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Diamond quantum magnetometer with dc sensitivity of sub-10 pT Hz −1/2
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We present a sensitive diamond quantum sensor with a magnetic field sensitivity of 9.4 ± 0.1 pT/
√

Hz
in a near-dc frequency range of 5 to 100 Hz. This sensor is based on the continuous-wave optically
detected magnetic resonance of an ensemble of nitrogen-vacancy centers along the [111] direction in a
diamond (111) single crystal. The long T∗

2 ∼ 2 µs in our diamond and the reduced intensity noise in
laser-induced fluorescence result in remarkable sensitivity among diamond quantum sensors. Based on an
Allan-deviation analysis, we demonstrate that a subpicotesla field of 0.3 pT is detectable by interrogat-
ing the magnetic field for a few thousand seconds. The sensor head is compatible with various practical
applications and allows a minimum measurement distance of about 1 mm from the sensing region. The
proposed sensor facilitates the practical application of diamond quantum sensors. The sensitivity presented
is realized without a magnetic flux concentrator, so that a sensitivity of tens of fT/

√
Hz can be achievable

by using a flux concentrator.

DOI: 10.1103/PhysRevApplied.21.064010

I. INTRODUCTION

The biomedical applications of quantum sensors have
been studied for over a decade [1]. The realization of mag-
netoencephalography (MEG) under ambient conditions is
a major goal (conventional MEG requires a magnetically
shielded room). In addition to clinical diagnosis [2–5],
ambient-condition MEG can be used for daily diagnosis,
brain-machine interfaces [6,7], and fundamental research
on brain function [8–12]. A quantum magnetometer that
uses nitrogen-vacancy (N-V) centers in diamond is a candi-
date for realizing ambient-condition MEG given that it can
be operated with high sensitivity at room temperature in an
ambient magnetic field [13–22]. A spatial resolution on the
millimeter scale or below, far better than the centimeter-
scale resolution of conventional MEG [4], is expected for
a diamond quantum magnetometer [23].

Magnetometry based on cw optically detected magnetic
resonance (cw ODMR) is the most widely used method for

*Corresponding author: sekiguchi.n.ac@m.titech.ac.jp

measuring magnetic fields using N-V centers [13–20]. In
this method, a microwave (MW) field continuously drives
the magnetic resonance of the N-V center spin and the
spin state is continuously read out as the intensity of the
laser-induced fluorescence from the N-V center. Compared
with other methods based on pulsed MWs and/or light
[16,21,22,24], the cw ODMR method has a simpler experi-
mental setup and is easier to apply to actual measurements.
Millimeter-scale magnetocardiography [23] has been real-
ized using the cw ODMR method. However, measurement
of an encephalomagnetic field requires the detectable level
of at least on the order of pT [2,5,8,10,11] within a fea-
sible interrogation time. The frequency of a clinically
relevant encephalomagnetic field ranges from nearly dc
to approximately 100 Hz [3,4,12]. Reported sensitivities,
without using a magnetic flux concentrator (MFC), have
not reached the required level in this frequency range.
For example, sensitivities of around 20 to 30 pT/

√
Hz

[16,18] have been demonstrated. In addition, a sensitiv-
ity of 15 pT

√
Hz in a higher-frequency range (80 Hz to

3.6 kHz) has been reported [15]. The amplification of a
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target field by using a MFC is a way to achieve the superior
sensitivity, while it requires calibration to the target field
and costs the intrinsic spatial resolution of a diamond quan-
tum magnetometer. Field sensitivities of approximately
1 pT/

√
Hz with a MFC have been reported with the sens-

ing volume of �103 mm3 [19,20]. A short standoff distance
from field-generating sources in the brain is also required
given that the decay of an encephalomagnetic field is
inversely proportional to the square of the distance [3].
Therefore, for biomedical applications, the sensitivity in
the near-dc frequency range of a diamond quantum mag-
netometer that can closely approach the target object must
be improved.

Here, we develop a cw-ODMR-based diamond mag-
netometer for practical applications (e.g., MEG of a liv-
ing animal). The sensor head of the magnetometer was
designed to approach the target object to a distance of
about 1 mm with a sensing volume of 4 × 10−3 mm3. By
carefully tuning the experimental conditions and using a
high-quality diamond, we achieved a record-breaking sen-
sitivity of 9.4 ± 0.1 pT/

√
Hz in a near-dc frequency range

of 5 to 100 Hz. Based on the Allan deviation, the mini-
mum detectable field was found to be 8.5 and 0.3 pT for
measurement periods of 1 s and several thousand seconds,
respectively.

II. EXPERIMENTAL SETUP

A. Sensor head

In this work, we synthesized a single-crystal diamond
using a high-pressure–high-temperature (HPHT) method
with a 12C isotopically enriched carbon source. The
reduced concentration of 13C was about 500 ppm. The
amount of titanium in the metal solvent in the HPHT syn-
thesis was adjusted to control the initial concentration of
neutral substituted nitrogen (N0

s ) in the diamond crystal
[25]. The initial [N0

s ] was estimated to be 5.6 ppm using
electron-spin resonance. The origin of nitrogen in diamond
crystals seems to be impurities introduced from the source
material, solvent, or pressure transmitting medium during
the growth process. Since this nitrogen is of natural ori-
gin, the isotope abundance of N0

s is the same as the natural
abundance (14N, 99.6%; 15N, 0.4%). After this HPHT syn-
thesis, a piece of the crystal was cut out parallel to the
(111) crystal plane. The dimensions of this diamond sam-
ple were approximately 1 mm × 0.7 mm in area and 0.4
mm in thickness. Negatively charged N-V (N-V−) centers
were then produced using electron-beam irradiation fol-
lowed by annealing at 1000 C◦ for 2 h in vacuum. The
energy and total fluence of the irradiation were 2.0 MeV
and 5 × 1017 cm−2, respectively. The concentrations of the
produced N-V− and residual N0

s were estimated to be 1.2
and 2.3 ppm, respectively, using electron-spin resonance
[26]. A full width at half maximum of 0.19 MHz for the cw
ODMR peak was experimentally measured independent of

