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Tunable Atomic Magnetometer for Detection of Radio-Frequency Magnetic Fields
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We describe an alkali-metal magnetometer for detection of weak magnetic fields in the radio-frequency
(rf) range. High sensitivity is achieved by tuning the Zeeman resonance of alkali atoms to the rf frequency
and partially suppressing spin-exchange collisions in the alkali-metal vapor. We demonstrate magnetic
field sensitivity of 2 fT/Hz'/? at a frequency of 99 kHz with a resonance width of 400 Hz. We also derive
a simple analytic expression for the fundamental limit on the sensitivity of the rf magnetometer and show
that a sensitivity of about 0.01 fT/Hz!'/2 can be achieved in a practical system with a measurement volume

of 200 cm?.
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Detection of radio-frequency (1f) fields in the kilohertz
to gigahertz frequency range finds numerous applications,
from radio communication to detection of NMR and nu-
clear quadrupole resonance (NQR) signals [1] to funda-
mental physics measurements, such as axion searches [2].
Inductive pickup coils, commonly used for tf detection,
become less efficient below about 1 MHz. Alternative
methods of detection with SQUID magnetometers [3]
and Rydberg atoms [4] have been explored. Using a reso-
nantly tuned superconducting coil coupled to a SQUID [5],
magnetic field sensitivity of 0.08 fT/Hz!/2 has been obtain
at 425 kHz [6]. Alkali-metal atomic magnetometers, which
measure the spin precession of optically pumped atoms in a
magnetic field, have comparable sensitivity at frequencies
below 100 Hz [7]. However, all existing atomic magneto-
meters [7—11] have been designed for detection of quasi-
static magnetic fields, and their sensitivity drops at high
frequency as 1/f.

In this Letter, we show that by tuning the Zeeman spin
resonance frequency of the atoms to the rf it is possible to
obtain similarly high sensitivity to the rf fields. Tunable rf
atomic magnetometers open the possibility of detecting
fixed high frequency signals, such as those from nuclear
quadruple resonance. They also allow extension of NMR
signal detection [12,13] to higher frequencies, which sim-
plifies magnetic resonance imaging (MRI) techniques [14]
and reduces environmental magnetic noise and thermal
Johnson noise [15]. We demonstrate a resonantly tuned
alkali-metal magnetometer operating at 99 kHz with a
sensitivity of 2 fT/Hz'/2 to an oscillating field and
1 fT/Hz'/? to a rotating magnetic field. We also derive a
simple analytic expression for the fundamental sensitivity
of the rf magnetometer, including the effects of spin-
projection noise, probe laser photon shot noise, and ac-
Stark shift noise due to fluctuations of the probe laser
polarization. We find that the experimental sensitivity is
close to the fundamental noise limitations. With additional
improvements, such as using two counterpropagating op-
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tical pumping beams and a larger cell, it is possible to
obtain a sensitivity of 0.01 fT/Hz!/2.

The magnetometer (Fig. 1) consists of a cell with potas-
sium atoms placed in a static magnetic field ByZ. A circu-
larly polarized laser optically pumps the atoms along 7. A
weak rf field perpendicular to the static field and tuned to
the Zeeman resonance of the atoms will induce a transverse
rotating component of the spin polarization, which is de-
tected with a probe laser directed along X. For alkali-metal
atoms the Zeeman transition frequency is given by wy =
vBy = g upBy/ 21 + 1)l = 277 X (2.8 MHz/G)B, /(21 +
1), where I is the nuclear spin of the atoms. If the atoms are
nearly completely polarized along Z, their transverse po-
larization created by a resonant oscillating magnetic field
B,J coswyt is equal to [16]

Px = FX/FZ = (1/2)’)’B1T2 Sina)ot. (1)

