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The use of atoms, molecules, and free electrons in quantum amplifiers has greatly
advanced precision measurements, paving the way for the development of extremely-
low-noise quantum devices such as masers and lasers. Here, we investigate the signal
amplification of interacting spins and observe the amplification of magnetic fields using
mixtures of interacting alkali-metal and noble gases. In contrast to noninteracting
systems used as amplifiers, we demonstrate that interactions resulting from random
atomic collisions give rise to two distinct amplification phenomena. These phenomena
provide essential resources for enhancing quantum sensing capabilities. Our results
show that magnetic fields can be amplified by at least two orders of magnitude,
enhancing magnetic sensitivity to the femtotesla per root hertz level. Additionally, we
report a counterpart phenomenon, deamplification, where the magnetic noise response
is suppressed by at least one order of magnitude within certain frequency regimes. In
this work alkali-metal and noble-gas spins are weakly coupled. We further explore
how the performance of amplification changes with the interaction strength as the two
spin gases gradually enter the strong-coupling regime, unveiling hitherto unexplored
amplification effects that hold promise for enhancing precision measurements.

quantum amplification | interacting spins | noble gas | alkali metal

Precision measurements of electromagnetic fields hold key importance in modern science
and technology. Remarkable advances have been witnessed in the amplification of
electromagnetic fields through the use of physical systems such as atoms, molecules,
and free electrons as signal amplifiers (1-6). These groundbreaking achievements have
enabled the amplification of electromagnetic fields with unprecedentedly low noise,
facilitating diverse applications (4-10), such as deep-space communication receivers,
radar systems, medical imaging, atomic clocks, and tests of fundamental symmetries.
Various amplification technologies based on physical systems have driven the forefront
of quantum electronics. For example, masers amplify microwaves in the frequency range
of 108 to 10" Hz (7-10). Similarly, lasers, which operate at higher frequencies, are
crucial for applications in the visible light range of 10 to 10! Hz (6, 11). Recently,
free-electron lasers have extended measurement capabilities to ultraviolet and X-rays,
covering frequencies up to 10'° to 10'7 Hz (4). Despite these significant achievements,
the discovery of additional amplification systems remains a long-term research goal. This
endeavor aims to advance in at least two key areas: improving amplifier performance-
such as enhancing gain, widening bandwidth, and optimizing other critical metrics-
and expanding the measurement frequency range of electromagnetic fields, including
extremely low frequencies.

In this study, we investigate signal amplification with interacting atomic gases and
demonstrate the amplification of magnetic fields using mixtures of interacting alkali-
metal and noble-gas spin gases. The alkali metal is optically accessible, while the noble
gas is long-lived but lacks optical transitions from the ground state. These atoms
frequently engage in spin-exchange collision interactions with each other (12). Our
study aims to address two key questions: 1) How do atomic interactions affect the
electromagnetic response of spin gases? 2) What physical parameters of interacting
systems are linked to signal amplification? By employing a spin mixture comprising
alkali metals and noble gases undergoing random collision-induced interactions, we
reveal that these interactions critically determine the magnetic field response, resulting in
two distinct effects: amplification and deamplification. In the amplification regime,
our experiments show that magnetic-field amplification can exceed two orders of
magnitude. Consequently, we design an atomic amplifier with a remarkable sensitivity
of 3.5 fT/Hz'/? at low frequencies below 100 Hz. Additionally, we present a counterpart
device, the deamplifier, which is capable of suppressing magnetic noise by more than
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10 times within certain frequency regimes. We further explore the
amplification effects when alkali-metal and noble-gas spins enter
a strongly interacting regime, uncovering previously unexplored
amplification phenomena that hold promise as valuable resources
for metrology. Our findings present exciting opportunities in
the realm of precision measurements ranging from geophysics
exploration to dark matter searches (13-17).

