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Introduction to NSE spectroscopy
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iNeutron Spin Echo (NSE) spectroscopy was introduced by F. Mezei in the early seventies and
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The analysis of neutron spin precession implies the use of polarised neutron beams and NSE
spectrometers have components commonly found in polarised neutron spectroscopy: polariser and
analyser, which select and analyse the polarisation of the beam, magnetic fields, which determine
the quantisation direction ofthe set-up, and flippers, i.e. coils or arrangements of magnetic fields
that use the Larmor precession to modify in a defined way the direction ofthe beam polarisation
with respect to the direction of the magnetic field. Polarisers and analysers are similar devices,
which act very much like filters. The polariser delivers a polarised fraction out of the completely
depolarised beam, which comes from the reactor. On the other hand, the analyser is positioned in
front ofthe detectors and transmits only the fraction ofthe scattered beam with a given polarisation,
which can then reach the detectors and be recorded. The typical wavelength range of NSE
spectrometers covers the cold neutron spectrum and polarisers or analysers are arrangements of
supermirrors designed for broadband operation [2].

In the weak magnetic fields commonly used in neutron scattering, the magnetic moment of neutrons

(//) follows the classical equation of motion: djlldt-—y ijixH\ = jixa)L, where y is the

"gyromagnetic ratio" with yl2% = -2916.4 Hz/Oe, H the magnetic field and coL the Larmor
precession frequency. Any change of the magnetic field along the neutron flight path can be
associated to a frequency coH = d(~H / H ) / dt, the module of which (ooH = ~coH\) can then be

compared to co , the module of co,. When co « co , the change in the magnetic field is slow and

can be followed adiabatically by the neutron spins. On the other hand, when co » co , neutron

spins experience an abrupt change in the direction ofthe magnetic field and they cannot follow,

Mezei flippers [1] are thin coils positioned in the beam, and their function illustrates the use of
Larmor precession in polarised neutron spectroscopy. The flipper coil creates a magnetic field
perpendicular to the external field, whereas an additional coil compensates the external magnetic
field at the position of the flipper. As shown by the upper part of the first viewgraph, neutrons
experience a non-adiabatic change of 90° in the direction of the magnetic field along the conductor
wire ofthe flipper coil, i.e. a typical distance of 1 mm. If the polarisation is parallel to the magnetic
field outside the flipper coil, it will become perpendicular to the field in the flipper and will Larmor
precess with an angle of: 0 — co t —yHd/v^yHdA., where t is the flight time of neutrons in the

flipper, v their velocity, X their wavelength, d the thickness ofthe flipper coil (i.e. the flight path of
neutrons in the flipper) and H the magnetic field in the flipper. The angle § can then be tuned to
any value by changing the magnetic field H, i.e. the current through the flipper coil.
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Polarised neutron spectroscopy extensively uses Larmor precession, adiabatic and non-adiabatic
changes of the magnetic field to control the polarisation of neutrons. In NSE Larmor precession is
of fundamental importance because it measures the energy transfer of neutrons at the sample. The
upper part of the second viewgraph shows schematically the set-up of an ideal NSE spectrometer. A
beam with a polarisation parallel to the magnetic field enters a Mezei flipper, which is tuned for a
90° rotation (TC/2 flipper). At the exit of the flipper the polarisation is perpendicular to the magnetic
field and Larmor precessions will start. At any distance dL from the flipper the precession angle is
0 ;.= yR^h^-jHA^X and any wavelength distribution (AX) will result in a distribution of
precession angles (Aty) and the loss of polarisation. When the beam enters an area with a magnetic
field opposite to the first one (H2=-Hl), the total precession angle becomes <j) - y(Hldl-H2d2)/v
and the polarisation is completely recovered for Hldl = H2d2. At the last part of the spectrometer a
second TT/2 flipper brings one component of the polarisation parallel to the magnetic field so that
neutrons can be transmitted by an analyser and recorded by a detector. In practice the magnetic field
is not reversed but, as in electronic spin echo, a % flipper marks the reversal of precessions.

The echo condition H{dx = H2d2 (or 3<p/3v = 0 in its most general formulation) does not depend on
beam characteristics like wavelength, monochromatisation, collimation etc. and NSE is the only
inelastic neutron scattering technique to decouple energy resolution from the geometry of the
spectrometer. An inelastic scattering sample, placed next to the % flipper, which is the symmetry
point of NSE spectrometers, modifies the wavelength of neutrons and breaks the symmetry between
the two branches of the spectrometer. The initial polarisation cannot be recovered and this loss is
directly related to the energy transfer of neutrons at the sample. The measurement delivers the
projection of the polarisation along the direction of the analyser P^" = Ps < cos(^- <$>)>, where
Ps denotes the polarisation of the beam after scattering at the sample and
(t)-<(j)>- yiH^ /Vj - H2d2 lv2) with v, and v2 the neutron velocities before and after the sample

respectively. At a first order <|)—«j» is proportional to the energy transfer: (|)-<(j)> =t (co-(Oo) and
the proportionality factor is the Fourier time t = HydH/'mv2 - O.l863dHA?. The NSE polarisation is

therefore given by: P^ - Ps J S(Q,co)cos[t(co-coo)]dco/ J S(Q,a>)da>, which in the case of

quasielastic scattering (co0 = 0) reduces to P™ IP,. = Re[S(Q,t)]/S(Q) = s(Q,t). In other words NSE
delivers the intermediate scattering function, s(Q,t), instead of S(Q,co), and the origin of the
Fourier transformation is the cosine term of the projection of the polarisation along the one
direction, which corresponds to the magnetic field of the analyser.

