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Cat	  states	  

•  Cat	  states:	  „equal	  superposi$ons	  of	  two	  
maximally	  different	  states“.	  	  

•  For	  more	  than	  two	  qubits	  (subsystems):	  

	   	  GHZ-‐states	  (Greenberger-‐Horne-‐Zeilinger	  

	   	  	   	  	  ⎢Ψ〉=1/√2	  (⎢0...0〉+⎢1...1〉)	  

here:	  ⎢N	  Cat〉=1/√2	  (⎢↑...↑〉+eiθ⎢↓...↓〉)	  



Ion	  traps	  



String	  of	  ions	  

in	  a	  linear	  Paul	  trap	  

6	  Qubits	  
9Be+	  ions	  

14	  Qubits	  
40Ca+	  ions	  

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



Ingredients	  

•  atomic	  ions	  
•  confined	  in	  electromagne$c	  traps	  	  

•  manipulated	  with	  laser	  beams	  -‐>	  pumping	  

•  Centre-‐of-‐mass	  (COM)	  frequencies?	  
•  Axial	  COM	  f.	  between	  ωCOM/2π	  =	  2.6MHz	  and	  3.4MHz	  	  
•  Radial	  COM	  f.	  ~	  8	  MHz	  

•  Opera$ons	  UN	  using	  two-‐photon	  s$mulated	  
Raman	  transi$ons	  

•  	  Laser	  Pulses	  with	  a	  certain	  freq.,	  dura$on,	  intensity	  &	  
phase;	  same	  for	  all	  qubits.	  



Prepara$on	  of	  entangled	  state	  

•  Start	  with	  	  ⎜↓,N	  〉	  
•  Apply	  unitary	  opera$on:	  

UN=(exp[iπ/2	  Jx]exp[iξπ/2	  Jz])(exp[iπ/2	  Jz2])(exp[iπ/2	  Jx])	  

	   	  with	  ξ=1	  if	  N	  is	  odd	  and	  ξ=0	  otherwise	  

•  Goal:	  ⎢N	  Cat〉=1/√2	  (⎢↑...↑〉+eiθ⎢↓...↓〉)	  

•  Measure	  Entanglement!	  



We	  need	  a	  measure	  

•  Fidelity:	  F	  =	  ⎜〈ΨN⎟N	  Cat〉⎪2	  

•  Useful:	  	  
	   	  	   	  F	  =	  ½(P↑N+P↓N)+⎢C↓N;↑N⎜	  

•  That	  is	  not	  all	  there	  is:	  
	  for	  N>2	  there	  is	  no	  single	  measure	  that	  
quan$fies	  entanglement!	  

•  Only	  comparable	  if	  ⎢Φ〉	  -‐-‐	  via	  LOCC	  -‐-‐>	  ⎢Ψ〉	  



Measure	  (cont.)	  

•  Witness	  Operator:	  W	  =	  1	  –	  2⎜N	  Cat〉〈N	  Cat⎟	  

•  〈W〉	  =	  1	  –	  2	  *	  Fidelity	  
•  If	  〈W〉<	  0	  significantly	  ⇒	  entanglement	  

•  then	  states	  can	  be	  purified	  by	  LOCC	  	  



Measure	  (cont.)	  

•  ‚depolariza$on‘	  method:	  Using	  LOCC,	  density	  
matrix	  gets	  transformed,	  then:	  	  

	   	  	   	  N-‐Par$cle	  entanglement	  if:	  

	   	  	   	  2	  ⎜C↓N;↑N⎟	  >	  maxj(Pj+Pj‘)	  

•  The	  most	  important	  informa$on	  resides	  in	  the	  
magnitude	  of	  coherence	  C↓N;↑N	  



Results	  

	  ⎜C↓4;↑4⎟	  ≥	  0.349(2)	  
	  ⎜C↓5;↑5⎟	  ≥	  0.264(2)	  

	  ⎜C↓6;↑6⎟	  ≥	  0.210(2)	  