(a)

(b)
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FIG. 1. Experimental setup (not to scale). (a) Sensor head
design and MW circuit diagram. PDfl, fluorescence photodiode;
LPF, long-pass filter. (b) Optical setup. λ/2, half-wave plate;
PBS, polarizing beam splitter; NPBS, nonpolarizing beam split-
ter; L, lens; M, mirror; PDref, reference photodiode; BB, beam
block.

this work. This linewidth indicates a long dephasing time
of T∗

2 ∼ 2 µs.
The conceptual design of our sensor head is shown

in Fig. 1(a). This sensor head was designed to closely
approach the head of a living animal and measure the
encephalomagnetic field along the z axis by an ensemble
of N-V centers oriented to the surface-normal [111] direc-
tion parallel to the z axis. The sensor-head components
described in this section (see below) were integrated using
plastic and aluminum holders. Hence, the sensor head can
be freely moved as a unit and easily positioned close to the
target object.

The diamond containing N-V centers was attached by
a high-thermal-conductivity glue to a polycrystalline dia-
mond plate (10 × 10 × 0.5 mm3) in order to dissipate the
heat due to laser illumination. The other side of the poly-
crystalline diamond plate had a current flow guide for
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MWs. The MW guide was made of thin copper film; the
distance between the lower side of the MW guide and
the excited N-V centers was 0.8 mm. A bias magnetic
field of 0.9 mT along the z axis was applied by a ring
samarium-cobalt magnet.

We used a hemispherical lens with a high refractive
index of 2.0 to enhance the collection efficiency of the
laser-induced fluorescence from the N-V center ensemble
[17]. The fluorescence collection efficiency from the dia-
mond surface facing the lens [top surface in Fig. 1(a)] was
assumed to be as high as about 56% based on a previously
reported numerical calculation [17] for a similar setup. The
fluorescence that was not emitted from this surface was
considered to be emitted mainly from the side faces due to
the high refractive index (2.4) of the diamond [27]. Some
of the fluorescence from the side faces of the diamond was
collected by the lens since the lens diameter (4 mm) was
larger than the size of the diamond. Fluorescence was also
collected by an elliptically shaped reflective inner surface
of an aluminum block. Stray green light and part of the flu-
orescence from neutrally charged N-V (N-V0) centers were
filtered out by a long-pass filter with a cut-on wavelength
of 633 nm. The transmitted fluorescence was detected by a
reverse-biased photodiode (PDfl).

B. cw ODMR measurement setup

The N-V ensemble was excited by a green laser at
532 nm from a side face of the diamond, as shown in
Fig. 1(a). Figure 1(b) shows the optical setup. A laser beam
with a diameter of about 3 mm was focused by a lens with
a focal length of 300 mm. The beam diameter at the dia-
mond was estimated to be 70 µm. The excitation volume
was estimated to be 4 × 10−3 mm3. The laser light was
linearly polarized along the y axis, which is perpendicular
to the chosen N-V orientation. The fluorescence photocur-
rent Ifl = 6.6 mA was observed at an incident light power
of 0.39 W, which corresponds to a detected fluorescence
power of about 13 mW.

The noise in the fluorescence due to the intensity fluc-
tuation of the incident laser was reduced using a balanced
detection technique. The reference light, which was picked
up by a nonpolarizing beam splitter, was detected by a
reverse-biased photodiode (PDref). In this work, we con-
nected the anode of PDfl to the cathode of PDref to obtain
the difference between their photocurrents, Ifl and Iref,
respectively. The difference photocurrent Idiff was ampli-
fied by a lab-built transimpedance amplifier with a gain
of 10 kV/A. The power of the reference light was finely
adjusted using a half-wave plate and a polarizing beam
splitter to achieve a high reduction rate for the intensity
noise. The polarization fluctuation of the laser was con-
verted into an intensity fluctuation by a polarization beam
splitter just after the laser. The beam diameter at PDref was
expanded by a lens to balance the nonlinear response of the

photodiode with that of PDfl, since the nonlinear response
depends on spot size [28].

The magnetic resonance between the ground states |0〉
and | − 1〉 was driven by applying an MW current to the
MW guide. To enhance the amplitude of a cw ODMR
peak, we simultaneously drove the three transitions asso-
ciated with the hyperfine spin state by three-tone MWs
[15], which was generated by mixing rf waves at 2.16 MHz
with MWs and summing the mixed waves with bypassed
MWs. In this work, the enhancement factor for the peak
amplitude was about 2.5.

We adopted lock-in detection, achieved by sinusoidally
modulating the MW frequency, to avoid large residual
noise at low frequencies. The amplified difference pho-
tocurrent was fed into a lock-in amplifier and demod-
ulated with the modulation frequency as the reference.
The 3-dB cutoff frequency of the low-pass filter in the
lock-in amplifier was 149.4 Hz, which corresponds to
a noise-equivalent-power bandwidth of 168.8 Hz. The
demodulated output was recorded on a computer via an
analog-to-digital converter.

The sensor head and optical setup were inside a room
that was shielded from magnetic fields by three permalloy
layers to reduce environmental field fluctuations. The total
shielding factor of this room was about 2 × 10−4 at 1 Hz
and about 1 × 10−5 at 10 Hz. An additional permalloy box
was placed around the sensor head. The front face of the
shield box remained open to introduce the incident laser
and the target object.

