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resonant

small area (fastest)
accurate

sensitive

adiabatic

large area (slow)
inaccurate
robust

composite
moderate area (fast)
robust, accurate
flexible
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COMPOSITE PULSES

Phases

Amplitudes

A sequence of phased pulses with an electric field E(t) = 25:1 e B, (t)

[Rabi frequencies Q(t) = 25:1 97, (t)] generates the propagator
U(o1,2,....0n) = U(on)U(dn-1) -+ U(¢2)U(¢1)

The phases ¢,, are used as control parameters which are determined from the
condition to produce a transition probability profile of a desired shape.

composite pulses = discrete optimal control theory

QSim, Brighton 2 / 26
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COMPOSITE PULSES

NMR
Levitt & Freeman, JMR 33, 473 (1979)
Freeman, Kempsell & Levitt, JJMR 38, 453 (1980)
Levitt, Prog. NMR Spectrosc. 18, 61 (1986)
Freeman, Spin Choreography (Spektrum, Oxford, 1997)

Polarization Optics
West & Makas, JOSA 39, 791 (1949)

Destriau & Prouteau, J. Phys. Radium 10, 53 (1949)
Pancharatnam, Proc. Indian Acad. Sci. A41, 130 (1955); A41, 137 (1955)
Harris, Ammann & Chang, JOSA 54, 1267 (1964)

Mclntyre & Harris, JOSA 58, 1575 (1968)

Quantum Optics & Quantum Info
Blatt’s group: Nature 422, 408 (2003); Nature Phys. 4, 839 (2008); PRL 102, 040501 (2009)
Wunderlich’s group: PRL 98, 023003 (2007); PRA 77, 052334 (2008); PRL 110, 200501
(2013)



COMPOSITE PULSES: SU(2) METHOD

coherently driven two-state quantum system
m)fc( ) = H(t)c(t) H(t) = (h/2)Q(t) e PO by ) (o] + hec.
fo t')dt’; detuning A = wy — w; Rabi frequency ()

evolution described by the SU(2) propagator U: ¢(t) = U(t, t;)c(t;)
U= [ “ b. } Cayley-Klein parameters a and b

—b* a”
transition probability p = |b]? = 1 — \a|2
A=0= a=cos(4/2), b= —isin(4/2) f t)dt pulse area

constant phase shift ¢ in the field: Q(¢) — Q(t) el?

composite sequence of N phased pulses = overall propagator

UWN) = U(pn)U(¢pn-1) -+ U(¢2)U(p1)

Torosovi& NVV, PRA 83, 053420 (2011)
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BB, NB AND PB COMPOSITE PULSES

Excitation Probability
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BB: flat top around A = 7

RUMacr =0 (k=0,1,2,...)
NB: flat bottom around A = 0 and 27

PB: flat top around A = 7 and
flat bottom around A =0
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BB, NB AND PB COMPOSITE PULSES

broadband (BB), narrowband (NB), passband (PB), half-r
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BROADBAND COMPOSITE PULSES

a sequence of N = 2n + 1 identical pulses
with anagram phases

(1,02, ,n, Py, bn,  + 02,61)

N AN o ©® O

Transition Probability
o O O O

0
10° =S e
§ N L %E (0,%,0)#
5 102 (07%777&70)71.
& (0,6, 1,816 gy,
I s 6158 1376 s
S 10* 0,55 %9 519507
6 4‘5 25| 15119 7 |5 3‘
10 p=1-—cos?N(A/2)

0 05 1.0 15 20
Pulse Area (in units n)
transition probability

range wherein error < 10~% p — 1 for large N if A # 2mmn
0.0067 for 1 pulse optimize against variations in
0.267 for 5 pulses pulse area to arbitrary order
0.627 for 25 pulses A=n(l4e) = p~1—(me/2)2N

