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Many-body suppression of optically induced inelastic scattering in a weakly
interacting Fermi gas near a Fano-Feshbach resonance
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We derive a model to explain the observed suppression of optically induced loss in a weakly interacting Fermi
gas as the s-wave scattering length is increased [C. A. Royse et al., Phys. Rev. Lett. 133, 083404 (2024)]. We
incorporate spin-dependent loss into a quasiclassical collective spin vector model to show that loss suppression
occurs via a transition to a magnetized dynamical state, where two-body s-wave scattering is inhibited via the
Pauli principle. By comparing measurements in mixtures and coherently prepared samples, we show that the
data are quantitatively explained by the model, which is applicable to the optical control of energy-space lattices
for new quantum simulators.
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I. INTRODUCTION

Weakly interacting atomic Fermi gases, created by tuning
a two-state Fermi gas near a collisional Fano-Feshbach
resonance, provide a unique platform for exploring
light-induced atom loss in a trapped quantum many-body
spin system. Previously, photoassociation loss near a
Fano-Feshbach resonance has been used to probe atom pairing
in the strongly interacting BEC-BCS crossover regime [1].
Understanding light-induced loss is essential for developing
new optical probes, for optical methods for engineering
Hamiltonians [2–6], and for optical control of two-body
scattering [7–11]. Recently, measurements of optically
induced loss in a weakly interacting Fermi gas have revealed
a crossover from high to low loss as the s-wave scattering
length is increased [12]. This suppression is not explained by
Pauli blocking [13–16], where individual atoms are prevented
from recoiling into occupied momentum states in a Fermi
sea. Instead, coherently prepared weakly interacting Fermi
gases exhibit coherent many-body spin evolution [17–27] that
dramatically modifies the light-induced loss [12].

In this paper, we develop a comprehensive model for
collective suppression of optically induced loss in a weakly
interacting 6Li Fermi gas, coherently prepared in a pseudospin
state by a radio-frequency (rf) pulse. During the subsequent
evolution period, the energy state |E〉 of each atom in the
weakly interacting gas does not change. However, each pseu-
dospin state evolves as an energy-dependent superposition of
the two lowest hyperfine states |1〉, |2〉, allowing the cloud
to be described as an energy-space spin lattice. By including
spin-dependent loss in the energy-space spin lattice picture,
we derive a quasiclassical collective spin vector model for
the evolution of the many-body light induced loss. The model
shows that dynamical loss suppression arises from the onset of
a magnetized dynamical state, where the Pauli principle sup-
presses s-wave scattering. This mitigation of optically induced
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loss is important for applying designer spatial control of the
s-wave scattering length [28] to tailor the spin-spin couplings
in energy-space spin lattices [see Eq. (11)], enabling new
quantum simulators. Further, we measure optically induced
loss in incoherent mixtures, providing the two-body loss con-
stant for the model and probing the spin states of colliding
atoms in the mixture.

Tunable two-body scattering with optically induced loss
is accomplished using a collisional Fano-Feshbach reso-
nance (Fig. 1). The resonance arises from hyperfine coupling
between the triplet 3�u continuum |k〉 and a molecular
vibrational state |g1〉 in the singlet 1�g channel. At low
temperatures, where s-wave scattering dominates, the s-wave
scattering length aS is controlled by a bias magnetic field Bz,
which tunes the total Zeeman-hyperfine energy of an incom-
ing pair of atoms in state |k〉 near resonance with |g1〉. In the
weakly interacting regime, near the field B0 = 527.18(2) G at
which the scattering length vanishes for |1〉-|2〉 collisions, we
find aS = a′(Bz − B0), where the magnetic-field tuning rate
a′ = 3.14(8) a0/G [24] with a0 the Bohr radius.

Inelastic loss is induced by an optical field ν1 resonant with
a transition from |g1〉 to an excited electronic molecular state
|e〉, which spontaneously decays, causing loss of both atoms
from the trap [8,11,28]. Here, the amplitude of state |g1〉 arises
from hyperfine coupling to the incoming continuum states
|k〉 in the 3�u channel. As the molecular transitions are far
detuned from the atomic resonances, this method suppresses
direct optical shifts and scattering from the atomic gas. Re-
lated level schemes have been used for optical control of aS

via a ν1-induced light shift of |g1〉 [7,8,10,11].
An energy-space lattice is created in a “weakly interact-

ing” Fermi gas, by tuning aS to be small enough that the
energy-changing collision rate ∝ a2

S is negligible during each
measurement period. In the absence of optically induced loss,
atoms remain fixed in their respective energy states, allowing
the system to be described as a spin lattice in a “synthetic
dimension” [29], where “sites” in the lattice correspond to the
energy eigenstates of the trapping potential (Fig. 2). In our
experiments, where the atoms are confined in a cigar-shaped
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FIG. 1. Molecular states for two-body scattering near a Fano-
Feshbach resonance. A pair of atoms in two different spin states
collides in a relative momentum state |k〉 in the triplet channel 3�u,
which is hyperfine coupled to a bound state |g1〉 in the singlet channel
1�g. Loss is induced by an optical field ν1 that drives a transition
between |g1〉 and |e〉.

optical trap with a small axial x harmonic oscillator energy
scale (compared to the Fermi energy), the axial harmonic
oscillator quantum number 0 � n � 650. Following rf exci-
tation, each pseudospin evolves in a site n-dependent manner.
A central feature of the evolution is that the overlap of the
spatial probability densities |φn(x)|2 and |φn′ (x)|2 enables ef-
fective long-range |n′ − n| � 1 interactions between atoms at
energy sites n and n′. Spin-dependent forward scattering then
produces long-range spin-spin coupling and coherent spin
evolution, while optically induced inelastic scattering causes
spin-dependent loss.

FIG. 2. Energy-space spin lattice. Atoms remain fixed at axial x
energy “sites” En in a cigar-shaped optical trap. Collective spin vec-
tors (large arrows) for a given axial energy En contain pseudospins
in several different transverse (y, z) energy states. Site-to-site n ↔ n′

couplings are determined by the overlap of the spatial probability
distributions |φn(x)|2.

