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Non-linear quantum optics

DiVincenzo’s criteria

Isolate physical qubit
Initialize

Single-qubit gates
Multi-qubit gates
Store

Detect

Transmit




Non-linear quantum optics

Need photon-photon interactions:

Optical
photons: Non-linear

DiVincenzo’s criteria absorption:

Isolate physical qubit  Hard

Initialize Easy Nonlinear |1)s ::‘:;illh
Single-qubit gates Easy /' dispersion: |1, a1 L)g
Multi-qubit gates Hard Q=T

Store Hard

Detect Easy

Transmit Easy




Non-linear quantum optics

Need photon-photon interactions:
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Non-linear quantum optics

1.Projective measurements

2.Kerr-type non-linearities
3.Single emitters

4.Rydberg atoms



Projective measurements

classical domain

Entangled » Measurement
state > |y)
Freedman & Clauser, PRL 28, 938 (1972), Grangier, Roger & Aspect,
Aspect, Grangier & Roger, PRL 47, 460 (1981): EPL1 173 (1986):
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Projective measurements

Entangled » Measurement
state > |y)
Freedman & Clauser, PRL 28, 938 (1972), Grangier, Roger & Aspect,
Aspect, Grangier & Roger, PRL 47, 460 (1981): EPL1 173 (1986):
VZ N nqn
o, i\ 70 Photon A ‘/\f"\“’. g(z) = <,\ ! E) <1
40C3 4 ) ‘ (i )(75)
beam i
0_ E O'+ PhOton B . classical domain
1

(N N [N, N

a =

1Y p=(1-€)|0)0|+&| 1)(1] K/i/
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Spontaneous parametric downconversion

Entangled » Measurement
state > |y)
Hong & Mandel, PRL 56, 58 (1986): Lvovsky & al, PRL 87, 050402 (2001):
- (1]p|1)>0.5
Non-linear 4 )
crystal Photon detector o
—_— 2 2 5 W T : X
P

v

Experimental review:
Lvovsky & al, arXiv:2006.16985

Theoretical review:
Walschaers, PRX Quantum 2, 030204 (2021)
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Spontaneous parametric downconversion

Entangled
state

>

Measurement

> |y)

/

Hong & Mandel, PRL 56, 58 (1986):

Non-linear

crystal Photon detector

e (2)

~

=

o~

x(a'bt — ab) _
= |y) =+ 1 — A2 Z A n, n)
n=0

=>p,=(1—-A%)A2<1/4

Exercise:

Bad, but not hopeless...

v

Lvovsky & al, PRL 87, 050402 (2001):

- (1]p]|1)>05

Experimental review:
Lvovsky & al, arXiv:2006.16985

Theoretical review:
Walschaers, PRX Quantum 2, 030204 (2021)
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2N sources

Spatial multiplexing

N layers
of active switches

Free space Integrated

Low losses

O

O

Low noise

o

O

Fast

o
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Temporal multiplexing

(2) . . .
—P[x @_‘ Quantum (O High storage efficiency
memory —> () Low noise
Repeat Retrieve () High retri-eval efficiency
until success Store on demand O Storage time >> 1/(success rate)

12



Temporal multiplexing

Duan, Lukin, Cirac & Zoller, Nature 414, 413 (2001)

Read-only
Hicd chic
uantum
(rlnemory — (O Low noise
Project into Retrieve () High retrieval efficiency

singly-excited state on demand Storage time >> 1/(success rate)



Temporal multiplexing

Duan, Lukin, Cirac & Zoller, Nature 414, 413 (2001)

Read-only
Uick o chic
uantum
4 —— () Low noise
memory : _ N
Project into Retrieve () High retrl-eval efficiency
singly-excited state on demand Storage time >> 1/(success rate)
Detect scattered \_/)Veak driving
hoton 7 k
P kg w
—o= |8
|s)

oi(kw—Fs)7 |-:g:‘~>+ei(%w—%s)-fz |-:::,'> .
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Temporal multiplexing

Duan, Lukin, Cirac & Zoller, Nature 414, 413 (2001)

Read-only
Uik o chic
uantum
4 —— () Low noise
memory : _ N
Project into Retrieve () High retrl-eval efficiency
singly-excited state on demand Storage time >> 1/(success rate)

1 N

Detect scattered Weak driving . 2
photon 7 K kg e
kg W
—_—

—a— |g)
= |g)

(o T )2 PP e (Kvr—ke) 7 1o%° @
el("W ks)-Th |“8:g>+e‘(kW ks)2 |'.’:3> + - ~ Quantum phased array antenna:
l_ép + ER = I_ES + I_EW
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Linear optics quantum computation

Knill, Laflamme & Milburn, Nature 409, 46 (2001)
C-Not gate: O’Brien & al, Nature 426, 264 (2003)

........... 1/3
Photon[ =
a | 1/3
Photon__ 1/ 1/2
b

16



Linear optics quantum computation

Knill, Laflamme & Milburn, Nature 409, 46 (2001)

C-Not gate: O’Brien & al, Nature 426, 264 (2003)

Beamsplitter:

~

gt —R — AT

Photon[

d

Photon__

b

Postselection:

- one photon here

and
-one photon here

17



Linear optics quantum computation

Knill, Laflamme & Milburn, Nature 409, 46 (2001)
C-Not gate: O’Brien & al, Nature 426, 264 (2003)

