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1. Introduction



Comparison Neutrons — X-rays

Neutrons

Thermal neutrons:
* A = lattic constant
e £ =~ Excitations 1n solid state

Interaction between neutrons
and nuclei 1s weak:

1t Born approximation

scattering length is random
substitution by 1sotopes

no charge

magnetic moment

9

9
9
9

distinction between light and heavy elements
deuteration

large penetration depth = volume sensitiv
magnetic properties
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Extreme sample environment
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Sample environment 1s essential (not only the neutrons)!



Landmarks in Polarized Neutron Scattering

* 1939: Halpern and Johnson: polarized neutrons — magnetic moments
(O. Halpern and M. R. Johnson, Phys. Rev. 55, 898 (1939))

P=/Q- P)

* 1957: Nathans et al.: experiment with polarized neutrons on Cr,0O,

scattered neutrons are analyzed with magnetized block of Fe
(R. Nathans, T. Riste, G. Shirane, and C. G. Shull, Bull. Am. Phys. Soc. 2, 1, FA4 (1957))

* 1969: Moon, Riste and Koehler: measurement of 6", o, 6™, o™
(R. M. Moon, T. Riste, and W. C. Koehler, Phys. Rev. 181, 920 (1969))



Measurement of o, o, 0, o

mono-
chromator

Heusler
or Co/Fe

analyzer

Q

Heusler : :
Scattering triangle:

or Co/Fe
‘ detector

Combine monochromatization with polarization.




Landmarks in Polarized Neutron Scattering

* 1939: Halpern and Johnson: polarized neutrons — magnetic moments
(O. Halpern and M. R. Johnson, Phys. Rev. 55, 898 (1939))

P’=AQ - P)

* 1957: Nathans et al.: experiment with polarized neutrons on Cr,0O,

scattered neutrons are analyzed with magnetized block of Fe
(R. Nathans, T. Riste, G. Shirane, and C. G. Shull, Bull. Am. Phys. Soc. 2, 1, FA4 (1957))

* 1969: Moon, Riste and Koehler: measurement of 6™, o, 0™, o N
( R. M. Moon, T. Riste, and W. C. Koehler, Phys. Rev. 181, 920 (1969)) - >) o

* 1972: Mezei: neutron spin echo spectrometer: high E-resolution oy

* 1976: Mezei: polarizing supermirror (see also Turchin 1967)
(F. Mezei, Communications on Physics 1, 81 (1976), V. F. Turchin, Deposited Paper, At. Energy 22 (1967))

» 1980: Ziebeck and Brown: inelastic measurements on 3-d magnets



Polarizers

 Fe in magnetic field:
neutrons with spin down (b+p)?: large cross section/small transmission
neutrons with spinup  (b-p)?: small cross section/good transmission

e monochromators:
>TFe, FeCo
Heusler Cu,MnAl (similar d-spacing as HOPG)

« Artificial multilayers:
FeGe multilayers
supermirrors: Co/Ti, Fe/Si, Fe;,Co,V,/TIN,

* Spin filters:
polarized protons

polarized *He
SmCos



2. Need for
polarized neutrons



Example 1: Measurement of Form Factors

—> information on wave function
—> magnitude of moment
—> magnetic moment: spin/orbit contribution

Example: ferromagnetic Ni - *°~.
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Example 2: Magnetic Structures

Janoschek et al., J. Phys.: Cond. Matter 17, L425
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(P. J. Brown et al. J. Phys.: Condens. Matter 18 (2006) 10085-10098)

Spherical polarization analysis distinguishes between structures



Example 3: Nuclear and Magnetic Excitations

Inelastic neutron scattering from Ni: magnons - phonons?
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Martinez et al., Phys. Rev. B 32, 7037 (1985
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Example 4: Separation of magnetic modes

M
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Polarization analysis can distinguish between various magnetic modes
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Example 5: Chirality

?

polarised neutrons

P is not analyzed

Polarization analysis distinguishes between left- and right-handed spirals
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Further examples: polymers

Example 6

Deuterium:

Interstitial concentration of D in Nb: 70%

b . =56
b, =2.0

Scattering lengths comparable

incoherent scattering:
Diffusion processes

theory

coherent scattering:
lattice dynamics

16

J. C. Cook et al., J. Phys. Condens.

Matter 2, 79 (1990).



Example 7: High-Resolution / Spin Echo

Scattering in MnSi, T = 31 K, RESED
! j ! j ! j ! j ! j

F S
Critical
F q 0.12 r
- Linewidth at T_, 7= 19.6 g*° [3]

0.10 A Measurements RESEDA, T=31K 7

e Datafrom Ref.[3], T=31K
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Example 8: Polarized Neutrons for Particle Physics

Time inversion invariance experiments:
—n—>ptetvty (asymmetry of n-decay)

— electric dipole moment

— neutron lifetime 0,980

— T T — T
Perkeo Il
0,978

ud

. - . -:

€ fg%) S TSN ‘-
p - @ 0,972 | N :
2 N

N

1,275 1,280
g/g,

0,970

0,968 L o o . 1 1
1,270

1,260 1,265

(from O. Zimmer, Techn. Univ. Munich) 18



Where are polarized beams available?

* Polarized triple axis spectrometers at reactors: ILL, HMI, NIST, FRM-II, ...
and PSI (spallation source)

 Time-of- Flight: ILL (D7), OSIRIS (ISIS), HYSPEC (SNS, planned)

* Neutron Spin Echo: ILL, FRM II, HMI, NIST, LLB, JAEA

» Reflectometers: almost all facilities

» Small angle neutron scattering: HMI, PSI, FRM 11, JAEA ...

* Particle physics: ILL
. 'S Drum shield Heusler
polarized neutrons mostly at o \ |

continuous sources
Urgent need for:
e ToF

e dedicated beam lines

19



3. Basics of Polarized
Beam Technique




Scattering Cross Section

(see also W. Fischer’s talk)

e Fermi’s golden rule (= 1t Born approximation):

d’c m \ k, ‘ _ 2

= k. ,A Uk, ,A ) O\E, —E, +hw

(o) 50 Bt ) ol - 5, o)
* |A,): initial state of sample * p,;- probability that initial state i1s occupied

* |Ap: final state of sample « U: mteraction potential neutron-sample
27’
bo(r—r,)
m

» matrix element for nuclear scattering:

ki,ki>=<f‘fj‘i>=</1f jzeik,ﬂer(r{ﬁikirdr

(k2] O

:

1s essentially proportional to Z ijeiQ'rj
J

Message: scattering given by the square of the Fourier transform of potential



Introducing the Scattering Function

e scattering intensity is proportional to square of scattering amplitude
Qr;
Z I be™"
J
» a more detailed treatment yields:

d’c _ 1 o bb, j<e_iQ'rf'(O)eiQ'r"(t)>e_i”’dt
dOdE, 27h k <

d’c ok,

. . - _ NS(O.
in terms of the scattering function: KdE, 4n k (Q,w)
C 1 {(Oor—
- which is given by $(Q.0) = — [G(r,)e"® " drd
27th

3
« where the pair correlation function: G(r,7) = (%] % j Dle e <b e 0 je’Q'r-"(’)>dQ
4 i

