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Nutshell

. NSE measures very small velocity changes by
using neutron magnetic moment as a “clock”

) 2
«  NSE “end-product” is the Intermediate B | E @
Scattering Function: /(Q,7) ~ ,{.l
ﬂlpper precession 1 S2MPIe o

precession 2 T/2 detector
analyzer

. NSE can use broad wavelength band while
maintaining very good resolution
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. NSE is a complementary technique to SANS in
that it provides the dynamic information about
the system
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. NSE is “counting intensive”: long counting
times, large samples
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Neutron and X-Ray Instruments Zoology
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With NSE one can study: s\w«“"“"’“" B g G
« Coherent Dynamics Wa"eveCtO'Q[A 1103 102 100 1 10 1.02 10° qos=
» Diffusion . I R - el 105
. »nb‘"‘\
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« Glassy systems E ] - -
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* Incoherent Dynamics g ] s S W STER™
w . Brillovin % a = - 2’
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. . Scattering E‘
* Magnetic Dynamics 8 [ 10¢
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X-ray Imaging SAXS, X-ray Refl. X-ray Diffroction  EXAFS & XANES X-rays
NMR Imaging Triongulation NMR NMR
Optical Microscopy Optical Nanoscopy Electron Microscopy Microscopy
SNOM AFM ST™M Scanning Techniques
Source: ESS






‘52““ NSE Spectrometers ™ &=
Classic “IN11-Type”

IN11 - Institute Laue-Langevin, Grenoble, France

IN15 - Institute Laue-Langevin, Grenoble, France
J-NSE — JCNS hosted by FRM-II, Garching, Germany

NG-A NSE — NIST, Gaithersburg, USA
C2-3-1 INSE, ISSP JRR-3M, Tokai, Japan
BL-15 SNS-NSE — JCNS/ORNL, Oak Ridge, USA

MUSES [NSRE] — Laboratoire Léon Brillouin, Saclay, France
RESEDA [NSRE] — FRM-II, Garching, Germany

VIN-ROSE [NSRE] - J-PARC, Tokai, Japan

MIRA [TAS+MIEZE] — FRM-II, Garching, Germany

FLEXX [TAS+NSRE] — HZB, Berlin, Germany

SESANS [SE+SANS] — TU Delft, Holland
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The Principles of Neutron Spin Echo
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Inelastic Neutron Scattering

Dynamic Structure Factor

do
dQdE S(Q’ )

Neutron scattering kinematics:
AE = hw = (mvé —mv2)/2

Q =ky —ky
E_Zn B
K==



g“ Larmor Precession (l)

Bloch Equation:

s _ $x B
. 7°

Larmor Frequency

w;, = |yB]|

Neutron Gyromagnetic Ratio

v/2m = 30 MHz/T
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F. Mezei, Z. Phys. 255 (1972), 146-160
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Neutron Spin Manipulation
Mezei Flippers

n-flipper mt/2-flipper
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Courtesy: M. Monkenbusch, Forschungszentrum Juelich
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Accumulated phase: SI ] X \‘
1 \ N AN
¢ =w,t =YyBl - ANACIAWE
U/ \“ "' ||‘ "’ “‘ /
XXX
or U\
m
o=y JA
for example:

A= 8A B=04T, | =1.2m
— @ /21 = 3 x10* [Number of Turns]

Notes:

J = Bl ormore precisely | = f§ - dl
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Neutron Spin Echo ()

neutron spin spin rotation

il

U

/2 ¢
Y ,_,
/2 sample {'} T

flipper precession 1

precession 2 T/2 detector

@-@@-@

spin-echo
12
Courtesy: M. Monkenbusch, Forschungszentrum Julich
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Neutron Spin Echo (ll)

neutron spin spin rotation

N Y/
= miagnetic field e - =

m@r i

/2 sample
flipper Precession 1

-

Courtesy: M. Monkenbusch, Forschungszentrum Julich
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Neutron Spin Echo (Inelastic)

neutron spin spin rotation

/2 c
W |E| © ,_,
/2 sample {'} T

fliopper Precession 1
PP precession 2 T/2 detector
analyzer

@—@@-@

reduced spin-echo

482 © 03 04

Courtesy: M. Monkenbusch, Forschungszentrum Julich
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Energy change (quasi-elastic scattering)
1

