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Abstract

We derive the semiclassical evolution equations for a system consisting of helium-3 atoms in the
23S metastable state interacting with a light field far-detuned from the 2°S — 2°P transition, in the
presence of metastability exchange collisions with ground state helium atoms and a static magnetic
field. For two configurations, each corresponding to a particular choice of atom-light detuning in
which the contribution of either the metastable level F = 1/2 or F = 3/2 is dominant, we derive a
simple model of three coupled collective spins from which we can analytically extract an effective
coupling constant between the collective nuclear spin and light. In these two configurations, we
compare the predictions of our simplified model with the full model.

1. Introduction

Helium-3 in its ground state has a purely nuclear spin 1/2. Protected by a complete electronic shell and
separated from the first excited state by 20 eV, the nuclear spin of helium is a two-level quantum system that
offers exceptionally long coherence times of hundreds of hours [1]. For this reason, helium-3 nuclear spins
are used in ultra-sensitive magnetometry in fundamental physics experiments [2—4]. A further improvement
in precision, when using helium nuclear spins as a sensor, is in principle possible using quantum
entanglement and spin squeezing, especially in the case of small samples where the relative effect of quantum
fluctuations is greater. In addition to sensing, the possibility of effectively coupling helium-3 nuclear spins
with light, which carries information over long distances and can be measured at the quantum noise level,
offers interesting prospects for example for quantum memories. Although the manipulation of the collective
nuclear spin of a helium gas at the quantum limit has not yet been achieved experimentally, theoretical and
experimental efforts in this direction are ongoing [5—10]. The Faraday interaction between the collective spin
of an ensemble of atoms and the Stokes spin of light provides a light-matter quantum interface that has
already been demonstrated in the laboratory in the case of alkaline atoms [11-13]. In the case of the purely
nuclear spin of rare gases in their ground state, interaction with light requires an intermediate system. For
helium-3, it is a small fraction of atoms brought into a metastable state that offers near-infrared transitions
and interacts with atoms in the ground state via metastability exchange collisions [1]. In this paper we study
in detail the interaction of light with a set of helium-3 atoms, a fraction of which is brought into the
metastable state. At the semiclassical level, we explore the validity of the simplified model used in [9, 10],
taking into account the full atomic structure in the metastable 2°S and the excited 2°P states. Moreover, we
propose another possible configuration that should allow for a larger effective coupling between the nuclear
spins and the light.

© 2024 The Author(s). Published by IOP Publishing Ltd on behalf of the Institute of Physics and Deutsche Physikalische Gesellschaft
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Figure 1. Left: hyperfine structure of states 2°S; and 2°P in *He. Right: allowed transitions at 1083 nm.

Table 1. Frequencies of transitions C; — Cy shown in figure 1, and calculated with respect to transition Cs = 27276726257 MHz [14].

Freq. offset (GHz) F ] F 7
Ay /2m —32.6045 1/2 1 3/2 1
Ay /27 —28.0929 1/2 1 1/2 1
As/2m —27.6453 3/2 1 5/2 2
Ay/2m —27.4238 1/2 1 3/2 2
As /27 —25.8648 3/2 1 3/2 1
Ng/2m —21.3532 3/2 1 1/2 1
A7 /27 —20.6841 3/2 1 3/2 2
Ag/2m 0 1/2 1 1/2 0
Ao /2w +6.7397 3/2 1 1/2 0

2. Light-matter interaction for metastable helium atoms

While the ground state 1'Sy of helium-3 is purely nuclear, the metastable state 2°S; has an electronic
component and is the starting level for transitions at 1083 nm to the excited states 2°P. Figure 1(Left) shows
the hyperfine structure of the metastable and excited levels. The accessible transitions between levels are
shown in figure 1(Right), and the relative frequencies in table 1.

For light propagating along the z-axis, we introduce the components of the Stokes spin in terms of the
creation and annihilation operators of a photon polarized in the x or y direction, and in term of the circularly
polarized photons creation and annihilation operators a; = (a, —ia,)/V/2, a, = (ax +ia,) /2

(aiaera a},> /2= ( Tay +a§a1) /2 (1)
( ) )/2 = (a}Lal —|—a§a2) /2 (2)
S, = (aia},+ayax> /2= ( Ta —agal) /2i (3)
(cley —efe) /

ala}, —ala.) /2i = (alaz — a}Lal) /2. (4)

In the weak saturation regime, the interaction of light with atoms in either one of the two states F=1/2 or
F = 3/2 of metastable helium can be described by an effective Hamiltonian obtained by adiabatically
eliminating the optical coherences and the populations of the excited state [15-17]. The general form of the
effective Hamiltonian for one atom of spin F with light a is recalled in appendix A.

