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eV SPECTROSCOPY

Deep Inelastic Neutron Scattering

1. Because of Heisenberg indetermination principle
scattered neutron at high g explores regions of the sample
of small dimension. Thus eV neutrons are ideal probe to
study single particle properties, (no coherent effects from
collectfive dynamics inside fthe system) ([ncoherent
Approximation). The distance over which the neutron phase
change appreciably is much lower than the fypical
interparticle distance d.:

27 —

—<<d

q

2. High o implies, because of the time-energy
iIndetermination principle, that the scattering process occurs
in a very short time (Impulse Approximation, 1A).




I 1. DINS (Deep Inelastic Neutron Scattering)

For a monoatomic system:

d’c 1k | o o,
= ~S(g,w)+—S.(q,w
10dE k| am TP g o)

Impulse Approximation regime : high g and w

Initial state of stlﬂ)article h zq 2 hq . p
S (q,w)= || n(p)o| iw———- d

V.I. Gol'danskii, Soviet Phys. JETP 4 604 (1957)
P.C. Hohenberg and P.M. Platzmann, Phys. Rev. 152 198 (1966)



B 2.DINS

Inelastic neutron scattering cross section expressed in
terms of n(p) & Impulse Approximation

M

S..(q )= h—qJ(y,(Al)

%SIA(q,w) -J(y,4)) = /n(p)5 (y—p-4)dp

T y 1s the West scaling variable:

Responce Function or |
Neutron Compton Profile ~ M )
y=p-q=—"7|w
n"q

B. West, Phys. Rev. C 18 263 (1975). ./
M. F. Gunn, C. Andreani, J. Mayers, J. P. C: Solid State Physics 19, L835 (1986) I'eco_l] ene_rgjf

G.
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hig*

w = w,(q) = M
t S(g, )

y; cos20+ [(M /m)z— sin’ 249]1/2
o =—=

Vo (M/m)+ 1

M = m.
o = Ccos20/2,
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L 3. DINS

At finite g - Final State Effects (FSE)

Interactions among recoiling parficle and the
surroundings =2 inter- and inframolecular
iInteractions:

“ Response function is g dependent --->F(y,q)

“ AT high g dominant effect comes from
the inframolecular interactions




B 4.DINS

n(p) = ‘ J w(r)exp(ip- f)d?‘z <E >= <213;> -y [ n(p)p*dp

Nuclear Quantum Effects

Ax Ap=h/2

T_¢

n(p) & <E;> > PES

{ localization } - excess of <Eyx> <p > ) kT
oM 2



Nuclear quantum effects (NQE’s)

Not only the electrons but also the protons need quantum mechanical
description. NQE’s essential to explain material properties.

Experiment
Classical Result

1 - L
10 15 20
momentum (inverse angstrom)

The Proton Momentum Distribution n(p) in water probed by Neutron Compton
Scattering (NCS) displays importance of nuclear quantum effects



CLASSICAL IDEAL GAS
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Where and How do we make the measurements
with eV neutrons

Introduction to eV spectrometers
VESUVIO spectrometer

Opportunities and Obstacles

Neutron Science and Instrumentation, XIII School of Neutron Scattering F. P. Ricci, Erice EMCSC (2015)



How to select the final neutron energy
in the 1-250 eV range

. g . 197
radiative capture cross section of ~ Au

* No choppers
o Neutrons are too fast
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* No crystal analysers

o Neutrons have too short A
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* Nuclear resonances

radiative capture cross section (barns)
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o Several experimental
configurations since 1986.........
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eV Speciroscopy with Direct and Indirect Geometry Specirometers

FILTER SPECTROMETERS

Resonance Detector Spectrometer (RDS) and Resonance Filter Spectrometer (RFS)
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Fig. 1. Principle of resonance filter difference method in direct and inverse geometries.