22



Magnetic Interaction

polarization of neutron
* magnetic interaction operator: l

~

U =-p-B=—yu,c-B

e y=-1.913: gyromagnetic ratio

Uy nuclear magneton

° L magnetic moment of neutron

*G: Pauli spin operator

* B: magnetic field (sample, external field, pseudo)

* field of unpaired electron at position r; (dipolar approximation):

23



Magnetic Scattering Length

* Fourier transform of dipolar interaction yields magnetic scattering length:

MUY £

f

compare _ .
with b » classical radius of electron:  7,=0.2818-10"1? cm

« normalised scattering vector: Q=Q/|Q|
g1+ JJ+DH)+S(S+1)-L(L+1)

e [Landé factor:
2J(J +1)

* note: p depends on vector quantities
p 1s comparable to b
O,ag: TePlace b by p in Fourier transform
24



Magnetic Scattering Function

» selection rule for magnetic scattering: scattering

/ function

1

do kK, g jz Yy
[deEf jmag % (Wo S FQ Z(% QaQ,;) Sup(Q, @)

"N

(Ox(sxQ))

= spin fluctuations along Q do
not contribute to the scattering

—> the spin components are
projected on a plane
perpendicular to Q

25
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Magnetic Scattering Function

* magnetic scattering function (nuclear scattering not included):
(non-polarized neutrons)

N 1 Q-(r;—r;) —imt
Sﬂ(Q,a))ZﬁI;<Sj,a(0)Sjﬂ(t)>eQ( e i

S(Q, ) corresponds to the Fourier transform of the magnetic pair correlation
function that gives the probability to find a magnetic moment at position r; at
time # with a spin component S, (¢) and the same or another moment at position
r;. =0 at time # = 0 with a component §,.,(0).

+ note: projection operator ¥ (5., ~0,0,) is included in the scattering cross section
aff

26



Imaginary Part of the Magnetic Susceptibility

» fluctuation-dissipation theorem (= W. Fischer’s talk): imaginary part

of the generalised
. h 1 . susceptibility
S (Q’a)) - 11— oo ksT Sy (Qaa))

Interpretation: The magnetic moment of the neutron acts on the sample like a
frequency and wavevector dependent magnetic field B(Q,m).

M,(Q.,0)=)Y 7 (Q,0)B,(Q,0)

B

H(n1)
U ALALALA A
AVAVARARVANVAR:

e S”(Q,®) is directly related to the susceptibility ?




Magnetic Susceptibility

The magnetic properties of a material (bulk, thin films etc.) can be determined by
means of various techniques:

* bulk measurements: #(0,w) (susceptometer, ESR, etc.)
e nuclear techniques: J. 7(Q,w)dQ (NMR, uSR)

 neutron scattering:  y(Q,w)

—> Information of magnetic properties on various scales in time and space

Magnetic properties “understood” if all measurements are consistent with each other

28



Polarization Analysis

We have seen, it is difficult to:
* separate magnetic from nuclear scattering
* distinguish between magnetic modes

* coherent from incoherent scattering

So far neglected:
e spin of the neutron

—> polarization analysis

29



Polarization analysis: Nuclear Scattering

2
* nuclear scattering 1(Q) (Z bieiQ'ri] sum amplitudes first!

« different isotopes:

coherent scattering: waves from
different sites interfere with each other
—> correlations between nuclei
(diffraction, phonons, magnons etc.)

b, =b + Ab, =21

incoherent scattering: only waves from
same site interfere with each other
- self correlations
(diffusion processes)

* spin ¢ of nucle1 # 0: scattering from nucleus depends on ¢

A A

b
or Q — bl.:l;irc-l <
I I
b_

Incoherent cross section is polarization dependent




Polarization analysis: Magnetic Scattering

* magnetic scattering: P =" %G : (@ X (S % Q))oc

—> true magnetic interaction!
= M, depends on Q

* spin incoherent scattering: depends on polarization of neutropis

1 8 —

- is not a magnetic (dipolar) interaction = no projection operator

—> spin-incoherence can be detected with polarized neutrons!
31



Pauli Spin Matrices

» general structure of interactions:

O

y

0 1
O =
{10

{

=

0 —i
i 0
1 0
0 -1

6-A=0. A, +0 A +0_A,

%

O,

a[=14 91

=1 o=

=Y =1

o, 1s already diagonal

eigenfunctions:

)=

(1)> and \¢>=‘(1)>

32



Magnetic Interaction
pxe-M, = Jle,x +GyML,y +JZML,Z

only spin-flip scattering possible

D=9 i<
o =14 o[="

GX

Folh=Y=0 (o=

=iy =0 (Hoy=—i1=0

/NN o= eff=fh=0  {ho!T)={4n)=0

only non-spin-flip scattering possible for M |

(same 1s true for incoherent scattering:  4+BI)
33



Selection Rules for Polarization Analysis

Note: The polarization of the neutron defines the z-axis
(so called longitudinal polarization analysis)

(Mo | 1) = i, ;i T\ﬁmﬂm

<T|G‘MJ_|T> =M,,

8 S spin flip

<\LG'1\7[L T>=ML,X+Z'MLJZM+ N

<T|G‘MJ_|~L> =M, + 1 MJ_y

34



»Half-Polarized* Beam Technique
see M. Blume, Phys. Rev. 130, 1670 (1963):

o-N-N*+M-M*+Pl.-(N~M*+}*'-M)

f M, =Qx(M(@Q)xQ) X
N = Zbl.e"Q""' M(Q) = [ M(r)e'® dr

nuclear scattering magnetic scattering operator chiral term

Special case: ferromagnet with |M| = N:

e chiral term i1s 0

*P.=-1:6=0 » useful for polarizing neutrons
* P,=+1: o finite

35



Rules for Polarization Analysis 1

 nuclear scattering (excluding nuclear spin incoherence):

no Pauli spin matrices involved » »
—

—> all scattering is non-spin-flip \ \

* (room) background:

—> contributes to all scattering channels

36



Rules for Polarization Analysis 2

(special case: isotropic ferromagnet!)

e paramagnetic scattering in a vertical field: Q L. B

. z,B,P
\flip 1%
nsf 1
A [mag — 2 Gmag
sf _ 1
Q,
o oS,
e paramagnetic scattering in a
horizontal field: Q // B
nsf
lee =0
sf_
Imag — Y mag

37



e spin incoherent scattering:

Rules for Polarization Analysis 3

coherent nuclear scattering

<T A+ Bo -1 T>: + [ waiinﬂip
(V|4+Bo-1| )= 4-BI, /$/
(V|4+Bo-1|T)=B(I, +il ) I spin flip
(M|4+Bs-1)=B(1,~il) W\’
1

- at reasonable temperatures: <[ §> = <1 y2> = <1 2 > =—1(/+1)
(nuclear spins disordered) 3

» contribution of spin-incoherent: | ]’\’g} 1 O-NS] 7Y —

NSI = GNSI 38




Summary: Polarization Analysis

non-spin-flip spin-flip
Q/B oy+00, +30, + O O, +50 g + O
1 1
QLB Oy +50,+350yg+0,, %Gm_l_%GNS[_I_Gbg

Measurement of all cross se¢tions allows the determination of
individual scattering contribptions.

