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Classic observables: Quantum behavior:
* Gain * Occupancy probability
* Noise Figure distribution

* Noise Temperature
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First Quantization Hamiltonian

We adapt and further extend the work presented in [1] to an
[2]
AD(z,t) = Adpc +

ADpcis the flux
difference due to
Ipc external bias
— - — —
B - T T SP(z,t) is the

@ flux
- -- y difference induced by
< a > the travelling waves
The can be written as the sum of the electromagnetic energy stored in each component of

the transmission line

an 5
=2 f . + ool (1 L4 o e d
“a) |21, Pole| 27O T, 2\ ar 2 z

0

[1] T. H. A. van der Reep, “Mesoscopic Hamiltonian for Josephson traveling-wave parametric amplifier”, Phys. Rev. A 99, 063838 (2019)
[2] A. B. Zorin, "Josephson Traveling-Wave Parametric Amplifier with Three-Wave Mixing”, Phys. Rev. App. 6, 034006 (2016)
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Second Quantization Hamiltonian
4

5P = 5d(a,,ah)

_ A At
Ve, = Ve, (An, ay

First Quantization Second Quantization
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Second Quantization Hamiltonian

. The Hamiltonian describes all the between 3 or 4 traveling waves (i.e., the
, the , the , etc..)
H=h h ata, +- h a+ at ) A a+at )
- + an an + z + {a +a }n,l,m " OAn1m,0 + {Cl ta }n,l,m,s " “Anims0
n nlm nlm,s
Energy from Energy of the All 3-wave mixing All 4-wave mixing
energy-preserving processes energy-preserving processes
150 | 1z E E oo Xo-10712
For S R S
N 100 ~'~~.‘~ IE :g :é ’t,’ 1 (p) _ a) 10_5
l { } E 50 L “sﬁ |§ i < |§," 1 Xl p
. n,l,m=1{p,s,1 o : R I A ] (1) -5
P >~ o0 | - . ] — Xy - wi) 10
1 = . | | (S) -
with w, = ws + w; . i | i ()(1 _ ws) 105
] >< I i I {p;s;i} . 10—2
. n,l,m,s ={p,s,j} -100 ¢ | | } A3
. . _150 _ ! i ! ] — X{p:pysyj}
with 2wp = ws + 0.50 -025 00 025 050 4

ADpc /Py
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CMEs from Heisenberg Equation

In this condition the

Selecting a proper bias condition, the amplifier can work as a pure 3-Wave Mixer or 4-Wave Mixer ( ).

can be derived solving the

da i da ..
d_tn = 7 [H3WM(4WM), an] + a_tn where n = {p, s, 1,j}
Under the approximation, the output field at the is:
. v iy ~i(3)t
d,(t) = || cosh(gt) + Esmh(gt) — Esmh(gt) e \2
where ¢ is the , ' is the and V is the

P
aw,in

Q

w”in ——

[

\_

Parametric
Down-Conversion

~N

J
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Signal photons at the output port

. (ﬁw,out> — (a-rw, out aw,out) =

= |u(w)|*(fig, in) + V(@) 2{Ay;

of the input
field at w frequency

to the amplification
of the frequency due to
the presence of an input signal at
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Noise Figure

A 2 2
n, . 2) —
w -2 SNRip(0) = 7 2in L SRy 0) = soud — 1 4
SNRut(w) <(Anw'in) > <(Aﬁw,out) >
Variance of the input/output photon number
Supposing at the input a = D(a,)|0,)D(,,)|0,) =

-2 -1 - 70 1 2 3
| M F(w) /dB

1.5 i ) i ] '

13)11.25)

= 1.0/
NQ"

0.5-| [
0.0 e

O 4 8 12

6L4_.J ;L_._J

8 12 0 4 8 120 8120481204812
a)/GHz

An tone at the input port F(w) of the amplifier

[4] Z. Shi et al., “Quantum noise properties of non-ideal optical amplifiers and attenuators”, J. Opt. 13 (2011)
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Noise Temperature

. The of the amplifier is the temperature that a should have to equal the
output w mode occupancy generated by a vacuum input state [5]:

1

ehw/kp -1 - Iv(a))lz
The is the
effective temperature normalized on the 148 e Tn/mK
gain minus the contribution given by the I : 250
fluctuation of the input vacuum state: [ 180
10 - 110
< s - 40
_ Tetr(w) . lh_w ! 06 L o
G 2 k B
(@) o 5 -90
. . 0.2 -160
For high gain T,(w) approaches the [ 930
: 0 2 4 6
1hw w / GHz

ThsqL = 2%

[S5] A. A. Clerk et al., “Introduction to quantum noise, measurement, and amplification”, Rev. Mod. Phys. 82, 1155 (2010)
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ime-evolution of bimodal Fock states

. The average photon number at frequency w at a certain time t can be written in terms of the to find N, photons
at a given time
(nw(t)) = Z Ny
NO)

Output
Port
1 1.0 [y
B Average Value
0.8 | -
c [ "—
0
© g 0.6
© =
S >
o 04 +
o _ I’
W Fock states input
0.0
Input 0O 10 20 30 40 50
Port
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For more details...

A gquantum model for rf-SQUIDs based metamaterials enabling 3WM and 4WM
Traveling Wave Parametric Amplification

Angelo Greco and Luca Fasolo
INRM, Dstituie Noriomale di Ricerca Mefrologica, Simada delle Caccs 9F, 10135 Torino, fiely ond
Department of Electromics and Telecommunications,
PoliTo, Corso Castelfidords 39, (0129 Torinoe, lialy

Alice Meds, Luca Callegaro
IN RN, Tatituto Nartonale df Ricerea Metrologiea, Stroda delle Caoce 9F, (0035 Torino, ftaly

arXiv:2009.01002v5

I

Bimodal Approach for Noise Figures of Merit
Evaluation in Quantum-Limited Josephson
Traveling Wave Parametric Amplifiers

L. Fasolo, C. Barone, M. Borghesi, G. Carapella, A. P. Caricaio, 1. Carusotio, W. Chung, A. Cian,
. Di Gioacchine, E. Enrico, P Falferi, M. Faverzani, E. Ferri, G. Filatrella, C. Gatti, A. Giachero,

- . Ginbertoni, A. Greco, C. Kutlu, A. Leo, C. Ligi, P. Livreri, G. Maccarrone, B. Margesin, G. Maruccio,
Emnsmele Enricd] - A. Matlashov, C. Mauro, R. Mezzena, A. G. Monteduro, A. Nucciotti, L. Oberto, S. Pagano, V. Pierro,
INROM, Istttuts Neztonale di Ricerca Metrologicn, Strada delle Caeee 91, 16135 Tortna, Ttaly and : L. Piersanti, M. Rajleri, A. Rettaroli. 8. Rizzato, Y. K. Semertzidis. U. Uchaikin and A. Vinante
INFN, Trendo Mnatitute for Fundomental Physice ond Applications, [-38125, Povo, Trento, [taly ey
(Dated: Ssptember 29, 3021) ;.{
. - . S - Absraci—The advent of wlira-low noise microwave ampli-  analyze some of the intrinsic properties of a model architeciure
A qu AMLUm mud_e]_fnr J..mphwnbamd me!t.am.j.lnrla]s working in L_he ]‘hrnch’ﬁm_q Mixing -_.'1_'\'. _M:I ™ fiers revolutionized several research fields demanding qI:II.I:II.'I.IpI:':I- (ie.. an r-SQUID based Jm;hs]:cm Traveling Wave Parametric
and Four-Wave Mixing (4WM) regimes at the single photon level is presented. The transmission “) limited technologics. Exploiting a theoretical bimodal description  Amplifier) in terms of amplification and noise generation for
line taken into account, namely Josephson Traveling Wave Parametric Amplifier (JTWPA), s a of a linear phase-preserving amplifier, in this contribution we  key case study input states (Fock and coherents), Furthermore,
bipole composed of a chain of ri-SQUIDs which can be bissed by a IMD current or a magnetic [ we present an analysis of the output signals penerated by
flald to activate the 3WM or AWM nonlinearities. The model exploits 3 Hamiltonian approach 5 This wark is supporied by the ltalian Institute of Nuces Physics (INFN) the pnr_m'mlrin ampliﬁc?tim mechanism when thermal noise
to analytically determine the time evolution of the system both in the Heisenberg and interaction &) within the Technological and Inerdisciglinary nessarch commission (C5N5),  Ductuations feed the device. _ )
pictures. The former returns the analytic form of the gain of the amplifier, while the latter allows o by the Empean Usion’s HI00-MSCA Grani Agmement No.DI0ZTT46, fndex Tarms - M;‘:f_ﬂf““t photonics, Noise figure, Superconduct-
recovering the probability distributions vs. time of the photonic populations, for multimodal Fock = : ‘:}‘;“L’F“F"" for ];{‘“:a:‘""” r[‘ss'm:j'er'm;“r“’ R’P;'l_"-"l‘;’-lg{mﬁ‘?:; g microwe devices.
and coherent input states. The dependence of the metamaterial’s nonlinearities s presented in terms =S o F.RB;"D‘;::EN P H-H.JI':Ijttl.“k';_ﬁKl m‘;ﬁ e Framesork I INTRODLCTION
of circuit parameters in a lumped model framework while evaluating the effects of the experimental Y1 of the HIM20-FETOPEN-2018-2020 call, and the Joint Research Propct ’ '
conditions on the model validity. =  PARAWAVE of the European Metmalogy Programme for Inmovation and MNowadays, the echnological progress in several fields of
— Research  (EMPIR). !“f"‘?"‘xl_ ’F"““,"‘du r“"d'"id from :"’I_E’MPIR msearch, spanning from quantum computation and communi-
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arXiv:2109.14924v1