Beamsplitter: R e 1/3 X! Postselection:
N - Photon[ af ___ ™= it
ar %‘AT 1 .3 1/3 AAﬁ’L - one photon here
pt Bt a La Al nd
) . Photon[ pf —1/27 \1/2__ B}
at = VRAT +V/1 —RBT b ] 129r B’O -one photon here
~ . - L b 1.
bt =1 —RAT —VRB! : i
21 ........................ X1
At 1, 4 A ~ N 1 ,+a
aybg10) = 5 (A3 +V2X{)(A] + B + X)|0) - S A{B] |0)

Exercise:

At 5 1,4 A A ~ 5 1 At
asbl10) = - (A7 +V2X))(A] + Bf — X))j0) - Z AT B]|0)

~ ~ ~ ~ 1 A+ -~
BN(AT + B] + x1)10) > - 41B|0)

Q»
_l_
oy
_l_
o
N
[l
[SS T
T
oY
_—+
+
ooy
© —+
+

At 5 1, 2 = St R PN 5 1~ 5
abf|0) = 3 (AT + Bf + BN (4] + B — &])|0) - S A1B{|0)

* Success probability =1/9
* Need identical photons
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Non-linear quantum optics

1.Projective measurements

2.Kerr-type non-linearities

3.Single emitters

4.Rydberg atoms
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Kerr-type non-linearities

Non-linear waveguide:
One photon changes the optical index seen by the other

Y Yp) YA exp(infiafig) | Ya)l¥p)
|14)|05) — N — |14)|0p)
104} 15) N 104} 15)
|14)[15) S —|14)[1p)

Popular approach: atomic gas in a hollow-core fiber
(very non-linear, strong transverse confinement, long distance)

Bajcsy & al, PRL 102, 203902 (2009)



Kerr-type non-linearities

Non-linear waveguide:
One photon changes the optical index seen by the other

Ya)l¥s) P eXDERiLTlg) [Ya)|Y5)

114)|05) S N— 114)|05)
104)|15) _ 104)|15)
114)]15) A ¥|12)|15)

J. Shapiro,
PRA 73, 062305 (2006)
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Kerr-type non-linearities

Non-linear waveguide:
One photon changes the optical index seen by the other

Ya)l¥s) P eXDERiLTlg) [Ya)|Y5)

114)|05) S N— 114)|05)

104)|15) _ 104)|15)

114)]15) A ¥|12)|15)
¢

Must be in the same place at the same time

J. Shapiro,
PRA 73, 062305 (2006)



Kerr-type non-linearities

Non-linear waveguide:
One photon changes the optical index seen by the other

Ya)l¥s) P eXDERiLTlg) [Ya)|Y5)

|14}105) I |14}105)
104)|15) N — 104)|15)
|14)|1p) N >Q1A>|1B>
\’
Must be in the same place at the same time
\’

Photon duration < System’s response time

J. Shapiro,
PRA 73, 062305 (2006)



Kerr-type non-linearities

Non-linear waveguide:
One photon changes the optical index seen by the other

Ya)l¥s) P eXDERiLTlg) [Ya)|Y5)

|14}105) I |14}105)
104)|15) N — 104)|15)
|14)|1p) N >Q1A>|1B>
\J
Must be in the same place at the same time
\J
Photon duration < System’s response time
\J
Photon spectral width > System’s bandwidth
\J

J. Shapiro,
—N—+\_— +.  PRAT3,062305 (2006)
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Kerr-type non-linearities

Non-linear waveguide:
One photon changes the optical index seen by the other

Ya)l¥s) P eXDERiLTlg) [Ya)|Y5)

|14}105) I |14}105)
104)|15) N — 104)|15)
|14)|1p) N >Q1A>|1B>
\J
Must be in the same place at the same time
\J
Photon duration < System’s response time
\J
Photon spectral width > System’s bandwidth
\J

J. Shapiro,
—N—+\_— +.  PRAT3,062305 (2006)

« What is proved by impossibility proofs is lack of imagination » (J.S. Bell)



Non-linear quantum optics

1.Projective measurements

2.Kerr-type non-linearities

3.Single emitters

4.Rydberg atoms



Eouelt)

e—yt—iwt

v

Single Atoms

Simplest source of pure non-Gaussian states:

| Eout(ei(P) | -

le)
|g)

27
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Eoult)

e—yt—iwt

v

Single Atoms

E le)
Simplest source of pure non-Gaussian states: %
|8

| E..:(0,0) Photon collection efficiency n:
05 0 NA=sin(0)=0.92
o = Collection 30%,

\/ Fiber coupling 30%

Bakr &al, Nature 462, 74 (2009)
Robens &al, Opt. Lett. 42, 1043 (2017)
Carter &al, Rev. Sci. Instr. 95, 033201 (2014)
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Single Atoms

E le)
Simplest source of pure non-Gaussian states: %
|8

tE. (1) |E_.(0,0 Photon collection efficiency n:
ou
. ) NA=sin(0)=0.92
—yt—iwt 0
¢ o = Collection 30%,
;t Fiber coupling 30%

To change this shape,
change the density of states

around the atom Bakr &al, Nature 462, 74 (2009)
Robens &al, Opt. Lett. 42, 1043 (2017)
Carter &al, Rev. Sci. Instr. 95, 033201 (2014)
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Single Atoms

