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Supplementary Note 1: Calculation of the transition rates and derivation of the line profile

As explained in the main text, we consider a Fermi gas in an internal state |g) confined in a harmonic
potential. This trapping potential has an angular frequency w, along its axial direction. State |g) is coupled
at time ¢t = 0 to the excited state |e) by resonant light with a wavenumber x and angular frequency w. The
energy difference between these two levels is hwy. The excitation laser beam propagates along the axial
direction of the trapping potential (which we denote ) whereas the radial direction is denoted 1). The
atoms in state |e) feel a harmonic potential with an axial angular frequency w,, which in the particular case
of a magic wavelength trap is w. = we. The confinement potential is assumed to be weak compared to the
recoil energy fiwye. of the transition, such that the system is out of the Lamb-Dicke regime (n > 1, with the
Lamb-Dicke parameter defined as 1 = \/wyec/wg and the recoil energy Awyec = h2k2 /2m). For the transition
of metastable helium considered in this study, the Lamb-Dicke parameter is n ~ 30.

Consider first that the excitation light has a narrower spectral linewidth than the splitting in energy of
the motional states. It is assumed to be tuned to a central frequency w = wp + fowy. The system can be
described by the following Hamiltonian in the interaction picture:

hQn,n—i—f ~ ~ ~ ~
H=Y — <€L+zogn + €n+eogl) ; (1)

where 4! and i,, represent the fermionic creation and annihilation operators of an atom in internal state |i)
and motional state |n), and the Rabi angular frequencies are given by [1]:

2 n '
Qe = Qe /277'@0'\/7}%3‘(772)7 (2)

where no (ns) is the lesser (greater) of n and n + £y3. The evolution of the system is straightforward and
leads to independent Rabi oscillations between pairs of |g,n) and |e,n + £;) states, as depicted on Figure
1(a) from the main text. These sets of transitions constitute the carrier transitions of the system. Since all
these transitions couple pairs of states independently, no collective many-body effect is expected and each
fermion composing the Fermi sea can be seen as a single particle.

Now consider the case where the excitation laser is broader than the energy splitting due to the confining
potential. The previous Hamiltonian is modified and reads:
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where as¢(€y) accounts for the spectral density of the excitation laser at frequency wo + (o + 0€)wy. We will
use in the following the more compact and convenient expression:

H= Z Hg,e,, (éjngn + glém) ) (4)
nm

with Hy o, /h = @m—ng, c,. /2. From this expression, it is clear that sideband transitions, as shown in
Figure 1(b) from the main text, will be driven in addition to carrier transitions. Hence, the Pauli exclusion

principle has to be taken into account to model the proper time evolution of the system.
In our experiment, the internal state |e) (21Sy state) has a lifetime 7 = 1/T of 20 ms before it decays to
the ground state (1'Sy state) which is not trapped by the dipole potential. Hence, we are only interested
in the first-order transition rates between the states |g,n) and |e,m). First, we examine the case of the
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lg,n) — |e, m) transition. In the occupation number representation, the initial state involved in the transition
reads |i) = |ng,, , ne,,) and the final state is necessarily:

el an )
|f) = Ing, — Line, +1) = ——2——=i). (5)
ngn (1 - nem)
The coupling matrix element then reads:
. (15hémél,nli)
(fIH|i) = Hg,e,,—————= = Hg,e,,\/ Nen (1—ne,,), (6)
ng, (1 —ne,,)

where we have used the anti-commutation of fermionic operators and from which we get the transition rate

using Fermi’s golden rule:
2w 2
an_>67n = W |Hgne'm| ngn (1 - ne'm) ? (7)
g

since the density of states for a harmonic oscillator is p(e) = 1/fuw,. A very similar reasoning gives the rate
from |e,m) to |g,n):
2 2
Lo, g, = 2we |Hg, e, |” e, (1 —1g,,). (8)
These expressions clearly show that the two transitions are Pauli-blocked and that the transition probability
will depend on the occupation number of the final state.
In order to model our system, we consider a simple rate equation for the |e, m) state:

hcm = Z anﬁcm - Z ch%gn - FOncmv (9)

from which we determine the condition on the occupation number for a steady state to be reached, n.,, = 0.
Using the expressions for the rates (7) and (8) and transforming the last equation, we obtain:

2
We Zj ‘ngem Ng;

= ; 2 5 ) (10)
5, |Hge,|” [1 = ng, (1 — we/wg)] + h2welo/2m

which, in the limit where we/wg =~ 1 (close to the magic wavelength condition), simplifies to:
2
o Zj |ngem ngj
= 5 )
Zj |ngem + hPw,To /2w