2.1. Effective atom-light interaction in the metastable state

In the case of the metastable state 2°S of helium-3, we first introduce the collective operators I_<', fand Tfn,
respectively obtained by summing the single atom spin operators in the F = 1/2, and spin and tensor
operators in the F = 3/2 manifolds of the metastable state. Considering the transitions to the excited states
23P, in the case of large detuning, the effective light—atoms Hamiltonian for the ensemble then takes the form
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Hia=Hyy+Hy),+Hj ) (5)

where the two vectorial contributions, of the F = 1/2 metastable state (K) and of the F = 3/2 metastable
state (J) take the Faraday form

HI/Z = hXKZSZ H;//Z = hn]zsza (6)

and the tensorial contribution of the F = 3/2 metastable state takes the form

(Fi+1)
HIj, = Zh K _ F) S0 (o B,) Sot (Fuukioy+ Foy ) S,
— hp [—2T§so+\/ﬁ(mT§sx+3T§sy)]. )

In the above, we used the collective irreducible tensor operators T3, RT3 and JT5, that are obtained by
summing the single-atom tensor operators defined in appendix A.
The constants x, n and p representing the strength of the different contributions have the form

) 2 7 8 " 10 B i (8)
YT \9(a,—A)  9(B8,—A) 9B, —A,) 94,
_ QF 3 B 2 B 1 B 2 B 2 9)
T24a \5(8,—0)  9(8,—D3) 9(B,—D) 45(8,—D;) 9(B,—A)

—QF _ 1 + 5 B 5 + 1 _ 5 (10)
7004 \ 748, —0) T9(A,—Ay)  36(A,—Ag) | 9(A,— A7) 18(A,—Ag) )

In these equations, o, = 32 /27, A is the cross sectional area of the light mode, T" ~ 107 s~ is the excited-
state spontaneous decay rate, and taking the Cg transition as a reference, we have defined A, = wprobe — W,
and A; = wgpr — wg,. In figure 2 we represent the three coupling constants x (8),  (9) and p (10), all divided
by the constant 4A /(0,I"), as a function of light frequency. For A, /(2m) = —2 GHz, which is the operating
point considered in [9, 10] and marked as ‘Config.1” in figure 2, the vector contribution of F=1/2 is
dominant. A second interesting operating point, marked as ‘Config.2’ in figure 2, is for A, /(27) = —31GHz,
around the local minimum of the grey absorption curve where the tensor part of F = 3/2 is relatively small.
The main advantage of this configuration is that one could work with a highly polarized state, M ~ 1, for
which the F = 1/2 spin manifold is empty and the initial state is effectively a spin coherent state [19].

2.2. Metastable atomic variables evolution due to the interaction with the light
Due to the Hamiltonian (5), we find from dO/dt = i[H, O] /7 that the Stokes operators of the light and the
collective atomic variable obey the following equation of motion

ds,
Tst = XK., — LS, + VIZUITES, (11)
L
ds
d% = X K.S, +1).S, — VI2pRTES, (12)
L
& = V12 (RTZS, — IT3S,) (13)
de |,
dK,
=—xK,S, 14
dt |, XS (0
dK,
2| =xK.S. 15
a| X (15)
dK,
=0 16
de |, 1o
s
dlt = —n],S. + V120 (3T; (S — So) — RT3S,) (17)
L
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Figure 2. Top: coupling constants x equation (8) (blue line),  equation (9) (orange line) and 1 equation (10) (green line) for the
F=1/2and F = 3/2 levels of the *He metastable, as a function of the light frequency detuning A, taking the Cs transition as the
origin. All the constants are divided by the constant 4A/(c,I"). The grey line shows the absorption spectrum taking into account
the Doppler broadening for T = 300K for a non polarized sample [18]. Two possible operating point marked as ‘Config.2’ at
Ap/(2w) = —31GHz and ‘Config.1” at A, /(27) = —2GHz are discussed in the text. Bottom: Level scheme depicting the two
possible operating point marked as ‘Config.2’ and ‘Config.1’, respectively.

d
-% = n,S. + V12 (RT3 (S, + So) + IT3S)) (18)
L
% =2V124 (IT3S, — MT3S,) (19)
L
d 1 1
—RTE| = —2nS,3T2 R2u| —=S, (2T = T3) + —=S,3713 20
dtmzL 778324—\/_#(\/55},( 1 O)+\/§soj 2> (20)
d 1 1
—IT2| =2nS,RT2 —V12u | —=S, (2T = T3) + —SyR T2 21
dtsz nSART, \/—N<\/§(o o)"’\/gomz) (21)

dr 5 V15 5

L
+, (ﬁfm‘? + glx — ERT§>> (22)

d 3 2 2 2
—RTI| = —nS.3T3 +Véu (sx (—\Eﬁ‘ﬁ - \/_]y +3T§> +So (—ij — ‘/—_]y>

d 3 V2 2 V2
el T2 — : T2 . \/j T3 Ay T3 e T2 —2Z7,
dtle nsm1+\/6u<s< SAT+ e+ R 3>+so(mm1 5])
3 2
+5, <\/;3Tf n ‘/?_]ﬁjirg» (23)
d
p T; ) = V121 (S 3T5 — S,RT3) (24)
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d

d—tSRT3 = —31S,0T5 + V6u (ST} + S,;RT?) (25)
L
d
CTth3 = 3nS RT3 — Véu (SSRT] — S,IT}) (26)
L
d 3 3 2 ~T2
SRTY| = 23T+ 20 (V38,13 +50973) (27)
L
d 3 3 2 2
ST = 2SR - 2u (V38:73 + Som13) (28)
L
d 3 ~3 2 ~T2 2
EtmT = —nS,JT5 + H ((2So + 3Sx) ITT — 3S,RT3) (29)
L
d 3 3 2 2 2
LTI =nSRT -/ T ((2S0 — 3S,) RT} — 35,3T3) (30)
L
d, 2 ~2 2
70| = —g\/ﬁu (SIT5 — S,RT3) (31)
L

3. External magnetic field
In the presence of a static magnetic field B, the system evolves according to the Hamiltonian
Hp=—h (71/2§ K+73/2B T+ YnucB - T) , where (32)
4 2 —1 —1
N2 = ’YmS7 V3/2 = ’Ymsa Yms = —2m2.802MHzG™ "5 Yue = —2m3.243kHz G ; (33)
are the gyromagnetic ratios [20].