AE = hw =Emv12 —Emvzz =~ muvdv
Accumulated phase:
3 (lez Blll)_ Bl(l 1) Bl — Bl
¢2 ¢1 =Y Vv, V4 =Y v, " 14 202
hw Y my2
A¢p = yB =—(—) JA°
b=y lmv3 Zn(h) S A w
or
. . . Y (m 2
where we define Fouriertime 7 & —(—) J A3
21T \ h

For quick computation 7 = 0.186 ] 13
where [t] = ns,[J]] = Tm and [A] = A

o 15
Example: A = 8A, ] =0.56 Tm —» 7 = 50ns —» AE = 0.01 peV
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g“ Neutron Spin Echo

Signal: I~ (cos ¢) = (cos wt)

I~% lS(Q) ifS(Q,w) cos(wT) da)]

B~5(Q)
A~1(Q,7) = F[S(Q, w)]

)
Q1)  2A | 3\7 \/

A=Amplitude

*** 5 =Down
—40 —'30 -20 —io 6 1b zb 3b 4'0
F. Mezei, Z. Physik (1972) 255: 146. 4) [uTm]
16

F. Mezei, C. Pappas, T. Gutberlet (Eds.): Neutron Spin-Echo
Spectroscopy, Lecture Notes in Physics 601, Springer, Heidelberg, 2003.
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Standard 4-point echo evaluation

AA/Ay ~15-20%

90-degree steps

E; = B+ Asin(g,)
E;, =B+ Acos(g,)
E; = B — Asin(¢,)
E, = B— Acos(g,)

17
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AA/Ay up to ~50% Echo Signals
8
7 4
3
=
6
5 4

—-40 -20 0 20 40
4 [uTm]

1) F. Mezei, Nucl. Inst. Methods 164, 153-156 (1979)

2) B. Farago, Time-of-Flight Neutron Spin Echo: Present
Status in F.Mezei, C.Pappas, T.Gutberlet Neutron Spin Echo
Spectroscopy, Springer (2003) 18
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(Backscattering — NSE)

Dynamic Structure Factor

Intermediate Scattering Function

S(Q0) === [T = Q1)

1.0

— elastic/instr. resol.
— inel. scattered
— measured

0.8

0.6 |

0.4

0.2

0'910 -5 0 5 1c

hw/peV

ID(Q;(U) — S(Q'w) *R(Q,(U)

To get S(Q,») we have to
de-convolute instrument resolution

— resolutio
— inel. scattered
1.0 — measured

0.0

0 2 4 6 8 10

ID(QJT) — I(Q'T) R(Q'T)

To get I(Q,7) we just
divide out instrument resolution

19



gw Data Reduction

SamSDSMicelle (./fits_8327 echo[10])

1.
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Resolution

« symmetry phase (echo)

« get R(Q, T; pixel)

2. Sample: I.,,,(0, T; pixel)

3. Background:

* Ipgr(Q,T; pixel)

- correction — I;,(Q, 7; pixel)
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SDS Micelle @ NXS 2017

0.8+
5
5061 ®
g L]
=
(o4
&
041 o
021 ®
"
™
™
0.0

1.0 '.i'. &

Q=(0.048 + 0.001) A~!
Q=(0.056 + 0.002) A~*
Q=(0.066 + 0.003) A~*
Q=(0.076 + 0.003) A~
Q=(0.085 + 0.003) A~!
Q=(0.095 + 0.002) A~!
Q=(0.105 + 0.003) A~!
Q=(0.115 + 0.002) A~?
Q=(0.125 + 0.001) A~*
Q=(0.136 + 0.002) A~
Q=(0.147 + 0.003) A~

Compute (0, T; pixel) =

107t

Group results

10t

R(Q,7)
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Complications

21
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coherent
‘ : ‘ 1
I 2I
incoherent down — 3 finc

bbb+ 1

_ _ amp = lconfcon(T) — 3 Lincfine(T)
1/3 no-flip  2/3 flip

22
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cci cc2 cc3
r
x: - - + - -
- Pl Fipper
Solenoid
 Problem:
» Field integral | = Bl the same for all trajectories
« Solenoid field B(r) ~r?
e Solution:
e correction coils with current distribution that varies
as r?