The spin dependence of the forward scattering and loss
can be understood using a heuristic description. For s-wave
scattering, the two-atom spatial state is symmetric under the
interchange of the atom labels. The corresponding two-atom
spin state must then be antisymmetric, as in Eq. (17) for the
3�u potential. Hence, the effective scattering length and the
loss rate must be proportional to a projection operator Pa

for an antisymmetric two-atom spin state. For two spin-1/2
atoms, Pa = 1 − s2/2, where s = s1 + s2. This gives Pa = 1
for an antisymmetric spin state, where s = 0 and Pa = 0 for
a symmetric spin state, where s = 1 and s2 = s(s + 1) = 2.
With s2

1 = s2
2 = 3/4,

Pa = 1
4 − s1 · s2. (1)

An effective spin-dependent scattering length can be de-
scribed by the operator aeff = 2 aS Pa, where 2 aS is the s-wave
scattering length for a symmetrized two-atom spatial state. For
atoms in antiparallel spin states, where 〈s1 · s2〉 = 〈sz1 sz2〉 =
−1/4, the collision probability 〈Pa〉 = 1/2 and 〈aeff〉 = aS ,
i.e., the usual scattering length. As the effective collision
interaction is ∝ Pa, the Heisenberg equations of motion yield
ṡ1 ∝ s2 × s1 and ṡ2 ∝ s1 × s2, i.e., collisions produce a ro-
tation of each of the spins s1 and s2 about the conserved
total spin vector s1 + s2, which is known as the identical spin
rotation effect (ISRE) [22,30,31]. For atoms in parallel spin
states, 〈s1 × s2〉 = 0, and 〈s1 · s2〉 = 〈sz1 sz2〉 = 1/4, so that the
collision probability 〈Pa〉 = 0. For parallel spins, both spin
rotation and optically induced loss are suppressed.

The lattice picture simplifies the description in comparison
to a real-space treatment, as the motional states of the atoms
are fixed and the system evolves via pure spin dynamics,
simulating a collective Heisenberg Hamiltonian [18–26]. In
the following, we will use the word “site” or the phrase “en-
ergy site” to denote the “location” of an energy group in the
synthetic lattice.

II. EVOLUTION OF THE ENERGY-SPACE SPIN
LATTICE WITHOUT LOSS

An rf pulse initially prepares the pseudospin state of each
atom of the 6Li Fermi gas in a superposition of the two lowest
hyperfine-Zeeman states, which are denoted |1〉 ≡ |↑z〉 and
|2〉 ≡ |↓z〉. In the experiments, the rf detuning is altered by
the curvature of the applied bias magnetic field Bz ẑ, which
produces a spin-dependent harmonic trapping potential, due
to the difference in the magnetic moments μ↓, ↑ for the two
hyperfine states. For the axial (long) x direction (Fig. 2),

U↓,↑(x) = −μ↓,↑
∂2

x Bz(0)

2
x2. (2)

Here, μ↓,↑ = −∂E↓,↑/∂B are the magnetic-field tuning rates
for the hyperfine states [24], which are nominally a Bohr mag-
neton, μB, but μ↓ − μ↑ ≡ δμ is nonzero due to the differing
contributions of the nuclear spin magnetic moment. For rf
transitions, the harmonic oscillator state |nx〉 of the atom does
not change. Hence, a simple first-order perturbation calcula-
tion for fixed nx yields the shift �x of the rf detuning [32]:

�x = −δμ
∂2

x Bz(0)

2h̄
〈nx|x2|nx〉 ≡ �′

xEx, (3)
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where the virial theorem gives 〈nx|x2|nx〉 = Ex/(mω2
x ).

The cigar-shaped trap (Fig. 2) is configured so that the
transverse frequencies ωy and ωz are �30 times larger than
ωx. As the energy scales Ex, Ey, and Ez for the axial and
transverse directions are the same, we see that 〈ny|y2|ny〉 and
〈nz|z2|nz〉 are 900 times smaller than 〈nx|x2|nx〉. Then, cylin-
drical symmetry of the bias magnetic field about z and ∇2Bz =
0 require ∂2

x Bz(0) = ∂2
y Bz(0) = −∂2

z Bz(0)/2, so that the de-
tunings |�y| = |�x|/900 and |�z| = |�x|/450 are negligible.
Hence, the effective rotation rate �′

xEx for the pseudospins
about ẑ, which differentiates the energy sites, depends only on
the axial energy Ex ≡ E . This enables a one-dimensional (1D)
approximation for the site-to-site couplings in the energy-
space lattice, as we now discuss.

Site-to-site couplings, denoted by g(E , E ′), arise from
forward s-wave scattering between two atoms in different
pseudospin states, where the ISRE [22,30,31] causes a ro-
tation of each of the spins s1 and s2 about the conserved
total spin vector s1 + s2, as described above. Following the
discussion leading to Eq. (1), the effective spin-dependent
interaction potential is given by

V12 = −4π h̄2

m
2 aS δ(r1 − r2) s1 · s2. (4)

In a 1D approximation, the dependence of the site-to-site
spin-spin couplings on the different transverse energy states
is replaced by an average transverse probability density n̄⊥
[see Eq. (11)]. Then, all pseudospins in a group with nearly
the same axial energy E evolve in the same way, as described
by a collective spin vector S(E , t ) for each site. We find that
this 1D model, described in more detail below, is in very good
agreement with our observations [24,27,33].

Without loss, the evolution of the collective spin vectors
S(E , t ) is then described by the spin Hamiltonian H (E ) =
ω(E ) · S(E ), where

ω(E ) = �′
xE ẑ +

∑
E ′ �=E

g(E , E ′) S(E ′) (5)

with g(E , E ′) ∝ aS the coupling between spins at axial energy
sites E and E ′ �= E . In our experiments, the average coupling
ḡ � 1.6 Hz × 2π for aS = 5.0 a0, where a0 is the Bohr radius.
The rms spread in �′

x E , denoted �′
xσE , is � 1.4 Hz × 2π .

Defining S(E , t ) = S(E , t ) Ŝ(E , t ), where Ŝ(E , t ) is a unit
vector,

Ṡ(E ) = S(E ) ˙̂S(E ) + Ṡ(E ) Ŝ(E ). (6)

Here S(E , t ) = NE (t )/2 with NE (t ) the number of atoms with
axial energy E . Neglecting loss, where Ṡ(E ) = 0, the rotation
of S(E ), given by the first term in Eq. (6), is determined by
the Heisenberg equations:

˙̂S(E , t ) = ω(E , t ) × Ŝ(E , t ). (7)

Without loss, each S(E , t ) evolves via rotation, where the
magnitudes |S(E , t )| ≡ S(E , t ) = S(E , t = 0) are conserved.
Using Eq. (7) with �B(E ) ≡ �′

xE ẑ, we find

˙̂S(E , t ) = �B(E ) × Ŝ(E , t ) +
∑

E ′
g(E , E ′) S(E ′, t ) × Ŝ(E , t ).

