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Abstract

We propose to take advantage of the very weak coupling of the ground-state helium-3 nuclear spin to its environment
to produce very long-lived macroscopic quantum states, here nuclear spin squeezed states, in a gas cell at room tem-
perature. To perform a quantum non-demolition measurement of a transverse component of the previously polarized
collective nuclear spin, a discharge is temporarily switched on in the gas, which populates helium-3 metastable state.
The collective spin corresponding to the ' = 1/2 metastable level then hybridizes slightly with the one in the ground
state by metastability exchange collisions. To access the nuclear spin fluctuations, one continuously measures the light
field leaking out of an optical cavity, where it has interacted dispersively with the metastable state collective spin. In
a model of three coupled collective spins (nuclear, metastable and Stokes for light) in the Primakoff approximation,
and for two measurement schemes, we calculate the moments of the collective nuclear spin squeezed component /I,
conditioned on the optical signal averaged over the observation time . In the photon counting scheme, we find that
the squeezed observable is I? rather than /,. In the homodyne detection scheme, we analytically solve the stochastic
equation for the state of the system conditioned on the measurement; the conditional expectation value of I, depends
linearly on the signal and the conditional variance of I, does not depend on it. The conditional variance decreases as
(qut)‘l , where the squeezing rate I'y;, which we calculate explicitly, depends linearly on the light intensity in the cav-
ity at weak atom-field coupling and saturates at strong coupling to the ground state metastability exchange effective
rate, proportional to the metastable atom density. Finally, we take into account the de-excitation of metastable atoms
at the walls, which induces nuclear spin decoherence with an effective rate y,. It imposes a limit o« (y, /l"sq)l/ 2 on the
conditional variance reached in a time o ()q,l"sq)’l/ 2 A multilingual version is available on the open archive HAL at
https://hal.archives-ouvertes.fr/hal-03083577.
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1. Introduction

Helium-3 in its ground state enjoys the remarkable property of having a purely nuclear spin 1/2, perfectly isolated
from the outside world even in an environment as hostile to quantum coherences as a gas of helium in a centimetric
cell at room temperature and a pressure of the order of a millibar. By well-mastered nuclear polarization techniques,
reaching a polarization of 90 %, we can then routinely prepare (for example for lung imaging by nuclear magnetic
resonance [1]) a giant collective nuclear spin with an extremely long lifetime. Recently, a coherence time 7, larger
than 60 hours was measured in ultra-precise magnetometry devices [2], that seems limited only by the longitudinal
decay time T due to collisions with the cell walls.! These numbers make the macroscopic nuclear spin in a room
temperature gas an ideal system for the production, the study and the use of entangled states, and therefore a competitor
of cold atomic gases and Bose-Einstein condensates in metrology and quantum information processing [4]. Already
in 2005, we suggested that the nuclear spins of helium-3 could give rise to quantum memories [5] or to non-local
quantum states [6] with very long lifetimes. Since then, experimental breakthroughs have been made in the field of

1. Times T of several hundred hours can even be obtained [3].
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spin squeezing, notably by means of non-demolition quantum measurements (QND) in atomic alkali gases interacting
with the electromagnetic field [4, 7, 8, 9], which recently made it possible to obtain a squeezed spin state with a
lifetime of one second in the hyperfine ground state of rubidium under metrological conditions [10]. We recall that, in
analogy with the squeezed states of light in quantum optics, a (here collective) spin [is said to be squeezed if it admits
reduced fluctuations with respect to the standard quantum limit in a direction z orthogonal to that x of the mean spin ?;
this leads to increased accuracy in pointing the mean spin in that direction, hence in its precession frequency around
the y axis, in any metrological device such as an atomic clock or a magnetometer [11, 12] that is sufficiently free from
technical noise to reach the standard quantum limit [13].

Transposing to the nuclear spin of helium-3 the technique of squeezing by QND measurement used for the hyper-
fine spins of alkalis, represents a real challenge, however, due to the specificity of the nuclear spin: its weak coupling
to the environment. The singlet ground state of helium-3, separated in energy by about 20 eV from the first excited
state, is not directly accessible by laser. However, by means of an oscillating discharge, a small fraction of the gas
atoms, on the order of 107, can be brought into the metastable triplet state, an excellent starting point for near infrared
optical transitions. The orientation of the nuclear spins is then obtained through an indirect process, metastability ex-
change optical pumping [3]. Initially, the angular momentum is transferred by laser-matter interaction from photons to
metastable atoms, a priori to their electron spin (the only one to be strongly coupled to the laser field) but a posteriori
also to their nuclear spin thanks to hyperfine coupling. Secondly, we take advantage of the metastability exchange
collisions between metastable and ground state atoms to orient the nuclear spins in the ground state, with a time scale
of the order of a second, limited by the low density of the atoms in the metastable state. Even though the metastability
exchange collision can transfer quantum correlations (see references [5, 6] and our section 3.2), we cannot expect that
a single measurement on a small fraction of the atoms (107°) projects the whole system into a squeezed state. The
solution we propose is to perform a continuous QND measurement amplified by a resonant optical cavity in which
the cell is placed. Indeed, although the metastable atoms individually have a relatively short lifetime (they lose their
quantum correlations and fall back into the ground state in each collision with the cell walls), a continuous destructive
measurement of the light leaking out of the cavity after interaction with the metastable atoms amounts to performing
a continuous QND measurement on the collective nuclear spin in the ground state, which prepares it into the desired
squeezed state without affecting its lifetime.®> As we will see, our procedure for reducing spin fluctuations is more
precisely summarized by the diagram:
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This work gives a detailed theoretical description of the squeezing mechanism and its limits; a more detailed
feasibility study taking into account the experimentally accessible values of the parameters is carried out in reference
[14]. Very recently, similar ideas have been put forward in a different physical system, the alkali-rare gas mixture
[15, 16]. We are confident that quantum manipulation of long-lived nuclear spins is promised rapid development,
opening up new perspectives for basic research and applications, in particular in magnetometry [9, 17, 18, 19, 20].

2. The standard quantum noise corresponds to AI;‘ = AL = (KI)I/2)1/? (our spins being dimensionless here) i.e. to the equality in the case of
cylindrical symmetry of the fluctuations around the mean spin in the Heisenberg inequality AlyAl; > [(I,)|/2. A more detailed discussion shows
that, in the considered geometry, the noise-to-signal ratio in a precession frequency measurement is in fact proportional to & = (2I)'/2AL /|{I,})| (this
naturally brings in the uncertainty angle on the spin direction in the xz plane) rather than to the naively expected Al/AL' ratio. In our proposed
scheme, we degrade £ by a factor ~ 2 using a partially polarized nuclear spin state (I,)/I < 1, see figure 3, but we aim to gain much more with
spin squeezing.

3. This type of measurement thus differs from the instantaneous measurement of quantum mechanics textbooks, which projects the state of the
system into an eigenspace of the measured observable according to the von Neumann postulate.
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Figure 1 — Overview of the set-up. (a) A centimetric glass cell is filled with a helium-3 gas at room temperature and
placed in an optical cavity with axis z (horizontal axis in the figure). The Stokes spin of light and the atomic spins
(nuclear and metastable) are linearly polarized along x (vertical axis in the figure). The cavity mode polarized along
v, initially empty, is populated by the Faraday effect due to the quantum fluctuations of the metastable spins along z
during its propagation in the gas. It is measured continuously outside the cavity by one of the following two methods:
(b) the photons leaking out of the cavity polarized along y are separated from those polarized along x by a polarizing
beam-splitter and then detected in the photon counting regime. (c) Outside the cavity, a homodyne detection of one
quadrature of the outgoing field polarized along y is carried out, using as local oscillator the outgoing field polarized
along x (whose polarization has been previously rotated with a half-wave plate to bring it along ).

2. Overview and semi-classical description

The considered physical system is shown in figure 1. A cell filled with a partially polarized gas of a few mbar of
pure helium-3 atoms is placed inside an optical cavity. While the majority of atoms remain in the singlet ground state
1'S of helium, a weak discharge brings a tiny fraction of the atoms, usually ~ 107, into the metastable triplet state
23S. On the one hand, the cavity is driven by a laser beam propagating along the cavity axis z and linearly polarized
in the direction x, which is also the direction of polarization of the atomic sample, to excite the 23S — 23P transition
with a large frequency detuning; on the other hand, atoms in the metastable state 2°S (of electronic and nuclear
hyperfine spin) are coupled to atoms in the ground state (of purely nuclear spin) by metastability exchange collisions;
remarkably, although each exchange collision is individually incoherent, this leads to a well-defined macroscopic
coupling between the corresponding collective spins [21, 22]. As the Faraday interaction with the metastable atoms
causes the polarization of the light initially directed along x to rotate slightly around the z axis, by an angle proportional
to the component of the collective metastable spins along z as we will see, a continuous destructive measurement of
the polarization component along y of the field leaking out of the cavity (i) by counting photons as indicated in figure
1b or (ii) by homodyne detection as in figure figure lc, ultimately performs a non-demolition continuous quantum
measurement of the collective nuclear spin along z of helium-3 atoms in the ground state.

In the rest of this section, by a semi-classical treatment of the spin fluctuations around their expectation values in
the stationary state, we reduce our complex physical system to the simpler one of three coupled collective spins, of
which section 3 will give a quantum description.

The relevant atomic structure of the *He atom and the transitions excited by the cavity field are shown in figure
2. We call I the collective nuclear spin in the ground state, J'and K the collective spins associated with the hyperfine
manifolds F = 3/2 and F = 1/2 in the metastable state. For light propagating along z, we introduce the Stokes spin

[23] built from the creation and annihilation operators of a photon in the linearly polarized cavity modes along x and

yt

S, = %(CIC,\" - Cvcv) ;o Sy = %(clcy + c;cx) ;0 S = %(C‘lcy - C;Cx) . (1

We assume for simplicity that the cell is uniformly illuminated by the cavity mode. Within the limit of a large detuning
and a weak saturation of the atomic transition by the field, the excited state 2*P can be eliminated adiabatically and

4. Equivalently, we can build the Stokes spin s using annihilation operators in circularly polarized modes, ¢ = %rz(cx —icy), 2 = %(cx +icy)

[24], in which case S = § (c[e1 = cjea).
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Figure 2 — Relevant energy levels of the *He atoms (the Zeeman sublevels correspond to the choice of z as the
quantization axis, the atoms being polarized along x). The cavity mode polarized along x excites the transition Cg
between the level F = 1/2 of the metastable state 2°S | and the highest energy level F = 1/2 of the excited state
23 P, with a negative frequency detuning much larger in absolute value than the Doppler half-width of the excited state
(of the order of 1 GHz), so that the velocity class resonant with the laser is almost empty, but much smaller than the
6.74 GHz hyperfine splitting in the metastable state (and a fortiori than the fine splitting 23 P; — 23 Py of 29.6 GHz in
the excited state), so that the metastable level F = 3/2 is very weakly affected by the laser. (Note: The frequency
separation does not make it possible to largely satisfy these two constraints, and we cannot exclude that the coupling
of F = 3/2 to the field has a small effect on the squeezing dynamics; we neglect it here but we could take it into
account with a more complete than our minimal model Hamiltonian (2), like that of reference [23]). The six sublevels
of the 23S | metastable state are coupled to the two (purely nuclear) sublevels of the 1Sy ground state by metastability
exchange collisions.

the interaction Hamiltonian between the metastable spin K and the Stokes spin § takes the Faraday form [23]:
H = hyK.S, (2)

which is none other than the lightshift operator of Zeeman sublevels in the metastable level F' = 1/2, as we can clearly
see from the form of S, in footnote 4. The coupled nonlinear equations describing the evolution of the mean spins
are given in Appendix A, see equations (A.1)-(A.3). Besides the evolution due to the Faraday Hamiltonian (2) and
to the metastability exchange collisions, they include the contribution of the usual Liouvillian terms in the quantum
master equation describing the injection of a polarized coherent field along x in the cavity and the losses due to the
output mirror, whose combined effect leads to (S ;) = n,n/2 in the stationary state in the absence of atoms, np, being
the average number of photons in the polarized mode along x. These equations are then linearized around a partially
polarized stationary solution (A.8)-(A.9), and the fluctuations of the spin J and the collective alignment tensor in
F = 3/2 are eliminated adiabatically > to obtain coupled equations for the fluctuations of the three collective spins I
K and S, whose stationary mean values are given by:

-
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Here i, is the unit vector along x, N and n are the effective numbers of ground-state and metastable atoms participating
in the dynamics of the collective spins. As we show in Appendix A, these effective numbers are renormalized with

5. We think that this non-mathematically controlled approximation is reasonable for the proposed experiment, because the spin J'is not directly
coupled to light so it is not directly affected by the continuous field measurement. On the other hand, by eliminating in the same way the fluctuations
of the spin K, directly coupled to the field, one would commit a non-negligible error on the spin squeezing dynamics in the case of the detection by
photon counting (amounting to omitting the double jump Cy in the quantum master equation (37) and the rate Iy in the average number of photons
counted (45)) therefore strongly underestimating the number of photodetections required to achieve a given squeezing level), but a negligible error
in the case of homodyne detection, as we have verified on the one-mode model in section 3.4.

