Chinese Physical Society

YIRS Acta Physica Sinica

€D Institute of Physics, CAS

KM AES AR FIZE]
K T #AIZ F R
Femtosecond laser direct writing of optical quantum logic gates

Zhang Qian LiMeng Gong Qi-Huang LiYan

5|5 &, Citation: Acta Physica Sinica, 68, 104205 (2019)  DOI: 10.7498/aps.68.20190024
TEZERE View online: https://doi.org/10.7498/aps.68.20190024
AN View table of contents: http://wulixb.iphy.ac.cn

BT BB A HAB S EE

Articles you may be interested in

ST CRMEOL LS B A SR
Coupled microcavities with unidirectional single mode via femtosecond laser direct—writing

PB4, 2018, 67(6): 064203  htips://doi.org/10.7498/aps.67.20172395

RO T AT A K
Sub—diffraction-limit fabrication of sapphire by femtosecond laser direct writing

YrH2EAR. 2017, 66(14): 147901  https://doi.org/10.7498/aps.66.147901

IO PR T T SO BT

Atom—subjected optical dipole force exerted by femtosecond laser field
Y24 2019, 68(3): 033701  https:/doi.org/10.7498/aps.68.20182016

 IEEER A R S A S AR A TR EDE il &
Lifetime modulation of graphene oxide film by laser direct writing for the fabrication of micropatterns

YA 2018, 67(6): 066802  https:/doi.org/10.7498/aps.67.20172331

REBOCTEHEE BERAR T4 i T AR 23 S A RIS

Phase singularities in femtosecond laser pulses transmitting through optical fiber probes

WIFEEH. 2015, 64(2): 024203 hitps://doi.org/10.7498/aps.64.024203


http://wlxb.xml-journal.net
https://doi.org/10.7498/aps.68.20190024
http://wulixb.iphy.ac.cn
https://doi.org/10.7498/aps.67.20172395
https://doi.org/10.7498/aps.66.147901
https://doi.org/10.7498/aps.68.20182016
https://doi.org/10.7498/aps.67.20172331
https://doi.org/10.7498/aps.64.024203

#) 32 2 3R Acta Phys. Sin. Vol. 68, No. 10 (2019) 104205

CRHHMAEESKEFEET

Kwh  FEY

Y

Z 3 )t

1) (AbRRFYRARE, N TSR WA E K S0, s YTRE E A TG, JEaT 100871)
2) (LIPER:, MG R AT h.c, K 030006)

(2019 4E 1 A 7 HY3l; 2019 45 3 A 20 HikZIENH)

T PURRTE ] — I 2200 b T A AT BRIR S b A B R A i T LA R R IR AT ISR, 7R
Ak PR BB S )RS N LA R R 2 S AL B W S T RANROL EUS HOR U B B BR R AN TR = 4

D T 101 B RE 7, A 1 4 e 2R A O B I S ALY SRR BT

R T R A A EOR R A

M. ASCERR T RO ES i AR A F RO T LR R T A R 2 B A 1 A S AR B D RE
FR ., BS MPERERAE, B A W kB T AN M S e 1] 45 B i 1 LU AR A ] | SR T TR A L] 46
P T LR R TR SN T, JF 3 RENEOEIN T =5 7 LU Rp 2 5 AT TR B

K BTZE, WEOLHS, EhR, G

PACS: 42.50.-p, 42.79.Gn, 42.82.-m, 81.15.Fg

1 5 =

i T (quantum computation) J& 3 T &
) AR B R I AT RE T AT
7 A3 AR R <0 A1 R B RF
SR AL FRE B B LURR (bit) 7EREM R
FERTZ] HBRAL T 07 5«17, BRIRERAE N A~ bit H
REXT 2V T Y 1 AN BGHF T, R AL
H )i LURE (qubit) AT DAARTE |0 ) Fi L) AE 22
EME (a0) + B11)) I, BIREAE N4> qubit BB
g [a] i) S B 28 AN B FFATIZ A, X & iR v
A5 A LR AL B O [ R 285 A 1
FE 1 2% O I B e 2 S AL A B S L34
Ljfi it P AR O7 Fld TR TAE B L
B ) A AL R], 3l A AL
AL BRZS T2 4 ] (quantum logic gate) 41
B R )Y L AR R S N i

