
Research Article Vol. 30, No. 23 / 7 Nov 2022 / Optics Express 42015

High-sensitivity operation of an unshielded
single cell radio-frequency atomic
magnetometer

HAN YAO, BENJAMIN MADDOX, AND F. RENZONI*

Department of Physics and Astronomy, University College London, Gower Street, London WC1E 6BT, UK
*f.renzoni@ucl.ac.uk

Abstract: Real-world applications of atomic magnetometers require the ability to operate
them with high-sensitivity in the presence of magnetic noise. In the present work, high-
sensitivity operation of unshielded atomic magnetometers in a magnetically noisy environment
is demonstrated. The distinguishing feature of the demonstrated approach is the implementation
of active in-situ bias field stabilization using multiple fluxgate magnetometers. This is combined
with the use of a counter-propagating pump and triple-pass probe configuration, to maximize
the atomic polarization and the probe rotation respectively, so to reach high-sensitivity. The
improvement in sensitivity of the unshielded system with respect to previous realizations is fully
characterized, with the contributions of the different modifications of the apparatus individually
quantified. The presented set-up is suitable for the detection of long-range magnetic fields, where
shielding or differential measurements using multi-sensor set-ups do not constitute viable options.
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1. Introduction

Atomic magnetometers [1] have attracted growing interest due to their demonstrated extreme
sensitivity. Sub-fT/Hz1/2 sensitivity in magnetically shielded environment was demonstrated
[2,3], thus rivalling the best SQUID magnetometers. This has opened the path to a wealth of
applications for shielded atomic magnetometers, from magneto-cardiography (MCG) [4,5] and
magneto-encephalography (MEG) [6] to low-field nuclear magnetic resonance (NMR) [7] and
nuclear quadrupole resonance (NQR) detection [8].

The performances of atomic magnetometers are significantly affected by ambient magnetic
noise. Ambient noise within a certain frequency range may degrade, via nonlinear effects,
measurements of a magnetic field in a different frequency range. This limitation is usually
overcome by operating the atomic magnetometer in a magnetically shielded environment or, in
case of spatially rapidly decaying field, by the use of differential measurements with a multiple
sensor set-up [2,3,9–17]. Here we focus on scenarios, such as active underwater detection
via electromagnetic induction, where shielding is impossible and the long-range nature of
the considered magnetic fields makes the use of differential measurements unsuitable. We
specifically consider radio-frequency atomic magnetometers (RF-AMs) [18], as those used in
active underwater detection [19] and electromagnetic induction imaging [20,21], for which
low-frequency ambient noise degrades the quality of the measurement at higher frequency via the
bias field couplings. We demonstrate that high-sensitivity unshielded operation in the presence
of ambient noise can be reached by the combination of three factors: in-situ active stabilization
of the bias field, counter-propagating pumping and triple-pass probing. Detailed experimental
analysis is carried out for the specific case of a 87Rb radio-frequency magnetometer, and the
contributions of the three different factors leading to improvement in sensitivity are individually
quantified.
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2. RF-AM set-up: general features

This Section introduces the features of the RF-AM common to all the configurations examined in
this work. The core of the atomic magnetometer used in this work is a 25 × 25 × 25 mm3 quartz
vapor cell filled with isotopically enriched 87Rb and 40 Torr of N2 as buffer and quenching gas.
The cell can be heated so to reach a high atomic density, with the help of six heating pads. These
are high-Tg printed circuit boards (PCBs) of copper traces wired in pairs. The pads are driven
with alternating currents at 51 kHz supplied by a full bridge circuit. The cell, the heating pads
and a temperature sensor are enclosed in a 3D-printed high temperature plastic enclosure. The
heater is turned off during the measurements so to prevent generation of additional magnetic
field noise and spurious DC magnetic fields.