4
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where 17 € [0, 1] is the nuclear polarization, 6 and the semi-classical equations for the fluctuations of the three collective
spins are:

d K d K
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d d
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Here, « is the cavity loss rate, y,, and 7y, are the effective metastability exchange rates in the metastable state and in
the ground state. The latter depend on the nuclear polarization as below and in figure 3a, and are in the same ratio as
the effective atom numbers N and n (4) forming the collective spins:
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the individual metastability exchange collisions rates 1/7 and 1/7 experienced by an atom in the ground state and in
the metastable state being proportional to n.; and Ny respectively, with the same proportionality constant. In figure
3b, we also show the nuclear polarization dependence of the effective Faraday coupling Q, (26) between light and the
nuclear spin hybridized by the metastable, which controls the spin squeezing rate in (32).

3. Quantum description

In section 2, we have seen that we can model our complex physical system as three coupled collective spins (3):
the nuclear spin ['in the ground state, the spin K in the hyperfine level F' = 1/2 of the metastable state and the Stokes
spin S of the cavity field. In this section, we present the full quantum treatment of this model. After having introduced
the Primakoff approximation, we move on to the quantum description of the metastability exchange which couples
the nuclear and metastable spins.

3.1. Primakoff approximation and metrological gain due to squeezing

Initially, the collective nuclear spin I, the collective metastable spin K and the Stokes spin S of light are polarized
along x, and will remain so throughout the experimental procedure. In the Holstein-Primakoff approximation, which
treats the macroscopic spin components along x as classical variables, the remaining y and z components, orthogonal
to the mean spins, behave like the quadrature operators (Hermitian and antihermitian parts of annihilation operators,
therefore canonically conjugated, [X, P] = i/2) of three bosonic modes a, b, c: 7

Iy Primakoff X, = a+ad . ﬁ Primakoff _ b+b' . Sy Primakoff X, = c+cf )
\/ﬁ = a= ) 5 \/ﬁ = b= ) > ’_”ph = c = )
IZ Prim:akoﬁ Pa = —a —.(JT ; & Prim:akoff Pb — b _.bT : Sz Prim:akolf Pc _ Cc —.C'L (10)
4 2 Vi 2 Vi 2

6. Note that n = 0 in the fully polarized case = 1. Indeed, the entire population of the metastable state is then in the extreme Zeeman sublevel
my = 3/2 of the hyperfine state F' = 3/2 and the manifold F' = 1/2 is empty.
7. If we consider a large spin s fully polarized along x, we can approximate the spin component in this direction by a classical variable, by

setting 8, = (8 ) so that [$,/v2(S 1), §./vV2(8 )] ~i/2.
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Figure 3 — (a) Effective metastability exchange rates y, (lower red curve) and y,, (upper blue curve) as given by
equation (8) in the ground and metastable states, as functions of nuclear polarization 77, normalized by the metastability
exchange collision rates 1/7 and 1/7 experienced by a ground-state and a metastable atom in the gas. (b) Nuclear
polarization dependence of the Faraday frequency €, entering in the rate (32) at which excitations are created by
Faraday coupling in the hybridized nuclear bosonic mode, and in the spin squeezing rates (49) and (95), in the limit

¥r < ym; more precisely, we plot the factor f(n) = \/ﬁ% such that Q, = Q(ys/ym)'/? = x iphlicen \/ﬂ f@).
When the polarization varies between 0.3 and 0.5 (vertical dashed lines), f(7) deviates by 4 % from its maximum =
0.17 reached in n = 0.42. It is therefore advantageous to place oneself close to this value of 7 to reduce the temporal
drift of Q, due to a slight damping of the nuclear polarization during spin squeezing (indeed, the optical pumping
process is then interrupted and the lifetime of the polarization is reduced by the presence of the discharge, it becomes
of the order of y', where y, is the induced decoherence rate of section 4.2.4).

We used the mean values (3) in the normalization. Let us make the link with the exact bosonic representation (1) of
Stokes’ spin, writing:

S y . S z 1 PrimNakoﬁ' ,‘. . S y . S z 1 T Prim:akof'f

—1 = cl:cx ~ c, ) +1 = C,Cy
V7ph V/ph V/lph ’ V7ph VAph  AFph T

This shows that the creation operator ¢’ in (9)-(10), identified with c; in Primakoff’s approximation, transfers a photon
from the highly populated coherent state cavity mode polarized along x into the initially empty cavity mode polarized
along y. In Primakoft’s approximation, the atom-field Faraday coupling Hamiltonian (2) is written:

¢y (11)

H = hQP,P, with Q =y nnp . (12)

As y does not depend on the field strength in the cavity, Q is proportional to its intensity. Finally, let’s write in terms of
Primakoft variables the parameter & of reference [11] quantifying the level of spin squeezing usable in a magnetometer
(the metrological gain is the higher as £ is the lower, see our footnote 2), z being the maximal squeezing transverse
direction to the average spin and the collective nuclear spin being of quantum number I = N /2:

21 Varsignal([z) _ 4varsignal(Pa)

2 =
E= 0y 7

13)

The nuclear polarization ; being fixed, and a non-demolition quantum measurement being carried out continuously
on the nuclear spin, one must try to minimize the variance of P, conditioned on the measurement signal to be defined,
by making it decrease as much as possible below its initial value 1/4.

3.2. Quantum master equation for metastability exchange

Let us consider in this subsection the evolution of the system due to metastability exchange only (y = 0). In a
quantum treatment, the classical equations (6)-(7) become stochastic equations including quantum fluctuations. In

6



Primakoff’s approximation, this gives for the quadratures X in the metastable and fundamental state:

dXy = =y Xodt + Ty Xpdt + dX5ON 5 dXp = —yuXpdi + Ay Xeds + X0 (14)

where we used the third equality of equation (8). Langevin noises Xm?“’Ch, with i € {a, b}, have zero mean, are
independent random variables at different times, and have variances and equal-time covariances calculated in reference

[5]:

1 : _ :
(dxsohgxsohy = pdr with D= ¥ VImYs (15)
J = 2 \— \/’Ym'yf Ym

We have equations of the same form as (14) for the quadratures P;, with other Langevin noises de“’Ch, with the same
covariance matrix as equation (15) between them but with a covariance matrix with the noises Xm.S“’Ch given by

(dX;OMdPty = Dydr - with D =iD (16)
For calculating the mean values and variances of atomic observables, this stochastic formulation is equivalent to a
quantum master equation for the atomic density operator p, of the two bosonic modes a and b:

d P | .
S = CpuC' - SICTCpu) with €= \[2ysa - \Dyb (17)
Indeed, the Langevin stochastic representation of the quantum master equation (17) for any operator A is written
dr 3
dA = 0} {cT [A,C] - [A, CT]C} +dA™h  where dA®M = [CT, A]ldB + dB'[A, C] (18)

and dB is a Markovian stochastic operator with zero mean, with an equal-time covariance matrix
(dBdB"y=dr ; (dBdB)=<(dB'dB") = (dB'dB) =0 (19)

To be complete, let us sketch another reasoning, which avoids quantum Langevin noises. It suffices to admit that the
equations of evolution on the means (X;) and (P;) taken from (6)-(7) derive from a quantum master equation of the
Lindblad form (52). Since these equations are linear, the jump operators C,, surrounding p,, in the quantum master
equation are linear combinations of a and b, and we recover (17).

3.3. Three-mode quantum master equation
The complete evolution, including the atom-field coupling of Hermitian Hamiltonian (12), metastability exchange

and cavity losses, is described by the quantum master equation ®
d 1 . 1 1
d—f = = [H.p]+ K(CpC‘ - E{cfc,p}) +CpC' - E{CTC,p} (20)

8. We neglect here the internal evolution of the atomic modes (spin precession) by supposing that the Zeeman sublevels are degenerate in the
ground state and in the metastable level F' = 1/2, that is that the external magnetic field is zero, B = 0. This simplifying assumption calls for
the following comments. (i) In the experiment, we plan to impose a guiding field along x of the order of uT to avoid a “wild” precession of the
mean spin around a residual magnetic field of unknown direction [14]. From a theoretical point of view, we then place ourselves in the frame
rotating around x at the corresponding nuclear spin Larmor frequency w(LX) to eliminate this guiding field [in principle it would be necessary to
compensate for the difference between the metastable and ground-state Larmor frequencies, for example by means of a fictitious magnetic field
created by a light shift, but this precaution seems superfluous because the metastable Larmor frequency remains small compared to the effective
metastability exchange rate y,,]; in principle, the cavity must also be rotated at the angular speed w(Lx) so that it is stationary in the rotating frame;
if the cavity remains fixed in the laboratory frame, we can switch on the Faraday coupling and perform a measurement of the field leaving the
cavity no longer continuously but stroboscopically (each time the spin component to be squeezed merges with optical axis) [7]. (ii) If there
exists during the squeezing phase a small parasitic static magnetic field (in addition to the guiding field) in the yz plane, at an angle ¢ with
y, this field rotates at the angular frequency —wf) in the rotating frame; in the stochastic equation of the one-mode model (58) for homodyne

detection, this adds a contribution of Hermitian Hamiltonian H, = VN hw(Ly)(Qﬁ /Q)[cos(¢p — w(LX)t)XL, + sin(¢ — w(LX)t)P(,J where wg) < w(LX)

is the Larmor angular frequency of the nuclear spin in the parasitic field and Qg/Q is given by equation (26). The P, term is absorbed in a
phase change of ansatz (59). The X, term does not change the parameter u of ansatz (59), and hence the variance of P, in a realization, but
adds an oscillating deterministic part to P,, namely (\Ww(g)/Zw(Lx))(Qﬁ/Q)[sin@ - w(Lx)t) — sin¢] and, according to (65), a deterministic part

VIl ex(Q5/Q)( \/ng) / wa)){ [cos(¢p — a)(LX)t) —cos ¢l/ (wf)t) — sin ¢} to the integrated signal o=(f). The sin ¢ term in the signal can be canceled by

7



where C is the jump operator for metastability exchange (17), « is the cavity loss rate, y,, and yy are the effective
metastability exchange rates in the ground state and in the metastable state.