DOI: 10.7498/aps.68.20190024

T HORE Y 2 A, 2SI T A R
Lloyd® 7& 1995 FFuEM] T JL-F Fr & 1) PR 2 Lo oy
I TR N b — e B AR T AT DA A T 3 )
T
BRI RGO ER R R T
W, —HEIE AR, 1995 4F, Monroe
S 00D B ORI H B8 B e B S0 T W i LR R R
k17 (controlled-NOT, CNOT) Y 75 5256, UESK
TR AT, WA SEE R G0 T 1]
% 0 A 1208 Y T ) D) R 2k
PEN2E R 4 10 4. o) 2ot R g BT — 2
FEADLA: e AR w L, & TR e
T15 BRI RIS C2E TR 5 L8O+
T ORI g B A AR e R, T
T POREA T AR 07 AR ME AN oA G &
AAEAER, (HIX R 8T L8 T e Rl
I THERAVERRHE 51T S IO B R 2 A T RE
Y. 2000 4, Knill, Laflamme F1 Milburn 1EBH T

* [ 5 H S P& R (G HE S 2018YFB1107205, 2016YFA0301302) il [6 58 H R Bl 2 3 4 (L #E S 61590933, 11474010,

11627803) BEBIY IR,
t BIE1EH . E-mail: li@pku.edu.cn
©2019 HEHEFS Chinese Physical Society

http://wulixb.iphy.ac.cn

104205-1


http://doi.org/10.7498/aps.68.20190024
mailto:li@pku.edu.cn
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

#) 32 2 3R Acta Phys. Sin. Vol. 68, No. 10 (2019) 104205

AU HZ M 627 T | BT RT BG  HR0 #
A DL gt 5E A L X R A
KLM J7 %8 U8, FR& MG RGN %552 75 BRIT)
w R BRI & 1920 AT 2R T A
X —27E H A B ERYOE Aot w1t
BRI, BRI, HATd R 2 80m 11t
BT RHRIRAE A 23 [RGB G b B Se g ik iy,
{RHATY 22 R k22, R A S 2 BB
2D, RETEMS R IR IR, SRt
T DG SR R ARG el A
SR G HETAEA TR BB, (HREA BRI
AR R MER R AR U, PRI 57 .
DT HURE qubit BRI RE 2122,
e an % A2 4t (path-encoding), Bl YEF 1% 4% s n]
R 2 1Y PR 2R A2 40 AR |0 ) RN 1) 2, FE— I
2T RER MR PRSI E IS o0) +
B|1)——qubit, Ak, [0)ZSH|1) A B AT L4350
o6 1 PP OE 22 i IR A G 5 it 4% 2 5%
(polarization-encoding) . Jt: Fr Ab iY JE AL Fl— iy
B —— B G AY (spatial mode-encoding) FIE
+ FI E () S [R] B ) 20— B[] 2w B (time bin-
encoding) SFR L. JGT A H WA gt B h R
AR T R RGBT R, B AR—EF
AR A it s 24 LURe, W & f
2008 4, Politi 45 29 F DG 20 7 ek v
il gs T AN i 1, s Sl TR E Y
T, BRI T EBRIWAMSE CNOT ]
M) T fE, 1% S50 A R LR SR B AR e T
2009 4F, T[54 BT FE /K K410 O’ Brien #5841
FIRAH N 22 75 B Ko7 19 Withford HFFELHERG 1
UCRH R RMHOL E S HORHI & 1 T 4k 5ot
Tk, feon TR T RO AL 2ot T
T P CRNEOL S U5 1Y 5 EUE Davis 55 29
PEH Y, m B AR, TP BK O T L
HEH LA BE B TR WA BN R, 51 Bt
R AMERAS, XA IO AR A AL IR N Ty
TCREAS LIARAR Y AR TE A o 1A N7 00 T 5
BERE. U EER R, RO E SRR
GG O 17735 v B T AT S A BR 25 o T4 2
R BRG], I RE BT BT BHN A I T B OE
() = 4EGIEE A, X IR AL GG HOR P JC A .
b, B AT DAL ROE )% SRS, 35

