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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 23S — 23 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.

*fadelm@phys.ethz.ch
Tphilipp.treutlein@unibas.ch
falice.sinatra@lkb.ens.fr


mailto:fadelm@phys.ethz.ch
mailto:philipp.treutlein@unibas.ch
mailto:alice.sinatra@lkb.ens.fr

1I.

III1.

IV.

VI.

VII.

= # 0 aw p

Contents

Introduction

Light-matter interaction for metastable helium atoms
A. Effective atom-light interaction in the metastable state
B. Metastable atomic variables evolution due to the interaction with the light

External magnetic field
A. Metastable atomic variables evolution due to an external magnetic field

Metastability exchange collisions
A. Evolution of the one-body density matrix
B. Atomic variables evolution due to metastability exchange

Semiclassical equations of motion

A. Semiclassical equations for the atomic and field variables
B. Stationary solution

C. Linearised equations of motion

Effective coupling between the nuclear spin and the light in two configurations
A. Configuration 1: Exploiting the interaction with the F' = 1/2 manifold

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

C. Effective coupling in the two configurations and comparison with the full model

Conclusions

Transition frequencies between the metastable and the excited states
Effective Hamiltonian in a state F' in the large detuning limit
Commutation relations for the atomic operators

Derivation of metastability exchange equations

Coefficients of the linearized equations of the simplified models
Adiabatic elimination in Configuration 2

References

17

17

18

18

20

21

22



I. 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]. The possibility of effectively interfacing it with light, which transports
information over long distances and can be measured at the quantum noise level, offers interesting application prospects
for quantum technologies [2-7]. 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 [8—10]. 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 [6, 7], taking into account the full atomic structure in the metastable 33S and the excited 23P states. Moreover,
we propose another possible configuration that should allow for a larger effective coupling between the nuclear spins
and the light.

II. LIGHT-MATTER INTERACTION FOR METASTABLE HELIUM ATOMS

While the ground state 1Sy of helium-3 is purely nuclear, the metastable state 23S; has an electronic component
and is the starting level for transitions at 1083 nm to the excited states 23P. 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 A of Appendix A.
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Figure 1: Left: hyperfine structure of states 2*S; and 2°P in *He. Right: allowed transitions at 1083 nm.

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 polarised in the x or y direction, and in term of the circularly polarized photons
creation and annihilation operators a; = (a, — iay)/V'2, a2 = (a; + ia,)/V2

So = (alas + azay)/Q (alas +abar)/2 (1)
Sy = (alam — azay)/2 (alal + a2a2)/2 (2)
Sy = (alay + a;aw)/Q = (alag — a2a1)/22 (3)
S. = (afa, — aja,)/2i = (afas — alay) /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 [11-13]. The general form of the effective Hamiltonian for one
atom of spin F’ with light a is recalled in Appendix B.



A. Effective atom-light interaction in the metastable state
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Figure 2: Top: Coupling constants x Eq. (8) (blue line), n Eq. (9) (orange line) and p Eq. (10) (green line) for the F = 1/2 and
F = 3/2 levels of the *He metatable, 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/(o2I"). The grey line shows the absorption spectrum taking into account the
Doppler broadening for T = 300 K for a non polarized sample [14]. Two possible operating point marked as “Config.2” at
A,/ (2m) = —31 GHz and “Config.1” at A,/(27) = —2 GHz are discussed in the text. Bottom: Level scheme depicting the two
possible operating point marked as “Config.2” and “Config.1”, respectively.

In the case of the metastable state 225 of helium-3, we first introduce the collective operators K , J and T,
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

Hpa=Hyjp+ Hy)po + Hy )y . ()

=

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

Hijp = hyK.S. HY,=hn.S. | (6)



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

n

F;(F;+1

H3T/2 = Z hﬂ [(1(;) - Ffz) So + (F121 - F12y)SiC + (Fzzey + Fi,yFi,ar)Sy
i=1

- Iy [—2T§SO + V12 (RT2S, + jTgsy)] . (7)

In the above, we used the collective irreducible tensor operators T¢, RT3 and JT%, that are obtained by summing the
single-atom tensor operators defined in Appendix B.
The constants y, 7 and u representing the strength of the different contributions have the form

o 2 8 10 4
=l (9(Ap “A) A, Ay OB, Ay 9Ap) ®
o9 3 2 1 2 2
0= B (s m e m oA B A ) ©)
o 1 5 5 1 5 "
o= 107 (_ 4(Ap - AS) * Q(Ap - A5) B 36(Ap - AG) * 9(Ap - A?) - 18(Az) - AQ)) . ( )