Initially, the three modes are in vacuum state corresponding to a polarized state for the three spins. For this initial
state, the first moments of the quadratures remain zero, and one can obtain a closed system of equations for the second
moments. We find that the quadratures P maintain constant variances and zero covariances in the three modes,

1
(PO = (PD®) = (PO = 75 (PaPy)() = (PaPe)(t) = (PyPe)(1) = 0 @n
that the variance (XZ) remains bounded and the covariances (X,X,) and (X, X.) remain zero, while the variances and
covariance of the quadratures X, and X, and therefore the number of excitations in the atomic modes,’ diverge
linearly in time, at least as long as the Primakoff approximation is applicable. We give here explicitly only long-time
behaviors:

2

mef ta ) yf QZI
xXa = /M "0 L od X)) = ———— o(l
XD =, Om+ P 4 ) X0 e G+ 777 W

(22)
1/2_3/2 2
Y 2 Q 2

XX = — L =1 oa X0 - = > |-
( pX(D) =400 (Y +y5)? 4K +o) X)W 4 400 (2/() ( K+ 2(¥Ym +7f))

3.4. One-mode model

In this subsection, we derive a one-mode quantum master equation describing the slow evolution of the nuclear
spin within the limit
Fex <yr<ym and T <k (23)

where I'¢x is the rate at which excitations are created under the effect of Faraday coupling in the hybridized nuclear
bosonic mode « defined below (it suffices to know here that I, o« Q7 so that (23) is a weak Faraday coupling limit
Q — 0). To this end, it is convenient to introduce the bosonic annihilation operators into a cleverly rotated basis, by
means of the following linear combinations of the operators a and b:

az\/ Yo a+\/ Yy = [ [, 4)
Ym +Yf Ym T+ Yf Ym +Yf Ym +Yf

a and B indeed correspond to the eigenmodes of the metastability exchange part of the three-mode quantum master
equation (20) (in practice, we have y,, > vy, see equation (8), so that the mode 8 corresponds to the metastable spin
slightly hybridized with the spin of the ground state, and & to the nuclear spin slightly hybridized with the metastable
spin). While the @ mode undergoes a time divergence of its average number of excitations (hence the possibility of
defining a rate ['y), the 8 mode is strongly damped and tends towards a stationary value (see the results (21) and (22),
which show that (P[%) = 1/4 and (X[%) = O(1) where X5 = (8 + 7)/2), which will allow to eliminate it adiabatically,
just like the cavity field. In this new basis, the three-mode master equation (20) takes the form

do _ 1 ST N
Pl [H,p]+f<(cpc 5le c,p})+7ﬁ(ﬁpﬁ 5850} (25)

choosing the initial time “¢ = 0” of the squeezing procedure; the other contributions cancel out for a duration ¢ of the whole experiment multiple of
2r/ w(LX). (iii) If we want to use the spin squeezed state to measure a magnetic field, we turn off the discharge and the guiding field and we arrange
that the field to be measured B is oriented along y. The collective nuclear spin then precesses in the xz plane by an angle which must be measured
to access Bres, and the initial direction of squeezing z is precisely that which is necessary for reducing the angular uncertainty on the spin. Another
strategy consists in starting from an ordinary polarized state, unsqueezed, of the nuclear spin and in carrying out, discharge on but guiding field off,
the continuous measurement of the light leaking out of the cavity in the presence of Bpesily; in the one-mode model with homodyne detection of
section 4.2.2, we then recover the magnetometry proposals of references [17, 18].

9. For the initial state considered, we have at all times (X,) = 0 and <Xf,) - % = (a’a), where (afa) is the average number of excitations in the
nuclear spin mode, so that Var X,; = (a'a) + %; one has indeed afa +1/2 = Xg + Pﬁ. The same relations hold for the other two modes.
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where yg = 2(y,, + ) and, noting P, = (& — a)/2i and Pg=(B~- B5)/2i the P quadratures of the new modes,

H = h(QuPy + QPs)P. with Q,=Q [—2— and Q=0 |1 (26)
Ym + Yr Ym + Yr

Reference [25] explains in all generality how to perform an adiabatic elimination at the level of the master equation.
Here we prefer to carry it out, as in reference [26], in the weak Faraday coupling limit Q — 0 in the Monte Carlo
wave function formalism [27, 28], where the density operator solution of the quantum master equation (25) is obtained
by averaging pure states over independent stochastic realizations, each realization corresponding to the deterministic
evolution of an unnormalized state vector |/(¢)) under the action of the effective non-Hermitian Hamiltonian

ih .
Har=H - (kc'c +v8'B) @27)
interrupted randomly by quantum jumps (discontinuous evolutions |y) — C|y)) of jump operators

C.= Vkc and Cp= 8. (28)

In the absence of the coherent coupling Q in (26) the hybridized metastable mode and the cavity mode remain in the
initial empty state. To first order in €, this state is coupled to states with an excitation in the cavity (by the action of
P.) and with zero or one excitation in the mode of the hybridized metastable (by the action of P, or Pg). We can then
truncate the Monte Carlo state vector |y) in the Fock basis {|14 )background|8) metalfic )cav} as follows

[y = [OH0)0) + [ HOMT) + kI (29)

committing an error of norm O(Q?). Under the effect of the effective Hamiltonian (27), the fast components [0') and
L1y exponentially join an adiabatic following regime of the slow component [y2°) with rates «/2 or (k + vp)/2. Hence
their adiabatic elimination within the limit (23) '°

iQy

W Yadiab =
> 2(k +yp)

Qq
2% and 0" Yadian = - Polyd) (30)

We put the expressions of [} Yagiab, [0 Vadian in the Hamiltonian evolution equation of |4%°) to obtain

o d o 1R 2 00\ — 7700 [,,00
ih— ') = == (FexPq +To) " = Heg o) (31)
where we have introduced the rates
Q2 Q;
[y = < d Ty=——— 32
€ K an 0 4(k +vp) (32)

By studying the effect of the cavity jump operator C. and the metastability exchange jump operator Cg on the state
vector (29), we can interpret the effective Hamiltonian of equation (31). (i) Let us first consider the effect of a cavity

10. In adiabatic following, the occupation probabilities of the excited components are (w},l Iw},‘ Yadiab/ Y l¥) = [Q§/4(K + yp)z]wg"wg“)/(mw)

and WO WO Y adiab /WY = Cex/OWLIP2 w0 /() where we used (32). Within the limit (23), we can easily verify that they are < 1, so that
almost all the population is in the component |w20)|0>|0) as it should be, which will allow us to replace (Y|y) by <¢/30|w30>. We also verify that
another condition for the validity of adiabatic elimination, namely the slowness of the evolution of the hybridized nuclear spin « with respect to
the fast variables, which reads here I'ex, o < &, & + yp, is satisfied. However, these considerations do not allow us to show that the condition
Fex < 7y is necessary (unless k < yg). To see it in general terms, we push to the order Q* the computation of the effective Hamiltonian
Hgg = PHeP + PHQ(zQ — QH7 Q)" QHP in the subspace ng = n. = 0 onto which P projects (here Q = 1 - Pand z = 0(02)). Qualitatively,
at this order, by action of H, then of Hg on |¢20)|0)|0) (with the obvious notation H = H, + Hg), we virtually create an excitation S alone,
relaxing at the rate yg/2, hence the additional adiabaticity condition 'y < yg; joined to I'p < k and yy < ¥, it implies I'ex << ¢ since l'ex /vy =
To/k+To/yp)4ys/ym) < 16(To/k+To/yp). Quantitatively, we find a correction to the coefficient of P,zl in Hgg of type H,GoHgGoHpGoH, (Go is
the resolvent of Heg for Q = 0) of the form hl’exﬂz /vpk, which must be negligible, which imposes Qé [ypk < 1,1.e. I'ex < yy taking into account

Yf < ¥Ym- The corrections to the scalar term are negligible as soon as I') <y, k, and the new term in P} which appears is negligible compared to
ITex P2 for Py = O(1) if Tex << k.



jump, which occurs at time ¢ with a rate «(( WLy + @O WO agian /(WP 2). Just after the jump, the state vector,
initially in the adiabatic following regime, becomes

(")) = Celtr(7)Yadiab o WO (7)) adiablONOY + 1 (£7)Vadianl 1)10) (33)

It is the superposition of an unstable component |1)|0) and of a stable component |0)|0). With a probability (1//(111 |z//(ly1 Yadiab
SO Oy + (WL i Y)agian the cavity jump is then followed by a metastability exchange jump before the system state
vector has time to reach its adiabatic value. In this case, we have a “double jump ”, which ultimately does not affect
the component [2°(¢7)) since

CCelb(t N adiab  Wra (1™ )I0)I0) (34)

This process contributes to the scalar term (proportional to the identity) in the effective Hamiltonian of equation (31).
With the complementary probability (2! [yO"Y,gian /(WO WO + (WLl 1))agian the state vector returns to its adiabatic
value before other jumps occur, and is slaved to |¢//§?”(r)>adiab ocP,|%(¢7)), that is, the slow component [/%°(¢7)) has
effectively undergone a single quantum jump with a jump operator proportional to P,. This process corresponds to
the first term, proportional to P2, in the effective Hamiltonian of equation (31). (ii) Suppose next that the jump at
time 7 is a metastability exchange jump, which occurs with a rate YW ¥t Yadian /(W) We verify in this case
that the state vector after the jump, Cgly/(17)), is entirely unstable and almost immediately undergoes a second jump,
a cavity jump. The total effect corresponds here again to a double jump and to the action of a scalar operator on the
slow component. We derive from this discussion the following single jump and double jump rates :

k(WYY + WO YO adiab WO A adiab WPP2ly ) s
I, = =Ty = [ (P? 35
W) A T
k(Y + OO Y adian WY adian YW Y adian
T = + =T 36
¢ WP WOy + W agiae W) ’ 30)

We finally obtain the one-mode quantum master equation describing the slow evolution of the density operator p,, of
the bosonic mode a (hybridized but almost purely nuclear spin):

dpa PR +
E = C.fpozcs - E{Cscs’p(z} + Cdpacd

1

2{Cj,cd,pa} (37)

in terms of two quantum jumps, the single jump (cavity only) C; and the double jump (of cavity and metastability
exchange in that order or in the other) C,:

Cy= IexPy ; Cq= Iol (38)

By solving equation (37) for the empty initial state of o, we get:

()= 2 +Tt) (P2 =1 (39)
4 4

which effectively designates I'¢x as a rate of creation of excitations in the @ mode. Going back to the initial atomic
basis (unrotated) and by limiting the state vector (29) to its first term, we recover equation (21) and the first three
results of equation (22) of the three-mode model, yet valid at any Faraday coupling €, not necessarily infinitesimal.
Finally, the average number of photons polarized along y leaking out of the cavity per unit of time, given in the one-
mode model by I’y + I'x/4 as shown by equation (45), agrees with the exact value k{c’¢); where the mean stationary
number of y-polarized photons in the cavity (cc); = (X2); — 1/4 is the last result of (22). !

11. On the other hand, the value of (¢’ ¢)diap in the adiabatic form (30) of the state vector does not represent this number. The solution of the
paradox is due to the existence of the de-excitation path (ii), that of the annihilation in the first jump of the excitation ng = 1 in the metastable mode
immediately followed by the loss of a cavity photon. The true output rate of y-polarized photons is therefore k(T ¢adiab + yﬁ$Tﬁ>adiab.
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4. Continuous non-demolition quantum measurement of nuclear spin

The quantum averages calculated in section 3 correspond to the ensemble averages over an infinite number of
realizations of the experiment. In this section we study what really interests us, the evolution of the system, in one
or more given realizations, conditioned on the results of a continuous measurement on the y-polarized light leaking
out of the cavity. For this, we return to the formulation in terms of Monte Carlo wave functions, as in section 3,
where stochastic trajectories |(#)) corresponding to a particular sequence of quantum jumps reconstruct the density
operator of the system conditioned on measurement results [28]. The precise form of the Monte Carlo jump operators,
which is not unique in the stochastic reformulation of a quantum master equation, is then determined by the particular
measurements made.

4.1. Squeezing by photon counting

Suppose that we continuously and directly count (by photodetection) the number of y-polarized photons leaking
out of the cavity (see figure 1b), as proposed in reference [29]. The jump operator associated with this measurement
is v/kc, so the three-mode quantum master equation (20) is already in the right form to analyze the evolution of the
state vector |y/(¢)) conditioned on the measurement.

