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Optical:
T1 ≈ 120 µs
T2 ≈ 16 µs

Hyperfine:
T1 ≈ 16 s
T2 (B=0mT)    ≈ 250 µs
T2 (B>0.5mT) ≈ 1-4 ms
T2 (ZEFOZ)      ≈ 200 ms
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System and motivation
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B=(1.8,8,0)mT
T

2
 =1.53 ± 0.15 ms

B = ZEFOZ point
T

2
 =158 ± 7 ms

B≈1-10 mT - 1-4 ms coherence lifetimes:
Will Dynamical Decoupling techniques work?
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System (S) couples to environment (E):
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Figure 1: Schematic representation of dynamical decoupling.
The solid boxes represents the control pulses .

thus retaining the quantum information for as long as
possible. In the context of DD, it is assumed that it
is possible to apply arbitrary single-qubit operations to
the system qubit, but that it is not possible to control
the environment. One thus applies to the system short,
strong pulses, whose effect can be described as a refocus-
ing of the system-environment interaction by the control
Hamiltonians ĤC(S)(t) [8].

Let us refer to Fig. 1 and consider a single cycle of the
sequence having a period τc. In the rotating frame, the
operator that describes the evolution of the total system
from 0 to τc is

Û (τc) = Ûf (τN+1)
N∏

i=1

Û i
C (τp) Ûf (τi) , (14)

where from Eq. (8) the free evolution operator is

Ûf (t) = exp
{
−iĤf t

}
(15)

and the control evolution operators that act during the
time τp is

Û i
C (τp) = T exp

{
−i

∫ τp

0
dt′

(
Ĥf + Ĥi

C(S)(t
′)
)}

(16)

with T the Dyson time-ordering operator [28, 29]. We
assume that the free evolution Hamiltonian is constant,
while the control Hamiltonian Ĥi

C(S)(t) is constant during
τp but changes for different i. The delay times between
the control Hamiltonians are τi = ti − (ti−1 + τp) for i =
2, .., N+1 and τ1 = t1− t0, where t0 = 0, tN+1 = τc, and
ti represents the time at which the ith control operation
starts. Figure 1 shows a graphical representation of these
definitions.

Like any unitary evolution, the total propagator can
be written as the exponential of a Hermitian operator,

Û (t) = e−iĤeff t. (17)

Using average Hamiltonian theory [14] we can calculate
the effective Hamiltonian Ĥeff as a series expansion,

Ĥeff = Ĥ(0) + Ĥ(1) + Ĥ(2) + ... =
∞∑

n=0

Ĥ(n). (18)

The zero order term Ĥ(0) is given by the time integral
of the total Hamiltonian from time 0 to τc. An ideal
DD sequence makes Ĥ(0) = ĤE , i.e. for ideal pulses,
the interaction Hamiltonian vanishes to zeroth order. In
the Magnus expansion [30], higher order terms are pro-
portional to increasing powers of τc/τB, since we assume
that the environment is weakly coupled to the system
(bSjτB " 1) and in consequence τB is the dominant time-
scale [31].

If the basic cycle is iterated M times (see Fig. 1), the
total evolution operator becomes

Û (t = Mτc) =
[
Û (τc)

]M
. (19)

B. Ideal and real pulses

The usual approximation of hard pulses – having a
radio-frequency field ωp # bSj and duration τp "
d−1
i,j , b

−1
Sj implies that we can neglect the free precession

Hamiltonian and Eq. (16) simplifies to

Û i
C (τp) = exp

{
−iŜuθp

}
(20)

in the rotating frame, where u = x, y, z and θp = ωpτp is
the rotation angle around the u axis. In what follows, we
shall denote perfect instantaneous π-pulses along x and
y by X̂ = exp

{
−iŜxπ

}
and Ŷ = exp

{
−iŜyπ

}
respec-

tively, and a free evolution of duration τ by fτ .
To take the effect of non-ideal pulses into account, one

needs to consider errors in the axis and angle of rotation.
We write the resulting control propagator as the prod-
uct of the ideal pulse rotation times an error rotation
exp

{
−iŜeiθi,e

}
:

Û i
C (τp) = exp

{
−iŜeiθi,e

}
exp

{
−iŜuiθp

}
. (21)

The total evolution operator is thus

Û (τC) = Û ′
fN+1

(τN+1, τp)
N∏

i=1

Û i
C (0) Û ′

fi (τi, τp) , (22)

where the evolution operators

Û ′
fi (τi, τp) = Ûf (τi) exp

{
−iŜeiθi,e

}
(23)

represent a modified free evolution. Note that
Û ′
f1
(τi, τp) = Ûf (τ1) .

