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We introduce a novel and sensitive ns-resolved atomic magnetometer, which is at least three orders of
magnitude faster than conventional magnetometers. We use the magnetic field dependence of the
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hyperfine beating of high-density spin-polarized H atoms, produced from the rapid photodissociation of
HCl gas with sub-ns laser pulses and measured with a pick-up coil, to demonstrate ns-resolved
magnetometry, and project sensitivity of a few nT for a spin-projection-limited sensor with 10 nl
measurement volume after 1 ns measurement time. The magnetometer will allow ultrafast continuous
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Introduction

Sensitive detection of magnetic fields plays an important role in
several fields, including biomedicine, materials science, secur-
ity screening, geophysical and space surveys," as well as funda-
mental physics measurements, such as axion searches.” In
addition to the requirement for high sensitivity, numerous
applications demand magnetic field detection with high tem-
poral resolution. For instance, ultrafast magnetometry can be
used as a sensitive probe of the pathways and kinetics of
chemical reactions involving the production of electron or
nuclear spin polarization, such as in photo-chemically induced
dynamic nuclear polarization (photo-CIDNP).>"® Similarly, stu-
dies of magnetodynamics can shed light on dynamical pro-
cesses in magnetic materials”® and plasmas,’ enabling the
development of new technologies. For imaging purposes or
for mapping the magnetic field gradients, an important quality
is the length scale of the magnetometer, as, in general, small-
sized sensors allow for high spatial resolution.

A plethora of magnetometers has been developed to address the
challenges in magnetic field sensing (see for example ref. 10 and
references therein). Atomic magnetometers based on optically
polarized alkali-metal atoms have realized the highest
sensitivities,'" albeit at low bandwidths, typically up to a few tenths
of kHz."* Superconducting quantum interference devices (SQUIDs)
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B-field measurements in many fields, including spin chemistry, spin physics, and plasma physics.

have demonstrated similar sensitivities. Although in principle their
frequency response can extend up to a few GHz, practical considera-
tions related to the electronic circuitry for the signal readout reduce
their bandwidth to the MHz range."® Inductive-coil sensors feature
high detection-bandwidth and broad applicability to different spin
species and environments, but they present relatively low sensitivity
compared with other state-of-the-art magnetometers (see however
ref. 14 for an ultrasensitive, quantum limited inductive sensor).
Optical approaches based on the Kerr effect have realized magne-
tometry in the picosecond temporal regime; nevertheless, their
inherent sensitivity is limited and they are mainly used to probe
rather large fields from magnetic materials.”"® Nitrogen-vacancy
defects in diamond offer an attractive platform for high spatial
resolution.'® Yet, the demonstrated sensitivity does not rival alkali-
atomic magnetometers or SQUIDs and elaborate dynamic decou-
pling techniques are required to realize broadband magnetometry.

Here, we present a novel atomic hydrogen magnetometer that
can measure magnetic fields with high sensitivity and nanosecond
time resolution. The sensitive detection results from realizing large
spin densities, many orders of magnitude higher than conventional
alkali-metal atomic sensors, while the temporal resolution derives
from performing magnetometry at the hyperfine coherences of
hydrogen (hyperfine frequency of 1.42 GHz and 0.327 GHz in H
and D, respectively). The proposed magnetometer operates at room
temperature, is technically simple to use and can be adjusted to
sense sub-micrometer length-scales.

Principle of operation

High density spin-polarized hydrogen (SPH) is produced by
photodissociating hydrohalide gas with a circularly-polarized
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UV laser pulse, by exciting a well-defined dissociative electronic
state of the molecule (see ref. 17-19 for details). In hydrohalide
photolysis, the fragments acquire a spin-orientation which is
correlated to the spin of the dissociating photon, and their final
polarization is limited by the dissociation path and by the
random direction of the hydrohalide molecular bond with
respect to the laser propagation direction. Under readily
achieved experimental conditions concerning the laser wave-
length and intensity, the photodissociation probability can be
near unity, thereby the density of the atomic fragments can be
made similar to the initial density of the parent molecule. With
this process SPH densities of 10" e¢m™ and up to 40%
polarization have been demonstrated for isotropic molecular
bonds,'®2%?! whereas up to 100% is possible if the bonds are
aligned along the photodissociation-laser polarization axis.*

