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MEASUREMENT SETUP

Pump and drive pulses are generated by modulation of continuous microwave tones produced by microwave gener-
ators set respectively at f, — f,, + 70 MHz for the conversion pump, f, + fi, + 100 MHz for the entangling pump and
fa +40 MHz for the input drive (see Fig. S1). The amplitude modulation shaping is performed by mixing these tones
with arbitrary shaped waveforms at 70, 100 and 40 MHz synthesized by a 4 channels Tektronix Arbitrary Waveform
Generator (AWG5014B). The FPGA board is an X6-RX by Innovative integration with 16-bit deep ADCs at 160
MSps. All clocks and triggers are carefully synchronized together.

Pump pulses and drive pulse are sent into the dilution refrigerator through separated input lines which are thermal-
ized, attenuated and filtered with cryogenic components at each stage ensuring that only negligible thermal excitations
enter the device . The pump lines are then recombined with a diplexer and sent to the sum port of the 180 degree
hybid coupler which distribute the field on the common mode of the Josephson Ring Modulator. The drive line is
sent to the differential port of the hybrid through the —20 dB port of a directional coupler.

The output signal is collected on the differential port of the 180-hybrid coupler is routed back towards a commercial
High Electron Mobility Transistor (HEMT) amplifier of 40 dB gain from Caltech University though two isolators
in series. The output signal is further amplified and filtered at room temperature, mixed down by the microwave
source at f, + 40 MHz, filtered and amplified on a 125MHz bandwidth FEMTO amplifier. The output signal is then
digitalized, demodulated and averaged in real time by the FPGA board on a 550 ns time window.
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Figure S1: Detailed measurement setup. The gray rectangles stand for microwave attenuators. The gray triangles are HEMT
amplifiers.

TUNABILITY AND PARTITIPATION RATIO
Tunability

The buffer and cavity modes can be modeled as LC resonators inductively coupled to the Josephson Ring Modulator
(JRM) (see Fig. S3). The Josephson ring modulator consists in a ring of four identical Josephson junctions threaded
Ly
cos /4
junctions. The equivalent inductance of modes a and m is made of the JRM inductance L jras(@eqt) in series with the
geometric inductance L, ,,,. Consequently by varying the magnetic flux threading the JRM, we tune the frequency of

the resonator fo ., = (27T\/(La’m + Lyrm (Pext))Cam) L

The experimental tunability of the buffer resonator is presented on the figure S2. The frequency is tunable over
800 MHz in the range f, = 8.8 GHz — 9.6 GHz. This tunablilty is stronger than in similar devices used for amplifica-
tion [1, 2] due to a lower critical current I. = 1.1 pA of the junctions. Here, we want to maximize the participation
ratio even if it degrades the dynamical range. Note that in the context of a quantum memory, large dynamical ranges
are more easily achieved since the resonators don’t have to sustain high photon power as a consequence of the high
amplification gain.

Note that around ¢.,;+ =~ 0.87, we observe an anti-crossing in the resonance frequency of about 10 MHz. It is
certainly due to the coupling to a two level system (TLS) trapped in the oxide of one of the junction. The frequency
of the TLS is moving from one cool down to another.

On the other hand, the 3D cavity frequency is tunable over 200 kHz only. Indeed, the participation ratio of the
JRM in the total equivalent inductance of the 3D cavity is much smaller, the scaling factor being 0.2/800 = 2.5x 10~4.

by a magnetic flux ®crt = Qextpo. Then Lypa(Qent) = with L?, is the zero-flux inductance of the Josephson




06
96
/ 05
=
. 94 ~ 04
KO
% 92 3 03 :_"'_.\_ Nl 1.:l~.a..‘h
N ’l 0 H .
s / S
= 90 \ s 0.2
' 35 “ U\j’
Y
P 0.1
8.8 T
007 04r 087 127 16 00— 04 08&r  i2r 16r
Soeact Qpemt

Figure S2: Left panel: resonance frequency of the buffer mode f, as a function of reduced flux through the ringye,:. The
blue dots are measured with increasing field while the purple dots are measured with decreasing field. Right panel: Scaled
participation ratio of JRM in the buffer cavity £,cos(pezt/4) as a function of pes¢ inferred from Eq. (S3) using the measurement
in the left panel.

Stability

We can show that for flux bias e, > 7, the JRM becomes metastable and can jump to another flux configuration
by accepting an extra flux quantum into the ring. This metastability presents a hysteric behavior, ramping the flux
up and down the jump from one configuration to another happen at a different flux bias as presented figure S2. Note
that for a good stability of the device, it is preferable to work at flux point away from half flux quantum @.,; = .
In the present experiment we are working at @e.: =~ 0.67.

Participation ratios

We define the participation ratio &, ,, as the ratio of the zero-flux inductance of the Josephson Ring Modulator
(JRM) to the total inductance of the mode a (or m). For mode a,

Ljrm(@Peat)
_ S1
Loy (QOext) ( )

where Liot = Lo + Lyrn (@ezt). We can show that relative variation of the resonance frequency f, is directly link to
the participation ratio.

1 afa o 1 aLtot o 50 tan(@ext/4)
— = == (S2)
fa 850€wt 2Lt0t 8@ewt 8 COS(Qpewt/ZL)
where &g = Lyrn(0)/Liot(pezt) is almost flux independent and is given by
cos(p/4) |1 0f
=2——C|=—|. S3
= 2an(o/) | 7 0y 5

On Fig. S2, it can be seen that the right hand side of this equation is indeed almost independent on flux. Finally, we
get the following expression for the participation ratio

B 2 1 af
f(@emt) B tan(‘Pext/4) ?8906@5

As shown on figure S2, using this relation we just derived, we get a participation ratio for the buffer resonator of
&, ~ 0.35. We can estimate the participation ratio of the 3D cavity mode knowing the scaling factor between the
frequency ranges over which the buffer and the memory modes are tunable. We get &, ~ (0.2/800) 0.3 ~ 10~*.

