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GRAPE (Gradient Ascent Pulse Engineering)
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Robust control using GRAPE algorithm: single qubit examples
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Robust control of a single spin
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Robust control of a single qubit
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Previous excitation pulses with the same performance
are significantly longer than optimized pulses (BEBOP)
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(excitation efficiency: 98%, max. rf amplitude: 10 kHz, no rf inhomogeneity)



robust, broadband
excitation pulse
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Pattern Pulses
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From excitation to refocussing pulse
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Construction of a band-selective 180 rotation
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Time-Optimal Simulation of Trilinear Coupling Terms

. . 2

given: conventional
H=2m)J (I1Z IZZ + IZZ |32) t/J

desired: 1

time-optimal

H =21 (I, | ls,)
eff off e nee 7o (geodesic)

U= exp{-ik2mlyls, I3} 0 | 1 | 5

Tseng, Somaroo, Sharf, Knill, Laflamme, Havel, Cory, Phys. Rev.A 61,012302 (2000)
Khaneja, Glaser, Brockett, Phys. Rev. A 65,032301 (2002)



Geodesics on a sphere

Euklidian metric
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Generating CNOT(1,3) (O )
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Geodesics on a sphere

Euklidian metric
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Pulse sequence for creating U, ,=exp{-in/,,/.}
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0=180"-0=31.4°, weak pulse amplitude: 0.52 J

Khaneja et al., Phys. Rev. A 75, 012322 (2007)



TABLE 1. Duration 7. of various implementations of the
CNOT(1,3) gate.

Pulse sequence 7 (units of J71) Relative duration (%)

Sequence 1 (C1) 3.5 100

Sequence 2 (C2) 2.5 71.4

Sequence 3 (C3) 2.0 57.1

Sequence 4 (C4) 1.866 53.3

Sequence 5 (C5) 1.253 38.8

(C1, C2) D. Colliyns, K. ,W. Kim, W. C. Holton, H. Sierzputowska-Gracz,

and E. O. Stejskal, Phys. Rev. A 62, 022304 (2000).

(C3,C4, C5) Khaneja et al., Phys. Rev. A 75, 012322 (2007)



Experimental Demonstration

Solvent: DMSO-d,
Temp.: 295 K
Bruker 500 Avance Spectrometer

J,=-8/3Hz =J,;=-88.8Hz» J,;= 2.9 Hz
H H Av4z = 310 Hz

SN - acetamide v1




Experimental Demonstration U, 4
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M13=6Xp{_i§211213z}
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Experimental demonstration of CNOT(1,3)
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Toffoli gate

Ideal sequence
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TABLE II. Duration 77 of various implementations of the Tof-
fol1 gate.

Pulse sequence 77 (units of J=1) Relative duration (%)
Sequence 1 (T1) 9.0 100
Sequence 2 (T2) 4.5 50
Sequence 3 (T3) 4.75 52.8
Sequence 4 (T4) 3.16 35.1
Sequence 5 (T5) 2.57 28.6
Sequence 6 (T6) 2.16 24.0

(T1) D. P. DiVincenzo, Proc. R. Soc. London, Ser. A 1969, 261
(1998).

(T3) T Sleator and H. Weinfurter, Phys. Rev. Lett. 74, 4087 (1995).

Khaneja et al., Phys. Rev. A 75, 012322 (2007)
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