23

S. Pasini, M. Monkenbusch, Meas. Sci. Technol. 26 (2015) 035501
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Theme Variations

24
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neutron spin spin rotation

il

U
» - -

- ;

- sample is
flipper precession 1 the m-flipper

x .

precession 2 T2  detector

analyzer
~ 3M/4
) A A/
M/2
Q @
M/4{ , , ' , , ' ,
PH“ —-30 —-20 -10 0 10 20 30 40
4 [uTm]
C.Pappas, G. Ehlers, F. Mezei, Neutron Spin Echo and Magnetism 25

in Neutron Scattering from Magnetic Materials, ed. T. Chatterji (2006)
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“Non-standard” NSE Instruments

NSRE

NRSE

DC magnets + RF "~ sample
polarizer J/ *

i i

source

guide field

RF field instead of solenoid

_______________________

SESANS

SESANS

DC magnets + RF ~ sample 2D detector

polarizer 7z N

onlZ Z (57 Z )

source

guide field analyzer

Spin Echo encoded SANS

26



SNS-NSE: NSE Spectrometer at SNS
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¥ OAK RIDGE |81
-National Laboratory | SOURCE World’s most intense pulsed, accelerator-based neutron source
NEUTRONS.ORNL.GOV

Wide Angular-Range

Nanoscale-Ordered Materials Chopper Spectrometer Fine-Resolution Fermi Chopper
Diffractometer (NOMAD) - BL-1B (ARCS) - BL-18 Spectrometer (SEQUOIA) - BL-17

Dynamics of complex fluids, quantum fluids, magnetism,
condensed matter, materials science

Backscattering

Spectrometer [BASIS) -
BL-2

Atomic-level dynamics in materials science,

Liquids, solutions, glasses, polymers, nanocrystalline and
chemistry, condensed matter sciences

partially ordered complex materials

Dynamics of macromolecules, constrained
molecular systems, polymers, biology,
chemistry, materials science lllll’a-small-lngle Nellll’on

(USANS) -BL-1A BL-16B

Vibrational dynamics in I lar systems, Y

Life sclences, polymers, materials science,
earth and environmental sciences

Spallation Neutrons and

Pressure Diffractometer
(SNAP) - BL-3

Materials science, geology, earth
and environmental sciences

BL-16A

N 5 T a2 v D, ' Neutron Spin Echo Spectrometer
(NSE) - BL-15

High-resolution dynamics of slow processes,
i macr lecules

Hybrid Spectrometer

(HYSPEC) - BL-14B
S ai Atomic-level dynamics in single
Magna"sm Reflectometer * \ ‘A ) = =1 9 5 005.574.9428 - ¢ J o crystals, magnetism, condensed
BL-4A 2 - matter sciences

Chemistry, magnetism of layered y W 19w v
BL-14A

systems and interfaces
Fundamental Neutron
Physics Beam Line - BL-13

Fundamental properties of neutrons

Liquids Reflectometer
BL-4B

Interfaces in complex fluids,
polymers, chemistry

Cold Neutron Chopper g
Snoctomotor (GNE3) - BL-U v Macromolecular Single-Crystal Diffractometer

(TOPAZ) - BL-12

Condensed matter physics, materials science, | "eu"on
h y. biology, env al nce r
30009 2 24 v ) lllllraclometar Atomic-level structures in chemistry,

(MaNDD) - BL-11B biology, earth science, materials science,
condensed matter physics

Atomic-level structures of

Versatile Neutron hembrne prElRsYarg
Imaging complexes, DNA
Instrument at SNS o e
(VENUS) - BL-10

Extended Q-Range Small-Angle Neutron
Scattering Diffractometer (EQ-SANS) - BL-6

Lite science, polymer and colloidal systems, materials science, Spectrometer

earth and environmental sciences (CORELLD - BL-9

Elastic Diffuse Scattering

v ataliine A Energy selective imaging in Powder Diffractometer
crystaliine materials l materials science,
Y 1-yelt v engineering, materials (POWGEN) -BL-11A

*Scheduled commissioning date

processing, environmental
sciences and biology

Atomic-level structures in chemistry,
materials science, and condensed matter
physics including magnetic spin structures

_ Operating instrument in user pregram Ellnlllﬂﬂl'll'ly Mala'la's mlll‘aclomelel’

(VULCAN) - BL-7
- In design or construction

Mechanical behaviors, materials science,
- Under consideration materials processing

e National Laboratory,

15-G00337A/gim
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Experimental hall Revolver unit with Wibdarkior o
side wall polarizing benders |

NSE Spectrometer

g e

\\\\’\ Start of
\\\\—‘ / h> guide system
- Sample position "\
\\\A ; - (18 m) |
\\%ﬁ'—'\‘« - I - wﬁ N
*\\ = 4 disk choppers
! -

<y Sample position (27 m)
Walls of magnetic
shielding enclosure

29
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SNS-NSE: IN11-Type NSE
ARV Ny 3/ 2 XA RO T
o RO o .