3.1. Metastable atomic variables evolution due to an external magnetic field
The corresponding equations of motion for atomic variables are given by

dr Ix B (34)
b (RSN
def, ™
dk L
—| =y, KxB (35)
dt | /2
dj .o
de|,  ?
d
G| =7/ (BIT] +B,RT +2B.3T;) (37)
B
d
d?jT% =32 (—BRT; + B,JT] — 2B,RT3) (38)
B
d
AT = (ijTngBy (ﬂTg—ng)wiji) (39)
B
d
—IT| =~ (=B, (V312 +RT2) — B,IT: — BART? (40)
S R N (EL I LI EL Y
d
310 =3,2V3 (BT} — BRTY) (41)
B
d_ . s 34 3 s o
&%TS = ’}/3/2 EJTZ + By EmTz + BZ3JT3 (42)
d~ 3 3 3 3 3 3
d*JT3 =73/2 SRT; + By 5T, — B3RT; (43)
t 2 2
d
dtmTz =7 (Bx<\/ —IJT3 + \/>3T3> +B, (\/ —RT; — \[9@) +B 2JT3> (44)
d /10 3 /10 3
d—tJT3 =732 <Bx< 49%T§—\/;9%T§> +By< 43T§—\[25T§> —BZZD%T§> (45)
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d 5 5

d—tmT3 — <Bx\£JT§+By<\f6T3—\ﬁm:@)JrszTi) (46)
B

d~ 3 3 5 3 5 3 3

39T =2 | B V6T — Ezm*z - B, 5:inB;.)ﬁiTl (47)
B

d -
" T = v3/2V6 (BIT — BRTY) . (48)

—

Note that in this work we are interested in a weak magnetic field regime, where the metastability exchange
collision rates are weakly affected.

4. Metastability exchange collisions

4.1. Evolution of the one-body density matrix

Metastability exchange collisions (MEC) are fast processes in which the electronic excitation is transferred
from a metastable to a ground state helium atom, without affecting the electronic and nuclear spin variables
[1, 21]. They are usually described in terms of the one-body density matrix p which is assumed to be
block-diagonal, with the 2 x 2 matrix pr describing the ground state and the 6 X 6 matrix py, describing the

metastable state. Following a collision, p transforms according to p ME€, p’ with [6, 20]

Pf/ = Tt [pm] (49)
prln = pr @ Try [pm] (50)

where Tr, and Tr, denote the trace on the electronic and nuclear degrees of freedom respectively. Note that
the electronic degrees of freedom do not appear in ps since the ground state is a singlet state, i.e. S=0.

Considering a set of N atoms in the ground state and n; in the metastable state, the equations of
motion of the one-body density matrix are written

d 1

= 2 (ot Tec o)) ey
d 1
3Pm = (—pm+ @ Tra [pm]) (52)

where the two collision rates y¢ = 1/T et yy, = 1/7 for an atom in the ground and metastable states,
respectively, satisfy the relation

Vf

T N,
Tm - cell (53)
T

Such equations of motion, expressed in the {|i)} basis of the Zeeman sublevels of helium-3, are found in [6].
They allow us to calculate the evolution due to the exchange of any one-body atomic operator O

d(0)

dt

=Tr {Odp

a (54)

MEC MEC:l

A detailed example explaining how we proceed to obtain the equations in given in appendix C.
4.2. Atomic variables evolution due to metastability exchange

For the three spins: ground I, metastable (F = 1/2) K and metastable (F = 3/2) J, we obtain the
semi-classical equations

alT . B .

2] HO (- (0)
d(K . ) ) =1 .

O] -2 dbl) 2@ ) e
d(J q . _, 2\ /o
TRy T SRR 0
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where we have introduced the collective alignment tensor (Q,5) = Zf’zl 1L (3 (FiFip + FigFia) — 2043)

[20]

_ é (vant: - ) (58a)
Qy = —é (Vanti+13) (58b)
Q.= %Té (58¢)
Qq = #JT% (584)
Qu = —279%7*2 (58¢)
Q.= —Z\%JT%. (58f)

The rank-2 tensors of state F = 3/2 evolve according to equations
§t<w> = (T (050 (5)(E) (59)
< omy - o (9T + \%% (1) (3)) + (1) (%) (60)
G| = —33 () + — 1 (22 + (1 (59) (61)
G| =5 0 g () 0 (%) ©)
M| -ty (u - (D(5)) g

where we defined the electron spin operator expectation value in the metastable state () = %((T} +2(K)).
The rank-3 tensors of state F = 3/2 evolve according to equations

S| —-Lom)- YO0 () () - (5) (om) (64
S| —-Lam) - L em) - (1)) &
G| = (1) = 8 (0 () — (1) (T - (1) (473)) (66)
SOM| -2 - S Em+ () (- 1) 013) (67)
FOT| = am) } (09 ((313) ~2V3 (1)) + (1) (313) + 401 (BT (68)
GO| =2+ g (00T - (1) (1) 23 (1) 4w (07H) (@)
S| =t (B e+ () (om) + ) 0