The occupation number of the state |g,n) after a small excitation time At (compared to the excitation rate)
reads:

€m

(11)

€m
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+ h2 Z |Hgnern |2 e, (At) (1 — Ng, (0)) ’ (12)
Wg oy

Ng, (At) = ng, (0) —

in which we can replace n,,, (At) by the expression (11), assuming that At is long enough for a steady state
to have been reached (At > 1/Ty). We obtain:

2w At
g, (81) = ng, (0) = 5= [1Hg e, [* g, (0)
& m

2
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5 ; (13)
Zj ’ngem + FLQWgFO/ZW
from which we get the total population in the internal |g) state as:
ng(At) =) ng, (At). (14)

The last term of expression (13) is similar to a second-order Fermi golden rule but takes its origin in the
fermionic nature of the atomic species. It describes an exchange of motional state within the |g) internal
state through a combination of the absorption of a photon followed by a stimulated emission process, which



is Pauli-blocked by the presence of the Fermi sea. From this term, it is clear that if the excitation light only
couples the sets of states |g,n) and |e,n + lp), then this term vanishes, the system does not exhibit Pauli
blocking anymore and the previous expression reduces to a common Fermi’s golden rule.

We then write the shape of the depletion signal as:
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g, (0) , (15)

S(w) Z |amfn|2 1Q%,.c.m
nm

with fy = wg/27 and ngem = Qg 0, /0

Because the strength of the couplings is modulated by the power spectrum of the excitation light, we
expect that the main contributions to the last term come from the cases where |n — j| is small. We also
note that in the limit where I'y > Q2/f, (which can be obtained by artificially decreasing the lifetime of
the |e) state as explained in the main text), the second term in the last expression vanishes, thus cancelling
the effect of the Pauli blockade. In normal operation of our experiment and without pumping to the 4'P;
state, we have 7 = 20 ms, a free Rabi frequency of about 40 Hz and typical trap frequencies of 10 to 30 Hz,
corresponding to a parameter f,['o/0? ranging from 2.4 x 1072 to 8 x 1073, which can be neglected as
assumed in the previous derivation.

Supplementary Note 2: Calculation of the line profile in the Thomas-Fermi approach

Because of the complexity of the dynamics, we restrict ourselves to a local density approach. Semi-
classically, we consider the one-body unperturbed Hamiltonians for both internal states, which are given
by:

P> m
Hg’e(rvp) = % + Ewg,e
where the coefficients o, a, and a, account for the anisotropy of the trapping potential. The interaction
with light is treated as a perturbation which transfers momentum to the atoms, allowing to make use of the
Thomas-Fermi approximation. In such an approximation, the density of states of the DFG in state |g) is
given by:

(aixz + a3y2 + a§z2) , (16)

(r.k) 1 1
Pl 5= (2m)3 1+ exp (BHg(r, hk) — Bpr)’
where 8 = 1/(kgT) is the reciprocal temperature, and kg Boltzmann’s constant.
The line profile is found by rewriting the expression (15) within the Thomas-Fermi approximation in the
same spirit as [2]. We assume for simplicity that the function defined in expression (11) is peaked at j =n
when its denominator is not dominated by f,I'o/ 02 (thereby neglecting the small change in phase space
induced by stimulated emission). We then simplify it as:

Sw) o< Y lam—nl” Qe [, (0) = 1, (0) (1 = mg, (0))], (18)

(17)

such that we can rewrite it in the semiclassical approach as:

S(w) x / &r / Bk [pg(r. k) — pi(r, ) (1 — g, )] 6w — wre), (19)

with the resonance condition
25/@]{: / m

Wrk = Wo + Wrec + om oh (@3 - (.Dé) 2 (20)
The lineshape thus reads:
S(w) o< Sabsorption(w) (1 — M(w)), (21)
with the absorption profile given by [2]:
SAbsorption(W) = /dBI‘/d?)k pg(rvk)(s(w - Wr,k)? (22)

and the modification factor expressed as:

& & py(0K) (1= ) 8l — )

M(w) J d3r [ d%k pg(r,k)d(w — wr k)
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It can be rewritten as:

(24)

M(o.)) _ |‘1 fd3rfd3k pé(r,k)&(w — Wnk)]

[ [ &k py(r, k)b (w — wr i)
in which the second term represents the Pauli blocking induced inhibition factor on stimulated emission.