“Electron Volt Snectrosconii on a Piulsed Neivtron Sonrce”



Resonance Filter Spectrometer (RFS)

% R. M. Brugger, A. D. Taylor, C. E. Olsen, J. A. Goldstone and A. K. Soper,
Proc. 61 Int. Collaboration on Advanced Neutron Source (ICANS-VI),
Argonne National Laboratory (1982)

* R.dJ. Newport, J. Penfold, W. G. Williams, “Flectron Volt Spectroscopy on
a Pulsed Neutron Source’, Nuclear Instrument and Methods 224, 120
(1984)

% P.A. Seeger, A.D. Taylor and R. M. Brugger, “The Filter Difference

Method” Nucl. Instr. Methods A 240, 98 (1985).

Resonance Detector Specirometer (RDS)

s R.N. Sinclair, M.C. Moxon and J. M. Carpenter, Bull. Am. Phys. Soc. 22
101 (1977)

< D. R: Allen, E. W. J. Mitchell and R. N. Sinclair, J. Phys. E13, 639 (1980)

s J. M. Carpenter, N. Watanabe, S. Ikeda, Y Masuda and S. Sato, Nuclear
Instrument Methods, 120, 126 (1983).

s J. M. Carpenter and N. Watanabe, Proc. of the 1984 Workshop on high
Energy Excitations in Condensed Matter, Los Alamos (1984)
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Table 1

Potentially useful resonances for filter difference method

Isotope Natural Egp(eV) I'{meV) - A pzea(meV)
abundance

45Sm 0,138 0,872 61 25

M0py - 1.056. 33 21

#M2py, - 2.67 ) 34

Wi Ty 1.0 4,28 57 50

Higp 0.573 6.24 . %0 73

38y 0.993

6.67 18 34

“Electron Volt Spectroscopy on a Pulsed Neutron Source”
R. J. Newport, J. Penfold, W. G. Williams, Nuclear Instrument

and Methods 224 120 (1984).
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Principles of RDS
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Fig.

Nal (TZ) 428ev
slow electronics

10.34ev N

1 1 L 1 M

Nal(TZ) (b)

fast electronics

P

i i 1 i ]

Counts /ch. {arb. unit)

BGO

fast electronics ( C)

i i 1 L

800 800 1000

i

1200
Channel No. {0.25;1.5 /ch.)

2 Preliminary results of the time spectra of the gamma-ray
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B 5. VESUVIO at ISIS

Single particle
short-time dynamics

O
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" 20 Al g <250 A
leV< m< 200 eV
30° < 20 < 140°



VESUVIO is a filter spectrometer
(at eV energy)

¢ Indirect geometry spectrometer
% Scattered neutron energy is selected by filters

% Incident neutron energy is determined by time-of-flight

. . 197
radiative capture cross section of ~ Au
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J Eme tO tering F. P. Ricci, Erice EMCSC (2015)



RFS

< LO >
L L L,
i Yo Analyser
Energy
E,=1/2 mv,?
.08 —— The Filter Difference Method

P.A. Seeger, A.D. Taylor and R. M. Brugger,
Nucl. Instr. Methods A 240, 98 (1985).

2045

2.02

Detector
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Time of flight (w sec

500

2 2 2 2
q-=m (vo +v,” —2v,v, cosb

Incident neutrons of all
available energies are
generated at t=0

Scattered neutrons are
energy selected by the

filters and recorded by
neutron detector
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Ay?=73"[(8y/3w)(dw/3x,)

+(dy/aq)(dq/dx,)]" Ax?
= E[,M/q(aw/a.x,-) - (aq/a—"i)]z Ax}.
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C. Andreani, G. Baciocco, J. Mayers, R. Holt, Nuclear Instruments and Methods A276, 297 (1989),




RESOLUTION COMPONENTS

Geometrical — Gaussian
Energy — Gaussian&lLorentzian

+ single difference (SD)
example U foil

U resonances: —6.7eV,20.7eV,37eV
FWHM (at 6.7 eV) > 0.04 eV

Doppler broadning
at RT —0.11 eV
at 70 K — 0.06 eV

Og

1+4(E—Eg)/T?

o(E)=

0.16

0.12

0.08

F(Y)A)

0.04

0.00

Scattering function F(y) for the 3He
bcc solid sample. Data (full circles);
best fit (purple line); resolution
function SD (red line); resolution
function DD (light purple line)

From Pb sample: VESUVIO resolution determined by fitting
Lorentzian Q Gaussian convolution to the data and subtracting the
Gaussian component, due to intrinsic width of the Pb sample.