✓ 
✓ 
✕ 

	  F4Cat	  ≥	  0.76(1)	  
	  F5Cat	  ≥	  0.60(2)	  

	  F6Cat	  ≥	  0.509(4)	  

✓ 
✓ 

from poissonian fits: From amplitude of parity-oscillations: 

	  〈W4〉≤	  0.51(2)	  
	  〈W5〉≤	  0.20(2)	  

	  〈W6〉≤	  0.018(8)	  

✓ 
✓ 
 ~ 



Results	  
	  〈W6〉≤	  0.018(8)	  ~ 

2 ⎜C↓N;↑N⎟ > maxj(Pj+Pj‘) 
Use ‘depolarization’ method: 

 ⎜C↓6;↑6⎟ ≥ 0.210(2) 
     ≥ maxj(P↓j⎟ j ∈ {1,2,3,4,5}) = 0.119(9) 

For the ⎜6 Cat 〉 state: 

knowing: maxj(Pj+Pj‘) ≤ 2 max(Pj) 

✓ 



Take	  Home	  Message	  

•  Entanglement	  of	  N	  par$cles:	  	  
	  (theore$cal)	  problem	  to	  quan$fy	  if	  N>2	  
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EXPERIMENT DESCRIPTION

N

40
Ca

+
Ions

S1/2(m = �1/2) ⌘ |1i

D5/2(m = �1/2) ⌘ |0i

| (t)i =
1p
2
(|0. . . 0i+ |1. . . 1i)

|e0i = |0. . . 0i

|e1i = |1. . . 1i

1 2 N3 4



EXPERIMENT DESCRIPTION

|1. . . 1i | (t)i =
1p
2
(|0. . . 0i+ |1. . . 1i)

Initialize Entangle Characterize

optical pumping
Scattering light at 397 nm

S1/2 $ P1/2



The coherence of GHZ states as a function of time is
investigated by adding waiting times between creation and
coherence investigation. The observed coherence decay,
equivalent to an error probability, is directly compared
with that of a single qubit, ideally yielding a relative error
probability !ðNÞ ¼ !ðN; tÞ=!ð1; tÞ ¼ N2. The obtained
data (Fig. 2) are consistent with an N2:0ð1Þ scaling law, in
full agreement with predictions for correlated Gaussian
noise. In other words, the coherence of an N-qubit GHZ
state decays by a factor N2 faster than for a single qubit.
The scaling is here explored with up to 8 qubits because for
more qubits the entangling gate is currently too sensitive to
slow drifts in the experimental apparatus.

As several systems experience correlated noise, this
superdecoherence will eventually limit the overall per-
formance of large-scale quantum registers (unless qubits
are encoded in noise-insensitive subspaces [17,18]). In
our experiment, the noise affecting the quantum register
is mainly caused by fluctuations of the homogeneous

magnetic field due to a varying current in the field generat-
ing coils. By decreasing this noise, the single-qubit coher-
ence time improved tenfold from 8(1) ms to 95(7) ms. Such
coherence time is approximately a factor of 1000 longer
than the gate time of the MS interaction of approximately
100 "s. This long coherence time would, in principle,
enable the implementation of algorithms with 10 and
more qubits. In the presence of correlated noise, however,
this N2 scaling can potentially be the main limitation for
several experiments. A correlated phase-noise environment
with a single-qubit characteristic error probability of only
0.01 leads to a 10-qubit GHZ-state relative error probabil-
ity !ðN ¼ 10Þ ¼ 0:01$ 102 % 1; most of the state’s phase
information is then lost.
We verify that correlated phase noise is dominant in our

experiment by preparing a state which is insensitive to this

noise. We create the state j00001111iþ j11110000iÞ=
ffiffiffi
2

p
,

which is locally equivalent to an 8-qubit GHZ state. This
state is realized by an MS interaction starting from the state
j00001111i. Its coherence properties are investigated as
above using a local transformation into a GHZ state. The
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FIG. 1 (color online). Parity oscillations observed on
f2; 3; 4; 5; 6; 8; 10; 12; 14g-qubit GHZ states.