P, FE 9 18 TR IR g i 1Y 5 LlRe 26290,
VR CRMHOLIN TR 2 JLgs 1, AT Y Bl 53
oA B0 B AT S 220 S AR AR B3 Bk
Jiz TR S A 1 A 1 22 4l 13497,
wEEI P mF AL TR B gk
B (07AL2] TR 194 SRR AR S
SRR SRR A R BN S B H A 1.

AR BOE H S BRI Tt 1%
WU ny k. G fHEn T : 55 2 154508 K AD
WO LS W T T B 2 7 T R 1, A4 TR
G AR DIRE | M BRI ESRAE, I RAFRATIN T8 €
IS & A N B HEA T UL 56 3 SR RENEOE S
Bl EII iR, TEAEGIAE
(Hadamard, H) [T, i F) 2324 (Pauli-X) ['TLA K5
B R BN T 56 4 LR KRN HE W T L
TR TR, EZAE 24010 (controlled-
7, CZ o controlled-PHASE) [ ]l CNOT [] LA K&
AT T CNOT TRy FHERE; 25 5 T Wib
HOGIN T =5 HRRZ R T TR R 26 6 1924
FRPSEARS)eZe)

2 WHBOLEE R WSS

M TR T 6T A R ) e
— B RN X 5 & A&, Hong-Ou-Mandel(HOM)
TR SR IIE 240 B & TR AN ]
X35 | e B e S AR (A G2, TR 1
T EAWEEZE A XCET HOM TR
EELE 1.
XFF—A~ 50 : 50 B4 g, HIA AT 53
By 2DET R ik 23 RESCAEER AR R]) [R)As)
PR A i A i G, fBE S A G T IR o
A1 b, FrHOE TSR ¢ Ml 4, e FrERHR S B &
A R AR 1/ 2 MRS, WIIZS atbl |(w) il
% (éf+i¢i*) % (cifﬂ‘é*) ) — % (éf2+df2) |w(>),
1
HAHPTUARY, B33 (1) XMEs5 R, XUl
NS IS0 B S T] B4 11 i s 917 0L
RIS 25 R A G0 325 S VR S 5 3 3 43 SR 45 O 1
0 T BT Y M SR A T — 1 e S
TF, & BT B T RRE S | R A R RN, N
El 1(a) Frs. S28H, BIASET AN AT 2 JEi: fh 7

104205-2


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

Y B ZER Acta

Phys. Sin.

Vol. 68, No. 10 (2019)

104205

800

700

=  Experimental
— Fitting

600

500

400

300

200

100 |

|
@
j2
3
=
=]
Q
o
~
(=]
2
~
—
z
~
w2
2
=
=]
Q
o
@
Q
=
<D
°
=
o
)
Q
O

(b)

0
—0.6 —-0.4 —0.2

0 0.2 0.4

Relative delay/mm

B 1

XOLT HOM 1T ¥ A
— AT R R E O, R T RO A 73 SR B0 A T — i 118 3 188 0T 5 (b)) 7 23 SRCAS I 3 0 P e T A T B
{ELFE A6 HE A 43 R85 I B8 AR 0 A2 I A 22 AL il 22