DOUBLE DIFFERENCE TECHNIQUE

R(E)=[1-T(E)]+2
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When O(E) is small

Lorentzian wings are removed | -

Y& Resolution reduction of
~2 for U and Au foils
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Scattering function F(y) for
the 3He bcc solid sample.
Data (full circles); best fit
(purple line); resolution
function SD (red line);
resolution function DD for
VESUVIO (light purple
line).




Analyser
fOII 238U or 197Au

RFS & RDS (from 2002) ON VESUVIO 1 I

PriHCipleS Of: S am p I e G amma
Resonance Filter Spectrometer (RES) detector

Resonance Detector Spectrometer (RDS) r

l n detector 6I.i-glass
Neutron Detectors

RFS

TOF

l v detector

RDS

YAP (YAIO,) scintillator => both the time of flight and the energy E1 of the absorbed
neutron are determined when a y ray is detected



The Resonance Detector Spectrometer, 2002

* YAP detector at 2° Ice at 270K , 238U

110*

910°

810°

710° |

Intensity (a.u.)

610°

510° |-

4 103 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I
100 200 300 400 500

Time of flight (us)

M. Tardocchi et al Nuclear Inst. Methods A 526, 477—492 (2004); Appl. Phys. A: Materials Science & Processing 74,
[Suppl.], S189-S190 (2002); G. Gorini et al Nuclear Instruments and Methods A 529, 293-300 (2004)



Foil Cycling Technique: "raw” data is the

Secondary difference between foil out and foil in data.
foil "“out”
/ Secondary foils are cycled (50%
YAP duty cycle) to remove drifts in
detector efficiency with time, due
/ for example to ambient
E)rlllmary temperature changes.
Secgndary

foil “in” /

Experimental Tests
at ISIS in 2005

E M Schoonveld, J. Mayers et al Rev. Sci. Inst. 77 95103 (2006)
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YAP: a comparison with Li-glass

06

YAP has much better <

)

05 ]
Peak to Background (P/B) ;
ratio as compared to 4
Li-glass. 0.3 P/B = 0.35

I, ap (counts / us / pAhrs / cm

0.0 -

P/B = 0.04

P/B = 0.10

— YAP L 195
— Li-glass r

P/B = 0.6

P/B = 0.2

100

E M Schoonveld, et al Rev. Sci. Inst. 77 95103 (2006)

200

TOF (us)

300
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Resolution improvement FC versus FD

| |
1000 [ \ﬁ ~
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B[] %
il
Sk
500 X ‘ -
t
! 3
0 mjj kw
| ]
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Energy transfer (meV)

Blue = intrinsic width of lead peak
Black = measurement using Filter Single Difference technique

Red = Foil Cycling technique



Resolution improvement FC versus FDD
1 mm lead, Li-glass double difference
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YAP same resolution as Li-glass in DD



) | | VESUVIO from 2006
S2  Transmitted beam monitor opera tes in RD S & RFS

=

@

VESUVIO Layout .
July 200¢

Forward
Scattering

Detectors YAP gamma

167-5174 &
s167-5174 detectors
S175-

5182
S
” 5183 - 5190
N\
A\ $191- 5198

Right Forward Scattering

(o) |

Clockwise
+ve

Left Forward Scattering

SLi neutron

Foil Changer Foil Changer
detectors
Backscattering Backscattering
Foil Changer Detectors
] ] Advances in Physic, S
S91— S134 S47 S90 S3 ———»S46 Vol. 54, No. 5, July-August 2005, 377-469 Teylor & Francis Group

Incident beam monitor S1 @
Measurement of momentum distribution of light
atoms and molecules in condensed matter systems
Beam Direction using inelastic neutron scattering

