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q  NQEs
q  DINS (Compton Neutron Scattering)

q  Technique in brief (1985-2016)
q  Results

q  Conclusions

Outline



Water and Water Systems, Erice EMCSC 22 -31 July (2016) 

Nuclear quantum effects in Ice, T=296K 

Courtesy of Roberto Car (Princeton University)
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à excess of <EK> localization 

<EK> & n(p) à PES 
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n(P) & S(Q,ω)   SCHEMATIC 

Peak width of S(Q,ω) provides  
a direct measure of  <EK> 

Classical system 
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20 Å-1< q < 250 Å-1 

 ω >1eV 
 

10-5 ps < t < 10-3 ps 

 

 0.1 Å < r < 0.2 Å 

 

J. M. F. Gunn, C. Andreani, J. Mayers, J. P. C: Solid State Physics  19, L835 (1986)
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Single particle 
short-time dynamics 

VESUVIO at ISIS Neutron Source (UK) 

20 Å-1< q < 250 Å-1 

1 eV <  ω <  200 eV 

30° < 2θ < 160° 
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���
VESUVIO is a filter spectrometer

(at eV energy)
v  Indirect geometry spectrometer 
 

v  Scattered neutron energy is selected by filters 
 

v  Incident neutron energy is determined by time-of-flight  
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The Filter Difference Method 
P.A. Seeger, A.D. Taylor and R. M. Brugger,  

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

RFS

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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DINS

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

Responce Function or
Neutron Compton Profile

J. M. F. Gunn, C. Andreani, J. Mayers, J. P. C: Solid State Physics  19, L835 (1986)
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Neutron Compton Profile

NCP broadened by:
•  Terms at finite-q, due to departure from IA; 
•  Experimental resolution function
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VESUVIO (eVS upgrade) 
The Resonance Filter Spectrometer (1982-2003) 

– Filter Difference technique (D) 
– Double Difference Filter technique (DD) 

Resonance Detector Spectrometer (2002) 
– Foil cycling technique (FC) 

RDS & RFS  
YAP detector + 6Li neutron detectors (2006) 
 

 
 

 

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

q  Accuracy in widths of nH(p) is ~ 0.5% 
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YAP gamma 
detectors

6Li neutron
detectors

VESUVIO from 2006  
operates in RDS & RFS 
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 Blue = intrinsic width of lead peak 
 Black = measurement using Filter Single Difference technique 
 Red = Foil Cycling technique (same as DDT) 

Resolution improvement   FC  versus FD

YAP same resolution as Li-glass in DD ( < 2006) 
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A selection of DINS 
Measurements  
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Mean Kinetic Energy of 4He 

DINS (and INS) 
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Liquid 4He <EK>   > 3/2 KT! 
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δ =0.63 ± 0.06 

 
 

4He at  2.5 K 

* J. Mayers, et al. 
  JPCM, 9, 10639,(1997)    
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MARZO 2005

4He 2.5 K 

           * 
 
* J. Mayers, et al. 
  JPCM, 9, 10639,(1997) 
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0,2
Supercritical water 

n(p) very similar to the H2O monomer!
  

C. Pantalei et al. Phys Rev Letters 100 177801 (2008) 
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0,2
Supercritical water 

n(p) very similar to the H2O monomer!
  

DINS Exp: C. Pantalei et al.  
PRL 100 177801 (2008): 

T= 673 K 
P=106 MPa 
r=0.7 g/cm3 

Theory: J. Morrone et al,  
JCP 126, 234504 (2007) 

n(p) harmonic- anisotropic lineshape :  
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 High-energy Neutrons as the Ultimate 
Wavefunction Diffractometer 

n p( ) ∼ Ψ
!r( )ei

!pi!r d !r∫
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G. Reiter Phys Rev Lett 89 135505 (2002)                         

 
Requires single crystals 
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<EK> =  154±2 meV
 

PICPMD  --- at 269 K
<EK> = 143 ±2 meV
 

ICE

DINS        at 271 K 

* D. Flammini, A. Petropaolo, R. Senesi, C. Andreani, F. McBride, A. Hodgson,  M. Adams, L. Lin, R. Car, J. Chem. 
Phys. 136, 024504 (2012) 

Quantitative 
benchmark
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´ x,y and z à the three molecular axes of the 
H2O molecules

´  Spherical average anisotropic Gaussian 
distribution:

n(p) and <EK> in H2O
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This expression involves three parameters         
related
´  to principal frequencies          by:

´  and:

n(p) and <EK>
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C. Andreani, et al. JPCL 7 (12), 2216–2220 (2016); D. Flammini, JCP 136, 024504 (2012)
C. Andreani, et al. JCP, 115, 11243 (2001), C. Pantalei et al. PRL, 100, 177801 (2008)
A. Pietropaolo et al., PRL, 100, 127802 (2009), 
A. Pietropaolo et al., Braz. J. Phys, 39, 321 (2009)

  

H2O: <EK> vs T      ICE: 
T=271 K 
H2O:  
SW, T= 271 K 
RT, T=300 K 
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Proton quantum dynamics of water across 315 K!
(F. Mallamace et al. 2016)

Temperatures*

300*K*

315*K*

320*K*

325*K*

!
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