Example: Paramagnetic scaftering from ferromagnetic material:

\4

__gynsf nsf
O ag = [QLB _]Q//B ]Q//B ]QﬁB

N |—
1\)|~




4. Ancillary
equipment for
polarization
analysis



Guiding the Polarization of Neutrons

ds
* Larmor precession: hE =M, =/mSxB
: : rad rad
gyromagnetic ratio:  y, =—-27-2916—=-183.2461—
Gs Ts
B
. CoS @, t
* spin precession in B-field: S(¢) = S| sin w, ¢
0
* Larmor frequency: o, =—)B
S
e change of phase: @ =(p()—9(0)=w,t=-y,Bt = —7/13;
lo- * B =100 Gauss
example: . 5— 100 mm —>  ¢=-183 rad = 29 revolutions

*y=1000 m/s

Neutron beam quickly depolarises! 4



Adiabatic — Sudden Transitions

* maintain direction of polarization:

—> guide fields: define quantization axis, B (2 mT) >>B,_, (0.1 mT)

adiabatic transition: .
rotation of B << a,: P follows B Sﬁ ﬁ ﬁ Tf f/‘ )f fWW/V/W

sudden transition:

B changes abruptly, EEEEELEEEEE

- P does not follow B

: * B=10 Gauss
(Nb-shield, current sheet) | = °_ —  0.029 revolutions!
v =1000 m/s

—> Choose B = 0 — no precession — no depolarisation

peo: b E A ALt



Sudden transition at the
boundary of the wires

(current sheet)

Spin Rotators

Q> 9=t =—yB—

B perp.

angle of rotation given by:

d

V

top view
of coil

7 i

0, 0.0,

43



Changing Polarisation: Flat Coil Spin Flipper

B Bguia’e B

uide
v

B

vert

vertical guide field is cancelled by
negative compensation field:

Bvert =-B guide




Principle of the Flat Coil Spin Flipper

B

B, 1s chosen such that neutron makes a -
rotation, when passing the flipper coil

uide
4

B

guide

A

é

d

B

vert

vert

vertical guide field is cancelled

by negative compensation
field: B, =-B

~yB—=7x

45




Polarized Beam Experiment

H, guide H, guide H, guide H, guide pon .
A M A A M A Spln ﬂlp
+2>+ |l NLIE |
e
SM sample SM detector
polarizer analyzer
H, guide H, guide H, guide H, guide Spin ﬂlp
A M A A M A
t2- WL_IE SR
=
A
SM sample SM detector
polarizer analyzer

flipper coil 46



Classical Polarization Analysis

* polarization precesses around magnetic field

 guide field parallel to incident polarization
will prevent depolarization!

However:

» Depolarization of components of scattered polarization
perpendicular to guide field

« only component parallel to initial polarisation can be measured
—> longitudinal polarisation analysis
* Loss of information: diagonal elements P (i # ) are lost

(x|, (px) (X

P (@ Py PP

P Y = y
Pz ny . sz Pz +

P*’ P

\ \sz Pyz . )

k
I




Spherical Polarization Analysis

Solution:
* P is conserved in ZERO magnetic field
« complete polarization tensor can be measured

Li=7Z;
‘ Field direction

] polarization

[No spin turn on scattering

is assumed in the drawing
!

Z

Xy ¥r




MuPAD installed on TASP @ SINQ

49



S. Heusler
Monochromators



Polarizing Single-Crystals

Ferromagnet in saturating field B:

e all moments parallel to B
* note: S 1s antiparallel to u

B,P,S

Bragg intensity of magnetic crystal:

* given by adding or subtracting p

1)« (Z (b,xp, )el‘Q*fj

» Bragg peaks appear at reciprocal
lattice points G,

> [, c0(0-G,,)

51



Polarizing Heusler e brp)

1) (Z (b,%p, )efQ*fj

Heusler (Cu,MnAl): u=4.12 p, }b

* flipping ratio R:

Iy _(b+p) 40" _

R=— > = 00
Iy, (b-p) 0
» polarisation P:
R—1 Compare with expression for half-
TRl 1 polarized set-up with N = M:

c=N-N +M-M +P,-(N-M +N -M)
Experiment: P = 90% — 95%

52



Ingot of Heusler
alloy Cu,MnAl

TASP analyzer at SINQ (PSI, Roessli/Boni)

Selection of wavelength and polarization 53



Implementation: Triple-Axis Spectrometer

mono-
chromator

— Heusler

flipper 1 —

sample

flipper 2 —

— Heusler

'detector

. . . . . . 54
Combine monochromatization with polarization.



6. Polarizing
supermirrors



Total Reflection from Surfaces

ko
: : h?
Schrodinger equation: 2_v2\}' VY = EY
m
/1) /
h2k2 k
einvacuum: V=0 —» E =—
2m,
_ , 2 7 12 k> p: number density
* in material: V=——p(btp) —> E-V= b: coherent scattering length
" 2m, m: mass of neutron
2
e refractive index: 7’ = k_2 —1— K
kX E
Example: Ni
1 b+
= nx1-s—ZpbEp) = 0= p(ﬂ p) By (0= 0.1m (A)

= 17 56



Total Reflection from Fe.,Co,V,

(O. Schirpf, J. Penfold, 1970’1es)

* no reflection for
b=p > (0.=4 p(bt p) one spin state

% * Strong reflection for
opposite spin state

Film transparent for one spin state:

n T

* free standing: transmission polarizer

« reflection angles too small (Mezel, Turchin)

SUpEermirrors
57



Diffraction from Multilayers

2r 4w .
Bragg’s law: 0= ;z fsm(@/2) P> 191.”;@/2:%

total reflection: typically 0.1°A-!

¥

14
5 Vakuum
| Materic 0.1
1 ]
il 0.01
// | & 1E—3—§ T
1E-4
ze 1E-55 Bragg Peaks
1E6+————————————————————
00 02 04 06 08 10 12 14 16
Q, [nm']
- magnetic layer: G, = n(b=x p)

choose: G = G

e non-magnetic layer: (& m nnmbnm -



reflectivity

How Does a Supermirror Work
(Turchin, Mezei 1976)

smooth surfaces

Muum)

n (material)

= refractive index n < 1

= total external reflection

e.g. Ni:

1.0

q,=0.1°/A

0.9+
0.8
0.7
0.6
0.5+
0.4
0.3
0.2
0.1+

r=5A

O-O T T T T T T 1
00 02 04 06 08 10 12 14

o[°]

reflectivity

0.0

multilayer

A=2dsinf

:x=5A
00 02 04 06 038

d3>d2>d1

orl]

10

12

14

reflectivity

3
5

1.0

supermirror

0.9+
0.8+
0.7
0.6
0.5+
0.4+
0.3
0.2
0.1+

04

06 0.8
o[°]

1.0

59
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TEM of a Polarizing Supermirror

produced at PSI:

60



Remanent Supermirrors

~

Um — _u . B 004 Hysteresis .Cu“r:/e

0.03 L_R1575/T4 /

0.02 - l

800 Remanent Supermirror Polarlzer m= 2 5

0.01

—~

50'00- ? easy axis
\flg\hnlﬂoat\AM OXJ . V1 4 H MI = 01l / , Y
700 Q. Q ) . n® 02| .,-’° /
N ® o o AAQ.A.AA N | oosl “...’ /o’
600 | ’ ¢ .G%%%.AA.A.AAA B =+1OG— -0.04 ;ﬁﬂ;mmm”—“ "/ ' ' '
—~ ° A e 3 }
..CB . O.AOA....A 7\‘ — 47A_ 30 20 10 B((r)nT) 10 200 30
5 s00}° 0 _
O & 1
o
= 400} R | B4 v B4 M
= | o
= 300 i
O D -
Q A
Y = @) -
i 200 [Lassza . _
A
100 © 86 -
- A -
ol ' 6.6O6@‘6‘.0‘ﬂ$ﬂeébAéAﬂQ6§66%éAm_§§nn_._

0.00 0.01 0.02 003 004 005 0.06 0.07

Momentum Transfer (A”) \

(measured by: K. Pappas, HMI) Spil’l Sel%CtOI'



Reflectivity

Towards Large m

1.0

0.4

0.8

0.7

v 0.6

= \J
0.5 B— 0.5
n V
Dlaposition nn #: RE2261 STDF m2g
04 +— Dl of measuremant: 016306 O R.up ¥ 0.4
T Wezssuramant & narzis=d G000 597 B—=Hdn
L Fetrumant: NARZISS @ SN G PSI e P L izoion
0.3 T Wermlangth [erd: 0,500 o2
0| g Hapaes [5]: 450 L
0.2 Hoea [ ! 0.2
o
0.1 -nl 01
“an ”m“Fnu:n:unnu I:l1=l|:|:||:|I:u:l:||:|:|:|:|:| OACna Do S RAa s ony, | So0.oiias
0.0 T = Iln :q - 0.0
0.00 Q.80 1.00 1.50 3.00 3.50

m - valus

62

Polarization



Spin Selection - Supermirror

Remanent polarizing supermirrors

Non
ngide H, guide ngide H, guide Spln ﬂID
A M y N A y N
SM sample SM detector
polarizer analyzer
U short field pulse of 200 G
Spin flip

SM sample SM detector
polarizer analyzer

Advantages:
high polarization: > 95 %
white beam polarization

remanent polarizing supermirror

<> no spin flipper necessary
compact devices

polarizing neutron guide

Disadvantages:

- diffuse scattering

- precise alignment necessary
- limited divergence

- cobalt!!
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Polarizing Guide / Bender

Idea: each neutron i1s reflected at least once:

Yt an

T
- ‘ -d/2

phase space diagram

polarising bender: shorter device
useful equations: ¢ = 0.099°/A

* critical angle: ), = me) /1;/ \\,
¥ — —

e charact. wavelength: \* — R
mecV R L

* line of sight: [,, = \/8dI? o L

A




Implementation: TRISP @ FRM 11

(T. Keller, B. Keimer (@ MPI Stuttgart)

polarizing section:

* 5 channels 8 x 97 mm?

e length: 10m

e polarizing supermirrors

« m=2.5 (critical angle: 0.25°/A)

non-polarizing section:
* non polarizing supermirrors
*m=2.5

65
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* Loss: typically factor of two due to polarization
—> most powerful thermal beam at FRM




Polarizing Guide: INSE (JAEA)

(M. Nagao)

P=93%

67



Focusing Spin Selector: INSE (JAEA)

* accepts large solid angle
* also useful for SANS
* no flipper necessary

sample

detector
electrqmagnets 270 x 270 mm? ”
for switching P



Neutron Spectrometer INSE (JAEA)

polarizing
guide
polarizing
analyser
| precession

coils
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Small Activation - Supermirror Fe/Si

Reflectivity

G =

G, >0

1 il -ﬁv?‘oﬁom = — 1_I:I
- Y A R o e e rarpen ---------------D\ ......
0.9 By Pt (0999090504, | 09
: o 3007 h004 o0 o0 \/ o
&
o
0.8 0 08
=] N
oTt+—+B—1— .7
0.6 s £
k¢

0.5 055

Daposition nun #: 51282 ﬂD—
0.4 Date of measurement: 02.11.2006 | [—® R-up 0.4

Measuramant £ narziss2006n001263 O—FR-dn

Instrument: MARZISS @ SING, PSI e Pl arization
0.3 Wavelangth [nm]: 0.5000 03

Hipphcl [E]: 450
0.2 . Hore [G: 0 0.2
0.1 J nl:l 0.1
0.0 A—-A—j 00 oA 00 e NN pon s e s OO e A AR S g ¢ ¢

0.00 0.50 1.00 1.60 2.00 2,50 2.00 350
m - value

* high reflectivity
* high polarization
* no Co = no activation
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Transmission Polarizer:

G

]
G
V

-

stacked Si-wafers coated with polarizing supermirror

Si-wafer

N

coating

N

unpolarised beam

>

1.0 —ovoe.ﬁo s 1.0
............ F X S —— —— o2 Pooros oot frormoomo oo o booost mrmooos
o Py — \
0.0 nth Vams [Po® o0, 09
A " T T Y
T e
08 - 08
x l i}

07 ’ 07
= 06 06 ¢
2 L =
]

2 05 05 5
] o
o lapcsitiol a
0.4 ate of 13 | | Fup 04
}—Recn 1
Instrument: S @ Sl ™
03 I 03
Hagoiaa [G]:
02 Hor [C]: - 0.2
01 > 01
o,
\ J 00
0.0 et f 0.0
0.00 050 1.00 1.50 2,00 2,50 3.00 350

* spin up: P givenlby
polarization of
supermirror

A 4

* spin down: P given by
reflectivity of reflection curve

watch out: neutrons are absorbed while transmitting the stack of Si-wafers




Polarizer for NSE @ SNS

soft iron

Si-wafers

Sides:

» made of Ti

* including
magnets
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neutron Counts

8000

6000

4000

2000

Transmission/Reflection of Bender

-1.5

- B

A=47A
Bender C2, Si-Transmission 60mm
som=5°
_ 8000
no bender
7000
A with bender: | 6000
approx. 2
=0
§ T=71% g o000
S 4000
3
c 3000
2000
b o " 1000
20 0

direct beam (spin up)

* transmitted beam: small divergence

» reflected beam broadened
» excellent: polarization

3500

3000

2500

2000

1500

1000

500
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Neutron Beam Polarization: Cavity

(Idea: F.

m = 1.2, non-polarizin
magnets ’ p &

@ @ .\‘ @ @ reflected o

E—

Mezei, HMI)

[#1]

-

<
W

[ )
(8]

m = 2.5, polarizing, on Si

O instrument SANS-I (@ PSI

O cavity transmission polarizer

high polarization
high transmission
no deflection of neutron beam

- limited wavelength band

[ee]

]

— transmitted

transmission

1.00

a»
]

I

)

(S

0.98 -

polarization
Q
[{s]
[9)}

—8— 2 m collimation

—o— 3 m collimation
6 m collimation

—v— 15 m collimation

0.94 —T
0.4 0.5

0.6

0.7 08 0.9
A/ nm

1.0



7. Spin Filters:
Protons, ‘He



Properties of Spin Filter

arca properties of filter:

detector * high transmission

for one spin state

* Zero transmission
for other spin state

* does not change phase
space of neutrons
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Polarized Proton Target

