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    Neutron Beam Instruments�	
��・Diffractometer	 and	 Spectrometer : �	30	

�������������                 (Universities 14 +JAEA 16)	
��・Radiography :   	                           2 �(JAEA)	

��・Prompt gamma analysis :    �            2 �(JAEA)	

Reactor Hall	
 Guide Hall	


Universities	


JAEA	


1962	  ConstrucDon，1990	  Refurbishment	  
・thermal	  power	  20MW,	  with	  CNS	  	  
・neutron	  flux	  3x1014	  n/s.cm2	  	  

JRR-‐3	  



#5 

－ Opera@on	  16	  
－ Construc@on	  4	  
－ Proposed	  1	  
Empty	  lines	  2	  

Status	  of	  Neutron	  Instruments	  

4SEASONS（JAEA	  ）	

Liquid（NOVA,KEK）	

Grant	  

Protain	  X-‐tal	  (iBIX,	  Ibaraki)	  

HRPD(iMATERIA,	  Ibaraki)	  

Ibaraki	  

Back	  ScaX.	  
(DNA,JAEA)	  

SANS,	  (TAIKAN,JAEA)	  X-‐tal	  
SENJU(JAEA)	

New	  Law	  

SHRPD(KEK)	  

Res.	  Stress	  
(TAKUMI,	  JAEA)	  

Reflect(SOFIA,	  KEK)	  

Disk	  Chopper	  	  
(AMATERAS,	  JAEA)	   KEK,	  JAEA	  

Reflect(SHARAKU,JAEA)	

Chopper(HRC,KEK)	  

High	  press.（PLANET,JAEA	  ）	

Imaging(JAEA)	

Spin	  echo(KEK)	  

HRPD(KEK)	  

Neut.	  X-‐sec@on(	  ANNRI,	  JAEA)	  

Op@cs(NOP,	  KEK)	  

Test(	  NOBORU,	  JAEA)	  



Development	  of	  Neutron	  Beam	  Techniques	  at	  JRR-‐3	

Development of neutron imaging plate	
Extreme sample environments (low T, high H, high P)	
SANS upgrade	
Development of neutron optics （magnetic lens、mirror、detector）	
Polarized neutron upgrade（higher flux, 3-D polarization analysis）	
Installation of reflectometer	
LTAS upgrade	
High energy transfer （Cu monochromator）	

MEXT Quantum Beam Technique Development Program	  
“Development of Neutron Beam Fundamentals Techniques”	
	  
U@liza@on	  of	  polarized	  neutrons	  e.g.	  3He	  polariza@on	  filter	  
High	  precision	  focusing	  device	  
High	  resolu@on	  detec@on	  device	  
	



• Neutron Scattering: 25 (14 by Univ. & 11 by JAEA)	


• Neutron Radiography: 2 (JAEA)	


• Prompt Gamma-ray Analysis: 2 (JAEA)	


(20MW, 3x1014 n/(sec cm2), CNS)	




Thermal neutron triple axis instruments in the reactor hall	

	

TAS-1(JAEA), GPTAS(ISSP), PONTA(ISSP) & TOPAN(Tohoku)	

�



Thermal neutron triple axis instruments in the guide hall	

	

  HQR(ISSP), TAS-2(JAEA), 	




Cold neutron triple axis instruments in the guide hall	

	

   LTAS(JAEA), HER(ISSP)	






TAS-1 at JRR-3 of JAEA 







Outline	

•  Recap	  of	  triple	  axis	  spectrometry	  

•  MagneDc	  excitaDons	  in	  quasi-‐1-‐dimensional	  
magnet	  and	  quantum	  magnet	  
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Brockhouse	  and	  Shull:	  1994	  Nobel	  Prize	  in	  Physics	
Brockhouse and Shull Share 1994 Nobel Prize in Physics