[

........

Typical neutron wavelengths: Jmax ~ 0.56 Tm
A=2-14A,A2=253.6A 20 =3.5°-79.5°

30



g SNS-NSE Coils #) JULICH

SNS-NSE: the first NSE with superconducting main coils

“Pythagorean” correction
coils: 7% = y? + z2

31



it #) JOLICH
Magnetic Shielding

Q=0.14A"! t=50ns J]=0.53Tm

2.00 T
$  Julll, 2016 AJo=-8.30 uTm X IR

1754 # Jul13,2016 AJo=-8.35uTm

1.50 A

1.25 A
1.00 A

0.75 A

m 0.50 A

— mumetal 0.25

-40 -30 -20 -10 0 10 20 30 40
4 [uTm]

A — 1 deg
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Two "historical” examples:
1. SDS Micelles (1981)
2. Reptation Model (2002)

Several recent results from SNS-NSE

FFFFFFFFFFFFFFFFFFFF

33
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N<rt)*2>=D1 225 200
%/\/\/? (a) ()
® ® @
® o ofm T om ofmm 189
' 20 20
)
@ = AR N
S
00 100
I(Q, t) — e_Deff(Q)QZt
. 1(Q,0)
Dese = DoH(Q)/S(Q)
D kT
I ] 1 ] | ] ) | 0 67TT]R
0.0 5.0 100
34

t/ns

J. Hayter, J. Penfold, J. Chem. Soc., Faraday Trans. 1, 1981,77, 1851-1863



di= .. Reptation Model
(de Gennes/Edwards)

Coherent scattering, labeled chain =

Melt of long chain linear PE

BoN iiree
LN\ T “odpo
-I- u

a\s D‘{L\Dhg-g_ﬁ_lﬁ_g_g Q_TL
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o5 285983

5@

A. Wischnewski et al., Phys. Rev. Lett. 88 (2002), 058301

50

100 150 200
t/ns 35



~ Aspirin modulates the dynamical !) JUL|CH
behavior of membranes

Jillich Centre for Neutron Scienc

-
o

(a)
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m 0.056 A" 0.03 -

1 e 0.061 A!
A 0.070 A
1 v 0.084 A
¢ 0.092 A

< 0.105 A
> 0.123 A" DMPC

=
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Lo ./Qj (A’_{nS)
o o
-

o
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v, 0.024

$)

0
004 008 008 01 012 014
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(b) o s DMPC

e DMPC+Asp

[(Q./T(Q,0)

0.00 T T T T
0.000 0.001 0.002

Q' (A7)

oMEC A T . atmenne
0.1 1 10 60 \;:;:;:;:;:;:; \:m: m:: Mmiﬁ

t (nS) Solid gel (Ly) Ripple (Py)
I(Q’ t) — — 2/3 .‘ ; ;m’*: | 'ﬁrm},{?? ,
1g,0) ~ P (hena)™) @ﬁﬁﬁ&f@ ‘m;f‘g
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i~
N A O

o
o

36
V. K. Sharma et al., Phys. Chem. Chem. Phys. 2017
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Mechanical Properties of Nanoscopic
Lipid Domains

S (.s.Domains

las '3 os. TN
= q= = 08
| 29717, oossA | 2 671 [ S t
| 06! . oosiA’ | =0T s 00ss A’ ) 2/3
%0'5: « 0076A" %gz = Domains-L, (Nanodomain) = eXp(_(F(Q)t) )
0

04, " 0093A" j4: * b . — S(Q, O)
0. 1 10 100 0.1 1 10 100
t [ns] t [ns]
12— . , F e : .
= L, 4 Domains = L 4 Domains
10 d e LD - DOmainS-LD (Nanodomains) 5 - ° LD v Domains_l_o (Nanodomains) -
Lawnl 8- T
2] .
«=17.3+3.2k.T
é 64-% *-v_ - P N -r -
o 1Knsncsoman= 18.4 + 9.8 kBT
™ 4_ N
O
[ ‘Komm= 126.5+29.9k,T
- e R R e m = = A _
2‘_§t:_£_‘__l__ T S - ‘___'
k. =196.0 £42.5 kT
0 T T T
0.06 0.08 0.10 0.12 0.3 0.5

q[A7] q[A7]
J. Nickels et al., J. Am. Chem. Soc., 2015, 137 (50)
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€5 Fast antibody domain motion