. (S4)




CONSTRAINTS ON DEVICE PARAMETERS
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Figure S3: Schematics of the equivalent circuit used in the model.

From the Kirchhoff laws, we can deduce the following relation between fluxes for both resonators a and m.

(?a = (I)a + Yo0¥a
Qo P0Pa _ _P0Pa (S5)
L, Lirv Li(@ext)
Pm PoPm _ PoPm (86)
Lm LJRM LJ(‘)Dext)
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The Josephson Hamiltonian for a single junction reads H; = —f—(‘? cos ¢ where ¢ is the phase difference operator.
J

The full Hamiltonian of the JRM can then be rewritten as a function of the reduced fluxes p, = ©1— P2, Pm = Y3 — @4
and ¢, = 1 + P2 — @3 — @4 where 1 234 are the flux of each node of the JRM [3]:
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We then expand this Hamiltonian at the third order in ¢
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Using Egs. (S7) and (S8), we can then express the full Hamiltonian as a function of the total fluxes ®, and ®,,
and as a function of the participation ratio &, and &,,.
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Finally, we can rewrite this Hamiltonian using the ladder operators , = \/hZ,/2(a+a') and ¢, = \/hZ,,/2(m +
mT) and $p = QD%PF(p +p*) Here Za,m = \/La,m + LJ(SOemt)/\/Ca,m and Wa,m = 1/\/La,mca,m + LJ(SOewt)Ca,m-

H = hwy(a’a+ %) + B (mim + %) (S11)
h oy pp / t t *) gin 2et
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By identifying this Hamiltonian with the three-wave mixing Hamiltonian, we get the coupling term x as function
of physical quantities of the circuit.

1 1
H = hwa(ata+ 5) + e, (mim + 5) — hx(a+a")(m+m")(p+p*), (S13)
with
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p
X = CP%% tan @Zzt VEEnWawn. (S16)

The third order expansion of the Hamiltonian holds as long as the pump power is not too large. The constraint on
the pump amplitude is then:

o prlp|l = pp K 2m. (S17)

However, in order to reach the strong coupling regime, where the input/output rate ~;, reaches its maximum value,
we need:

2
| < 2Pl (S18)

Ra



By combining these two relations, we get the following constraint on the participation ratio the frequencies and the
coupling rate to the transmission line:

4 VA
X Pext gagmwawm (819)
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The constraint is satisfied in the physical implementation of the device.

Pext VEabm faSm 2, o o V03 x10"%1x9.4x 7.8
= 272 tan(20.3 ~12> 1 521
N T tan (5 08) S 0.007 x cos(203) 27 (521)
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KERR EFFECT

The pump amplitude is varied in time to turn the memory on and off. It was therefore important to know by how
much the pump power affects the resonance frequency of the buffer and memory modes. This can be addressed using
the expressions for the Kerr effects associated with the Josephson Ring Modulator

Beyond third-order expansion: Kerr effect

Higher order non-linearities bring spurious effects.

In particular, the Kerr effect results from the fourth order non-linear term provided by the Josephson Ring Modu-
lator. Remarkably, it does not vanish in the rotating wave approximation (RWA) since only mode populations come
into play. The corresponding Hamiltonian is of the form

Hierr = hKaa(aTa)2 + thm(me)Q + hK gmatamim + hKap|p|2aTa + thp|p\2me (S22)

Two types of terms appear, self-Kerr terms that involve only one mode to the fourth power and cross-Kerr terms
that couple the populations of two modes. The self-Kerr effect induces anharmonicity in the modes whereas the
cross-Kerr effect induces a linear shift of the resonance frequency of one mode depending on the population of the
other mode.

The Kerr terms can be easily derived from the Josephson Hamitonian involving fourth order of field operators.
Hence starting from the ring Hamiltonian, we get

_ By Pl 2 2 2 2 2 2, P2, Pm

HKer’r - E Cos Z |:Lpa(pm + @a@p + me@p + ﬁ + ﬂ
cos p/4 | h?

16292 | 4
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The frequency shifts due to the pump tone read

1 Lirm(Peat)
Kaplpl? = —sswabalwpl* =
32 LJ((Pemt) (824)
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In a way, these terms are harmless if the pump amplitude is kept constant. Indeed, they corresponds to a renormal-
ization of the resonance frequency.

The Kerr terms between a and m read

1 Za Zm L ex
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Note that the self-Kerr terms are much weaker than the cross-Kerr terms.
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Measured Kerr effects

Importantly, the cross-Kerr effects involving the pump are dominant here. Indeed, we are probing the resonators
at low photon number (~ 100), thus the self-Kerr terms (afa)? and (m'm)? as well as the cross-Kerr term afamfm



are negligible compared to the cross-Kerr involving the pump that is strongly driven. The correction to the resonance
frequencies of mode a at rest is given by
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Figure S4: Measured buffer resonance frequency as a function of pump power |p|? in arbitrary unit (in the cool down corre-
sponding to Fig. 2 in the main text). The largest displayed pump power corresponds to the one used for catch and release in
Fig. 2. Note that the measurements performed during the second cool down at a different flux bias (for Figs 3 and 4 of the
main text) were taken with even larger Kerr nonlinearities.

