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OUTLINE

(1) Charm of 1D optical systems



In 1D optical systems (waveguide QED), interaction
between the photon and qubit is drastically enhanced
due to destructive interference between input field

and radiation.

ex) Two-level atom in 1D line—> perfect reflection

Al radiation (-1) —" radiation (-1)
€-——--- —l-Nf->
-' ﬁl —_— A

input (+1)

20 um

Astafiev et al, Science 327,840 (2010)



In 1D optical systems (waveguide QED), interaction
between the photon and qubit is drastically enhanced
due to destructive interference between input field

and radiation.

ex) Two-sided cavity—> perfect transmission

radiation (-1) 2-. Ay A [ —— 3 radiation (-1)

reflection (+1)

input (+1)  =—p



When 1D photon is reflected by a A system,
there are 3 possibilities.

(a) simple reflection <—E

input (+1) - -
(b) elastic scattering €--=--= 7/

input (+1)  * | ==
(c) inelastic scattering " —— R

Raman transition inp_>ut ) o



If A system has identical decay rates,
(a) and (b) cancel out each other.

reflection (+1)

(a) simple reflection S

(b) elastic scattering <

(c) inelastic scattering €= ————
Raman transition —_—>



We call A system having identical decay rates as
Impedance-matched A system



When a photon is reflected by imp-matched A system,

- A system is switched (Raman transition)

- photon frequency is converted deterministic



Applications

(1) Down-converter of

single photons

Energy
.

Q7 wp— )

:I":
QI e— |7

| I
A system
k( .

Koshino, PRA 79, 013804

(2) Quantum memory
(3) Photon-photon gate
(4) Microwave photon
detection

(a) 0o [H)+a, V) Bol0)+B4[1)

N’ y
output qubits

Koshino et al, PRA 82,010301(R)



OUTLINE

(2) Single—photon response of impedance—matched A
system



System(1)

« “3level A system + 1D photon” in reflection geometry
— Two degenerate ground states |0>,|1> excited state |2>
— Two polarization states |H>,|V>
— |0>—]2> transition < |\VV> photon
— |[1>—|2> transition < |H> photon

(a) O [H)+0 V) Bo|0)+B,

)




System(2)

 (Candidates

— Charged QD + photonic crystal nanocavity
— Diamond NV center + spherical/toroidal cavity + fiber
— superconducting qubit + microwave (circuit QED)
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Kosaka et al (Tohoku), Nature 457 702 (2009)
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Fushman et al (Stanford), Science 320 769 (2008)



System(3)

« Hamiltonian
— Radiative decay rates: I';, I'y,
— Transition frequency: Q)

' . [Tg
H = Qoo + / dk [l«h,{.h;.- +i\/ 5= (021 hi — /l,".m-z)]
+ /(/A‘ [L‘('A'.I‘A- 414 i(ﬁgul‘l; - 1‘,1.0()2 )] 3
o [H)+0, V) Bol0)+B4[1)




Input state

Initial state vector
— atom...ground states (superposition of 0 &1)

— single photon... (superposition of H & V)
Wavepacket of input photon

4 basis states

/’/
&«

|H,0) = /(l/',f(/')ﬁj.\()}
1y = /(l/f h'\ )
V,0) = /(l/f o) aO\H>#/OL1\V> Bol0)+B4|1)

[ arsyti A= T
: g  V/ ‘H !

IV, 1)




Heisenberg equations

« Real-space representation of 1D field

he = Qu)~V2 [ dke'* by
r<0 incoming field
r>0 outgoing field

 Input-output relation
he(t) = ho—t(0) — VT OOt — 1)o12(t — 1)
04t = — /Iy O(r)0(t —r)ope(t —1r)

« Heisenberg equation for A system

=019 =

d . TI'g+Ty
—3() —
dr 2

)(T[)-i- \/ 0’11 —(7)) /1 7-( ) 1—‘\'01();_7(0)

d Fgf- L
— 002 = ( 1€ — = 5 ‘>O"(]2+ 1“1 ((7()()—0)> +\/ (7()1/2 T

dr

e



Output states (1)