0.827 for 125 pulses
Torosov & NVV, PRA 83, 053420 (2011)
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BROADBAND COMPOSITE PULSES

a sequence of N = 2n + 1 identical pulses

2101 Bt | with anagram phases
= 7, |
:§0‘8 N N \ (¢17¢27"'7¢n7¢n+17¢n7"'7¢27¢1)
[=}
£ 06 |
S04 \
202
F oo
10° T T T T
1 T~ T 1 (0,2,0)
T T T T T T T 4 3 4
5 10 121 theoretical Phases from Phys.Rev.A 83, 053420 (2011) | (07 TYEYIEY 0) m
£ = EE LY
E ~—— 3CP order| 77757%7'{777 7T
810 " erew - (0,8,8,12 8 2276 8 )
0P order 7’9792 97297 97979
— o8f T, = approx. 4otz | -
10 § 0, =21 {] oN
2 sl ™0 {20 p=1-—cos*V(A/2)
©
S o4 sy: e
2 transition probability
02 p — 1 for large N if A # 2mmn
optimize against variations in
00 ) ) ) ) ) ) ) pulse area to arbitrary order

1 S 58 7 8 A=7(l+¢e) = p~1— (me/2)2V

pulseduration [us]

AG Halfmann (Darmstadt); Pr3T: Y, SiOs Torosov & NVV, PRA 83, 053420 (2011)
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NARROWBAND COMPOSITE PULSES

a sequence of N = 2n + 1 identical pulses
with sign-alternating phases

(1,2, —b2, 83, —3, -+ , Snt1, —dns1) N = (—)k | k] 2m

1.0
0.3,-2)=

| 0.3 -3 4=
Fos. o emTRTR
3 79°79°9°79°9°7929° 79
é 0.4 - a
T 02 i p = sin?N(4/2) = pN

0 0 - 05 10 15 20 transition probability

Pulse Area (in units r)

NVV, PRA 84, 065404 (2011)
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LOCAL ADDRESSING

Blatt, PRL 102, 040501 (2009): Toffoli gate Bloch, Nature 471, 319 (2011)

Addressing laser beam Microwave
6.8 GHz

Atoms in two-dimensional optical lattice

Excitation can be localized in any
/ \ desired spatial range around the center.
U

Electric Field
(arb. units)
o I
(&) o

0
10
08 ‘ We can “beat the diffraction limit”!!!
S o6 / \

g- .
2oa A The physical reason is the destructive
02 25/ \ interference of the ingredient pulses
125 . .

o J in the composite sequence.
2 1 0 1 2

Radia Distance (arb. units)

L= U= S w s =SS [vanov & NVV, Opt. Lett. 36, 1275 (2011)
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PASSBAND COMPOSITE PULSES

nested NB (v1,v2,...,02m+1)
and BB (81,82, ...,B2n+1)

N3 = (v1,v2,v3) =
B3 = (81,02,03) =

nested NB into BB

B3(N3) = (81 +v1,01 + 2,51 +v3,
B2 +v3, B2 +v2, B2 + 1,

Bs +v1, B3 +v2, B3 + v3)

B3(N3) =(0,%,2,0,3,2,0,2, )

nested BB into NB

N3(B3) = (b1 +v1,02 +v1, 83 +v1,
B1 +v2, B2 + v2, B3 + va,

B1 + v3, B2 + v3, 43 + v3)

4 4 4
N3(B3)=(0,2,0,2,5,2,5,0, )«

Py = [L = (1 —p)Ne]n

Pp(ny =1—(1—pNn)No

E. Kyoseva & NVV, PRA, Dec 2013

P =sin?*N(A/2) = pV '

o) = (n+1 - [%J) |k 2=

Population Inversion P

Population Inversion P

" 02 04 06 08 10 12 14 16 18 ‘2.0
Pulse Area(in units of 1)
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MULTI-POINT COMPOSITE PULSES

=1 at areas 71',71'\/5 P =1 at areas 71',71'\/5, 73
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MULTI-POINT COMPOSITE PULSES

Excitation Probability

Nikolay Vitanov (Uni Sofia)
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DIABATIC PASSAGE (LEVEL CROSSING)

Q
O
=
)
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Torosov, Guerin & NVV, PRL 106, 233001 (2011)
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102 1 i 5 transition probability
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COMPOSITE ADIABATIC PASSAGE (LEVEL CROSSING)

Torosov, Guerin & NVV, PRL 106, 233001 (2011)
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UNIVERSAL COMPOSITE PULSES

UM = U(pn)U(dn-1) - - U(h2)U(¢1)

eliminate the coefficients of the lowest powers of a in U™V
— a set of equations for the phases
the phases do not depend on the interaction parameters!

p=1—la" =1 for sufficiently large m(N) for any field!

