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Neutron	
  Interferometer	
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Main research topics: interferometer & USANS 
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Quantum	
  Mechanical	
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Historical	
  gravity	
  experiments	
  with	
  NI	
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  and	
  
gravity	
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NI	
  and	
  
gravity	
  



•  First	
  use	
  of	
  a	
  rota+ng	
  phase-­‐shiPer	
  
•  Interferogram	
  measured	
  as	
  a	
  func+on	
  of	
  the	
  phase-­‐shiPer	
  posi+on	
  for	
  

several	
  +lt	
  angles	
  

Werner	
  et	
  al	
  (1988)	
  

Physica	
  B+C,	
  151,	
  22	
  (1988)	
  



•  A]empted	
  to	
  use	
  neutrons	
  instead	
  of	
  x-­‐
rays	
  to	
  quan+fy	
  bending	
  effects	
  

•  Neutrons	
  of	
  almost	
  harmonic	
  wavelengths	
  
diffracted	
  off	
  220	
  and	
  440	
  laDce	
  planes	
  in	
  
symmetric	
  and	
  skew-­‐symmetric	
  
interferometers	
  

•  Discrepancies	
  of	
  1.6%	
  (symmetric)	
  and	
  
0.9%	
  (skew-­‐symmetric)	
  found	
  between	
  
theory	
  and	
  experiment	
  

Li]rell	
  et	
  al	
  (1997)	
  

Acta	
  Crystallographica,	
  54,	
  563	
  (1998)	
  



Historical	
  COW	
  experiments	
  

Neutron	
  Interferometry;	
  Lessons	
  in	
  Experimental	
  Quantum	
  Mechanics	
  by	
  H.Rauch	
  and	
  S.Werner	
  



Prospec+ve	
  Experiments	
  

•  Large	
  interferometer	
  (Zawisky	
  et	
  all)	
  
•  Benefits:	
  long	
  path	
  length	
  would	
  greatly	
  increase	
  the	
  sensi+vity	
  

of	
  measurements	
  

•  Floa+ng	
  COW	
  (Kaiser	
  et	
  all)	
  
•  Concept	
  is	
  to	
  submerge	
  the	
  interferometer	
  in	
  a	
  fluid	
  that	
  has	
  

similar	
  proper+es	
  and	
  then	
  rotate	
  the	
  chamber	
  about	
  the	
  
incident	
  axis	
  

•  Benefits:	
  would	
  eliminate	
  effects	
  of	
  interferometric	
  bending	
  and	
  
thus	
  eliminate	
  qbend	
  

•  Challenges	
  include:	
  finding	
  a	
  compa+ble	
  fluid	
  to	
  eliminate	
  all	
  
internal	
  stresses	
  	
  



NIST	
  

NIOF 



NIOF	
  at	
  NIST	
  

Isolated	
  40,000	
  Kg	
  room	
  is	
  supported	
  by	
  six	
  airsprings	
  
	
  
Ac+ve	
  Vibra+on	
  Control	
  eliminates	
  vibra+ons	
  above	
  0.5	
  Hz	
  	
  
	
  
Temperature	
  Controlled	
  to	
  +/-­‐	
  5	
  mK	
  

Neutr
on	
  

Guide
	
  



Current setup of S18 



Ver/cal	
  Coherence	
  Length	
  



How	
  can	
  we	
  measure	
  the	
  coherence	
  length	
  

€ 

coherence function

Γ Δ( ) = ψ 0( ) ψ Δ( )

€ 

Δz = L(1− n)

Contrast	
  measurements	
  directly	
  	
  
yields	
  the	
  coherence	
  func+on	
  



Coherence	
  Measurements	
  



Ver+cal	
  momentum	
  distribu+on	
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Ver+cal	
  momentum	
  distribu+on	
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5	
  blade	
  

1	
  blade	
  



Neutron	
  interferometry	
  
with	
  vibra+ons	
  

Vibra+ons	
  change	
  the	
  

momentum	
  of	
  the	
  neutron	
  

Even	
  low	
  frequency	
  vibra+ons	
  are	
  deadly.	
  



DFS	
  

Ø  A	
  two-­‐level	
  quantum	
  system	
  is	
  considered	
  to	
  be	
  coherent	
  if	
  
precise	
  knowledge	
  of	
  the	
  rela+ve	
  phase	
  between	
  the	
  two	
  
basis	
  states	
  is	
  obtainable.	
  	
  

Ø  In	
  the	
  case	
  of	
  a	
  neutron	
  interferometer,	
  we	
  are	
  obtaining	
  an	
  
expecta+on	
  value	
  measurement	
  by	
  averaging	
  over	
  many	
  
experiments	
  consis+ng	
  of	
  interac+ons	
  of	
  individual	
  neutrons	
  
with	
  the	
  device.	
  	