Most recent Nobel Prize awarded to a scientist working in Canada    



| ki | = 2 π / λi

Brockhouse’s Triple Axis Spectrometer

| kf | = 2 π / λf

By	  courtesy	  of	  B.	  Gaulin	



Momentum Transfer:

Q = ki – kf

Q

kf

- kf

ki

Energy Transfer:

δ E = h2/2m (ki
2 – kf

2)

Q	  =	  kf	  -‐	  ki	



Bragg’s Law: nλλλλ = 2d sin(θθθθ)
By	  courtesy	  of	  B.	  Gaulin	



Soller Slits: Collimators

Define beam direction to 
+/- 0.5, 0.75 etc. degrees

Soller	  collimators	  
	  
Define	  beam	  direcDons	  to	  
+/-‐	  0.3,	  0.5,	  0.75	  etc.	  degrees	



Single crystal monochromators:

Bragg reflection and harmonic contamination

nλλλλ = 2d sin(θθθθ)

Get:   λλλλ , λλλλ/2 , λλλλ/3 , etc.

Single	  crystal	  monochromators	

Bragg	  reflecDon	  and	  harmonic	  contaminaDon	

By	  courtesy	  of	  B.	  Gaulin	



Filters: 
Remove λλλλ /n from incident or 
scattered beam, or both

By	  courtesy	  of	  B.	  Gaulin	



Higher-‐Order-‐Filter	  Velocity	  Selector	  for	  Thermal	  Neutrons	

Rotor	  length:	   	  250	  mm	
Rim	  radius:	   	  235	  mm	
Selector	  screw:	   	  5.507	  degree	
Radius	  of	  beam	  center:	   	  206.5	  mm	
No.	  of	  spokes:	  	  160	
Max.	  rpm:	   	  13200	
EffecDve	  beam	  cross	  secDon:	  	  50	  x	  50	  mm2	
	



	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  PGF	   	  HOF-‐VS	
at	  13.7	  meV	   	  5x10-‐4	   	  <5x10-‐5	
at	  30.5	  meV	   	  7x10-‐3	   	  <2x10-‐4	
	



Constant kf Constant ki

Two different  ways of performing constant-Q scans  
By	  courtesy	  of	  B.	  Gaulin	



By	  courtesy	  of	  B.	  Gaulin	



Spurions

• Bragg – incoherent – Bragg
– Eg. ki – 2kf

• ħω = 41.1 meV
• Ef = 13.7 meV

Ei = 54.8 meV
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• Incoherent elastic scattering 
visible from analyzer λ/2

• incoherent – Bragg – Bragg
– Sample 2θ in Bragg condition for kf-kf

– Even for inelastic config, weak incoherent from mono 

May 31, 2009 NXS School 22
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Spurious	  peaks	  in	  the	  inelasDc	  spectrum	
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Detectors

• Gas Detectors
• n + 3He ! 3H + p + 0.764 MeV

• Ionization of gas

• e- drift to high voltage anode

• High efficiency• High efficiency

• Beam monitors
• Low efficiency detectors for

measuring beam flux

NXS School 28
By	  courtesy	  of	  B.	  Gaulin	



Resolution

• Resolution ellipsoid
– Beam divergences
– Collimations/distances
– Crystal mosaics/sizes/angles

• Resolution convolutions

NXS School 29

I(Q0,ω0) = S(Q0,ω0)∫ R(Q − Q0,ω − ω0)dQdω

By	  courtesy	  of	  B.	  Gaulin	



Resolution focusing

• Optimizing peak intensity

• Match slope of resolution to dispersion

May 31, 2009 NXS School 30
By	  courtesy	  of	  B.	  Gaulin	
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CAMEA!concept�

Henrik M. Ronnow – EPFL 2014            Slide 8

• Building: CAMEA-PSI

LQM Neutron instrumentation @ PSI and ESS

• Designed: EIGER

• Operate: TASP • Proposing: CAMEA-ESSHenrik M. Ronnow – EPFL 2014            Slide 8

• Building: CAMEA-PSI

LQM Neutron instrumentation @ PSI and ESS

• Designed: EIGER

• Operate: TASP • Proposing: CAMEA-ESS

Freeman Zaragoza 2012

• Inverse time of flight instrument 
with vertically scattering 
analyzers.