5 pulses:
(0,5,2,5,0)7/6
(0,-1,2,—-1,0)7/6

13 pulses:
(0,9,42,11,8,37,2,37,8,11,42,9,0)7 /24
(0,15, 6,13,40, 35, 46, 35, 40, 13,6, 15, 0)7 /24

Genov, Schraft, NVV & Halfmann, in preparation
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UNIVERSAL COMPOSITE PULSES

UM = U(pn)U(dn-1) - - U(h2)U(¢1)

eliminate the coefficients of the lowest powers of a in U™V
— a set of equations for the phases
the phases do not depend on the interaction parameters!

p=1—la" =1 for sufficiently large m(N) for any field!

12 69
5 pulses: = 2 ",..’ o \-\.
(0,5,2,5,0)7/6 g 1.0 s .
(07—172,—1,0)71'/6 % 0,8 ././ \.
g 7 \
13 pulses: é e /./ .\.
(0,9,42,11,8,37,2,37,8,11,42,9, 0)7 /24 S 0ap \
(0,15,6, 13, 40, 35, 46, 35, 40, 13, 6, 15, 0) /24 £ ol P %
g —e—CAP %
%900 100 0 100 200

Genov, Schraft, NVV & Halfmann, in preparation
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detuning of RF rephasing pulse [kHz]
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OUTLINE

o T'WO-STATE SYSTEMS
¢ BROADBAND, NARROWBAND, PASSBAND, FRACTIONAL-7T PULSES
@ LOCAL ADDRESSING (\l BWAVELENGTH I.()(\\],]X.\'I'l(),\‘)

@ COMPOSITE ADIABATIC PASSAGE

o MULTISTATE SYSTEMS

o CoMPOSITE STIRAP
@ SUPPRESSION OF UNWANTED TRANSITIONS

o CONDITIONAL GATES AND ENTANGLEMENT
e DICKE AND NOON STATES
@ TOFFOLI GATE AND C"-NOT GATES
@ C-PHASE GATE

o LINESHAPES

¢ SMOOTH PULSES OF FINITE DURATION
@ POWER NARROWING



CompPoOSITE STIRAP
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CompPoOSITE STIRAP

(0,1;3,3;1,0)7/3
(0,4;5,8;3,3;8,5;4,0)7/5

Peak Rabi Frequency Qg (1/T)

Infidelity 1-Ps

Peak Rabi Frequency Qo (1/T)

Infidelity 1-Ps

Delay 7 (T)

AN
0 5 10 15 20 25 30 0 10 20 30 40 50
Peak Rabi Frequency Qo (1/T) Peak Rabi Frequency Qo (1/T) Torosov& NVV, PRA 87, 043418 (2013)
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SUPPRESSION OF UNWANTED TRANSITIONS

3
3 2
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GT Genov & NVV, PRL 110, 133002 (2013)
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OUTLINE

o T'WO-STATE SYSTEMS
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ENTANGLED DICKE AND NOON STATES

New Journal of Physics

The open access journal for physics

Creation of arbitrary Dicke and NOON states of
trapped-ion qubits by global addressing with
composite pulses

Svetoslav S Ivanov! >3, Nikolay V Vitanov>

and Natalia V Korolkova'

! School of Physics and Astronomy, University of Saint Andrews, North Haugh,
Saint Andrews, Fife KY16 9SS, UK

2 Department of Physics, Sofia University, James Bourchier 5 Boulevard,

1164 Sofia, Bulgaria

E-mail: sivanov@phys.uni-sofia.bg

New Journal of Physics 15 (2013) 023039 (11pp)
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ENTANGLED DICKE AND NOON STATES

New Journal of Physics

The open access journal for physics

Creation of arbitrary Dicke and NOON states of
trapped-ion qubits by global addressing with
composite pulses

|111)]3)
Svetoslav S Ivanov' >3, Nikolay V' [\
and Natalia V Korolkova'
! School of Physics and Astronomy, Unive
Saint Andrews, Fife KY16 9SS, UK

