :
and [ — > compound states of the nucleus-neutron system. Let B denote the scattering length operator.

Then let b, and b_ are its eigenvalues. It can be shown that:

L - 1 .

Here & is the Pauli spin operator and I is the nuclear spin operator. b and by are expressed in terms of b,
and b_ through:

21 + 1 N ar+1

b =

Further calculations are carried out by means of the density matrix formalism, and lead to the expression
for the differential nuclear scattering cross-section:



coh/incoh separation

do
= pt(s-B(6- I
— Tr|pBT(6-11)B(6-1)]

: e : 1 :
Let s, denote the spin of an individual (“n-th”) neutron in the ensemble (Isnl = E) , and let’s define the beam
polarization P as the ensemble average over all the neutron spin vectors, normalised to their modulus:

P =<S—1n>= 2(s;,)

2

In the presence of an external field, providing a natural quantization axis, the beam polarization becomes

a scalar value:
N+ - N_

P =
N, + N_

where N, and N_ are the number of neutrons with spin-up and spin-down with respect to the field
direction. R is the so called flipping, a measurable quantity:



coh/incoh separation

Now the differential cross section (2.21) can also be expressed as a function of incoming beam polarization :
do ., . o A
ot BTB[I(I + 1) +iPU™ . ([T x [)]

If nuclear spins are unpolarized, which is normally the case, averaging over nuclear spin orientations must

be performed. Then, after taking into account the properties of the nuclear spin operator and I, one
obtains for the differential cross section :

do A
— =J(I+1)BTB
70 I+1)

and for the scattered polarization:

do
(out)_: BY( A 7t ~ N\ B
R g Tr|pBt(6-1T)y(6 - I)B]

where y denotes a particular direction in space. Again, evaluation of the right-hand followed by averaging
over nuclear spin orientation, gives:

(out) dg _ _ 1 p(in) 5t H
B 0 3P I(I+1)B'B



coh/incoh separation

Let us introduce the conventional notation I™ and I'" for the scattered intensity with and without the spin
flip. Then:
Ao _ 11, N _ M g1
o =1"+I" =5"+0
and:
M _ g
(out) do _ I —

Rewritting the previous result:
do

— ="+ " =11+ 1BtB
70 ( )

and:

(out) ﬁ 3 ITT . ITl

T

1
M+ =M = -3 10+ DB'B



coh/incoh separation

Finally:

1 2
[ITT = IBI2I(I + 1)] and [I“ = IBI2I(I + 1)]

-
Thus the outgoing scattering intensity from unpolarized nuclear spins is always one third without, and

Ktwo thirds with flip of the neutron spin from the polarized beam. )

-
The coherent scattering Icoh and incoherent scattering linc are linearly related to the measured spin-flip

Kand non-spin-flip scattering. )

1 3
[Icoh — ITT . EITl] and [Ilnc — EIT»L]

In this way, shining a polarized neutron beam upon the sample and separately recording neutrons
scattered with their spin conserved and with spin flipped, the experimenter can separate coherent from
incoherent scattering right at the instrument level.




V. Real-life example



Coherent Intensity, arb. units
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Example: residua strain in PU elastomer
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The peak @ Q = 20.35 nm™! originates most
likely from the short-range arrangement of the
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Coherent scattering intensity

Example: residua strain in PU elastomer

© Composite: Cer. A + PU25
¢ Elastomer PU25
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Real space A = 0.0063 nm, i.e. 2.1% Kurzydtowski, P. Deen, Measurements of
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