III. RESULTS

A. cw ODMR measurement

Figure 2(a) shows a cw ODMR spectrum of the ensem-
ble of [111]-oriented N-V centers. The vertical axis in the
figure is the demodulated signal Ĩ in the photocurrent,
which was calculated using the gains at the transimpedance
and lock-in amplifiers. The horizontal axis is the detun-
ing δ from the resonance frequency of the central peak at
which the three hyperfine spin states were simultaneously
driven. The fluorescence photocurrent Ifl at a far-detuned
MW frequency was Ifl = 6.6 mA. In this measurement,
the frequency and depth of the modulation were 6.2 and
160 kHz, respectively. We found that a modulation fre-
quency of 3 to 7 kHz yielded a low-noise output. The
modulation frequency was finely tuned within this range
on each day of the experiment because the frequencies
of some noise peaks in the intensity noise slightly shifted
over time. The modulation frequency of higher than sev-
eral kilohertz caused a decrease in the amplitude of the cw
ODMR peaks, probably because the dynamics of the popu-
lation in the ground states was slower than the modulation
at several kilohertz for the relatively low-laser power of
<1 W and large laser spot size of 70 µm in diameter. The
MW and rf wave power was tuned to yield a maximum
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(a) (b)

FIG. 2. Lock-in cw ODMR spectrum (a) over hyperfine man-
ifold and (b) in near-resonant region of central peak. Measured
demodulated photocurrent is shown by filled circles. The solid
line in (a) represents the fitted curve obtained from the summa-
tion of five derivative Lorentzian functions. The linear function
shown by the dashed line in (b) was fitted to the near-resonant
data to obtain a zero-crossing slope.

zero-crossing slope at the central peak. The black solid
curve is fitted to the measured data using the summation
of five derivative Lorentzian functions. The corresponding
full width at half maximum of the derivative Lorentzian
function was about 0.48 MHz. This linewidth is greater
than the inhomogeneous broadening of the cw ODMR
peak due to the inhomogeneity in the bias magnetic field,
which was estimated to be approximately 0.2 MHz.

To determine the zero-crossing slope, we measured
a cw ODMR spectrum at the near-resonance region of
the central peak, as shown in Fig. 2(b). The demodu-
lated photocurrent linearly depends on the detuning in this
region. The zero-crossing slope dĨ/dδ was measured to be
324 pA/Hz by fitting the data with a linear function, as
shown by the black dashed line. This slope corresponds
to the photocurrent response to magnetic field variation as
(dĨ/dδ) × γe = 9.06 A/T, where γe = 28.0 GHz/T is the
gyromagnetic ratio for an N-V center.

B. Reduction in intensity noise

The reduction rate for the intensity noise was estimated
at Ifl = 25 mA. We measured the standard deviations of Ĩ
with and without the reference light to be 3.0 and 130 nA
(see the Supplemental Material [29] for further details),
respectively. Here, the MW source was switched off to iso-
late the sensor from the noise associated with the environ-
mental magnetic field. The relative intensity noise (RIN)
in the incident light was roughly estimated to be RIN =
10log10

(
(130 nA2/(168.8 Hz × 25 mA2))

) = −130 dBc/
Hz at a modulation frequency of 6.2 kHz. The photon shot
noise with and without the reference light was calculated to
be 1.6 and 1.2 nA, respectively. The details of the photon-
shot-noise calculation are described in Sec. III C. We

obtained the following reduction rate for the fluorescence
intensity noise:

√
3.0 nA2 − 1.6 nA2

130 nA2 − 1.2 nA2 = 1.9 × 10−2.

We found that this “red-green” balance detection exhib-
ited a similar reduction rate to that for the “green-green”
balanced detection with the reference and incident lights.

C. Photocurrent dependence of noise

We analyzed the noise components (photon shot noise,
fluorescence intensity noise, and electrical noise) of the
detectors and circuits by measuring their dependence on
the fluorescence photocurrent Ifl. The demodulated pho-
tocurrent Ĩ was recorded for 5 s and Fourier transformed to
provide a single-sided noise amplitude spectral density nĨ .
To evaluate the noise nĨ ,far without influence from environ-
mental magnetic field noise, the analysis was performed
with an MW carrier frequency of 2.4 GHz, which was
far detuned from the resonance. We observed no excess
noise due to the application of the far-detuned MWs. The
noise density nĨ ,far was almost flat up to the cutoff fre-
quency of the lock-in amplifier. The average 〈nĨ ,far〉 of the
noise density within the 100-Hz bandwidth was taken as
a measure of the intrinsic noise of our diamond sensor at
a given Ifl. The dependence on Ifl of 〈nĨ ,far〉 is shown in
Fig. 3(a). Here, we varied Ifl by varying the incident laser
power using a half-wave plate and a polarizing beam split-
ter just before the nonpolarizing beam splitter. In the figure,
the measured 〈nĨ ,far〉 is represented by open circles. The
relative uncertainty in the data, shown as error bars, was
independently evaluated to be 5%. 〈nĨ ,far〉 at Ifl = 0 repre-
sents the electrical noise density 〈nĨ ,elec〉 and was measured
to be 20 pA/

√
Hz by blocking the laser beam before the

nonpolarizing beam splitter.
We fitted the noise model in Eq. (1) to the data:

〈nĨ ,far〉 =
√

〈nĨ ,elec〉2 + p1Ifl + p2I 2
fl . (1)

The second and third terms represent the photon shot noise
〈nĨ ,psn〉 and fluorescence intensity noise 〈nĨ ,int〉, respec-
tively. This noise model well describes the data, as shown
by the black solid curve in Fig. 3(a). The fitted parame-
ters were p1 = (5.0 ± 0.6) × 10−19 A/Hz and p2 = (5.0 ±
0.5) × 10−17 /Hz. This agreement implies that the reduc-
tion rate for the intensity noise was almost constant for
different Ifl, since the noise model assumed p2 to be inde-
pendent of Ifl. The obtained p2 and the estimated RIN of
−130 dBc/Hz give another estimation of the reduction
rate of

√
p2 × 10−RIN/20 = 2.2 × 10−2, which is consistent

with the value estimated in Sec. III B. The black dashed
curve is the sum of 〈nĨ ,elec〉 and the calculated shot noise

064010-4



DIAMOND QUANTUM MAGNETOMETER WITH DC. . . PHYS. REV. APPLIED 21, 064010 (2024)

(a)

(b)

(c)

FIG. 3. Fluorescence photocurrent dependence of (a) floor of
noise spectral density of Ĩ , (b) zero-crossing slope dĨ/dδ, and
(c) estimated floor of equivalent magnetic field noise spectral
density.

given by

√
〈nĨ ,elec〉2 + 2 × 2qeIfl, (2)

where qe = 1.6 × 10−19 C is the elementary charge. The
factor of 2 for the shot-noise term was introduced because
the shot noise at the two photodiodes was assumed
to be independent. The measured shot-noise coefficient
p1 = (5.0 ± 0.6) × 10−19 A/Hz is close to the calculated
value of 2 × 2qe = 6.4 × 10−19 A/Hz. The intensity noise

〈nĨ ,int〉 =
√

p2I 2
fl is equivalent to 〈nĨ ,psn〉 at the fluorescence

photocurrent Ifl,eqv = p1/p2 = 10 ± 1.6 mA. The photon
shot noise surpassed the laser intensity noise at a low
fluorescence photocurrent (<Ifl,eqv).