In these equations, oo = 3\?/27m, A is the cross sectional area of the light mode, I' ~ 107 s7! is the excited-
state spontaneous decay rate, and taking the Cg transition as a reference, we have defined A, = wprobe — wey and
A; = wpp — we,. In Figure 2 we represent the three coupling constants x (8), n (9) and p (10), all divided by the
constant 44 /(o2I'), as a function of light frequency. For A,/(27) = —2 GHZ, which is the operating point considered
in [6, 7] and marked as “Config.1” in Fig. 2, the vector contribution of F' = 1/2 is dominant. A second interesting
operating point, marked as “Config.2” in Fig. 2, is for A, /(2r) = —31 GHZ, 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 [15].



B. Metastable atomic variables evolution due to the interaction with the light

ds,
| = TXKSy —nJ.Sy + V12u3TE S,
dSy 2
e =xK.Sz +nJ.Se — V12uRT, S,
L
ds. - 2 2
ol = Vi2p (RT3, - 913 S.)
dK.
: = —xKyS:
at |,
S
dt |y, e
dK.
=0
at |,
dJe 2 2
= —nJ,S. + Vi2u (jT1 (Sz — So) — MT? sy)
dat |,
dJ,
Ll = 0deS. + VI2p (KT (Se + So) + ITTS, )
at |y,
dJ. | 2 2
G| =2V (3735, — %73 Sy)
i%Tf = —21S. 3T +V12u is,,(le — T3 + isoij
dt L V5 ° ° V3
d 2 2 < 1 1 3 1 3)
12| = 2mS.RTE — VIZu [ —=S. (2T} — TY) + —=SoR T
|, NS NRT, M\/gz(o o)+\/§02
d 3 2
asﬁTf = —nS.ITY + Vou (sx <7\/23T13 - %Jy + JTC;?) + So (
L
d 3 2
a:JTf = nS.RT? + Vépu (Sm (,/ngf' + ng + mT;’) + 5o (
L
d
=13 = V12 (8,973 — 5, %75
at 0|,
d_ . .
SRr3| = 308972 + Vou (SIJTf + symTf)
dt . :
d ~3 3 2 2
SITY| = 8nS.RTY — Vou (S.RT] - 5,317
at e,
d 3 3 2 2
SRrd| = 208,978 + 2u (\/EsyTO + 503T2)
dt L
d 3 3 2 2
=T\ =28 RTJ — 20 (VBSLTS + SoRT3 )
at” 2,
d 2
Srrd| = —ns.oTd + \/ju ((230 +38,)3T2 — 3symTf)
dt L 5
o3| —ns.ord - \/?u (250 = 38.)RT} — 35,3717 )
at v, 5
sl — 215, <523T§ -8 ERT;)
dt |, 5 Y

Due to the Hamilonian (5), we find from dO/dt = i[H, O]/h that the Stokes operators of the light and the collective
atomic variable obey the following equation of motion

(11)
(12)
(13)
(14)
(15)
(16)
(17)
(18)
(19)
(20)

(21)

2 2 3 2
\/—175:@12 - %&) +5, (,/ngf + %Jw - ERT33>> (22)

2 2 3 2
ﬁmTf— %Jm) + 8y (\/;STf’-&-gJy-&-JTSs)) (23)

(24)

(25)

(26)

(27)

(28)

(29)

(30)

(31)

III. EXTERNAL MAGNETIC FIELD

Hp =—h (’71/2§'f?+73/2§'j+ ’Ynucé'f>

p— 4 . p— 2 .
Y172 = 3'7ms i V3/2 = 3’7ms )

are the gyromagnetic ratios [16].