H = hw,676,

G = |g)el

)

[
»
~N~—

|Q>|

oo
N~
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»
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Single Atoms

H = hw676 + how.a'a,

(,_>,—\. /*//Y

Zhwc ¢ = |g)el|[[a,aT] =1

o
~

hw,

|Q>|
()



Single Atoms

Jaynes-

= hw676 + hw.aTa+ hg(a’é + 67a)

(,_>\‘( | Cummlngs/ /

A

the, |3 =19)e

a4 =

hoo| 2 ~|ho,
G g
0| — ~0

oo
N~

—d (6+61).E(®)(a+ah

d.E (%)
~h<_ h

) @té + 6ta)
(we, we >> g)
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Single Atoms

Jaynes- ~ At A At A At Ay ata
H = hw676 + hw.aTa+ hg(a’é + 67a)

(d);](z)) | Cummings/ /

2f;wc 6 = |gXe| “ [a,at] = —d (6+6M). E(¥)(a+a™)
d *Co))
1 ~h|— até + 67a
hoo| 2 ~|ho, R )¢ )
6+ *a (We, W > g)
0= ~10
|8
Trapped microwave photons:
Cavity QED with Rydberg atoms Circuit QED with Josephson junctions
= & \A\ a 200 pm .
o v
_ Bl = z ? 1 “\
° R, D N P e :
© N ‘ .‘]: ; TR ":!;.///2' - ik H

Deléglise &al, Nature 455, 510 (2008) Hofheinz &al, Nature 459, 546 (2009)
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Single Atoms

Frame rotating at ®=0,=0,, K=K +K, :

dp .. ) )
i —%[H,P] +L z,ca(P)"'L\/ﬁage(P)
H
B o(@s,e +550)
1
Lo(p) = 0p0" - {070, 5}

34



Single Atoms

Frame rotating at ®=0_=0_, K=K,+K:
i e Yy
out € E = _E [H, ﬁ] + L 2K@<ﬁ)+£\/_)’5ge(p
H
o % g(a*age +6 a) + i/ 2K, (ama — aTam)

35



Single Atoms

Y : — = _ :
(J Frame rotating at ®=0,=0,, K=K +K, :

am = (et ~ :
< (e ) dp L~ ~ A
a5 @ 258 D L1884 £ s )L 0, )
H
o == g(até,. + 6 a) + i,/ 2K (ama —ata,)
LT Le(p) = 0pot ——{0*0 p}
P = @i, + /2K, 8

= Photon collection efficiency:

p(0) = |e, 0){e, 0], < am) 0

N Ko 2C
=1 = | Alou Bour)dt = 77 1750
gz

Cooperativity C = 20

Exercise:

36



Single Atoms

Y : — = _ :
(J Frame rotating at ®=0,=0,, K=K +K, :

am (> >) ~ .
Gour € \_‘; <_J) % = —%[ﬁ, pl+ < 220 (PI*L 375, (D)
o % = g(afage +6),8) + iy2Kxe(ala — ata;,)
s LT Lo(p)=0p0T - {0 B}
. = @, + \/_ a
= Photon collection efficiency: = Two-photon gate?
p(0) = |e, 0)e, 01, (af,din) = 0 2y {29v2
% ® Ko 2C 1
Sllon- [ @) = 5 |1X}2g
Cooperativity C = % |0y —

37



Single Atoms

Y : — = _ :
(J Frame rotating at ®=0,=0,, K=K +K, :

am - (> \) A .
Aoyt € —4%0 < dp i a A "
out g = = ~7 Bl + Lygea DL 375, (P)
H
o 7 = g(afage +6),8) + iy2Kxe(ala — ata;,)
e
& rgﬂ a Ls(p) = 0 HOT — {O }
—— N’ A A
lg) = Qi ++/2Koa
= Photon collection efficiency: = Twos= ate? Like %®), need
. active control
p(0) = le, 0Xe, 01, {af,in) = 0 2+) (2gV2
3 - A _
2 B A Ko 2C < Kiilerich
g =M= jo Gous Bouedt = +y1+2C 115%X129 g Mglmer,
0 e PRA 102,
Cooperativity C = 2 |0) = 023717(2020)

38



Single Atoms

2
a —
pn] collow)

Frame rotating at ®=0,=0,, K=K +K, :

a ap Lo o R .
out g P [H,p] + £ 2ea(P)*L 775, (P)
H . TN O
o ry = g( Tage &1 a) + lw/ZKO(alTna — aTain) + E(Gse + O'T
_'":g'"/\ (A . ~ /\ A
N Ls(p) = 0p0T — {0 , P}
—— e Ny’ A A
& lg) = Qi ++/2Koa
|s)
= Photon collection efficiency:
p(0) = |s,0)(s, 0|, {a] a,) =0,Q < g Gorshkov &al,
. PRA 76, 033804 (2007):
& (% ke 2C (k> g
Q :n_jo<aoutaout>dt—’€+;1+zc
t 5 Stanojevic &al,
Cooperativity C = -2— PRA 84, 053830 (2011):
2Ky :
0/0 KL

39



B

Exercise:

Single Atoms

14
a Single-excitation subspace {|g,1), | e,0), |s,0)}:
n = (2)‘ ZJ) A
g g [0 g 0 +y g2 + 02 /4 —|B,)
P g 0 Q)2 O—|D)
o) ooz 0 ~Jg7 + 0?/4{—|B.)
7 9> D) = cos(B)lg, 1) — sin(B) |s, 0)
ge

e tan(B) = 2g/0 Adiabatic rotation of |D)

- a,,(t) controlled by Q(t)

= Photon collection efficiency:

_ OOA_I_ ~ _
:”"jo (Goue Bourt =372 750

p(0) =|s,0)(s, 0], (ajndin) =00 «< g Gorshkov &al,
PRA 76, 033804 (2007):
Ko 2C (x> é]

5 Stanojevic &al,
Cooperativity C = -2— PRA 84, 053830 (2011):
2Ky :
0/Q <




,é:lin - (> (:a
Qout —*° <_J)
9
&) .
Oge a
——— N’
|8

B

Single Atoms

Exercise:

Assumptions:
g2
C==—>1,
2Ky
K = Ky,
a;, weak & slow.

(@) = —ig(64e) — (@) —V2K(@;) ~ 0

Bare cavity
resonance

(Gge) = —1g(a) — v{(Gge) = 0
(aout> — (ain> + \/Z_K(&>

|g): 4} Vacuum Rabi
' splitting

10

\J

(Gout) _
(ain>

2
1+ 2C

~

41



Single Atoms

Level scheme = Two-photon gate: Hacker & al, Nature 536, 193 (2016)
I [

— E Il o I H — I

IT) 2 T 2 2 | A n |
ay|Ly) + B1|Ry) < : = :_

az|Ly) + B2|R2) Z




Single Atoms

Level scheme = Two-photon gate: Hacker & al, Nature 536, 193 (2016)
I [
— I =t —— £ o~ [
IT) 2 T 2 2 T A n |
ay|Ly) + B1|Ry) < : = :_
az|Ly) + B2|R2) z
1T + [1)




Single Atoms

Level scheme = Two-photon gate: Hacker & al, Nature 536, 193 (2016)
I [
Nzt 12l |
" ay|Ly) + By|Ry) g : - :_
o G @ az|Ly) + F2|R2) z |l —
NPBS il
1T+ [4)
V2
a B B
2L INILY) = EE IR + 2 1Ly + EL[LIR,)

V2 V2 V2 V2
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Single Atoms

Level scheme ° = Two-photon gate: Hacker & al, Nature 536, 193 (2016)
I I
-z EE—
" ag|Ly) + BilRy) z : < :_
o G @ az|Ly) + B2|R3) z
NPBS il
1T+ [4)
V2
a B1 B
LML) — 2R IR, + = [WLy) + = |4) R )
\/E 1 \/— 1 \/— 1 \/—l | 1

&ML + B IVIR)



Single Atoms

P

= Two-photon gate: Hacker & al, Nature 536, 193 (2016)

|
N5 Er LA A
" ag|Ly) + B1|Ry) z : z :—
b G g az|L2) + B2|R2) z b
NPES v
M+ 14
72
%|T>|L1>—%|T>|Rl>+ ZDlLD + ?mum
a1 | L) + 1) R

a1z |TYLy)|La) — a1 2| T L1)|R2) + Braz[4)|Ri)|Ly) + ,31,32|i>|R1>|}¥2>

46



Single Atoms

= Two-photon gate: Hacker & al, Nature 536, 193 (2016)
Py

|
IH— 3 T > 3 Tf';i :
" ag|Ly) + BilRy) : : z :—
E o~ [ G ﬁ az|Ly) + B2|R2) z -
NPBS !
1T + 1)
V2
%|T>|L1>—%|T>|Rl>+ ZDlLD + ?mum
ay|THL) + B14)|Ry)
a1a2|T)|L1)|L2)—a1B2|T)|L1)|R2)+,81a2|l)|R1)|L2)+B1B2|l)|R1)|}¥2)

| (araz L)L) — aiB2]Ly)|Ry) — Braz|RiMLy) — ,31,32|R1>|Rz))/\/E
+) (@1 L1) | Ly) — a1 BolL1)IRy) + Brag R L,) + B1B2|R1)R) /N2

47



Single Atoms

= Two-photon gate: Hacker & al, Nature 536, 193 (2016)

P2
| |
m— 2 12t 2 | |
" ag|Ly) + B1|Ry) z : :—
E o~ [ G g az|Lz) + B2|R2) z —
NPES v
)+ |L)
V2 If 1), |Ry) > —|Ry)
XL = EL iRy + S b1y + 2L iRy
NN Y A N )
a1 | L) + 1) R

a1z |TYLy)|La) — a1 2| T L1)|R2) + Braz[4)|Ri)|Ly) + ,31,32|i>|R1>|}¥2>

v

| (araz L)L) — aiB2]Ly)|Ry) — Braz|RiMLy) — ,31,[))2|R1>|Rz))/\/E
+) (@1 L1) | Ly) — a1 BolL1)IRy) + Brag R L,) + B1B2|R1)R) /N2

a10z|Ly)|Ly) — a1 B2|Li)|R2) + Braz|Ri)Ly) + B1B2|R1)|R2)
48



Single « atoms » in cavities

Rempe@MPQ Senellart@C2N Dayan@Weizmann

Key figures of merit:
Cavity extraction efficiency

Ko Transmission

Ko+ kK, Transmission + Losses

ncav
Challenge: mirror substrates & coatings

Cooperativity

gz 1 . OAtom ~A

2(ko + k)Y Transmission + Losses Opporon~W?