5. Semiclassical equations of motion

5.1. Semiclassical equations for the atomic and field variables

Using the results of sections 2.2, 3 and 4.2, we can write the semiclassical equations of motion for the
averages of the Stokes and atomic collective spin components operators, under the influence of (i) the
light—atom interaction in the metastable state, (ii) a uniform external magnetic field, and (iii) metastability
exchange collisions. The term ‘semiclassical’ means here that all the operators, including those in equations
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of sections 2.2 and 3, are replaced by their expectation values. The time derivative of a semiclassical variable
(O) has three contributions:

d(0) _ d(0)

dt dt

d(0)

d{O0
(0)
L de

s dt

. (71)
MEC

5.2. Stationary solution

For a nuclear polarization M € [—1, 1], a fixed magnetic field along the x-direction, B = B,&,, and a fixed
light intensity and polarization, the semi-classical equations of motion have a stationary solution that is
found by setting the time derivatives to zero. Here we consider the Stokes spin and the nuclear spin polarized
along the static magnetic field in the x-direction,

<SX>5 =5 <SY>5 = <SZ>5 =0, <IX>5 =M— <I)’>5 = <IZ>5 =0. (72)

The stationary solution for the atomic variables in the metastable state and its small polarization expansion is
then:

(Ky), = %4 (;L\Aﬁ) RS (1\64 - %Ms +0 (MS)) Heell (73a)
(Jx)g =M (gL\Aﬁ) neat = <5§4 — 2%43 +0 (MS)) feell (73b)
(To), = — (%) Meell nee (—A;IZ +0 (M4)> Heell (73¢)
(RT3), =3 (%) Het = (A\;I; +0 (M4)> Heell (73d)
<%T§>5 = *\% <3i4]3\42> Meell S (3]\\/[; +0 (M5)> Heell- (73f)

For M — 0, the quantities (73a), (73b), (73c¢), (73d) and (73e¢), (73f) are respectively of order one, two
and three in M, indicating that the tensor contributions can be neglected for a small polarization.

Moreover, we note that the stationary solutions equation (73a)—(73d) are identical to those found in [9],
although the light-matter interaction for the F = 3/2 level of the metastable state was not included in that
work.

5.3. Linearized equations of motion
The linearized semiclassical equations around the stationary solution (73) are obtained by substituting
(O) = (O), + 60, where 50 is the small variation of (O) from its steady state value, and keeping only linear

-,

terms in the variations. Introducing the fluctuation vector ¢ = (@, b) with

a= (88,,6S.,6I,,0L,6K,,6K;,0],,0].,0RT;,03T5,8 Ty, 63T, 6RT5,6IT3) (74)
b= (8S0,08x, 0L, 0Ky, 8], 6 T2, 03 T2, RT2, ORTS, 6313, 0RT3) , (75)
the linearized equations of motion take the block-diagonal form

where the first block represents fluctuations in the yz-plane, namely the plane perpendicular to the spin
polarization. In the expression of the matrices A and B given below, the lines isolate the sub-blocks for the
light, nuclear and metastable states respectively.
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6. Effective coupling between the nuclear spin and the light in two configurations

A simplified model involving only three coupled spins (one for the light field, one for the metastable state
and one for the fundamental state) can be derived when focusing on one of the two choices of the light
frequency detuning shown in figure 2: ‘Config.1’ or ‘Config.2’, where the vector Hamiltonian of the
metastable level F = 1/2 or the metastable level F = 3/2 dominates. For this purpose, for a given light
detuning, we set the non-dominant interaction terms in Hy 4 equation (5) to zero and, among the degrees of
freedom of the metastable state, we adiabatically eliminate those that evolve only under the influence of the
magnetic field and the metastable exchange collisions.

6.1. Configuration 1: Exploiting the interaction with the F = 1/2 manifold

We start from the linearized equations (76), and neglect the coupling of the light with the F = 3/2 manifold
by setting 7 = u = 0. Then, we adiabatically eliminate the 8/, and §Q, degrees of freedom by solving the
algebraic equations d(0],)/dt = 0 and d(6Q.x)/dt = 0, and inserting the solution in the equations of
motion for the remaining variables. In terms of the complex variables

I, = I, +il, Ky =K, +iK,, (79)
we obtain
d
aﬁsy = (Sy) x 0K, (80a)
d
5‘552 =0 (80b)
d /) aﬁl/z) . BxVnuc (1/2) agl/z)
aﬁu == R +i 'yf(l/z) 0Ly + vy, a7 0Ky (80c¢)
d b(l/z) By b(l/z)
ad — A0/ ;OxIL/2 (1/2) 92
dt5K+ =—4 <c(1/2) +i %(1/2) OK4 +7; 02 01 + (K,) x 8S, (80d)

where we introduced the rescaled polarization-dependent metastability exchange rates

ap 1 (4+M)(1-M) (1/2) (4+M°) (81)

1
T TE-M)GB+M) ™ T T 3—M)

and the dimensionless coefficients afl/ 2), bfl/ ) and ), that can be found in appendix D. To first order in

the product B,Yms/~Vm> Where s equation (33) is the gyromagnetic factor in the metastable state and
(53) is the metastability exchange rate for a metastable atom, one has