. |HO>, [V1>...
e |H1>, |VO>...

no interaction (simple reflection)
Raman transition may take place
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« QOutput wavepackets
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Output states (2)

« Equation of motion for s (polarization)

: Uer = Fv) ,
dt (*) ( 2 () + /(=) damped oscillator

- adiabatic solution in the long pulse limit (linear)

_ L 2 by
- (ﬂ - Pg+l'v—2iw f( t) o: detuning
(photon energy~Q+m)

 Input—output relation

|H, 0) I ) r“ N i (]} _ 0 |H, 0)
‘H >> |0 r:;LFIZ—rL: —rr\-ﬁ-rr;,:'g{u 0 “{{ }>>
0 —2vTvlw_ Ly—Ty=2iv | /
[ +] —2iw | +l r—21W
W 1) 0o 0 T 1 V,1)

Gate matrix = unitary 4x4 matrix



Atom-photon SWAP gate (1)

« Useful as quantum logic gates, when symmetric (I',=I")

« Resonant case (no detuning, ®»=0)
— deterministic Raman transition |H1>->-|V0>, |[VO>—>-|H1>

(a) oy H)+0 V) _B_O_\ () :f-B 1[ l
A- T =
I < ! Vi \H
10) e w1 SWAP gate
photon and atom qubits are
(b) prastd o swapped by reflection
1 V » . : |

Bol—Bi V) gl0)—ou|1)



Atom-photon SWAP gate (3)

« Shapes of output pulses

T ! | — T T 1 1 T 1
(a) I=2.5Ty (b) =10Ty,
~ 06 | 4 03 F -
= iInput
g 0.4 0.2
E) radiation
e 0.2 0.1
) iInput + radiation
* 0 0
-02 | | | —0.1 ] | | | | | |
-10 ) 0 ) 10 —40 =20 0 20 40
r (units of I'y™1) r (units of I'y~")
short pulse long pulse

Delay of “radiation” from “input” due to absorption & re-emission (~ I'1)

In a long pulse case, this delay becomes relatively small > complete cancelation



Atom-photon (SWAP)"2 gate

« Effects of detuning

entanglement
(SWAP)”2

(SWAP)12 A

SWAP
|dentity

Identity _
> detuning

o =—Igy o=0

Q) =FHV

<&— radiative linewidth —>

|H.0) 1 0 0 0 H.0)
|H, 1) 0 & L0 |H, 1)
'V, 0) 0 52 &0 'V, 0)
1V, 1) 0 0 0 1 1V, 1)

« maximum atom--photon entanglement (Bell state)
* universal gate set (~CNOT)



Fidelity of Atom-photon gates

« Averaged gate fidelity
- L+ ’l + [ drgs g ’2

Fswap = -
5

L+ |1+ = [dr(gs + 95 — 2ig3) g1 ’2

5]

. (b) (SWAP)"” 0.8

Conditions for high fidelity
« symmetric (I'y=I%)
* long pulse

1 10 50 1 10 50

[ (unit of ['y™1) [ (unit of I'y™)



Photon-photon (SWAP)'2 gate (1)

« Successive input of 3 photons
— Photon 1 (resonant), photon 2 (off-resonant), photon 3 (resonant)
— Input qubits: photon 1 & 2
— Output qubits: photon 3 & 2

Input qubits

gt —
3 2 S —
AAA=T
I' < _— q ' V/ \H :
l 2 3
' t
output qubits emporary
quantum

memory



Photon-photon (SWAP)'2 gate (2)

 |nput-output relation

HY1 | H)o 1 0 0 0\ /|H)lH)
H)1|V)2 0 &£ Lo H)s3|V )
ViiHY | 7| 0 L L g V| H)s
V1|V 00 0 1)\ Vs

« Atom -> photon 1, photon 3 - atom

— These qubits are unentangled with relevant qubits, so we can discard
them.