  

Ø  The	
  physical	
  process	
  leading	
  to	
  the	
  development	
  of	
  the	
  
random	
  rela+ve	
  phase	
  for	
  each	
  neutron	
  is	
  mechanical	
  
vibra+ons.	
  



DFS	
  

Two-­‐qubit	
  Hilbert	
  space:	
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Numerical Simulations 
Contrast due to rotational vibrations 



Experimental	
  Setup	
  
5-­‐blade	
  interferometer	
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Applica+on	
  of	
  8	
  Hz	
  vibra+ons	
  

4	
  blade	
  interferometer	
  insensi+ve	
  to	
  low	
  
frequency	
  vibra+ons!	
  	
  

A	
  demonstra+on	
  of	
  vibra+onal	
  noise	
  reduc+on	
  
was	
  done	
  using	
  a	
  smaller	
  test	
  five	
  blade	
  	
  
interferometer.	
  

For	
  the	
  3	
  blade	
  equivalent	
  the	
  contrast	
  went	
  
from	
  15%	
  to	
  0%	
  with	
  the	
  addi+on	
  of	
  8	
  Hz	
  

Vibra+ons	
  were	
  
purposely	
  introduced	
  
by	
  rota+ng	
  an	
  off-­‐
centered	
  weight	
  and	
  
monitored	
  via	
  a	
  
seismograph.	
  	
  	
  



New	
  Beam	
  Line	
  



During	
  the	
  NCNR	
  
upgrade	
  in	
  2011	
  a	
  
new	
  beam	
  line	
  was	
  
installed	
  next	
  to	
  the	
  
interferometer	
  
facility.	
  The	
  new	
  
beamline	
  has	
  a	
  
greater	
  intensity	
  than	
  
the	
  exis+ng	
  NI.	
  

New
	
  beam

	
  

Vibra+onal	
  
Suppressed	
  	
  
Hutch	
  

Neutron	
  Guide	
  

The	
  new	
  beamline	
  will	
  support	
  first-­‐
principles	
  tests,	
  demonstra+on	
  of	
  
QIP	
  experiments,	
  neutron	
  spin	
  
related	
  experiments,	
  and	
  other	
  
experiments	
  where	
  absolute	
  phase	
  
stability	
  is	
  not	
  crucial.	
  

New	
  Beamline	
  

Sh
ie
ld
in
g	
  



Guide	
  Break	
  
2011	
   2012	
  

PG	
  (002)	
  	
  
Monochromators	
  

Guide	
  Break	
  

PG	
  (002)	
  	
  
Monochromator	
  
(inside	
  guide)	
  



What	
  it	
  looks	
  like	
  today	
  



Beamline	
  
Flux	
  =	
  3.2E6	
  neutrons	
  /cm2/s	
  (measured)	
  
Wavelength	
  =	
  4.40	
  Angstroms	
  (measured)	
  
Adjustable	
  slits	
  
Nonmagne+c	
  
Thermal	
  isola+on	
  
3	
  dedicated	
  polarizers	
  
	
  
	
  
The	
  Troubles….	
  
Vibra+on	
  stability	
  issues	
  
Lower	
  measured	
  polariza+on	
  	
  
Higher	
  Backgrounds	
  from	
  fast	
  neutrons	
  
Higher	
  lambda/2	
  flux	
  

Beam	
  image	
  aPer	
  shu]er	
  



New	
  Double	
  V	
  Polarizers	
  



Wavelength Measurement of New Beamline 

λ = 2dsinө 
Measuring ө ,we can measure wavelength. 
 λ=4.390+/-0.009 Å (Measured) 

detector 

detector 

detector 

Neutron beam 
(111) Silicon crystal 

Tilt angle,[deg] 
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Contrast With TMC Table 

Vibration isolation TMC Table 

Each leg of TMC table has vibration 
isolation sensor (PZT sensor). 