Hence, the sensitivity is proportional to the transverse spin
relaxation time 7,. While magnetic resonance broadening
due to spin-exchange (SE) collisions can be completely
eliminated at very low magnetic fields [17], at higher fields
it can be only partially suppressed by pumping nearly all
atoms into a fully polarized state [18]. The equilibrium
electron polarization is equal to P, = s.Rop/(Rop + Rsp),
where Rgp is the optical pumping (OP) rate, Rgp is the
electron spin-destruction (SD) rate, and s, is the degree of
circular polarization of the pumping laser. One can take
s, = 1 because in an optically thick vapor the *“wrong”
component of the light polarization is quickly absorbed for
a well collimated pump beam directed parallel to the
magnetic field [19]. The transverse spin relaxation time
in the presence of SE and SD collisions can be calculated
using the formalism developed in [16] and taking into
account partial lifting of the degeneracy between the
Zeeman transition frequencies by the Breit-Rabi equation.
One can show that, for Rop > Rgp, s, = 1, and I = 3/2,
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FIG. 1. Experimental setup of the rf magnetometer. A 3.8 cm
square aluminosilicate glass cell containing 2.5 atm of *He,
60 Torr of N,, and potassium in natural abundance is heated
inside a double wall oven to 190 °C. The K atoms are optically
pumped with a broad area diode laser. The transverse spin
polarization is measured using optical rotation of off-resonant
linearly polarized light with a polarizing beam splitter cube and
two balanced photodetectors. A set of coils inside the shields
creates the bias magnetic field.
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where Rgg is the SE rate and vyp is the ground state
hyperfine splitting. For ¥K with vy = 462 MHz and
density of ~10" cm™3, G(wg, Rsg) = 1/5 for wy =
27 X 1 MHz. As a function of the OP rate 7, has a
maximum equal to

Ty max = (RseRsp/5)”1/2. 4)

For comparison, in the regime of low polarization, T, is
dominated by SE collisions and is equal to T,gg =
(Rgg/8)~!. If spin relaxation is dominated by alkali-metal
collisions, then the maximum linewidth narrowing is given
by the ratio (Sogs/osp)'/?/8 and is equal to 37 for K
atoms with SE cross section ogg = 1.8 X 10714 cm? [20]
and SD cross section agp = 1 X 10718 cm? [21].

We measured experimentally the dependence of the
resonance width and the magnetometer response to an rf
field as a function of the OP rate, as shown in Fig. 2. A fit
based on an exact numerical solution using the density
matrix formalism developed in [16] and including the
effects of polarized light propagation through the cell
[22] closely matches the measured linewidth. An analytic
solution given by Eq. (2) is accurate for large Rqp, includ-
ing the point of minimum linewidth. From the linewidth fit,
we determine Rgr = (10.5 = 0.8) X 10* s7! and Rgp =

1.0
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FIG. 2. Comparison of theory and experiment for the depen-
dence of the Zeeman resonance width (points with error bars)
and rf signal response (open circles) on optical pumping rate.
The solid line shows a fit to a numerical solution of density
matrix equations including effects of light propagation, and the
dashed line shows the width predicted by Eq. (2). The inset
shows the comparison of Zeeman resonances under different
modes of operation: (i) (points) at low pump power and high
magnetic field; (ii) (dashed line) at the same field with an
optimal OP rate; (iii) (solid line) in very low magnetic fields,
when SE broadening is turned off [17].

55+ 5 s~ '. We also measured the width of the Zeeman
resonance as a function of the magnetic field in very low
magnetic fields [17,23], from which we obtained Rgg =
(9.1 £0.2) X 10* s7! and Rgp = 60 = 13 5!, in good
agreement with values determined at high field. We obtain
a linewidth narrowing by a factor of 10, smaller than the
maximum possible factor of 37 for K because of contribu-
tions from buffer gas and wall collisions. In the inset of
Fig. 2 we compare the magnetic resonances with full spin-
exchange broadening, partial narrowing due to high spin
polarization, and complete elimination of spin-exchange
broadening in low magnetic field [17].