Fig. 1. Two-photon HOM quantum interference in a balanced beam splitter. (a) Destructive interference of two situations: both
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photons are transmitted and reflected. Only one photon is transmitted and the other photon is reflected. Photons leave in pairs

from any of the beam splitter's output ports. (b) The coincidence counts of detecting a photon at each output of the splitter as a

function of the relative delay of the photons.
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Fig. 2. Schematic of anintegrated DC consisting of two
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region are denoted by d and L, respectively.
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Fig. 3. Schematic of femtosecond laser direct writing of DCs based on waveguides and the coincident counts of detecting a photon
at each output of the coupler as a function of the relative delay in arrival time of the photons®; (a) Femtosecond laser transverse
writing of waveguides; (b) femtosecond laser induced refractive index change at the cross section of the waveguide; (c) femtosecond
laser written DC array; (d) experimental setup for quantum characterization of DCs; (e) the coincident counts of detecting a photon

at each output of the coupler as a function of the relative delay in arrival time of the photons.
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Fig. 4. Schematic ofa tunable 3D multi-path interferometer (a) and the coincident countsof detecting photons at outputs of the in-
terferometer under different phase shift 6 as a function of the relative delay in arrival time of the photons (b)[*l. Copyright:
http://creativecommons.org/licenses/by/4.0/ for CC BY.
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Fig. 5. Polarization-independent DC based on local birefringence engineering!*: (a) Schematic of a femtosecond written DC, the bi-
refringence of the second waveguide is modified by the previously inscribed first one; (b) an additional damage track, with tuned ir-
radiation parameters, is inscribed next to the second waveguide, leading to birefringence equalization; (c¢), (d) microscope images of
the interaction region of the DCs without and with the inscription of the additional track at a distance of 32 pm, scale bar is 20 pm;
(e), (f) Stokes parameters of the output states for couplers without and with the additional track, for diagonally polarized input
light and various input-output combinations. A planar projection of the Poincaré sphere is represented; (g) light that enters in
waveguide m and exits from waveguide n acquires a phase shift ¢,,,, between the horizontally and the vertically polarized compon-
ents; (h) the different values of ¢,,,, are plotted as a function of distance of the track from the second waveguide. For a distance of

32 pm, the four possible ¢,,,, coincide.
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Fig. 6. Experimental setup for femtosecond laser fabrication of photonic quantum logic gates.
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Fig. 7. Microscope image of the cross section of the wave-
guide (a) and the near field image of the waveguide guided
mode at 808 nm (b).
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Fig. 8. The near field image of the DC guided mode at 808

nm (a) and the coincidence counts of detecting photons at
outputs of the DC as a function of the relative delay the
photons(b), the visibility is ~ 0.98.
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Fig. 9. Settings of reorientation of the optical axis through
stress fields and measured wave plate operations™: (a)
Schematic of the cross section of the waveguide arrange-
ment where additional stress fields induce a reorientation of
the waveguide’s optical axis; (b) sketch of the writing set-
ting, with which the quantum gates are fabricated (here for
3 different orientations of the defect relatively to the wave-
guide); (c¢) experimental data and best fit model of the re-
orientation of the optical axis « as a function of the azi-
muthal position of the defect §. Copyright: http://creative-
commons.org/licenses/by/4.0/ for CC BY.
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(d)

10 ES LM AT SO0 I m R B O (a) 55 BOLIE A R RS E ALY B, 7 A i XU ST SO OA Y
WOCHLRETT I 4345 (b) 5 O IE A & FE 0 5 BUE LR W B2 ] LLai Sk FE (a) AR ROR; (o) EE BOCMBIEE dJ5 A
B FLAR W A A SO ERE S PR PO 5% 0 A3 B2, ke ol Bt =2 e 2 A ) A B2, 0 IR T s (d) SE A AR BT L B S A AR
758 SIS O 09 D B N4 R