The same is true within the limit of a weak Faraday coupling, Q — 0, which leads to the one-mode model of
section 3.4. As the jump operators Cy and C, of the quantum master equation (37) both correspond to the cavity loss of
a y-polarized photon (remember, C, results from a cavity jump immediately followed or preceded by a metastability
exchange jump, and C; from a single cavity jump), the measurement cannot distinguish between the two, and the
density operator conditioned on a given number n of detected photons is obtained by averaging over realizations
having this same fotal number n of jumps. An unnormalized Monte Carlo state vector having undergone such n jumps
during ¢ is written

W) = e i ¢ emn it ¢ L Cy e n N g(0)) (40)
where €, € {s,d} and #; are the type and time of the k th jump, Hgg is the effective Hamiltonian (31) and we denote
the state vector of the one-mode model |/) rather than |¢g°> to simplify. The quantum average of an observable O is
obtained by averaging over all possible trajectories, therefore by summing over the number and type of jumps and by
integrating over their times:

QOEDY fo dndey...di, Y WOIOW®) @1

n (&)1<k<n€ls,d}"

where the squared norm of each unnormalized state vector |(f)) automatically gives its probability density [30]. By
taking O = 1, we deduce the probability that n jumps occurred in the time interval [0, 7]:

I,(1) = f dnde...d, L WOWD) 42)
0<t1<ty...<t,<t

() 1<k<n€ls,d}?

To evaluate (42), we take advantage of the fact that all the jump operators in (40) and their Hermitian conjugates
commute with each other and with Hgg. 12 By using the identities

> (cte, . clce) =[Z c*c}{z C;cﬂ] = (FexP2 + Tol)’ (43)
d

€,=5,d e =s,d €,=s,d €, =S5,

and by injecting a closure relation in the eigenbasis of P, such as P,|p,) = palpa.), after having integrated over the
times #; as allowed by the telescopic product of the evolution operators, we obtain

n

t +eo 2 Teyt/8)" e Tof 1 2I0
00 =5 [ doy (T + T e e 1,00 = ( ”)% ® (—n, L °) (44)
o n

n! (1 + Text/2)m+172 2 Tor

12. For this reason, keeping the information on the jump times does not allow to increase the efficiency of spin squeezing by post-selection.
Indeed, the density operator pq (1)l ...., knowing that n jumps occurred at times 11, ..., t, leads to the same probability distribution of P, as the
density operator p, ()|, knowing only that n jumps occurred during [0, 7].
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where I1(p,, 0) is the initial probability distribution of p, (a Gaussian with zero mean and variance 1/4) and @ is
Kummer’s hypergeometric confluent function ;F;. We notice that (44) is in fact a Gaussian average on p, of a
Poisson distribution with parameter 4 = (I'x p?, + I'g)t. We deduce the mean and the variance of the number of
photodetections during ¢ :

(Cex?)?

(n) = (Fo + il"ex)t ;. Varn=<(n)+ 45)

Still using equation (44), we access the probability distribution of p, knowing that n photons were detected in the
time interval [0, 7], an even function of p,:

_ 1 2 M Tepit —Tor
Hi(paln) = o (Fexpa + 1"0) e e "TI(pa, 0) (46)
As expected, it is an even function of p,, as photodetection only gives access to the outgoing y-polarized field intensity
and cannot distinguish between opposite +p, values of the P, quadrature of the hybridized nuclear spin along z. This
results in the squeezing of P2 fluctuations rather than P,, which we characterize by the conditional mean and variance
of P? knowing that n photons were detected during 7, deduced from (46):

4+ D@ To

(n+ 1)
P2y — . 2 _
(Fadn Tt M6 T

" (Text)?

(n+ M0 T,
(n+ DL TR0

Var,(P2) = (P1), — (P2) (47)

Finally, using equation (46), we find for ['.x* — +oo that the probability distribution of p? conditioned on the number

n of photodetections is peaked around a value p% with a conditional variance tending to zero ':
2 L_on=m e 2y, ~ P21 vanp?) ~ =" 0 (48)
Po= 3= T @/ S PO ) b Diee (Tot)?

By replacing in this expression 7 by its mean value and taking into account the value 1/8 of the variance of P2 in the
initial state, we end up with the nuclear spin squeezing rate by photon counting:

2
Fex

= —2 — 49
M8 + i) )

Correspondingly, the conditional probability distribution of p, has two peaks at +p, as visible on the Wigner function
in figure 5b, obtained by numerical simulation of the conditional evolution of the system over long times in the one-
mode model (37). '* This clearly shows that, in a single realization of the experiment, the continuous photodetection

13. According to equation (45), the right-hand side of the first equation in (48) is asymptotically of the order of unity for a typical photodetection
sequence. This equation in fact only makes sense for p(z) positive therefore n > I'gt; then, the equivalents (48) apply when the gap between the two
peaks in I1;(py|n) is much larger than their width, which imposes 2p(2) > n'2 [Tt = (To + Tex p(z))” 2 /Text'/?. To obtain them, we pose n = yt with
vy > T, then we write (46) in the form exp[—1S (po)I1(pq, 0) and we quadratize S (p,) around its minima.

14. The absence of fringes shows that we have prepared a statistical mixture rather than a coherent superposition of two squeezed states of the
P, quadrature. We find indeed from equation (41) that {polo, (1) — po)/{polen(OIpo) = [(To — Fexpé)/(ro + Fexp(z))]" ~ exp(—21"€xtp(2)) < 1on
figure 5b, p, () being the conditional density operator. The Laplace method gives at long times the conditional Wigner distribution W;(xq, poln) ~
7l1i(paln) expl—2x2 [Texts(pa)l/ VAL exts(pa)/2 with s(pa) = [1 + (To + Texp3)/(To + Texp2)1/2. We notice that s(xpo) = 1 and s(pe) = 1 for
T 3 Tex. While W,(0,0ln) is damped exponentially in time (in the limit Tex << T, it comes W;(0,0ln) ~ (Tex /T0)"/% po exp(2p3) exp(=4piTsqt)),
we also have W;(0,0|n) = (2g), where € = =1 is the parity of the Monte Carlo wave function ¥(pg, ). In a numerical simulation, we therefore
have only a slow decay (&), ~ 1/ VN, where N, is the number of trajectories that have undergone n jumps during ¢ ; this leads to unphysical
fringes with negative values in the Wigner distribution near x, axis. To minimize this effect and make it imperceptible at a not too high p,
resolution (dp, = 0.044 on figure 5b), we stop the Monte Carlo simulation at a stage where there is exactly the same number N, /2 of even and
odd wave functions. To obtain a coherent superposition of squeezed states, one would have to perform an additional post-selection, restricting
oneself to Monte Carlo realizations of wavefunction ¥(p,,t) of fixed parity & (having undergone an even number of single jumps if € = 1, an
odd number otherwise, the jump operator C changing the parity). In the corresponding conditional density operator, one then has {po|on.(#)| —
oY/ Polons®lpo) = W(=po. Db(po. O [¥(po. D (po. 1) = & without the two-peak structure of the P, distribution being affected at long times
because I1;(pqln, €) /I (peln) o< 1+ [Ty —l"expg)/(l"o + l"explz,)]” — 1 whenn — +o0 at fixed nonzero p,. The Wigner distribution W;(x,, peln, €)
now exhibits positive and negative fringes of maximum amplitude 2 on the p, = 0 axis. This filtering technique also overcomes the decoherence
mechanisms of section 4.2.4, because the Monte Carlo wavefunctions remain of well-defined parity after the action of the corresponding jump
operator 'y(],/ 2q. This idea of controlling decoherence through parity measurements is well known in cavity quantum electrodynamics [31].
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Figure 4 — Squeezing of P? by photon counting at short times: Tyt = 15, where Ty is the rate (32) of creation of
excitations in the hybridized nuclear bosonic mode a. (a) Conditional mean and standard deviation of the squared
nuclear spin quadrature P2 knowing that n photons were detected in the time interval [0, ¢], as functions of this number
n. The standard deviation is plotted as a confidence interval. The unconditional mean (Pi) = 1/4 is independent of
time, see equation (21). Black dots and error bars: numerical simulation of the 3-mode model with 3000 realizations;
green line and colored area: analytical predictions taken from equations (44), (47) and (50) of the one-mode model. In
practice, the black points are obtained after averaging over classes of values of n centered on these points (in a given
class, the trajectories have close photodetection numbers n but independent histories for the metastability exchange
jumps which the experimenter cannot access). 3-mode model parameters: Q/«x = 1/3, y,,/k = 1/10, y;/x = 1/1000
(so that I'ex/k = 1/909), ng™ = 64,n)* = n® = 8. This corresponds to I'g/Tex = 12500/601 = 20.8 and
Iq/Tex = 601/101202 =~ 1/168 where I'yq is the squeezing rate (49). (b) For the class centered on n = (n(t)),
histogram of the conditional values of P2. Blue bars: numerical simulation of the three-mode model; orange bars:
analytical predictions taken from equation (46) of the one-mode model.

of the y-polarized photons leaking out of the cavity makes more and more certain the value of P2, and therefore to a
large extent of IZZ, the square of the component along z of the collective nuclear spin, as we clearly see by relating, in
the limit Q — 0, the conditional moments of P2, that is of /2 to those of P2 :

(PYy, = —2m(P2y, + . Var,(P?) =
Yf + Vm Yf +VYm (yf + 7m)

4 2 - v+/8
Vil — YV, (P + —T_(p2y, L

(yf + ym)2 “ (7]" + 7/11)2

(50)

Since the squeezing is on P? rather than P,, the conditional angular distribution of the collective nuclear spin is
bimodal (it has, like that of P,, two well-separated peaks provided y/y,, < (2p0)2); these structures, which are
narrower than the standard quantum limit, still allow for a more accurate angular pointing than in the unsqueezed
state. We therefore redefine metrological gain (13) by replacing in the right-hand side of this equation the conditional
variance of P, by the square of the halfwidth 6P, of the peaks centered at +P, of the conditional probability distri-
bution of P,, then equating the center Pi,o and the width 5(P?) of the distribution of P2 with the conditional mean and
standard deviation of P2

PR G 0 i ) W i

n UPZ,O nPio (P2,

Note that this expression cannot be deduced from the method of moments explained in section II.B.6 of reference [4]
taking P2 as estimator, because the effect of the unitary transformation exp(2i6X,) (in practice, a precession of the
nuclear spin around a magnetic field along y) is not to shift the peak in the distribution of P2 but to split it into two
peaks centered at (P, + 6)°.

Finally, we carry out a numerical verification of these analytical predictions in the three-mode model. In figure
4a, we plot the conditional mean of the square P> of the nuclear spin quadrature knowing that n photodetections
occurred in the time interval [0, ], with I'xt = 15 (black dots), depending on this number n. The ensemble of
realizations is divided into 5 classes corresponding to a number of photodetections falling within a given interval, and
the black dots are obtained by averaging over the realizations in the same class. The numerical results are close to
the analytical predictions taken from (47) and (50) and plotted in green, except in the extreme classes which include a
too low number of realizations. On the other hand, the asymptotic analytical predictions (48), not shown, would be in
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Figure 5 — Squeezing of P2 by photon counting at long times, T'ext = 1000, in the one-mode model (37) (this long
time would make a simulation in the three-mode model more difficult). (a) Conditional mean and standard deviation
of P2 knowing that the number of photodetections n falls in a given class of values, similarly to figure 4a, for 2000
realizations. (b) Wigner distribution of the hybridized nuclear bosonic mode in the quadrature space (X,, P,) at
I'ext = 1000, obtained by averaging the dyads [(¢)){y/(?)| whose number of photodetections falls in the 3rd class of (a)
(302 trajectories out of 5000 realizations). It has two peak lines but no interference fringes (see note 14).

disagreement with the simulations of the two models because the time r = 15/T'¢ is not long enough, it is much less
than the squeezing time 1/I'yy. In figure 4b, we plot the conditional probability distribution of P2 corresponding to
the central class of figure 4a; there is also good agreement between one-mode analytical calculation and three-mode
numerical simulation. In figure 5, we are precisely exploring long times in the one-mode model, with T'exz = 1000
that is I'yq# =~ 5.94. Figure 5a, which is the equivalent of figure 4a, shows that (Pf,)n is then related to the number of
photodetections # as in the analytical prediction (48), i.e. according to the internal bisector in the units of the figure,
with a conditional standard deviation (48) roughly constant =~ (Ugf)"/? /Text ~ 1/ (qut)l/ 2 because Iy is here > T.