(Van den Brandt, Hautle, Konter: PSI)

* scattering is strongly spin dependent

8.

scattering cross
section large

>4

scattering cross
section small

4

* large B
* microwaves
elow T

AN
e

p

44

77




+ homogeneous: area detectors
+ no change of phase space

+ “E-1independent”: 1ideal for TOF
- complicated technique

78



3He-Polarizers

« absorption is strongly spin dependent

$+$—>$+$ o= 0 (5 barns)
n ‘He n ‘He

¥
¢ + é —> OO o large (5925 barns A/A)
n ‘He p H

09069 —

%

— 49

He3.cdr

+ homogeneous: area detectors
+ no change of phase space

+ “E-independent”: TOF
- complicated technique
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Production of Polarized 3He

Metastability Exchange Spin Exchange Optical Pumping

Optical Pumping
4 . 3 N O . T ~
Nuclear polarization of “He* Electronic polarization of Rb
o T
S Nuclear polarization of 3He (gnd) )L Nuclear polarization of “He )

SHe gnd 3He*

&>

@
@ O |
Spin exchange
Metastability
exchange _‘_) 4"
@ O

Rb 3He

3He* 3He and electlzonic nucl.ear 80
spin spin



3He-Polarizers: MEOP

collisional
mixing

F=12

"iL\ isotropic
I

F=312 , reemission

F=1/2 1y
F=312 VR
F=512 mw ot

mF =
Abbildung 2: Der metastahile Zustand von 3He (152535 F %]. how. (152838, F %] wird iiber
die Cg- oder Cg-Linie anf den Zustand (1s1p* By, F %] gehoben und polarisiert. Die Absorption von
rechtszirkular-polarisierten Photonen fiilnt letztlich zu einer Zunahme der magnetischen Sublevel mit
hoher magnetischer Quantenzahl. 2|



Production of Polarized SHe: MEOP

(Mainz, ILL, HMI, FRM 1)

= 100%

Metastability Exchange Optical Pumping P =70% \

¢ w ;::E Pn
8%
Il o ol

0® o] Q

- 0.4-:

oa! T,

Opacity n = 0.0732*p[bar]*L[cm]*A[A]

quality factor: Q=P JT

from: S. Masalovich, FRM II, TUM

P = tanh(nP T =e™"-cosh(nP,, * not continuous:
T (77 He) (7F5) filters have to be exchanged

opacity: 17=0.0732- pLA * compression necessary



Production of Polarized SHe: SEOP

(NIST, Jilich, Argonne, Oak Ridge)

Spin Exchange Optical Pumping: Experiment in March 06 at IPNS

V.0. Garlea, G.L. Jones, B.
Collett, W.C. Chen, T.R.
Gentile, P.M.B. Piccoli,
M.E. Miller, A.J. Schultz,
H.Y. Yan, X. Tong, M
Snow, B.C. Sales, S.E.
Nagler, W.T. Lee, C.
Hoffmann

SHe polarization: 60%

In 2007: 70%

e continuous
* high pressure



3He-Polarizers: Discussion

white beam polarizaton
good efficiency for A <1 A
wide angle analysis

off specular reflectometry

SANS

transmission geometry
& straight beam path

no precise alignment necessary

decoupling of divergence and
polarization

calibration of polarization

- decay of efficiency with time (MEOP)

- neutron beam absorption

Quartz / single crystal silicon
cells coated with cesium

- complicated (manpower, etc.)g4



3. Instruments



Polarized Triple-Axis Spectrometer

* controlled access to
predetermined
points in reciprocal
space

mono-
chromator

— Heusler
Scattering triangle:

K,

analyzer

— Heusler

'detector

. . . . . . 86
Combine monochromatization with polarization.



Polarized ToF-Spectrometer

polarizer

choppers

¥’ detectors Qz _ Z_m(in —ha)—2\/E,-(E,~ —hw) COS@)

h 2
TOF.cdr

incident beam is polarized: guide, cavity

Analyzer for white beam, high energy, large area. o



Polarized SANS Diffractometer

—

it

|Tﬂﬂ;ﬁ%gﬁ;ﬁ‘" Primary beam | :U‘rr
| stop - e
Nqur::n T
uide
Y . fm\g_ . %' I‘ = ]
o J w v 28
e Samp
Velocity select =t 2-d |
elocity selecto ; -dimeansiona
meaﬁamcal} ﬁ g pasition sensitive
B 20 detectar
analyzer

Area detector necessary > analyzer should not disturb phase
—> 3He-polarizer is well suited

space



Neutron Spin Echo

Goal: improve the E-resolution of a spectrometer:

* Triple axis spectrometer: insert collimations, decrease neutron energy
—> decrease of intensity, dynamic range restricted

 ToF spectrometer: shorten the neutron pulses = decrease in intensity

* Idea: use spin degree of freedom of neutron as a clock

_ _ BLi
¢i_wLi_7i7 (pf=a)Ltf=—;/Bf—
Pos (V) =0 if BL =B/L,

Energy resolution decoupled from momentum resolution 89



Neutron Spin Echo — Neutron Resonance SE

sample exchanges energy with sample:
* quasielastic scattering (diffusion)

* inelastic scattering: phonons, spin waves

D P (V)20
—> degree of polarization is a measure of energy transfer to neutron

Technical realisation: Resonance spin flippers

Static precession field:

- @= @, t=yB,LN

_>._. e e —_—
B, rotates with Larmor-Frequency p=-2a1=-2yB,LV

B,, B, @, around B, B,, B, 90



Technical Realisation: NSE + TAS

. N
/ Heusler
i || monochrom.

* triple axis defines momentum transfer

* NRSE defines energy resolution

» tilt of coils adjusts resolution function
to dispersion



Technical Realisation: NSE + TAS

A

E

not focusing

fq

cusing

Spectrometer
TRISP (@ FRM 11
Keimer, MPI
Stuttgart

92



9. Applications for
Polarized Neutrons




Example 1: Deuterium in Nb

* investigation of the interstitial diffusion process
* interesting for superionic conductors (like Agl)

* deuterium: o, ,= 5.6 barns, o;, = 2.0 barns

inc

* 15t approach: theoretical separation, high quality data necessary

« 21 approach: polarization analysis

—> spectrometer: D7 at Institute Laue-Langevin, E, = 3.52 meV

(TOF at a continuous source!)
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D7: From Yellow Book @ ILL

Neutron Guide | Double focusing Fermi chopper|  |Guide fields  |Analysers | Detectors
monchromator

Mezei flipper

Polarizer &
Monitor 1 ,;

- 'ﬂﬁm

- *ﬁ?

A =" hnalyser
Collimator|  Be filter Analysers!  [Detecors  Monitor 2




Deuterium in Nb

nsf _ 1 sfF _ 2
Isi =30 nsr Lsi =50 ysi

J. C. Cook et al., J. Phys. Condens. Matter 2, 79 (1990).

Wide angle D(70%) in Nb
Qmax (025 A T=600 K

Intensity

Eam - 0,25 &
Small angle
"

01

-

L™
<1 0 1

Energy Transfer (meV)

rts of the total scattering around the

Figure 2. The separated coherent and incoherent
elastic position as a function of detector angle.

