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Two talks, tenuously linked… 



Part	  I:	  Entangling	  solids	  

• 	  EPR	  
• 	  Bohm	  
• 	  Bell	  
• 	  Kochen	  Specker	  
• 	  PBR	  
• 	  ……..	  

• 	  What	  are	  the	  limits	  to	  quantum	  correla&ons?	  
• 	  Can	  large	  objects	  be	  entangled?	  
• 	  Can	  solid	  objects	  be	  entangled?	  
• 	  Can	  room-‐temperature	  objects	  be	  entangled?	  
• 	  How	  could	  we	  “see”	  entanglement	  in	  a	  classical	  object?	  

uantum	  correla&ons	  



Raman	  scaGering	  

• 	  inelas&c	  scaGering	  (energy	  change)	  
• 	  off-‐resonant	  (virtual	  resonance)	  
• 	  access	  non-‐op&cal	  transi&ons	  
• 	  fast	  and	  coherent	  
• 	  Gases,	  liquids,	  solids…	  

[Bloembergen,	  Raymer,	  Walmsley…]	  



Op&cal	  phonons	  in	  diamond	  

40	  THz	  



Diamond	  scaGering	  

Write	   Phonon	  created	  

Read	  
Phonon	  destroyed	  

Stokes	  
(spontaneous)	  

an&-‐Stokes	  
(requires	  Stokes	  first)	  

FWM	  



Cauchy-‐Schwarz	  inequality	  

Quantum	  correla&ons!	  

Classical	  scaGering:	  

Viola&on	  

Lee	  et	  al.	  Nature	  Photonics	  6	  41	  (2012)	  



Try	  with	  two…	  

Write	  (delocalized	  phonon	  created)	  

Read	  (verify	  entanglement)	  



Results	  
Interference	  (i.e.	  phase	  maGers)	  

processes are independent (22). The sinusoidal
oscillations of NT with the phase ϕa, indicating
that the coherence between the two diamond
modes has been preserved, are plotted in Fig. 2
for the Stokes detector Ds.

The fringe visibility is V = (61 T 3)% (for N+),
which, when compared to the theoretical max-
imum of ∼75% (18) for a two-mode squeezed
state, implies thatwe have twowell-definedmodes,
with good mode overlap between the Raman-
scatteredmodes interfered from the two diamonds.
Causes of decorrelation include spontaneous emis-
sion of anti-Stokes photons (18) and decoherence
of the phonon, as well as limited coupling effi-
ciency due to scattering into higher-order spatial
modes, indicating that our measurement repre-

sents a lower bound on the intrinsic correlation
between the phonons.

To verify entanglement between the two pho-
non modes of the diamonds, we examine the en-
tanglement between the Stokes and anti-Stokes
photons (here we consider only N+ from Fig. 2).
Because the phonon-to-photon mapping is a lo-
cal operation (acting separately on each diamond)
that cannot increase entanglement (16), the pho-
ton entanglement is a strict lower bound to the
phonon entanglement. Therefore, considering the
photon modes, we must show that the probabil-
ity of generating higher-order terms is inconsist-
ent with any separable state (e.g., of the form
|Ya〉 = (1 + eaaL

†)(1 + eaaR
†)|vac〉). That is, the

probability of twin anti-Stokes readout detection

events (aL
†aR

†| vac〉) must be shown to be suffi-
ciently small compared to the single anti-Stokes
detection probability.

To formalize this argument, we evaluate the
concurrence (23), which is a monotonic measure
of two-qubit entanglement that is zero for any
separable state and positive for all entangled states.
Here the concurrence is defined over a subspace
that consists of detecting zero or one anti-Stokes
photon at the two detectors heralded on the de-
tection of a Stokes photon. We assume that the
density matrix r describing the joint state of the
anti-Stokes modes has the form shown in Fig. 3.
The indices [0,1] indicate the number of pho-
tons detected in the anti-Stokes mode generated
from diamond [L,R], conditioned on detecting a
Stokes photon with detector Ds. The off-diagonal
coherence d between aL

†|vac〉 and aR
†|vac〉 is

estimated to be d = V( p01 + p10)/2, and all other
terms are set to zero. This makes our estimate
of the amount of entanglement conservative,
as nonzero elements can only increase the con-
currence (16). Higher-order photon number con-
tributions are neglected. With these assumptions,
the concurrence provides a strict lower bound to
the entanglement between the diamonds (16).

The concurrence of r is therefore (16, 23)

C ¼ 2 max(jdj − ffiffiffiffiffiffiffiffiffiffiffiffiffi
p00p11

p
,0) ð4Þ

We estimate the concurrence to be (5.2 T 2.6) ×
10−6, which is on the order of the maximum
value of the concurrence (for V = 1, and p11 = 0
we have Cmax = p01 + p10 = 2.3 × 10−5). The
maximum value is limited by coupling and de-
tector efficiencies and the readout probability
(the probability of converting a phonon into an
anti-Stokes photon, conditioned on detecting a
Stokes photon).