1/2

a1 5o 6(M*437M2 +60) By

. (82)
/2 (M2 —8) (M2 —1) Tm
a2 5 |30V +4) By

oo : (83)
(172) (M?>—8)"  Tm
b 502 (MY 17M —20) By

oo 2 (84)
6(1/2) (1\42 - 8) Tm
B 5 ;30 (M2 +4) Byys) (85)
12 (M2 —8)" m

We show in figure 3 the comparison between the numerical solution of equation (80) and the full systems
of equations equation (71) for two values of the nuclear spin polarization, M = 0.02 and M = 0.1. While these
two models are in good agreement for the atomic variables, which shows the validity of adiabatic elimination
there is a discrepancy for the variables S, and S, representing the light field. Such a discrepancy is due to the
fact that the interaction of light with the F = 3/2 level, although detuned, is never completely negligible. This
is especially visible for the larger polarizations, where the F = 3 /2 manifold is more populated, and for the
evolution of the S, quadrature equation (13), which depends exclusively on the tensorial interaction.
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Figure 3. Comparison between the full model equation (71) and the simplified model equation (80) in ‘Config.1’. Top row is for a
nuclear magnetization of M = 2%, while the bottom row is for M = 10%. Blue indicates the y spin component, while yellow the z
spin component. Solid lines are the full model, while round and square markers indicate the numerical solution of equation (80).
Simulation parameters: r1p, /Neenn = 1073, Neent/feen = T/7 = 10°, and an initial state resulting from tilting the nuclear spin by
0.01 rad. Time is in units of the nuclear spin Larmor frequency.

In the spirit of [9, 10], we are now interested in extracting the effective coupling constant between light
and nuclear spin in the limit B, — 0. This can be done by adiabatically eliminating also the equations for 0K,
and then introducing the bosonic quadratures

oS 0L

4 ~ XS J >~ X] (8661)
<Sx>s <Ix>s

z I,
08 ~ Pg 0 ~ Py, (86b)

satisfying the canonical commutation relations [Xs, Ps] = [X], P;] = . The resulting equation of motion for
the light field is

xs=x e s

—

) Ps, (87)

from which we obtain the effective Hamiltonian describing an interaction between light and nuclear spin
He = (/D PoPy, (88)

with the effective coupling rate

/2 — X<<Il<x>>s (Se) (L), (89)

Neell
=X /1 Nearf 12 (M) (90)

where the second line is obtained by inserting the stationary values equations (72) and (73), and in the last
line we defined the polarization-dependent function

2 (M) = (;%)N (91)

6.2. Configuration 2: Exploiting the interaction with the F = 3 /2 manifold

For this configuration we want to exploit the interaction of the light with the F = 3 /2 metastable manifold.
Therefore, for a large nuclear spin polarization, we neglect the coupling of the light with the F=1/2
manifold by setting x =0 in the linearized equations (76). In addition, we see from figure 2 that in ‘Config.2’
the tensor polarizability is small, which motivates us to set ;1 = 0 as well. Then we adiabatically eliminate the
dK,, and §Q,, degrees of freedom by solving the algebraic equations d(6K,,)/dt = 0 and d(6Qqy)/dt =0
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and inserting the solution into the equations of motion for the remaining variables. In terms of the complex
variables

I+ :Iy+ilzz ]+ :]y'i'i]za (92)
we obtain
d
CT(SS), = <Sx> n5]Z (9361)
t
d
L5s,—0 93b
& (93b)
d _(3/2) ag / . By ¥nuc (3/2) a£3/2) §3/2)
't =0\ e e ) o G e Gy e 0% (3¢)
d b(3/2) By b(3/2) b(3/2)
do _ om (T By (/2 b5 b
4+ = <c<3/2> T v+ Gy ol + | Gy 1) Uehm0S: (93d)

where we introduced the rescaled polarization-dependent metastability exchange rates

o _LUEM) M) ) 1 (44 M)
f T (7+M2)(3+M?2)’ " 72(7+M?)

(94)

and the dimensionless coefficients al@/ 2, bf3/ %) and ¢©/2), that can be found in appendix D. To first order in

the product B, ymsT, where v,,,s equation (33) is the gyromagnetic factor in the metastable state and 7 is the
inverse of the metastability exchange rate, one has

a” sz 3B (6 (M4 1)y + (M +13) M)

(95)

C(3/2) 4(W+5)(W+7)2’7m
a5’"? b0 LB (2(M? = 2) yip +3M232) 6
o 1M +7)
(3/2) 2
as"'"’ B,—0 3M ) 2 s B,

~ 4(MP+7) =30 (M2 +4) =2 (6 7 97
c3/2) 4(M2+5)(M2+7)3 < ( + ) 1( + )'Ym( Y2+ 77302) (97)
b moo Be(2(M 4 8M — 20) i+ OM ) (98)
o 4(M +7)
b b 3B O +1) (M 10) 711+ (M +13) M) 0
c(3/2) 4(M245) (M2 +7)* v
bga/z) B,—0 3M? < ) B, ) , 2>

~ i3 (M?+4) = (2(M?+10) i + 773) —4 (M*+7)" ). (100)
672) TR 15 (M1 7) ( )vm( ( ) Y12+ 7y32) — 4 ( )

We show in figure 4 the comparison between the numerical solution of equation (93) and the full systems
of equations equation (71) for a nuclear spin polarization of M = 98%. While these two models are in good
agreement for the atomic and S, variables, there is a discrepancy for the light S, variable. As in the previous
case, such a discrepancy is due to the residual tensor interaction, as it can be noted by the oscillation of S, at
twice the Larmor frequency and it is more pronounced for large nuclear polarizations due to the M scaling
of the tensor components (73). On the other hand, the adiabatic elimination of the F = 1/2 and tensor
degrees of freedom (without setting 1 and x to zero) gives a very good approximation of the dynamics, as we
show numerically in section 7.