In Fig. 3 we show the magnetic field sensitivity of the rf
magnetometer. The narrow peak at 99 kHz is due to an
oscillating rf field of known amplitude applied to calibrate
the sensitivity. The broader peak is due to the ambient mag-
netic field noise as well as fluctuations of the pump and
probe lasers that excite transverse spin polarization. The
sensitivity of the magnetometer is equal to 2 fT/Hz!/2 for
an oscillating field and 1 fT/Hz'/? for a rotating magnetic
field. The width of the noise peak (FWHM = 400 Hz)
gives the bandwidth of the magnetometer. The optical
detection noise in the absence of the pump laser corre-
sponds to 0.7 fT/Hz!/2. Note that thermal Johnson noise,
which limits the performance for dc fields [17], is negli-
gible at higher frequencies. Our preliminary results indi-
cate that the rf magnetometer can operate in a completely
unshielded environment with comparable sensitivity.

The fundamental sensitivity of the magnetometer is
limited by three effects: spin-projection noise, photon
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FIG. 3. The spectrum of the rf magnetometer near 99 kHz. The
sharp peak is due to a calibration rf field and the broader peak is
due to magnetic field and pump laser fluctuations. The magnetic
field sensitivity to an oscillating magnetic field is 2 fT/Hz'/2.
Optical noise measured in the absence of the pump beam (dashed
line) corresponds to 0.7 fT/Hz!/2. Inset: Angular sensitivity 8¢
(circles) in the absence of the pump beam as a function of the
probe laser power compared with the photon shot-noise limit
(solid line).

shot noise, and ac-Stark shifts [24]. The spin-projection
noise arises from the uncertainty relation OF,6F, =
|F.|/2 for noncommuting operators of total angular mo-
mentum [F,, F,] = iF,. Without spin squeezing 6F, =
OF,, and for N atoms the uncertainty is given by o0F, =

JF./2N. After a continuous measurement for a time 7 the
uncertainty (8F,), is given by (6F,), = 6F,[(2/1) [((1 —
7/t)K(7)d7]"/?, where K(7) = exp(—7/T,) is the spin
ensemble time-correlation function [25]. For ¢> T,
(8F), = 8F,(2T,/1)'/2, while for t=T,, (6F,), =
0.868F,. Setting §P™ = (§F,),/F, in Eq. (1) the spin-
projection noise in T, /Hz'/? for t = 1/(2BW) > T, is

equal to
1 8
6Bspn DY e— (5)
v\ F,nVT,

where V is the active measurement volume given by the
intersection of the pump and probe laser beams and 7 is the
density of the alkali-metal atoms.

The transverse spin polarization induced by the rf field
causes optical rotation of the probe beam’s linear polariza-
tion. The polarization is rotated by an angle ¢ [26]:

& = 3 IrecfnP,D(») ©)

where [ is the length of the cell along the probe direction,
r, = 2.8 X 10713 c¢m is the classical electron radius, f =~
1/3 is the typical oscillator strength of the D1 transition,
and the dispersion profile D(v) is given by D(v) = (v —
vo)/[(v — vy)*> + (Av/2)?], where Av is the optical
FWHM and v, is the frequency of the D1 transition. The

polarization rotation angle ¢ is determined from the photo-
currents of the two photodiodes, I, and I,, ¢ =
(I, — I;)/41,. The shot noise in the rotation angle ¢ in
rad/Hz'/? is given by

8¢ = 1/,/20,m, (N

where @, is the flux of the probe beam photons arriving at
the polarimeter and 7 is the photodiode quantum effi-
ciency. In the inset of Fig. 3 we show that our detection
system approaches the photon shot-noise angle sensitivity
at 99 kHz. The excess noise is due to optical interference
effects which convert laser frequency noise to amplitude
noise. Combining Eqgs. (1), (6), and (7) we obtain the
photon shot-noise magnetic field sensitivity

4

8By, = .
Ylr,efnT,D(v),[2®,m

®)

Quantum fluctuations in the polarization of the linearly
polarized probe laser also contribute to the magnetic noise
due to the ac-Stark shift (light shift) [27]. The light shift is
equivalent to a fluctuating magnetic field B™S and is given
by the complex OP rate of the probe laser [18]

rech)prsx/A
Av/2 —i(v — vy’

Rys, + igoupBy®/h = €))
where A is the probe beam cross section and s, is its degree
of circular polarization. The component of BLS corotating
with the spins causes fluctuations that are proportional to
the fluctuating probe polarization per unit bandwidth,