Figure 1 illustrates the basic structure of the RF-AM considered in this work. The atomic
sample is polarized by the application of a pair of circularly polarized counter-propagating pump
beams along the z-axis in the presence of a collinear bias magnetic field. The atomic precession
is driven by an RF field provided by a pair of Helmholtz coils symmetrically located with respect
to the cell and having their axis aligned to the y axis. The Helmholtz coil pair is driven by the
reference signal of a lock-in amplifier (LIA, Zurich Instruments HF2LI). The spin precession
is readout by a linearly polarized probe beam along x axis, whose rotation is monitored by a
balanced polarimeter and demodulated by the LIA. We notice here that the angle of polarization
rotation is given by

ϕ =
1
2

arcsin
(︃
I1 − I2
I1 + I2

)︃
≃

1
2

(︃
I1 − I2
I1 + I2

)︃
, (1)

where I1 and I2 indicate the intensities of the orthogonal components of the linear polarized
beam measured by the two channels of the polarimeter. In our single-pumping-single-probe
set up, the optical rotation angle was measured to be 1.23 mrad at 85 ◦C. The measured small
rotations ϕ ≪ 1 validate the use of the approximation in Eq. (1). However, throughout the
manuscript, unless explicitly stated, measurements of I1 − I2 are presented, as directly readout
by the polarimeter. This is because the value of the SNR and thus the sensitivity are directly
generated from this quantity, and a normalization by I1 + I2 would not affect these quantities. The
magnetic field and the pump-probe beams arrangements are described in detail in the following.

Fig. 1. Illustration of the RF-AM (not to scale) indicating the directions of the laser beams
and magnetic fields, and the positions of the fluxgate sensors. The golden arrows show the
polarization of light.
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Throughout the manuscript we will characterize the system by providing the standard figures
of AC sensitivity at a given representative frequency as well as the DC sensitivity.

The DC sensitivity refers to the smallest detectable shift of the bias field and is given by

δBDC =
ℏ

gFµB

Γ
√

RBWSNR
, (2)

where µB is the Bohr magneton, gF is the Landé factor, ℏ is Planck’s constant, RBW is the
resolution bandwidth and Γ is the full width at half maximum (FWHM) of the magnetic resonance.
The SNR is measured as the square root of the ratio between the maximum value of the power
spectrum density (PSD) with the RF field on and the mean value of the noise power spectrum
density with the RF field turned off, which is also referred to as the noise floor. The AC sensitivity
(δBAC) is defined as

δBAC =
BRF

SNR
√

RBW
. (3)

where BRF is the RF field applied for calibration purposes.
We notice that the DC sensitivity is purely reported to be consistent with standard characteri-

zation of magnetometers, and does not imply that the proposed system is to be used for DC field
measurements. This is because the stabilization of the bias field used in this work leads to an
automatic compensation of any additional static field, as specified in the following.

3. Active in-situ stabilization of the bias field

Active stabilization of the bias field has proven to be essential in previous experimental work with
unshielded RF-AMs [20,22]. In all these experimental realizations, the error signal for the active
stabilization was generated with the help of a fluxgate magnetometer placed in close proximity
of the atomic vapor. While this approach significantly increased the stability of the sensor and
improved its sensitivity, residual detrimental effects of the low-frequency ambient magnetic field
remained as the displacement between the atomic vapor and the fluxgate magnetometer does not
allow for an optimal magnetic field compensation in presence of inhomogeneity of the ambient
field. The issue of stabilising the magnetic field at a given location with no access to it can be
addressed by using multiple sensors, as shown in previous work with sets of magneto-resistive
probes [23] and Hall sensors [24] placed outside the exclusion volume defined by the requirements
of the experiment. In the present work, an effectively in-situ cancellation of the magnetic field is
performed by using two fluxgate magnetometers, symmetrically displaced with respect to the
atomic vapor cell. By taking the average of the two values of the magnetic field measured by
the two sensors, a very good approximation of the magnetic field at the centre of the cell can be
derived, and used for the stabilization circuit. This proved to successfully improve the sensitivity
of the atomic magnetometer. The use of two fluxgate magnetometers also allows for an increased
distance from the atomic magnetometer, reducing the detrimental effect of the residual field
generated by the fluxgate magnetometer on the sensor.