The effective coupling constant between light and nuclear spin in the B, = 0 limit can be extracted
similarly to the previous case, now adiabatically eliminating also the equations for 8J. The effective
Hamiltonian is then

Her = KQC/D PgPy, (101)

with the effective coupling rate between the light field and the nuclear spin given by
QG2 = 177<]">5 (Si), (L), (102)
<Ix>5
n
= 115/ Neaf ' (M) (103)

N, cell
13




10P Publishing New J. Phys. 26 (2024) 103037 M Fadel et al

NANVANIEAV/AV
0 NENY

10-11 F

=)
o

&

|
o

light (5S) / y/ Sx

N

nuclear (6ly / +/ |
>

metastable (6J) / \/ Jx

AV
\J Na

‘ ‘ . | 15
00 05 10 15 20 00 20
time « f;
time * f; ! time * f;
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model, while round and square markers indicate the numerical solution of equation (93). Simulation parameters:
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x-direction.

Here we used T/7T = N/ ficenl, together with the stationary solution for the spins equations (72) and (73),
and we defined the polarization-dependent scaling function

372 (M) = <SL\A£>\/J\7I (104)

In the next section we will compare this result with the one obtained for ‘Config.1.

6.3. Effective coupling in the two configurations and comparison with the full model
Equations (89) and (102) for the rates Q1/2) and G/ describing the effective coupling between the
collective nuclear spin and the light in ‘Config.1” and ‘Config.2’ respectively, were obtained from
approximate models. In this section, we extract such coupling constants from numerical simulations of the
full semiclassical equations, and compare the results with the analytical expressions.

From the evolution of the Stokes spin fluctuation X, equations (86) and (87), we see that an oscillation
of the collective nuclear spin fluctuation P; = P;(0) cos(wyt + ¢) results in a light signal
Xs = (Q2P[(0) /wy) sin(wyt + ¢). Computing the ratio between the oscillation amplitude of the light and
nuclear spin gives us 2 /wy, from which we extract the effective coupling for different nuclear polarizations.

We plot in figure 5 the polarization dependent part of the coupling as obtained from the solution of the
full set equations of motions (71), for a small initial tilt of the collective nuclear spin in the linear response
regime in the two configurations (solid lines), and from the solution of the simplified models (80) in
‘Config.1’ (circles) and (93) in ‘Config.2’ (squares). On the same plot, we show the analytic expressions of the
functions (91) and (104).

Even accounting for the difference in the coupling constants in the two configurations, 1 being
approximately 0.48 times , due to the large difference in the scaling factors f(*/2) and f(1/2) the effective
coupling between nuclear spin and light is significantly larger in ‘Config.2’ than in ‘Config.1".
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Figure 6. Comparison between the full model equation (71) and the same model after adiabatic elimination of the F=1/2 and
tensor degrees of freedom in ‘Config.2” The nuclear magnetization is set to M = 98%. Blue indicates the y spin component, while
yellow the z spin component. Solid lines are the full model, while round and square markers indicate the numerical solution of
the same model after adiabatic elimination of the F = 1/2 and tensor degrees of freedom (without setting x = x = 0, as done in
figure 4). Simulation parameters: 7ph /Neelt = 1073, Neent/neen = T/7 = 10%, and an initial state resulting from tilting the nuclear
spin by 0.01rad. Time is in units of the nuclear spin Larmor frequency.

7. Discussion on the validity of the analytical models

In sections 6.1 and 6.2 we obtain for ‘Config.1” and ‘Config.2’ a set of simple equations of motion for three
collective variables (light, nuclear and metastable spins) that can be treated analytically. For example, for
‘Config.2’ we obtain a closed set of equations for the variables S, I and ], by first setting the coupling
coefficients Y = 1 = 0 in equation (76), and then adiabatically eliminating the 8K, and Q. degrees of
freedom.

When we compare the predictions of the full numerical model including all the atomic transitions and
those of the analytical models in ‘Config.1” or ‘Config.2’, we find good agreement for the nuclear and
metastable variables, see figures 3 and 4, but less good agreement for the light variables. This is because in the
analytical models we have neglected from the start part of the light-atoms interaction, and in particular the
tensor part from the F = 3/2 manifold that, although subdominant, is always present. This is also the reason
for the difference between the curves from the full numerical model and the analytical models in
figure 5(left). In particular, the simplified model for ‘Config.1’ fails for large polarizations, because the
F = 1/2 manifold is empty when M = 1, see figure 5(right).

A more accurate (but non analytic) effective model involving three collective spins can be obtained by
still performing the adiabatic elimination, but keeping all the terms in the light-atom Hamiltonian. For
example, for ‘Config.2’, we perform the adiabatic elimination of 6K, and §Q,, directly on equation (76),
keeping all the coupling coefficients. This leads to a set of expressions that are too complex to be treated
analytically, but can be solved numerically showing good agreement with the full model, see figure 6.