As derived in the previous section, the strong coupling regime is reached for

X|p| = % sin % V gafmwawm ~ % (527)

Therefore, the frequency shift of the buffer mode induced by the pump in the strong coupling regime reads

2
a

(tan %)2 26mwm - EmQa

1 K Ka

Kaplp? ~ ~ 21 x 20 MHz (S28)

Similarly, the frequency shift induced by the pump on the memory mode m can be estimated to
Km

£aQm

Similarly to what is observed in the experiment, the Kerr frequency shift is negligible on the memory cavity.

The estimated value of the Kerr frequency shift is in good agreement with the one measured on the buffer mode a
and presented in S4. We observe a linear dependence with pump power and a shift of 20 MHz for the largest pump
powers in the strong coupling regime, which is the one used for Fig. 2 in the main text.

Komplp|? ~ <2 x 1 kHz (S29)



QUANTUM LANGEVIN EQUATION

The quantum Langevin equation offers a convenient framework to study the interplay between the memory mode
m, the buffer mode a and the propagating mode a;, and a.,: as a function of the pump amplitude p.
The quantum Langevin equation gives the evolution of electromagnetic modes coupled to propagating modes.

) i o
{ ﬁ = [H,a] — Fa+ /Kaain (S30)
St = #lH,m] = ZEm A+ EmMin
In the conversion mode, the system Hamiltonian in the rotating wave approximation (w, = wq — wy,) reads
H = hwi®ata 4+ hotSmim + hix(p a'm + p*am) (S31)
The interaction Hamiltonian couples linearly the two Langevin equation
% = Zwresa ixpm — %a + /KalQin (832)
%—T = —iwy*m —ixp*a — "FEm 4+ /EmMin

Here, as in the experiment we will discuss, we consider only a constant pump amplitude. Note that the following
expressions need to be modified in case of a varying pump amplitude.
One can write the Langevin equation in the frequency domain knowing that p(t) = poe™™r

res res
wp = Wy — wye

 considering that

0 = i(wg — Wi + 5 )alw,] — ixpom|wim] + v/Fain[wa] (S33)
0 = i(wm — wp® + 152 )mlwn] — ixpialwa] + v/EmMin[wm]

From this equation, we can derive the quantum scattering relation between the input mode a;, and m;, and the
cavity modes m and a.

i(XPo)"/Fa

mlw = Qi (W
] (Wi — Wi + mm/ ) (Wa — Wi + ika/2) — |xpol? e (S34)
n KZ»,”(LU rCS + ZHG/Q) . [w ]
(W — WIS + ki /2) (Wa — WESS +ika/2) — [xpo2 "
alie] = bl — " + it/ 2) ]
ol = o T+ i 2) (wa — WIS 4 ikg /2) — [xpol2 (S35)

+ Z(XPO)*\/ Kq
(Wm — Wit + iKm [2)(Wa — we™ + ika/2) — |xpol|?

res

M [Wa)

We now define A = w, — wi® = wy, —wy® and we can eliminate the buffer mode a from these equations using the

1nput/output relation /kqa = ain + Gout

Amplitude scattering coefficient

The losses of mode m can be modeled as propagating modes 1y, /,,; €evolving on an uncontrolled port then
(Mijn[wim]) = 0. Thus, the scattering coeflicients read

XDy Fa

<m[wm}> = (A + Zlﬁm/2)_(A + ZKQ/Q) |Xp0|2 <ain[wa]>
mlem]) = KB/ (o] (536)

(A + ik /2)(A —ikiq /2) — |xpol®

<a [w D — _(A+i’im/2)(A7i‘%a/2)i‘Xp0‘2<a. [w D
one (A + it /2)(A + ir5a/2) — [xpol* "

We can rewrite these equations such that the denominators are put under a factorized form.

= _4Xp8\/@ Qin |W,
<m[wm]> - (7;1 _ 2ZA)(*’)/lm _ 2ZA)< ZTL[ a}>

(mlonl) = A s () (s37)
(O% + 24 (7% +2i8)

<aout [wa]> = (72 — 27,A) (’VZ — QZA) < [wa]>
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Therefore, poles of the scattering coefficient are given by ii'yf/om /2. The i/o labeling depends on whether the
scattering coefficient couples (m) to {(ain) or (aout). The a/m labeling refers to the zero pump limit, v, — x, and
v, — £hm. This labeling will become clear when the temporal evolution of the fields will be considered.
Actually, the dynamical coupling rates between the propagating modes a;, and a.,; and the memory mode m,
which occur through the buffer, is defined as

Kg + K Kg — K 2
e ( — m) — 4fxpol? (S38)

and

Kg — K Kg + K 2
= e () e (539)

Similarly, the dynamical coupling rates between the propagating modes a;, and a.,; and the buffer mode a are

defined as
Kqg + K Kg — K 2
e ( — m) — 4|xpo? (S40)

and

Kg — K Kg + K 2
=g (P~ ahl (s41)

DYNAMICAL COUPLING RATES

In the limit of a long-lived memory k., > K,,, we can define the input/output coupling rate to the memory

Ra ‘XPOP
m=—11—4/1-16 S42
rYZO 2 [ K;g ( )
such that[8]
S (543)
Yo = Yio — FEm
Besides, the input/output coupling rate to the buffer can be defined
PR PR PO i1 (S44)
o2 K2
such that
[V = o = =0 8 (S45)

Limits on the coupling rates

We can decompose the two limits on the coupling rates
e For weak pump tone the coupling increases linearly with pump power

m 4 xpol?
Yio (IXPo| < Kq) = | - o (S46)

a
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e For stronger pump tone |xpg| > kq/4, the system enters in the strong regime limit. The coupling rate xpo
exceeds the buffer exit rate x,/2, thus the two modes hybridize. The dynamical coupling rate becomes complex.