2
Co

Challenge: controlling atom-cavity coupling

49



Non-linear quantum optics

1.Projective measurements
2.Kerr-type non-linearities

3.Single emitters

4.Rydberg atoms




Rydberg Atoms



3-level atoms

Control

beam Qh\
—
&

%OM\

|E,0)
e
15,0) |G,1)

L

Rydberg Atoms

~ Quantum Memory

piK 7y |:2"0:>_|_ei1‘<’f2|::":‘>+



Rydberg Atoms

Control ) 3-level atoms /go,/NatomS
beam [Ma_ N ~ [0 g 0
¢ ol : ~ Quantum Memory H =g 0 Q)2

,ﬂ’ . oom h 0 Q/2 0

\

A

+y/ g% + Q2/41—|B,)

£0) 01Dy >
ﬂ‘fG 5 /g7 + Q2/4—|B.)
50) "

L Dark polariton
|D) = cos(B) |G, 1) — sin(B) |S, 0)
e”?'?ll:f‘f:>+e"’z’22|::‘l:c>+ tan(g) = Zﬁg

Electromagnetically-Induced Transparency (EIT)

53



3-level atoms

Control
beam ™Ma_ - N
1646
N [00° W

|E,0)
L
15,0) |G,1)

Rydberg Atoms

Ground-state interactions: 100 Hz @ ~0.1 um

54



Rydberg Atoms

3-level atoms Ground-state interactions: ~100 Hz @ ~0.1 um
Control

beam Ma_ a o Rydberg atom: ~“Hydrogen, n*=n-9, d <<n (quantum defect)

1654
,ﬂ’ 00® W

E T%

O —

g
Quantity | Scaling __|n"100 _______

—G,1)
Energy —Ry /n** -100 GHz

e-

Level splitting A Ry /n*®> 1GHz
Ryd-Ryd dipole d eay,n'® 10%*water
Lifetime (low 1) o4 n*?’(OK) 100 pus

55



Rydberg Atoms

Control 3-level atoms Ground-state interactions: ~100 Hz @ ~0.1 pm
beam Ma_ ok o Rydberg atom: ~“Hydrogen, n*=n-9, d <<n (quantum defect)
¢ué
,d’l“" —
Y ET To+A H = (VO I;dACl)
=T o o dd
Tl R,0)
Q) - hA > Vdd
\ 4 2 «11
E,O —_— V n
_Kgl / Vgqord?/R? Voaw = — ;z X "Ro

Energy —Ry /n** -100 GHz
Level splitting A Ry /n*®> 1GHz
Ryd-Ryd dipole d eayn*> 10%*water
Lifetime (low 1) o4 n*?’(OK) 100 pus

Interactions V4, o n*''/R6 100 MHz @ 10 pm
56



Rydberg Atoms

Control 3-level atoms Ground-state interactions: 100 Hz @ ~0.1 um
beam Ma_ ok o Rydberg atom: ~“Hydrogen, n*=n-9, d <<n (quantum defect)
1606
,d" ©0® W ET hooTA o= ( 0 Vdd)
——————————————— — - \V hA
EI =T o o dd
_____ ' | RIO>
>1<§ 0 — RA > Vg
i VlE O> Vddz n*ll
ETQ ! VddOCdz/R3 VvdW ~ — A R6
=, —G,1)
~10pm Quantity _|Scaling|n100
V,qw> linewidth: Energy —Ry /n** -100 GHz
Rydberg blockade Level splitting A Ry /n*3 1 GHz

Ryd-Ryd dipole d eayn*> 10%*water
Lifetime (low 1) o4 n*?’(OK) 100 pus

Interactions V4, o n*''/R6 100 MHz @ 10 pm
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3-level atoms
Control

beam ™Ma_ N

Rydberg Atoms

.o% l’ ‘M\ ‘o.‘
L= Q}‘g}. =
(RN | D, 1,75 D, Dy)

k’ |D) = cos(B) |G, 1) — sin(f) |R, 0)
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Rydberg Atoms

3-level atoms

Control y MaL
beam  Ma_ [, | A7 ->é‘$?=.f = S
o e W
N 0e® W | 1,)—>1Dy) |DA15>>’<DADB>

A=0: Absorption

Blockade /

Dudin & Kuzmich, Science 336, 887 (2012)
Peyronel et al, Nature 488, 57 (2012)

Baur et al, PRL 112, 073901 (2014)
Gorniaczyk et al, PRL 113, 053601 (2014)
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Rydberg Atoms

3-level atoms

Control y MaL

beam ™Ma_ _— N ¢ wlﬂ’ ¢ & 5,

¢ ‘LM ‘”, % .‘.0 M
N ©o® W |1,)—>1Dp) | Da 1B>>’< DA Dg)

A=0: Absorption

Blockade /\‘ Dephasing

° .o.o.o.. -\> :&‘.:0
.o.: e -\ > .0.03.::?:

o KT L.:’"‘ +eil_<)'F2|::I%>+--- Llirl L.s' +elKr2|o.‘>>+
° 09 7] plK. Ty
eltw(rl 71) % elta)(rz ~7)
Dudin & Kuzmich, Science 336, 887 (2012)
Peyronel et al, Nature 488, 57 (2012)
Baur et al, PRL 112, 073901 (2014)