A. Greco et al., “Quantum model for rf-SQUID based
metamaterials enabling 3WM and 4WM Traveling Wave
Parametric Amplification”. Phys. Rev. B 104, 184517 (2021).

L. Fasolo et al., “Bimodal Approach for Noise Figures of Merit
Evaluation in Quantum-Limited Josephson Traveling Wave
Parametric Amplifiers”.
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PICOUET Laboratory

04
Reliance of
the supply
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INRIM Campus, Torino )
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INRIM Campus, Torino
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INRIM Campus, Torino
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PIOUET Laboratory
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PIOUET Laboratory ’

* 2inches wafer standardization of the whole fabrication chain

* 12 chips per wafer (1x1 cm?)

* PIQUET wet processes migration

* PiQuET E-Beam evaporator installed and running (from may 2021)

* PIiQUET Installation of Ebeam and Optical Litho expected by March
2022 (currently back-and-forth from the QR Lab@INRiM)

T DARL NRIM
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Unwanted high-tone waves generation

TWIJPA X-Generation (b)

(%) i %
o S ‘ﬁ j}l

3 elementary cells

First generation (X) preliminary tested at LNF & IBS

Power
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Frequency

T ]

Good phase matching  Efficient suppression of
is needed! propagation is needed!
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Resonant Phase Matching Scheme

.Destroy phase matching condition for up conversion :
kgum=k,+k+0k

* By decreasing the plasma frequency

Moderate Large

dispersion dispersion No transmission

», ~70+100 GHz

| 1
_E,E,_ o= ~35+50 GHz
LC,

Repair phase matching condition for down conversion:
k,=kg+k; +Dk- Ak
* By resonant phase matching (RPM) [O’Brien 2014]

* Resonators can be either lumped element [Macklin 2015] or distributed resonators
[White 2015]
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he poled Josephson transmission line
II' m/2 m/2

B>0 @ B<O

B>0 5 B<O B
T S o 5>
T 7 'B T

A.B. Zorin, “Quasi-phasematching in a poled Josephson traveling-wave parametric amplifier with three-wave mixing”. Appl. Phys.