2 Department of Physics, Sofia University, mo 11012

Jo11)[2)

1164 Sofia, Bulgaria
E-mail: sivanov@phys.uni-sofia.bg

New Journal of Physics 15 (2013) 023039
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|cct) — |ect)

[000) — 000) 1 0 0 0 0 0 0 0
|001) — |001) 01 0 0 0 0 0 0
|010) — [010) 0 0 1 0 0 0 0 0
|011) — |011) 00 0 1 0 0 0 0
1100) — |100) 00 0 0 1 0 0 0
|101) — [101) 00 0 0 0 1 0 0
[110) — [111) 00 0 0 0 0 0 1
|111) — [110) 00 0 0 0 0 1 0

@ 6 CNOT gates by the circuit model

ik

@ 5 CNOT gates with an ancilla state Lanyon et al., Nature Phys. 5, 134 (2009)

Beyond the circuit model
Blatt’s group: trapped ions, 15 laser pulses, 71% fidelity, LD regime

T. Monz et al., Phys. Revs; Lett.-102, 040501 (2009)

Nikolay Vitanov (Uni Sofia) CompPulses for QComp & QSim QSim, Brighton
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ToFFOLI GATE (C2-NOT)

SS I & NVV, Phys. Rev. A 84, 022319 (2011
I110) — |111) |111) — |110) vanov s Rev (2011)

for the second-sideband transition

—n?/2 2
111 Q2 = Qe 202X 042
LZ(n?)

Xvvt2 = N 1)

1
110 101 o011 Yoz = =

V2 _—
Qo Qpy X24 = %
__ 360—480n2+180n* —247n5 4 7®
100 010 001 X46 24/30

Toffoli gate: (2 is a m-pulse

v=6 Qa4 and (46 are even-m-pulses
000

C. Monroe et al., PRA 55, R2489 (1997); B. DeMarco et al., PRL 89, 267901 (2002)
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ToOFFOLI GATE (C?-NOT) AND C"-NOT GATES

1.1 N, c-NOT
: v, =6
~ /———u 99—
H
PN < 0.999.
£ 1 0.99 “ 1 é—~> O

= 2
kS - E
2 v, =4 3
E 09 &
z <
2 B

2
: 1.1 <
P &
£ 1

- b= =" 7 599
v, =4
0.9
0 0.2 0.4 0 0.2 0.4 0 0.2 0.4 0 0.2 0.4
Lamb-Dicke Parameter 7 Lamb-Dicke Parameter 7

SS Ivanov & NVV, Phys. Rev. A 84, 022319 (2011)
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C-PHASE GATE WITH OVERLAPPING PULSES

bichromatic field (first red and blue sidebands)
H(t) = 00, gk(D)o (¢ ) (afe ™ + ackn)

control-phase gate

U = D(a)G(Jg,1) U = exp (1%0{(7;")

alt,ty) = —i Y0 Ag(t, t)e 9rof At t) = [} dtigr(t)

G(']k,,l) = €xXp [1 Z}?;l ']k,,lo'zo'f}
T (t, ;) = sin (¢p — &) ffl dty ftil dtagr(t2)g1(t1) — gr(t1)gi(t2)]

Sorensen-Molmer: off-resonant, sequential pulses
Milburn-Schneider-James: resonant, sequential pulses

Simeonov et al: resonant, overlapping pulses
equal areas; phases 0, 5,7, — 3
Sorensen & Molmer, PRA 62, 022311 (2000)
Milburn, Schneider & James, FP 48, 801 (2000)
Simeonov, Ivanov & NVV, PRA (2014)