Its real part defines the effective coupling rate. It saturates to half the buffer escape rate

Ka

- (S47)

Yio (Ixpol > Ka/4)

Its imaginary part corresponds to the dispersive shift of resonance frequencies.

S (xpol > o/ 4) = Iy /2) = [ xwol — (%)’ (545)

To put it simply, the conversion rate between modes at frequency w, and w,, becomes large enough so that,
effectively, these two modes hybridize. The new resonant modes are combinations of the buffer and memory
modes, despite the frequency detuning between them. The strong coupling induces a splitting between the new
resonant modes, whose magnitude scales with the pump amplitude.

Effect of the antennas

The 3D cavity is capacitively coupled to the Jopsephson Ring Modulator through antennas. This capacitive coupling
ke placed in series with the conversion coupling |xp|, leads to an effective conversion rate between m and a given by

1
|Xp0|2 — 1 1 (849)

+
(re/2)*  Ixpol?

Hence, the effective coupling rate reads

« 4
gz Bafy g (S50)

2 ) ( L, 1 )
LY LI N
“A\KZ Alxpol?

When the conversion rate is small compared to this capacitive coupling, the dynamical coupling is not modified

m 4xpl?
Yio (IXP| < Ke) = T (S51)

a

However when the conversion rate overcomes the capacitive coupling, we observe a saturation of the dynamical
coupling rate due to the antennas. It is given by

Ka

Ka 2K, 2
Yio([xp| > k) = — | 1—4/1— ( > (S52)

DETERMINATION OF THE COUPLING TO THE ANTENNAS

The antenna coupling has been designed and tested with dedicated samples. These samples consisted in capacitive
pads directly connected to the input connectors as shown in Fig. S5. At room temperature, the 3D cavity was probed
in reflection (Fig. S5b) in a similar way that one would probe in reflection a two port A/2 resonator as the buffer
resonator for instance (Fig. S5a). The measured reflection coefficient as a function of the frequency has enabled us
to extract the direct coupling rate k. between the 50 £ microstrip line and the 3D cavity. Various shapes and sizes
of capacitive pads has been tested. We have selected the capacitive pads providing a capacitive coupling rate of

. It corresponds to the geometry represented in Fig. S5b and detailed in Fig. S6c.
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Figure S5: Capacitive couplings calibration (a) Setup for the reflection measurement of two ports A/2 microstrip resonator. (b)
Setup for the reflection measurement of the 3D memory cavity for testing the capacitive pads of the antenna.
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Figure S6: (a) One half of the cavity is shown from the front side (lengths in mm). (b) A section of the two halves of the
cavity put together is shown from the side (lengths in mm). The cut is represented as a vertical, thick black line in the center.

(c) Drawing of the device used in e-beam lithography (lengths in microns). The two symmetric antennas ending within the
chimneys by oval shaped pads are oriented horizontally.
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Figure S7: Simulations of the fundamental mode at 7.8 GHz, well separated from the second mode at 13 GHz. (a) Amplitude
of the electric field along a section of the cavity crossing the pads of the antenna of the TE110 mode (blue is zero and red is
maximal). (b) Vectorial view of the TE110 mode. (¢) Current intensity along the surface of the cavity. (d) (e) Coupling of the
TE110 mode to the capacitive pads, electric field at the surface of the substrate.
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TIME-CONTROLLED STORAGE AND RETRIEVAL

In a practical quantum network architecture, the quantum memory of each node must be able to store, process
and exchange a quantum field in a time-controlled way. The temporal shape of the transmitted fields plays a crucial
role in the efficiency of each node. Indeed, the temporal envelope of the field released by the sender memory must
be adjusted to be efficiently captured by the receiver memory. For a finite memory bandwidth, the optimal temporal
shape is symmetric by time reversal [? |.

In principle in our device, it is possible to generate and capture time symmetric pulses by properly adjusting the
pump amplitude in time. However, due to the Kerr effect discussed in section , finding the optimal pump temporal
shape is a difficult problem. In what follows, we thus focus on the dual approach in which the temporal shape of an
incoming coherent state is optimized so that it is most efficiently captured by a square pump pulse.

Let us first consider a sequence in which the memory records an incoming pulse before time 0 and then keep it
stored. The corresponding pump amplitude remains constant at ¢ < 0 and zero for ¢ > 0, so that the input/output
rate is given by 7, (t) = 700(—t) where 6 is the Heaviside function. The incoming pulse, sent before time 0 propagates
on the transmission line towards the memory while the pump is on so that (a;,(t)) = fin(t)0(—t). What is the
temporal shape of this wave packet that maximizes the efficiency of its capture by the memory?

Here, by efficient, we mean that the memory keeps as much of the incoming energy as possible without releasing it.
This corresponds to requesting that (ae:(t)) = 0 at all times when the pump amplitude ensures that v;,(t) = v00(—t).
Given that the incoming pulse stops at time 0, this condition is met for ¢ > 0 as long as the buffer mode a stays
empty, which leads to

(aout(t)) =0 fort <0
Vel Se (55%)

This criterion depends on negative times only so that its solutions (a;,(t)) = fin(t)0(—t) can be found by considering
a constant coupling 7;,(t) = 7o even at positive times.