4.2. Squeezing by homodyne detection

We now assume that the y-polarized photons leaking out of the cavity are continuously measured by homodyne
detection [32], as in figure 1c. We must first find the stochastic equations giving the evolution of the system state
vector conditioned on homodyne detection, since the jump operators appearing naturally in (25) or (37) of the three-
mode or one-mode quantum master equation are unsuitable. We then present some analytical results obtained in the
one-mode model and then in the three-mode model, before briefly discussing the effect of the finite coherence time of
metastable atoms. In order to obtain these results, we used the fact that, for the vacuum initial state considered here,
the conditional state vector is given exactly at all times by a Gaussian ansatz [33], whatever the number of modes of
the model, in presence or absence of decoherence.

4.2.1. Suitable stochastic formulation of the quantum master equation
A general quantum master equation of the Lindblad form [34]
do 1 L1
— == [H,p]+ ) CupC}, = S{C}Cp, 52
5 ih[p]zm:pmz{m P} (52)
with H the Hermitian part of the Hamiltonian and C,, the jump operators, can be rewritten in an equivalent way by
adding an arbitrary constant to the jump operators and/or by mixing them by any linear unitary combination. In order
to take into account a homodyne detection on the outgoing field, we form, from a jump operator C,, corresponding to
a photodetection, the two “homodyne ” jump operators D,, .. [28]
_pl+ Gy ul—-Cy

. D, =H—Zm 53
V2 SRR &)
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where 12 has the dimensions of a frequency. The measurement of the difference in the jump rates DIDJr —D'D_ then
gives access to a quadrature of C,,. Thus, for u real and C,, corresponding to the cavity jump operator C,, see equation
(28), the difference between the numbers of photons N. detected during the short time interval Af in the two output
channels of figure 1c, which by definition constitutes the homodyne signal,

N, -N_ _¢ +cf N (54)
2u 2

gives access to X, ; it is indeed this quadrature of the field, conjugated to P. therefore translated by a quantity
proportional to P, and to the time under the action of the Hamiltonian H (12), which provides information on P,
through metastability exchange collisions. In the case of the quantum master equation with 3 modes (25), one has
to apply the doubling procedure (53) a priori only to the jump operator of the cavity. In practice, we will apply it
also to the jump operator Cg, that is we will double by homodyning all the jump operators C,,, in order to avoid
the discomfort of a hybrid representation mixing discrete quantum jumps and continuous stochastic evolution, see
equation (55) to come. In the case of the one-mode quantum master equation (37), we need to “homodyne ” the two
jump operators C; and C; anyway, since each of them comes with the loss of a photon in a cavity, as explained in
section 3.4.

Within the limit of a large amplitude of the local oscillator u, we can act as if A7 were infinitesimal ' and represent
the evolution of the Monte Carlo wave function, now normalized to unity, by a continuous nonlinear stochastic
equation without quantum jumps [28, 35, 36] in Ito point of view:

N, =(D!,D.)At ; N-=(D._D,)At ;

i 1 " . 1 .
dig(r)) = —%H|¢<r)>dt -5 (C,;pm = {PDIC + CLIPD)Cn + 7(HOICn + Clp(0)” |16(D)dt
! (55)

1 "
+> (cm ~ 5{@DIC, + cn'1|¢(t>>) 16(6) 2 (1)

where, to each jump operator C,, in the initial quantum master equation, we associate a continuous-time stochastic
process d¢,, (1), with real values, Gaussian, of zero mean, of variance dt, statistically independent of other processes
and without memory. At the same level of approximation, the homodyne signal operator (54) is replaced by the sum
of its average and a classical noise representing its fluctuations, which is none other than the corresponding d¢,, [28]:

— i
No=N- _ yRgle+cllg) 1
2u 2 2

In practice, more than the homodyning history, that is the detailed time dependence of the homodyne detection signal,
it is its time average over an interval of time [0, #] which is easily accessible in an experiment and allows a post-
selection of states (i.e. experimental realizations) in a set of non negligible statistical weight. We thus introduce the
integrated signal having the dimension of the root of a frequency,

dz. (56)

_ N_l‘_ot _Nt_ot B 1 ! , , , ldé«c(t/)
o= = fo dr [W@s(r WXl + 5

(57)

and we will calculate in the following the mean and the variance of the quadrature P, of the nuclear spin conditioned

01’10'.16

15. This approximation is valid for a time resolution, or a time step Az, such that > < At < k~!, where « is in practice the fastest evolution
rate in the system in the experiment.

16. Recall that the mean and the variance of an observable (here P,) in a single realization |¢(¢)) of the stochastic equation, thus of the
experiment, have in general no physical meaning, because there is no possible measurement giving the mean value of an observable in a single
realization, on the contrary it is necessary to average over a large number of realizations of the experiment having evolved during ¢ starting from
the same initial pure case or density operator. A counter-example corresponds to the case where one can, by continuous measurements, trace back
the time dependence of all the stochastic processes d¢, ; this is the case of the one-mode model subjected to a homodyne detection, the time
dependence of the signal (56) fixing that of the single stochastic process d{.. This would then allow, in principle, to select, among a large number
of realizations of the experiment, those leading to the chosen |¢(#)) state, and to deduce the expectation values of observables in [¢(7)); in practice,
this would be unrealistic, given the infinitesimal statistical weight of the realizations to keep.
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Figure 6 — In the case of squeezing by continuous homodyne detection: random walk (61) performed in the one-mode
model by the quantum average of the quadrature P, of the nuclear spin in a given realization of the experiment. (a)
Quantum average as a function of true time ¢ reduced by the rate (32) of creation of excitations for three realizations
of the experiment; it is a stretched Brownian motion converging at long times towards a fixed but unpredictable value.
(b) Idem as a function of the compact renormalized time 8 (62); this time it is an ordinary Brownian motion but limited
to6 < 1/8.

4.2.2. Analytical results in the one-mode model
Let us explicitly write the stochastic equation (55) for the one-mode model (37):

d _ _
dig(1)) = —{rex[Pa — PyOPIp(0) + VTexdZ(D[Po — Po(D11$(1)) (58)

with Py (f) = (¢(®)|P.|¢(1)). The highlight is that the jump operator C; proportional to the identity, which added
noise in the photon counting detection scheme of section 4.1, gives no contribution and completely disappears in the
homodyne case. Indeed, the photons emitted during these jumps come from the component |1)|1) of the state vector
(29) containing one excitation 3, which makes them optically incoherent with the light field injected into the cavity, i.e.
with the component |0)|0) of (29), in the sense that |1)|1) contributes to {cT¢) but not to {c + ¢T). So only the stochastic
process d{; associated with the jump operator C; remains. This process coincides with the one d{, appearing in the
homodyne detection signal (56), d; = dZ., a fact admitted here but which will be derived in section 4.2.3.

The stochastic equation (58) exhibits a linear noise term and a quadratic deterministic term in the operator P,,
real in Fourier space. For the initial state considered here, it is thus solved exactly by a Gaussian ansatz on the wave
function in momentum representation, real and correctly normalized for the commutation relation [X,, P,] = i/2:

(Pald(®)) = [27u(t)]"'* expl—u(®)[pa — Po(t)]*} (59)

On the other hand, the Gaussianity is lost in the squeezing by photodetection protocol of section 4.1. Using the Ito
calculation, ! we find that u follows a deterministic evolution equation, to be integrated with the initial condition
u(0) = 1:

1 1
4u(f) ~ 41+ Dext

where we have also given the variance of P, in the state |¢). On the contrary, the equation for the mean value of P, in
|¢) is purely stochastic, with a diffusion coefficient D(¢) depending on time and the initial condition P,(0) = 0:

du(t) =T'exdr sothat u(t) =1+Tt and VargP,(1) = (60)

rCX _ rCX

dPa(r) = [2D0]'7AL(0) with D) = £ = e s

(61)

17. We only keep the linear terms in dz or in noise, and we systematically replace the quadratic terms dZ? by their mean dr.
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As D(1) is of finite integral, P,(r) stabilizes asymptotically (at long times) at a fixed value on a single realization,
as seen in figure 6, with a variance in the quantum state VaryP, tending to 0. This phenomenon of “stochastic
convergence ~’ towards an eigenstate of the measured observable (in this case P,) is expected in the description of
a quantum measurement by a diffusion equation of the state vector [35, 36, 37]. To show it here, we introduce a
renormalized time 6 in terms of which P, performs an ordinary Brownian motion with a unity diffusion coefficient,
and we notice that this time is bounded:

o= f wpy = Yot g ] (62)
“Jo T 8(1 + [egt) 1m0 8

At the renormalized instant 6., P, follows a Gaussian law with zero mean and variance 1/4: P, has therefore the
same asymptotic probability distribution ( — +oc0) as that of the observable P, in the initial quantum state of the
nuclear spin.

We now come to the mean and the variance of P, conditioned on the value S of the time-integrated homodyning
signal o (57). Remarkably, we find that the conditional mean is always proportional to the signal, with a time-
dependent proportionality coefficient, and that the conditional variance depends on time but not on the signal:

S | 1
h = — . _ P = h = ——
N where m(t) T+t Var,-s(P,) = V(1) where V(¢) A0+ Ton) (63)

These expressions denote 'ex as the nuclear spin homodyne squeezing rate in the one-mode model that is at weak
Faraday coupling:

(Py)o=s = m(?)

QZ
qu ~ T = i (64)
Q-0 K(Ym +vy)

In figure 7a, we plot m(f) and V(¢) as functions of the reduced time 7 = ['x¢. Just as the quantum variance in a single
realization VaryP,,, with which it actually coincides, the conditional variance tends asymptotically towards zero as the
inverse of time. In the conditional average, the coefficient m(¢) tends towards 1 at long times. To understand this, let’s
relate the integrated signal (57) to P, using adiabatic expressions (30) in the truncated state vector (29):

1dg,()
2 dr

o-(t):% fo dt'[ T P, (1) + (65)

As P, (1) stabilizes asymptotically on a single realization, and the time average of the noise dZ; tends to zero like
1/t'2, o(+00) directly gives the value of P,(+oc0) up to a constant factor vI.