Fig. 10. Conceptual scheme of the method enabling the direct writing of optical waveguides acting as integrated wave plates with
tilted axisl®: (a) Traditional writing scheme adopting a focusing objective with moderate NA; the symmetry of the writing layout
creates birefringent waveguides with the optical axis (OA) aligned as the writing beam direction; actual waveguide writing is per-
formed by a transverse translation of the glass sample (indicated by the purple arrow); (b) equivalent waveguides can be created by
underfilling a high-NA oil-immersion objective; (c) offsetting the writing beam before the objective results in waveguide writing with
an inclined laser beam; the resulting waveguide has an optical axis tilted by an angle 6 that depends on the amount of offset d of
the writing beam with respect to the objective axis; (d) reduced beam size and offset at the objective aperture is achieved by a

small transverse shift of a long focal lens placed at a distance L from the focusing objective.
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Fig. 11. Schematic of a path-encoded qubit H gate.
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Fig. 12. Schematic of a path-encoded qubit CNOT gate
based on waveguidesl®. Dashed line indicates the surface
from which a sign change occurs upon reflection in a DC.
The control modes are ¢y and cy. The target modes are ty
and ty. The modes v, and v are unoccupied ancillary
modes. The numbers indicate the reflectivity of the corres-

ponding directional coupler.
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Fig. 13. H (squares) and V (triangles) polarization transmis-
sions of DCs with different interaction lengths, based on
slightly birefringent waveguides (a) and schematic of a po-
larization-encoded qubit CNOT gate based on PPDCs
(b)[ZO]
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Fig. 14. (a) Scheme of a heralded photonic CNOT gate using a maximally entangled ancilla state with improved success probability
1/4. Detection of one photon in each of the modes a}mt and azut heralds successful gate operation. (b) Experimental setup for
quantum characterization of the polarization-encoded qubit heralded CNOT gatel®. Copyright: http://creativecommons.org/li-
censes/by/4.0/ for CC BY.
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Fig. 15. Schematic of a path-encoded qubit hCZ gatel®. (a)
The circuit for a hCZ gate showing paths for ancillary
photons A and B as well as the computational qubits; the
control (target) photon is encoded across spatial paths Cj
(T,) representing [0) and C (T) representing |1) . The
|0> modes do not interact in the gate; the four remaining

K16 AR S50 S (e AL S 1 FU(E R AR AT, PR ITEZY

modes undergo four DCs operations with reflectivities R(6,)

= cos?(6,). The light-coloured side indicates the surface 70.98

yielding a relative © phase change upon reflection. (b) The
four interacting circuit modes modelled as a waveguide ar-
ray, showing the crossover and optimal reflectivities for the
DCs implemented using evanescent coupling. Copyright: ht-
tp://creativecommons.org/licenses/by/4.0/ for CC BY.

Fig. 16. Experimentally constructed CNOT logical truth ta-
ble. The labels on the Input and Output axes identify the
state |C, T') . Ideally, a flip of the logical state of the tar-
get qubit (7) occurs only when the control qubit (C) is in
the logical |1) state. The fidelity of the gate is ~ 0.98.
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Fig. 17. (a) Realization of aToffoli gate using two qubits (a
and b) and a qutrit (¢). CNOT gates (first andlast two-
qubit gates) operate as normal on the qubit levels andim-
plement the identity if the target is in the qutrit level
(|2) ). Similarly for the CZ gate (middle two-qubit gate).
The X, gate flips thequtrit between the states [0) and
|2) . The sign change occurs on the|1,0,1) component. (b)
A nondeterministic, post-selected, opticalrealization of a
Toffoli gatel™. Each input qubit is represented bytwo
modes (waveguide paths). An additional target mode is in-
troduced in the central part of the diagram. DCs are repres-
ented as black lines with their reflectivity indicated to the
right. A phase flip occurs by reflection off the surface indic-
ated by a dotted line. If we take occupation of the top
mode of each qubit to represent logical [0) and occupation
of the bottom mode to represent logical [1) , then the cir-
cuit implements a Toffoli gate in which a phase flip is only
applied to the element [000) .
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Fig. 18. Toffoli and controlled-unitary experimental layout®. (a) Conceptual logic circuit. A polarizing beam splitter temporarily
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expands the Hilbert space of the target information carrier, from a polarization-encoded photonic qubit to a multi-level system dis-
tributed across polarization and longitudinal spatial mode. Information in the bottom rail (b) bypasses the two-qubit gates. Detec-
tion of a photon at D1 heralds a successful implementation; (b), (¢) Experimental circuit and optical source. An inherently stable