Crucially for the operation of the magnetometer, photolysis
is predominantly an electronic process occurring within sub-
picosecond time-scales, during which the nuclear spin degrees
of freedom are effectively frozen.”® For hydrogen halides,
photodissociation with a sufficiently fast laser pulse typically
generates fragments with electronically polarized spins, while
the nuclear spins remain in their thermal unpolarized state.

Immediately after the photodissociation (assuming that the
HCI bonds have been aligned parallel to the photodissociation
polarization direction, and complete electron polarization),
half of the generated H atoms are in the state

Wo) = |mS = 6/27n11 = (;/2>u

=|F =1,mg =0),

1)

and half of the polarized atoms are in the state

1) = |ms=0a/2,m = —0/2),

1 (2)
= 72(|F =1,mp = 0),—0|F = 0,mp = 0),)

Here, F is the total spin (sum electronic and nuclear spin)
quantum number, my, m; and my are respectively the electronic,
nuclear and total spin projection along the quantization axis,
the subscripts u and c refer to the uncoupled and coupled
angular momentum basis respectively, ¢ is the helicity of the
photons (+1 or —1 for ¢" and ¢~ respectively), and the quantiza-
tion axis is taken to be along the laser propagation direction.
Unlike |¢,), the state |i/4) is not an eigenstate of the hyperfine
interaction. Atoms prepared initially in |y;) experience hyper-
fine quantum beats, causing the electron and nucleus to
exchange spin at the hyperfine frequency. In the absence of a
magnetic field this frequency corresponds to the 21 cm hydro-
gen line at f; ~ 1.42 GHz.

A magnetic field parallel to the dissociation axis does not
affect to first order the hyperfine coherences resulting from the
photodissociation |0, 0). < |1, 0).. However, the presence of a
magnetic field perpendicular to the pumping direction modi-
fies the hyperfine oscillation and induces a net precession of
the spins. Taking the direction of magnetic field as the quanti-
zation axis, the evolution of |/;) can be written in the form
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(ignoring a global phase factor and small amplitude terms of
order yyuBlwy):

1 —1 ! —1lm ! !
W) = 5[ I e+ e 1 =)~ 10v210,0) ], ()

where ¢ is the time after the photodissociating pulse, the
apostrophe distinguishes the quantization axis and the angular
frequencies are given by the Breit-Rabi formula:
2
os mont s+ (12 @
Wo

In the above equation, w, = 21fy, 713 & 21 x 1.4 MHz G~ is the
gyromagnetic ratio of total angular momentum for atomic H, B
is the magnetic field, and we have ignored the small nuclear
gyromagnetic Landé factor. Information about the magnetic
field can be deduced by monitoring the hyperfine dynamical
evolution of the electron spin. In the case of H this is most
easily performed with an inductive pickup coil, which measures
the time-dependent ensemble magnetization, determined to a
good approximation by the hydrogen electron spin.

Spin decoherence in SPH limits the performance of the
magnetometer. The spin decay mechanism originates from
depolarizing collisions of H with the particles in the ensemble,
which include the photofragments and their secondary side-
products from chemical reactions, as well as the parent mole-
cules in the case of partial photodissociation (see ref. 21 and
references therein). The impact of collisions to spin-relaxation
depends on the density, the conditions of photolysis, and the
halide species and a corresponding optimization should be
performed according to the requirements for magnetometry.
This optimization may involve compromising the SPH density
in order to achieve larger coherence times as discussed in ref.
21.