8. Conclusions

In conclusion, we have derived the full set of semiclassical equation of motion describing the interaction
between light and metastable helium-3, taking into account metastability-exchange collisions with helium-3
atoms in the ground state as well as a static external weak magnetic field. We then explored two particular
choices of detunings between light and metastable helium-3 23S — 2°P transition, for which the dominant
interaction, in the F = 1/2 or F = 3/2 manifolds, is vectorial of the Faraday form. For these configurations
we were able to extract analytically the effective coupling constant between light and helium-3 nuclear spin as
a function of the experimental parameters, and conclude that this quantity is considerably larger in the
configuration dominated by the F = 3/2 manifold with a large nuclear spin polarization. A comparison
between the numerical solution of the full set of equations of motion and the analytical model shows a fairly
good agreement. The observed discrepancies come from the coupling of the light with tensor spin
components that was neglected in the analytical models. In the future, it will be important to explore how
the presence of these tensor contributions might affect squeezing of the nuclear spin in a fully quantum
treatment [9, 10].
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Appendix A. Effective Hamiltonian in a state F in the large detuning limit

The Hamiltonian for a single-atom interacting with a light field is

T2
he=Y 2t /{a}u//FZSZ

I 2A Ap +1F/2
T
O F(F+1)_ 2 2
LD K L Sot (=) Su+ (BB, + BE) S| - (A1)

In equation (A1), F (F’) is the total angular momentum of the starting (target) state of the transition, op is
the resonant effective cross section of the transition F — F’, and Ap = Wprgbe — wpp is the detuning with
respect to the resonance. In the expression A + i’ /2 in the denominator, the imaginary part can be
neglected for Ap > T'/2.

The vector and tensor components of the polarization have the form [15, 22]

3(2]/+1) 2F—1 2F+1 p  2F+3 o

p= - - 6F 5F A2

T RF 1) (2 +1) F O T FER D) F T Fgq R (42)
3F+1) 2] +1) (1 @ 2F+1 1

T F F F

“F 2F +1)(2J+1) \F ™' F(F+1) " MER (A3)

Introducing o, = 3\? /27 and Wigner’s 6j symbols {}, the resonant effective cross section o between two
levels F,J,Iand F’,]’ I is given by

p , 2
on 2022(2]+1)3(2F +1) {; } P{/} . (Ad)
For a spin greater than F = 1/2, the irreducible tensor basis ¢, should be used, with I =0, 1,..,2F and
m = —1,...,l defined as a function of the ladder operators F.. = F, £ iF,, and given below for [ < 3.
t=nd 1 (A5a)
t(l) = n(l) F, (A5b)
ty, =ny, Fi (A5c)
ty=ng (3F; — F) (A5d)
£, =n4, (FLF,+F,F.) (A5e)
th,=nt, Fy (A5f)
to=mny (5F; —3F +1)F, (A59)
£ =ny, [(5F;—F —1/2)Fy +Fy (5F; —F —1/2)] (A5h)
£, =nY, (FLF,+FiF,Fy + F,F) (A5i)
fiy =nis FL. (A5))

As expected, for a spin F operators of rank [ > 2F are null. The operators #, satisfy property (£,)f =
(—1)"¢_,, and are of null trace except £5=°. Other properties and commutation relations are given in
appendix B. Prefactors n!, are chosen to ensure the normalization condition Tr[¢,(#,)'] = 1, and for a spin
F=3/2 they read

0] ,1 2 2 2 3 3 3 3
no‘”o‘ ni ‘”o‘ =S ‘”iz‘ ) ‘ =S ‘”iz‘”i3
1 1

ulFwmle T el sl Fom 5z [ 7o

Finally, we introduce the symmetric and antisymmetric combinations

_ tlm + (tlm)Jr _ tlm B (tlm)T
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The associated collective operators are then defined by summing over all particles as e.g.
RT, = "N (RE,);. We note that T} is proportional to the longitudinal magnetization, RT} and JT! to the
magnetizations according to x and y, T3 is the quadrupolar spin polarization (called alignment), RT3 and
JT? imply coherences between levels Am = 1, RT3 and JT5 between levels Am = 2, Tj is the octopolar spin
polarization, etc.

Assuming A > I', and summing over all atoms, we can rewrite the collective Hamiltonian

T
oF Ay -
th Ap {apV/FzSer (F—fljl) [—2T350+Jﬁ(ngstTgsy)}}, (A7)

where we have preferred the notation F, rather than Tj.
Appendix B. Commutation relations for the atomic operators

Let F= {Fx,F,,F.} be the components of a spin operator, F1. = F, % iF, the corresponding ladder operators,
and ¢, the irreducible tensors explicit in (A5) for I < 3. The operators satisfy the following commutator rules

[15,23]:
[ ,Fy} =1iF, (and cyclic permutations) (B1)
[F,Fy] = +Fy (B2)
[Fy,F_] =2F, (B3)
[F.,8,] = mt, (B4)
[Fa 1] = /(I m+ 1) (1F m)ty, g (B5)
ml, mz} _ LM DL +1) (2L +1) {2 ié IL:} (hmylymy, LM) [1 — (_1)11+12+L ik, (B6)

where {} denotes Wigner’s 6j symbols, and (, ) the Clebsch-Gordan coefficients.
Appendix C. Derivation of metastability exchange equations