To determine our confidence in concluding
that the system is entangled, we calculate the
Poissonian confidence level (24) for positive con-
currence when we detect X twin readout events

Fig. 3. Density matrix of the heralded anti-Stokes modes. The density matrix elements are p00 = 1 −
2.3 × 10−5, p01 = 1.2 × 10−5, p10 = 1.1 × 10−5, d = 7.0 T 0.3 × 10−6, p11 = 2.0 T 1.1 × 10−11. The
diagonal element probabilities are maximum likelihood estimates, measured with no interference
between the anti-Stokes modes of the two diamonds. No corrections for background counts, accidental
coincidences, or system inefficiencies were made in these measurements.. The higher-order term is
inherent to the process of spontaneous emission, and the vacuum component is related to the anti-
Stokes readout, collection, and detector efficiencies.

Fig. 4. Reconstructed real (Re) and imaginary (Im) components of the
joint polarization state of the Stokes and anti-Stokes modes, projected
into the subspace containing one photon in each mode. HV, for example,
indicates a horizontally polarized Stokes photon and vertically polarized
anti-Stokes photon, where polarization is used to encode the time ordering

of pulses [see SOM (18)] The state appears to be highly entangled in po-
larization after postselection of this subspace, which demonstrates strong
coherence between the diamonds, suggestive of near-maximal entangle-
ment. This complements the evidence for genuine entanglement provided
by Fig. 3.
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Photons	  one	  at	  a	  &me…	  

Two	  entangled	  objects:	  
•  Macroscopic	  
•  Solid	  state	  
•  Mo&onal	  degree	  of	  freedom	  
•  Room	  temperature	  /	  pressure	  

Visible	  on	  ultrafast	  &mescales…	  

Are	  long	  &mescales	  possible?	  
Are	  C	  of	  M	  superposi&ons	  possible?	  

Concurrence	  C	  =	  (5.2	  ±	  2.6)	  ×	  10−6	  	  

Entangled	  with	  98	  ±	  1%	  confidence	  
(took	  3	  weeks!)	  	  

Lee	  et	  al.	  Science	  334	  1253	  (2012)	   Please	  also	  see	  Usmani	  et	  al.	  Nat.	  Phot.	  	  6(4)	  234	  (2012)	  	  



Perhaps	  the	  public	  know	  best…	  

One	  might	  wonder	  if	  this	  phenomenon	  of	  
phonon	  ac&vity	  cons&tutes	  a	  "quantum	  
ecology"	  in	  an	  environmental	  field	  of	  rela&vely	  
(referenced	  by	  detector)	  differen&al	  equa&ons.	  
On	  the	  prac&cal	  scale,	  there	  is	  something	  of	  a	  
model	  here	  (albeit	  in	  a	  vaguely	  lit	  shadow	  
form)	  of	  neuron	  ac&vity	  (with	  phantom	  
pathway	  schema	  for	  dendri&c	  branching?)	  in	  
the	  synchronicity	  of	  mind/brain	  mapping	  
(evoked/provoked?)	  poten&als.	  	  

PBS	  News	  comments	  page.	  Many	  more	  like	  this…	  



Plug	  for	  my	  sponsors…	  

• 	  Ben	  Sussman’s	  group	  at	  NRC,	  O9awa	  (no	  jet	  lag!)	  

• 	  Ultrafast	  quantum	  random	  numbers	  via	  Raman	  
scaGering…	  

• 	  In	  both	  solids	  (phonons)	  and	  molecules	  (vibrons	  /	  rotons)	  

• 	  THz	  bandwidth	  quantum	  memories	  

• 	  Hiring	  grad	  students!	  



Example:	  diamond	  random	  numbers	  

[Quantum	  Random	  Bit	  Genera&on	  using	  S&mulated	  Raman	  ScaGering,	  
Bustard	  et	  al.	  Op.	  Ex.	  19(25)	  25173	  	  (2012)]	  

Phase	  of	  spontaneous	  Stokes	  is	  a	  source	  of	  quantum	  random	  numbers	  
Re-‐set	  &me	  =	  phonon	  life&me	  (3.5	  ps).	  So	  THz	  speeds	  possible…	  



Part	  II:	  QKD	  

Alice	  

Bob	  

Eve	  

Quantum	  Key	  Distribu&on	  
•  Send	  quantum	  states	  
•  Alice	  and	  Bob	  measure	  in	  complementary	  bases	  

Any	  measurement	  by	  Eve	  introduces	  errors	  

Guaranteed	  security!	  



Which	  encoding?	  

Original	  proposal:	  polarisa&on	  (BB84)	  

Drawback:	  birefringence	  in	  waveguides	  (fibres)	  

Time/frequency	  is	  more	  robust!	  