• Several analyzers behind each 
other select several energies. 
(4-8 analyzers)

• Optimized for small sample 
size 5 by 5 mm 

• Energy resolution equivalent to 
cold chopper spectrometer or 
cold triple Axis Spectrometer, 
using full ESS long pulse

• Technical details in 
presentation of Jonas Okkels 
Birk

CAMEA - Instrument Concept

For!PSI� For!ESS�
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Virtual!Source!concept�
J. Phys. Soc. Jpn. 82 (2013) SA026 SA026-4

ThALES@ILL,!MACS$II@NIST�

JPSJ!82!(2013)!SA026�



Outline	
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Neutron Scattering Investigations of 
Low Dimensional  

and Quantum Magnets 



Neutron inelastic scattering is a unique tool to study the spin dynamics 
in	

magnetic materials from microscopic point of view	

	

�

Introduction	




A careful study of the q and ω-dependence of the scattered intensity	

gives directly S(q,ω) over the whole Brillouin zone	

i.e. microscopic information on the magnetic exchange interactions	

�

Direct information 	

on 	


spin Hamiltonian of the system	

�

The cross section is directly proportional to the space-time Fourier 	

transform of the time-dependent spin pair-correlation function	




real	  space	 reciprocal	  space	



D	  

2Dsinθ = nλ	




FerromagneDc	  material	  

Nuclear	  contribuDon	  

MagneDc	  contribuDon	  

below	  the	  Curie	  temperature	  (Tc)	  



NS	   NS	  NS	  NS	  NS	   NS	  

NS	   NS	  NS	  NS	  NS	   NS	  

N S	   N S	  N S	  N S	  N S	   N S	   2D	  

磁性イオンによる磁気散乱	

2(2D)sinθ = nλ	




AnDferromagneDc	  material	  

below	  the	  Néel	  temperature	  (TN)	  

MagneDc	  superlalce	  peak	  

Nuclear	  peak	  



	
Shull et al., Phys. Rev. 83, 333 (1951)   	
	

TN=120K	  

MnO	  



J	 J	J	 J	



KCuF3	  CsNiF3	  ,	  TMMC	  

Examples	  of	  low-‐dimensional	  magnets	  





1-‐D	  system	 2-‐D	  system	

Bragg	  plane	 Bragg	  rod	



J	

J	  <	  0	 AnDferromagneDc	  chain	



R.J.	  Birgeneau	  et	  al.	  PRL	  26(1971)718	  

H	  =	  
(ND3)4NMnCl3	  (TMMC)	  

Jnn~	  -‐	  7.7K	  



M. T. Hutchingset	  al.	  	  PRB5(1972)1999	  



J	

J	  >	  0	 FerromagneDc	  chain	



M. Steiner, J. Villain and C.G. Windsor, 
Advances in Physics 25(1976) 87	


CsNiF3  1-D ferromagnet	


hexagonal	  crystal	  structure	  



CsNiF3	  ferromagneDc	  chain	   Steiner	  et	  al.	  



M.	  Steiner,	  B.	  Dorner:	  Spin	  Wave	  Measurements	  in	  the	  One	  Dimensional	  Ferromagnet	  CsNiF3.	  	  
	  Solid	  State	  CommunicaDons	  12,	  S.	  537-‐540	  (1973)	  

	

Neutron	  magneDc	  cross	  secDon	  (for	  the	  localized	  spin-‐only	  magneDc	  moments)	



H.J. Mikeska, J. Phys. C 11(1978)	
Mapping on sine-Gordon system	


s-G system represents a completely integrable Hamiltonian 	

system with the following solutions:	

free oscillations, soliton and breathers	


Solitons in easy-plane ferromagnet CsNiF3	




x

x



mass of the soliton 	


different by factor 2!	