We follow the derivation from [2] to obtain an expression for Sapsorption(w). Making use of the spherical
symmetry over space and cylindrical one over momenta, we rewrite the integrals as:

/d3r/d3k:87r2/ r2dr/ kJ_dku_/ dky, (25)
0 0 —00

which yields after integration over the axial momenta k :

SAbsorption(“-”) = i h TQdT /OO kJ_ko_ ! 2 ) (26)
mhk 0 0 1+exp @@2T2+ﬂ®2—ﬂﬂ+ﬁik2
2 8 Awyee o2m -
with
W =W — Wy — Wrec — m ((DZ—JJ2) r2. (27)
2h V¢ &

Performing the integration over the transverse momenta k | , performing the change of variable R = rwg+/8m/2
and denoting the detuning A = w — Wy — wyec, We can obtain an expression for Sapsorption (A):

o0
Shimarpion(8) [ dR B In [14 ¢ F)], (25)
0
i¥5} m 2
with F(R,A) = R? + 2 (A + B;;(RQ) — B, where mey = 1 —w? /w2 characterizes the deviation from
Wrec

the magic wavelength case, and where R is only an integration variable.
We follow the exact same procedure for the calculation of [ d®r [ d®k pZ(r,k)d(w — we k), considering the
magic wavelength case where wy = we and mex = 0, and we find :

o0 2
M(A) = W/O AR sy (20)
with F(R, A) which now reads:
F(R,A) = R* + %AQ — Bu. (30)
Integrating Sapsorption(A) and M(A) then gives:
SAbsorption (A) o *?Lir,/z [C exp ( 4Zi AQ)} ; (31)
Lig /o [—C exp (— 425 A2>}
M) = — T (32)
Ligsa | ~Com (-2
where the fugacity is ¢ = ¢®* and Li, (z) denotes the n-th order polylogarithm function of z.
Hence, S(A) becomes:
S(A) o Lis /o {C exp ( 4zic AQH — Liz s [C exp <4Zic AQ)] : (33)

In case the lifetime of the |e) internal state 7 becomes small compared to fz/Q? (by applying sufficient
intensity in the depump laser from the 2!Sy to the 4Py states as presented in the main text), the second term
related to M (w), vanishes and we retrieve the non Pauli-blocked profile as derived in [2] and experimentally
verified in [3] (in that case, the condition 7 — 0 was realized by the fact that the |e) state was expelled from
the dipole trap by a blue-detuned harmonic potential).



Supplementary Note 3: Few-body numerical analysis

In order to verify our modelling, we numerically solved the master equation describing both the coherent
excitation and the decoherence due to the decay to the 1'Sy state. The equation reads:

o6y =~ [Fro(0)] + >3 S (26000~ p(1)C1C — CLCun() (34)

where p(t) represents the density matrix of the system at time ¢, and with the Hamiltonian given in expression
(3) and the collapse operators defined as:

Ch = /Ty 0l e, and C,, = \/Ty !0, (35)
the internal state |0) standing for the 1Sy state and I'y = 1/7. Since we are not interested in collective
effects due to the decay processes, we modelled them as conserving the motional state while flipping the
internal state from |e) to |0). The solution p(t) is numerically calculated using either an exact solving method
[4, 5] or a quantum Monte-Carlo one [6]. From the density matrix, the population of each manifold, |g), |e),
or |0), is extracted according to:

ZTr[ Tinp(t }/N (36)

1 standing for one of these three states and N belng the total number of particles. Due to the computational
time increasing very fast, we limited our analysis to few-atoms systems not exceeding N = 3.

A first thing that we confirmed is that no many-body effects can be observed if only carrier transitions
are allowed and the Fermi gas can be treated as an ensemble of independent particles. In contrast, the
dynamics is modified by the presence of the sideband couplings enabling cross-talk between the particles.
The coherent dynamics exhibits Pauli blocking and can not be obtained by considering independent single-
particles. Supplementary Figure 1 shows an example of such behaviour for different numbers of fermions
in the system. Having more than a single atom results in an enhanced lower state depletion due to Pauli
blockade.
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SUPPLEMENTARY FIGURE 1. Evolution of the population in the 23S; state upon excitation
to the 2'Sy state for a system composed of 1 to 3 fermions obtained by solving the Master
equation. In this example, the initial motional states of the atoms are centered around
n = 100, in the energy range where the Pauli blockade changes the dynamics of the system.