I(Q)/conc / a.u.

e form factor
— monomer+dimer+bgr

-- monomer+dimer
— dimer contnbut_lon )
— monomer contribution

|

1(Q.0/1(Q.0)

001

L.R. Stingaciu et al. Scientific Reports 2016
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F(Q> t) — Ftrans(Q’ t) : Fmt(Q, t) : F,'nt(Q) t)

Ftrans(Q’ t) = exp(—QzDTt)

1 Fiu(Q 1) = <Zbabg exp(iQR5") exp(—iQRZ) - f 5 (Q, 20) - f,5(Q, t)>
4 0‘6

hed
n

D(Q)/em’/s x10”

g
n

| = = (m+dy*H

O NSE

)
T

T

— (m+d)*H/S(Q)

a DLS

- —

7 - ——
- / == == monomer =
/== = dimer

/ ‘Bz —md ]
2_//- ! ’ 1 lQ./nm-l| ’ |
0 0.5 1 15 2

Q/nmAl
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Example of Paramagnetic NSE

|
xl)(' —
Xac 100 Hz
S Xac 1 kHz —
% Xac 10 kHz
£ « NSE 0.33 ns
8 BASIS § eV -
£ BASIS 25 eV
- DCS 30 preV _—
) BASIS 125 peV
E DCS 120 peV
o BASIS 200 16V e
5 I I 1 1 I
0 10 20 30 40 50 60
T(K)
b
( ) E(peV)
10" 102 10 10 10® 10" |0"I2
1 T
| | | | -
. u - X.-\C
L ¥ « NSE (SNS)
d I BASIS(IE) [1°9
4_‘%‘ o ¢ Bz\S‘IS(E) %
So08 . }T P DCSE _Hog S
~ i ~
o t &)
30.7 P— T -0.7 a
&~ : ~
0.6 f~ .1—.. 1 '+ - 0.6
05 | I | I | 05
10" 10 10 10° 10 10" 10"

f(Hz)

Courtesy of A. Samarakoon, University of Virginia

#) j0LICH

FORSCHUNGSZENTRUM

39



| A) JULICH
Jllich Centre for Neutron Science S u m m a ry FORSCHUNGSZENTRUM

- NSE
 a high resolution neutron spectroscopy
* measures the intermediate scattering function S(Q,1)
* need large samples, scattering intensity

 SNS-NSE (BL-15)
 the first NSE at a Spallation Source
* the first one with superconducting coils
 the only one with magnetic shielding
- available in user program — write a proposal!!

Acknowledgements: M. Monkenbusch, D. Richter, L. Stingaciu, M. Cochran, G.

Ehlers, W-R Chen, T. Kozielewski, M. Ohl, N. Arend and M.Sharp 40



M) 0LICH
gm1chCen(reforNeutronS<ence Lite ratu re J FORSCHUNGSZENTRUM

1. R. Pynn, Neutron Scattering, Neutron Spin Echo
http://www.iub.edu/~neutron/notes/20061204 Pynn.pdf

2. F.Mezei, Z. Physik (1972) 255: 146.

3. F.Mezei (Ed.): Neutron Spin-Echo, Lecture Notes in Physics 128, Springer,
1980.

4. F. Mezei, C. Pappas, T. Gutberlet (Eds.): Neutron Spin-Echo Spectroscopy,
Lecture Notes in Physics 601, Springer, 2003.

5. D. Richter, M. Monkenbusch, A. Arbe, J. Colmenero, Neutron Spin Echo in
Polymer Systems, Adv. in Polymer Science 174, Springer, 2005

6. M. Monkenbusch, D. Richter, High Resolution Neutron Spectroscopy
http://doi.org/10.1016/j.crhy.2007.10.001

7. C.Pappas, G. Ehlers, F. Mezei, Neutron Spin Echo and Magnetism in Neutron
Scattering from Magnetic Materials, ed. T. Chatterji, Spinger 2006

8. B.Farago, Basics of Neutron Spin-Echo, ILL Neutron Data Booklet,
https://www.ill.eu/fileadmin/users files/documents/links/documentation/Neutron
DataBooklet.pdf

9. G.L. Squires, Introduction to the Theory of Thermal Neutron Scattering,
Cambridge Univ. Press, 3 edition (2012)

41