Gorniaczyk et al, PRL 113, 053601 (2014) 60



Rydberg Atoms

3-level atoms

Control y MaL

beam ™Ma_ _— N ¢ wlﬂ’ ¢ & 5,

¢ ‘Lm ‘”, % 0$.o M
N ©o® W |1,)—>1Dp) | Da 1B>>’< DA Dg)

A=0: Absorption

Blockade /\‘ Dephasing

® 00 o 0..
e e e B
.o:.::.. g(2)<<1 N> 0:%5:. g(2)<<1
‘! n->1 n<1/e
iR 7y L.g'c. + eu?.le::'o.> 4o etk | L.g‘ +elK rzlo.f>+
° o9 o KT o KT

eltw(rl 71) % elta)(rz ~7)
Dudin & Kuzmich, Science 336, 887 (2012)

Peyronel et al, Nature 488, 57 (2012) — Single photon sources / transistors
Baur et al, PRL 112, 073901 (2014) gic P

Gorniaczyk et al, PRL 113, 053601 (2014) 61



3-level atoms
Control

beam ™Ma_

N

1854

Rydberg Atoms

s80, N
i

| 1,)— Dy

WL g
WS> S,
‘o M
| Dy 1B>>’< Da Dg)

A#0: Dispersion
— Two-photon gate

Tiarks &al,
Nat. Phys. 15,
124 (2019)
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Rydberg Atoms

3-level atoms
Control

o’ e [y R = SR
¢ ‘Lé‘a"é ‘”/“‘:3 R Wy
N 0e® W |1,)—>1Dp) | Dy 1B>’<DA Dg)

A#0: Dispersion

— Photon molecules / vortices

A>  A>

\S ’ —Zb O 2lO
WX+ Xy, Xi- X5)

Polariton A A 9@ (data) B $@ (data)
. . - —n/2 0 mw/2 m .
changes the optical index ——

)
[y
o
o

=
(=]
o

seen by B
= Group velocity dispersion
—> attraction

0
o
i

a
o

optical depth (OD
N
o

B
o

o= N o= N o= N
optical depth (OD)

~N
o

7 (ps) 7 (s)

Firstenberg &al, Nature 502, 71 (2013) Drori &al, Science 381, 193 (2023)
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Rydberg Atoms

3-level atoms

Control

beam ™Ma_

%o% l" \M‘\ .%0.‘
ol = ﬂ‘# . K% %"M\
‘”Tl/Q—) | Do) | Dy 1B>>’< Da Dg)

A#0: Dispersion
= Single photon subtraction

Inhomogeneous dephasmg.
Rydberg polariton « trapped », other photons transmitted

Tresp &al, PRL. 117, 223001 (2016)
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Rydberg Atoms

3-level atoms
Control y MaL
eam . |, |47 -:2(‘5#:." = S
D 140 _ VEF
Jr( 0e® W |1,)—>[Dp) | DA 1B>>’< D, Dg)

Photon sources, Photonic molecules/vortices,
transistors, 2-photon gate, photon subtraction

Reviews: Murray & Pohl, AAMOP 65, 321 (2016)
Firstenberg, Adams & Hofferberth, J. Phys. B 49, 152003 (2016)
Wu &al, Chin. Phys. B 30, 020305 (2021)
Shao &al, Appl. Phys. Rev. 11, 031320 (2024).
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Rydberg Atoms

ia_ i Short "'\

¢ }m range

Ve G

U, h (MHz)

L

3 4 5 6 7 8 910

20

Béguin & al, PRL 110, 263201 (2013)

ir-state relative energy, AE/h (GHz)
I

=

atomcalc.jqc.org.uk
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Rydberg Atoms

Short e
range

Ve G

U, h (MHz)

|

3 4 5 6 7 8 910 20

Béguin & al, PRL 110, 263201 (2013)

0.1

state relative energy, AE/h (GHZ)
I

=

atomcalc.jqc.org.uk

A=0:

A
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Rydberg Atoms

ia_ i Short  “

=

e relative energy, AE/h (GHz)

U, h (MHz)

|

0.1
3

4 5 6 7 8 910 20

Béguin & al, PRL 110, 263201 (2013)  atomcalc.jqc.org.uk

Transmitted & scattered photons
are spatially entangled

%S — Purity<1
2w Gorshkov &al, PRL 110, 153601 (2013)
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Rydberg Atoms

Short e
range

Ve G

U, h (MHz)
state relative energy, AE/h (GHZ)
1

|

0.1
3

k
4 5 6 7 8 910 20

Béguin & al, PRL 110, 263201 (2013)  atomcalc.jqc.org.uk

Transmitted & scattered photons
are spatially entangled

i = Purity<1
S Gorshkov &al, PRL 110, 153601 (2013)

A+#0: Dispersion oc ODg /A,
Absorption oc ODg /A?
e o o 7IODB .‘o‘o.
° .. ° — 0....0
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Rydberg Atoms

range

Ve G

U, h (MHz)

Short e

|

=

state relative energy, AE/h (GHZ)
I

0.1
3

5 6 7 8 910 20

Béguin & al, PRL 110, 263201 (2013)

atomcalc.jqc.org.uk

Transmitted & scattered photons
are spatially entangled

= Purity<1

Gorshkov &al, PRL 110, 153601 (2013)

A+#0: Dispersion oc ODg /A,
Absorption oc ODg /A?