Contrast for 2.2 Å 

Contrast for 4.4 Å 

Contrast  f =(Imax-Imin)/(Imax+Imin)   of  O beam 



Contrast With Fixed Leg Table 

TMC Table with fixed legs(No Vibration isolation) 

Contrast for 4.4Å 
	
  

Contrast for 2.2Å 
	
  



Phase	
  Stability	
  



Polarization Without Be Filter 

Polarizer S.F. 

slit slit 

Analyzer Detector 

Flipping  Ratio (f) 
        =SF Off Counts/SF On Counts 
 
Pn Pa  = (f-1)/(f+1) 
 
If  Pa   = 100% then 
 
Polarization of neutron ~ 88% 



Measurement of λ/n With Disc Chopper 

Peak 

Fit 

Be Filter 

Fit 

Peak 



Polarization With Be Filter 

Be Filter 
Polarizer S.F. 

slit 

Analyzer 

slit 

Detector 

Flipping  Ratio (f) 
        =SF Off Counts/SF On Counts 
 
Pn Pa  = (f-1)/(f+1) 
 
If  Pa   = 100% then 
 
Polarization of neutron  ~ 99% 

With Be Filter 



Conclusions	
  

§  The	
  neutron	
  interferometer	
  facility	
  at	
  NIST	
  is	
  
func+onally	
  robust	
  yet	
  precise	
  instrument	
  
capable	
  of	
  a	
  wide	
  array	
  of	
  both	
  fundamental	
  and	
  
applied	
  neutron	
  experiments.	
  	
  

§ Now	
  supports	
  a	
  2nd	
  beamline	
  for	
  neutron	
  
interferometry	
  and	
  fundamental	
  physics	
  
applica+ons.	
  

§ Have	
  increased	
  flux	
  and	
  other	
  advantages	
  over	
  
the	
  exis+ng	
  facility.	
  

§  Some	
  growing	
  pains,	
  but	
  nothing	
  unsolvable	
  
§ Working	
  to	
  maximize	
  usability.	
  	
  
	
  

	
  



"   The bound coherent scattering 
length is related to the free nuclear 
elastic coherent scattering  lengths in 
the two S-wave spin channels.  

 

"   Precisely measured scattering 
lengths are becoming benchmarks for 
using few-body systems as the 
building blocks for modern many 
body nuclear potentials, neutron 
cross-section standards, and are also 
used in materials science research.  

bnp     = (-3.7384 ± 0.0020) fm  - Two Body System 

bnd      =  (6.6649 ± 0.0040) fm  - Three Body System 

bn3He = (5.8572 ± 0.0072) fm  -  Four Body System 

n-­‐Few	
  body	
  sca]ering	
  lengths	
  

55	
  



Precision	
  Measurement	
  of	
  the	
  Incoherent	
  
n-­‐3He	
  Sca]ering	
  Length	
  

We	
  measure	
  the	
  spin-­‐incoherent	
  (spin-­‐dependent)	
  	
  sca]ering	
  length	
  using	
  	
  
polarized	
  3He	
  gas	
  trapped	
  in	
  a	
  glass	
  cell.	
  

Our Result:  bi= 2.429  +/- 0.012 (stat) +/- 0.014 (syst)  
56	
  



Quantum	
  Discord	
  

•  Surface	
  imperfec+ons	
  in	
  interferometer	
  blade	
  introduce	
  
random	
  phase	
  noise	
  to	
  neutron	
  beam	
  travelling	
  through	
  
interferometer.	
  	
  

•  We	
  inves+gate	
  quantum	
  coherences	
  in	
  the	
  presence	
  of	
  
this	
  noise	
  by	
  entangling	
  the	
  spin	
  and	
  path	
  d.o.f.	
  in	
  NI.	
  



Setup	
  



Measures	
  of	
  correla+ons	
  

•  A	
  convenient	
  measure	
  of	
  entanglement	
  for	
  a	
  two-­‐qubit	
  
mixed-­‐state	
  is	
  the	
  entanglement	
  of	
  forma+on	
  (EoF).	
  

•  However	
  there	
  are	
  non-­‐classical	
  quantum	
  states	
  which	
  have	
  
no	
  entanglement.	
  

•  Quantum	
  discord	
  (QD)	
  was	
  proposed	
  as	
  a	
  more	
  general	
  
classica+on	
  the	
  quantum	
  nature	
  of	
  correla+ons	
  than	
  
entanglement.	
  

•  QD	
  is	
  a	
  measure	
  of	
  how	
  much	
  disturbance	
  measurement	
  of	
  
one	
  subsystem	
  of	
  a	
  bipar+te	
  quantum	
  system	
  can	
  induce	
  on	
  
the	
  other.	
  

•  We	
  compare	
  QD	
  and	
  EoF	
  of	
  output	
  beam	
  of	
  noisy	
  NI	
  



Theore+cal	
  Results	
  

As	
  noise	
  increases	
  
•  Entanglement	
  of	
  the	
  output	
  state	
  reduces	
  to	
  zero	
  
•  Quantum	
  discord	
  remains	
  non-­‐zero	
  for	
  all	
  noise	
  values	
  
Conclusion	
  
•  Even	
  in	
  the	
  presence	
  of	
  strong	
  noise	
  non-­‐classical	
  correla+ons	
  
persist	
  between	
  spin	
  and	
  path	
  of	
  the	
  neutron	
  beam.	
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Experiment:	
  No	
  spin	
  filter	
  
•  Non-­‐zero	
  QD	
  indicates	
  that	
  measurements	
  performed	
  on	
  the	
  spin	
  

of	
  the	
  neutron	
  beam	
  will	
  induce	
  a	
  disturbance	
  on	
  the	
  path	
  state.	
  