Results and Discussion

The experiments are carried out in a vapor cell that contains
87Rb and 129 Xe gases-one that is optically accessible and another
that is long-lived (Fig. LA) (SI Appendix, Experimental setup).
These two atomic gases interact with each other through Fermi-
contact spin-exchange collisions (12). Although the collisions
are random, they can be divided into incoherent and coherent
collision processes (18, 19). The optically inaccessible '27Xe
spins are polarized along z through incoherent collisions with
optically polarized 8Rb atoms (12, 20). The coherent part of
the random collisions leads to an interaction between the two
spins, where alkali-metal spins experience an additional effective
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Fig. 1. Principle of signal amplification using interacting atomic spin gases.
(A) Experimental setup. The key element is a 0.5cm3 vapor cell containing
20torr 129e, 250torr Ny, and a droplet of isotopically enriched 87Rb. 129%e
spins are polarized and coupled with 87Rb by Fermi-contact collisions. 87Rb
atoms are polarized with a circularly polarized pump laser light tuned to
the D1 line and probed with a linearly polarized probe laser light detuned
to higher frequencies by about 100 GHz from the D2 line. PEM, photoelastic
modulator; 1/4, quarter-wave Plate; PD, photodiode; and LP, linear polarizer.
(B and C) Magnetic responses of individual alkali metals and noble gases,
respectively. The individual Rb system provides a symmetric response profile
with a broad resonance linewidth 'y /27 ~ 1.6 kHz (red line), while the 129Xe
response profile features a narrower linewidth of I'y /27 ~ 1.2 mHz (blue line).
(D) Response altered by the interactions. The coupled alkali-noble-gas spins
can be seen as two coupled harmonic oscillators. In the interacting 8/Rb
to 129Xe system, apart from the symmetric response component, there is
also an asymmetric Fano profile near the 29Xe resonance frequency. In the
vicinity of the 129Xe resonance frequency, a notable response amplification
and deamplification phenomena occur as a result of interaction-induced
interference.
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magnetic field AM?(¢) and noble-gas nuclear spins experience
AM?(z) as well. Here, A = 8rko/3 and kxp ~ 540 is the
Fermi-contact enhancement factor for 8 Rb and 2?Xe (12, 20).
To make the coherent dynamics of the two spin gases more
intuitive, we use the Holstein-Primakoff transformation, i.e.,

b= (MI+iM?) [/ 21aME and b = (ML+iM?) /[ 27,M? 21).
The external measured field is assumed to be so weak that the
excited transverse field M7 and ]\/Iy‘Z satisfy M7, 1\4}7 <L MZ. In
the interacting atomic gases, we show that the spin excitations

2 and b are coupled with each other and their dynamics can be
modeled by ref. 18, ST Appendix, Interacting spin gases

a _ o+, -/ a ha
(i) = (5" ) ()¢ () w

where @, = y,(B; + ﬂMzb) and w, = y,(B; + AMY) denotes
the Larmor frequency of the alkali-metal spin and noble-gas
spin, respectively. Here, y,, are gyromagnetic ratios and T',;

are decoherence rates. Importantly, the excitations z and & have a

bidirectional interaction described with J = A,/ vy, M2MP? (18).

In our experiment, the Rb to 2?Xe bidirectional interaction
is measured to be approximately //27z &~ 4.8 Hz. With the
optimizations discussed below, this interaction J can potentially
be increased to over 100 Hz. The last term with 4, ; represents the
excitations induced by the measured field (S7 Appendix, Interact-
ing spin gases), such as normal magnetic field and pseudomagnetic
field from inertial rotation or hypothetical particles beyond the
standard model. The signal response of interacting atomic gases
is acquired by measuring the excitation of alkali metals 2 through
optical probing of the alkali metal (Fig. 14) (22, 23).

Bidirectional interaction between two spin gases produces an
interference between alkali-metal and noble-gas spin responses.
This is depicted in Fig. 1 B and C, Rb spins exhibit a broad
magnetic resonance line (', /27 ~ 1.6 kHz), while 129X e nuclear
spins possess a narrower resonance line (I'y /27 &~ 1.2 mHz). Asa
consequence of their distinct resonance lines, the 12?Xe response
phase exhibits a 7 jump at its resonance and, by contrast, the %’ Rb
response phase varies slowly. When compared to the response
of pure alkali-metal spins, regarded as the magnitude of the
calibrated magnetic field signal, the interference between 8Rb
and 1?7Xe spin excitations arises due to the coupling between
these spins and further results in an asymmetric response profile
of 8’Rb near the '2?Xe resonance frequency (Fig. 1D).