'.o j—

{ry oc aon*2~1 um!

Bendkowsky &al, Nature 458, 1005 (2009)

71




Rydberg superatom in a cavity?

Single atoms in cavities

« Technical » issues

24

« Physical » issues

Rydberg ensembles in free space

Cooperativity (, =

|
Best of both?

g° 1

2(kg + k,)y Transmission + Losses

C=NCO

2
. O-Atom~/17|'
~r7 2
Ophoton~W N
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Rydberg superatom in a cavity

~800 Rb atoms

o=5um, T=3uK

Length~4x21mm

Finesse=590
| G): Losses <<T |R): Losses >>T

Optical over-coupling Optical under-coupling
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Rydberg superatom in a cavity

~800 Rb atoms

E~E o=5um, T=3pK
Length~4x21mm
Finesse=590
| G): Losses <<T |R): Losses >>T
Optical over-coupling Optical under-coupling

* Large-volume, medium-finesse cavity with non-trivial geometry

v

Easier to trap & cool atoms Easier to fabricate More interesting physics
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Rydberg superatom in a cavity

~800 Rb atoms

E ~ o=5um, T=3uK
Length~4x21mm
Finesse=590
| G): Losses <<T |R): Losses >>T
Optical over-coupling Optical under-coupling

* Large-volume, medium-finesse cavity with non-trivial geometry

* Free-space scattering suppressed
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Rydberg superatom in a cavity

~800 Rb atoms

E~E o=5um, T=3pK
Length~4x21mm
Finesse=590
| G): Losses <<T |R): Losses >>T
Optical over-coupling Optical under-coupling

* Large-volume, medium-finesse cavity with non-trivial geometry
* Free-space scattering suppressed

 Lcomparesto T~1% << 1: moderate density OK
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Rydberg superatom in a cavity

~800 Rb atoms

<g| 1% 0=5um, T=3uK
Length~4x21mm
Finesse=590
| G): Losses <<T |R): Losses >>T
Optical over-coupling Optical under-coupling

Large-volume, medium-finesse cavity with non-trivial geometry
Free-space scattering suppressed
L compares to T~¥1% << 1: moderate density OK

Cloud can be smaller than mode
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Rydberg superatom in a cavity

~800 Rb atoms

? 1% 6=5um, T=3uK

\ Length~4x21mm

Finesse=590
| G): Losses <<T |R): Losses >>T

Optical over-coupling Optical under-coupling

e Large-volume, medium-finesse cavity with non-trivial geometry
* Free-space scattering suppressed
 Lcomparesto T~1% << 1: moderate density OK

e (Cloud can be smaller than mode

A > §
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Rydberg superatom in a cavity

~800 Rb atoms

1% o=5um, T=3pK

Length~4x21mm

Finesse=590
| G): Losses <<T |R): Losses >>T

Optical over-coupling Optical under-coupling

Large-volume, medium-finesse cavity with non-trivial geometry
Free-space scattering suppressed

L compares to T~¥1% << 1: moderate density OK

Details of interactions don’t matter too much

Cloud can be smaller than mode ol
1
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Experimental setup

Electric / magnetic field control
* Buildup cavities for Rydberg lasers

* Flexible cavity geometry

* High resolution optics

e ~10 Hz total repetition rate, x10 cloud recycling



Superatom state control & detection

R drive‘

10 c
§e
8l SN 'l 2 {08 &
g [] 4 }\: ¥ ,f’I B L I /‘1\\ ‘?L
8 6" ;’E \\ E’ P 0.6 8_
o i \\i ; I\ L =
Sal /g < T \ ¥ lo4 =
| R> % II - '\ ! i ¥ A /! - o
2t ‘\\1 'I ?{“\-I 102 E
- [04]
. 0 . . ) ) . . . . 0 a
R drive 02 04 06 08 1 12 14 16
Duration of drive pulse (us)
|G)

|G) = |5S,,, F=1, m¢=1) Vaneecloo &al,
|P) = |5P5,, F=2, m=2) PRX 12, 021034 (2022)
IR) =1109S,,,, J=1/2, m=1/2 ) 81



Superatom state control & detection

|G)-|R) transitions”

‘ ‘*'
R d rive‘

IR) |
|R”)
R drive EIT
P control
EIT Cavity
probe__
|G)

1G) = |55,,,, F=1, mg=1)
P) = [5P,,, F=2, m;=2)

IR) =109S,, J=1/2, m=1/2 )

Detection in|G)

.~ AR

Photon number
=) )

Detection in|R)

1 1
0 20 40
Time [us]
0.6 1
[l |
0.5h I
L |
.'? 0.45 : *:
2 03f ! 3
= [ | ]
Q [l I n
& 0.2 I 4
i |
0.1 | —
0.0 0 5 10 15

Photon number

|P") = |5Py ), F=2, m=2)
IR") = |78S,,,, 1=1/2, m=1/2 )

 12us

] [T L L
FE4: ]
= I 1
b ﬂ/'ﬂ
S

,_g:o ||” A
A 20 40

fme [us]

Quantum jump to |G):
Photon flux x 20

Single-shot detection
efficiency 95% in 12ps:

Vaneecloo &al,
PRX 12, 021034 (2022)
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Controlled optical © phase shift

|G)-|R) transitionsw

R drive

Phase 0in|G)

V &

HD signal [mV]

Phase min|R)
y & ‘
0=\

}

10 e

=
iz
E 0
=11
5
]
T

%
o

.