2\
)

Yims = —27 2.802 MHz/G ;

In the presence of a static magnetic field B , the system evolves according to the Hamiltonian

where (32)

Ynuc = —2m 3.243 kHZ/G s (33)



A. DMetastable atomic variables evolution due to an external magnetic field

The corresponding equations of motion for atomic variables are given by

dr Tx B
— Ynue
at |
4K R x B
— =71/2
dat |
a Fx B
—=| =
dt | 5 /
d 2 2 2 2
GRTE| =0 (ijTl + B,RT? 4+ 2B23T2)
d 2 2 2
SIT3| = (=BRT} + B,IT] - 2B.%T3)
B
d
AT L= (BIJTQQ + B, (\/§T02 - T3 + szTf)
d
- IT% Y (=B. (V3T} + %13 - B,OT] - B.RTY)
d
S0 =72V (Bxﬁle - BymTf)
B
d _ 4 3
SRS =2 5313 + B, mT2 + B.33T3
B
d .3 3 3
SITS| = SRS + B, §T2 B.3RTS
B
d 10 3 10 3
—RTy| =32 | Ba ,/ijf +4/23T35 | + By, | /| =RTF — \/ing + B.23T3
dt 5 2 1 2
d_ 4 0. 5 [3_. 4 0. 5 [3. 4 3
G0 = <Bz ( VTR - \/;mTS +B, [/ TITP - /5975 ) - Bo2mTy
EmTl =132 | Bay[53T5 + By V6T — SRTy | + B.OTy
B
d .3 NG 5,3 3
SITY| = ey (—B [ VETS - mT2 ~ By\[53T5 - BT}
B
d
70| =72V (BIij - BymTf)
B

IV. METASTABILITY EXCHANGE COLLISIONS

A. Evolution of the one-body density matrix

(34)

(35)

(36)

(37)

(38)

(39)

(40)

(41)

(42)

(43)

(44)

(45)

(46)

(47)

(48)

Metastability exchange collisions (MEC) couple the metastable state to the ground state of helium. 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 p¢ describing the ground state and the 6 x 6 matrix py, describing the metastable state. Following a collision,

p transforms according to p MEC, p' with [3, 16]

pi = Tre[pm]
P = Pt @ Trn[pm]

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 pr since the ground state is a singlet state, i.e. S = 0.

Considering a set of Nce atoms in the ground state and nce in the metastable state, the equations of motion of

the one-body density matrix are written

d 1
%Pf =7 (—pt + Tre[pm])
d 1

7 FPm — — {7FPm Tnm
gpPm = = (=pm + ot ® Tra[pw])



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

- . (53)

vr

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

d (0) _ ol
dt dt |\sel)

A detailed example explaining how we proceed to obtain the equations in given in Appendix D.

- o

B. 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

d(7) 1/a 1N/ A /=
W e~ T T () (5) )
d(K) T 1/ Inga 41 /3\ o
ar MECZ*§<K>+§<J>*§N< >37N<Q>'<I> (56)
d <j> 4 /= 10 /> 100n /2 41 /= -
dtMEc9T<J>+9T<K>+TN<>+37N<Q>'<I>’ (57)
where we have introduced the collective alignment tensor (Qus) = Son, 13 (3 (FioFip + FigFia) — 20a5) [16]
Qua = % (Vamzs - 13) (584)
1
Quy = 6 (\/33}{1“22 + T(?) (58b)
sz = éTg (58C)
1
sz - 2\/§JT2 (58d)
g
sz - 2\/§mT1 (586)
— 1 g
Qy: = 5 \/gJTl : (58f)
The rank-2 tensors of state F' = 3/2 evolve according to equations
d 2 _ 2 2 b1 —
G OTB)| =g (RTE) & e () (%) — (1) () (59)
d 2 A N
dt <JT2> MEC T 3r <JT2> + V3r N () (Zy) + (Iy) (Xz)) (60)
4 g 2wy L1
G (NT)| = g (VTE) G () (3:) + (1) (30) (61)
d g 2y L1
G 0T | =g 0T+ (1) (5:) + (1) 2) (62)
d(T3) I A N e
i | = Mgy ()= (0) - (%)) (63)




where we defined the electron spin operator expectation value in the metastable state <§> = % (<j > +2 <I? >)

The rank-3 tensors of state F' = 3/2 evolve according to equations

d

G OT | =2 (V) - 32 (1) (8TE) - (1) (073) (64
S| —-m) - Pk @ o1) - ) (v73)) (63
FOTH| =T - 2L () (NT2) - (1) (972) - (1.) (WT3)) (66)
< (a3) - LT~ 2L (1) (TR + (1) (T2 — (1) (913) (67)
GO =) T (1) (V12) ~ 2B (T8)) + (1) (9T) + 1) (1) (689
% @1f)| = f% (T$) + ﬁ% (1) (3T2) = (1) ((RTF) — 2V3(T3)) + 4(L) (3T2))  (69)