We show that the power spectrum of the asymmetric signal
response can be well described as a Fano profile (87 Appendix,
Fano resonance)

O Lm0, 2)

Fle) = o
(€) e

where ¢ = (0 — 55)/13 = 2x(v — Vb)/Fg, @, and Ty is the
dressed '29Xe Larmor frequency and the rate of decoherence
due to the bidirectional 8 Rb to 12?Xe interaction (see Discussion
below). Here, g denotes the Fano parameter, which affects the
symmetry of the profile. The first term in Eq.2 is asymmetric
when the Fano parameter ¢ is nonzero, where the profile shape
reverses when the sign of ¢ changes. When ¢ is close to
zero, the profile becomes symmetric. The factor <7(€) is the
individual 8’ Rb response to the oscillating field, characterized by
a symmetric profile (SI Appendix, Fano resonance) and the factor
(g9 + €)?/(1 + €?) only depends on noble gas. It is noteworthy
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that the first part of the total response F(¢) can be described as
a product of these two factors, which quantitatively characterizes
the interference between interacting alkali-metal and noble-gas
spins. The factor %(e) is the noninterference term, which
depends on both alkali metal and noble gas. #(¢) is relatively
symmetric compared to the factor (¢ + €)?/(1 + €?). As the
background of the profile, its amplitude relative to the first
term significantly affects the symmetry characteristics of the
profile (S] Appendix, Fano resonance). Consequently, two distinct
amplification phenomena emerge. Constructive interference at
€ = 0, which corresponds to signal enhancement that reaches a
maximum amplitude of &|g|.%7 /2 (). We find the amplification
factor of the signal amplitude is |g|. Destructive interference at
€ = —g, which corresponds to signal suppression. These phe-
nomena are referred to as “amplification” and “deamplification,”
respectively.

In our experiments, we verify the aforementioned asym-
metric Fano resonance and the corresponding amplifica-
tion/deamplification phenomena. As an example, the external
magnetic field is set as B, ~ —8.59mG, corresponding to
/2 ~ 10.11 Hz. We apply an oscillating test field along
y and sweep its oscillation frequency around @, and record the
frequency-response signal. The measurement duration of each
point in our experiment is 180 s. Fig. 24 shows the experimental
data, where each curve exhibits an asymmetric profile. Here, the
response of individual 8’ Rb atoms is flat near the '2?Xe resonance
frequency and can therefore be taken as the normalization
amplitude. Taking the dark-blue line as an example, when the
oscillation frequency v is near v, &~ 10.11 Hz (corresponding
to € &~ 0), the magnetic-field response amplitude [i.e., the
square root of the power F(€)] is greatly enhanced by a factor of
lg] ~524. While at about 8.05 Hz (corresponding to € ~ —g),
the magnetic-field response is suppressed by at least one order of
magnitude.

The Fano parameter g reflects the magnitude of the interaction
between the discrete state '2?Xe and the continuous state Rb in
the interacting gases. Since our system reads out the 8Rb spins
optically, the Fano parameter indicates the enhancement effect
of 129Xe on the #Rb response, particularly the amplification at
the resonance frequency. The Fano parameter ¢4 can be derived

as (SI Appendix, Signal amplification),

y;,Ale’
ZFb

q~ , (3]

and its absolute value |g| represents the amplification factor.
This amplification relies on two factors: the decoherence rate
Fb of 129Xe, which is six orders of magnitude smaller than Rb,
and the magnitude of the effective field exerted by '*Xe on
87Rb. This effective field is proportional to the number density
and polarization of the noble gas, given a specific Fermi contact
enhancement factor for the spins. Furthermore, we can also
change the effective field at the 1?°Xe resonant frequency by
applying a z-direction AC field B, cos @,t. The effective field