To derive the results (63), we first relate the conditional variance of the operator P, to that of its quantum average
in a realization P, as follows:

Vary_s(Py) = ({BIP218) does — ((BIPald) )2 _s = ((DIP2IP) — (BIPol#) Vo + (P2)oes — (Pa)_g

_ 1
= V szrr: V o= P(y = -
(VargPy)yr-s + Var,_s(Py) AT+ o

+ Vary—s(P,) (66)

where we have used expression (60) for the quantum variance of P, in the state |¢). It therefore remains to determine

the conditional probability distribution of P, knowing that o = S,

P(I_)zy ZPmO’:S)
P(oc=3S)

P(Py = polo = 8) = (67)

The random variable P, (), resulting from Brownian motion (61), has a Gaussian probability distribution; the same
applies to the temporal integral of P, and to the noise d/, therefore to the signal o (65) which is their sum. As the
variables P, and o have zero means, their joint probability distribution is characterized by their covariance matrix, or
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more directly by its inverse matrix, so that

1 Xp (_ 1 pi(a? >sloch+sz([_)[2y>s(och _2P£YS<U—Pn>bloch )
(P2 soeh T stoch =T Pa 2 o 2 (PDsioen{ stoen=( P )

P(Py = polo=S) =

1 S?
\/27T<0'2>smch eXp (_ 2(0?)stoch >
- S(oP %) goeh)
1 1 (0P )stoch/ {0 stoch

exp|—
2 _ 2 2
\/271. <p Yetoch — <O—P0>stoch/<0-2>5t°d1] <P >stoch <0—P0>stoch/<0— Dstoch

(68)

where (.. .)s0ch at time ¢ is the average taken over all the realizations of the stochastic process d{,(¢") in the time
interval [0, f]. We deduce that, in equations (63),

(T ()P (1))stoch N 1 = (TP e
O e . M VO T PO TRl ®

In order to determine their variances and covariance, we write o(f) and P,(¢) as linear functionals of the stochastic
process dZ; and we use the fact that the Langevin forces dZ(¢)/d¢ and dZ(¢#')/dt’ have a Dirac correlation function
o(t —t"). Let us give the example of the first contribution to o(¢):

f A" B (") = f dr f dr[2D(1)] l/zdm ) f dr f dr"[2D(¢ )]‘/ngé(t ) f dt’(t—t')[2D(t’)]1/2—di;t(f/)
0

(70)
where we changed the order of integration on ¢’ and ¢’ then explicitly integrated on /. We end up with the expressions
we are looking for (63), the simplicity of which follows from the fact that, in one realization of the experiment, we
always have

I+ Tox
o) = To—t— tt Po(0) 1)

ex

Remarkably, the knowledge of the integrated signal o () in a realization of the experiment of duration ¢ is sufficient to
prepare the nuclear spin in a well-defined pure Gaussian state (59), with a parameter u given by equation (60) and a
mean quadrature P, related to the signal by equation (71)

Finally, let us return to the quadrature P, of the unhybridized nuclear spin, which is truly usable in the experiment
once the discharge is switched-off in the cell, as shown by expression (13) of the metrological gain in a precession
measurement. By inversion of transformation (24) and by limiting equation (29) to its first term (to the dominant order
in Q), it comes

yf 7m
Ayr+vYm) Vit Vm

12
<Pa>U:S = ( o ) <Pa>a':S and Varo‘:S(Pa) = Varo':S(Pa/) (72)

Yt Vm
The conditional variance of P, at long times tends towards a nonzero value, although low in practice: this is the
intrinsic limit of this nuclear spin squeezing scheme, which uses the metastable state of 3He as an intermediate state.

4.2.3. Solution of the three-mode model

The study of spin squeezing in the one-mode model is limited to the regime (23) where the squeezing rate I'yq ~ I'ex
is the longest timescale in the system. However, it is crucial for applications to see how far we can speed up the
squeezing process by increasing I'ex through, for example, the Faraday coupling Q of metastable atoms to the cavity
field. To this end, we obtain the analytical solution of the three-mode model by using the Gaussian character of the
state vector which results, as for the one-mode model, from the initial state considered (the vacuum), from the linearity
of the jump operators C,, and the quadraticity of the Hamiltonian H in the quadratures of the modes. The stochastic
equation (55) therefore admits as an exact solution the Gaussian ansatz generalizing that of equation (59),

(s Py %I80) = B0, 1) = [8rdetu(®]"* exp {-Ia - G0) - uh [q - 401 = & (73)
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Figure 7 — Nuclear spin squeezing by continuous homodyne measurement. (a) In the one-mode model, mean (in
black) and variance (multiplied by 4, in red) of the quadrature P, of the hybridized nuclear spin conditioned on the
integrated homodyne signal o, as functions of the integration time ¢. Solid lines: analytical expressions (63). Dashed
lines: expressions (102) and (103) in the presence of decoherence by de-excitation of metastable atoms at the cell walls
(long dashed line: € = 1/100, short dashed line: € = 1/10, with € = y,/I'x and 7, the effective decoherence rate
(98)). (b) In the three-mode model, for I'x# = 5, mean and standard deviation of the quadrature P, of the nuclear spin
conditioned on the signal o belonging to a class C, the range of values of o~/ \Tex having been divided into 10 classes
of the same width (the values S of ¢ are in units of l"é){z on the horizontal axis). The standard deviation is plotted as
a confidence interval. In black: numerical simulation of the stochastic equation (55) with 1079 realizations. Dashed
green and colored area: exact results taken from relations (85), (86) and the analytical expression of the conditional
probability distribution of P, in terms of the variances and covariance (92) similarly to equation (68). The deviation
between numerical and analytical results in the extreme classes is attributable to the low numbers of realizations
falling in these classes. Parameter values: Q/k = 1/10, v,,/x = 1/10, y¢/k = 1/100, I'x/x = 1/1000. (c) In the limit
I'ex — 0 atT'ex/2y/ fixed of the three-mode model, conditional mean and variance of P, (94) as functions of reduced
time yt, for different values of the ratio = 2I'ey /¥ (increasing curves: mean, decreasing curves: variance).

where u is a real symmetric 3X3 matrix, { is a real three-component vector, the coordinates g, = p, and gg = pg
are in Fourier space (eigenbasis of the quadrature P) and the coordinate ¢. = x. is in the “position" space (eigenbasis
of the quadrature X). The only trick here was to choose as the metastability exchange jump operator Cg = /¥5if;
this choice of phase, which of course does not change the quantum master equation (25), remains legitimate for the
evolution conditioned on the homodyne detection of the field because the metastability jumps are not measured. In the
mixed representation of the wave function (73), the Hamiltonian H is then purely imaginary and the jump operators
are real, hence the real ansatz (73). '8

To get the equations of motion on  and @, we calculate in two different ways the relative variation d¢(q, 1)/¢(q, 1)
of the wave function, on the one hand by connecting it to the variation dS of the quantity S in (73), separated into a
deterministic part dS,; and a noisy part dSj, on the other hand by inserting ansatz (73) in the stochastic equation (55).
By identifying the deterministic parts and the noisy parts of the two resulting forms, we obtain

1
-ds, = ”2( 04,8 — qﬁ+qﬁ)d§ﬁ—,<1/2(-aqu—qc+qc)dgc (74)
4, + 2(dSy)? = (Qugy +© as”dtz 2|85 = 00S) | + a5 (00,5 - 25) + 3
—dSy + 5(d85)° = (Quda + ap) 505 — —5— 145 S |+ (00,5 ~245) + @3
dt
—% {qf——+—[62 (0.9) ]+E]C(qu,5—2q€)+qf} (75)

It remains to insert in (75) the expression of dS; taken from (74), by applying Ito’s rule of replacing the squares of the
noises by their mean, then identifying the terms of degree 2 in q — q to obtain the purely deterministic equation linear

18. For example, if = i(Xg + iPp) is represented in momentum by the real operator —d,, /2 — pg, and BB by Ol,ﬁ /4 + p/%{ -1/2.
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onu
dr dr
dutge = —Qudt uge d“aﬁ = _E('Yﬁ'u(tﬁ + Q,Bun/c + Qauﬁc) dug,. = _E(K’/lac + Qo)
(76)
dr
duﬁﬁ = —Qﬁd[ Uge + )/ﬁdl(l — uﬁﬁ) duﬁc = —E[(YIB + K)uﬁc + Q/;MCC] duce = kdt(1 — uee)
and the terms of degree 1 in q — q to obtain the stochastic linear equation for q:
0 0 0 | 0
dg=7|0 -y 0 |dq+[ld-c0) ¥y 2 () 77
Q, Qp -« —K'2dZ.(1)

Needless to say, q is the vector of the quantum averages of the variables g in state vector (73); ?° in addition, we have
introduced the notation ¢ for the inverse matrix of u, which is none other than the quantum covariance matrix of g up
to a numerical factor. We therefore have:

1
(@Dlgilp(1)) = qi()  and - (e(Dlgiq 61 = Gi(DG;() + Zcij(t) Vi j € {a. B, c) with  ¢(r) = [g(t)]_1 (78)

The differential system (76) is easily integrated for the initial condition u(0) = Id:

Q2 202
Ualt) = 142 == (1-e™P) (79)
K K
Ugp(t) = Q. ( 1 + l) (1 _ e—yﬁt/Z) + ﬂ (e-m/z — e—w/Z) + ﬂ (e—(yﬂmzn _ e‘W/z) (80)
Yg \¥ptKk K k(K =yp) K(yp + K)
Q,
Ueet) = ——=(1-e™7) (81)
K
Q2 202
_ B —ypt B —yt  —(ypR)t)2
ugp(t) = 1+ ————(1-e ") - —= (e —e ™ (82)
BB ')’ﬁ(')’ﬁ""()( ) Kz—’}’f; ( )
Q
- _ _ A (yptt/2
ug(t) = " (1 e ) (83)
Uee(t) = 1 (84)

It would have been different if we had taken as unknown the covariance matrix c(#), which obeys a Riccati nonlinear
differential system [38]. Since q describes a Brownian motion (partially damped because the friction matrix in (77)
has eigenvalues 0, y3/2 and «/2), and since the homodyne signal averaged over the time interval [0, ¢] o is deduced by
integration, these random variables have a Gaussian statistic and we can reproduce the reasoning of section 4.2.2. We
find for the conditional mean and variance of the quadrature P, of the nuclear spin knowing that o~ = S (this variance
determines the metrological gain (13)):

(U(t)pa(t»sloch
Pio=s = —S8 85
Pado=s = = o (83)
193 02 Q.Q _ (TP 1 (TOPY,
Varo—s(P) = 7 Q—icm(tng—gcﬁﬁ(o—zg—fcaﬁ(r) + (P2(1))stoch — G<<72<t>> . = g- ”wz(t» ‘hh<86>
stoc] stoc]

19. We notice that the quadratic terms in u in the right-hand side of (75) cancel with those of (dS)?/2 in the left-hand side.

20. We can therefore recover equation (77) from the stochastic equation deduced from (55) on the expectation value of an observable O,
d(O) = (dt/ih){[O, H]) + (dt/2) Zm(Cfn[O, Cpl+he)+ Y, [K0C, +hc.) —(Cp + CL)(O)]d{m, where (. ..) is taken in state |4()), by specializing
it to the cases O = P, O = Pgand O = X,.
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The expression in brackets in equation (86) is the matrix element of ¢(¢) in the coordinate vector (Qz/€Q, —€,/€2,0)
of direction a in the rotated basis. The first term in the middle-hand side is therefore, up to a factor 4, the quantum
variance of P, in the stochastic state ¢(¢), depending on time but, let us recall, independent of the particular realization
of ¢(¢). The simplified expression in the right-hand side follows from the property (21) on the unconditional mean
(P?)(t) = 1/4 and from the chain of equalities

(PO = C(DOIPZIGD) soeh = C(DOIPEISD) = (POIPal¢(1))* + (SDIPald (D)) dstoct = (VaryePastoch + (Po())stoch

87)
To determine the variance and covariance of the random variables P,(¢) and o (f), it remains to calculate their ampli-
tudes on the stochastic processes ds(t") and dZ.(¢), formally integrating equation (77) by the method of variation of
constants for P, and X., and proceeding as in equation (70) for o

ppt, 1) = —%y}f {%caﬁm + %[1 - cﬁﬂ(rv]e‘w(f‘f’m} (88)
pett 1) = 5K {%cw(m - %cﬁc<r'>e7f*<”’>/2} (89)
1/2 Q Q
ot 1) = (yﬁg {—caﬁ(r')[r — = fult = O+ {1 = egg(foy (E = 1) = filt = )] —— = () filt = t’)} (90)
K K—=p
’ 1 K ’ ’ ’ Q(l/ ’ ’ ’ QB ’ ’
T1.1) = 57 = 5 (Gl = = flt = OIZE = et = 1) = flt = D=4 [T = A= 1) O1)

where f)(7) = [1 — exp(—A41/2)]/(1/2). We obtain:

! !
(T(OP(1))st0ch = f ' [pp(t, " )op(t, 1) + pet, )T e(t, )] 5 (02 (0))stoeh = f df' [ogt, 1) + o2(t, )] 5
0 0
!
Poopo = [ o 0500+ p200.0) ©2)
0
We deduce from these results the long time limits 2!
12
Ym S . l Yr
Pa)o=s 7 (m) @ i Varg=s(Pa) — 3y 47 93)

with which the predictions (72) of the one-mode model, however obtained within the weak coupling limit (23), are in
perfect agreement.