Lett. 118, 222601 (2021).
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RPM and QPM — Classical CMEs [1] :
Ny

!'.'Lf‘l.i l..':fI -
- *_i(kp—ks)T ¥ _ilkp—hkyri * i( ke &) | —ikiT
d:].. — I (A kg.ﬂlp;’l i g | k %p.‘_lfip.: 1F+1 B L T | kng F+ g4 1.2?_:13}_'_? ' EP P+ )ﬁ ¢ *
d.ﬂ. ,J{[ ] % 'il:kp_kijm ] ¥ l{kp_kp+~}m ) * il:.fi:-:-]._,—.fcp_i]r —ikgT
. 41 b  pilka-ths)z v _ilks—kpis)T i(ki—kpsi)T
| kgpkpjlzp-‘;l;ﬁi(kzp—EP]I) ﬁ—ikpr.
d‘ﬂ‘]‘?‘H -ﬁL * _i(kp+ki)z ¥ i(kop—ks)x |\ —ikpyix
d = 1 kp Iii.;.ﬂp_fll- eoE T A kgpks ;’].gpflst‘?. B e P
dA,. 3 - - (ke —fes) &
d; f = 4' ( ks Ay jlzﬁ:{kp—m;m | kng;ii,qu‘,gﬁ:{th—mJ:r-) o RptaT
dAs 3 ki’fl? . - _ :
dTF' . 4 ( 2 I{L,J +kp)x kp+1'ks1’1-p+i-" :ﬁaik},_1+ks}z kp+.fskz’f’,-'-p+sf1-:ﬁ“:hp+s+h]r)ﬁ_mjpm

[1] T. Dixon et. al., “Capturing Complex Behavior in Josephson Traveling-Wave Parametric Amplifiers”, Phys. Rev. Applied 14, 034058
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RPM and QPM — Classical CMEs
4

— 12.7 GHz 137 GHz — 14.7GHz -- No RPM
25_""l""l""|--||-u-|...,.

20}

15}

Gain [dB]

f. [GHz] f. [GHz]

A. Giachero et al., “Detector Array Readout with Traveling Wave Amplifiers”.
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JTWPA by 2-steps optical lithography
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JTWPA by 2-steps optical lithography

Single angle evaporation
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JTWPA by 2-steps optical lithography

AR AR RARREAERERRERENERRS;

IAAAAREREARERRRARRRNSERRRRNN

fee i el gl 71502021 | FV- | mag | WD | det |spol it | m—— 30ym -
gas el 4:56:53 PM | 2.00 kV |4 000 x| 8.8 mm |[ETD| 3.0 |0 °| InspectF-NanoFacility Piemonte

Double angle evaporation
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JTWPA Architectures and Generations

* JTWPA_X

-~ 4 Y 4 . JTWPA_C

* JTWPA_LS
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JJs reproducibility

ID

Device

Substrate 02

SQE_JJs_ Reproducibility_Test_Array_4uA_225fF 1

Main Properties

Dynamic Oxidation/Diced

Substrate 05

SQE_JJs_ Reproducibility_Test_Array_4uA_225fF 2

Substrate 06

SQE_JJs_ Reproducibility_ Test_Array_4uA_225fF 3 |

Static Oxidation/Not Diced

Test Wafer

7/30/2021 | HV mag WD | det |spot] tilt 5 um
5:02:43 PM|2.00kV |16 000 x| 8.8 mm [ETD| 3.0 |0 °| InspectF-NanoFacility Piemonte

Double angle evaporation u
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Dry fridge — Expected January 2022

[|67¢)

QZ"/ li:]|1."1f"'15-’

| 07a)

(05)  (oay[ipre)

EM Shielded Room

(06)

-

Al 5;

A B
N ."‘ v
g SN L5
——\ .
e -, ; ‘- o .u

= - ,-.*f U
(08) “ (08)" (08) ] CF-CS110-600

o R |

(o9 = e { N :
avuif] o “9™ 07pYo7b) — 03,
o | P ¥ e ) ¥ |

-~ : .

10

'_”\.'l'\_:
TROLOGICA

DART WARS Annual Meeting 2021 — Emanuele ENRICO — 01/12/2021 (virtual)



5 um

Conclusions
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JJs still to be refined

e New RT measurement run in December

e Then->)J test array ready to be delivered with proper I, (beginning of
January)

Circuit parameters to be fine-tuned accordingly
* SONNET simulations (in collaboration with INFN-UniMiB)

JTWPA_X and JTWPA _C
* New fabrication runs by the end of January 2022

Chip Packaging

* Flexible packaging still under development and charachterization

L) DART
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