In detail, two triaxial fluxgate magnetometers (Stefan-Meyer FLC3-70) were placed sym-
metrically with respect to the vapor cell, along a line orthogonal to the bias field direction, as
shown in Fig. 1. The distance of each fluxgate from the cell centre was 97.5 mm. Only one
axis of the fluxgate was used for the active stabilization, and precisely the axis in the direction
of the bias field. The two outputs of the fluxgate magnetometers were added and used as an
input for the proportional-integral-derivative (PID) controller part of the feedback circuit. The
bandwidth of the feedback loop is determined by the bandwidth of the fluxgate, which is 1 kHz.
Thus, the magnetometer is suited to measure AC fields above 1 kHz, as below this frequency
the compensation system will act to attenuate the magnetic field. We note that with respect to
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previous work [20,22] where triaxial active compensation was used, we found here that active
stabilization along the bias field direction is sufficient for high-sensitivity operation, thus only the
field in that direction is actively stabilized in the set-up described in this work. AC sensitivity is
reported at the frequency of 418 kHz, which was chosen as representative of a noisy band of
the ambient electromagnetic spectrum, and also to allow comparison with previous work [25]
where bias field stabilization was implemented using a single fluxgate magnetometer (Bartington
MAG690-1000) placed along the bias direction next to the oven on the path of the pumping beam
leaving the cell.

Table 1 and Fig. 2 show respectively the sensitivities and the noise spectra for the two
configurations. As shown in Fig. 2, the SNR is measured as the square root of the ratio between
the peak value of the power spectrum density with the RF field turned on and the mean value of
the noise power spectrum density within the range of linewidth when the RF field is turned off.
The measurements were taken under the same conditions, while the PID settings were adjusted
to maximize the SNR separately. The configuration with two fluxgate magnetometers generates a
less noisy spectrum and a narrower magnetic resonance.
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Fig. 2. Comparison of noise spectra taken in different configurations of bias field stabilization.
Both measurements were taken under the same conditions of an operating frequency of 418
kHz, a cell temperature of 108 ◦C, counter-propagating pumping with a total power of 22.4
mW, a single pass probe of 3.9 mW before the cell and a probe frequency detuning of about
4 GHz in the blue of the 87Rb F = 2 → F′ = 3 D2 line transition. The spectra are calibrated
by the same RF field, whose amplitude was determined by measuring the voltage across a
non-inductive resistor connected in series to the RF coil driving the atomic precession.

Table 1. DC and AC sensitivity for different configurations of the bias field stabilization.

Fluxgate HWHM (Hz) SNR δBDC ( fT/Hz1/2) δBAC (fT/Hz1/2)

One MAG690-1000 540 8.04E+05 30.6 41.8

Two FLC3-70 437 8.92E+05 22.3 37.7

Compensation of the ambient magnetic field in the two directions orthogonal to the bias field
was performed by manually varying the current in two additional Helmholtz coils pairs so to
minimize the magnetic resonance frequency. Three additional anti-Helmholtz coil pairs were
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used to cancel magnetic field gradients. The optimal working point was found by monitoring the
magnetic resonance, and minimising its linewidth while varying the currents in anti-Helmholtz
coil pairs along each direction.

4. Counter-propagating pumping

Increasing the density of the atomic vapor is a common approach to increase the sensitivity of an
atomic magnetometer. The fundamental sensitivity of an atomic magnetometer determined by
spin-projection noise can be derived as [1]

δBSNL =
1

γ
√

ntVT2
, (4)

where n is the density of alkali atoms, γ is their gyromagnetic ratio, T2 is the transverse relaxation
time, V is the cell volume and t is the measurement time. The above expression implies that by
increasing the atomic number density in the vapor cell leads to an improvement of the fundamental
sensitivity. However, the high number density of the optically pumped atomic vapor leads to
strong absorption of the pump beam and generates a gradient of the electronic spin polarization of
the atoms. This is a significant issue, as maintaining a large uniform atomic polarization at high
atomic densities is essential for operating the atomic magnetometer at high sensitivity [26,27].