(8)

We solve Eq. (8) for the unit vectors Ŝ(E , t ) in a quasiclas-
sical approximation, treating S(E , t ) and S(E ′, t ) as classical
vectors.

There is some flexibility in the definition of S(E ), as Eq. (8)
is invariant under the scale transformation S(E ) → c(E ) S(E )
and g(E , E ′) → g(E , E ′)/c(E ). We choose S(E , t = 0) to be

S(E , t = 0) = NE/2. (9)

Here NE = N P(E ) is the number of atoms in axial en-
ergy group E , with N the total atom number and P(E )
the probability distribution. In the model, we take P(E ) to
be a zero-temperature Thomas-Fermi distribution for near-
degenerate samples; for higher temperatures, we employ a
Boltzmann distribution. The collective spin vectors begin their
evolution after a π/2 rf pulse coherently rotates the initially
z-polarized sample, so that

Ŝ(E , t = 0) = x̂′, (10)

where x̂′ is defined in the Bloch frame, orthogonal to ẑ.
For our choice of S(E , t = 0) in Eq. (9), and the interac-

tion potential of Eq. (4), the site-to-site couplings g(E , E ′) in
Eq. (8) are given by

g(E , E ′) = −n̄⊥
8π h̄

m

∫
dx |φE (x)|2|φE ′ (x)|2 aS (11)

where φE (x) is the axial trap eigenstate for energy E . Note
that spatiotemporal optical control of interactions [28] allows
aS → aS (x, t ), so that g(E , E ′) may be tailored to create de-
signer quantum simulators.

In Eq. (11), we have assumed that the single-particle prob-
ability density takes the form R(ρ) |φE (x)|2, where x is the
axial coordinate, ρ is the transverse radial coordinate, R(ρ)
is the transverse probability density, and

∫
dρ 2πρ R(ρ) = 1.

The overlap integral is evaluated using a WKB approximation.
For a harmonic trap,

∫
dx |φE (x)|2|φE ′ (x)|2 = 2

π2

√
mω̄2

x

2|E − E ′|

× elliptic K

[
−min(E , E ′)

|E − E ′|
]
.

(12)

The average transverse probability density is given by

n̄⊥ ≡
∫

dρ 2πρ R2(ρ). (13)

For lossless evolution, R(ρ) is time independent. Assum-
ing a zero-temperature Thomas-Fermi distribution,

R(ρ) = 3

πσ 2
ρ

(
1 − ρ2

σ 2
ρ

)2

, (14)

we obtain n̄⊥ = 9/(5πσ 2
ρ ). For the Maxwell-Boltzmann

distribution,

R(ρ) = 1

πσ 2
ρ

e−ρ2/σ 2
ρ , (15)

we find n̄⊥ = 1/(πσ 2
ρ ).
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FIG. 3. Predicted magnitude of the total spin vector as a func-
tion of time for loss-free evolution with different s-wave scattering
lengths. In the model, we use the experimental parameters given in
the text. For aS/a0 = 0, 5, 10, 15, 24 (bottom to top), the respective
interaction strengths are ζ = 0, 0.8, 1.6, 2.4, 3.9.

The evolution of the collective spin vectors is determined
by the competition between �B(E ) ≡ �′

xE ẑ and ωMF(E , t ) ≡∑
E ′ �=E g(E , E ′) S(E ′, t ) in Eq. (8). As the lattice is not in

thermal equilibrium, this competition results in two dynamical
phases: a spin-unlocked phase, where the spread in ωB(E )
dominates, and a spin-locked phase, where ωMF(E , t ) ∝ aS

dominates, independent of the sign of aS . With increasing |aS|,
the lattice exhibits a crossover between these two dynamical
phases [25,27]. As the pseudospins are initially spin polarized,
they cannot interact until ωB(E ) causes the collective spin
vectors to fan out with E -dependent angles in the transverse
plane. We characterize the crossover by the dimensionless
interaction strength [27],

ζ ≡ ḡ/(�′
xσE

√
2), (16)

which is the ratio of the average mean-field frequency to the
spread in the precession rates. For small aS , ζ is small and
ωB(E ) dominates, which is reflected in a low magnitude of
the total spin vector S(t ) = |∑E S(E , t )| (Fig. 3). We find
that when aS is large enough that ζ � 1.5, ωMF(E , t ) domi-
nates over ωB(E ) and the spins lock together. However, spin
locking produces parallel spins that suppress the identical
spin-rotation rate ∝ S(E ) × S(E ′), enabling ωB(E ) to again
fan out the spin vectors, which then reenables scattering and
subsequent spin locking, resulting in an oscillation of S(t )
(Fig. 3). With increasing ζ ∝ |aS|, the average S(t ) (magne-
tization) increases and the oscillation amplitude decreases.

III. MODELING TWO-BODY LOSS IN THE
ENERGY-SPACE SPIN LATTICE

Inelastic interactions are induced in the energy-space spin
lattice by illuminating the coherently prepared clouds with
an optical field (Fig. 1). In this section, we describe our
model for the spin-dependent loss in this system due to these
interactions.

We begin by describing the two-body collisional interac-
tion (Fig. 1) in more detail. For the high magnetic fields of
interest, a collision between a pair of 6Li atoms, one in each
of the two lowest hyperfine spin states, occurs nominally in
the triplet 3�u electronic potential (where “triplet” refers to
the two-electron spin state). For s-wave scattering, where the
relative motion state is symmetric in the interchange of the
two atoms, the two-atom hyperfine state is the antisymmetric
spin state:

|�a(1, 2)〉 = 1√
2

(|↑z〉1 |↓z〉2 − |↓z〉1|↑z〉2)

� |1,−1; 1, 1〉. (17)

Here, at the high magnetic fields used in the experiments,
|1,−1; 1, 1〉 is the dominant triplet spin state in the interior
basis, i.e., the total electronic spin state is S = 1, MS = −1,
and the total nuclear spin state is I = 1, MI = 1. This triplet
state has a large hyperfine coupling to the dominant singlet
S = 0 electronic state [34], denoted |g1〉, which is in the 38th
vibrational state of the singlet 1�g ground molecular potential,
producing a broad Feshbach resonance at 832.2 G [35]. The
difference between the magnetic moments of the singlet and
triplet states enables magnetic tuning of the s-wave scattering
length near the resonance. The applied optical field drives
transitions from |g1〉 to the 64th vibrational state in the elec-
tronically excited singlet 1�u molecular potential, denoted
|e〉 [8,11]. Spontaneous emission from |e〉 causes the interac-
tion to be inelastic, and we assume that the emission results in
loss of both atoms without transfer of atoms between energy
states, so that the energy-space spin lattice model remains
appropriate.