MENETEE B B
0 10 20 30
Time [us]

-
’—‘
-

-
[

-
-

05 0.0 0.5
Probe detuning [MHZz]

C-Z gate: Stolz et al,
PRX 12, 021035 (2022)

Vaneecloo &al,

PRX 12, 021034 (2022)
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Wigher-negative photonic qubits

COS— |G) — sin— |R)
!
D) = COS(ﬂ)IG,lD — sin(B)|R, 0)

COS — |O) + sm— |1)

6=0.34n 0=0.51n 0=0.81n 6=097n 0=1.17n
p(n=1)=0.15 pn=1)=0.31 p(n=1)=0.55 p(n=1)=0.60 p(n=1)=0.56 2n
£ 3n/2
g 1.0
2> n
2 0 oo 0 oo 0 oo 0 oo 0 oo
° 4 0 0 0’ o s
L (\\ 1 1(\\ 1 1 (\\ L
/) 0 \J 0 A\ 3 \J 0 \\ 0
Blue
o
read £ {1 1} 1 4 | 8 -
© i . 2
30 1 1 of of ) 0
5_1 3 A \ {1 -1 -1r -1 0.1
-2t 1 -2 1 -2t 1 -2t — =
“2=1 0 1 2 2 =1 0 1 2 -2 -1 0 1 2 <40 1 2 2= g 1 2 0.0
X quadrature X quadrature X quadrature X quadrature X quadrature
c
o
2 -0.1
=
=]
g . -0.2
=
1&1 101 10-1 101 10—1 101 10-1 —101 1&1—01

Magro &al, Nature Photonics 17, 688 (2023)
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Wigher-negative photonic qubits

[$(0)) = cos (3) 16) — sin () IR}

Quadrature squeezing:

—mml

Decay y
Dephasingy;, N - N\

Blue
read

Quadrature

|
o«
()

—0.4f

00 02 04 06 08 10 12 060 02 02 05 08 10 12
Qubit rotation angle

= ¥ & y.: alternative for Ramsey spectroscopy?

Magro &al, Nature Photonics 17, 688 (2023)
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Understanding superatoms

As (200D - AsCEO)
o M9 Q’ gVN
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Understanding superatoms

As (200D - AsCEO)
o M9 Q’ gVN

Qubits must be:

—

|dentical:
Fluctuations of N, ..?
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Understanding superatoms

A (200D - AFCEED)
0O g Q’ gVN

Qubits must be:

|

Identical: Anharmonic:
Fluctuations of N, ,..? Imperfect blockade?
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Imperfect blockade

|:§’.a:.>+|3:‘:°;->+... o o e—iw1t|:§’.t';->+e‘iwzt|3:.c‘;-> ...

Low-dimensional parameter-free model, from first priciples:

Vs brute-force numerics: Vs data:
State 1405/, State 1095,/ 1
1.0F A n N A ’ [N / ) p 5
AT T A Y A =
s Fiv it ,"\ | 8 o8}
= Hviy b 2
LSRR RERE & 0.5
o L T A Y H (@)
S B Vv o
Fol W | o 0.2}
0.0bamet YV g
Time (us) E 9
State 955, 0.6
1.0F n o @
5
E 5 0.4r
5 _ s
= 5
08- ' . %0.2'
\ AN o . 3
0 /"*(/\.—\M / \ fo) .-

0.0 0.5 1.0 1.5 2000 0.5 1.0 1.5 2.0

Rabi frequency Q/(27) [MHZ]

Magro et al, in preparation



Imperfect blockade

|:2.s:->+|g:‘z°;.>+... o o e—iw1t|:£’.t';->+e“’wzt|g:.c°;o> ...

A

* V,=C,/0°10 GHz
* Expt: V471 MHz...?

Magro et al, in preparation %



Imperfect blockade

|:2.s:->+|::‘z°;.>+... o o e—"wltl:‘.:t:->+e“'wzt|g:.c°;o> ...

250 T T T T |

200F

-
(&)
o

100

Density of states py

* V,=C,/0°10 GHz
* Expt: V471 MHz...?

(&)
o
T

10 10 10° 107 10 10
v Energy z=V/V}

Reff = 0'*3\/5

Magro et al, in preparation 91



Understanding superatoms

A5 (200D - A
Mﬂ(’g ) (J\ri—l(’ g\/N)

Qubits must be:

el

Identical: Anharmonic: Coherent:

Fluctuations of N, ,..? Imperfect blockade? Inhomogeneous dephasing?

e—iw1t|:‘.:"‘.>+e—iwzt|::.':,>+

| RO :l R1> < :=—| R2> <“—> ..

—

1 Quasi-continuum of
|G)| asymmetric/dark/subradiant Dicke states

A. Covolo &al, Optica 12, 1427 (2025) : last talk of the day .



Conclusion

Projective measurements:

Strong industrial effort

Single emitters:

New cavities

Kerr-type non-linearities:

="

« What is proved by
impossibility proofs is lack
of imagination » (J.S. Bell)

Rydberg atoms:

g
+ Cavities / waveguides
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