2/ P

which is given for unsqueezed light by 6s, = or

[28]. Hence the magnetic noise due to the light shift is

recfD(v),[2®,,

B, = 1
Isn 8‘)/A ( O)

If the probe beam is detuned far from resonance so that
D(v) = 1/(v — v,), the total magnetic noise can be written
in terms of the optical depth on resonance OD = onl,
where o is the resonance absorption cross section, and the
probe beam OP rate Ry,

_ 1 [A_ROD_ 3
yV/nV\ T, 32 R, ODT?y

In the experiment the intensity and detuning of the probe
laser were optimized to maximize the sensitivity, giving
T, =08 ms and R, =~05ms™!. With n =038, V=
4cm3, 1=2cm, n=74X10"3 cm™3, determined from
the SE rate, and oy = 1.8 X 1073 cm?, determined from
pressure broadening of the absorbtion line, we have OD =
26, and Eq. (11) gives magnetic field sensitivity of
0.11 fT/Hz'/2. The ideal shot noise of the optical rotation
measurements corresponds to a magnetic field of
0.5 fT/Hz'/2, not very far from the theoretical limit.
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In a larger optical cell it is easier to reduce the effects of
buffer gas and wall relaxation. The effect of the probe laser
on the maximum relaxation time 75, = [Rsg(Rsp +
R,)/5]17"/2 can be reduced by sufficient detuning of the
probe laser, and the sensitivity can be optimized by adjust-
ing the OD so that the last two terms in Eq. (11) are equal.
Then the fundamental limit on the sensitivity is set by the
SE and SD cross sections,

2 |o 172 1
5B, =2 v[osgosp/S] <1 n ) (12)
0% % 4/

where v is the mean relative thermal velocity of alkali-
metal collisions. For photodiode efficiency n = 80%, the
total noise of the magnetometer is close to the spin-
projection noise. For a V = 100 cm? cell, the magnetic
field sensitivity for K vapor is equal to 0.01 fT/Hz!/2.

We also performed a detailed numerical simulation of
the magnetometer to estimate other limiting effects, such
as light attenuation, relaxation by the buffer gas, and the
effects of the D2 line in K. In particular, absorption of the
pump laser causes the OP rate to deviate from the optimal
value that maximizes T,. However, using two counterpro-
pagating pump beams it is possible to obtain a nearly
uniform pumping rate since optical pumping light is atte-
nuated approximately linearly in a dense alkali-metal va-
por [22]. From numerical estimates we find that the
sensitivity of 10~!7 T/Hz!/? can be achieved in a practical
system with a cell volume of 200 cm?.

It is interesting to consider whether quantum-
nondemolition (QND) techniques can improve the sensi-
tivity of an rf magnetometer. While previous QND mea-
surements have been demonstrated near zero field [11,29],
it is possible to perform a QND measurement in a rotating
frame by sending short pulses of probe light at frequency
2wy, so the light shift back-reaction noise contributes only
to the out-of-phase component of spin precession. The
probe beam parameters can then be optimized to achieve
exactly spin-projection noise sensitivity given by Eq. (5).
However, this is not a significant improvement compared
to Eq. (12). It is also possible to use QND measurements to
obtain an increase in sensitivity on a time scale much
shorter than 7, [11,24,29] and improve broadband field
measurements. However, an isolated magnetic field tran-
sient would excite a spin precession signal that lasts on the
order of T,, and its detectability would not be significantly
improved by fast sub-shot-noise measurements.

In conclusion, we have demonstrated a tunable rf atomic
magnetometer with a fT-level sensitivity. Atomic rf mag-
netometers appear particularly promising for detection of
NQR signals from explosives. An NQR signal from a small
TNT mine is about 4 {T with a bandwidth of 1 kHz and
cannot be detected with present pickup coil technology
without signal averaging [1]. In contrast, an atomic mag-
netometer such as described here could detect the signal
with signal-to-noise ratio >10. Another promising appli-

cation is the detection of NMR signals and MRI in mod-
erate magnetic fields of 10-100 G without the need for
superconducting magnets or detectors.
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