Loss due to two-body inelastic collisions between a particle
of species A and a particle of species B is generally modeled
as

ṅA(r, t ) = ṅB(r, t ) = −KAB
2 nA(r, t )nB(r, t ) (18)

where nA(r, t ) is the three-dimensional (3D) density of
species A and nB(r, t ) is the 3D density of species B. It is
assumed that only A and B interact, and that each inelastic
collision causes both atoms to be lost. Equation (18) follows
from the definition of the inelastic cross section of the AB
interaction σ AB

inel where KAB
2 ≡ 〈vrelσ

AB
inel〉 (the brackets denote

the average over the relative speeds vrel). This will be the basis
for constructing our loss model.

Optically induced loss in the energy lattice

To treat loss in the energy-space spin lattice, we consider
the atoms at each energy site E to be a “species” in the context
of Eq. (18). We associate a 3D density nE (r, t ) to the group of
atoms with energy E and a collective spin vector S(E , t ), and
sum the inelastic collision rates for atoms of energy with E
with atoms of energies E ′ over all E ′ �= E to obtain

ṅE (r, t ) = −
∑

E ′
K (E , E ′, t ) nE ′ (r, t ) nE (r, t ). (19)

Here the total density is n(r, t ) = ∑
E nE (r, t ) and K (E , E ′, t )

is the effective energy-dependent two-body loss rate
coefficient.
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We obtain K (E , E ′, t ) by computing the probability that
the pair of atoms in energy groups E and E ′ is in the anti-
symmetric spin state |�a(1, 2)〉 of Eq. (17). We assume that
the spin of each atom of energy E is polarized along S(E , t ),
corresponding to the spin state |Ŝ(E , t )〉. In this case, atoms of
energies E and E ′ are in states with definite spin polarizations,
so that we can assume the incoming spin state for a colliding
pair of atoms with energies E and E ′ is |Ŝ(E , t )〉1 |Ŝ(E ′, t )〉2.
The probability amplitude to be in the antisymmetric spin
state is then the inner product of the incoming spin state with
|�a(1, 2)〉, so that

K (E , E ′, t ) = Ka
2 |〈�a(1, 2)|Ŝ(E , t )〉1 |Ŝ(E ′, t )〉2|2 (20)

where Ka
2 is the loss constant associated with the antisymmet-

ric two-atom spin state, given in Eq. (17). Suppressing the
time dependence, the energy-dependent spin states take the
form

|Ŝ(E )〉1 = e−i φE
2 cos

(
θE

2

)
|↑z〉1+ ei φE

2 sin

(
θE

2

)
|↓z〉1,

|Ŝ(E ′)〉2 = e−i
φE ′

2 cos

(
θE ′

2

)
|↑z〉2+ ei

φE ′
2 sin

(
θE ′

2

)
|↓z〉2.

A straightforward calculation gives

|〈�a(1, 2)|Ŝ(E , t )〉1 |Ŝ(E ′, t )〉2|2
= 1

4 [1−cos θE cos θE ′ −sin θE sin θE ′ cos(φE − φE ′ )].

(21)

With this result, Eq. (20) can be written in terms of the unit
vectors. Restoring the time dependence,

K (E , E ′, t ) ≡ Ka
2

4
[1 − Ŝ(E , t ) · Ŝ(E ′, t )], (22)

which has an analogous structure to the projection operator
of Eq. (1). As expected, when the collective spin vectors for
energy groups E and E ′ are parallel, the corresponding unit
vectors Ŝ(E , t ) and Ŝ(E ′, t ) are parallel and there is no loss.
In contrast, maximum loss occurs when the unit vectors are
antiparallel, K (E , E ′, t ) → Ka

2 /2. The unit vectors Ŝ(E , t ) are
found from Eq. (8), with S(E , t ) = NE (t )/2, where the atom
number NE (t ) is self-consistently determined from Eqs. (19)
and (22), as we now show.

We assume that the spin-energy correlated 3D densities
nE (r, t ) can be factored as

nE (r, t ) = nE (x, ρ, t ) = NE (t )R(ρ, t ) |φE (x)|2, (23)

where x is the axial coordinate and ρ is the transverse coor-
dinate. As observed in the experiments and shown in Fig. 6
below, for nonzero Ka

2 , the increase in the loss rate with
increasing 3D density reshapes the spatial profile. For this
reason, we assume that both the atom number NE (t ) in each
energy group and the transverse probability density R(ρ, t )
are functions of time. Further, we assume that R(ρ, t ) is inde-
pendent of E , and take

∫
dρ 2πρ R(ρ, t ) = 1 for all t . Using

Eq. (23), the spatial integral of the total density, n(r, t ) =∑
E nE (r, t ), yields the total atom number:

N (t ) =
∑

E

NE (t ). (24)

Using Eq. (23) in Eq. (19) and integrating over x, we obtain

d

dt
[NE (t )R(ρ, t )]

= −
∑

E ′
η(E , E ′, t )[NE ′ (t )R(ρ, t )] [NE (t )R(ρ, t )],

(25)

where

η(E , E ′, t ) ≡ K (E , E ′, t )
∫

dx |φE (x)|2|φE ′ (x)|2. (26)

Integrating Eq. (25) over ρ and using Eq. (28), we find

ṄE (t )
∫

dρ 2πρ R(ρ, t ) + NE (t )
d

dt

∫
dρ 2πρ R(ρ, t )

= −n̄⊥(t )
∑

E ′
η(E , E ′, t ) NE ′ (t ) NE (t ), (27)

where n̄⊥(t ) is the time-dependent average transverse proba-
bility density:

n̄⊥(t ) ≡
∫

dρ 2πρ R2(ρ, t ). (28)

Since
∫

dρ 2πρ R(ρ, t ) = 1, Eq. (27) immediately yields

ṄE (t ) = −n̄⊥(t )
∑

E ′
η(E , E ′, t ) NE ′ (t ) NE (t ). (29)