is modulated as ﬂMZb/ = AMZb/OZ(nBﬂ/a)M), where ¢ is the
Bessel function of the first kind of order zero (SI Appendix, Fano
parameter modification). Fig. 2B provides a magnified view of
the amplification regime in Fig. 24, illustrating the amplification

behavior for different values of ¢ ~ y,AM, Z!’ ' /2T,

As a counterpart to amplification, deamplification with a
minimum response occurs at € & —g, according to Eq. 2. Fig. 2C
shows that the frequency of maximum deamplification shifts Av
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Fig. 2. Demonstration of signal amplification and deamplification. (A)
Response profile as a function of the frequency of y-directed measured field.
B; is set to about —8.59 mG as an example. The response at 80 Hz is taken as
the normalization amplitude. The data are well fit with theoretical Fano profile
with Fano parameter g, which is modified by applying a periodic magnetic
field (SI Appendix, Fano parameter modification). For each profile, there exists
an amplification regime with large response above one and a deamplification
regime with response below one. (B) Amplification with varying Fano param-
eters g (Partial enlarged view of Fig. 24). (C) Deamplification with respect to
Fano parameter. The deamplification frequency is linearly dependent on the
Fano parameter with the slope of 0.004 (see text).

from the '2?Xe resonance linearly with the Fano parameter g,
ie, Av=v —V, ~ g-0.004 Hz. A theoretical derivation gives
Av = qu /27 (SI Appendix, Signal amplification). Consequently,
the fit to the data gives ', ~ [40s]~!, whichisin good agreement
with independent measurements of the '2?Xe spin-decoherence
rate. As discussed below, although the magnetic responsivity
deteriorates in the deamplification regime, this approach is well
suited for suppressing environmental magnetic noise by at least
one order of magnitude.

The amplification and deamplification depend on the noble-
gas decoherence rate I'y. We show below that the bidirectional
interaction and the external magnetic field can modify this rate.
By diagonalizing the matrix in Eq.1, we obtain the dressed
Larmor frequencies @,; and decoherence rates I:a,b of the
interacting spins (SI Appendix, Interacting spin gases):

By + Ly = 0w +iy£/J>+12, [4]

where wg = (w, + wp)/2, y = T, +Tp)/2and T = 6 + if
withé = (w,—wy)/2, f = (T, —T4)/2. We show that the joint
action of the magnetic Zeeman interaction and the alkali—noble-
gas bidirectional interaction dresses their Larmor frequencies and
decoherence rates. In the following, we focus on the decoherence
rate Ty of '2Xe spins. According to Eq.4, the noble-gas

decoherence rateis Ty, = y —Im [/2+(6+ iﬁ)z]l/z. As shown
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Fig. 3. Signal response modified with an external magnetic field. (4) 129Xe coherence time as a function of external magnetic field. The 29Xe decoherence rate

reaches a maximum T, ~ [285]~" at B, ~ —3mG and reaches a minimum [, ~

[130s]71 at B,

~ £70mG. After increasing external field, the coherence time

decreases due to magnetic field gradient. The solid line is the theoretical fit with our built noble-gas decoherence model. Based on our analysis (S/ Appendix,
Noble-gas spin decoherence model), the magnetic field inhomogeneity is estimated to be about 0.04%. The dashed line represents the 129Xe decoherence after
numerically correcting the magnetic field gradient. (B and C) Response profiles for x, y-direction oscillating fields under different bias fields.

in the Appendix, the maximum of I’ can be theoretically given
by calculating the extreme value of I'y. In our 87Rb to 129Xe
experiment, we observe that //f satisfies //f ~ 6 X 1073 « 1,
indicating that the alkali-noble-gas interaction strength is sig-
nificantly smaller than the alkali-metal decoherence rate. This
is commonly referred to as the weak coupling regime. In this
regime, F/, reaches a maximum F/, ~T,+J2/2p at 6 = 0,
where the electron and nuclear spin precession frequencies are
nearly matched. Here, § = 0 corresponds to the external field
B, = AysM® — y.M2)/(ya — 1) ~ —AM?. As shown in
Fig. 34, the experlmental decoherence rate reaches a maximum
[, ~ [285]! when the external applied field is B, & —3 mG.
These observations agree well with our theoretical analysis.