A homogenous spin polarization along the propagation of the pumping beam can be generated
in a straightforward way by saturating the atomic vapor with excess pumping power. However
this approach may induce relaxation. At a certain pumping level the light broadening Γpump
exceeds the transit-time broadening Γtr

Γpump

Γtr
=
Ω2

R/Γ0

Γtr
>1, (5)

and one can observe a decreased sensitivity caused by the pumping effect [28]. Here ΩR is the
Rabi frequency and Γ0 is the natural linewidth of the transition. As there exists an optimum value
of polarization for high sensitivity instead of the saturated one [29,30], over pumping was not
adopted here for a more uniform polarization. Several methods to produce uniform polarization
have been reported, such as hybrid optical pumping via spin-exchange collisions of two different
alkali metal species [31], and optimising the diameter and power of the pump beam with fine
adjustment [26].

At 100 ◦C, the saturated density of the rubidium vapor is estimated to be 6.02× 1012cm−3 [32]
and the optical depth of our cell was measured to be 0.73. In this work the counter-propagating
pumping method [8,33] was adopted to maintain a near-optimal pumping rate throughout the
cell. The optical set-up for the counter-propagating pump beams configuration is shown in Fig. 3.
The pumping beam was expanded to 10 mm in diameter while the probe was expanded to 7 mm
in diameter. The cell was illuminated by two circularly polarized counter-propagating pumping
beams simultaneously, aligned parallel/anti-parallel with the bias field direction. The ellipticity
of the two counter-propagating beams was optimized by using the magnetic resonance. The bias
frequency was increased to 3 MHz where obvious splitting can be observed due to second order
Zeeman effect. Magnetic resonances were monitored when the cell was illuminated by each
beam separately. Fine tuning of the ellipticity of the beams was carried out by ensuring that the
magnetic resonances observed were identical for each single pump beam.

Figure 4 shows the linewidth and amplitude of the magnetic resonance with the bias magnetic
field tuned to 418 kHz as a function of the pumping beam power under single and counter-
propagating pumping separately. The light narrowing effect can be observed both for the single
and counter-propagating pump beam configuration. The minimum linewidth is essentially the
same for both configurations, and obtained for the same total power, while the signal amplitude
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Fig. 3. Optical set-up for the counter-propagating pump beams configuration. AOM:
acousto-optic modulator; HWP: half-wave plate; QWP: quarter-wave plate; LP: linear
polarizer; BD: beam dump; M: mirror; PBS: polarising beam splitter; NPBS: non-polarising
beam splitter.
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Fig. 4. Linewidth and amplitude of the magnetic resonance vs pump power. For a given
AOM level, the total power of the single pump and two-arm counter-propagating pump is
the same, i.e. for the single pump the entire power is sent in the single beam, while for the
counter-propagating pump configuration the power is split evenly between the two beams.
Data are for a cell temperature of 108 ◦C, a blue probe frequency detuning of 4 GHz and a
probe power of 4 mW.
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is larger for the counter-propagating pumping configuration. This indicates a more uniform
larger polarization in the counter-propagating pumping case. For the counter-propagating pump
configuration the detuning of the probe beam was optimized, with a value of about 4 GHz in the
blue of the 87Rb D2 line F = 2 → F′ = 3 resonance found to provide the best sensitivity.

5. Multi-pass probe

To further improve the signal strength of the magnetometer, double-, triple- and four-pass
probe configurations were considered and characterized. In multi-pass configurations the probe
polarization rotation is enhanced by a factor equal to the number of passes, as we verified
experimentally for all considered cases.

The different optical set-ups for these configurations are shown in Fig. 5. A second pass
of the probe beam was introduced by retro-reflecting the beam, with the read-out of the beam
obtained by introducing a NPBS before the vapor cell. For this configuration the maximum
attainable probe beam power decreased from 6 mW to 3 mW. The third and fourth passes were
then generated by additional retro-reflection at a small angles with the first two passes.

(a)

(b) (c)

Fig. 5. Optical set-ups for the double- (a), triple- (b) and four-pass (c) probe configuration
considered in this work. Distances and angles are exaggerated for easier reading. Symbols
are the same as those in Fig. 3.