Next, we sum Eq. (25) over E and use Eq. (24) to obtain

Ṅ (t )R(ρ, t ) + N (t ) Ṙ(ρ, t )

= −R2(ρ, t )
∑

E

∑
E ′

η(E , E ′, t ) NE ′ (t ) NE (t )

= Ṅ (t )
R2(ρ, t )

n̄⊥(t )
. (30)

Here, the right-hand side has been simplified by using the sum
of Eq. (29) over E and Eq. (24):

Ṅ (t ) = −n̄⊥(t )
∑

E

∑
E ′

η(E , E ′, t ) NE ′ (t ) NE (t ). (31)

Hence, the radial probability distribution obeys

Ṙ(ρ, t ) = Ṅ (t )

N (t )

[R2(ρ, t )

n̄⊥(t )
− R(ρ, t )

]
. (32)

Using Eq. (28), one readily verifies that the integral of Eq. (32)
over ρ vanishes, so that the total transverse probability re-
mains normalized to 1 for all t . Further, the right-hand side
is ∝ Ṅ (t ) [R(ρ, t ) − n̄⊥(t )], where Ṅ (t ) < 0 when Ka

2 �= 0.
Hence, near the center of the cloud, where R(ρ, t ) > n̄⊥(t ),
the probability density decreases in time, while in the wings,
where R(ρ, t ) < n̄⊥(t ), the probability density increases in
time. The net effect of the loss is to increase the effective
width of R(ρ, t ), while preserving the normalization.

IV. EVOLUTION OF THE ENERGY-SPACE
SPIN LATTICE WITH LOSS

To model the energy-space spin lattice with optically in-
duced loss, we employ Eqs. (29) and (32), together with
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Eq. (8). These equations determine the evolution of the den-
sity for each energy group, the transverse profile and therefore
the total density and the total number in the presence of loss,
which are compared with measurements.

Including the E -dependent loss, the magnitudes of the
collective spin vectors in Eq. (8), S(E , t ) = NE (t )/2, de-
crease with time. As noted above [Eq. (6)], the evolution
of S(E , t ) includes both a rotation of the unit vectors and a
time-dependent magnitude:

Ṡ(E , t ) = S(E , t ) ˙̂S(E , t ) + Ṡ(E , t ) Ŝ(E , t ). (33)

The unit vectors Ŝ(E , t ) evolve according to Eq. (8), while
the decay of the magnitudes S(E , t ) is determined by Eq. (29)
with NE (t ) = 2 S(E , t ) and Eqs. (26) and (22):

Ṡ(E , t ) = −
∑

E ′
κ (E , E ′, t ) [S(E , t )S(E ′, t )

− S(E , t ) · S(E ′, t )] . (34)

Here, the effective loss rate κ (E , E ′, t ) is given by

κ (E , E ′, t ) ≡ Ka
2

2
n̄⊥(t )

∫
dx |φE (x)|2|φE ′ (x)|2. (35)

We discuss the determination of Ka
2 for mixtures in Secs. IV

and V B.
We rewrite the evolution of the transverse probability den-

sity [Eq. (32)] as

Ṙ(ρ, t ) = Ṡ(t )

S(t )

[R2(ρ, t )

n̄⊥(t )
− R(ρ, t )

]
. (36)

Here we have defined S(t ) ≡ ∑
E S(E , t ) = N (t )/2. Equa-

tion (28) shows that the site-to-site couplings of Eq. (11)
become time dependent for Ka

2 �= 0, g(E , E ′) → g(E , E ′, t ),
while the decay of S(E , t ) reduces the rotation rate of the unit
vectors by reducing the magnitude of the mean field.

Including loss, the evolution of the energy-dependent col-
lective spin vectors is determined by Eq. (33), using Eq. (8)
to describe the rotation of the unit vectors and Eqs. (28), (34),
and (36) to determine the decay of the magnitudes. The collec-
tive spin vectors are initialized according to Eqs. (9) and (10).
The initial condition for the transverse probability density,
R(ρ, 0), is given by Eq. (14) for a Thomas-Fermi distribution
and by Eq. (15) for a Maxwell-Boltzmann distribution.

Optically induced loss in a mixture

For the loss model described above, we require the loss
constant Ka

2 associated with a pair of atoms in the antisymmet-
ric two-atom spin state |�a(1, 2)〉. To obtain Ka

2 , we measure
the loss in a 50 : 50 incoherent mixture of |↑z〉 and |↓z〉, for
which the 50 : 50 ratio is maintained throughout the evolution,
and extract the fraction of the loss constant associated with
the state |�a(1, 2)〉. Considering the mixture to be composed
of atoms in the |↑z〉 state and the |↓z〉 state, we define the 3D
densities associated with each state n↑(r, t ) and n↓(r, t ) and
apply Eq. (18) to obtain

ṅ↑(r, t ) = ṅ↓(r, t ) = −K↑↓
2 n↑(r, t )n↓(r, t ). (37)

We assume that the incoming state is a product state
|↑z〉1|↓z〉2. Then, the probability to be in the antisymmetric

two-atom spin state is |〈�a(1, 2)|↑z〉1|↓z〉2|2 = 1/2:

K↑↓
2 = Ka

2 × 1/2. (38)

With n↑(r, t ) + n↓(r, t ) = n(r, t ) the total density and
n↑(r, t ) = n↓(r, t ) = n(r, t )/2 for a 50 : 50 mixture, Eq. (37)
yields

ṅ(r, t ) = − 1
4 Ka

2 n2(r, t ). (39)

The analytic solution to Eq. (39) is readily obtained:

n(r, t ) = n(r, 0)

1 + 1
4 Ka

2 n(r, 0) t
. (40)

Integrating Eq. (40) over all three spatial dimensions, the total
atom number N (t ) is predicted as a function of time, given
n(r, 0):

N (t ) =
∫

dx
∫

2πρ dρ
n(r, 0)

1 + 1
4 Ka

2 n(r, 0) t
. (41)

To measure Ka
2 , then, we fit measurements of the atom number

N (t ) in the 50 : 50 mixture to Eq. (41). This is further de-
scribed in Sec. V B, where we show that Ka

2 is independent of
the relative speed near the zero crossing of the broad Feshbach
resonance in 6Li [see Eq. (46)]. However, as will also be
discussed in Sec. V B, we must halve the measured Ka

2 before
inserting it into Eq. (21) in order to reach agreement with the
loss measurements in the energy lattice.