In this appendix we explain how the metastability exchange equations presented in section 4.2 can be derived

in practice. First, the density matrix p can be writtenas p = _, iPij i) (j|, where the indices 1,7 label the basis
1

y T A > (Cla)

o-3) V3 ls) =3 3
> \[ i \{%0;>+\/§1;> 4>=1,;> (C1b)

Here, note that |9) and |0) are purely nuclear states, while the others are hyperfine states of total spin
F=3/2and F = 1/2 expressed in the decoupled basis of the electronic and nuclear spin. In practice, we
neglect coherences between metastable and ground states, as well as coherences between the 3/2 and 1/2
states. This gives us

P11 P12 P13 P14
P21 P22 P23 P24
P31 P32 P33 P34

o [ Pm | O } P41 Pa2  Pa3 P4aa 0 0
P 0 0 0 0 pss pse

o O O
o O O

(C2)

S O O O O
S O O O O

0 0 0 0 pss5 pes| O 0
0o 0 0 0 0 0 |poo poo
L O 0 0 0 0 0 | pos poo

Using now equations (51) and (52), with equations (49) and (50), allows us to derive the equations of
motion of p due to metastability exchange collisions. These can be found in the appendix of [6]. Finally, the
evolution due to metastability exchange collisions of any one-body atomic operator O can be calculated

17



10P Publishing

New J. Phys. 26 (2024) 103037 M Fadel et al

using equation (54). To this end, it is convenient to express the spin operators in the basis equation (C1). For
the F = 1/2 metastable state and the nuclear ground state, the spin operators in the relevant 2 x 2 subspace
are proportional to the Pauli matrices, e.g. k, = % (’01 ‘1)) For the F = 3 /2 metastable state the spin operators

in the relevant 4 x 4 subspace are

0o ¥ 0 o o 50 0 -2 0 0 0
2 0 1 o i i 0 o -1 0 o
o T B R I R
0 0 o0 0 0o -5 o o o o 3
2 2 2
(C3)
1 1 1
I 0o 0 o0 o 1 0o o o0 i o0
o -1 0 o i 0 0o o o o o !
o 0o -1 0 oo o -1 Lo 0o o
1 1 1
o o o ! 00 -1 o o i 0 o0
(C4)
. . 1
o i 0 o0 o 0 50 A ‘3) 0 0
1 1 P
e | —3 00 oi e O,- 0 0 | s 0 5% 03 0 7
0 0 0 -5 0 00 0 0 -3 0
2 _ 1 1
0o 0 i o0 0 0 0 0 0 o L
(C5)
0 —L 0 0 | 1
1 f - . 0 0 -1 o0 0 00 -
% 10 o o o 1 0 0 0 0
RE = V1o 10 , M= 1 2 . RE= ,
0 3 0o L -1 0 0 o 0 0 0 0
. Vi0 o2 L0 o0 0 0 o
. 1 L
(Co)
0 — 0 0 ; i
i ﬁ - . 0 0 _% o 0 0 0 -
N i\ o o o ¢ 0 0 0 0
I8 = V10 10 , , JB= l_ 2 , th —
0o —iJr o __i P00 0 0 0 0 0
10 V1o ) .
0 0 i 0 0 & 0 o0 & 0.0 0
v :
(C7)
The equations of motion for the collective spin operators are then readily found by taking
<f> = N<?> , <I?> =n <k> , <f> =n <}> , <9‘iT§> =n <mt§>, etc (C8)

and are the one presented in section 4.2.

Appendix D. Coefficients of the linearized equations of the simplified models
In this appendix we give the expression of the coefficients appearing in the linearized equations of the
simplified models of section 6.

The coefficients appearing in equation (80) read

30i (M2 4 4) 7312 B, Y (M +4) 92, ) B

(1/2) _ + (M2 —8)° D1
‘ - - (M*—8) (D1)
(1/2) (M? —8) , /2 - , _ 3i(M?+4) (M +5) 3B,
@ = T (M? +3) M2 4| (M —8) (2M* +5) .
(D2)

al/? = (W + (M 8)2> 03)

Vi
b/ = (_21 (M +24) VipBy 20 (M*+2M” — 80) v3B; v 8)2> (D4)

T Ym
2 2 2

B/D = (9(M +;1)%/23x+(M2_8)z>. (D5)

Vi
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The coefficients appearing in equation (93) read

. 2
5/2) 6i (M? +4) By (6712 + 77312) 27 (M* +4) " v12732B2

= 8 (M2 +7)° D6
Yo aE17)  TMT) (D6)
G/2) (M*+7) ) 62 ) ) 3 (M? — 1) (M? 4 4) v3),B,
@ = AR O OE ) (M*+3)¢ 8| (M*+1) (M*+7) povl
(D7)
a§3/2) —s 12i (M* +7) B (112 + 7312) 9 (M? —|—4)2’Y1/2’Y3/2B,2C LA+ 7)2 (D8)
Ym Tm
(32 24M? (M*+7)
R (M2 +5) (D9)
h§3/2) - i (M*+7) B, ((M*—8)v12 — 67312) n 6 (M* + 4)271/273/2ch (M 7)2 (D10)
fym ’Ym
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