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Motivation for guantum technology

Fast robust generation of
entangled states allows:
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Parametric system with multiple pumps

Hamiltonian for parametrically-driven cavity, W5 = Za)d Ag =y — s
RWA (frame w,/2) P a1 Ar = 0p — oy

Linear part: analytics, interaction

=15 h % iAt~9  _iA.t~+9y 8raphs,gainand squeezing
Hys rwa(t) = hA, a'a + _y(aget2ta® + age o al ) coefficient below threshold

+6hKatataa,

Nonlinear part (numerical simulations, dynamics above
threshold, oscillation, transition between states)

Quantum Langevin Equation (QLE) input-output relationship
a(t) = (—iA, — S)a—i Y5, ageal bout (1) = bin(t) — V/ra(t)

+ VEbin + /i — 12iKataa
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Simplified theoretical analysis

» Simplification of conditions: zero detuning, working point far
below critical threshold (a < a.;), ho internal dissipation (y = 0)

&( ) (_?'ﬂ T) — 1 Zd 1 Qd e“&dtaT 2(w-R) l } 2(w,HA)
- fbm +m— M
A t ot I _
a = {H'I}H'Z}a'Sja'lga'zgag}' - 3 mode case N=3
_ LO {, Lo 32 Lo},
(—i(w — Ay)+5)a(w) +ia( [ al(t)ete Aatdt + — o AP A

uY% | Q% | @ |

[at(t)eteidatdt) = \/rbin(w)

Ma(w) = v/kbin(w)
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Matrix analysis of modes (N = 3, A =0)

Input-output relation

]U&(w) = \/Ebjn(QJ) ¢ = \/Eﬁ{_lbin(w) ¢ bout(w) = (I — f{ﬂ{_l)bin(w)
Inverse M ! Mode basis -> 1
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state i ood
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Al4 parametric device and measurement setting

Th e d evice : RT Reference clock Reference clock Reference clock

External Trigger External Trigger
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Basic characteristics of parametric device
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Magnitude (au) and phase (rad)

30

)7 Vmin

20+

Squeezing (dB

|

4
Frequency = Magnitude

2+ response — Phase

O',

Ll K/27m = y/2r =
4.4 MHz 2.3 MHz

4 : e e

NI SIS

Frequency (MHz)

—(AQ?), simulation

—(ATI*), simulation
AQ?), experiment

fo) AI2>, experiment

B
I
!
¥
)
()
’

---Quantum entanglement threshold &

Single mode

107 Squeezing:

0.1 0.2

0.3 0.4 0.5

Normalized pump amplitude, a/(k + 7)

20

151 Gain 1
%10 r
£
@© L
0] 5

‘£l Measurement
0 == Simulation

0 0.2 0.4 0.6 0.8 1
Normalized Pump Amplitude, a/(x+7)

—Simulation
O Experiment
- -Quantum entanglement threshold

[6)]

B

Two mode entanglement
(two mode squeezing —TMS):
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Measured and simulated gain
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Data analysis

Gaussian states are characterized by the covariance matrix

A &ﬁ—&j No— ai_a‘;'r
= "3 P= 73 Vij = 5 (AFAF; + AF;AR) — (AF;) (AF;)

~ ~ -~ T
r = ($1,p1:---$NaPN)

Input (Q and I vs. t)
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complex form

! Lahteenmaki, P., Paraoanu, G., Hassel, J. &
Hakonen, P. J., Nature Comm. 7 (2016).
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Covariance matrix with two pumps b)  Tripartte case

12.,046/2 MHz 12,050/2 MHz
a) Ap=-90° b) A =90° (1) l ) I 3)
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PPT criterion for three partite case

2 Change sign of momentum
of one subsection:
V1_923, sim. Vi—23, €XP. I Iolo IOQO |0|1 IOQl ]
g m— /)13, Sim. O vo_13, exp. | |
f m— /312, SIM. O v3_12, exp. (9 Qlo R Qb Qo
%ﬁ 197 PPT threshold | [ |mmm PPT threshold | I1|0 I1QO I1|1 _|1Q1
E Q Qlo QQ QL QQ
& . Entanglement
4B o .
0 Q (o criterion
g 1 188 a5~ @ __
2 0 Vk :P Vi P Vg '< ].
o @ ')
U% CSQQ) P is symplectic matrix
Inseparability Inseparability A. Peres, Phys. Rev. Lett. 77, 1413
0.5 - ‘ — & ' ——  (1996).
0 0.2 0.4 0 0.2 0.4 M. Horodecki P Horodecki. and R
Pump amplitude, Pump amplitude, - rorodecil, i Horodeckl, and 1.