Q’(’)‘O>a -+ Gﬁ‘1‘1>a, —F Oc’(,)’H>1 — al\V>1.
',[3(‘) ‘H >3 -+ /31 ‘V>3 —> ,,A'"_g(’) ‘()>(, — ,[31 ’1>a .



Photon-photon (SWAP)'2 gate (3)

* Merits of this scheme
— Free from optical nonlinearity
* No need for pulse shape control.
— Free from path interference
» No need for high stability of optical paths.

— Atom is used completely passively as catalyst
* No need for active control such as 1 pulses.
« |nitial states may be arbitrary, including mixed states.

« Suitable for Scalable quantum network.



Deterministic entangler of atoms

« This circuit generates N-atom GHZ states deterministically.
— Initialize all atoms to |0>.

— Input of single photon, 2-12(JH>+|V>). Elimination of which-path
Information by BS.

— Final atomic state, 2-12(|0,0,...,0>+|1,1,...,1>)
 cluster state can also be generated.
« Extension to large N(=3,4,...) is not difficult.

single photon

Pl"—




OUTLINE

(3) Implementation by circuit QED: theory & experiment
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We implement an impedance-matched /A system in
circuit QED .

e “ 1D field (semi-infinite) +
= - = resonator +
qubit

Drive field - qubit

waveguide 1 resonator qubit < PI’Obe f|e|d 9 I’eSOﬂatOr
probe input 2 2
: — WEz
_ — c
—F — () g =
probe output W - - |z .... = i

K g 4

Inomata et al. Phys Rev B 86 140508(R) (2012)



Hamiltonian

,H(f) - Hsys( )+Hdamp

Hsys(t) = wQO'TO' +wrala+ glota+alo)

+ VALE(t)o" + E*(t)o],

Hdamp = /(”\ ]\l)Jr I)k + 3 4 h/Qu (lTbk -I- bk(l)] . probe output v B ‘4_|(2

driven JC model

waveguide 1 resonator qubit
probe input

1)

>

K g ¥

- /(lk ]‘(k(k+\/ (k+(k0]

Parameters
o, /27 =5GHz
o./2r =10 GHz
g/27x =500 MHz
x/2m =20 MHz
y/2x =1MHz

dispersive regime (detuning A>>g)

good one-dimensionality (k>>y)

(1)3 ‘eAup
Z apinbBarem



Level structure of qubit + resonator (dispersive regime)

Jaynes-Cummings ladder

¥
2 O, +20,
l9.2>
20 V2
r 9 1>
“ 0,10,
19.1>
(), —
r g le,0>
O
lg,0>
0

Coupling g does not mix the states,
but induces dispersive level shifts (y=g%/A)



Level structure of qubit + resonator (dispersive regime)

Jaynes-Cummings ladder

le,2>
2042y |9.2> O +H20,-3Y
r
e, 1>
g, 1> | (Dq+(Dr—2x
Q+X
le,0> 5
0> k
0 9

Coupling g does not mix the states,
but induces dispersive level shifts (y=g%/A)



Level structure of qubit + cavity (dispersive regime)

le,2>
2042 |9.2> O +20,-3Y 4
A r
G) m—
@+ le,1> i
g, 1> O)q+(Dr—2x X
o OFY ® Y
mr"'x |e’0> 0 _x \
| l9.0> k
0 |

Resonator frequency depends on the qubit state
(difference of 2y)



Level structure of qubit + cavity (dispersive regime)

O—X
o+ le,0>

We use the lowest 4 levels to generate A system



Effects of qubit drive (1):
In rotating frame at o, (drive freq),
we can control relative height of two columns by o.

le,1>
()

0.1> o+, 220

(0r+x—0)d

le,0>

Oq—X g

|g,0>




(a) Nesting regime (b) Un-nesting regime

(Og=3<04<O4—) (otherwise)
91> s l9,1>
le, 1>
g0> 227 9.0>

le,0>




Effects of qubit drive (2):

Drive field mixes the upper/lower states
|g,0>, |e,0> =2 |1>, |2>
lg,1>, [e,1> = |3>, 4>

bare states dressed states
1> 4>
Igl .15 | : 3>
: . B Lol P
K K Kar | \:><'/ | K3
: v L Ky Y
v \ 7
le,0> |2>
|g,0> 11>
K41 tKp=K K311K3=K

Only vertical decay is allowed in bare states.
Oblique decay is also allowed in dressed states.