The sensor noise nB in the magnetic field measure-
ment depends on demodulated photocurrent noise nĨ and
zero-crossing slope dĨ/dδ as nB = nĨ/(γedĨ/dδ). The fluo-
rescence dependence of the slope was measured, as shown
in Fig. 3(b). The error bars are the estimated standard devi-
ations of the slope; they are much smaller than the marker

size. Here, the modulation parameters and powers of the
MWs and rf waves were fixed over all measurements; they
were tuned at Ifl = 7.2 mA to maximize the slope. Note
that the optimal parameters and power depend on the inci-
dent laser power [30,31]. Nevertheless, we confirmed that
tuning these values resulted in an improvement in the slope
of about 3% at Ifl = 29.3 mA. We thus assumed that the
relative uncertainty of the data was several percent in this
measurement.

We found that the slope saturated as the incident laser
power increased. In general, the slope is expected to
increase as Ifl increases, since the amplitude of the lock-
in cw ODMR peak is proportional to the contrast of the
cw ODMR peak multiplied by Ifl. Although the increased
laser power causes optical broadening of the peak [30,31]
in principle, the observed linewidth was mainly governed
by microwave power broadening. Therefore, the saturation
of the slope could be explained by a charge state conver-
sion of N-V centers, which led to a decrease in the contrast.
Indeed, [N0

s ] was only about twice as large as [N-V−] in
our diamond [32–34]. A detailed investigation of this satu-
ration is beyond the scope of this work. The magnetic field
noise density 〈nB,far〉 expected from the measured 〈nĨ ,far〉
and dĨ/dδ did not monotonically decrease as Ifl increased,
as shown in Fig. 3(c), because of the saturation of the slope.
The error bars indicate the uncertainties computed from a
relative uncertainty of 5% in the slope and the covariance
matrix used in the curve fitting to 〈nĨ ,far〉 with Eq. (1). The
photocurrent dependence of 〈nB,far〉 suggests that good sen-
sitivity to a magnetic field can be achieved at Ifl from 5 to
20 mA.

D. Magnetic field noise spectral density and sensitivity

We measured single-sided noise amplitude spectral den-
sity nB,res in a magnetic field measurement where the MWs
were resonant with the central cw ODMR peak (δ = 0).
The noise spectrum nB,res was computed using the discrete
Fourier transform from a measured time trace of Ĩ for 5 s
with sampling frequency Fs = 400 Hz. Figure 4 shows the
measured nB,res, which was averaged over 19 time mea-
surements, at Ifl = 6.4 mA (blue solid curve). The optimal
power of the reference light was estimated from the cw
ODMR peak contrast of 3% and a reference light power
that had been optimized with the far-detuned MWs. The
zero-crossing slope dĨ/dδ was 332 ± 0.7 pA/Hz. Note
that the displayed nB,res was digitally filtered by narrow-
band notch filters for the harmonics of a 50-Hz power line
and a band-pass filter with 3-dB cutoff frequencies of 5
and 100 Hz, which corresponds to the bandwidth of the
target object (e.g., brain of a living animal). The noise-
equivalent power bandwidth fNEP of the digital filtering
was numerically calculated to be 91.9 Hz. In this numer-
ical calculation, white noise with a standard deviation of
σ was numerically computed with sampling frequency Fs
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FIG. 4. Single-sided noise amplitude spectral density in mag-
netic field measurement. The blue and orange curves are the
sensor noise measured with resonant and far-detuned MWs,
respectively. Calculated photon-shot-noise-limited sensitivity of
6.9 pT/

√
Hz is indicated by the dashed line. PSN, photon shot

noise.

and digitally filtered. The standard deviation σ ′ of the
filtered noise, given by σ ′ = σ

√
fNEP/(Fs/2) [35], was

numerically calculated to yield fNEP [29].
The achieved noise density indicated a very low floor in

the single-sided spectrum in the near-dc range. The lowest
noise density floor, about 9 pT/

√
Hz, was measured near

40 Hz and from 70 to 90 Hz. The sudden drop in nB,res at
90 Hz was due to the digital band-pass filter. A low noise
density of 15 pT/

√
Hz was obtained even near 5 Hz, even

though magnetic field noise generally deteriorates at lower
frequency [15,16,18,19,23,24]. The noise spectral density
nB,far measured with the far-detuned MWs at Ifl = 6.4 mA
is shown by the orange trace in Fig. 4. We found that
nB,far reached the photon-shot-noise-limited sensitivity of
6.9 pT/

√
Hz (black dashed line). This nB,far value is bet-

ter than the value of 〈nB,far〉 of around 10 pT/
√

Hz at
Ifl = 7.2 mA estimated in Sec. III C. We attributed this
improvement to the increase in the slope from 292 pA/Hz
(Ifl = 7.2 mA) to 332 pA/Hz (Ifl = 6.4 mA) achieved by
fine tuning the optical path and measurement parameters.

The noise spectrum nB,res shows many peaks that are
possibly due to environmental magnetic field noise and
vibration of the sensor head. To clarify the source of these
peaks, we provided support to the sensor head, which may
shift the frequency of peaks associated with mechanical
vibration of the head. We observed that the noise peaks
around 25–30 Hz disappeared, and therefore ascribed these
peaks to sensor-head vibration. Because the peaks at 17,
35, 46, 49, and 70 Hz appeared at the same frequencies
even with sensor-head support, these peaks were ascribed
to environmental noise. We could not identify the source
of the peaks at around 55–61 Hz, since these peaks were

not present in a noise spectrum obtained on another day
without sensor-head support.