V. EXPERIMENTS

A. Loss in energy-space spin lattices

To test the loss model, we measure the time-dependent
decay of the total atom number N (t ) in a cigar-shaped op-
tical trap comprising a single focused CO2 laser beam. The
measurements are obtained for scattering lengths aS = 0 a0

to 24 a0 at nominally the same density. Starting from a ẑ-
polarized sample, we employ a 0.5-ms π/2 rf pulse to prepare
an initially x̂′-polarized sample. Immediately following the
rf pulse, the trapped gas is illuminated by a uniform optical
field locked on resonance with the singlet molecular |g1〉 →
|e〉 transition (Fig. 1) and evolves for a variable amount of
time 0 � t � 400 ms before absorption imaging of the atom
densities for the |↑z〉 and |↓z〉 states, which are spectrally
resolved.

In the experiments, we begin by evaporatively cooling a
50 : 50 mixture of atoms in the two lowest hyperfine states
|↑〉z ≡ |1〉 and |↓〉z ≡ |2〉 at the broad Feshbach resonance
near 832.2 G [35]. Following forced evaporation by lowering
the trap depth, the trap depth is increased so that the radial trap
frequency is ωρ = 2π × 668.0 Hz. To avoid the formation of
Feshbach molecules while tuning to the weakly interacting
region near 527 G, the magnetic field is swept up to 1200 G
and resonant light is applied to expel one spin state, leaving a
ẑ-polarized spin sample. The magnetic field is then swept to
produce scattering length aS (B) of interest near 527 G. The
calibration of Ref. [24] determines aS (B), where magnetic
field is measured by rf spectroscopy.

After this preparation, the total number of atoms N (0) �
6.0 × 104. A fit of the measured axial profile with a zero-
temperature Thomas-Fermi distribution yields an axial width
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FIG. 4. Thomas-Fermi fits to the sum of the initial axial profiles
of the |↑z〉 and |↓z〉 states, immediately after the π/2 pulse, as used
for measurement of N (t ) at 0 bohr in the coherently prepared sample.
The fit of a finite-temperature 1D Thomas-Fermi profile yields the
reduced temperature T/TF = 0.2. The fit is nearly identical to that of
a zero-temperature 1D Thomas Fermi profile, justifying our use of a
zero-temperature distribution in the model.

σ x
TF � 331 µm (Fig. 4). The radial width σ

ρ
TF is computed from

the ratio of trap transverse and axial frequencies, ωρσ
ρ
TF =

ωxσ
x
TF. As noted in Sec. II, the curvature in the applied mag-

netic field results in a spin-dependent axial trapping force in
the axial direction, where ωmag = 2π × 16.3 Hz. For the com-
bined optical and magnetic trapping potentials near 527 G,
the net axial trap frequency is measured to be ωx = 2π ×
25.0 Hz. With ωρ = 2π × 668.0 Hz, we find σ

ρ
TF � 12.0 µm.

To determine the temperature, we fit a 1D finite-temperature
Thomas-Fermi distribution to the initial axial profile. The
Fermi temperature TF for our harmonic trap is determined by

EF = kBTF = h̄
(
6Nω2

ρωx
)1/3

. (42)

Note that the number 6 in Eq. (42) reflects the fact that
all N atoms initially begin in an identical spin state. For
the initial atom number and trap frequencies given in the
last paragraph, we find TF � 0.75 µK. Using the calculated
Thomas-Fermi radius σTF = √

2EF /(mω2
x ) � 317.0 µm, a fit

to a finite-temperature Thomas-Fermi profiles yields T �
0.18 TF . Figure 4 shows the averaged initial axial profile for
a sample that is coherently prepared at 0 bohr, along with
the corresponding fitted finite-temperature 1D Thomas-Fermi
and zero-temperature 1D Thomas-Fermi profiles. The zero-
temperature and finite-temperature Thomas-Fermi profiles are
nearly identical, as expected for T � 0.20 TF , justifying the
use of an effective zero-temperature profile with a fitted width
in the model.

For every scattering length, Ka
2 is measured from the loss

in a 50 : 50 mixture, as discussed in Sec. V B. In all of the
experiments, loss is induced by an optical beam propagating
at an angle of �49◦ relative to the trap x axis. The intensity
half width at 1/e of the optical beam is w = 1.1 mm, so that
the projection of the full width of the optical beam at 1/e onto
the cloud x axis is 2 w sin(49◦) � 1.5 w = 1.6 mm. This can

TABLE I. Two-body loss coefficients for 50 : 50 mixtures.

aS (a0) Ka
2 (µm3/s) σKa

2
(µm3/s)

0 115 5
5 120 11.6
10 110 6.8
15 138 10
24 136 10

be compared to the full width of the cloud 2 σx � 0.66 mm.
Hence, most of the atoms are illuminated near the peak in-
tensity, I = P/(πw2). The servo-stabilized beam power is
7.6 mW, so that I = 2.0 mW/mm2. The Rabi frequency for
the singlet electronic transition from the ground 38th vibra-
tional state |g〉 to the excited 64th vibrational state has been
measured [28] to be �1/2π = 4.4MHz

√
I[mW/mm2]. The

Rabi frequency for the loss inducing beam is then �1 =
0.53 × γe, where γe = 2π × 11.8 MHz is the rate of spon-
taneous emission from the excited molecular state [8,11]. The
resonance frequency for each magnetic-field value is found by
finding the peak loss in the incoherent mixture as a function of
frequency, which is prepared as described in Sec. V B. Since
the optical field is locked on resonance, there is no optical shift
in the scattering length.