Unlike the 42-pass Herriot-type multipass rubidium cell reported in [34] that increased the
path length of the probe beam by two orders of magnitude, in this work the multipass probing did
not involve mirrors internal to the vapor cell. Despite the significantly smaller number of passes,
the present configuration still leads to an enhancement of the SNR and is of simple realization.
Additionally, the present configuration does not require to reduce the beam diameter. Thus a
beam filling the entire cell window aperture, of 7 mm diameter, with little beam clipping at the
entrance and exit of the cell could be used, without any reduction in interaction volume with
respect to the single-beam configuration.
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Table 2. DC (δBDC) and AC (δBAC) sensitivities for single-, double-, triple-, and four-pass probe
configurations.a

No. Probe
pass

Pprobe
(mW)

Ppump
(mW)

Dprobe
(mm)

Dpump
(mm)

T
(◦C)

TNDF HWHM
(Hz)

SNR δBDC
(fT/Hz1/2)

δBAC
(fT/Hz1/2)

1
single

6 19.8 7 7 108 1.30% 320 5.01E+05 29.1 67.1

2 3 19.8 7 10 108 1.30% 312 3.34E+05 42.6 101

3
double

3 19.8 7 10 108 1.30% 309 1.83E+05 76.7 183

4 3 19.8 7 10 108 16% 319 9.27E+05 15.7 36.3

5 3 17.2 7 10 108 30% 318 1.00E+06 14.4 33.5

6
triple

3 22.4 7 10 108 100% 268 1.12E+06 10.8 29.9

7 3 28 12.5 13 107 100% 234 1.29E+06 8.28 26.1

8 four 3 35.2 12.5 13 107 100% 288 9.15E+05 14.3 36.7

aThese represent all accessible multi-pass probe configurations given the available probe power. Probe pass represents the
number times that the probe beam traverses the cell. Pprobe and Ppump represent probe and pump power measured before
cell, Dprobe and Dpump represent diameters of the probe and pump beam, TNDF represents the transmission of ND filters
positioned before the polarimeter, T represents the cell temperature. All data are for a frequency of 418 kHz, a sinusoidal
RF field of magnitude of 47.5 nTrms, and uniformity better than 0.05% over the dimension of the vapor cell. For each
considered number of passes, the control parameter whose value was varied in a given line with respect to the previous
one is highlighted in bold. A given variation of a control parameter may require re-optimization of other parameters.

Row 1 to 5 in Table 2 compares the performances of the magnetometer under single and
double pass probe using counter-propagating pumping beams. The SNR and the DC and AC
sensitivities were determined and reported in this table. To avoid the saturation of the differential
photo detector (PDB210A/M, Thorlabs) and the LIA, and absorptive neutral density filters of
different transmissions (Transmissions at 780 nm: NENIR20A, 30%; NE10A, 16%; NE30A,
1.3%, Thorlabs) were added on the polarimeter and listed in the tables.

The probe power was optimized after adding the NPBS. The highest signal to noise ratio was
obtained at the current maximum of 3 mW, with 17.2 mW total power of counter-propagating
pumping, probe detuning of 4 GHz from the 87Rb F = 2 → F′ = 3 D2 line transition, cell
temperature of 108 ◦C and 20 dB attenuation on the polarimeter signal. The following tests
for double pass probe were all carried out at this probe power. First, the probe power was
decreased for the single-pass probe configuration to determine the role of the probe power in the
magnetometer performances. Results reported in rows 1 and 2 of Table 2 show that a decrease
in probe power is detrimental to the magnetometer performances. This should be taken into
account when introducing a second probe pass as the resulting probe power reduction may limit
the increase in SNR expected from the increase in number of passes. The simple addition of
a second pass does not lead to an improvement in performances, in agreement with the above
findings. Indeed, comparing rows 2 and 3 of Table 2, we find that the simple introduction of a
double pass decreased the signal strength while the noise level was unchanged, at variance with
the expected effect of a double pass probe. However, this is due to a decrease in probe power
following the double pass transmission through the cell, and by replacing the ND filter in front of
the polarimeter with one with less absorption, the double pass configuration led to the expected
increase in SNR, as shown in rows 3, 4 and 5 of Table 2.