D gives rise to incoherent and incoherent scattering

96



ium in Nb

Deuter

J. C. Cook et al., J. Phys. Condens.

Matter 2, 79 (1990).

(g} Incoherent

{&#) Coherent

* separation successful

 good agreement with theory

97

* incoherent-coherent residence times: 7., =0.497,



Ex. 2: Quantum Phase Transition in PdNi,

M. Yamada and S. Tanda, Physica B 284-288, 1305 (2000)

* Pd: enhanced 8
enhance TE"“|K—X.:|
paramagnet ! ]
« doping with Ni 10 X=0.0220 —
—> ferromagnetic £=0.51 1 ™~ Fermi
Z liquid phase
=
non-Fermi ___—77
liquid phase 10" 1
Problem: : A . | .
homogeneity 2 1 a0 1
of sample 10 10 10 10
(X=X /X, 98



Experiment: Radiography

Idea: neutrons are depolarized by ferromagnetic domains

SHe filter sample SHe filter CCD-camera
e —— — — [ | —
— —
— — — | | —
—  —>
 —  — — — | | —
e —— — —
 — — | | —
 — — —
 — — | | —
 —  — — —

flipper OFF
99



Experimental Results

Probe 1 3.24% Ni - Polarization
E

44K 45K 46K 47K 48K

M. Schulz, E21, TUM

T »
_ & pe

Neutrons are depolarized by ferromagnetic domains = blue regions 100



Short Introduction into Spin Waves

transform
(compare with
diffraction!)

= —Z J].J.,Sj . SJ-' Fourier
g’
e linear spin wave theory: ha)q =25 (J (O)_ J (q))
where: J(q) = Z Jjj,eiq'(rj_rj,)
g’

* most simple case: J;=J  (see Charles Kittel: Solid State Physics)

small g
E, =4JS(1-cosqa) > E =Dgq’

q

101



el

Spin Waves
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Magnon Energy (meV)

EuS: The ideal FM

k A

(020) @

)

110
( .) q

-

h
l/' Q »e O‘(zOO)'

—

H. G. Bohn et al., PRB 22, 5447 (1980)
T T T T T T

2.8 l
o4l Jifks= 0.221K <100> EuS |
| J,/k,=-0.100 K o0 0o
2.0 Va o <110> -
g D/D
O 0
1.6 O/ / =
O
/
O
121 / D/ -
0 I d D/A/A
8 / <111> .
_ /.
04| -
- O lin. approx.
0.0 frCIQOO. 1 L 1 L 1 1
0.0 0.4 0.8 1.2 1.6

Momentum Transfer (A")

E=3.78meV 37-37-EuS-37-40 T=0.93T_

400 —
/C\ | sv14690off (1 820 0)
é H=100mT
Q 300 - Eq=0.091meV
8]
C
-]
8 200t
>
2
Q 100 B
£
0 F 1 L 1 L 1 L 1 L 1 4
-0.3 -0.2 -0.1 0.0 0.1 0.2

Energy Transfer (meV)

Determination of J; and J,

7/18/2003
File FigdQscan18.0pj
Window TSW



What can we learn?

 exchange interactions: information
on electronic structure

* phase transitions: critical
exponents, universality

 importance of additional terms of
magnetic interaction:
anisotropies (xy-like, Ising)

evolves into critical scattering
close to and above 7

COUNTS PER 48 min

80
60
40
20

0 @
ole

n b
OO O

2D
OO0

2

ENERGY
O. W. Dietrich et al., PRB 14, 4923 (1976)
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Example 3: Paramagnetic Scattering in Fe

* Fe 1s an itinerant ferromagnet:
how does the magnetism
vanish at 7.2
- disordering due to
thermal fluctuations?
- vanishing of exchange
splitting?
= experiment with
unpolarized neutrons

INTENSITY (counts / 8 M monitor)

400

300

200

100

Wicksted et al., PRB 30, 3655 (1984)

(a)

I 1 1 I

LA :
Te- 332K

(112,112,0)
OFF o

MAGNON 7

o 10 20 30

ENERGY TRANSFER (meV)

Distinction of magnetic from nuclear scattering (phonons, incoherent) difficult



Experiment: TAS with Pol. Analyzis

Application of:
« vertical field B,

* horizontal field B,

'detector

mono-

analyzer

chromator

Extract magnetic scattering
by measuring four spin-
dependent cross sections:

Momentum transfer: Q = k; — Kk,

non-spin-flip spin-flip
Q//B oy +00,+50,4+0, T, +30 4 + 0,
Q J_ B O--\' + %U”i’ +% O--\'-“"" + a_h_ﬁ.' %O-m + %O-.'\'.'\.'.-’ + c)-.n"?_q
1 nsf_ ynsf l 1S sf
70 mag =018 ~Lons| |20me =Lois —Lo1s
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Experimental Result

M monitor)

(counts

non-spin-flip

spin-flip ——7

Q//B

INTENSI

QLB

10, +50,y +0,,

INTENSITY (counts/ 8M monitor)

x

n
o
o

o
o

o

- n g
8 3 3

o

Wicksted et al., PRB 30, 3655 (1984)

(b) oj ' ' '
o olog A Tc+ 22K
4 ': (1.10,1.10,0)
R ° O
° o | | -&- OFF
A

i QB
'A_“_’Py IS o° ll

N o ‘f‘
. °a

000‘ o

1

Tc + 22K
(1.10,L10,0)
ON

Q//B-QLB

1 1
0 10 20
ENERGY TRANSFER (meV)



Interpretation of Paramagnetic Scattering

Wicksted et al., PRB 30, 3655 (1984)

. 100 T T
—> no spin waves above T Fe
To +22K
. . . k,=0.023R"
—> time evolution of magnetic | aazmens®® J
fluctuations can be measured: INTENSITY IN 16° £ /

2> "= Ag*>

—> behavior similar as a simple
Heisenberg ferromagnet

ENERGY TRANSFER (meV)

K’ 1 I
S(Q,w)= y(0,0 —
Q.0) = x( )K2+q27za)2+F2

RECIPROCAL- LATTICE UNITS (I+£,1+£,0)



Example 4: Longitudinal Fluctuations

» visualisation of spin waves (magnons) at low temperature:

Piddrtettt

spin deviation is perpendicular to magnetization

* close to T,.: magnon-magnon interaction
magnetization changes

$o38908088888 | Tl mmcivaton

$388999044449¢ F&
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Experiment: Polarized TAS

SSFﬁin flip
Eus s v

— 6 spin flip

(000)

Experimental realisation:

* Q along [200] direction = fluctuations perpendicular to Q contribute to scattering
cross section: S 7, 8S, 7

» magnetic field B is applied vertical to scattering plane

* P does not change (“non spin flip scattering”): longitudinal fluctuations 6S_7

* P is inverted (“spin flip scattering”™): scattering by spin waves 8S_

- measure spin flip and non spin flip scattering to distinguish the modes '