Time	  /	  frequency	  

•  Already	  used	  in	  classical	  telecoms…	  
•  High	  capacity	  
•  Minimal	  cross-‐talk	  in	  waveguides	  
•  Increasingly	  recognised	  in	  QIP	  

P.P.	  Rohde	  et	  al.	  arXiv:1211.1427	  (2012)	  
Hayat	  et	  al.	  Op.	  Ex.	  20(28)	  29174	  (2012)	  
	  



Repeaters	  

Conven&onal	  amplifiers	  cannot	  be	  used	  
Long	  distance	  can	  be	  achieved	  with	  quantum	  repeaters	  
Requires	  entanglement	  (works	  via	  swapping)	  

|

1 2 3 4

BS

D1 D2

S1 S2

Duan	  et	  al.	  Nature	  414	  6862	  (2001)	  	  

Saglamyurek	  et	  al.	  IQEC	  (2011)	  



Downconversion	  for	  T/F	  entanglement	  

•  Highly	  entangled	  in	  frequency	  and	  arrival-‐&me	  
•  Difficulty:	  measuring	  in	  both	  bases	  
•  Efficient	  detectors	  are	  slow	  
	  	  	  	  	  	  (although	  this	  is	  changing	  fast!)	  
•  Can	  we	  measure	  arrival	  &me	  with	  slow	  detectors?	  

[See	  Mower	  et	  al.	  PRA	  87,	  062322	  (2013)	  for	  the	  OPPOSITE	  IDEA!]	  
[See	  Zhang	  et	  al.	  PRL	  100,	  110504	  (2008)	  	  for	  QKD	  with	  spa&al	  entanglement]	  



Detour:	  Fourier	  op&cs	  

Quadra&c	  phase	  in	  transverse	  momentum	  

Diffrac&on	  in	  free	  space:	  Paraxial	  wave	  equa&on	  

FOURIER	  TRANSFORM	  in	  the	  far	  field	  

Or,	  use	  lens	  to	  reach	  Fraunhofer	  limit	  
	   	   	   	  	  	  	  	  (shorter	  distance)	  

Quadra&c	  spa&al	  phase	  



Time-‐to-‐frequency	  conversion	  

Quadra&c	  phase	  in	  &me	  

FOURIER	  TRANSFORM	  

Phase	  modulator	  

Or,	  use	  dispersive	  element	  to	  reach	  Fraunhofer	  limit	  
(smaller	  modula&on	  depth)	  

Quadra&c	  spectral	  phase	  

[See	  e.g.	  Kolner,	  J.	  Quant.	  Elec.	  30(8)	  1951	  (1994)]	  



Our	  scheme	  for	  TFQKD	  

Modula&on	  cannot	  be	  faster	  than	  pulse	  dura&on	  	  

Modula&on	  depth	   Number	  of	  measurement	  bins	  

Conven&onal	  modulator:	  	   bits	  



Security	  analysis	  

Intui&vely:	  it	  should	  work	  because	  T/F	  are	  Fourier	  conjugates	  
But	  T/F	  is	  con3nuous	  
Any	  measurement	  will	  have	  finite	  resolu&on	  and	  finite	  range…	  

Range	  issue:	  Alice	  and	  Bob	  must	  FILTER	  and	  TIME-‐GATE	  

Qi,	  arXiv:1101.5995v1	  (2011)	  	  
Ray	  and	  van	  Enk,	  arXiv:1302.5087v1	  (2013)	  	  

Could	  use	  dielectric	  stacks	  /	  Pockels	  cells…	  



Finite	  resolu&on	  

Hinges	  on	  bounding	  condi&onal	  entropy	  of	  Bob’s	  outcomes,	  
given	  Eve’s	  interven&on	  

Uncertainty	  principle:	  

Where	  	  

Independent	  of	  	  	   Time	  measurement	   Frequency	  measurement	  

Krishna,	  M.	  and	  Parthasarathy,	  KR,	  Ind.	  J.	  Stat.	  A,	  842	  (2002)	  
Thank	  you,	  Google…	  

Security	  threshold	  is	  essen&ally	  the	  threshold	  for	  entanglement	  detec&on	  
with	  coarse	  measurements	  [Schneeloch	  et	  al.	  arXiv:1303.7432v1	  	  (2013)]	  
(this	  is	  my	  aGempt	  to	  link	  the	  two	  topics…)	  



Dark	  counts	  &	  losses	  

•  Key	  size	  same	  as	  discrete	  QKD	  [Bourennane	  et	  al.	  J.	  Phys.	  A	  35(47)	  
10065	  (2002)],	  except	  for	  small	  “binning	  deficit”	  

•  Dark	  counts	  “sudden	  death”.	  Large	  capacity	  but	  sensi&ve	  to	  noise…	  



Summary	  

• 	  Raman:	  powerful	  tool	  for	  coherent	  light-‐maGer	  interac&on	  
• 	  Entangled	  2	  diamonds	  
• 	  Technique	  applicable	  to	  many	  other	  systems:	  
	  	  	  (Anything	  with	  a	  Raman	  line!)	  

PART	  I	  

PART	  II	  

• 	  TFQKD	  with	  TFC	  
• 	  Can	  encode	  >	  4	  bits	  off-‐the-‐shelf	  
• 	  Analyzed	  security	  including	  binning…	  
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Thanks	  for	  listening!	  