C. ANDREANI*f, D. COLOGNESI], J. MAYERSS,
G. F. REITERY and R. SENESIT||



VESUVIO (eVS upgrade)

The Resonance Filter Spectrometer (1982-2003)
— Filter Difference technique (FD)
— Double Difference Filter technique (FDD)
Resonance Detector Spectrometer (from 2002)
— Foil cycling technique (FC)
From 2006:
RDS (YAP detector) & RFS (6Li neutron detectors)

d Due to installation of YAP detectors VESUVIO has gained
one order of magnitude better accuracy for proton
measurements

d Accuracy in widths of ny(p) is ~ 0.5%



Examples of scientific resulis
with VESUVIO

Neutron Science and Instrumentation, XIII School of Neutron Scattering F. P. Ricci, Erice EMCSC (2015)



Mean Kinetic Energy of 4He

DINS (and INS)

Kinetic Energy {(K)
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<E.> (K)

Liquid4He <E,> > 3/2 KT!

T (K)



Supercritical water
n(p) very similar to the H,O monomer!

240 4
220 -
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180 ¢

<E > [meV]

160 + |

140:?s

.|y peenarope s sredpe: e mees o prey ey p
280 320 360 400 440 480 520 560 600 640 680

T [K]

C. Pantalei et al. Phys Rev Letters 100 177801 (2008)



Supercritical water
n(p) very similar to the H,O monomer!

".IZ L) T T Ll I Ll L] L] T ] T T T T I T T L} Ll I T Ll L} Ll I T T T L}
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High-energy Neutrons as the Ultimate
Wavefunction Diffractometer

a) KDP Momentum Distribution T=30K

KDP Momentum Distribution Along Bond

0.008 —
Sx1¢7> . —-=-- Ab-initio
Experiment
0.006 |
421073
0.004 P
g o3 —_
° 2
g 0.002
x 241075 N B
L 0 . ap
Momentum (Inv. Angstroms)
9 — ii’).i-’ — 2 —0.002
0 10 20 30 nlp)~||¥r)e"" dr
bond(a or b} axis KDP Potential and Wave Function
2000 T T r - - -
b) KDP Momentum Distribution T=130K T e anction(arb, units)
o) 1500
(5]
8x107
1000
2 G \
. 4 \
(=] = iper = =] \
e i p/ n(p)e™ dp 2 : |
= 41 —_ 2m 500 \’z’ ‘\\/
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2 =\ iper j= e AN
= f\/n(p)ep dp oL \ / N
o
t3 2x1578
Sy T o oz —os 0 01 02 03 04

- Angstroms
<
Q 10 20 30

bond(a or b} axis

: Requires single crystals

G. Reiter Phys Rev Lett 89 135505 (2002) XIII School of Neutron Scattering F. P. Ricci, Erice EMCSC (2015)



DINS @ at271K

<E > 154+2 meV

= 0.06}

PICPMD ---- at 269 K =

=
v

<E(> = 143 £2 meV

* D. Flammini, et al., J. Chem. Phys. 136, 024504 (2012)
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Beyond Recoil Widths:
Nuclear Quantum Effects and the Melting of Heavy Water

PHYSICAL CHEMISTRY =
Letters pre—

Fy.q) [A] 4z p* n(p) [A)

! ! I ! ! ' ! ! ' g

[ : ] =~
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Direct M of Competing Q Effects on the Kinetic
Energy of Heavy Water upon Melting

Ginanni Romandl,’ Michde Cerioni** Dawd E. Manalopoakes* Clandia Pantales*

Roberso Senest*” and Carla Andreani”

0.02}

of

0.06]

0.04F

0.02}

% Intra and intramolecular nuclear quantum dynamics of D and O:
detailed line shape

% Analysis gives nuclear momentum distribution (not just width).

% Use of state-of-art first-principles methods (PIMD) to be quantitative.

% Direct benchmark of theoretical methods for M> 1.