S| =Ly 2t (2f (1) (RT2) + (1) (O2) + (1) <T3>) (10

V. SEMICLASSICAL EQUATIONS OF MOTION
A. Semiclassical equations for the atomic and field variables

Using the results of sections IIB, IIT and IV B, 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 of sections II B and III, 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)
BT

d(0)
L dt

(71)

MEC

B. Stationary solution

For a nuclear polarisation M € [—1,1], a fixed magnetic field along the z-direction, B = B.€,, and a fixed light
intensity and polarisation, 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 polarised along the static magnetic
field in the z-direction,

v (), =), =0, (72)
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The stationary solution for the atomic variables in the metastable state and its small polarization expansion is then:

(Ky)y = % (;ﬁ;%;) Neen = (Ag - 2j\943 + 0(M5)) Neell (73a)
(Ja)s =M (gi%i) Neen = (5? - 2]\943 + O(M5)> Neell (73b)
(15), = — <3J]:4;/[2> Neell <J\g2 + O(M4)> Neell (73¢)
(RT3), = V3 <3i4;42> Neen 2 (A\Z + O(M4)) Neell (73d)
(RTY), = \/E <3J]:4;42) Nl = (% + O(M5)> Ncell (73e)
<mT§>s - _% (?%) feell e (_;\f[/; + O(M5)) Neell - (73f)

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

Moreover, we note that the stationary solutions Egs. (73a-d) are identical to those found in Ref. [6], although the
light-matter interaction for the F' = 3/2 level of the metastable state was not included in that work.

C. Linearised equations of motion

The linearised semiclassical equations around the stationary solution (73) are obtained by substituting (O) —
(O), + 60, where 0 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

= (08,,68.,01,,01,,0K,,0K,,8J,,5J,,6RT2, 03T, 6T3, 63T}, SRTy, 63T (74)
= (680,08,,00,,0K,,0J,, 0T, 63TE RT3, SRTL, 63T, 6RTS) , (75)

S KL

the linearised equations of motion take the block-diagonal form

¢= {%‘%} Z, (76)

where the first block represents fluctuations in the yz-plane, namely the plane perpendicular to the spin polarisation.
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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VI. 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 Eq. (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.

A. 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 FF = 3/2 manifold by
setting 7 = p = 0. Then, we adiabatically eliminate the dJ, and 0@, degrees of freedom by solving the algebraic
equations d(8J,)/dt = 0 and d(0Qa,)/dt = 0, and inserting the solution in the equations of motion for the remaining
variables. In terms of the complex variables

I, =1,+il,, K, =K, +iK,, (79)
we obtain
d
705, = (S2) XOK. (80a)
d
—05,=0 80b
p (80b)
d o (1/2) agl/z) B:E’Ynuc (1/2) 21/2)
£(51+ = ) +i 7;1/2) 0l + (5K+ (80c)
d /2 B, b( /2)
K= = 41/ ( I SCREVLY 5 I (2 7y 014 + (K) x6S. (80d)

c¢(1/2) 7}1/2

where we introduced the rescaled polarization-dependent metastability exchange rates

(44 M?)
(8 —M2)’

7;1/2) _ 1@+ M?)(1 — M?) (1/2) _

1
TE-M)B+M2) T 7

(81)

and the dimensionless coefficients a(1/2) b(1/2) and ¢(1/?) | that can be found in Appendix E. To first order in the product
BiYms/Ym, where vms Eq. (33) is the gyromagnetic factor in the metastable state and =, (53) is the metastability
exchange rate for a metastable atom, one has

@ B0 i6 (M* + 37M? + 60) Byys)2 (82)
/2~ (M2—8)*(M2—1) Ym

aél/Q) BIJ)() 1 30 (M2 + 4) Bx’73/2 83
= —Z(MQ_S)Q " (83)
2 o0 2(ME 1T 20) By

c(1/2) (M2 — 8)2 TYm

b B, 0 30 (M2 +4) Buys)s

cam = Lo 2 ‘ )
C (M2 — 8) TYm

We show in Fig. (3) the comparison between the numerical solution of Eqgs. (80) and the full systems of equations
Eq. (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
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polarizations, where the F' = 3/2 manifold is more populated, and for the evolution of the S, quadrature Eq. (13),
which depends exclusively on the tensorial interaction.