Experimental Result

Spin waves: Longitudinal fluctuations:
E=3.78meV 37-37-EuS-37-40 T=0.93T_ E=3.78meV 37-37-EuS-37-40 T=0.93T
400 T T T T T T T T T T T 400 — T T T T T T T T T <,
’E | sv1469off (020) k ° (1 820 0) ] E\ | SV']47']0nA BEuS SS/I' (2 -0.18 0)
£ e v £ ‘ F20.040mev
=V. me =V. me
U\U)) 300 - (000) ~ (200) " ‘ ] L(\U: 300 ) ]
I= <
-} -}
8 200t . 8 200
= =
[5 100 - . [5 100
£ £
0 a 1 L 1 L 1 L 1 L 1 i a 0 1 L 1 1 . .
-0.3 -0.2 -0.1 0.0 0.1 0.2 0.3 -0.3 -0.2 -0.1 0.0 0.1 0.2 0.3
Energy Transfer (meV) Fle SFASFom Energy Transfer (meV) Fle SFASFop
% M
I o .
5S, Longitudinal fluctuations
exist and are important 5S,
near 7

111
after: Boni et al., Phys.Rev. B 65, 144434 (2002)



Polarized Neutrons Necessary? YES

400

E=3.78meV 37-37-EuS-37-40 T=0.93T_

400

E=3.78meV 37-37-EuS-37-40 T=0.93T

300 -

200 -

2%

Intensity (counts/5min)

100 |

300 -

200

Intensity (counts/5min

100

|

(2-0.180)
H=100mT
=0.040

ﬁﬁm&

. ?ii\sﬁ—;

Polarization analysis: Method to distinguish magnetic modes

02  -01 0.0 0.1

Energy Transfer (meV)

0.2 0.3

0 1 1 1
03 02 -01 0.0 0.1

612 03
Energy Transfer (meV)

400

w

o

o
T

100

Intensity (counts/5min)
2

0

I H=100mT

(1.8200)

)

® polarized
unpolarized

-0.3

02 01 00 01
Energy Transfer (meV)

02

0.3

Zuoz\SF_NSF.opj

2



Ex. 5: Conventional Superconductivity (BCS)

BCS-theory: The electron-phonon interaction couples to electrons and
produces a Cooper-Pair:  {p1,-p,}

: /&

direct verification of electron-
phonon coupling:

measure damping of phonons

1t Experiment:
in Pb
Furrer und Hélg

113



Triple-Axis with Spin-Echo: TRISP

spin-echo
coils

114



Damping of Phonons in Pb

Method: Triple axis spectrometer combined with neutron spin echo

32 - .T. K-elller.etal., Phys.. I?ex:. ]_“et.t' 96, 225501 (2006). 20 .
28 |4 S 16.
S% |52 =2 -
204 | 22 1 312
— _' I'—|20 1 = )
- eeopTi{ 1 0'_ [EEO]T1 ]
| §=0.327 8, =0.43 .
246810 2 4 6|8 10
Temperature [K] Temperature [K]
EwPhonon>2A

Open question: Mechanism 1n high-7- compounds? 115



Example 6: Larmor Precession in MnSi

slow fast

Idea of experiment:

* measure precession of polarization
in B-field before and after sample

» reciprocal lattice vector determines
flight path of neutron through field

* time spent in magnetic field
independent of wavelength of neutron
-> number of precession for all

diffracted neutrons identical

* magnetic phase diagram:

Q‘L A 40
b
— 30
K
|
—
I
—
E
-
—
I

= TC (P, %)
* T (ENS)

Questions:

* change of lattice
constant near 7
* is there a quantum
critical point at 14.6 kbar?

® TCL (Larmor)
-~
TE

(Larmor) |
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Thermal Expansion in MnSi

C. Pfleiderer, P. Boni, T. Keller, U. K. Rossler, and A. Rosch, Science 316, 1871 (2007)

1.510™

MnSi

HIH

'
HIl
i
g
L]

LR N =R I BN I

.2 Kbar
2.5 kbar (222)
12.5 kbar (242)
13.9 kbar (dn)

13.9 kbar (up)

14.5 kbar -i;l

20 kbar
B ]

et

Al

Adid=3.6310 O T°

Interpretation:

* no quantum critical point

* it 1s not a melting of
helical order near the QCP

Very extreme conditions:

e p =20 kbar
« T=300 mK

Neutrons indeed unique:
1 part in 10-°!

117



Example 6: Chiral Fluctuations

Recall: half polarized beam setup:

0]\/7‘.N*+M*+M

nuclear Bragg peaks chiral term

Exchange + Dzyaloshinskii-Moriya:
A tt
right handed screw D

tan g = — 118
J



Magnetic Spiral in MnSi

[Okk]

» [shida et al. (1985):
left handed spiral

A

>

el

AKX

period: 180 A 1o



Small ¢ =2 SANS

Iris for beam Primary beam
collimation stop

Neutron
guide

1 al _ﬁ"‘%} 1——1 99 _.

B Sample
~ . .
Velocity selector polarlser — 2-dimensional
{mechanical} ﬁ u position sensitive
- 20 detector

c 1 1 1

left-handed
SCrew

120



400 . . | .

Paramagnetische | i
Phase L300 B Polar. along G
E 350 | O Polar.along—Q il
£ ]
Kopplgng zwischen E o5l
Chiralitat und Wellenvektor 23’
100 +
50
0
+qT 0.7 08 09 1 1] 12 13
(0,9,9) {rlu)
l Fluktuationen

zeigen ebenfalls
Linksschraube Chiralitit! 21



Roessli, Boni, Fischer and Endoh, PRL 88, 237204 (2002).

P aramagnetische I 40 paramagnetische Phase (0.5 meV)
Phase Io

I* ~S,-S, +iP(S, xS )

I' =1 =2iP(S,xS,)

=) ZP(SZ X Sj ) Fluktuationen

zeigen ebenfalls
Chiralitét!




Magnons in MnSi

spin waves 1n incommensurate structures:

EAL

ferromagnet

430
400

250

| 50

Meutmon Counts'l Smin.

helimagnet

350 b

300 F

200

100+

A0 F

H=0.6Tesla, T=282K

L E=1.5meY

H=0.1Tesla, T=282K

075 08 085 00 005 1 105 L1 LIS 1.2 125

(q.q,q) (rlu)

Ey , ,
N N/
, /
/ GWW
§ / i

[zyumov and Laptev

B. Roessli et al., Physica
B 345, 124 (2004)
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Example 6: 3-d Polarisation Analysis

k=(0.017 0.017 0.017)
124



Example 7: Chirality in Multilayers

sample af screw scattering geometry

Ti-5nm

FeCoV - 20 nm

NiO - tyo

FeCoV - 20 nm

Ti-5nm

glass




reflectivity

reflectivity

Chirality in Multilayers

L I e o ' -
1d% 3 i ]
1 b | = R+ C ]
] [ HI R+ | [ 18 pmomy H I
] ] : 188 N
A Iy 4
10" . 3 104 © [ -
] ‘.2, 1 ]
: 2 E
asymmetry in 8 T
. [} g ° »
SF-signal .
oZOMM
0.1 0{2 0{3 0!4 0.5
Q [nm']
/]00—: PR S SR R (T S SR SRS T SR SR SR T T S SR T 3
‘ : = Re |}
[ Hl R-+|| . . . 1] H R+ | |
1, - SF-signal is symmetric T Y R+
. . . 1 ('l B R--
10" : . < magnetization rotates ~ _ 10| ) _-
together Z
2 B
i Hé ] Ii: m",,
107+ ", - 10”3 ™ -, 3
] e GMR sensors for ; gy,
| o = 60 M ©'t angular measurements lfwo=5mm e
014 02 03 04 05 0.1 0.2 03 04 0.5
Qz [nm1] 126



