
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

a b a Inelastic
NeutronScatteringNeutron

SpectroscopyORNL

Neutron School

2026PlanLecture 1 Formalism and theory 45 mins

What is deltaleftoverrightharpoonaomegaright and whydo we care

Lecture 2 Experiments and examples 60mins

How neutron spectrometers measure deltaleftoverrightharpoonQomegaright
Warning This is a conceptual overview and a first

versionLecturerMartin Mourigal Georgia Tech

BScPhysicsand Materials France

M.sc CondensedMatterTheory EPFL Switzerland

Ph.D CondensedMatterExperiment EPFL
Allmy time at ILL France TASgroup

Postdoc QuantumMatter JohnsHopkins
Majority ofexperiments at ORNL Tof

Faculty at GT since

2015Spend
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1.1 Structure versus dynamics

Example expectationvalueofoperators

inthermalequilibrium FFL for langleoverrightharpoonhatSibackslash
Diffraction hatcircbackslash

static order

key outcome of experiment is a set of orderparameters
and instantaneous spatial correlations

Hamiltorianite
generatesthe
timeevolution

Spectroscopy hatOlefttrighteihatylthslashhatOleft0righteihatylthslashomeganeq0
dynamical evolution

Example overlap or correlation between value of operators at
xwedge

different times langlehatrileft0rightrilefttright for spacetimes leftlanglehatSileft0righthatSjbetalefttrightrightrangle
keyoutcome of experiment is a set of dynamical

correlation functions

no Both methodsgeneralizeto understanding two

point correlation functions such as leftlanglehatAleft0righthatBlefttrightrightrangleQT
operator observables of interest

average over quantum and
thermalensembles



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

or 1.2 From the Hamiltonian to correlations and back

Separation of energy scales in condensed matter
magnetoclasticHubbard

hatu matsimeqhatH orbitalhaty charge haty spins Yl
sptilde

lattice

material
this is an idealization Can recover some coupling

Example RIXS or

IDmagnetic material
Sr2CuO3

Nature 485 82 85 2012

Each scale has its own isolated dynamics

parametrized by an effective model

hatyorbital leftleftBkqrightright I hatyl spins leftleftJijrightright i haty latticeleftKijright
exchange

constants
crystal field

parameters
Force
constants



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

So what's the job of a theorist
DIRECTPROBLEM DIRECTPROBLEM

hatUleftleftpirightrightrightarrowleftrranglevarepsilonriGammarrightrightarrowleftlanglehatAleftorighthatBlefttrightrightranglerightarrowdeltaoverrightharpoonaomegaAB
DIRECTPROBLEM

dynamical structure
factor

coherencewavefunction
spectrum

So what's the job of a neutron spectroscopist

beginmatrixABleftoverrightharpoonQWrightendmatrixhatHleftleftpirightright INVERSE PROBLEM

extract faithfullmodels
parameters uncertainty perform accurate

measurement

Why Make predictions from models

hatHleftleftpirightright Function

modelmaterial



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Do 1 3 Inelastic Scattering in a nutshell

Detector
particle wave

dualityBorn Approximation overrightharpoonkF
overrightarrowkiSource we assume hope a

singlescatteringevent
ruclear or magnetic
per

detectedneutrons
neutron wavepacket

sample

plane wave

it is an interferencephenomenon

one neutron can experiencemultiple scattering events
sequence what complicates the analysis dramatically

Neutron properties are ideal for condensedmatter

EleftmeVright2072k2leftA02rightfrac8181lambda2A02overrightharpoonphslashoverrightharpoonkEhslash2leftoverrightharpoonkright2