In the spirit of Refs. [6, 7], 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 d K, and then
introducing the bosonic quadratures

~ XS ~ X] (86&)
<Sl>,5 <I‘L>s
05, oI,
>~ PS ~ PI y (86b)
<Sl’>s <II>5
satisfying the canonical commutation relations [Xg, Ps| = [X;, P;] = ihi. The resulting equation of motion for the
light field is
d (Ke)
—Xg = 54 /(Se), (1) P 87
ST X (L), (S2)s (L) Ps (87)

from which we obtain the effective Hamiltonian describing an interaction between light and nuclear spin
Heg = QW2 pop; (88)

with the effective coupling rate

K,),
(L),
= XV Nean /2 (M o

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

f(1/2)( )= <;+%2> VM . (91)

B. 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 FF = 1/2 manifold
by setting x = 0 in the linearized equations (76). In addition, we see from Fig. 2 that in “Config.2” the tensor
polarizability is small, which motivates us to set u = 0 as well. Then we adiabatically eliminate the 0 K, and Q..
degrees of freedom by solving the algebraic equations d(dK,,)/dt = 0 and d(6Q.)/dt = 0 and inserting the solution
into the equations of motion for the remaining variables. In terms of the complex variables

I, =1, +il,, Jy=J,+il., (92)
we obtain

d
205, = (S nd ). (93a)
d
—05,=0 93b
o (93b)
d a2 (6 Bivnue 3725 ag”?
$(51+ = —’Yf 0(3/2) +Z 7}3/2 (SI+ +'Y 3/2 5J+ + (3/2) <Jg;> 7’]652 (93C)
d B2 By p(3/2) b3/
- (3/2) ;Pal3/2 (3/2) U2
0T = <c<3 oy i NeE 0+ L + | gy + 1) (Ja) S (93d)
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Figure 3: Comparison between the full model Eq. (71) and the simplified model Eq. (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 Eq. (80).
Simulation parameters: npn/Neen = 1072, Neen/neen = T/7 = 10° s, and an initial state resulting from tilting the nuclear spin
by 0.01 rad. Time is in units of the nuclear spin Larmor frequency.

where we introduced the rescaled polarization-dependent metastability exchange rates

i T(7+M)GB+M2) ™ T FT+ M2

(94)

and the dimensionless coefficients a§3/2), b§3/2) and ¢3/2) that can be found in Appendix E. To first order in the
product B;YmsT, where vms Eq. (33) is the gyromagnetic factor in the metastable state and 7 is the inverse of the
metastability exchange rate, one has

W o 3B (6 (M2 1) ugm + (M2 1 13) My )

~ 143 .
(372) 4(M2 £ 5) (M2 +7)2 v .
ﬁ B0 Z_SBw (2 (M? = 2) y1/2 + 3M?v3)2) (96)
G 4(M2+7) 7,

(3/2) 2

as’'” By—0 3M 2 2 3 (M2 Ba

- A(M2+7)" =3 (M?+4) == (6 7 v
(7% 4(M2+5)(M2+7)3< (M® +7)" = 3i (M" + )vm(%/ﬁ r2) o
B 0 B (2(M'48M —20) 10 + OMys2) (98)
(B3/2) A(M2+7) v
B mo 8B (2 (M2 1) (M2 410) 3y + (M2 4 13) Moy) (99)
(3/2) 4 (M2 +5) (M2 +7)% 7y,
NG B0 3M? <i3 (M? + 4) Be (2 (M? +10) 7172 + Ty3/2) — 4 (M* + 7)2) : (100)
B T 4 (M2 5) (M2 +7)° Yo o

We show in Fig. (4) the comparison between the numerical solution of Eqgs. (93) and the full systems of equations
Eq. (71) for a nuclear spin polarization of M = 0.98%. 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 polarisations due to the M?3 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 p and x to zero) gives
a very good approximation of the dynamics, as we show numerically in Appendix F.
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Figure 4: Comparison between the full model Eq. (71) and the simplified model Eq. (93) in “Config.2”. The nuclear magne-
tization 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 Eq. (93). Simulation parameters: npn/Ncen = 1073,
Neenl/nicen = T/7 = 10°% s, and an initial state resulting from tilting the nuclear spin by 0.01 rad. Time is in units of the nuclear
spin Larmor frequency.