J Phys Chem Lett 4 3251 (20130 'tation, XIII School of Neutron Scatte: 7 Phys Chem Lett 4 3251 (2013) TS(C (2015)



Results from H, Dand O in D,

LAU

D,O in momentum space

Lo
il

Y

R. Senesi, et al Chemical Physics 427, 111 (2013)
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G. Romanelli, et. al. J Phys Chem Lett 4 3251 (2013)
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| 7508 EMCSC (2015)



MAss-selective Neutron SpEctroscopy - MANSE

............... : Only need to know that:
.............................. I *  Atoms recoil (conservation
...................... 20 degpeeg‘x,. Of momentum).

* Spatial confinement raises
kinetic energy (ZPE).
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Hig h Q ....... l",_. .
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Atomic Quantum Thermometry:
PHYSICAL REVIEW B 88, 184304 (2013)

* Mass Selectivity from atomic recoil Mass-selective neutron spectroscopy of lithium hydride and deuteride: Experimental assessment

of the harmonic and impulse approximations

(kinematics).
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MANSE: Unique Chemaical Information from Recoil Data

% Lithium Hydride (ionic)

% Squaric Acid (H-bonded)
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< Two modes of operation (similar to xtallography): (in press)

% Coarse resolution (forward scattering, H)
< High resolution (backscattering)

% Peak integration: head count with sub-ppm

sensitivity for H.

Mass-selective Neutron Spectroscopy Beyond the
Proton

M. Krzystyniak!2, A.G. Seel !, S.E. Richards'2, M.J Gutmann!, and
F. Fernandez-Alonso'*

! ISIS Facility, Rutherford Appleton Laboratory, Chilton, Didcot, Oxfordshire OX11 0QX,
United Kingdom

0:0 Sensitive to Chemical environment (temperature) 2 School of Science and Technology, Nottingham Trent University, Clifton Campus,

around an atom, a consequence of binding forces
and dimensionality of bonding network.
% Mass resolution could be improved further.

Nottingham NG11 8NS, United Kingdom
? Department of Physics and Astronomy, University College London, Gower Street, London
WCIE 6BT, United Kingdom

Courtesy of Felix Fernandez-Alonso



AMORPHOWUS ICE

®

0 5 10 15 20 25

-1

Ice Ih P / LDA uHDA vHDA
o/ gem? 0.934 0.94 1.15 1.25
T/K 71 80 80 80 80
DINS INS DINS INS DINS INS DINS INS

<Ex>/ meV 152.8+1.6 153+3 15243 15142 15743 15242 15943 151£2
<Eg>x / meV - 20.5+1 19.542 18.8+1 18.542 17.9+1 18.7+1 17.8+1
<Ex>y/ meV - 33.4+1 49.6+3 33.4+1 44.1+3 33.1+1 41.4+1 33.0+1
<Exk>z/ meV - 98.9+1 Q&z@ 99.2+1 Q4.8:I:5 1001 @ 1011

= e

A. Parmentier et al. J. Phys. Chem. Lett. 6, 2038—2042 (2015)



R&D with eV (MeV) neutrons...has triggered new technology and
applications at ISIS:

Cultural Heritage (2006: ANCIENT CHARM project)

Chip Irradiation: (2006: CHIPIR)

....................

Fast neutron testing for
the semiconductor industry 55 S ap= Primary

Chip-ir
At ISIS we are able to simulate
Single Events Effects at an
accelerated rate so that one hour 1n
the Chipir beamline will be
equivalent to a hundred years of

aircraft flying time. ‘

Fast neutrons
ground level




Something we did not talk about

Data corrections for DINS measurements
s Gamma background: Measurements/corrections
% Multiple scattering: Measurements/corrections

Filter Spectrometers for eV neutron spectroscopy at low g
and high w

* What do we measure

% Resolution components

Future development

Resonance filter spectrometers in Direct Geometry -
complementary use of VESUVIO-like and Chopper
spectrometers for n(p)

DINS from polyatomic systems, N(P) and n(p)
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