The '?9Xe decoherence rate decreases rapidly as B, deviates
from —AMZ;’ . At a bias field of B, ~ £70 mG, the decoherence
rate reaches a minimum I, ~ (130 s] 7!
coherence time (the reciprocal of I'y) from 28s to 1305 is an
important effect that should not be overlooked, even in the weak
coupling regime. This observation underscores the importance
of carefully setting the external magnetic field strength in
precision measurement experiments that aim for extended noble-
gas coherence times, such as comagnetometers (24, 25) and
nuclear gyroscopes (26). Specifically, it is essential to decouple
~ —iMzb . Further
increases in B, lead to a decrease in the '2?Xe coherence time due
to the inhomogeneity of the B, field. We numer}igally correct the
gradient effects and obtain the decoherence rate I'y, (S Appendix,
Noble-gas spin decoherence model), represented by the dashed
curve in Fig. 34. We note that the decoherence rate could be
restored to that of uncoupled '2?Xe spins, i.c., I, & I, at the
bias field larger than about 70 mG.

The deamplification depends on the external magnetic field.
As shown in Fig. 3B, the response profile for the measured field
along y gradually becomes symmetric as B, increases. The reason
for this phenomenon is that the influence of the noninterference
term Z(e) in the Fano formula cannot be ignored. As a
symmetric background, it conceals the asymmetric features of
the Fano resonance profile. In contrast, using the same method

. This increase in

the two spin gases by deviating from B,
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described above, we observe significant deamplification when an
x-direction oscillating field is applied at large B, for example,
B, ~ £150mG in our experiment (Fig. 3C). The magnetic
responsivity is enhanced by a factor over 200 in the amplification
regime and suppressed by a factor over 10 in the deamplification
regime. It is worth noting that the Fano profile (for example, with
B, ~ £150 mG) is reversed in Fig. 3C due to the sign change of
the Fano parameter ¢ depending on the direction of the bias field.
A theoretical explanation of the aforementioned phenomena is
provided in the Appendix.

Summary and Outlook

The amplifier we developed, which can amplify magnetic fields
below 100 Hz with exceptionally low noise, serves as a highly
sensitive magnetometer. As shown in Fig. 44, the magnetic
1/2 3¢ the

129%e Larmor frequency. This represents an improvement of
more than two orders of magnitude over the photon-shot
noise of the Rb probe laser. This technique opens up several
intriguing applications. For example, the amplifier can serve
as an ideal receiver for deep-sea communications. At hertz
frequencies, electromagnetic fields exhibit strong diffraction
and penetration capabilities, ensuring signal integrity over long
distances (27). Using '2°Xe amplifiers as receivers may extend
subsea communication ranges to tens or even hundreds of meters
below sea level. Our work can also be applied to measure Schu-
mann waves (13, 28), which are characterized by an oscillation
frequency of approximately 7.83 Hz and its harmonics, origi-
nating from the resonance between the Earth’s surface and the
ionosphere. Unlike previous Schumann-resonance detectors such
as SQUID magnetometers (28, 29), our approach could provide
more sensitive sensors for capturing higher-order harmonics,
thereby enriching our understanding of the Earth and its
surrounding atmospheric conditions.

Our work introduces a quantum-sensing technique for
measuring pseudomagnetic fields. A significant application of this
technique is in the search for hypothetical particles beyond the
standard model (30-32) such as ultralight axions or dark photons,