Nikolay Vitanov (Uni Sofia)
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C-PHASE GATE WITH OVERLAPPING PULSES

p
¢ @
g [ pulse | MSJ present, type L
% P Va2 0 x shape T /T T speed-up
H ) 4 rect 0.627 | 0.500 0.724 15.5%
3 ) 3 1 sin 0.984 | 0.413  1.094 27.3%
] ] 2 sin? 1.253 | 0.362  1.370 34.4%
at Va2 sin® 1.477 | 0.327  1.597 39.3%
sin? 1.671 | 0.303  1.794 43.0%
P sin® 1.846 | 0.284  1.971 45.9%
¢ \ ® sin® 2.005 | 0.268  2.131 48.4%
g '\ Va6 i |0 « pulse MSJ present, type II
g \ shape T 7)T T speed-up
8 \ s rect 0.627 | 0.500 0.793 26.5%
sin 0.984 | 0.454  1.091 47.1%
e I -2Va/6 sin? 1.253 | 0.424  1.327 55.8%
Time sin® 1.477 | 0.393  1.539 60.4%
» sin* 1.671 | 0.365  1.731 63.3%
¢ e oe eel © sin® 1.846 | 0.341  1.905  65.5%
) ) sin® 2.005 | 0.321  2.065 67.3%
g 2/nf8 Vx5 10 x gate  duration
£ 4T for MSJ
% ~Vr/5 2T + 271 for type I
| v 2T + 7 for type I
0 T T T+t 2T 2T+t

Time

L Simeonov, Prlvanov & NVV, PRA 2014
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C-PHASE GATE WITH OVERLAPPING PULSES

MSJgate p
’ A @
g B [ pulse | MSJ present, type L
:é i \ i \ —Varz 0 X shape T /T T speed-up
H [ [ 4 rect 0.627 | 0.500 0.724 15.5%
z ' | 3 1 sin 0.984 | 0.413  1.094 27.3%
] Y ] 2 sin? 1.253 | 0.362  1.370 34.4%
oo Va2 sin® 1.477 | 0.327  1.597 39.3%
" sin* 1.671 | 0.303 1.794  43.0%
sin® 1.846 | 0.284  1.971 45.9%
sin® 2.005 | 0.268  2.131 48.4%
'§ pulse MSJ present, type II
B shape T 7T T speed-up
8 rect 0.627 | 0.500 0.793 26.5%
sin 0.984 | 0.454  1.091 47.1%
sin? 1.253 | 0.424  1.327 55.8%
Time sin® 1.477 | 0.393  1.539 60.4%
sin? 1.671 | 0.365
. e ate vpel sin® 1.846 | 0.341
) ! sin® 2.005 | 0.321
g gate  durat
£ 4T for M
% 2T + 27 for ty
2T + 1 for ty

0t T Tt 2T 2T+t
Time

L Simeonov, Prlvanov & NVV, PRA 2014
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OUTLINE

o T'WO-STATE SYSTEMS
¢ BROADBAND, NARROWBAND, PASSBAND, FRACTIONAL-7T PULSES
@ LOCAL ADDRESSING (\l BWAVELENGTH I.()(\\]A]Z.\'I'l(),\‘)

@ COMPOSITE ADIABATIC PASSAGE

e MULTISTATE SYSTEMS
¢ ComMpPOSITE STIRAP
@ SUPPRESSION OF UNWANTED TRANSITIONS

CONDITIONAL GATES AND ENTANGLEMENT
e DICKE AND NOON STATES
@ TorroLl GATE AND C"-NOT GATES
@ C-PHASE GATE

¢

o LINESHAPES

9 SMOOTH PULSES OF FINITE DURATION
9 POWER NARROWING



LINESHAPES IN COHERENT EXCITATION

CW laser excitation:
power broadening is a paradigm!

Pulsed excitation:
extent of power broadening depends on
how the signal is collected!

Excitation Probability

If collected during excitation:
— typical power broadening

Detuning (in units )
1 If collected after excitation:
P m strong dependence on the pulse shape
due to coherent adiabatic population return!