The sensitivity of our sensor was evaluated from the
average power of the measured noise, which was digi-
tally filtered. The sensitivity η is defined as η = δB

√
T,

where δB is the minimum detectable magnetic field for
measurement time T. In this definition, the noise spectrum
is assumed to be frequency independent (white noise).
The standard deviation of the measured noise, which was
evaluated from its time traces to be 128 ± 2 pT (see the
Supplemental Material [29] for details), is considered to
represent δB for measurement time T = F−1

s = 2.5 ms.
Since the bandwidth of the digital band-pass filter was
narrower than the measurement bandwidth Fs/2 and the
lock-in amplifier’s bandwidth, fNEP for the digital filtering
was substituted for the measurement bandwidth; that is, the
sensitivity was equivalent to η = δB/

√
2fNEP [15,35]. We

achieved a sensitivity of η = 9.4 ± 0.1 pT/
√

Hz.

E. Allan deviation

The Allan deviation of the noise for a measurement
of about 200 min was computed to evaluate the stabil-
ity of our sensor. We continuously tuned the MW carrier
frequency to the resonance using the demodulated pho-
tocurrent Ĩ output, which was low-pass-filtered with a
cutoff frequency of 10 Hz. The bandwidth of the feedback
response was approximately 2 Hz. The measured noise
was recorded every minute on a computer. The notch and
band-pass digital filters used in the sensitivity analysis (see
Sec. III D) were not used in this analysis. We then com-
puted the overlapping Allan deviation, as shown in Fig. 5.
The open circles indicate Allan deviations for a given aver-
aging time. The error bars represent the standard deviations

FIG. 5. Allan deviation as a function of averaging time. Open
circles show calculated overlapping Allan deviation from a con-
tinuous measurement for 200 min. Estimated uncertainties of the
Allan deviations are indicated by the error bars, which are much
smaller than the marker circle size.
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of the Allan deviations; they are much smaller than the
marker size.

We found that the 1-s interrogation yielded an Allan
deviation of 8.5 pT, which is consistent with the evalu-
ated sensitivity (η = 9.4 pT/

√
Hz). The Allan deviation

showed a bump around the 10-s averaging time. This bump
may arise from a periodic fluctuation of several tens of
seconds. We found that the noise spectrum for this mea-
surement showed a broad peak at around 10–50 mHz.
Both this broad peak and the bump in the Allan deviation
were found to be reproducible. However, the cause of the
long-term fluctuation was not identified. Aside from the
bump, the Allan deviation decreased as the averaging time
increased and appeared to saturate at a value of 0.3 pT after
a few thousand seconds. The zero-crossing slopes before
and after the Allan-deviation measurement were found to
be almost the same. We thus conclude that our sensor
remained stable and could measure a magnetic field with
a sensitivity of η = 9.4 ± 0.1 pT/

√
Hz at 5–100 Hz for at

least 200 min.

IV. DISCUSSION

The demonstrated sensitivity of 9.4 ± 0.1 pT/
√

Hz is
the best reported value for diamond quantum sensors
based on the cw ODMR of an ensemble of N-V centers
[15,16,18,35] without a MFC in the frequency range of
5 to 100 Hz. The previous best sensitivities were around
20 to 30 pT/

√
Hz in the low-frequency range [16,18]

and 15 pT/
√

Hz in the relatively high-frequency range of
80 Hz–3.6 kHz [15]. Moreover, in our study, the noise floor
of nB stayed below 20 pT/

√
Hz even at 5 Hz, as shown

in Fig. 4. Given that the noise environment is generally
cleaner at higher frequency, the very low noise floor of
about 9 pT/

√
Hz will continue into the kilohertz range

if we use a higher cutoff frequency for the lock-in ampli-
fier’s low-pass filter. The Allan deviation analysis showed
that our diamond magnetometer can interrogate a magnetic
field for a long time with remarkable sensitivity. Therefore,
our sensor is capable of detecting a repetitive biomagnetic
field, for example, a stimulus-evoked field, with a strength
on the order of 1 pT by accumulating the signals.

cw-ODMR-based magnetometry has advantages over
pulsed-MW-based magnetometry for practical applica-
tions; it has a simpler experimental setup and looser
requirements for the inhomogeneities of the bias magnetic
field and MWs. Additionally, the use of a single orientation
of N-V center axis in our magnetometer leads to a lower
requirement for the bias-field alignment compared with
that for multiple orientations [15,18,24]. The sensor-head
design, which can approach the target object to a distance
of 1 mm, relies on a simple setup and reduced requirements
for the bias field. The simplified geometry between the sin-
gle orientation of N-V centers and the magnetic field to
be measured also facilitates various practical applications.

We note that a better sensitivity of around 2 pT/
√

Hz in
the low-frequency range (from 10 Hz), achieved using the
Ramsey method, has been recently reported [24]; however,
our sensor is more suitable for practical applications such
as biomagnetic field measurement because of its simplified
setup and short measurement distance.

We attributed a major part of the sensitivity improve-
ment in this work to the long dephasing time of T∗

2 ∼ 2 µs,
achieved by decreasing the concentration of 13C to about
500 ppm and using a relatively low initial nitrogen concen-
tration of 5.6 ppm. The narrow linewidth of a cw ODMR
peak due to the long T∗

2 resulted in a high response sig-
nal to a magnetic field of γe(dĨ/dδ) = 9.3 A/T, even with
the use of only a single crystallographic orientation of N-V
centers. The photon-shot-noise-limited sensitivity is com-
parable to previously reported values [15,18]. In addition,
the approximately fivefold improvement in the intensity
noise reduction in our balanced detection over the balanced
detection reported in a previous study [18] contributed to
the good sensitivity.