The zero order average Hamiltonian of the free evolu-
tion periods (23) for non-perfect pulses is equivalent to
interactions of the general form

Ĥnpp
SE = axŜx + ayŜy + azŜz

+
∑

j

(
bxSjŜx + bySjŜy + bzSjŜz

)
Îjz

=
∑

u=x,y,z

Ŝu

∑

j

(
au + buSj Î

j
z

)
, (24)

Ueff (t) = e−iHeff t

Heff = H(0) +H(1) +H(2)...

Can apply control operation to system only -> DD sequence(s)
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thus retaining the quantum information for as long as
possible. In the context of DD, it is assumed that it
is possible to apply arbitrary single-qubit operations to
the system qubit, but that it is not possible to control
the environment. One thus applies to the system short,
strong pulses, whose effect can be described as a refocus-
ing of the system-environment interaction by the control
Hamiltonians ĤC(S)(t) [8].

Let us refer to Fig. 1 and consider a single cycle of the
sequence having a period τc. In the rotating frame, the
operator that describes the evolution of the total system
from 0 to τc is

Û (τc) = Ûf (τN+1)
N∏

i=1

Û i
C (τp) Ûf (τi) , (14)

where from Eq. (8) the free evolution operator is

Ûf (t) = exp
{
−iĤf t

}
(15)

and the control evolution operators that act during the
time τp is

Û i
C (τp) = T exp

{
−i

∫ τp

0
dt′

(
Ĥf + Ĥi

C(S)(t
′)
)}

(16)

with T the Dyson time-ordering operator [28, 29]. We
assume that the free evolution Hamiltonian is constant,
while the control Hamiltonian Ĥi

C(S)(t) is constant during
τp but changes for different i. The delay times between
the control Hamiltonians are τi = ti − (ti−1 + τp) for i =
2, .., N+1 and τ1 = t1− t0, where t0 = 0, tN+1 = τc, and
ti represents the time at which the ith control operation
starts. Figure 1 shows a graphical representation of these
definitions.

Like any unitary evolution, the total propagator can
be written as the exponential of a Hermitian operator,

Û (t) = e−iĤeff t. (17)

Using average Hamiltonian theory [14] we can calculate
the effective Hamiltonian Ĥeff as a series expansion,

Ĥeff = Ĥ(0) + Ĥ(1) + Ĥ(2) + ... =
∞∑

n=0

Ĥ(n). (18)

The zero order term Ĥ(0) is given by the time integral
of the total Hamiltonian from time 0 to τc. An ideal
DD sequence makes Ĥ(0) = ĤE , i.e. for ideal pulses,
the interaction Hamiltonian vanishes to zeroth order. In
the Magnus expansion [30], higher order terms are pro-
portional to increasing powers of τc/τB, since we assume
that the environment is weakly coupled to the system
(bSjτB " 1) and in consequence τB is the dominant time-
scale [31].

If the basic cycle is iterated M times (see Fig. 1), the
total evolution operator becomes

Û (t = Mτc) =
[
Û (τc)

]M
. (19)

B. Ideal and real pulses

The usual approximation of hard pulses – having a
radio-frequency field ωp # bSj and duration τp "
d−1
i,j , b

−1
Sj implies that we can neglect the free precession

Hamiltonian and Eq. (16) simplifies to

Û i
C (τp) = exp

{
−iŜuθp

}
(20)

in the rotating frame, where u = x, y, z and θp = ωpτp is
the rotation angle around the u axis. In what follows, we
shall denote perfect instantaneous π-pulses along x and
y by X̂ = exp

{
−iŜxπ

}
and Ŷ = exp

{
−iŜyπ

}
respec-

tively, and a free evolution of duration τ by fτ .
To take the effect of non-ideal pulses into account, one

needs to consider errors in the axis and angle of rotation.
We write the resulting control propagator as the prod-
uct of the ideal pulse rotation times an error rotation
exp

{
−iŜeiθi,e

}
:

Û i
C (τp) = exp

{
−iŜeiθi,e

}
exp

{
−iŜuiθp

}
. (21)

The total evolution operator is thus

Û (τC) = Û ′
fN+1

(τN+1, τp)
N∏

i=1

Û i
C (0) Û ′

fi (τi, τp) , (22)

where the evolution operators

Û ′
fi (τi, τp) = Ûf (τi) exp

{
−iŜeiθi,e

}
(23)

represent a modified free evolution. Note that
Û ′
f1
(τi, τp) = Ûf (τ1) .