5meVrightarrow155Acirc1rightarrow4circA
typicalenergy typical lengthscale

of CMPmatchOF CMP

hslash067meV ps
slowerdynamics is

1meV116K8cm1
if resolution DeltaE1 met tau4 1 L approx067ps

res
limitedbyresolution



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scattering Trianglemomentumtransfer to sample
hw 0

overrightharpoonkF1
overrightharpoonQoverrightharpoonkioverrightharpoonkF

leftoverrightharpoonQrightki2kF2 2kikecos 20overrightharpoonki 0leftithetaright2theta
bisecting

angleenergy transfer to sample

hslashomegaEiEfhslash2leftki2kF2right
overrightharpoonQ

two kerki
overrightharpoonkF

overrightharpoonki
20leftrightoverrightharpoonki 112theta overrightharpoonQ overrightharpoonkF

somehow

overrightharpoonkioverrightharpoonkF differentQ
2theta ggGammaoverrightharpoonkF

overrightharpoonki 2theta
ranglecdot

overrightharpoonQ

20toolarge
overrightharpoonkF there is a

maximum

10backslash one can
reach

rangle
overrightharpoonki overrightharpoonQ

v

hisexample changing20
butkeepinghw fixed



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

two kFkcdotd
77

overrightharpoonkF

overrightharpoonkF
1120

overrightharpoonkF
1120

overrightharpoonQoverrightharpoonki 1 20same 20
7 7overrightarrowQ differed

overrightarrowQ

overrightharpoonki
7

as
vectors7

overrightharpoonQoverrightharpoonki

hisexample keeping 20
butchanginghwthroughhe



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Do 1 4 QuantumTreatment of Scattering

setup

sampleneutron
initial

neutron
final

overrightharpoonkFrangle
hatuleftrrangleErrightrrangleoverrightharpoonkirangle

Before

leftirangleleftoverrightharpoonkirangleotimesrightrrightrangle
After

FrangleleftoverrightharpoonkFlambdaotimesrightmrangle

transition matrix element what doestheneutron couple to

Interactionbetweenneutron and sample isessentially local

rightleftharpoonshatVNleftoverrightarrowrrightproptosum_jbjdeltaleftoverrightharpoonrRjrightatomicpositions



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

So we get
leftlangleoverrightharpoonkfleftVNleftoverrightharpoonrrightrightoverrightharpoonkirightrangleintsum_jbjeioverrightharpoonkfcdotoverrightharpoonrdeltaleftoverrightharpoonroverrightharpoonRjrighteioverrightharpoonkioverrightharpoonroverrightharpoond

inpositionrepresentation

proptosum_jbjeileftoverrightharpoonkioverrightarrowkFrightcdotoverrightharpoonRj
plane
waves
select

overrightharpoonQit's
overrightharpoonQ

simsum_jbjeioverrightharpoonQcdotoverrightharpoonRjequivhatAoverrightharpoonQ

it's a

spatial Fourier
transform

and in the end for the full system

leftlangleileftVleftoverrightharpoonrrightrightFrightrangleleftlanglerleftotimeslanglekiVoverrightarrowrrightleftkFrightrangleotimesrightmrangleleftlanglerlefthatAQrightmrightrangle

leftlanglerlefthatAoverrightarrowQsum_jbjeioverrightharpoonQcdotoverrightharpoonRjrightmrightrangle

Ameasurement at overrightharpoonQ probes the
overrightharpoonQ Fourier

component of a sample operator



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fermi's Golden Rule whichtransitions can occur

W lit rightarrowFranglefrac2pihslashleftleftlangleFhatVirightrangleright2deltaEf
tat

E1
tot
1

we just calculated this

Ef
tot

EmEF
E f
tot
E
t
i
at

leftEiEfrightleftEmErrightEi
tot

ErEi

it's t omegaequivE
selectsenergydifferenso we get deltaleftEleftEmErrightright

and in the end

WirightarrowFfrac2pihslashleftleftlanglemlefthatAQrightrrightrangleright2deltaleftEleftEmErrightright
Lehmann Representation and FiniteTemperature

FermisGolden rule is about the transitionbetween two states

rlambda and leftmrightrangle But at finite temperature we

need to consider a thermal ensemblewhere

PrebetaErZ where Zsum_rebetaEr
probability for the system to be in Ird

1kBT



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Furthermore we don't filter according to final state m
so we need to sum over all of them Sigma1