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 §.J. The effective Hamiltonian is then

H.g = QG2 pgpy (101)

with the effective coupling rate between the light field and the nuclear spin given by

06/ = n<<}]>> (820, (L), (102)

n
= Ncellll /1ph Neat f /2 (M) . (103)

Here we used T/7 = Neei/ncen, together with the stationary solution for the spins Eqs. (72,73), and we defined the
polarization-dependent scaling function

FB (A1) =2 <m> VM . (104)

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

C. Effective coupling in the two configurations and comparison with the full model

Equations (89) and (102) for the rates Q(1/2) and Q®/2) 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 Xg, Eqgs. (86-87), we see that an oscillation of the collective
nuclear spin fluctuation P; = Pr(0) cos(wrt + ¢) results in a light signal Xg = (QPr(0)/wy) sin(wst + ¢). Computing
the ratio between the oscillation amplitude of the light and nuclear spin gives us Q/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). Overall,
the results in “Config.2” show good agreement, while the results in “Config.1” have a larger discrepancy especially
for large polarizations. This is expected, as the effects of the F' = 3/2 manifold have been completely neglected.

Even accounting for the difference in the coupling constants in the two configurations, n being approximately 0.48
times Y, due to the large difference in the the scaling factors f(3/2) 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 5: Comparison between the effective light-nuclear spin coupling factor in “Config.1” and “Config.2” as
a function of the nuclear spin magnetization M. Blue indicates “Config.1”, while yellow “Config.2”. Solid lines refer to
the coupling extracted from the full model, while round and square markers refer to the coupling extracted from Eq. (80) and
Eq. (93), respectively. Red and green lines are the analytical expressions obtained for B, = 0, namely Eq. (91) and Eq. (104)
respectively. Simulation parameters: npn/Neenn = 1072 and Neen/ncen = T/7 = 10° s.

VII. 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 magnetic field. We then explored interesting choices of detunings between light
and metastable helium-3 23S — 23 P transition, and found two configurations that are dominated by the interaction
with the atomic F' = 1/2 or F' = 3/2 manifolds. At these configurations we were able to write linearised equations
of motion that describe an effective Faraday interaction between light and helium-3 nuclear spin. We provide an
expression for the effective coupling rate as a function of the experimental parameters, and conclude that for large
nuclear spin polarization this quantity is considerably larger in the configuration dominated by the F' = 3/2 manifold.
A comparison between the numerical solution of the full set of equations of motion and the linearised model show
that for large spin polarizations the light field evolution contains contributions from the coupling with tensor spin
components. 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 [6, 7].

Acknowledgments: MF was supported by the Swiss National Science Foundation Ambizione Grant No. 208886,
and The Branco Weiss Fellowship — Society in Science, administered by the ETH Ziirich.
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Appendix A: Transition frequencies between the metastable and the excited states

Frequencies of transitions C7 —Cg shown in Fig.1, and calculated with respect to transition Cs = 27 276 726 257 MHz
are reported in the following table [17]

Freq. offset (GHz)| F |J| F' |J’
Aij2r|  -32.6045 1/2(1[3/2[1
N -28.0929 1/2|1|1/2] 1
As /27 -27.6453 3/2[1|5/2| 2
As/2m -27.4238 1/2|13/2| 2
As /27 -25.8648 3/2|1]3/2| 1
Ng /27 -21.3532 3/2|1111/2|1
A7 /27 -20.6841 3/2|1(3/2| 2
As/2m 0 1/2]1]1/2| 0
Ao /2 +6.7397 3/2|1[1/2] 0

Appendix B: Effective Hamiltonian in a state I’ in the large detuning limit

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

(o 2 F/2 v
he =S hIE JF.S, Bl
= Z 24 Ap +iT/2 {op ISt (B1)

+(FO‘£’1) [(F(F; b_ F2) So+ (F2 = F2)S, + (FuF, + FngC)Sy} } .

In Eq. B1, F' (F’) is the total angular momentum of the starting (target) state of the transition, o is the resonant
effective cross section of the transition ' — F’, and Ap = Wprobe —wWr Fr is the detuning with respect to the resonance.
In the expression Aps +4I'/2 in the denominator, the imaginary part can be neglected for Ap > T'/2.