The zero order average Hamiltonian of the free evolu-
tion periods (23) for non-perfect pulses is equivalent to
interactions of the general form

Ĥnpp
SE = axŜx + ayŜy + azŜz

+
∑

j

(
bxSjŜx + bySjŜy + bzSjŜz

)
Îjz

=
∑

u=x,y,z

Ŝu

∑

j

(
au + buSj Î

j
z

)
, (24)

Ueff (t) = e−iHeff t

Heff = H(0) +H(1) +H(2)...

Can apply control operation to system only -> DD sequence(s)

τc << τB

bSE · τB << 1

H(0) = HE Ueff (t) = exp
{
−iHEt+O

(
(τc/τB)

n+1
)}

Ideal DD 

H0 = HS +HSE +HE„                           “
L. Viola et al, PRL 82, 2417 (1999)

G. A. Álvarez et al, Phys. Rev. A 82, 042306 (2010)
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(so far tested) some used DD sequences

4

X

2
− (τ/2−X − τ −X − τ/2)N Carr Purcell (CP): most basic cycle

H.Y. Carr et al, Phys. Rev. 94, 630 (1954)

X

2
− (τ/2− Y − τ − Y − τ/2)N CPMG: corrects for flip angle errors

S. Meiboom et al, Rev. Sci. Instrum. 29, 688 (1958)

X

2
− (τ/2−X − τ − Y − τ −X − τ − Y − τ/2)N XY-4/PDD: less phase sensitive

A.A. Maudsley, et al, J. Mag. Reson. 69, 488 (1986)

K. Khodjasteh et al, Phys. Rev. A 75, 062310 (2007)

X

2
−
(
τ/2−Xπ

6 +φN − τ −XφN − τ −Xπ
2 +φN − τ −XφN − τ −Xπ

6 +φN − τ/2
)N

φN=0 for odd N, else φN=π
2

KDD: „combination“ of XY-4 and robust (composite) pulse

A. M. Souza et al, arXiv:1103.4563v1 [quant-ph] (2011)
C. A. Ryan et al, Phys. Rev. Lett 105, 200402 (2010)
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Optical preparation and setup
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Optical preparation and setup

5

Laser: - jitter < 20 kHz (1ms)
- calibrated retro.reflec. AOM
- AWG/DDS

RF: - LCR, BW ≈ 0.1-0.5 MHz 
- 300W -> Rabi <≈ 1 MHz
- DDS/AWG
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Coherent Raman Scattering with DD
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Laser weak beam, Rabi-freq.≈15 kHz, on-time < 200ns

Freitag, 13. Mai 2011



0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5

0

0.5

1

CPMG, B=(1.8, 8, 0)mT, t
π
=1.488 µ s, τ = 320 µ s,(S&H)

R
H

S
 s

ig
n
a
l [

a
.u

.]

Evolution time [s]

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2
−1

−0.5

0

0.5

1

PDD, B=(1.8, 8, 0)mT, t
π
=4 µ s, τ = 300 µ s

R
H

S
 s

ig
n

a
l [

a
.u

.]

Evolution time [s]

τ tπ

Marko Lovrić | QIP in REDS Barcelona 12.05.2011

Exp. Physik III

Coherent Raman Scattering with DD
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DDC ground state coherence time by CRS
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DDC ground state coherence time by CRS
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suppress decoherence

accumulation of pulse errors
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DDC ground state coherence time by CRS
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Quite promising: 
- B=0mT: up to ≈300 fold increase
- B≈10mT: up to ≈230-300 fold increase

But:
- quite some parameters to optimize

(pulse-length/separation, B...)

- KDD not as good as expected (B≠0mT?)
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Signal amplitude and Input-phase sensitivity
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