Absorption without reflection

Let us first note that the poles of the Fourier transform of {a;,(t)) are all in the upper-half plane of the complex
plane since it is non-zero only for ¢ < 0. Moreover, the first line of Eq. (S53) imposes that (a,y:(t)) must be zero for
t < 0, thus the poles of its Fourier transform must all be in the lower-half plane of the complex plane.

This stringent condition can be satisfied since the reflection coefficient relating a,y: to as, input and output has
poles and zeros that are perfectly fit for transforming poles of the upper-half plane into poles of the lower-half plane.
Indeed, for large coupling rates 7] >> K, the reflection coefficient reads

(Ko — Y + 2iA) (7" + 21A)
(Ko — 7y — 218)(vfy — 21A)

(@out[wa]) = — (@in[wa]) (S54)
By choosing the poles of the input signal (a;,[w.]) to coincide with the zeros of the scattering coefficient, one gets an
output field (aput[wa]) with poles in the the lower half-plane only as requested.

Therefore, the optimal input signal is of the form

o g

(ainwa]) = 4 20A + Ko — Y + 21A (855)
and leads to an output signal equal to

Ka — VI + 21A
Aoyt |Wa = —« . y S56
oulenl) = =0 iAo — 2i8) (556)

yiv 4 20A
— 10 Sh7
p (Ka =Y — 2iA0) (Y + Ky, — 214) (857)

In the time domain, the input field corresponds to an increasing exponential of the form

(aim(t)) = ab(—t)e ¥t 4 O(—t)e =" (S58)
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Qualitatively, the first term is mostly absorbed by the memory at a rate ] and the second term is mostly absorbed
by the buffer at the 72 = k, — ™. Up to now, we have not considered the second line in Eq. (S53), which ensures
that a complete transfer to the memory has been performed. One must then find the right balance between o and g
to verify (a(t =0)) = 0.

Complete transfer

For a complete transfer, one must be sure that no fields remain in the buffer at ¢ = 0 when the coupling is turned
off. This constraint imposes that

+oo
(at = 0)) = / (afwa])dwa = 0. (S59)
leading to
+oo
ﬁ_1/2/ (ain]wa]) + {(Gout|wa])dws = 0. (S60)
08 : : 108
(m)
0.6/ | o8l
3 3
% 04 % 04
& &
02 ! o2l
0] ‘<a°“t> ‘ 1 00! ‘ ‘ 1
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Figure S8: (a) Expected time dependence of the various mode amplitudes for the optimal temporal shape of the input field
(ain) and a pump amplitude turned off at time 0 so that v/* = 0(—t) x 2 us~'. Here, we assume kg = 10 gs™* and K, = 0.
(b) Same curves when the pump is kept on so that 47 =2 us™'.

This condition is met when o = —(3. Hence the optimally absorbed input fields reads

1 1 1
(nloud) % (%Hm - %_%Hm) (S61)

1
(Y — K + 20A) (Ka — Y2 + 20A)

(S62)

and leads to an output field

-1 1 1

(ourliwal) o S (’ym — 20 ke = - 22'A) o
-1

4

& (Y™ — Ky — 2iA) (kg — Y — 2iA) o
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We can now give the expressions of the optimally catched input signal in the time domain (see Fig. S8)

m
’Y'iot Na*viot
2

—e 7 0t (S65)

(ain(t)) o< O(—t)(e

The first term ensures absorption without reflection, while the second term permits the complete transfer of the
absorbed pulse from the buffer to the memory cavity. It is worth to note that the optimally captured signal is
simply the time-reverse of a signal retrieved from an initially occupied memory. This retrieved signal can be observed
experimentally on a,,; by preparing the memory in a coherent state with the pump off, and then turning it on (or on
Fig. S8b at ¢t > 0).

With this signal shape at the input, no signal is reflected and (@, (t)) = 0 if the pump is turned off at time 0, and
the field is stored in the memory mode m (see Fig. S8a). However, if the pump remains on at all times, the output
field is given by (see Fig. S8b)

m
Jio

(Gout (1)) o< O(t) (e~ Ft — e~

Ka—=Yie ¢
)

(S66)

Finally, in the special case of the strong coupling regime for which v/ = k,/2, the above expression breaks down
and the optimal signals are given by

(ain(t)) o O(—t)terat/? (S67)
(Gout (1)) o< O(t)teFat/? (S68)
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MEASUREMENT OF THE AMPLITUDE GAIN

In the experiment entanglement is generated between the memory and a propagating mode by sending a square
pump pulse at frequency f, + f,, with an initially empty memory. If the memory is initially occupied by a coherent
state, the same pulse will result in parametric amplification. It was necessary to properly calibrate the gain of this
amplification to determine the entanglement threshold in the experiment. Since, the pump is not continuous, we have
developed a protocol to perform an accurate measurement of this pulsed amplitude gain.

First, we capture a coherent state in the quantum memory by turning the pump tone at the difference frequency
fa — fm- Then we turn on the entanglement pulse by applying a pump at the sum frequency f, + f. It provides
a direct amplitude gain v/G = cosh(r) on the memory mode 77 and a cross amplitude gain /G — 1 = sinh(r) from
the memory mode m to the transmission line mode a,,;. Finally we retrieve the amplified captured state in the
transmission line by turning on the pump tone at the difference frequency again.

We can repeat this measurement without the entanglement pulse, thus the amplitude gain is turn off, VG =
cosh(0) = 1.