As an application of our analytical solution of the three-mode model, let the rate I'sx tend to zero at fixed reduced
time 7 = I'ex# while maintaining (unlike the one-mode model) the ratio I'ex /s to a non-infinitesimal constant value.
The physical motivation is clear: in the planned experiments [14], v, and I'; are of the same order of magnitude but
are really much smaller than ,, and « (by factors ~ 10~ and 107°). We find in this limit: >

Lo S T
=~ and  Varg_s(P,) ~ ;
T 4 Vee=sP~ g

<Pa>a'=S ~ (94)

21. Let us give some results and intermediate considerations. (i) While cgg(’), cg-(t') and c..(¢") have a finite limit when ¢ — +co [we will need
epp(+00) = (1+p) 7L, cpe(+00) = Qp/((yp +K)(1 +p)) with p = ng/(yﬁ(yﬁ +K)2) 1, Caa(t’), cap(t’) and coc(t’) tend to zero as 1/¢'. (ii) In an integral
over ' containing the exponential factor exp[—yp(t — t')/2] or its square, we can replace the function which multiplies it by its limit in ¢/ = +oo.
(iii) For any uniformly bounded function w(t, "), we can show for v € {8, ¢} that fot A7 [(t = )eay(t) + w(t, )] )12 - fom dt’c(zw(t’). (iv) We then
obtain the asymptotic limits (P2(#)}stoch — (Q5/2Q)%T +(Qa/2Q)%0/(1 +p), (T2 (1))stoch — (Q2/4K)T, (T(DPa())stoch — (QaQp/4Qk/2)T where
I = fom dr [yﬁc(zyﬁ(t’) + KC%L.(I’)]. We thus deduce (93) from (85) and from the first equality in (86), without needing to know the value of 7. We

derive from the second equality in (86) the result 7 = 1, which we can also deduce from the equation of motion dc,, /dt = —ygciﬁ - KC(ZFC
between t = 0 and ¢ = +oco.

22. Inpractice, it suffices to make Q, tend to zero at 7 = I'ext > 0, Qg, g and « fixed. In particular, this makes all exponential transients disappear
in equations (79)-(84). To simplify the calculations, it is useful to introduce the quantity p = Q2k/[2ym(k+2y,m)?] so that p = (Tex /2y )A+2Ym/ K2

in the limit y; — 0.

integrated
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where we have introduced the true or generalized squeezing rate

1 2\
Iyg=|l0—+— 95
* (rex " '}/f) ( )

We find the natural scaling of the signal by ri? already observed in the one-mode model and the same functional
forms in time, but we lose all relation of proportionality of type (71) between integrated signal and quadrature average
in a given realization, the conditional variance of P, now being # 0.2 We represent in figure 7c the variation with
reduced time st of the conditional mean and variance (94) for different values of the ratio r = 2I'cx /y,. We notice that
the squeezing process is all the faster as r is larger, and that it saturates to a limiting behavior. This was predictable,
because I'yq is an increasing function of r with finite limit; at a fixed time, the conditional mean (in units of S/ Fé){z)
is therefore an increasing function and the conditional variance a decreasing function of r, as seen in figure 7c. More
precisely, in the weak coupling limit Q — 0, where r — 0, the generalized squeezing rate is equivalent to the rate
I'ex of creation of excitations, in agreement with the one-mode model, and within the limit r — +oo0, it saturates
to the value y,/2. We cannot therefore squeeze faster than at the rate y,, which is not surprising: we cannot hope
to reduce the fluctuations in nuclear spin before each atom in the ground state has undergone on average at least
one metastability exchange collision, the effective rate y, being in practice of the same order of magnitude as the
individual rate 1/T in equation (8) except in the case of extreme polarization, see figure 3a.

4.2.4. Effect of decoherence

To be complete, we take into account, in the homodyne squeezing scheme, the finite lifetime (2y,)~' of the
metastable atoms, which de-excite when they reach the cell walls after diffusive motion in the gas. To this end, we add
a jump operator \/2_7017 to the three-mode quantum master equation (20). As the part other than Hermitian Hamiltonian
remains quadratic in the quadratures of the modes, it can be put in reduced form by an appropriate rotation of the
atomic modes, as we had already done in section 3.4: one simply has to expand (a, b) in the orthonormal eigenbasis

of the rate matrix
= -2 VY fYm 2(y0 + Ym)

with operator-valued coefficients a and 8. The direction 8 remains that of the maximum eigenvalue yz of I', and « that
of the minimum eigenvalue y,,, now nonzero. This leads to the quantum master equation

dp

1 1 1 T
2 |(QaPy + QsPR)Pe.p| + /<(cpcT - 5{c*c,p}) + Yo (a/oozT - —{a*a,p}) 7 (ﬁpﬁ =58 'ﬁ’P}) o7

2

The new expression for Faraday frequencies Q,, {23 and rates y,,yp can be found in Appendix B, which also gives
the analytical expression of the mean and of the variance of the quadrature P, of the nuclear spin conditioned on the
integrated homodyne signal, in all generality. We restrict ourselves here to the physically useful limit yy < y,, (we
still have y¢ < ¥,,). To lowest order in 1y, the coeflicients Q,, £z and y remain unchanged, and we have

2yoyy

~ (98)
Ym + Yr

y{l
which is the reduced rate of decoherence in the hybridized nuclear spin. Moreover, we place ourselves in the limit
(23), with v, = O(I'ex), which allows to evaluate the effect of decoherence using the one-mode model, which is
obtained in the same way as in section 3.4. The stochastic equation (58) is completed as follows,

Yo a4 2P+ PIGO)+ VT i+ P (0)
99)

Todr _
Py = P2 16(1)) + \Texddy(1)(Po — Po)l(0)) —

dig(t) = -—

23. We have indeed Var,_g(Py) ~ Text/[4(1 + Text)] — Fsqt/14(1 + TggD)].
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We have taken care to choose yfl,/ %ia as the jump operator of the effective decoherence (the justification is the same
as in section 4.2.3, decoherence jumps are not measured), which allows the equation to be solved by the same real
Gaussian ansatz (59). This time we find %*

1— —
du = Mo +ys(l—wldr =  u(r) = 1 + L PEED (100)
€
_ _ VTondss + Falu - 1)dZ,
dp, = —%yaPadt+ £ 27 (= T)d, (101)
u

where we have set T = I'x? and € = y,/Tex. The same Gaussianity arguments as in 4.2.2 section lead to the same
dependencies in the signal S of the conditional mean and variance, >

with m(r) = o T O aDsocn 1)

Fex (Uz(t»stoch
1 (P oen

(Py)o=s = m(7)

Var,_s(P,) = V(r) with V(r)=-— (103)
S 4 <0-2(t)>stoch
and the variance and covariance taken over the stochastic processes d{; = d{, and d{,,
o2
<0-2>Stoch ~ f‘r dr’ 1 . 1 — e€(¥-1)/2 2 . [u(t) — 1]2 [1 — e€(@ )/2] er- 21 - e—eT/Z) . 1 (104)
T  Jo 72 ][2 eu(t’) u(1’) € - €272 4t
D T / ~€(T'-1)/2 e(t'-1)/2 ’ 2 —€7/2
<O-P(1>St()ch — f dl € ( ) l + 1-e ( ) 4 [“(T ) - 1] [1 _ ee(TLT)/Z:I — l-e / (105)
Vlex o T 2u(™) (2 eu(t’) u(t’) 2eT

These expressions allow to easily evaluate the effect of decoherence on spin squeezing through the metrological gain
(13), see the dashed lines in figure 7a. For the practical case of a weak decoherence € <« 1 and a time short compared
to 1/v,, they can be expanded to first order in e:

@ T (T+3)T2
m(t) = -
1+7 12 +12

L, G327

— 2.2
“iae D Thasp PO (106)

+0(ET) 3 V()

We then deduces that the optimal squeezing on P, is obtained at a time o5 ~ (3 JTex¥e)'/? and corresponds to a
conditional variance Ve ~ (Vo/ 12T )!/?. Note that in studies of spin squeezing of alkaline gases in cavities, we
often introduce the cooperativity C of the coupled atom-field system, defined as the square of the coupling frequency
divided by the decay rates of the coupled states [39]. In this sense, the cooperativity of the hybridized nuclear spin-
field system is equal to
2 2
= & = Lo ~ o (107)
KYa Yo 2yok

so that we recover the scaling law of power —1/2, usual in alkalis, relating the optimal spin variance to C [39]. More
generally, the decoherence has a weak effect on the nuclear spin squeezing as long as we stay at short times in front
of fopt. The reader will find at the end of Appendix B an extension of these scaling laws beyond the one-mode model,
i.e. for an arbitrary, not infinitesimal ratio I'ex /7y s; this was retained in the abstract of the article. The link between
“Vopt and cooperativity (107) is then broken.
Acknowledgements : Alice Sinatra thanks Franck Lalog for helpful discussions. All authors except Yvan Castin are
funded by the Horizon 2020 European research and innovation project macQsimal number 820393. Matteo Fadel
thanks the Research Fund of the University of Basel for Excellent Junior Researchers.

24. In the € < 1 regime, the long-time limit of the variance of P, in a single realization depends strongly on the choice of phase in the effective-
decoherence jump operator, which emphasizes the unphysical character of this variance (see note 16): if we take yé/ 2q as the jump operator, we
find that Varg P, — €'72/4 [14] instead of Varg P, — 1/4€ as in equation (100). More generally, the choice yll,/ 2 exp(if) @, —/2 < 6 < /2, leads to
the Riccati equation for the parameter u of the (now complex) Gaussian ansatz du = I'exd? + yodt{exp(2i6)u + [1 — exp(2i6)]/2 — W1+ exp(2i6)]/2}
so that Varg P, — (1/4)€'72 vJcos 6 cos(9/2) in a time T ~ 1/ +2¢[1 + exp(2i6)]; the power law in € obtained for 6 = 0 is thus the rule, that obtained
for 6 = /2 is the exception.

25. We have simplified expression (103) using the identity [4u(t)]™! + (Pf,}smch = 1/4, which results as in equation (87) from the fact that the
unconditional mean (Pi) = 1/4, even in the presence of decoherence.
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Appendix A. Semi-classical treatment and reduction to three coupled spins

Here we give the nonlinear equations that describe the dynamics of the system in semi-classical theory, and we
linearize them for small fluctuations around a partially polarized stationary solution.