Shape Duration Smooth Linewidth Broadening
rectangular finite no A ox linear
sin™ finite partly A x QY/(n+1) root
gaussian infinite yes A < InQ logarithmic
sech infinite yes A o const no
lorentzian™ infinite yes A x Q- 1/(2n=1)  NARROWING!
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POWER n0n-BROADENING IN PULSED EXCITATION

Tonization Fluorescence
g T T g
5 na-(a’ 5 os-m) 17
Xe' P £, 1€, 8
12 % 06 41 & 06+ 1 ~
T = g
P, 504r § 1 8045 235MHz 1
? g MG B 1 2 o2l —f— i O
S I3 w ) H 10
20,0 b S T 0,0 b e ] 1
T T T T T T T T T i T T T T e
g10r { z10f ]
z ® 2 @
So8l 1 Sosf 1«
506 § £os :E;
<, , F 4
5p’6p [0 1/2 13 = = ~
P 6p [0 1/2], — %—E 5p'65' 0 112] 5 g4 5 04l =
*6s [11/2 3 )
250 am 5p 6s[11/2], g 02 202 Y}
<00 00 &
v a
A @10 210
2 z ~
250 nm 308 308 =
Fel o O
506 506 <
5p°'S, —= T 04 T 04 %
Xe @02 202
5 " L 2
=00t ., ...y .0o0q 00 ~
6-420246 4 2 0 2 4

Detuning [GHz] Detuning [GHz]

Halfmann, Rickes, NVV & Bergmann, Opt. Commun. 220, 353 (2003)
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SMOOTH PULSES OF FINITE DURATION

1

3 -
- ‘ 01
S z
0 2 o001
E E
S 2t L 0,001
= S
= 7 104 --
g &
5 = 10°°
3
g 100
T 0
3
14

0

Time (in units T)
f() = sin"(xt/T) (0St=T)
non-analytic!

(n!7Q)? o
P = sin® np41

(TI/!7T'” Q)Z + (A'n+ 1 Tn )2

1
nla™Q\ nr1
nlm

A = ( )

2 "

Boradjiev & NVV, PRA 88, 013402 (2013)

Excited State Population

0 10 20 30 40 50
Detuning (in units 1/T)
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SMOOTH PULSES OF FINITE DURATION

5
) 0.1
o
2 =
S — A g oo
Q.
5
§ 00014
Q 5
< 0.0001
S
B
_ & 0.00001
0 [a]
10"
11, 0) > 102
A A £ 10°
. % 10*
. j= !
v |4 _\_V = 10°
—_ 0;2 .
0; 1) 0:2) 10°
10; 0)
Boradjiev & NVV, PRA 88, 013402 (2013) Trap Frequency v (in units 1/T)
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LINESHAPES: POWER NARROWING

0 A . . .
50 - +
€
2 40 +
g
E
-]
= 30 4 -
2
2
=
g
= 20 F
2 0.2
(4
=05
10 +
0 T T T T
0 0.1 0.2 03 0.4 0.5
Detuning (in units 1/7)

UG

1z, 1z2, sech, sech?, gs
Calculated Area Calculated Area
2n 4n 6rn 8t 10m 2n 4n 6n 8t 10m

Population

Population

0 10 20 30 40 0 10 20 30 40
£2 (Viem)? £2 (viem)?
Calculated Area
2n 4n 6rn 8n 10m

1

1
2n 4+ 1)""2 (2n — 1)2"’7% st 04

(4n)nQT

from adiabatic condition

Boradjiev & NVV, Opt. Commun. 288, 91 (2013)

Nikolay Vitanov (U

T T T T T
()

Population

1 | 1
0 10 20 30 40

£2 (Viem)?

Conover, PRA 84, 063416 (2011)
for QComp & QSim QSim, Bri

Raman-driven fine-structure doublet
in Na Rydberg atoms by microwave pulses
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OUTLINE

o T'WO-STATE SYSTEMS

o BROADBAND, NARROWBAND, PASSBAND, FRACTIONAL-7T PULSES
@ LOCAL ADDRESSING (SUBWAVELENGTH LOCALIZATION)
o COMPOSITE ADIABATIC PASSAGE

o MULTISTATE SYSTEMS

o CompPOSITE STIRAP
@ SUPPRESSION OF UNWANTED TRANSITIONS

o CONDITIONAL GATES AND ENTANGLEMENT Q\

@ DICKE AND NOON STATES Q
o TorroLl GATE AND C"-NOT GATES {

o C-PHASE GATE \E'

o LINESHAPES

9 SMOOTH PULSES OF FINITE DURATION %Z

¢ POWER NARROWING