The ON/OFF ratio of the squared integrated amplitude of the retrieval pulse provides the gain G = cosh?(r). This
protocol enables to determine the gain independently of the losses due to the inefficiency of the device.

As shown in Figure S9, we repeat this measurement for an increasing incoming wave packet energy. The amplification
process is linear on this energy scale, and it is important to check that the device in not saturated. The ratio of the
slopes gives a gain G' = cosh?(r) = 2.29.

p 500 ns 500 ns 500 ns

Capture 200ns Entanglement 200ns Retrieval

Qjn '
Aout Integration

Entanglement ON

~ 10_ <a’>2 = G @ Pi'n

Entanglement OFF

0.2 (a)* =a Py, |
Retrieval OFF
0.0 o0 9o o o 9 o
00 02 04 06 08 10
Py, (V?)

Figure S9: Amplitude gain measurement protocol. The upper panel presents the timing of the pulsed measurement. The lower
panel presents the measurement results. It gives the squared amplitude of the retrieved field as a function of the power of the
source that generates the captured wave (square of the modulation amplitude). The squared amplitude gain is given by the
ratio of the slopes.

PHASE LOCKING

In this section, we stress that the relative phases of the local oscillators must be carefully locked in our experiment.
As shown in Fig.S10, various frequencies are implied in the conversion and entanglement processes.
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Figure S10: Schematics of the frequency relations between the local oscillators. In practice, the local oscillators frequencies are
LQ — 17.28625 GHz, fL9, = 1.6575 GHz and fL9,.,. = 9.471875 GHz, the intermediate frequency is frr = 25.5 MHz and
the mode frequencies are f,,, = 7.78888 GHz, fa,1 = 9.44638 GHz, f,2 = 9.49738 GHz

For instance when an entangled state is generated, it is shared between the memory at a positive frequency f,,
and the buffer at a negative frequency —f, 2. Phase locking is provided by the local oscillator at fL¢ = f,, + fa.o
producing the entanglement.

On the one hand, the part of the state that propagates at —f, 2 gets down-converted at the intermediate frequency
(IF) for readout by the demodulation local oscillator (fL£9, ) on the negative side such that frr = fLO — f, o
(see Fig.S10).

On the other hand, the part of the state stored in the cavity at f,, is retrieved in the transmission line by the
conversion local oscillator (f£Q) at the buffer frequency fo1 = fm + f£2,. Then the signal is downconverted at the
intermediate frequency IF by the same demodulation local oscillator such that f;p = frﬁoodem — fa,1. Note that f, 1
differs from f, o due to Kerr effect with different pump powers (see section on Kerr effect).

In the end, all the local oscillator frequencies are locked by the relation fL9 + fLO =2fLO = As a consequence,
the experiment requires a relative phase stability of these three local oscillators greater than the total acquisition time
of the order of 5 min. We have reached such a phase stability by carefully synchronizing our three commercial sources
(Agilent E8257D) using their 10 MHz synchronization port and rigid coaxial cables.

Note that in usual spectral measurement, the phase stability of local oscillator is not as crucial as here, the signal
is up-converted and down-converted by the same local oscillator then the phases cancel out. Here, the measurement
sequence presented in Fig.S10 consists in up-converting a signal from IF to f, ; then store it at f,,, amplifying it at
—fa,2 and finally down-converting the signal at IF. In this sequence, the phases of the local oscillators accumulate
instead of canceling out.
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NOISE CALIBRATION

Measurement outcome probability distribution

During the entanglement step, the Josephson Ring Modulator performs a reversible transform of the wavefunction
of the field via the unitary two-mode squeeze operator S = exp (rew}’ atmt — re*w”am) where re’#? is the complex
squeezing parameter, and a and m are the field operators of the two modes [4]. The input and output canonical field
operators are related by the scattering relations

aout1 = Sta;,S = cosh(r)a, + €' sinh(r)m (S69)

in,l’

where pp is the phase of the pump and G = cosh?r is the power direct gain which increases with pump power
|p|?. With the pump on, the vacuum state at the input is converted into a two-mode squeezed vacuum state |Sq) =
510),10),,, = cosh(r) "1 Y tanh(r)" [n), In),,

In a second step, after a delay time 7, we apply the retrieval pulse to transfer the m mode in the transmission line
mode o, With an efficiency n. The outgoing mode produced during the entanglement step is denoted by ay¢,1 While
the one associated with the retrieval after a time 7 is denoted by aoye,2. The finite efficiency n may be modeled by
the contribution of a mode m;,, 2, uncorrelated with all other modes.

Qout,2 = \/ﬁSTmmJS + V1 —=nmip2 = /nlcosh(r)mi, 1 + e~ ler sinh(r)azn] + /1 —nmp2 (S70)
(S71)

The output signal a,,; is then amplified by a noisy amplifying setup with a gain G4,,p,. The uncorrelated noise added
by the amplifying setup is modeled by the bosonic operator h;, whose effective temperature is mainly determined by
the noise temperatures of the cold HEMT amplifier. Thus, we collect the measurement outcomes of the operator A,
and Mout~

Aout = /Gamptoutn + \/Gamp — 10 ;,, (
/Gamp(cosh(r)az, + €'#7 sinh(r m )+ \/T 2.in (
Mouws = /Gamptout,s + v/ Gamp — 1 h?m (S74
= \/%(\fn[cosh( YMin1 + e "P sinh(r ol + me 2) + \/T 2.in (