Measurements of the fraction of atoms remaining through-
out the evolution N (t )/N (0) for coherently prepared samples
are shown in Fig. 5, for several scattering lengths aS and
corresponding interaction strengths ζ [Eq. (16)], along with
the corresponding predictions using no free parameters.
Predictions and measurements for aS = 0 a0 (ζ = 0), where
interactions are absent, are shown as a reference, and agree
very well. The atom number is nearly stagnant for the first
≈80 ms, corresponding to the time needed for the energy-
dependent Zeeman precession rates to separate the collective
spin vectors. Once the spin vectors are sufficiently separated,
the effective loss rate coefficient K (E , E ′, t ) becomes non-
negligible and the atom number begins to decay. At aS =
5 a0 (ζ = 1.03), the data are almost indistinguishable from
the aS = 0 a0 case [Fig. 5(a)]. This is consistent with Fig. 3,
where, for aS = 5 a0 at our experimental densities, the system
is still in the energy-dependent precession-dominated regime.
The data show that a transition out of this dynamical phase
occurs between aS = 5 a0 and 10 a0 (ζ = 2.32), where the
measurements at aS = 10 a0 exhibit the onset of loss sup-
pression [Fig. 5(b)]. The loss is further suppressed for the
aS = 15 a0 (ζ = 3.59) data [Fig. 5(c)], and even more for the
aS = 24 a0 (ζ = 5.39) data [Fig. 5(d)], reflecting the increas-
ing collective alignment of the spins, as shown for the lossless
case of Fig. 3.

The importance of including the time dependence of
R(ρ, t ) in the model can be seen in the difference between the
predictions for n̄⊥ = n̄⊥(0) and n̄⊥(t ) at aS = 0 a0, as shown
in Fig. 6. If n̄⊥ is taken to be constant, the model disagrees
with the data for longer times. Accounting for the decrease
in n̄⊥(t ) reduces the energy-dependent loss rate κ (E , E ′, t ) of
Eq. (35), causing the tail of the loss curve to rise to match the
data.
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FIG. 5. Suppression of optically induced loss in a coherently prepared sample vs illumination time, for increasing scattering lengths.
N (t )/N (0) is the atom fraction remaining after a time t . For reference, the lower black curves show the data and the model for a noninteracting
gas aS = 0 a0 (ζ = 0). Each point represents the average of six shots, and the error bar is the standard deviation of the mean. (a) aS = 5 a0

(ζ = 1.03). (b) aS = 10 a0 (ζ = 2.32). (c) aS = 15 a0 (ζ = 3.59). (d) aS = 24 a0 (ζ = 5.39). For each scattering length, the predicted curve
employs half the value of Ka

2 measured for the same scattering length in a 50 : 50 mixture (Table I). Note that the interaction strength ζ

[Eq. (16)] is not precisely linear in the scattering length due to slight variations in the density.

B. Two-body loss constant Ka
2 in a mixture

To measure the two-body loss constant Ka
2 , we measure the

decay of the total number of atoms in an incoherent mixture
of the |↑z〉 and |↓z〉 states. We employ a 50 : 50 mixture
for which Eq. (39) is valid, and use Eq. (41) to fit the data,

FIG. 6. Predictions of loss in a coherently prepared sample, with
(blue solid) and without (red dashed) the time dependence of the
average transverse probability density n̄⊥. The time dependence of
n̄⊥(t ) arises from loss. Measurements for 0 bohr in the coherently
prepared cloud are in agreement with the model when n̄⊥ = n̄⊥(t )
(blue solid). When n̄⊥ is taken to be constant (red dashed), the tail of
the loss curve does not agree with the measurements. For the 0-bohr
data, the inputs into the loss model are Ka

2 = 58.0 µm3/s, the initial
atom number N = 6.3 × 104, and the width σTF = 331.0 µm.

allowing Ka
2 to be determined from measurements of N (t ). We

model n(r, 0) as the Maxwell-Boltzmann distribution, which
is appropriate for the higher-temperature samples used in the
mixture measurements:

n(r, 0) = N (0)

πσ 2
ρ σx

√
π

e−(ρ/σρ )2−(x/σx )2
, (43)

where the axial size σx is determined from the measured
spatial profiles. The radial size σρ is then found from the
ratio of the trap frequencies. Using the initial density n(r, 0)
in Eq. (41), the measured decay of the total number N (t )
determines Ka

2 , which is used as a fit parameter. Here we
expect that Ka

2 is independent of temperature, as discussed
below [see Eq. (46)].

To prepare the sample, a 50 : 50 incoherent mixture of
atoms in spin states | ↑z〉 and | ↓z〉 undergoes forced evapo-
ration at 300 G. The magnetic field is then swept upward to
the magnetic field of interest in the weakly interacting regime.
This method avoids the formation of Feshbach molecules
and subsequent loss. However, the efficiency of evaporation
performed at 300 G, where the elastic scattering cross sec-
tion is small, is reduced compared to that of the unitary gas at
832.2 G. For this reason, the samples used to measure Ka

2 are
at a higher temperature than for the coherently prepared sam-
ples. We assume that Ka

2 is temperature independent, as Ka
2

is expected to exhibit a weak momentum dependence in the
weakly interacting regime. At the magnetic field of interest,
the loss-inducing optical field is applied, and the total number
of atoms is measured as a function of time. The optical reso-
nance frequency is determined by finding the peak loss point
at each magnetic field of interest. Using the measured initial
axial width and the initial radial width deduced from the ratio
of the trap frequencies, the initial density profile is determined
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FIG. 7. Measurements and predictions of loss in the 50 : 50 mixture at each scattering length. Different trap depths were used for 0 and 10
bohrs (ωρ = 2π × 1075 Hz, ωx = 2π × 34 Hz) than for 5, 15, and 24 bohrs (ωρ = 2π × 675 Hz, ωx = 2π × 23 Hz). (a) Loss at 0 bohr, with
an initial Gaussian width 213 µm. (b) Loss at 5 bohrs, with an initial Gaussian width 241 µm. (c) Loss at 10 bohrs, with an initial Gaussian
width 211 µm. (d) Loss at 15 bohrs, with an initial Gaussian width 243 µm. (e) Loss at 24 bohrs, with an initial Gaussian width 260 µm.

and Eq. (39) is used to find Ka
2 . This procedure is repeated for

each scattering length aS employed in the experiments.
We determine the temperature from a fit of a Maxwell-

Boltzmann distribution to the spatial profiles, kBT =
mω2

xσ
2
x /2, where σx is the fitted Gaussian width. For 15 a0,

this procedure gives T = 0.56 TF , where TF = 0.79 µK is de-
termined by

TF = h̄

kB

(
3Nω2

ρωx
)1/3

. (44)

Note that we have used a factor 3 = 6/2 in place of the factor
6 in Eq. (42), as a 50 : 50 mixture has half of the total number
of atoms N in each spin state.