Experiment
Experimental setup

We performed an experiment with a DC magnetic field to
demonstrate the magnetometer operation. The experimental
setup is based on the one described in ref. 20. Briefly, a
circularly polarized 150 ps laser pulse at 213 nm was focused
inside a cell filled with 2 bar of high purity (99.9%) HCI, as
shown in Fig. 1a. A 4 mm long coil, 4.5 turns, radius of 1 mm
and oriented with its axis along the laser pulse propagation,
was employed to measure the time-dependent electron magne-
tization of the SPH atoms. The pickup coil signal was amplified
by an RF amplifier and was recorded by a fast-sampling
oscilloscope. The time-constant associated with the induction
detector was much smaller than the sampling time, so that the
recorded signal was directly proportional to the time derivative
of the magnetic flux.

The pumping laser beam was weakly focused to a spot of
approximately 100 um in diameter, located at the center of the
coil. For the energy of the laser pulse (3 mj), the realized
intensities were sufficient to dissociate only a small fraction
(about 2%) of the HCI molecules inside the beam volume per

This journal is © the Owner Societies 2021
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(b) coil axis L initial polarization L B

(a) Experimental setup schematic for the proof of principle demonstration of the magnetometer. A 150 ps, circularly-polarized laser pulse (red

arrow), is focused inside a high density HCl gas cell. A pickup inductive-coil, with its axis parallel to the pumping direction, monitors the ensemble
magnetization, while a magnetic field (green arrow) perpendicular to the coil and pumping light is applied; (b) proposed configuration for sensitive
detection of time varying magnetic fields. Compared to (a) the detection axis is perpendicular to both the magnetic field and the light pulse.

pulse. Taking into account the HCI absorption cross section
and the photodissociation efficiency we estimate an average
SPH density of 10'® ecm ™ over the coil volume.>® Even though
this is about 2% of the parent molecule density, it is more than
three orders of magnitude higher than the densities in alkali-
metal atomic magnetometers."” For this proof of principle
experiment, we traded off SPH density for increased coherence
times, as the spin-relaxation cross section for H-H and H-Cl
collisions is much larger than that for H-HCI collisions.

We operated the magnetometer in an unshielded environ-
ment. This made the pick-up coil and the cables susceptible to
electromagnetic interference, originating mainly from dis-
charges in the laser unit. We filtered this noise by subtracting
two consecutive measurements acquired with opposite spin
orientations in the SPH ensemble. For this, the helicity of the
dissociating laser pulse was reversed every laser shot, using a
photoelastic modulator (PEM) and an appropriate electronic
circuit to phase lock the low frequency laser emission rate with
the higher PEM modulation frequency.”?

A static transverse magnetic field was applied using two
permanent round magnets (Neodymium grade N42, 10 mm
diameter and 2 mm thickness) placed astride the measurement
region with their magnetization vectors aligned. The magnets
were attached on translation stages, which allowed us to
control their separation. This way, a homogeneous, precisely
tunable magnetic field, ranging from 10 G to 150 G was applied.
A Hall probe was used to calibrate the magnetic field versus
magnet separation at low fields, while at higher fields the field
was estimated from extrapolation.

Results

The measured signals, averaged over 50 repetitions, and the
corresponding Fourier transforms for various magnetic fields

This journal is © the Owner Societies 2021

are shown in Fig. 2. The photodissociation pulse occurs at time
¢t = 0. After a fast transient, which decays at sub-ns timescales,
the oscillating signal reflects the H hyperfine coherences
damped by collisions. For zero magnetic field (B = 0) a single
frequency at f, appears in the Fourier spectrum. A non-zero
magnetic field, transverse to the pumping-axis, modifies the
frequency of hyperfine coherence and two Fourier peaks appear
in the signal, which can be found from eqn (4).