We then simulated line profiles by modelling the Fermi gas as an ensemble of sets of N particles each of
which is weighted by the Fermi-Dirac distribution. The remaining |g) population of each of those is calculated
and added to obtain the total remaining population. The procedure is repeated for different detunings to
simulate a line profile. Supplementary Figure 2.a. shows the results of these simulations with increasing N
from 1 to 3. In our experiment, the Fermi gases are composed of 10° —10¢ atoms, hence we are only interested
in a trend for the linewidth as it is not possible to simulate the full system. The excitation strength increases



with N and the profile narrows as shown in Supplementary Figure 2.b., displaying a similar behaviour as
what we experimentally observe.
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SUPPLEMENTARY FIGURE 2. a. Simulation of line profiles with sets of nearest energy
neighbours ranging from 1 to 3 atoms. b. Extracted FWHM as a function of the number of
atoms. Increasing the number of fermions results in a decrease of the FWHM.

Supplementary Note 4: Averaging of the Rabi frequency

In order to estimate the average Rabi frequency that we use for solving the four level dynamics explained
in the main text, we follow a similar approach as in Ref.[7]. We label the states with two indices, ny and n,
which represent the axial and radial directions respectively. With this notation, excitation light of angular
frequency w = wy + wyec + fwy couples only the sets of internal (electronic) and motional states [23S1)|n /)
and [2'Sg)|n ) + ¢) with a Rabi frequency €, ,.n,+¢ given by the equation (2). The averaged Rabi frequency
is thus given by:

1
<Q> = N Z fFD(n//7nJ-) Qn//,n//-&-éy (37)
TL//,’!LL
with the normalization N = Zn// n, fED(ny,n1), and the Fermi-Dirac distribution given by:

1
1+ e~ ButBhnyw/+Bhniw,

frp(ny,ny) = (38)

Supplementary Note 5: Evaluation of the effective saturation intensity

In addition to the estimation of the broadening induced by the presence of the depumper laser, the results
from the numerical solving of the optical Bloch equations described in the Methods section are also used to
determine the effective saturation intensity of the system. We are interested in the effect of the depumper
laser (which pumps atoms from the 2!Sy to the 4!P; states) onto the remaining population in the 23S;
state which constitutes our observable. Even though the 2'Sy and 4!P; states taken alone would suggest a
saturation intensity of about 2.3mW /cm?, the evolution of the 23S; population is highly dependent on the
dynamics of the intermediate 2'Sy state. The presence of the depumper light thus results in a reduction
of the lifetime of this state, broadening it such that the atoms are ultimately prevented from leaving the
23S, state when the depumper intensity is sufficient. This regime defines the relevant effective saturation
intensity for this cascadated system.

The remaining population in the 23S; state is evaluated as a function of the depumper intensity, I. Even
though the level scheme is not a simple two-level system, the obtained curve shows a clear saturation effect
which is fitted with the following elementary saturation function:

1

Ntriple 1 :1_73
‘ plt( ) 1+I/Isat

(39)
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allowing to extract an effective saturation intensity Iy, ~ 14.7 uW /cm?, as shown in Supplementary Figure
3. The system composed of the combination of the 23S; — 2!Sy and 2'Sy — 4'P; transitions thus saturates
for a much lower intensity than this last one alone.
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SUPPLEMENTARY FIGURE 3. Remaining fraction of the population in the 23S; state versus
intensity of the depumper. The results obtained from numerically solving the optical Bloch
equations are shown as a blue solid line, while the result of a fit to the function (39) is shown
as a green dashed line.

Supplementary Note 6: Comparison of the behaviour of different datasets

As explained in the main text, we varied the intensity of the depumper beam for Fermi gases with different
thermodynamical parameters. To achieve totally different T'/Tg values, we changed the intensity of the ODT
beams. All the datasets we gathered this way exhibit the same behaviour as the one shown in the main
text. Supplementary Figure 4 shows a summary of two additional datasets obtained with different trap
depth than Figure 3 of the main text. The intensity value for which the transition between the two regimes
happens is changed (also compared to the dataset shown in the main text) because of the interplay between
the laser linewidth, the effective lifetime due to the pump to the 4!P; state and the trap frequency. We did
not take these data into account in the main text because it corresponds to an early implementation of the
experimental procedure and the parameters were not well-controlled.
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SUPPLEMENTARY FIGURE 4. Variation of the FWHM as a function of depumper laser
intensity for deeper dipole traps than the data shown in the main text. The errorbars on
these points represent the error on the FWHM obtained from fitting Gaussian profiles to the
measured line profiles. Each of the two datasets were acquired with similar DFGs composed
of 108 atoms at a temperature of 300nK and exhibit the same behaviour as the dataset

shown in the main text.
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