FIG. 2 (color online). Coherence decay and relative error
probability !ðNÞ of GHZ states. (a) Remaining coherence as a
function of time for a single qubit (blue) and GHZ states of
2 (green), 3 (red), 4 (orange), and 6 (purple) qubits. (b) The
observed relative error probability is consistent with a scaling
behavior proportional to N2 as indicated by the gray line. The
coherence of an N-qubit GHZ state then decays by a factor N2

faster than the coherence of a single qubit.

PRL 106, 130506 (2011) P HY S I CA L R EV I EW LE T T E R S
week ending
1 APRIL 2011

130506-3

COHERANCE AS A FUNTION 
OF QBIT NUMBER

After the GHZ state is generated the qubit are 
rotated by  

The amplitude of the oscillations is the coherence



DECOHERENCE AS A 
FUNCTION OF TIME
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A time delay is introduce 
between characterization 

and creation of state

Coherence time decreases 
and error increases as 

number if Q-bit increases

✏(N) = N2



MOST RELEVANT RESULTS

For 1 Qbit with a coherenace time of 95 ms is found

When using a base
|00001111i + |11110000i

a 324 ms coherence time is 
obtained, why??



H =
1
2
�z!0 +

X

k

b†kbk +
X

k

�z(gkb†k + g⇤kbk)

U(t) = exp{�z
1

2

X

k

(b†k⇠k(t)� bk⇠⇤k(t))}

⇠k(t) = 2gk
1� ei!kt

!k

�z|0i = �1|0i

�z|1i = 1|1i

THE MODEL FOR A SINGLE 
QBIT

No energy exchange or spin 
flip



D(↵) = exp{↵a† � ↵⇤a}

D(1/2�z⇠k) = exp{1/2�z⇠kb† � 1/2�z⇠
⇤
kb}

D(↵)|0i = |↵i

U(t)|0i ⌦ | i = ⇧kD(�1/2⇠k(t))

Displacement operator in 
Quantum optics



U(t)| i = c0|0i| � 1/2⇠k(t)i+ c1|1i| + 1/2⇠k(t)i

| i = (c0|0i+ c1|1i)⌦ |0ki

Hint =
X

k

�a
z (ga

kb†k + g⇤a
k bk) + �b

z(g
b
kb†k + g⇤b

k bk)

U(t) = D(1/2�a
z ⇠a

k(t) + 1/2�b
z⇠

b
k(t))

Generalization to 2 Qbits

Entanglement



|�(�)i = (c10|1a, 0bi+ c01|0a, 1bi)⌦ |0ki

|�(+)i = (c00|0a, 0bi+ c11|1a, 1bi)⌦ |0ki

U(t)|�(�)i = (c10|1a, 0bi| + 1/2(⇠a
k � ⇠b

k)i+ c01|0a, 1bi| � 1/2(⇠a
k � ⇠b

k)i

U(t)|�(+)i = (c00|0a, 0bi| � 1/2(⇠a
k + ⇠b

k)i+ c11|1a, 1bi|1/2(⇠a
k + ⇠b

k)i

States with 2 different Qbit configuration 
couple differently to the filed

⇠a
k = ⇠b

k |��iIf Doesn’t couple to the field



general	  pros	  and	  cons	  regarding	  	  
QC	  with	  iontraps	  

•  electron	  and	  nuclear	  spins	  (Spin½	  par3cles)	  
	  inherently	  only	  have	  two	  states	  (good!)	  
•  problem:	  
	  the	  center	  of	  mass	  oscilla3ons	  (phonons)	  	  
have	  short	  coherence	  3me	  

•  possible	  Solu4on:	  strong	  interac3on	  through	  
chemical	  bonds	  -‐>	  NMR	  



Thanks	  go	  out	  to...	  

Anna Wanner 

father	  

mother	  

a	  2-‐base	  eigenspace	  of	  
your	  …	  soul	  

soul	  ≅	 	  ⅝	  (genome	  ⊗	  culture	  ⊗	  gods	  further	  ingredients)	  