Notice that the heights of the two Fourier peaks A, and A_
in Fig. 2, which correspond to the frequencies given by 4,
become more unequal with larger B field, and their ratio is
given by:

A_/A, = (0_lw,) x tan*(0) (5)

Eqn (5) has two factors: the ratio of frequencies w_/w., due to
the frequency dependence of coil detection; and the tan*(f)
term, which is the ratio of the square of the projections of the
initially prepared state onto the states of the system that beat at
o_ and w,. The angle 0 of the tan*(0) term is given by tan(20) =
1/B, where B = B/B., and B. = 50.7 mT is the critical field for H
atoms.>! Eqn (5) then becomes:

A_JA, = (o_]o.) (zéz +1-2BVB2+ 1) (6)

Note that for B = 0, A_/A, = 1, whereas when B tends to
infinity, the A_ peak vanishes, and the ratio 4_/A, tends to 0.

In Fig. 3 the measured frequencies are plotted versus the
applied magnetic field as quantified from an independent
calibration with the Hall probe. The peak frequencies were
found using an algorithm which fits a Lorentzian curve to the
three consecutive points with the highest amplitudes in the
discrete Fourier transform.”® The agreement between the fre-
quency peaks and the prediction of eqn (4) is excellent within
the measurement resolution, demonstrating that the magnetic
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Fig. 2 Measured signal in the time domain (left) and the corresponding amplitude of Fourier transform (right) for different values of magnetic fields.

field can be estimated from the Fourier peaks. By repeating the
measurement multiple times we estimate that the frequency
statistical uncertainty (standard deviation) was around 40 kHz
corresponding to approximately 30 mG sensitivity after
50 iterations. In this case, the sensitivity was limited by the
poor resolution in Fourier transform, the electronic noise from
an unoptimized electric circuitry and from discharge noise
originating from pumping the photodissociating laser.

Extension to time-dependent
magnetometry

The magnetometer that relies on the frequency content of
Fourier power spectrum is not appropriate for characterizing
a time-varying field. For such an estimation, the phase evolu-
tion of the signal should also be taken into account. In
addition, high resolution detection requires first-order sensi-
tivity to the magnetic field. The configuration that satisfies

these conditions is shown in Fig. 1b: the dissociation/pumping
axis, the magnetic field direction and the detection axis are all
perpendicular to each other. With this scheme, the signal £
(electromotive force in the detection coil) at time ¢ after the
optical pumping can be approximated to be (see 7 for details):

t

£(0) = GonNuyNswwe” ™ sin 5| 80231 |sntonn. 2

0

where G is a geometrical factor that relates the magnetic field
from the spins to the flux in the region of the coil, N is the
number of turns per unit length of the coil, uz is the Bohr
magneton, Ngpy the number of SPH atoms in the detection
region, and T, is the hyperfine coherence time. The above
equation is an approximation in the limit where the magnetic
field evolves much slower compared to the hyperfine frequency
and when w, >» (1/T,, yuB). It also assumes an inductor
detection time constant much shorter than the hyperfine
period and neglects dipolar-interactions between the hydrogen
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Fig. 3 Measured hyperfine frequencies versus B, and predictions of eqgn (2) (Af;, & 40 kHz, smaller than the size of the points).
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spins. It can be seen that the information about the magnetic
field appears as amplitude modulation of the carrier wave at
the hyperfine frequency w,. As a result, the evolution of
magnetic fields at timescales longer than 1/w, should be
faithfully captured with the proposed magnetometer as long
as it is completed before significant spin-depolarization occurs.

Simulations

In Fig. 4 we show the results of simulations for time-varying
magnetic waveforms: (a) is for cosine waves at 1 MHz and
100 MHz, while (b) is for Gaussian magnetic pulses with
durations (Gaussian RMS width) of 1 and 5 ns, centered at
30 ns after the pumping pulse. The same magnetic field
amplitude (maximum value) was considered for all the cases.
In all the simulations the depolarization time was taken to be
0.75 ps. The magnetic field was estimated by first demodulating
the signal at frequency w, and then taking the time derivative of
the demodulation output. For the demodulation we implemen-
ted a simple low pass filter, where the signal was multiplied by
cos(wot) and the resultant was integrated over a single period
27/fy. Subfigures (a) and (b) are plotted in the same (arbitrary)
units for comparison. The response in the two cosine waves in
(a) is similar despite a two orders of magnitude difference in
frequencies. In (b) the retrieved Gaussian pulses (dotted blue
lines) approximate well the actual Gaussian waveforms (red
lines). In sub-figure (c), the response to a cosinusoidal mag-
netic field is plotted as a function of frequency. Here, the
response is taken to be the maximum oscillation amplitude
in the readout signal; in the examined frequency range, this
maximum occurs at timescales much shorter than the decay time
and is therefore not affected by the decay. The magnetometer
bandwidth, defined as the frequency where the response has
decreased by a factor of two, is approximately 450 MHz.