A reduction in the RIN of a laser can enhance sensitivity.
The RIN of our laser (Coherent Verdi G5) was measured
to be about −130 dBc/Hz at a modulation frequency
of 6.2 kHz; the typical estimated RIN for state-of-the-art
solid-state lasers at the same frequency is −140 dBc/Hz
[36,37]. Therefore, a 10-dB improvement in n2

Ĩ ,int
is fea-

sible. This would result in a photon-shot-noise-limited
sensitivity at up to Ifl ∼ 100 mA.

It is expected that the zero-crossing slope can be
increased by extending the dephasing time T∗

2 for the dia-
mond. For example, a very long dephasing time of 8.5 µs
with [NV−] = 0.4 ppm has been reported [16]. This long
dephasing time will offer a fourfold improvement if the
same fluorescence intensity is available since the shot-
noise-limited sensitivity is proportional to the linewidth
of a cw ODMR peak [15,30]. Although the lower [N-V−]
emits weaker fluorescence, a photocurrent of up to 10 mA
can be obtained by increasing the incident laser power.
In addition, the fluorescence collection efficiency can be
boosted to approximately unity by using a total internal
reflection lens and a light pipe [24,38].

The sensitivity can be further enhanced by using an
MFC to concentrate the magnetic flux to be measured
onto the diamond [19,20,39,40]. MFCs have achieved an
enhanced field sensitivity of approximately 1 pT/

√
Hz

in the near-dc range with the high concentration factor
of up to 1347 [19,20]. Using a high MFC concentra-
tion factor, the sensitivity of our sensor could be further
improved to tens of fT/

√
Hz. However, the concentration

factor is strongly dependent on the MFC geometry [41], so
precise design is required to effectively concentrate a mag-
netic field in practical applications including biomagnetic
measurements. Moreover, fluctuations in the concentration
factor caused by temperature variations result in magnetic
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field noise [19]. In biomagnetic measurements involving
living animals whose body temperature tends to vary, this
noise would be expected to obstruct the measurement and
reduce the sensor stability.

V. CONCLUSIONS

We demonstrated a sensitive diamond magnetometer
with a magnetic field sensitivity of 9.4 ± 0.1 pT/

√
Hz in

a near-dc frequency range of 5 to 100 Hz. The magne-
tometer can closely approach the target object and the
measurement distance from the sensing volume was about
1 mm. The Allan deviation indicated that our magne-
tometer can measure magnetic fields of 8.5 and 0.3 pT
with a unity signal-to-noise ratio by interrogating for 1 s
and several thousands of seconds, respectively. Our high-
sensitivity diamond magnetometer was designed to be
compatible with practical applications, including the mea-
surement of the encephalomagnetic field of a living animal.
The sensitivity improvement achieved in this work is a step
toward realizing magnetoencephalography under ambient
conditions with millimeter-scale spatial resolution.

ACKNOWLEDGMENTS

This work was supported by the MEXT Quantum
Leap Flagship Program (MEXT Q-LEAP) Grants No.
JPMXS0118067395 and No. JPMXS0118068379.

[1] N. Aslam, H. Zhou, E. K. Urbach, M. J. Turner, R. L.
Walsworth, M. D. Lukin, and H. Park, Quantum sensors
for biomedical applications, Nat. Rev. Phys. 5, 157 (2023).

[2] R. Körber et al., SQUIDs in biomagnetism: A roadmap
towards improved healthcare, Supercond. Sci. Technol. 29,
113001 (2016).

[3] R. Hari, S. Baillet, G. Barnes, R. Burgess, N. Forss,
J. Gross, M. Hämäläinen, O. Jensen, R. Kakigi, F. Mau-
guière, N. Nakasato, A. Puce, G.-L. Romani, A. Schnitzler,
and S. Taulu, IFCN-endorsed practical guidelines for clin-
ical magnetoencephalography (MEG), Clin. Neurophysiol.
129, 1720 (2018).

[4] P. J. Uhlhaas, T. Grent-’t-Jong, and J. Gross, Magnetoen-
cephalography and translational neuroscience in psychiatry,
JAMA Psychiatry 75, 969 (2018).

[5] U. Vivekananda, S. Mellor, T. M. Tierney, N. Holmes,
E. Boto, J. Leggett, G. Roberts, R. M. Hill, V. Litvak, M. J.
Brookes, R. Bowtell, G. R. Barnes, and M. C. Walker, Opti-
cally pumped magnetoencephalography in epilepsy, Ann.
Clin. Transl. Neurol. 7, 397 (2020).

[6] R. Fukuma, T. Yanagisawa, H. Yokoi, M. Hirata, T.
Yoshimine, Y. Saitoh, Y. Kamitani, and H. Kishima, Train-
ing in use of brain–machine interface-controlled robotic
hand improves accuracy decoding two types of hand move-
ments, Front. Neurosci. 12, 478 (2018).

[7] D. Rathee, A. Chowdhury, Y. K. Meena, A. Dutta,
S. McDonough, and G. Prasad, Brain–machine

interface-driven post-stroke upper-limb functional recovery
correlates with beta-band mediated cortical networks, IEEE
Trans. Neural Syst. Rehabil. Eng. 27, 1020 (2019).

[8] E. Boto, S. S. Meyer, V. Shah, O. Alem, S. Knappe,
P. Kruger, T. M. Fromhold, M. Lim, P. M. Glover,
P. G. Morris, R. Bowtell, G. R. Barnes, and M. J. Brookes,
A new generation of magnetoencephalography: Room tem-
perature measurements using optically-pumped magne-
tometers, NeuroImage 149, 404 (2017).

[9] E. Boto, N. Holmes, J. Leggett, G. Roberts, V. Shah,
S. S. Meyer, L. D. Muñoz, K. J. Mullinger, T. M. Tier-
ney, S. Bestmann, G. R. Barnes, R. Bowtell, and M. J.
Brookes, Moving magnetoencephalography towards real-
world applications with a wearable system, Nature 555, 657
(2018).

[10] R. M. Hill, E. Boto, N. Holmes, C. Hartley, Z. A. See-
dat, J. Leggett, G. Roberts, V. Shah, T. M. Tierney, M. W.
Woolrich, C. J. Stagg, G. R. Barnes, R. Bowtell, R. Slater,
and M. J. Brookes, A tool for functional brain imaging with
lifespan compliance, Nat. Commun. 10, 4785 (2019).