The tool to deal with this is the dynamical
structure factor DSF here in Lehmann rep

deltaleftoverrightharpoonQErightequivfrac1Zsum_rm1ebetaErleftleftlanglemlefthatAQrightrrightrangleright2deltaleftEleftEmErrightright

contains all the neutronvisible transitions at leftoverrightharpoonQEright

In general theneutron scattering cross sectiontakes

the form d's

drdEf frackfkideltaleftoverrightarrowQEright
up to details of the
interactionprocess



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

or 1 5 What does the DSF encode

Whatdeterminesthevisibility of an excitation

1 it exists EEmEr

2 matrixelement allows it leftlanglemhatAoverrightarrowQrrightrangleneq0
the initial state is populated pnneq0
the spectrometer can reach leftoverrightarrowaEright

V
neutrons see it

Modes and continua at Trightarrow0leftprdeltaR0right

deltaleftoverrightarrowQErightsum_mleftleftlanglemlefthatAQright0rightrangleright2deltaleftEleftEmE0rightright
groundstate

CoherentMode hatAoverrightharpoonQ0ranglesqrtZoverrightharpoonQoverrightharpoonQrangle
1 excitationwithwaverector

overrightharpoonQ
phonon magnon

then SleftoverrightarrowQErightZoverrightarrowQdeltaleftEvarepsilonoverrightarrowQright
modemodedispersionmodespectralweight



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

SleftQEright me V1 E Emel

ZQ1rightharpoonupZoverrightharpoonQ2 varepsilonoverrightharpoonQ2varepsilonQ1rightharpoonup dispersion

overrightharpoonQE
lfloormeV

Q2varepsilonoverrightharpoonQ2 overrightharpoonQ1varepsilonoverrightharpoonQ1

Excitation Continuum Multiple m states

possiblecontthen SleftoverrightharpoonQErightsum_mWmleftoverrightharpoonQrightdeltaleftEleftEmE0rightright
for instance EvarepsilonoverrightharpoonqvarepsilonoverrightharpoonQoverrightharpoonq

internaldegree of freedom
linked to all possible m

SleftQEright Lme V1
E met

x

neg
overrightharpoonqoverrightharpoonaoverrightharpoonq

leftvarepsilonoverrightharpoonqvarepsilonoverrightharpoonaoverrightharpoonqrightmin_overrightharpoonqleftvarepsilonoverrightharpoonqvarepsilonoverrightharpoonaoverrightharpoonqright max_fracq overrightharpoonQQ



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Many body system

SleftoverrightharpoonQErightZoverrightharpoonQfrac1pifracGammaoverrightarrowQleftEvarepsilonoverrightarrowQright2GammaoverrightharpoonQ2S cost leftoverrightharpoonQEright

quasiparticle
lifetime

quasiparticleresidue

SleftQErightleftmV1right

sideban

lorentzianwidth
GammaQ continuum

E
meVEQrightharpoonup



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

or 1 6 Link to correlation functions

Back to space time

We need to undo the
overrightarrowQ and hw selections

that we performed earlier
We use mathematical results

a deltaleftxrightfrac12pihslashint_inftyinftydteixthslash
b sum_mleftmranglelanglemrightcoprod_uparrowwedge

identity
operator

leftlanglehatAoverrightharpoonQleft0righthatAQlefttrightrightrangleTthen deltaleftQErightfrac12pihslashint_inftyinftyteiEthslash
hatAoverrightarrowQsum_jeioverrightharpoonQcdotoverrightharpoonRjhatAj

then leftlanglehatAoverrightharpoonQleft0righthatAQlefttrightrightranglesum_ijeioverrightharpoonQleftoverrightharpoonRjoverrightharpoonRirighthatAileft0righthatAjlefttright



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

For a systemwith translationsymmetry

overrightarrowroverrightarrowRjoverrightharpoonRi

SleftoverrightharpoonQErightfrac12pihslashint_inftyinftydteiEthslashinteioverrightharpoonQcdotoverrightharpoonrd3overrightharpoonrleftlanglehatAleft00righthatAleftoverrightharpoonrtrightrightrangle
Gleftoverrightharpoonrtright

tleftrightarrowEhslash
so the DSF is the space timeFourierTransform of

two point correlation functions

overrightarrowrleftrightarrowoverrightarrowQ

Detailed balance

deltaleftoverrightarrowQErightebetaEdeltaleftoverrightarrowQEright
goesto zero for E0 when Trightarrow0