Measurements of N (t ) in 50 : 50 mixtures are shown in
Fig. 7 for all of the scattering lengths of interest, using
Eq. (41) to determine Ka

2 . The values extracted from the fit
are displayed in Table I, where the uncertainty σKa

2
is de-

termined from the square root of the covariance matrix of
the fit (note that this neglects the uncertainty in the initial
density). The measured value of Ka

2 changes by �10% as
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FIG. 8. Measurements and predictions of Eq. (45) for the evo-
lution of the axial profiles in a mixture at 0.1 ms (top), 75.1 ms
(middle), and 150.1 ms (bottom). The magnetic field is tuned so that
aS = 15 a0. The two-body loss rate constant Ka

2 = 2 × 69.0 µm3/s is
determined from the fit of N (t ) [Eq. (41)] to the data.

the scattering length is varied, most likely due to changes
in the optical detuning and alignment from run to run. Note
that the axial widths are smaller for the measurements at 0
and 10 a0 than for 5, 15, and 24 a0. The difference arises
from the difference between the trap depths used for 0 and
10 a0, where the trap frequencies were ωρ = 2π × 1075 Hz
and ωx = 2π × 34 Hz. The 5, 15, and 24 a0 data employed
the smaller trap frequencies given in Sec. V A. The faster
timescales of loss for the 0 and 10 a0 measurements reflect
the higher density of the sample in the deeper trap.

Equation (40) also predicts the time-dependent axial pro-
files n1D(x, t ), which can be compared to measurements. For
the Maxwell-Boltzmann distribution of Eq. (43),

n1D(x, t ) =
∫

dρ 2πρ n(r, t)

= 4πσ 2
ρ

Ka
2 t

ln

[
1 + Ka

2 t

4πσ 2
ρ

N (0)

σx
√

π
e−(x/σx )2

]
. (45)

In the limit Ka
2 t → 0, n1D(x, t ) approaches a 1D Gaussian

distribution normalized to the initial total atom number N (0),
as it should. Using the Ka

2 determined from the fit to N (t ), we
find that the predicted axial profiles are in quantitative agree-
ment with the measured profiles, as shown for aS = 15 a0 in
Fig. 8.

Initially, we used the measurements in Table I to deter-
mine the energy-dependent loss rate coefficient κ (E , E ′, t )
of Eq. (35). However, we found that the loss model does
not agree with the measurements in the energy lattice. To
obtain quantitative agreement between predictions and data
for coherently prepared samples, shown in Fig. 5 above, we
need to divide the values of Ka

2 measured in the mixture by a
factor of 2. It is possible that we have incorrectly extracted Ka

2
by using Eqs. (39) and (41).

C. Predicting the two-body loss constant Ka
2

To gather evidence as to whether or not the factor of 1/2
is correct, we can compare the values of Ka

2 used in the fits
for the coherently prepared samples in Fig. 5 to predictions
for the optically induced loss rate constant in 6Li. We take
Kcalc

2 = −2 × 8π h̄
m a′′, where a′′ < 0 is determined from the

complex light-induced phase shift φ using tan φ = −ik a′′ at
the optical resonance. Here, h̄k is the relative momentum, and
we assume |k a′′| << 1 as is the case for our experiments.
Note that a factor of 2 is included to be consistent with the
antisymmetrized hyperfine state of Eq. (17) that defines Ka

2 ,
which in turn requires a symmetrized spatial state with a total
cross section [36] σtot = 8π/k Im{ f (0)} and an elastic cross
section σel = 8π | f |2, with f the s-wave scattering amplitude.
The corresponding inelastic cross section σinel = σtot − σel =
2 × π

k2 (1 − |e2iφ|2) is twice that of Ref. [11], where the scat-
tering atoms were treated as distinguishable and a factor
4π was used in the cross sections, which is equivalent to
Eq. (38) above. The Supplemental Material of Ref. [11] deter-
mines a′′ using x = k|abg| and �̃0 = (B − B∞)/�B = −1 in
Eq. (S5) [37], which gives L(�̃0, x) � 1 in Eq. (S8), yielding

Kcalc
2 = 2 × 8π h̄ |abg|

m

h̄ γe

4 μB�B
�̃2

1 , (46)

where �̃1 ≡ �1/γe. With the parameters of Ref. [38], abg =
−1405 a0, �B = 300 G, μB/h̄ = 2π × 1.4 MHz/G, and γe =
2π × 11.8 MHz, we find Kcalc

2 = 277.4 µm3/s �̃2
1. This gives

Kcalc
2 = 69.4 µm3/s at �̃1 = 0.5, as used in the measure-

ments. This result is in good agreement with the value Ka
2 =

69 µm3/s that fits the decay of the coherently prepared sam-
ple at 15 a0, but is, however, half the value Ka

2 = 138 µm3/s
extracted from measurements at 15 a0 in the 50 : 50 mixture
using Eq. (39), as noted above.

VI. CONCLUSIONS

We have the observed and explained dynamical collec-
tive suppression of optically induced inelastic scattering in
a coherently prepared, weakly interacting Fermi gas. As the
scattering length is increased at fixed initial density, we ob-
serve a crossover from high to low loss. We understand this
suppression via the Pauli principle, where the system under-
goes a crossover into a magnetized dynamical phase with
parallel collective spin vectors, causing suppression of s-wave
scattering and loss.

Our loss model quantitatively agrees with observations
and incorporates the many-body evolution of the collective
spin vectors. We find that the average of the values of the
two-body loss constant Ka

2 used to generate the curves for
coherently prepared samples in Fig. 5, 62 ± 6.2 µm3/s, is
in good agreement with the predicted value of 69.4 µm3/s.
This work paves the way for tailoring of spin-spin couplings
by optical control of spin-spin interactions in energy-space
lattices, as the accompanying loss can now be included in the
models and is mitigated in magnetized states.

We also extract Ka
2 from loss measurements in a 50 : 50

mixture. For these measurements, we assume that a pair of
colliding atoms is in the product state |1〉i|2〉 j and hence
has a probability |〈�a(i, j)|1〉i|2〉 j |2 = 1/2 to be in the
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antisymmetric spin state. However, with this assumption, we
find that the values of Ka

2 used in the model to fit the data for
coherently prepared samples need to be half of those extracted
from measurements in a 50 : 50 mixture. At present, we are
unable to resolve this discrepancy, which may arise from
applying Eq. (39) to a very weakly interacting mixture or from
an incorrect choice of the incoming two-atom state in deriving
Eq. (39). Future studies of imbalanced spin mixtures and

imbalanced superposition states in weakly interacting Fermi
gases may help to elucidate this problem.
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