In order to perform a tomography of the entangled state, we perform a fast digital heterodyne measurement of
Ague and M. The entanglement and retrieval sequence described in the main text is repeated 4 x 107 times. The
measurement outcomes are sorted in real-time by the FPGA board. Indeed, the FPGA generates six histograms giving
the probability distribution of measurement outcomes as a function of every pair of mode quadratures. The probability
distribution measured with an heterodyne detection correspond to Q(ca, i) the Q-function of (Aout, Mout) [5]. The
Q-function gives access to the normally ordered moment of the field operators.

mmMm4$Mﬁw:/Mwmmwwmwm%m&mm. (576)

Covariance matrix

For simplicity, we identify a = aou,1 (Since agye corresponds to what was directly produced on mode a) and
M = Qoyt,2 (SINCE gy,2 comes from what was stored in the memory). Without loss of generality, we also assume that
the mean value of the field operators are zero (a) = (m) =0

One can calculate the covariance matrix V of the two mode state (Fig. S11c), which fully characterizes the EPR
state since it is Gaussian with zero mean [6]. In a coordinate system where x = {Xg, Py, X,n, P}, one defines

Vij =4 5 (a? xj +xjx;) — (x;)(x;)|. With this convention, the covariance matrix of the vacuum state is the unity

matrix I4.
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2((a + a')?) —i{a+at,a—a'}) {a+af,m+mt}) —i({a+at,m —m'})
p_ L[ —ittarata=aty  Sae-ah?) o iffe-almeml))  —(a—alm-mt)) | g
2 Ha+a',m+m'}) —il{a—a’,m+m'}) 2({(m +m")?) —i((m +m',m—m'})
—il{fa+a’,m—-m'}) —{a—-a",m—-m'}) —il{m+mi,m-m'}) —2{(m —m")?)
We expand the field operators in the normal order
(a?) + (a'?) + 2(aa') —i{a?) —i(a'?) {am) + (aTmT) —i{am) +i(atmT)
v —i(a?) —i{at?) —(a?) — (a'?) + 2(aa') —i(am) + i{atm?) —(am) — (aTmT) L
{am) + (atmT) —i(am) +ilatmt)  (m2) + (m'2) + 2(mmf) —i(m?2) — i(mf2) '
—i{am) + i{atm') —(am) — (atmT) —i(m?) —i(mf?) —(m?) — (m'?) + 2(mmt)
(S78)

Consequently, the second-order cumulants of the Q-function whose tomography is directly obtained by heterodyne
measurement gives only access to the first term Vg, which is the normally ordered covariance matrix. One needs to
subtract to it the covariance matrix of the vacuum in order to get the actual V.

s

ON-OFF measurement
Determination of amplifying setup gain Gamp

In order to access the covariance matrix of the modes a and m, we must subtract the uncorrelated noise from the
amplifying setup h;, and determine the gain of the amplifying setup Ggmp-

One can show the following relations assuming that the modes a;,, and m;, 1 are in the vacuum state at rest. First
when the entanglement pulse is ON:

(A AST) = Gampl@out,10b,11)150) + (Gamp — 1B, 1 hin 1) thermat (580)
= Gamp(COSh2 (7“) <aina;rn>\0> + sinh? (7") <mgnmin»1>|0>) + (Gamp - 1)<h;fn,1hin71>thermal (881)
= Gamp cosh? (r) + (Gamp — 1)<h;‘rn,1hin,1>thermal (S82)

Then when the entanglement pulse is turned OFF:

<AggtAggtT> = Gamp<aina;rn>\0) + (Gamp - 1)<h;rn,1hm,1>thermal (583)
= Gamp + (Gamp - 1)<h:'rn,1hin,1>thermal- (884)

Consequently, we have:
(AgniAut) — (A2 ACu!) = Gamp(cosh®(r) — 1) (S85)

Here, the amplitude gain of the entanglement process cosh r is measured independently (Fig. S9), so we can extract
the gain of the amplifying setup Ggmp:

<Aon AORT> _ <Aoff AOffT>

Gam — out*out out*out S86

b cosh?(r) — 1 (586)
1

Gam — d2 2 on _ oft S87

P o1 o aP@ @) - Q@) (587)
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Reconstruction of the covariance matriz

The measured histograms give an access to the measured normally ordered covariance matrix VMeaé °" and Vg eas,off
Without loss of generality, we suppose that the noise added by the amplifying setup is thermal ie. uncorrelated, it
corresponds to a diagonal covariance matrix.