Zero energy spectral density

GleftoverrightharpoonQtrightGleftoverrightharpoonQtrightGleftoverrightharpoonQtrightarrowinftyright
fluctuations

dynamics o fort to long time asymptotic
behavior



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

SleftoverrightharpoonQE0rightfrac12pihslashint_inftyinfty alt GleftoverrightharpoonQtright

SleftoverrightharpoonQE0rightSleftoverrightharpoonQE0rightGinftyleftoverrightharpoonQrightdeltaleftEright
elastic scattering

instantaneous correlations
infty

SleftoverrightarrowQErightdEfrac12pihslashinteioverrightarrowQcdotoverrightarrowrd31int_inftyinftytint_inftyinftydGleftoverrightarrowrtright

infty

SleftoverrightharpoonQrightinteioverrightarrowQoverrightharpoonrdoverrightharpoon3roverrightharpoonGleftoverrightharpoonrt0rightdeltalefttright

SleftoverrightharpoonQrightInstantaneous or Equal time StructureFacto

Snapshot

Generalization to different operators

deltaleftoverrightarrowQomegarightrightarrowSABleftQomegarightfrac12pihslashint_inftyinftyeiEthslashleftlanglehatAQleft0righthatBQlefttrightrightrangle



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In neutron scattering

hatAQhatrhooverrightharpoonQ density 41 le liquids etc

hatAQhatUoverrightharpoonQ lattice displacement crystals

hatAoverrightarrowQFoverrightarrowQhatMbotQ magnetic scattering magnets

For otherexperimentaltechniques

hatAoverrightharpoonQoverrightharpoonJoverrightharpoonQ currentdensity transport

hatAoverrightharpoonQoverlineThatoverrightharpoonQbeta multipolaroperator RHS

Connection to experiments involve pre factors formagnetism

fracd2sigmadrtEffrackfkileftfracgammaro2right2leftgFleftoverrightarrowQrightright2PchibetaleftoverrightarrowQrightdelta1betaleftoverrightarrowQEright
geometry correlations SalphaSbetamagnetic

ion



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Do 2 1 From materialsdynamics to detectorcounts

Recall the direct problem
some propertiesofthematerial shapemosaic

Counts
in

detector
vs time

a
material drdEFleftleftpirightrightrightarrowdeltaleftoverrightarrowQErightrightarrow

d
fracc

r

2sigma

def
rightarrowRotimesd2sigma

independent of the instrument intensityproperties
of instrument

We can represent this problem as

fluxsampleetc

widetildeIleftoverrightharpoonQ0E0rightAiiintd3overrightharpoonQdERleftoverrightharpoonQoverrightharpoonQ0EE0right o

frac0
l

l

l

sigma

def Bleft
overrightharpoonQ0E0right
instrumentand
samplebackgroun
plusotherunknowns

resolutionfunction

reflectingfiniteacceptance
in

overrightarrowQ and E around
nominal measurementpoint

reduced
scatteringintensity

assignedto leftoverrightharpoonQ0E0right

Example topological band crossing

gap or no gap

Do et al PRB 2022

spurious



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Do 2 2 General Constraints on Neutron Spectrometers

Recall the scattering triangle

Our goal is to measure overlineIleftoverrightharpoonQ0overrightharpoonE0right over a sufficiently

broad range of
overrightharpoonQ0 and E0 and with sufficient resolution

thesetwoconstraintsstrongly compete

to solve our scientific problem

Fundamentalconstraint is 1ki kr tleqQ I kitkf

You can imagine two simple choices todesign and
optimize a spectrometer even before details comeintoplay

fixed bi or Eifixed kF or Ef

Eiwedge

allowed

E

0Ei

allowed
r 1Q1Q

2kF

0 LF O EiI

kf KF 2kF

LF 0

Ef



 