•  We	
  experimentally	
  demonstrate	
  this	
  disturbance	
  by	
  comparing	
  

contrasts	
  of	
  three	
  NI	
  of	
  deferent	
  noise	
  strengths	
  with	
  and	
  without	
  
spin	
  measurements.	
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Ini+al	
  contrasts:	
  C1	
  =	
  (82.5±1.3)%,	
  C2	
  =	
  (23±1.5)%,	
  C3	
  =	
  (2±1.7)%.	
  



Experiment:	
  With	
  spin	
  filter	
  
•  Spin	
  filter	
  on	
  spin-­‐down.	
  Define	
  spin-­‐filtered	
  contrast	
  as	
  max	
  

intensity	
  varia+on	
  of	
  output	
  intensity	
  as	
  func+on	
  of	
  spin-­‐rota+on	
  
angle	
  instead	
  of	
  phase	
  flag.	
  

•  Theory	
  predicts	
  spin-­‐filtered	
  contrast	
  of	
  75.3%	
  for	
  ini+al	
  spin	
  
polariza+on	
  of	
  93%	
  

Ê

Ê

Ê

Ê

Ê

Ê
Ê

Ê

Ê

Ê

Ê

Ê

Ê
Ê

Ê

Ê

Ê
Ê

Ê

Ê

Ê

‡

‡

‡

‡

‡

‡

‡

‡

‡

‡

‡

‡

‡

‡

‡

‡

‡
‡

‡

‡

‡

Ï

Ï

Ï

Ï

Ï

Ï Ï

Ï

Ï

Ï

Ï

Ï

Ï
Ï

Ï

Ï

Ï

Ï

Ï

Ï

Ï

Ê N1

‡ N2

Ï N3

1 2 3 4 5
0

50

100

150

200

250

300

350

Magnetic Field HmTL

D
0
co
un
ts
pe
r1
76
0s

Measured	
  spin	
  contrasts:	
  S1	
  =	
  (78±3)%;	
  S2	
  =	
  (74.2±2.2)%;	
  S3	
  =	
  (84±4)%	
  



Quantum	
  Discord	
  Summary:	
  
•  We	
  used	
  NI	
  to	
  inves+gated	
  the	
  role	
  of	
  quantum	
  correla+ons	
  in	
  a	
  simple	
  

bipar+te	
  quantum	
  system	
  in	
  the	
  presence	
  of	
  noise.	
  
•  As	
  noise	
  increases	
  entanglement	
  goes	
  to	
  zero,	
  however	
  QD	
  remains	
  

non-­‐zero.	
  Non-­‐zero	
  QD	
  indicates	
  spin	
  measurements	
  will	
  influence	
  path	
  
state.	
  This	
  can	
  be	
  observed	
  experimentally	
  by	
  comparing	
  NI	
  contrast	
  
with	
  spin-­‐filtered	
  spin-­‐contrast.	
  

•  Experimental	
  results	
  agree	
  with	
  our	
  theore+cal	
  model	
  predic+ng	
  an	
  
increase	
  in	
  spin-­‐filtered	
  contrast	
  over	
  phase	
  contrast	
  for	
  three	
  NIs.	
  

•  The	
  devia+ons	
  between	
  our	
  measured	
  spin-­‐filtered	
  contrast	
  the	
  value	
  
predicted	
  by	
  our	
  theore+cal	
  model	
  are	
  consistent	
  with	
  phase	
  varia+ons	
  
over	
  the	
  acquisi+on	
  +me	
  due	
  to	
  temperature	
  and	
  humidity	
  fluctua+ons	
  
in	
  the	
  NI	
  environment.	
  	
  

Even	
  in	
  the	
  presence	
  of	
  strong	
  phase	
  noise,	
  the	
  NI	
  sUll	
  exhibits	
  genuine	
  
quantum	
  behaviour,	
  and	
  therefore	
  must	
  sUll	
  be	
  treated	
  as	
  a	
  quantum	
  
system.	
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  Shahi	
  
Christopher	
  Wood	
  
Joachim	
  Nsofini	
  
	
  
UnderGrads:	
  
Dusan	
  Sarenac	
  
Youssef	
  Helwa	
  
Parminder	
  Saggu	
  

	
  	
  
	
  
	
  
	
  



Thank	
  you	
  