The vector and tensor components of the polarisation have the form [11, 18]

R (248 ) (2Pl 2F+1 o 2F 43 (B2)
o 92F +1) (20 + 1) F " FF+1)" T P41
3F+1)Q2J +1) (1 g 2F +1
T F F
= — — - . B
T TR T )2 D \F T REL)F +F+15F+1 (B3)

Introducing oy = 3A\%/27 and Wigner’s 65 symbols {}, the resonant effective cross section op between two levels
F,J, I and F',J', I is given by

Ofpr = 09

22J+1)2F +1) (7 1 J\°
FIF

For a spin greater than F' = 1/2, the irreducible tensor basis tl should be used, with [ =0,1,..,2F and m = —[,...,1
defined as a function of the ladder operators Fy = F, +iF, and given below for 1 <3.

ty=nH 1 (Bba)
to =np F. (B5b)
thy =nly Fu (B5c¢)
to =ng (3F —F?) (B5d)
thy =ni, (FLF, + F.Fy) (B5e)
tho =ni, F2 (B5f)
t3=n3 (5F% — 3F? + 1)F, (B5g)
tiy =nd, [(6F —F?>—1/2)F, + Fy(5F2 —F*> —1/2)] (B5h)
tho =niy (FLF, + FLF.Fy + F.FY) (B5i)
this =niy FY (B5j)
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As expected, for a spin F operators of rank [ > 2F are null. The operators t satisfy property (¢t\,)f = (=1)™t" .
and are of null trace except t5=°. Other properties and commutation relations are given in Appendix C. Prefactors
nl, are chosen to ensure the normalisation condition Tr[t!, (¢! )] = 1, and for a spin F = 3/2 they read

m
WBlnd | oy [nf] 0y el n | ndy [na[ns
2 [ 1F7ml s [Foslas s [Famlas] 6

Finally, we introduce the symmetric and antisymmetric combinations
m \/i m Z\/§

The associated collective operators are then defined by summing over all particles as e.g. RT., = Zf\il(%tﬁn)z
We note that T is proportional to the longitudinal magnetisation, RT} and JT to the magnetisations according to
x and y, T¢ is the quadrupolar spin polarisation (called alignment), RT? and JT7 imply coherences between levels
Am =1, RT? and JT§ between levels Am = 2, T§ is the octopolar spin polarisation, etc.

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

(]

Rt

B UF/L v op o2 2 2
Hy = ;h4A A {aF/FZSZ—i— sy [ 2T050+\/ﬁ(mT25m+JTQSy)} , (B7)

where we have preferred the notation F, rather than Tg.

Appendix C: Commutation relations for the atomic operators

Let F = {Fy,Fy, F.} be the components of a spin operator, F1 = F, £iF, the corresponding ladder operators, and
t! . the irreducible tensors explicit in (B5) for [ < 3. The operators satisfy the following commutator rules [11, 19] :

[Fp, Fy| = iF; (and cyclic permutations) (C1)
[Fe, Fi] = £F% (C2)
[Fy,F_] = 2F, (C3)
[F.,th,] =mt, (C4)
[Fastr] = V(£ m+ D F M)ty (C5)
2] = S (VP VR TR T Gt LML = ()] ey (Co)

LM

where {} denotes Wigner’s 6j symbols, and (,) the Clebsch-Gordan coefficients.

Appendix D: Derivation of metastability exchange equations

In this appendix we explain how the metastability exchange equations presented in section IV B can be derived in
practice. First, the density matrix p can be written as p =), jPij i) (4|, where the indices 4, j label the basis states

e ey
T I S
9) = | -2

=[5 m=]3)- (D1o)

1, ;> (Dla)
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Here, note that |9) and |0) are purely nuclear states, while the others are hyperfine states of total spin F' = 3/2
and 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 pra 0 0 | 0O 0 7
p21 p22 p23 p24 0 0 | 0 O
p31 p32 p33 p3a 0 0 ] 0 O
pm | 0 pa1 pa2 pas3 paa 0 0 | 0 O
= =1 ey D2
P [ 0 Pf} 0 0 0 O ps5 pse| O O (D2)