Decay rates (nesting regime)

4>
N 15} - |3>
_.(]__,) N 42
@® e A
S ol : ‘\\ ,z’ :
> K41 ¢ 1Ky
§ 5 : /1{ R
L S
© Jy‘.,’/ 31 L
12>
0 . : 1>
1 10 100
drive power

Vertical decay is dominant for weak drive.

Decay rates become identical (k4= K45, K31= K35)
at proper drive power



Decay rates (un-nesting regime)

4>
(7)) |\\\
g S
= Ky | Kl
> 42 -
M I ™ I K
8 - E : ,/’K32 S : M
© Ra: Vi S
A P e oY L A A4]AAAA1 A >
1 10 100 l |1 >

drive power

Vertical decay is dominant for any drive power



Selection rules

Weak drive Strong drive
Nesting 3) > [2) &OSite
. o 3) > 1)
Un—ngsting ’3> —> ‘1> — ‘4> —% ‘2>
regime ’4> - ’2> .
1

For weak drive, decay

occurs vertically.

For strong drive, decay occurs 3—->1 and 4->2

by parity selection rule.



Under a proper drive frequency & power,
qubit + cavity system functions as
Impedance-matched A system.

waveguide 1 resonator qubit

(1)3 ‘eAup
Z opinbanem




Under a proper drive frequency & power,
qubit + cavity system functions as
Impedance-matched A system.

waveguide 1 4> 13>

K2 —
)
. | —

—*_” > 7 22

|2>—>|1> decay occurs through the qubit decay
A system



We apply a weak probe wave to observe the
optical response of this A system.

waveguide 1 13>
, P2
probe input " PN e
N K2
- |
robe output . . -
P P 7 i 2>



Reflectivity

Nestingregime  Un-nesting regime

N 15|
+—
o
- 10F
(g°)
O s
e) —___——’R:;Z/'-:\" I4> |3>
drive power K21 S k2
: K 2'l<\ 1
: ’ \\\ :
U ," ___L
ez 2>
1>

p)

drive power

drive power

Impedance matching (no reflection) occurs, when
(i) two decay rates are equal and (ii) probe is tuned to m,, or w5,



Power spectrum of reflected wave

() ()
122 !
|4f 13>
AN
LN ®
MW, N 42
: R’
—h |2>
11> 7

992 998 10 1004 10.08
Probe freq.

Input frequency is m,4. Output frequency is mostly ®,».
Nearly complete down-conversion by one reflection



Conversion efficiency

o
oo

conversion efficiency
o
N

©
N

0

o
(o))
T

P 1.105 e
probe power (photons/s)

108

107

|4f 13>
il
Y O
(041 : \\\ 42
I _a
—h |2>
BN

Conversion efficiency is nearly unity for weak input,
and is lowered for stronger input (saturation)

Bottleneck process is 2->1 (qubit decay).



CONCLUSION e

Driven cavity-QED system behaves as T
Impedance-matched A system.
PRL 111 153601 (2013) s .

Deterministic frequency conversion

by single reflection is observed.

- disappearance of reflected wave (-25dB)

- power spectrum (75%)

- applicable to single microwave photon detector



SUMMARY

(1) Charm of 1D optical systems

Mode matching, destructive interference

(2) Single—photon response of impedance—matched A

system o N
Deterministic Raman transition, SWAP, root SWAP

PRA 82 010301(R) (2010)
APS Physics Synopsis (July 19, 2010)

(3) Implementation by circuit QED: theory & experiment

Dressed state engineering, imp matching (-25dB),
deterministic frequency conversion (75%)

PRL 111153601 (2013)
NJP 15115010 (2013)

(4) Summary