Horodecki, Phys. Lett. A223, 1 (1996).
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Genuine three partite entanglement
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_ S =2min +h,9, |+
>1
S v=> hQ |h395 +h, 9, ’ 393‘4‘“‘292&

Same result if the phase
99 selected on the basis of
A P. Van Loock and A. Furusawa, Phys. Rev. A 67, 052315 (2003).

"8 R.Y.Tehand M. D. Reid, Phys. Rev. A 90, 062337 (2014). measured Covar-matrix



PPT criterion for four partite case
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Symplectic eigenvalue, v,
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Genuine four partite entanglement

b) 2F Generalized
H-graph state
1.75 F == Simulation o
- O Experiment 4 SQ 3
Nq;) 1.5} | = =Entanglement threshold )
\N BS ¢
T 1.25¢ >Q A 24
N§ ’/ N\
\q-/ _________ - = ’ SQ .
0.75| |
Genuine entanglement
0.5 ' ' ' Expand to
- 0.05 0.1 0.15 TWPATtOo
Normalized pump amplitude, a/(x + ) reach more
bandwidth
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Genuine four partite entanglement

_ A2 2
b 2 oo (e (am)
1.75} |===Simulation o fa(hi; i)
e O Experiment
E 1.5} |= =Entanglement threshold f(hi, 9;) = min{| hyg; + 0,0, +hg95 [+ hy 9y |,
Id§1.25_ 10494 + 0,95 + 0303 [+[ gy |,
‘“<;]a |Ny94 + M0 +h595 [+ 1,0, |,
~ g T T T T T 55 - - | NGy + MGy +hy0; |+ hyds |,
0.75} |01 +hy0, [+ 0595 +h, 0,1,
Genuine entanglement |hg; +hegs |+ 0y, +h,0, |,
0.5 ' ‘ '

0.05 0.1 0.15 |0, + 393 [+[y0y +h,0, [}

Normalized pump amplitude, a/(k + ) h=g,=1
ju— 1 —_

h=h, gi=9,{i=234}

73
A Criterion from R. Y. Teh and M. D. Reid, Phys. Rev. A 90, 062337 (2014).
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Control with phases

—2a% 4+ 8—;*; +c 0
0 —2a? + S—f‘zi +c2
2o 0
0 —2ac
6a® — 8- 0
2 _ sal
0 6o — =
2o 0
0 —2ac

Pump phases of three pumps: {ae

" 2 4 202 0 —2ac
0 c? + 20?2 0
—2ac 0 c? +2a?
0 2ac 0
0 0 2
0 0 0
2ae 0 0
i 0 —2ac 0
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Kirill Petrovnin, ..., PJH, arXiv:2203.09247
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Entanglement in Travelling Wave Parametric Amplifier

Potential energy:
Ulp) = E_;((:ZL,DQ + c30° + a0 + ... )

/

3-wave mixing o
4-wave mixing

SNAIL elements technology:
=> 3-wave mixing dominates

E, A

S i [ S
aEJ \\\ Wa Wp
OO
> s M g Pump % p — MLJ/L

co+ML; /L

N. E. Frattini, et al. Phys. Rev. Applied 10, 054020 (2018)



Device

- VTT SNAIL elements technology with
spiral resonators for phase matching
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PJH, arXiv:2111.06145
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Measurement setup

Signal Analyzer
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Calibration

4 4 4
e = s '_/
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Results

Two-mode entanglement
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Entanglement in Travelling Wave Parametric Amplifier
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Multipartite entanglement in TWPA (N = 3)
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l. Lilja, et al., unpublished



Future plans

* To understand TWPA operation better
* Large multimode entangled state generation

Frequency
comb for

pumping

v/

Entanglement
generator

TWPA

A\ 4

L,

1 2 ese N
N-mode entangled state over GHz
range of frequencies

e Quantum illumination/sensing, data transmission protocols

* CV quantum network

* Cluster state CV computing — processing and measurement




Summary
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Demonstration of genuine four partite entanglement

~

at microwaves — and three partite with phase control

Novel method of broadband entanglement
generation (up to 1 Gebit/s)

Squeezing in TWPA -2.4 dB (for the first time)

Scalable N-mode states generation for quantum
sensing and CV quantum computing
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