10. Focusing
Techniques



Elliptic Guides - Large Critical Angles

Past - present:

Present — future: < >

1993 1996 2002 2006

Coatings: l l Qs [nm“ll l

0.000 0108 0.217 0326 ©0.434 0545 0651 0780 0868 0077 1085 1194 1.302  1.411
11 f
| I

N=5000
d=20 um
W oc=5A

1.0 1

0.9 1

0.6 1

0.7

UEH

0.5

0.4 o
e 4
0.3 m=4 A

Reflectivity

B-m=5

02 - =6 n':' *
01 A o

0.0 0.5 1.0 1.5 2.0 2.5 3.0 R 4.0 45 5.0 5.5 6.0 6.5
m-value
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Intensity Gain with Elliptic Guides

Gain factor

6.0

55
5.0
45-
40 -
3.5 -
3.0
25 -
204
1.5-
1.0

0.5

0.0

—M— straight
. —@— lin. tapered
vV
/ Vvyvvy parab. tapered
Y. /' v —v— elliptical
v vV\
v'\v
\v\v
Vv,
\AN
V“V'v\
K V.
o\ V.
o 000y, Yvv, v
/ \.'.\ /.'.'.~. YA
LI
o ®-@

(C. Schanzer, P. Boni, and U. Filges, Nucl. Inst. and Meth. A 529, 63-68 (2004))

o 1 2 3 4 &6 6 7 8 9

Wavelength A [A]

T
10 1

T
1 12 13

I T T
14 1 16

Gain: > 5
with m =3

Now: m =6
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Guides - Monochromators

mono-
chromator

analyzer

detector

virtual source
of neutrons
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Elliptic Focusing: Set up

e exit: 4 x 8 mm?

* largest cross-section: 10.59 x 21.17 mm?

» focal point: 80 mm

N. Kardjilov et al., NIMA 542 (2005) 2438. 131



Experimental Results: Elliptic Focusing
A=3A

Gain

0
-

2.266
3.398
4.531
5.664
6.797
7.930

9.063
o000

20 22 24 mm 26 28 30

Distance: 0 mm

Gain

2.266
4.531
6.797
9.063
11.33
13.59
15.86

18.13
20.00

20 22 24 mm 26 28 30

Distance: 100 mm

collaboration with N. Kardjilov, HMI

20

22

22

24

24

26 28

ZOmm

26 28

Gain

0
.

2.266
3.398
4.531
5.664
6.797
7.930

9.063
000

30

Gain

0
- 0.5664

1.133
1.699
2.266
2.832
3.398
3.965

4.531
- 5.000

30

150 mm

20

22

22

24

24

26 28

méO mm

26 28

200 mm
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Gain

0
- -

4.531
6.797
9.063
11.33
13.59
15.86

18.13
B 2000

30

Gain

0.3398
0.6797
1.020
1.359
1.699
2.039
2.379

2.719
- 3.000

30



n
0
. 4.531
9.063
13.59
18.13
22.66

Performance of

Elliptic Focusing o
40 40
_- o o o 35 halo due to
35 (R
. \ 30 direct beam
30] . e —> beam stop
-
'%25_- \ T 50
@20_ y \. @) 15. FWHM: 1.0 npm
19 10
19 5
F————— 77— 0 ——
25 3.0 35 40 45 50 55 6.0 0 2 4 6 8
Wavelength, A mm

Next step: m =3 = 6, use polarizing coatings



Inelastic Scattering and Focusing

neutrons /104 s

SiO5: 20 mm * 20 mm * 5 mm, V = 2000 mm’

8000

7000 TO phonon
(-0.92.0 0)

6000

5000

4000

3000

2000

1A
1000 20%0ns |~ 7 = o

20 15 10 05 00 05 1.0 15 20
Energy (THz)

* volume of sampe: 250 times smaller
* low background
* better resolution

9s

neu

Opti
" SiO2: 2 mm*2 mm *2mm, V = 8 mm’
TO phonon I
100 0.92.00) 0\.?\
9 \
ol | 4
:L__‘__ 1
Tk
* ’o ? ®
40 |
vl ! \/-\ / IR
bl il AT L . L],
AT v PN
2.0

/ [ )
N
20 15 -0 05 00 0.5 0 15
Energy (THz) T

Hradil, Miihlbauer, Boni

4. Oktober 2007
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Going to the limits

SiO: 0.5mm* 1 mm*1.5mm, V=0.75mm’

60

50 TO phonon
(-0.92.00)

40 ?

30

neutrons / 106 s

20

10

0
-2.0 -1.5 -1.0 -0.5 0.0 0.5 1.0 1.5 2.0

Energy (THz)

* volume of sampe: > 2000 times smaller
* low background
* better resolution

neutrons / 72.9 s

SiO2: 2 mm*2 mm *2mm, V = 8 mm’

120
TO phonon =\
100 = (0.92.00) «ﬁ
80 . ' L
Wi |
60 /./.l\ ./\‘ / \..
° ‘o ? °\
40 |
A%l 7 \/.\ / TR
el NETAIE. . Vo,
AT ST PR
. b ® * [ ]
2.0 1.5 -1.0 -0.5 0.0 0.5

Energy (THz)
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Future Applications

T h—
e T —

="

B B

Experiments are possible with very small samples (comp. synchrotron radiation):

—> extreme environment (p, B)
-> quantum phase transitions
—> combine with polarization of neutrons
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Elliptic Guides - NSE

precession field 1 precession field 2

<< <<t

dephasing recovering of phase

e large beams > low intensity

* large beams =2 large divergence => various I Hds
—> decrease of resolution
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Solution with Elliptic Guides

MIEZE arm \\

polarising gulde

RF-
coils
pol. guide >
/
Q NRSE arm
spin echo arm with two bootstrap coi ~\
zero field Pol
‘ ( ) @
 same flight paths * low RF-power
* good resolution * low heat production
* multi angle « compact design

e compact design  simple detector for MIEZE

138



11. Conclusions



Conlusions

« extraction of magnetic cross sections

* separation of magnetic modes

e itinerant antiferromagnets: Fermi surface topology
e chirality in itinerant magnets and multilayers

* next: 3-d polarization analysis of magnetic excitations

* high energy resolution with neutron spin echo
* extreme spatial resolution with Larmor diffraction

* large intensity gains possible by combining polarization _
analysis and focusing techniques

Missing: Polarized beam instruments
at pulsed sources




How to polarize neutrons:

» most efficient for polarizing neutrons: polarizing guides
> consider activation problems (Co)

e (linear) position sensitive detectors:
- cold/thermal neutrons: supermirrors
- hot/epithermal neutrons: *He or supermirrors with very large m

e areca detectors: SHe most convenient

) Urgent need for polarized beam lines
in particular for time of flight instruments
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