Noise sources and sensitivity limit

The detection of magnetic fields is fundamentally limited by
the spin-projection noise,"" originating from the Heisenberg
uncertainty for spins. Considering the experimental setup
shown in Fig. 1b, the effect of spin noise on the magnetometer
depends on the magnetic waveform. We consider a magnetic
field of the form: B(¢) = ByK(t), where B, signifies the

View Article Online
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amplitude of magnetic field to be estimated from the magnet-
ometer signal and K is an arbitrary function of time ¢ assumed
to be known. By adopting a y*> minimization, it can be shown
(see 8) that the spin-projection noise limit for a single measure-
ment run is given by:

spe - 2 Jo"Jg"dudr'e (e IR (x)dx K d
- 2
Nser [nyoT"‘dte—zf/Tz (J':)K(x)dx)z}

)

(8)

where T, is the measurement time after the photodissociation.
For concreteness we consider the case of a cosinusoidal signal
(K = cos wt, where w is the angular frequency) and the condi-
tions described above: SPH density 10'® cm ™, measurement
volume (100u,,)> x 1 mm = 10 nl and 7, ~ 100 ns. Such a
projection-noise-limited magnetometer presents sensitivity on
the order of a few nanoTesla after measurement time of 1 ns.
For T, ~ T, the sensitivity is better than 200 pT per pulse; in
this case, with a pulse repetition rate of 1 MHz, the projected
sensitivity becomes better than 200 fT/ VHz.

The magnetometer is also inflicted from thermal and quan-
tum fluctuations in the detection coil and associated electric
circuit. The impact of this noise source depends on the
geometric arrangement of the spin-ensemble and the pick-up
inductor. Furthermore, for non-spherical measurement
volumes the dipolar interactions between the spins impair
the magnetometer operation. We defer the consideration of
these issues to a later study.

Outlook

The presented magnetometer is amenable for miniaturization.
The measurement lengthscale, determined by the size of the
photodissociation beam, can be readily adapted to the sub-
micrometer region. Due to the high densities that can be
achieved, the number of polarized atoms remains sufficient
for high sensitivities even with such small measurement
regions. Employing large spin-polarized density also relaxes
the requirements on the induction coil. Unless high sensitiv-
ities are pursued or the measurement is performed from a very
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Fig. 4 Numerical simulation assuming atomic spin decay time 0.75 us, for the detection geometry in Fig. 1b. (a) B(t) = Bg cos(2nft), where Bg = 100 nG

(—19)°

and f = 1 MHz (blue dashed line) or f = 100 MHz (red solid line). (b) B(t) = Boe A , where At = 1nsand 5 ns, to = 30 ns and Bg = 100 pG. (c) Frequency

response of the magnetometer (normalized to DC response).

This journal is © the Owner Societies 2021

Phys. Chem. Chem. Phys., 2021, 23, 21521-21531 | 21525


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1cp03171f

Open Access Article. Published on 15 September 2021. Downloaded on 12/4/2025 7:28:39 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

small region, moderate coil quality factor and room-
temperature, standard electric circuitry should be adequate to
detect the response of the polarized spins to the magnetic field.
Another attractive feature is the large dynamic range and the
capacity to operate in relatively high magnetic field back-
grounds. The upper detection limit B, is set by the condition
yaB1 < o, which for SPH corresponds to B; in the hundreds of
Gauss range.