Additional experiments were performed for a triple-pass probe configuration. A third pass
of the probe beam was added after the double pass and was sent through the cell at a small
angle. This also circumvented the problem of saturation of the polarimeter and avoided using
ND filters. In fact, we verified that the raw polarimeter signal was brought away from saturation
due to the third pass through the vapor cell. The third pass configuration improved further the
magnetometer performances. As shown in row 5 and 6 of Table 2, the sensitivities were further
improved compared with double pass probe at the same conditions of 108 ◦C, 3 mW probe power
and 20 dB signal attenuation.
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Additional cell temperatures were explored for the triple- pass configuration. The results are
shown in Fig. 6 with the pumping power optimized and probe power kept at 3 mW. Increasing
the temperature further to 111.5 ◦C and 115 ◦C decreased the SNR in the current setup.
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Fig. 6. Linewidth and SNR (left), and sensitivities (right) for the triple-pass probe
configuration as a function of the temperature. The left panel contains the measured
quantities needed to calculate the sensitivities, and the right panel containes the derived
sensitivities.

An additional improvement in sensitivity for the triple- pass configuration was obtained by
increasing the pump and probe beams size, as shown in row 7 in Table 2. A four-pass probe
configuration was also considered and characterized. However, it was found that use of the
four-pass probe led to a degradation of sensitivity, as shown in row 8 of Table 2. This due to
limitations in the maximum available power, so that after three passes there is not enough probe
power available for an efficient additional pass.

6. Characterization of the triple probe pass configuration

Overall, the best performances in terms of sensitivity remained the ones for a triple-pass probe
configuration. The conditions for the optimal configuration are specified in row 7 in Table 2,
with the pumping beam and the probe beam expanded to a diameter of 13 mm and 12.5 mm,
respectively. Noise spectra measurements were performed at the frequency of 418 kHz, 107 ◦C,
3 mW probe power and 20 dB signal attenuation after adjusting the gradient compensation coils,
with results shown in Fig. 7. From our measurements we derived a DC sensitivity improved to
8.3 fT/Hz1/2, and an AC sensitivity of 26 fT/Hz1/2.

The above performances in terms of sensitivity correspond to a three-fold improvement
with respect to the initial configuration of single-pump and single-probe RF-AM without in-
situ compensation. The demonstrated configuration is of interest for long-range detection of
low-frequency fields, with potential application in underwater/underground surveillance and
underwater communication. Further improvements are expected by using a larger number of
fluxgate sensors, so to improve the in-situ compensation, and by increasing the available probe
power, so to allow the implementation of a larger number of probe passes.
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Fig. 7. Signal and noise spectrum of the triple-pass probe configuration measured with a
pumping beam diameter of 13 mm, a probe beam diameter of 12.5 mm, a cell temperature of
107 ◦C and probe power of 3 mW. The signal spectrum was measured with RF field turned
on while the noise spectrum was measured with the RF field off.

7. Conclusions

In conclusion, this work presented an experimental approach to improve the performances of
an unshielded single-cell radio-frequency atomic magnetometer operating in a magnetically
noisy environment. We demonstrated and quantified improvement in the sensitivity of the
magnetometer by sequentially introducing the following modifications in the set-up: in-situ active
cancellation of low-frequency magnetic noise, counter-propagating pumping, double- and triple-
pass probe. The best performance was recorded for the configuration with counter-propagating
pumping, a triple- pass probe and in-situ active compensation of the low-frequency magnetic field.
For this configuration, a detailed optimization of the experimental parameters was performed,
which led to an improvement in sensitivity of over a factor of three with respect to our previous
single-cell single-pump magnetometer at a similar frequency, without in-situ cancellation of
low-frequency magnetic noise [25].

The present work is of interest for those applications, such as the high-sensitivity detection of
long-range oscillating magnetic field, where shielding or the use of gradiometers do not constitute
viable options. Pathways to further improvements in performances of the RF-AM were identified.
Funding. Engineering and Physical Sciences Research Council (EP/R511638/1).
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