[11] J. Gross, Magnetoencephalography in cognitive neuro-
science: A primer, Neuron 104, 189 (2019).

[12] S. Baillet, Magnetoencephalography for brain electrophys-
iology and imaging, Nat. Neurosci. 20, 327 (2017).

[13] J. M. Taylor, P. Cappellaro, L. Childress, L. Jiang, D.
Budker, P. R. Hemmer, A. Yacoby, R. Walsworth, and
M. D. Lukin, High-sensitivity diamond magnetometer with
nanoscale resolution, Nat. Phys. 4, 810 (2008).

[14] V. M. Acosta, E. Bauch, M. P. Ledbetter, C. Santori, K.-M.
C. Fu, P. E. Barclay, R. G. Beausoleil, H. Linget, J. F. Roch,
F. Treussart, S. Chemerisov, W. Gawlik, and D. Budker,
Diamonds with a high density of nitrogen-vacancy centers
for magnetometry applications, Phys. Rev. B 80, 115202
(2009).

[15] J. F. Barry, M. J. Turner, J. M. Schloss, D. R. Glenn, Y.
Song, M. D. Lukin, H. Park, and R. L. Walsworth, Optical
magnetic detection of single-neuron action potentials using
quantum defects in diamond, Proc. Natl. Acad. Sci. 113,
14133 (2016).

[16] C. Zhang, F. Shagieva, M. Widmann, M. Kübler, V.
Vorobyov, P. Kapitanova, E. Nenasheva, R. Corkill, O.
Rhrle, K. Nakamura, H. Sumiya, S. Onoda, J. Isoya, and
J. Wrachtrup, Diamond magnetometry and gradiometry
towards subpicotesla dc field measurement, Phys. Rev.
Appl. 15, 064075 (2021).

[17] J. H. Shim, S.-J. Lee, S. Ghimire, J. I. Hwang, K.-G. Lee, K.
Kim, M. J. Turner, C. A. Hart, R. L. Walsworth, and S. Oh,
Multiplexed sensing of magnetic field and temperature in
real time using a nitrogen-vacancy ensemble in diamond,
Phys. Rev. Appl. 17, 014009 (2022).

[18] S. Graham, A. Rahman, L. Munn, R. Patel, A. New-
man, C. Stephen, G. Colston, A. Nikitin, A. Edmonds, D.
Twitchen, M. Markham, and G. Morley, Fiber-coupled dia-
mond magnetometry with an unshielded sensitivity of 30
pT/Hz, Phys. Rev. Appl. 19, 044042 (2023).

[19] I. Fescenko, A. Jarmola, I. Savukov, P. Kehayias, J. Smits,
J. Damron, N. Ristoff, N. Mosavian, and V. M. Acosta, Dia-
mond magnetometer enhanced by ferrite flux concentrators,
Phys. Rev. Res. 2, 023394 (2020).

[20] X. Gao, C. Yu, S. Zhang, H. Lin, J. Guo, M. Ma,
Z. Feng, and F.-W. Sun, High sensitivity of diamond

064010-8

https://doi.org/10.1038/s42254-023-00558-3
https://doi.org/10.1088/0953-2048/29/11/113001
https://doi.org/10.1016/j.clinph.2018.03.042
https://doi.org/10.1001/jamapsychiatry.2018.0775
https://doi.org/10.1002/acn3.50995
https://doi.org/10.3389/fnins.2018.00478
https://doi.org/10.1109/TNSRE.2019.2908125
https://doi.org/10.1016/j.neuroimage.2017.01.034
https://doi.org/10.1038/nature26147
https://doi.org/10.1038/s41467-019-12486-x
https://doi.org/10.1016/j.neuron.2019.07.001
https://doi.org/10.1038/nn.4504
https://doi.org/10.1038/nphys1075
https://doi.org/10.1103/PhysRevB.80.115202
https://doi.org/10.1073/pnas.1601513113
https://doi.org/10.1103/PhysRevApplied.15.064075
https://doi.org/10.1103/PhysRevApplied.17.014009
https://doi.org/10.1103/PhysRevApplied.19.044042
https://doi.org/10.1103/PhysRevResearch.2.023394


DIAMOND QUANTUM MAGNETOMETER WITH DC. . . PHYS. REV. APPLIED 21, 064010 (2024)

nitrogen-vacancy magnetometer with magnetic flux con-
centrators via enhanced fluorescence collection, Diam.
Relat. Mater. 139, 110348 (2023).

[21] G. Balasubramanian, P. Neumann, D. Twitchen, M.
Markham, R. Kolesov, N. Mizuochi, J. Isoya, J. Achard,
J. Beck, J. Tissler, V. Jacques, P. R. Hemmer, F. Jelezko, and
J. Wrachtrup, Ultralong spin coherence time in isotopically
engineered diamond, Nat. Mater. 8, 383 (2009).

[22] T. Wolf, P. Neumann, K. Nakamura, H. Sumiya, T.
Ohshima, J. Isoya, and J. Wrachtrup, Subpicotesla diamond
magnetometry, Phys. Rev. X 5, 041001 (2015).

[23] K. Arai, A. Kuwahata, D. Nishitani, I. Fujisaki, R. Mat-
suki, Y. Nishio, Z. Xin, X. Cao, Y. Hatano, S. Onoda, C.
Shinei, M. Miyakawa, T. Taniguchi, M. Yamazaki, T. Ter-
aji, T. Ohshima, M. Hatano, M. Sekino, and T. Iwasaki,
Millimetre-scale magnetocardiography of living rats with
thoracotomy, Commun. Phys. 5, 200 (2022).

[24] J. F. Barry, M. H. Steinecker, S. T. Alsid, L. M. Pham,
M. F. O’Keefe, and D. A. Braje, Sensitive AC and DC
magnetometry with nitrogen-vacancy center ensembles in
diamond, ArXiv:2305.06269.

[25] M. Miyakawa, C. Shinei, and T. Taniguchi, Nitrogen con-
centration control in diamonds grown in Co–(Fe)–Ti/Al
solvents under high-pressure and high-temperature, Jpn. J.
Appl. Phys. 61, 045507 (2022).