sensitivity is improved to approximately 3.5 fT/Hz
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which are also well-motivated dark matter candidates. These
particles can couple with standard-model particles (for example,
to nuclei interacting with their spins) (33, 34) or act as force
mediators to induce exotic interactions between two standard-
model particles (16, 35). As a result, these particles generate
an oscillating pseudomagnetic field on the spins. Here, the
hypothetical particles are assumed to couple with only one of the
alkali-metal and noble-gas spins. The amplifier presented in this
work can in effect convert the pseudomagnetic field into an ef-
fective magnetic field that can be measured (S7 Appendix, Normal
and pseudomagnetic response). For example, the pseudomagnetic
field on noble-gas spins can be effectively magnified by almost
three orders of magnitude, achieving a sensitivity of 3.5 fT/Hz!/?
(Fig.4B). With our current experimental parameters, the
sensitivity in searching for axions and dark photons could surpass
the most stringent astrophysical constraints obtained from the
supernova SN1987A cooling (36, 37). On the other hand, when
magnetic noise is the dominant factor, it is preferable to choose
the deamplification operation rather than amplification. In this
scenario, the system’s response to the pseudomagnetic field
does not undergo destructive interference and its sensitivity is
equal to the alkali-metal sensitivity (S Appendix, Normal and
pseudomagnetic response). In our experiment, this sensitivity is
about 1 pT/Hz!/2 with 8 Rb to 129 Xe system (Fig. 44). However,
using the K->He system may further improve this sensitivity, as
the K magnetometer has already demonstrated sub-fT/Hz!/2-
level sensitivity, typically limited by magnetic noise from
magnetic shields (22, 23). Consequently, deamplification can
potentially overcome the magnetic noise limit, achieving sub-fT/
Hz!/2-level sensitivity for pseudomagnetic field measurements.
The aforementioned experiments are confined to scenarios
where the alkali-metal and noble-gas spins are weakly coupled,
specifically with //f# &~ 6 x 1072. In this regime, the interaction
strength between alkali-metal and noble-gas spins is significantly
smaller than the decoherence rate of the alkali-metal spins. This
weak interaction imposes constraints on quantum sensing, such
as limiting the measurement bandwidth of our amplifier, i.e.,
I'y/27 ~ 5.7 mHz. We further investigate how the performance
of amplification evolves as the interaction strength increases
and the two spin gases enter into the strong-coupling regime,
unveiling previously unexplored amplification effects that are
beneficial to precision measurements. In particular, we find that

A 10

Magnetic field

10"

amp.

10°

107}

Magnetic sensitivity (pT/Hz'?)
de-amp.

0 10 20 30
Frequency (Hz)

much broader amplification bandwidths are achievable with
strong bidirectional interactions. To illustrate this, we discuss
how the decoherence of noble gas changes as the interaction
between alkali-metal and noble gases increases. When setting the
detuning 6 = 0, the noble gas decoherence rate [} is determined

by (see Eq. 4)

Ty =y = plm((J/)* = 1], [5]
which directly determines the measurement bandwidth. By
increasing the interaction / until reaching //f = 1, the

decoherence rate I'y can attain a maximum of I', = y ~T',/2
(SI Appendix, Interacting spin gases), allowing the measurement
bandwidth to be half that of alkali-metal spins. Notably, further
increasing / beyond //f = 1 does not lead to additional
improvements in the measurement bandwidth I, because, when
J/B > 1, Iml(J/p)* —1]'/2 = 0.

Unfortunately, achieving //f = 1 remains unattainable in
our 8’Rb to 129Xe system because of the alkali-spin relaxation in
collisions with xenon. As presented in the Appendix, we estimate
the interaction strengths of existing pairs of alkali-metal and
noble gases (SI Appendix, Interaction strength of existing interacting
atomic gases). Our analysis indicates that one promising approach
to achieving //f > 1 is using the K->He system, which has a spin-
destruction cross-section five orders of magnitude smaller than
that of the 8 Rb to 129 Xe system. Consequently, the decoherence
rate I, & 2 of K spins can be significantly reduced. In fact,
J/B =~ 10 has already been successfully demonstrated in the
K-3He system (19). By further increasing the atomic number
density of K and the pressure of 3He (19, 38), it is anticipated
that achieving //f > 100 should be possible.