experiment on TAS-7, Risø March 1979	


8m=69K	  

Controversial	  points	  	  	  	  	  a)	  Validity	  of	  sine-‐Gordon	  mapping	  in	  CsNiF3	  case	  	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  b)	  	  Two	  magnon	  contribuDon	  in	  the	  central	  peak	  
	



Validity	  of	  sine-‐Gordon	  mapping	  in	  CsNiF3	  case	  



∝(Q/sinh Q)2	


∝(Q/cosh Q)2	


where Q=πq/(2m)	


Looking	  for	  pure	  soliton	  contribuDon	



∝(Q/sinh Q)2	


∝(Q/cosh Q)2	


where Q=πq/(2m)	




∝(Q/sinh Q)2	


∝(Q/cosh Q)2	


where Q=πq/(2m)	




'The	  fundamental	  quesDon	  for	  the	  existence	  of	  sine-‐
Gordon-‐like	  solitons	  in	  one-‐dimensional	  magnets,	  as	  
suggested	  by	  the	  theory,	  appears	  to	  have	  been	  
answered	  posiDvely	  by	  the	  experiments.'	
	



Spin Excitations  
in  

Quantum Magnets  



J	


low-dimensional character of the magnetic exchange	


Example: Quasi 1-D AF system TMMC	


c	


   hωk=4S J sin(πk)
along the chain direction	


flat perpendicular to	

the chain direction	


M.T. Hutchings et al. PRB 5 (1972) 1999 



Singlet ground state with a gap in spin excitation	


Quantum spin systems: dimer, Haldane, ladder systems	

	

in contrast to the classical isotropic AF system without gap	


|S> = 1/√2 (  |   > - |   >)	


|t> = |   >, 1/√2 (  |   > + |   >), |   >	


dimer case:	




The case of KCuCl3	

in collaboration with	

T. Kato1), K. Takatsu2), W. Shiramura2), H. Tanaka2), K. Nakajima3)	


1)Chiba University; 2)Tokyo Institute of Technology; 3)ISSP, Univ. of Tokyo	


Weakly	  coupled	  dimer	  system	  with	  a	  singlet	  ground	  state	



KCuCl3	


monoclinic; P21/c	


a = 4.029  Å 	

b = 13.735Å	

c = 8.736  Å	

β = 97.3°	




  χ ∝ 1
T

exp (– Δ
kBT )

   Δ
kBT

≈ 35 K

Susceptibility 



Magnetization: existence of critical field (zero-field plateau) 







J	


low-dimensional character of the magnetic exchange	


Example: Quasi 1-D AF system TMMC	


c	


   hωk=4S J sin(πk)
along the chain direction	


flat perpendicular to	

the chain direction	


M.T. Hutchings et al. PRB 5 (1972) 1999 



Not very strong 1-D (ladder) character 







Summary 

Inelastic neutron scattering investigation unequivocally 
shows that KCuCl3 is a weakly coupled dimer system with 
a singlet ground state and first triplet excited state, which 
propagates due to the inter-dimer coupling. 

Inelastic neutron scattering is an unique and important tool 
to investigate the microscopic nature of the quantum 
magnets 



Concluding	  remark	

VersaDlity	  of	  the	  triple	  axis	  spectrometer	  
	  
Importance	  of	  the	  neutron	  magneDc	  sca>ering	  
invesDgaDon	  on	  the	  spin	  dynamics	  by	  means	  of	  triple	  axis	  
spectroscopy	  
	  
Complementarity	  to	  the	  ToF	  spectroscopy	  at	  pulsed	  
neutron	  source,	  i.e.	  flexibility	  in	  the	  choice	  of	  the	  sample	  
environment	  and	  uDlizaDon	  of	  the	  advanced	  polarized	  
neutron	  techniques	  such	  as	  neutron	  polarimetry	  
	  

Thank	  you	  for	  your	  a>enDon!	