Nonlinear semi-classical equations. Starting from the considerations and notations of section 2, we take the average

of the Heisenberg equations of motion in the quantum state of the system and perform the decorrelation approximation

(called semi-classical in quantum optics) (AB) ~ (A){B) where A and B are two operators, to obtain the following

nonlinear evolution equations for the expectation values of S the Stokes spin of the cavity field, [ the collective

nuclear spin in the ground state, J'and K the collective spins associated with the manifolds F = 3/2 and F = 1/2 in
5

the metastable state, and Q the collective alignment tensor in F' = 3/2, of Cartesian components Qg :

d(S a(s, d(s,;
G- Sso-") sy = Kispenmaso B2l Ky an
d(K,) x d(K,)  &Ky) &Ky  &K.)
G Ty XKD @ ar |, KIS el WG ¥
&y Ay dQup) K Qup) &b ab A3
dtdr |y et dt |y dr—dr |y '

The terms proportional to the loss rate k of the cavity output mirror make (S ,) relax towards its stationary value
(Sx)s = mnpn/2 driven by the laser field polarized along x injected into the cavity, and the transverse means (S )
and (§,) towards zero. The terms proportional to the Faraday coupling y between the cavity mode and the spin K
derive from the Hamiltonian (2). The contribution of metastability exchange collisions (ME) between ground-state
and metastable atoms is deduced directly from the quantum master equation for the one-atom density operator of
references [21, 22] by simple multiplication or division by the total number of ground-state atoms N or metastable
atoms e in the cell: 20

d([?) _ 7 1 neen
|y, —5(K) + —<f> ~ N - 5 Ncen 0 (A4)
d<j§ _ 4 10 5 10 Neell 1 3 >
xTa _§<f>+§<1<> M UA NwH<Q>~<I> (A.5)
dQup)| 2 L[ a)(Ep) + () Ea) 2
@ |, <Qaﬁ> 97 N (3 5 Sap(D <2>) (A.6)
d(f) 1 Neent
—_— =—-—={U)+ J K A7
il <> Ve Ceu(<”> (R (A7)

where (f) = %[(ﬁ + 2([3)] is the expectation value of the electron spin in the metastable state. See equations
(1.37b), (1.37a), (1.39) and (1.25) of reference [22] (taking into account a difference of a factor 6 in the definition
of the alignment tensor), or to equations (VIIL.30), (VIIL.29), (VIII.32) and (VIIL.15) of reference [21] (by adding a
Kronecker factor 6,5 omitted in (VIII.32)). Here 1/7 and 1/7, the individual metastability exchange collision rates
for an atom in the metastable state and in the ground state, are in the ratio 7/7 = Nceji/ncen Since, in one unit of time,
an equal number of ground-state and metastable atoms have undergone an exchange collision [21, 22].

Fartially polarized stationary solution. In a polarized stationary state of nuclear polarization n € [0, 1],

Nce
2“ Doy =) =0 <Sx>s=”—2"h DS =(8)5=0 (A.8)

U)s =1

26. The collective expectation values are in fact related as follows to the one-atom expectation values { )u: <I_)) = Nce]]<f>ats (J_§ = nce"(J_;m,

(B = neet (Bt (O = neet (B (59 = neetr(Ehar.
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rotational invariance around x axis constrains the mean spins in the metastable state to be aligned along x, and the
mean alignment tensor to be diagonal in the Cartesian basis, with equal eigenvalues in y and z directions. The system
(A.1)-(A.3) thus admits a stationary solution where the only nonzero expectation values in the metastable state are:

nl-n + 1 4n 1 n
Ko)s = 5 35 Mcell 3 x)s =1 cell 5 (Z)s = cell » s s = =={Qx)s = == (Zx)s
(K)o = 3 5 (o) = n3 s+ (5200 = gt & (Q)e = (@) = ~3(Qus = ~15(E0
(A9)

Linearized semi-classical equations. We now linearize equations (A.1)-(A.3) for classical fluctuations around the
stationary solution (A.8)-(A.9) by performing the substitution (A) — (A); + A and treating JA to first order. By
limiting ourselves to the subspace of transverse fluctuations, that is to say to the directions @ =y, z orthogonal to the
mean spins, we obtain a closed system:

d K
d—t(iSw = —EéS(, + X0ay(S x)s0K; (A.10)
d 7 1 2 1 12
&5K<1 = 9 6K + aé-]a - _TléQ(YX - ﬁ (1 + Ceu(Q(m)s) 51& +X6ay<Kx>x6Sz (All)
d 4 10 10 6
—0Jy = ——06Jy + —0K 6 ; —(Qaa) |01, A.12
5000 = —g-00ut 5 Qax + ( + 5nceu<Q”>) o (A.12)
szQ -2 —00 E + — (X501, (A.13)
dr =T 30 6T Reell '
d 1
—0l, = —=6l, 0Jo — 0K, A.14
O T ( ) (A.14)

Reduction to three coupled collective spins. By setting %cﬂ(, = 0 in equation (A.12) and %(5an = 0 in equation

(A.13), we adiabatically eliminate the fluctuations of the collective spin J and of the collective alignment tensor
whose evolutions are governed by the metastability exchange only:

10+n L 5K, 12‘r 5+ 217

3n v n(13+7n%)
8- T G+P)E8 -1

0K, + ———————61, A.15
e D R
The transfer of adiabatic expressions (A.15) in equations (A.11) and (A.14) on 6K, and 61, leads in the body of the
article to the reduced system (5)-(7) coupling the fluctuations of the three spins (3), where y, and v,,, the effective
metastability exchange rates between the nuclear spin and the spin F' = 1/2 of the metastable, are given by equation

(8).
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Appendix B. Solution of the three-mode model with decoherence for homodyne detection

Here we give the analytical solution of the three-mode model in the presence of decoherence, see the quantum
master equation (97), for an evolution of the system conditioned on a continuous homodyne measurement of the
component polarized along y of the field leaking out of the cavity. The value of the coeflicients y,, ¥5, Q. and Qg, as
well as the annihilation operators « and g, are deduced from a diagonalization of the rate matrix (96). The rates vy,
and vy are the eigenvalues in ascending order:

Yap = Ym + V5 + Y0 F [V + 75 +70)* = dyy0)'? (B.1)

In terms of the Faraday frequencies €, and g, the corresponding normalized eigenvectors are written as (£23/€2, Q,/Q)
and (—Q,/Q, Qp/Q), so that & = (Qga + Q,b)/Q and B = (b — Q,a)/Q with

_ Qyr —7val2) , _ Q\YmYy
ymYr + (vr = Yal2)*112 B wyr + (rp = val P12

(B.2)

with a choice of sign ensuring that « — a and 8§ — b when y; — 0 and reproducing (26) when yq — 0. Since the
jump operator C, o @ describes unmeasured processes, we can, as we did for Cg, take it of the form +/y,ia@ and
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reuse the real Gaussian ansatz (73) in order to solve the stochastic equation (55) on the state vector. In the evolution
equation for matrix u that appears in the ansatz, the indices @ and 8 now play symmetrical roles and we obtain

dr dr
dutge = —Qudt Uge + Yzldt(l — Ugq) duaﬁ = _E[(Yzl + Yﬁ)uaﬁ + Qﬁuac + Qauﬁc] dug, = _E[()/a + Ktge + Qqltc]

dt
dlzt/;ﬁ = —Qﬁdl Uge + )’ﬁdl(l - M/;ﬁ) duﬁc = —E[(’y’[g + K)uﬁ(; + Qﬁucc] dug. = kdt(1 — u.e)
(B.3)
whose solution for the initial condition u(0) = Id is written
Q2 20?2
Uaa(t) =1 + ——5—— (1 =7 = —— (e7 — e~ WH1112) (B.4)
Yo(K + Vo) K= =%a
Uap(t) = Q,Qp ( o, 1 )(1 _ e—mm)z/z) + Q. (e—<,<+y(,>z/z _ e_(y“yﬁ)t/z)
Ya Vg \K+Ye K+Yp (k= yp)(K + Ya)
. Q. (e—(Kwﬁ)z/z _ e—(yl,+yp)l/2) (B.5)
(& = Ya)(K +vp)
Q
- _ @« _ o (k+ya)t/2
acll) = = = (1= e trri2) (B.6)
Q2 202
_ B —ypt B vt —(k+yp)t/2
ugs(t) =1 + ——— (1 —e™ ') - e M — T (B.7)
BB Ya(k + vp) ( ) 2 — ),é ( )
Q
pet) = = —— (1 — e~ +ml2) (B.8)
K+ YB
uee(t) = 1 (B.9)
The vector of coordinate averages q appearing in ansatz (73) obeys the stochastic equation
(e 0 0 | Yo dLa()
dg=3| 0 -y 0 |drg+3[ld=-c0)] ¥, 2dgp(0) (B.10)
Q Q -« —k"2dZ.(1)

The unconditional expectation value (P?) always being equal to 1/4, the mean and the variance of P, conditioned on
the integrated homodyne signal are still given by equations (85) and (86), by generalizing the expressions (92) of the
variances and covariance of the random variables P,(¢) and o(¢) in the case of three independent stochastic processes
dZ, (), dg(t') and dZ.(¢') as follows:

COPiDo = [ (& D plt ) i PO = [ )

vefa,B.c} 0 vela,B.c}

(PA(0))stocn = fo ' pit) (B.11)

vefa,B.c}

with the compact expressions of the corresponding amplitudes

Pt ) = (1 Y (Que DY, )] - 0,28y, — 1) (B.12)
Sye VKYy , , Q , , ,
ot ) = 2+ (-1 L {[&v—cw(t Wit =1+ > 6 — e )][fyy(t—t)—ﬁ(t—t)]} (B.13)

pelap) H

The index v runs on the three values a, 8, ¢ and we set y. = k. The ¢ function is that of Kronecker, and the f, function
is the same as in equations (88)-(91).
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The general solution that we have just presented includes the five rates y,, [ex = Qfl/ K,y on the one hand, yg, «
on the other hand. The experimentally relevant regime is one where the last two are “infinitely ” larger than the first
three and only contribute through unobservable transient regimes. Mathematically, we reach this limit by making vy,
tend to zero with «,y,,,yo and Q fixed and with 7 = I'xt > O fixed. Then the first three rates jointly tend towards
zero, that is with finite-limit ratios I'ey /vy — 2y, /[k(yo + vm)?] and v, 1vr = 2y0/(Yo + ¥m), the rate yz reduces
to vy = 2(yo + ¥m) and the Faraday coupling Qg to Q. All exponential transients disappear in the matrix elements
(B.4)-(B.8) of u except those relaxing at the rate y,. The amplitudes (B.12) and (B.13) on stochastic processes reduce
to

) t,l‘, AN , l,l’ "N -1 1= —e(t-1")/2
Po(t,1) _ u(T) Veeer2 oo(t, 1) u(T) vel=¢

= = B.14

Vo 2u() o Tu(m) ¢ p (B.14)

ppt, 1) _ VP o—eT=T)/2 opt,t) NP 2 o+ L-1) (B.15)
Ve (L+pu() Fex (1 +p)t [u(r) € K '

pet,!) (=P _eyp Celtt) _1[1 l1-p 1 1-e02 - p [ 2y (B.16)
Ve 21+ pu(r) Tex 7|2 1+pu(t) € 1+p K '

where € = v, /T as in section 4.2.4, the function u(t) is given by equation (100) and the notation p = Q%«/[y(x +7y)*]
generalizes the one of footnote 22. Relations (85) and (86) remain valid, with the new expressions for the variance
and covariance

2 stoc - 2 1 —e /2 Fex pa stoc 1 —e /2
(Do _ 0 =20=) | Lo (0P 1=e B
Tex €272 44T, Ve 2et

and the generalized squeezing rate

-1

I“ge“ —

e« [L L2004y (B.18)

Fex YiYm

which reproduce the variance and covariance (104) and (105) of the one-mode model with decoherence when I’y /[y, —
0 and the spin squeezing rate (95) of the three-mode model without decoherence when vy — 0. The new results can
be simplified within the useful limit of weak effective decoherence vy, /I'ex — 0 by a order-one expansion in €, which
allows to generalize (106) as follows on the conditional mean and variance at a non-infinitesimal value of I'ex/7y/:

TSy, G+TE IS

mt) = —a— — 2 i + O[(yat)*] (B.19)
1+ TSN 1200+ T5)?
. (T8t +3/2)(T5")?
V(1) = Yo N 97 4 Ol(el)] (B.20)

en + en en
AL+TE)  TE 1201+ T2

This generalization simply amounts to replace T by I';"7 and € by y,/I'5;" in the right-hand sides of (106).%” The
optimal squeezing on P, is then obtained at a time f,, ~ (3 /ngny(,)l/ 2 and corresponds to a conditional variance

Var(;p:t s(Pa) ~ (va /12T fg’n)l/ 2; the optimal metrological gain is deduced from this by equation (13).
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