Although we have shown that increasing //f beyond unity
does not help to improve the bandwidth, we next show that
it can enhance the magnetic amplification factor. According to
SI Appendix, Signal amplification, the magnetic amplification in
the strong-coupling regime |q| ~ (y,AM? + /J? — £2)/T,
indicating that improvements in bandwidth would inevitably
deteriorate the amplification. Fortunately, entering the strong-
coupling regime (//f > 1) does not continue to increase Iy,
thereby preventing a reduction in ¢. Instead, we can focus
solely on increasing / by raising the effective field AM? of the
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Fig. 4. Enhanced sensing assisted with amplification and deamplification. (A and B), the sensitivity to normal magnetic field and pseudomagnetic field (see text).
The frequency of amplification and deamplification point is 10.11 Hz and 8.05 Hz, respectively. At the amplification point, the achieved normal magnetic-field
sensitivity and the theoretical pseudomagnetic sensitivity is about 3.5 fT/Hz!/2. At the deamplification point, the normal magnetic field is suppressed resulting
in a deteriorated sensitivity, while the pseudomagnetic sensitivity is equal to the alkali-metal sensitivity that is about 1 pT/Hz'/2.
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noble gas to improve the amplification factor 4. We estimate
the potential amplification factor |g| in strong-coupling regime.
Specifically, we consider a K->He vapor cell with *He pressure
exceeding 10 atm and spin polarization reaching up to 85% (38).
When operating above 230 °C, the system is expected to reach
J/B ~ 100 with AM? ~ 100mG and T',/27 ~ 5Hz. As a
result, an amplification factor of |g| 2 100 is expected. Although
the amplification in this regime is smaller than that in the weak
coupling regime, it offers the unique advantage of realizing
an atomic amplifier with both high bandwidth and a high
amplification factor. Furthermore, when 6 is zero, alkali metals
experience a near-zero magnetic field, allowing operation within
the spin-exchange relaxation-free (SERF) regime (22), potentially
enabling their magnetic sensitivity to reach the sub-femtotesla per
root hertz level. Combined with the aforementioned benefits, our
results point to the potential for an unexplored type of quantum
amplifiers with interacting spin gases. These amplifiers offer
enhanced sensing amplification and bandwidth, with a potential
sensitivity (including the amplification factor) on the order of
10aT/Hz'/? under practical experimental conditions.

We would like to emphasize the main differences between our
work and previous studies. Our work explores the bidirectional
interaction between interacting alkali and noble atomic gases
and reveals distinct amplification mechanisms absent in previous
work, which assumed unidirectional interactions. This unidirec-
tional interaction only considers the influence of noble gases on
alkali metals, which simplifies the process of solving the coupled
Bloch equations. Below, we highlight three key advancements
enabled by bidirectional coupling. First, our work reveals that
the Fano resonance effect originates from the bidirectional
interaction and establishes a unified theory that encompasses
both amplification and deamplification phenomena. In contrast,
previous works (39-41) provided a phenomenological interpre-
tation of the Fano profile and cannot predict key parameters
like the Fano parameter and the deamplification point. Second,
our work demonstrates the backaction of alkali metals on noble
gases, which modifies the spin decoherence of noble gases and
consequently influences the amplification mechanism. This effect
remains significant even at weak interaction strengths, which is
overlooked in earlier works (41—43) due to the unidirectional
assumption. Third, our work extends the amplification mech-
anism to the strong-coupling regime, where the interaction
strength exceeds the spin decoherence rates. Unlike previous
works (42, 43), which were unable to address this regime, our
work predicts several new effects. For example, we show there
exists a significant enhancement in the frequency bandwidth
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of noble-gas amplification and provide a detailed discussion of
the amplification mechanism under strong interaction regime.
In addition, compared to traditional self-compensated comagne-
tometers (44, 45), which focus on the magnetic field response
near the self-compensation point for near-DC fields, our work
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In summary, we demonstrate two distinct effects-amplification
and deamplification-in interacting alkali-metal and noble-gas
systems. Unlike previous magnetometers such as SERF (22),
coherent population trapping (46), and nonlinear magneto
optical rotation (47) magnetometers, which rely on the coherence
within single-species atoms, the present approach leverages the
interaction between different spin gases to work coherently,
thus unlocking new potential for enhancing quantum sensing.
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