0 0 0 0 ps5 pss| 0 0O
0 0 0 0 0 0 |po9 p9o
L 0O 0 0 0 0 0 |poo poo |

Using now Egs. (51,52), with Eqgs. (49,50), allows us to derive the equations of motion of p due to metastability
exchange collisions. These can be found in the appendix of Ref. [3]. Finally, the evolution due to metastability
exchange collisions of any one-body atomic operator O can be calculated using Eq. (54). To this end, it is convenient
to express the spin operators in the basis Eq. (D1). 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

g VAR 0{# 0 0 ~2 0 00
3 V3 . 1
j:b = 2 0 1 0 ) jy = 2 0 ! O 3 jz = 0 2 ? 0 ) (D3)
0 1 0 ¥ 0 —i 0 3 0 0 50
0 0 % o0 0 0 -®E ¢ 0 0 03
10 00 0% 0 0 001310
s |0 -2 0 0 s |30 0 0 5 | 000 3
=lo o -tof| =600 2] "T|1o000|" (D4)
o0 o1 00-%2 0 0300
. . 1
0 £0 0 0 0 &0 s 000
—i 00 0 0O 0 0 2% 0 == 0 0
It = 2 . 42 — ) 2 3 _ 2v/5
=l 0 o0-i| 72Tt 000 " 0 0 2 o0 |- (D5)
K2 2 1
0 035 O 0 5 00 0 0 0 NG
0 -2 0 0 . 1
L Co 0 0 -0 0 00—
s_ | ~Vo 10 5 | 00 0 1 3 0 00 O
M= m S R= 10006 ™= 0o 00 o |+ (P9
10 10 0 L o0 o0 -+ 00 0
__1 2
0 0 -2 0 V2
0 —— 0 0 . :
R 0 0 —io0 000 -2
75 0 iyw 0 00 0 i 000 0
e L= 0 0 6] =000 o (D7)
0 —iy/& 0 — ; 0 )
10 : V10 0_% 0 0 ﬁOO 0
0 0 S 0

The equations of motion for the collective spin operators are then readily found by taking

<f> = N<;> ) <I?> = n<E> ) <f> = n<5> ) (RT3F) =n(Rt3) , etc. (D8)

and are the one presented in Section IV B.
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Appendix E: 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 VI.
The coefficients appearing in Egs. (80) read

. 2
J1/2) _ 30 (M? +4) 732 B, n 27 (M? + 4) ;/??/2(]\/12—8)32 n (M2 B 8)2 (B1)
'Ym ’Y'm,
(1/2) (M2 ) 2 (1/2) 2 2 3 (M? +4) (M? +5) 73/2Bs
= OF T D0E 1) (M? +3) 2 44| (M? —8) (2M* +5) T (E2)
9 (M? +4)~2,,B?
ay’? = ( = V%350 | (02 8)2> (E3)
/2 ( 21 (M? + 4) vi/gBi 2 (M4 21\472 — 80) 73/2Bx - 8)2> (B4
The coefficients appearing in Egs. (93) read
6i (M2 +4) B, (6v1/2 + Tys/2) 27 (M2 +4)% 51 9732 B2 2
(3/2) _ /2 3/2) 1/273/25 9
‘ Y ar+mn ST (E6)
(3/2) _ (M2 + 7) 2 (3/2) _ 2 2 _ 31 (M2 - 1) <M2 + 4) V3/2 B
124 (M? B; M?+4 B?
oD — < i (M2 +7) By (yiy2 +732)  9(M*+ )2’71/273/2 Cy4(M2 7)2> (ES)
TYm Ym
(3/2)  24M? (M? +7)
@S T Mzt (E9)
b§3/2) _ (z (M?+7) B, ((]\f —8) 12 — 673/2) N 6 (M? + 41271/273/23% o (M2 7)2> (E10)
b§3/2) _ a§3/2) " aég/g) 1By (’71;2 +73/2) (B11)
2 i (M2 +4 B,
e — (—2 (a2 4 7) 4 ZOL Lo > (E12)

- (M2 +5)

Tm
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Figure 6: Comparison between the full model Eq. (71) and the same model after adiabatic elimination of the ' = 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 u = x = 0, as done
in Fig. (4)). Simulation parameters: nph/Neen = 1073, Neett/Neen =T/7 = 10% s, and an initial state resulting from tilting the
nuclear spin by 0.01 rad. Time is in units of the nuclear spin Larmor frequency.

Appendix F: Adiabatic elimination in Configuration 2

In Section VIB we obtain for Configuration 2 a set of simple equations of motion for the variables S, I and J by
first setting the coupling coefficients x = ¢ = 0 in Eqgs. (76), and then adiabatically eliminating the 6K, and 6Qax
degrees of freedom.

Here, we perform instead the adiabatic elimination of 0K, and Q. directly on Eqs. (76), keeping all the coupling
coefficients. This lead 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 Fig. 6.
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