polarization interferometer using two calcite beam displacers is used. PPBS, partially polarizing beam splitter; SPCM, single-photon

counting module; PDC, parametric down conversion; SHG, second-harmonic generation.
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Fig. 19. Two kinds of free-space experimental layouts for Fredkin gate. (a) Original proposal by Fiurdsek. The phase of the
quantum phase gate (QPG) is changed by a control qubit: ¢ = 0 (n) when the control qubit is [0) (J]1) ). The QPG is realized by
combining two CNOT gates, which are based on the two-photon interferences at the partially polarizingbeam splitters. The state of

a

] | Interference
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the control qubit is encoded into the state of the two photons incident to the CNOT gates by using an Einstein-Podolsky-Rosen
(EPR) source and a quantum parity check: the encoder transforms the input state of the control photon

(a|H>C + 8|V ¢, )/ﬁ into a state (a|H>Clm|V)02m +B8IV)e. |H)sz> /+/2 with a probability of 1/2. (b) Simplifed
scheme. The control qubit is directly encoded into the entangled photon pair (a|H Yoy Ve, T8IV, |H) sz) /V/2 gener-

ated via spontaneous parametric down-conversion and local polarization operations. The Fredkin operation is successful when the

photons are simultaneously detected at the output ports (Tiout; Toouts Crouts Coout) With a success probability of 1/162[8% %,
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Abstract

Unlike classical digital computers in which a bit can represent either 1 or 0 at any time, quantum
computers use a two-level system, i.e., a qubit, to implement logical operations based on quantum mechanical
laws, which can represent both values at once. Owing to the superposition property of qubits, quantum
computers have natural parallel processing advantages and thus have potential to exceed the computational
efficiency of classical computers for particular tasks. Quantum logic gates are the generalization of classical logic
gates in computational networks. It has been proved that two-qubit quantum gates together with one-qubit
quantum gates are adequate for constructing networks with any possible quantum computational property.
Directional couplers are the most critical elementsfor constructing the quantum gates. In recent years, photonic
quantum technologies have emerged as a promising experimental platform for quantum computing. Single
photons have robust noise resistance, long coherence time, high transmission speed and great compatibility with
other systems. They can be easily manipulated and encoded in any of several degrees of freedom, for example,
polarization, path, spatial mode or time bin. Optical waveguide technology enables the realizing of complex
optical schemes comprised of many elements with desired scalability, stability and miniaturization. Femtosecond
laser direct writing of waveguide has been adopted as a powerful tool for integrated quantum photonics with
characteristics of rapidness, cost-effectiveness, mask-less and single-step process. In particular, it has the ability
to build arbitrary three-dimensional circuits directly inside bulk materials, which is impossible to achieve with
conventional lithography. In this article we review the femtosecond laser writing and quantum characterization
of directional coupler and important one-qubit and two-qubit optical quantum logic gates, such as Hadamard
gate, Pauli-X gate, controlled-NOT gate, and controlled-Phase gate. The qubits in these gates are usually
encoded through optical paths or polarizations of photons. The key to the realization of polarization-encoded
one-qubit gates is to achieve flexible wave-plate operations, which is described in detail. Controlled-NOT gate
and controlled-phase gate are the most crucial two-qubit gates in the linear optics computation and sometimes
they can be converted into each other by adding some one-qubit gates or special superposition states. Many
different kinds of waveguide circuits have been used to implement these two-qubit gates. The outlook and
challenges for the femtosecond laser writing of three-qubit gates, such as Toffoli gate and Fredkin gate, are

briefly introduced.

Keywords: quantum logic gate, femtosecond laser direct writing, optical waveguide, directional coupler
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