 

 

 

 

 

 

 

 

 

 

 

 

 

Flavors of Spectrometers

triple axis know ki andhe fix ki or be

time of flight know kior kf infer he ki from tof

DIRECT INDIRECT

on 2.3 The triple axis spectrometer

INDIRECT LIKE

Idea UseBragy reflections to select
overrightarrowki andoverrightarrowkF

Use Scatteringangle 20 to select leftoverrightharpoonQ0E0right
Usually operates with fixed

overrightharpoonkF practical
and

historical
reasonsSchematic

the

r
Mourigal PhDThesis 2011



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Bragg's Law from crystals is all you need

Monochromator 2dMsinthetaMlambdairightarrowkifrac2pilambdai
Sample Scattering angle 2thetas angle between

overrightarrowki and overrightarrowkf
Analyzer 2dAsinthetaAlambdaFrightarrowkFfrac2pilambdaFevents

TAS leftthetaM2thetaSthetaAright sample RightarrowleftoverrightharpoonQ0E0rightorientation

few

Caradian Invention
Chalk River Ontario

Monochromator Analyzer materials
Graphite002
Silicon
Heusler

tradeoff between
reflectivity wavelength

focusing
lat VVvV



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Operations of a TAS spectrometer

E met

leftthetaM2thetaSthetaMrighti1
constant E cut

E
dispersioncurve

leftthetaM2thetaSthetaMrightiN
constant

overrightarrowQ out
overrightharpoonQoverrightharpoonQ

E met coordinated

Bayesian search.in leftoverrightarrowQEright space
dispersioncurve

x

FiltersoverrightharpoonQ
A major issue with crystalmonochromators is

higher order contamination

Bragg's Law 2lambdasinthetamrlambda so at the same

monochromator angle thecrystal may reflect

fraclambda2lambda3ldots So k2k 3k

Filters such as p 6 or Cool B e or BeO work

by transmitting ki butnot 2ki or as a passband filt



 

 

Resolution Function

widetildeIleftoverrightarrowQ0E0rightAiiintd3overrightarrowQdERleftoverrightarrowQoverrightarrowQ0EE0rightfracd2sigmadOmegadEfB
finite acceptance from beam divergence
mosaic and curvature ofmonochromator
sample size and mosaic etc etc

Main feature is that Delta
overrightharpoonQ and DeltaE are correlated

or in other words overrightarrowRneqRoverrightarrowQotimesRE
E EE

focusing defocusing

overrightarrow01 overrightarrowQoverrightarrowQ
0Q1 Q1

E
constant E scan

overrightarrowQ
0



or 2 4The direct geometry time of flightspectrometer

Idea Use choppers to select ki ther
time of flight and detector position
to determine overrightarrowkF

Schematic

A Boothroyd OUP Book 2020



Choppers prepare Eileftoverrightharpoonkiright by filteringout

Flight time determines Efleftoverrightarrowkfright
many arrival times many Ef

Multiplexeddetector many detector pixels many
overrightarrowkf

directions

t det titffracL1vifracL2vfsovfL2tdtL1vi
events

DGS Eit det detectorposition
sample rangleoverrightarrowQ0E0orientation

many

Invention

Choppers and Resolution

In practice many choppers used to control background
resolution asign neutrons to the

correct source pulse etc



No 2.5 Conclusion Solving the Inverse Problem

DIRECT PROBLEM

hatytleftleftpirightrightrightarrowSABleftoverrightarrowQErightrightarrowfracd2sigmadOmega dEF
rightarrowwidetildeIleftoverrightarrowQErightrightarrow

Detector

counts

INVERSE PROBLEM

Goal determine the most faithful 58 leftLpirightlandits
uncertaint Y given background resolution kinematics etc

TOF survey TAS focus

EME

r

Qy Qx

Focusstud of

leftoverrightarrowQEright points nearLQx broad landscape
of deltaABleftoverrightarrowQEright signal of interest

Neutron Spectroscopy turnsdetectorcounts into physicalmodels