NSE is particularly successful for studying dynamics of disordered systems, like polymers, glasses
and spin glasses, where relaxation can be very slow and the high brilliance of a broad wavelength
range is only of advantage because no high Q resolution is required. Furthermore, relaxation in
these systems usually deviates strongly from the simple exponential form and NSE is particularly
well suited for detailed line-shape analysis. Indeed, the deconvolution of the data from the
instrumental function necessary in the co-space reduces to a simple division of the spectra with the
instrumental function in the Fourier time space. In single crystalline spectroscopy NSE is
successfully used as add-on to triple axis spectrometers (TAS) [3,4]. The host TAS spectrometers
deliver the highly monochromatic beam needed in single crystalline spectroscopy and filter out all
elastic and inelastic scattering contributions except of the one, that is to be investigated, whereas the
NSE add-on allows for reaching resolutions in the ueV range and for measuring intrinsic linewidths
of elementary excitations like phonons or magnons.
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Larmor precession and "Mezei" flippers
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ideal neutron spin echo spectrometer
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realisation of a INSE spectrometer
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Echo condition Yi^ = H2d2 (more generally 6<|)/6v = 0)
does not depend on

• the wavelength
• the monochromatisation
• the beam collimation

energy resolution decoupled from geometry of the spectrometer
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NSE with a sample
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NSE uses <|> to measure the energy change of neutrons at the sample
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We require that

At first order in 6v = v - (v)

<j> -(<p) - Y [ diHiSv^!2 - d2H26v2/v2
2 ] and

co - {co) = [ v16v1-v26v2 ] m / h
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2= t v2m///

general NSE condition = 0
co=co0
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Quasielastic scattering
at flipper
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scat. /S(Q,co) cos [t(oa-co0)] dco
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for quasi-elastic scattering G3O = 0
scat.

=• Re[S(at)] /S(Q) = s(Q,t)

most generally <j> - {<j>) = f (Q,co) oc S(Q, co)
locally

NSE measurement sequence
At a given wavelength :

NSE spectra are measured as a function of the precession
field (integral) => Fourier time

Typical range : 3 (2+1) orders of magnitude

for--^5 A , d=2.5. m — <H> =200 Oe = 0.02 T
1842 full precessions

t = 0.1863*0.05 T.m »5 3 ns = 1.16 ns, co » 0.5//e¥

Maximum Fourier time at IN15 « 30G ns (2 neV)

At each wavelength :
determination of the Larmor frequency

At each precession field (Fourier time) :
setting of flippers

position of echo (phase coil)
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Experimental determination of the echo amplitude
Lup
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NSE spectrometers
single detector spectrometers

INll, IN15 (ILL), MESS (Saclay), NSE in Jiilich and NIST
Resonance Spin Echo : MIEZE (Saclay)

mult i -angle spectrometers
Multidetector option of INll : INllC (30 deg opening)
Wide Angle NSE SPAN (HMI)

COMBINATION OF TAS AND NSE (TASSE)
IN20 (ILL) C. Zeyen, J, Kulda (thermal)
PONTA (ISSP-JAERI) C. Zeyen, K. Kakurai (thermal)

COMBINATION OF TAS AND NRSE
FLEX - V2 (HMI) T. Keller, K.Habicht, R. Golub,

P.Vorderwisch, and F.Mezei (cold)
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lavout of a i ll generic NSE spectrometer
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Conventional inelastic
neutron scattering techniques

energy transfer determined by the
differences of the incoming and

outcoming energies

high resolution<s>high monoehromaiisation

measurements in q and m space :
convolution of S(q,a>) with the instrumental

resolution function

separation of inelastic contributions from
each other and from the

elastic part
(TAS or TOF techniques)

Neutron Spin Echo

! measures directly (cos^i). which is related to
I die energy transfer

high ooresolution tin the 105 range)
decoupled from beam monochromatisation

measurements in q and t space : product of
s(q,t) with the instrumental function
fundamental for line-shape analysis

measurement of the total scattering from
the sample ==*• limitation for inelastic

studies

combination of NSE with TAS

Challenges for NSE Spectroscopy

isher resolution :

U P t 0 Courier •«

SANS configuration M. Monkebusch et al.

higher solid angles :

up to 0.27 strad - SPAN configuration

Pulsed sources
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