[26] C. Shinei, Y. Masuyama, M. Miyakawa, H. Abe, S. Ishii,
S. Saiki, S. Onoda, T. Taniguchi, T. Ohshima, and T. Teraji,
Nitrogen related paramagnetic defects: Decoherence source
of ensemble of NV− center, J. Appl. Phys. 132, 214402
(2022).

[27] D. Le Sage, L. M. Pham, N. Bar-Gill, C. Belthangady,
M. D. Lukin, A. Yacoby, and R. L. Walsworth, Efficient
photon detection from color centers in a diamond optical
waveguide, Phys. Rev. B 85, 121202 (2012).

[28] F. Scholze, R. M. Klein, and R. Mueller, Linearity of sili-
con photodiodes for EUV radiation, Proc. SPIE 5374, 926
(2004).

[29] See Supplemental Material at http://link.aps.org/supple
mental/10.1103/PhysRevApplied.21.064010 for time
traces and histograms of the results.

[30] A. Dréau, M. Lesik, L. Rondin, P. Spinicelli, O. Arcizet,
J.-F. Roch, and V. Jacques, Avoiding power broadening in

optically detected magnetic resonance of single NV defects
for enhanced dc magnetic field sensitivity, Phys. Rev. B 84,
195204 (2011).

[31] K. Jensen, V. M. Acosta, A. Jarmola, and D. Budker,
Light narrowing of magnetic resonances in ensembles of
nitrogen-vacancy centers in diamond, Phys. Rev. B 87,
014115 (2013).

[32] N. Manson and J. Harrison, Photo-ionization of the
nitrogen-vacancy center in diamond, Diam. Relat. Mater.
14, 1705 (2005).

[33] A. T. Collins, The Fermi level in diamond, J. Phys.: Con-
dens. Matter 14, 3743 (2002).

[34] S. C. Lawson, D. Fisher, D. C. Hunt, and M. E. Newton,
On the existence of positively charged single-substitutional
nitrogen in diamond, J. Phys.: Condens. Matter 10, 6171
(1998).

[35] J. M. Schloss, J. F. Barry, M. J. Turner, and R. L.
Walsworth, Simultaneous broadband vector magnetometry
using solid-state spins, Phys. Rev. Appl. 10, 034044 (2018).

[36] A. Vernaleken, B. Schmidt, M. Wolferstetter, T. W. Han-
sch, R. Holzwarth, and P. Hommelhoff, Carrier-envelope
frequency stabilization of a Ti: Sapphire oscillator using
different pump lasers, Opt. Express 20, 18387 (2012).

[37] A. Vernaleken, B. Schmidt, T. W. Hänsch, R. Holzwarth,
and P. Hommelhoff, Carrier-envelope frequency stabiliza-
tion of a Ti: Sapphire oscillator using different pump lasers:
Part II, Appl. Phys. B 117, 33 (2014).

[38] S. T. Alsid, J. M. Schloss, M. H. Steinecker, J. F. Barry,
A. C. Maccabe, G. Wang, P. Cappellaro, and D. A. Braje,
Solid-state microwave magnetometer with picotesla-level
sensitivity, Phys. Rev. Appl. 19, 054095 (2023).

[39] Y. Xie, H. Yu, Y. Zhu, X. Qin, X. Rong, C.-K. Duan, and
J. Du, A hybrid magnetometer towards femtotesla sensitiv-
ity under ambient conditions, Sci. Bull. 66, 127 (2021).

[40] Y. Silani, J. Smits, I. Fescenko, M. W. Malone, A. F.
McDowell, A. Jarmola, P. Kehayias, B. A. Richards,
N. Mosavian, N. Ristoff, and V. M. Acosta, Nuclear
quadrupole resonance spectroscopy with a femtotesla dia-
mond magnetometer, Sci. Adv. 9, eadh3189 (2023).

[41] P. Leroy, C. Coillot, A. Roux, and G. Chanteur, High mag-
netic field amplification for improving the sensitivity of
Hall sensors, IEEE Sens. J. 6, 707 (2006).

064010-9

https://doi.org/10.1016/j.diamond.2023.110348
https://doi.org/10.1038/nmat2420
https://doi.org/10.1103/PhysRevX.5.041001
https://doi.org/10.1038/s42005-022-00978-0
https://arxiv.org/abs/2305.06269
https://doi.org/10.35848/1347-4065/ac5d7f
https://doi.org/10.1063/5.0103332
https://doi.org/10.1103/PhysRevB.85.121202
https://doi.org/10.1117/12.532151
http://link.aps.org/supplemental/10.1103/PhysRevApplied.21.064010
https://doi.org/10.1103/PhysRevB.84.195204
https://doi.org/10.1103/PhysRevB.87.014115
https://doi.org/10.1016/j.diamond.2005.06.027
https://doi.org/10.1088/0953-8984/14/14/307
https://doi.org/10.1088/0953-8984/10/27/016
https://doi.org/10.1103/PhysRevApplied.10.034044
https://doi.org/10.1364/OE.20.018387
https://doi.org/10.1007/s00340-014-5795-0
https://doi.org/10.1103/PhysRevApplied.19.054095
https://doi.org/10.1016/j.scib.2020.08.001
https://doi.org/10.1126/sciadv.adh3189
https://doi.org/10.1109/JSEN.2006.874031

	I. INTRODUCTION
	II. EXPERIMENTAL SETUP
	A. Sensor head
	B. cw ODMR measurement setup

	III. RESULTS
	A. cw ODMR measurement
	B. Reduction in intensity noise
	C. Photocurrent dependence of noise
	D. Magnetic field noise spectral density and sensitivity
	E. Allan deviation

	IV. DISCUSSION
	V. CONCLUSIONS
	ACKNOWLEDGMENTS
	. References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile ()
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 5
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2003
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    33.84000
    33.84000
    33.84000
    33.84000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    9.00000
    9.00000
    9.00000
    9.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames false
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks true
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo true
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