(A%) 4 (AT2) 4 2(AAT) —i(A%) — i(AT2) (AM) + (AT M) —i(AM) + i(ATMT)
yMeason _ —i(A2) — i(AT2) —(A?) — (AT?) + 2(AAT) —i(AM) + i{ATMT) —(AM) — (ATMT)
Q - (AM) + (ATMT) —i(AM) +i(ATMTY  (M?) + (MT2) + 2(MMT) —i(M?) — i(MT?)
—i(AM) +i(ATMT) —(AM) — (ATMT) —i(M?) —i(M1?) —(M?) — (M%) + 2(MMT)
(a®) + (a'?) + 2(aa) —i(a?) — i{a'?) {am) + (aTmT) —i(am) + i{atmt)
_ G —i(a?) —i{a'?) —(a?) — (a™?) + 2(aa') —i{am) + i(atm') —(am) — (atmT)
amp {am) + (atm') —i{am) + z(aTmT> (m?) + (m'?) + 2(mm') —i(m?2) —i(m1?)
—i(am) + i{atmt) —(am) — (atmT) —i{m?) — i(m1?) —(m?) — (m'?) + 2(mm*)
2(hl, 1 hin) 0 0 0
0 2(hi, 1 hina) 0 0
+(Gamp = 1) 0 0 2(hl, yhin.2) 0
0 0 0 2<h1"72hm’2> thermal
Vg[eas,on _ Gamp(v + H4) + (Gamp _ 1>Vthermal (891)
and
(A%) + (AT?) 4 2(AAT) —i(A?) — i(AT?) (AM) + (ATMT) —i(AM) + i(ATMT)
pMeasoff _ —i(A%) —i(AT2)  —(A?) — (AT%) +2(AAT)  —i(AM) + i(ATMT) —(AM) — (AT MT)
Q - (AM) + (ATMT) —i(AM) +i(ATMTY  (M?) + (MT2) + 2(M M) —i(M?) —i(M1?)
—i(AM) + i(ATMT) —(AM) — (AT MT) —i(M?) — i(M1?) —(M?) — (M'?) 4 2(M M)
(a?) + (a'?) + 2(aa’) —i(a?) — i{at?) {am) + (atm') —i(am) + i{atm?)
_c —i(a?) — i{al?) —(a?) — (a'?) + 2(aat) —i(am) + ilatmt) —(am) — (atmT)
amp <am> + (atmt) —i{am) +ilatm®)  (m2) + (M) + 2(mm') —i(m?) —i(mT2)
—i(am) + i{atmT) —(am) — (aTmT) —i(m?2) —i(m1?) —(m?) — (m'?) + 2(mm?)
zn 1 "L 1 0 0 0
2(hly shina) 0 0
Camp = 0 2(hl, shin,2) 0
0 0 2<h1”»2hin’2> thermal
2000 2(hl, 1 hin1) 0 0 0
0200 0 2(hl, 1 hin1) 0 0
= Gomp | g g g [T (Cemp—1) 0 0 2}, ohin2) 0
0002 0 0 0 2<h1"=2hin’2> thermal
Vgeas,oﬂ" _ 2Gamp1[4 + (Gamp o 1)vthermal (896)
Consequently, knowing Gy, the covariance matrix of (a,m) is given by:
V— Galmp (Vé\z/[eas,on . Vé\g/leas,off) + ]14 (897)

(588)

on

$89)

[Sq)

(S90)

(992)

off

(S93)

|0)

(S94)

(S95)
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Experimental result

Here, we present the measured histograms for an entanglement pump ON or OFF and their subtraction ON-OFF.
The covariance matrices extracted from these histograms with entanglement turned ON Vg[ 5ON /G ymp, With the

entanglement turned OFF Vg[ cas,OFF Gamp and finally the reconstructed covariance matrix V as described in the
previous part. Note that the noise added by the amplifying setup is uncorrelated as expected. Indeed, it only
affects diagonal elements and these matrix elements reach 160. This must be compared to the vacuum fluctuations
which amount to covariance terms of 1. Consequently the noise added by the amplifying setup corresponds to
Nogd = (h;rn’lhm,l) = (h;rnghmz) ~ 160 * 1/2 = 80 photons on average.

-15 0 15 ON -15 0 15 -15 0 15 OFF -15 0 15 -15 0 150N-OEIFS 0 15 -15 0 19N_OF—ES 0
15 15 o 15 15
I T ORI EREAEE NN Pl & L Pl @ (P4 @ |
1 15 1 15 001 15 001 15

X, U X, X, U X, X, 0 X, X, 0 X,
o 15 o 15 15 -0.01 15
S T R Y o Py ‘\‘ x| @
-15 +-15 15 15

X X X X X, X X X
15 15 15 15
X, . P, . o X, . P, . o X, P, o X, “‘ P, - 0
-15 -15 -15 15
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Vé/leas,ON/Gch Vé/leas,OFF/Gch

Figure S11: Histograms and corresponding covariance matrices (see text).

In order to compare the measured histograms with the ideal distribution one would get with a Gaussian state having
an identical covariance matrix 1V, we have plotted on the right side of Fig.S11 the subtraction of the corresponding
Husumi-Q functions. We have also plotted the contour of the reconstructed Wigner distribution of the EPR state
from the covariance matrix supposing that the state is Gaussian, the black circle corresponds to vacuum fluctuations.
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ENTANGLEMENT AND LOGARITHMIC NEGATIVITY

For a bipartite system, the amount of entanglement between the subsystems A and B can be quantified by means
of the logarithmic negativity [7]

En(p) = —log Tr|p"?| (S98)

where p is the density matrix of the bipartite system. Tr|p?2| is the trace norm of the partial transpose of p with
respect to subsystem B. If Exr(p) > 0 then the state is entangled, moreover it constitutes an upper bound to the
distillable entanglement of the quantum state. Indeed, it corresponds to the maximal number of equivalent Bell pairs
(entangled bits) that one can extract from the state by distillation.

In the case of Gaussian states, all measures of entanglement are equivalent, and they are defined by the covariance
matrix. Indeed, the positivity of the partially transposed state (Peres-Horodecki PPT criterion) is necessary and
sufficient for the separability of two-mode Gaussian states. Physically, it is meaningful to decompose it in four 2 x 2

block matrices.
a x
V= . S99
( x" p ) (599)

The diagonal blocks @ and p are the single-mode covariance matrices for a and m respectively. Conversely, the
off-diagonal blocks x correspond to the correlations between modes.
For Gaussian state, the logarithmic negativity becomes

Exn = Max[—logv, 0] (5100)
where
_ 2 _
L \/A(V) A(2V) 4detV (S101)
and
A(V) =deta + det pp — 2det x (5102)
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