Contrary to the conventional alkali-metal atomic magnet-
ometers, the proposed scheme does not rely on a magnetic reso-
nance condition. Therefore the detection bandwidth is not
determined by the decoherence rate, but only from the hyperfine
frequency. In the new scheme the spin-state preparation results
from a single-step mechanism (photodissociation of the parent
molecule) and does not involve several excitation cycles or the
application of magnetic pulses to create coherences. Unlike magne-
tometry with nitrogen-vacancy centers in diamond, the dense spin
ensemble does not suffer from inhomogeneous broadening and
high sensitivities can be achieved without the use of dynamic
decoupling techniques. This approach can be applied to different
alkali-metal halides with larger hyperfine splittings. For instance,
operation with Cs instead of H will extend the range of application
to the sub-ns regime.

This fast and atomic magnetometer can be improved further
in time resolution and detection sensitivity, by replacing the
pickup coil with optical detection (via Faraday rotation), as in
conventional atomic magnetometers. This is not practical for H
atoms, for which there are only transitions in the VUV. How-
ever, polarized atomic photofragments with high atomic num-
ber can have convenient probe transitions in the UV, visible, or
IR, and can have hyperfine beating frequencies of around
10 GHz (e.g. Cs atoms), thus bringing fast magnetometry down
to the 100 ps timescales. A magnetometer with such capabil-
ities holds great promise for characterizing fast magnetization
dynamics in chemical processes, including biologically relevant
pathways, as well as in materials science and technology.
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Appendix A: time evolution

In the presence of a magnetic field B (which can be time
varying), the SPH evolves according to the Hamiltonian (we
neglect for the moment the relaxation):
I:I:(Uos~i+gs$B~S:ﬁo+%B'S’z (9)

where 1 is the dimensionless nuclear spin operator, w, is the
hyperfine frequency of H, ug is the Bohr magneton, g, ~ 2 is
the electron spin g-factor, H, is the Hamiltonian for hyperfine
interaction expressed in (angular) frequency units. In the above
equation, we neglected the coupling of the magnetic field to
nuclear spin, as this is three orders of magnitude smaller than
the coupling to the electron spin.
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For clarity we write the Hamiltonian in the coupled (sub-

script ¢) and uncoupled (subscript u) basis taking z (the
magnetic field direction) as the quantization axis:

o

FIRRLL: 0 0 0
() (O
A 0 3 omb g 0
H, =
[ON) o
0 @ “20 B 0
2 g T
o)
0 0 0 =B
@4 B0 0 0
4
o
R 0 T 0 '))HB
Hc = o, 3
0
0 0 Z—mB 0
36()0
0 yuB 0 e
"H 4

where yy = goup/2h is the gyromagnetic ratio of atomic H. The
above matrices are expressed in a basis with the following
ordering:

Uncoupled basis:  {|ms = 1/2,m = 1/2),

|mg = —1/2,my = 1/2),
|mS = 1/27”’1] = 71/2>a

|msg=—1/2,m; = —1/2)},

(10)

Coupled basis: {|F =1,mp =1),

|F: l>}nF = 0>7
|F=1,mp=—-1),

|F=0,mp =0)},

where F is the total spin (sum of electronic and nuclear
spin) quantum number, mg, m; and my are respectively the
electronic, nuclear and total spin projection along the quanti-
zation axis.

Transformation of an arbitrary operator O or state vector [i))
from one basis to the other can be performed according to the
following rules:

@c = Tcu . Ou . Tcu_ly
@u = ,Tcu_1 . @c . Tcu:
(11)
W)e = Teul¥h)y,
W)y =Teu W)
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The hydrohalide photo-dissociation occurs with a sub-
nanosecond laser pulse and optical pumping effectively trans-
fers angular momentum from light to the electronic spin,
leaving the nuclear spin degrees of freedom in their thermal
(completely unpolarized) state. Following the above basis order-
ing, after optical pumping half of the polarized H atoms are in
the quantum state (expressed as a column vector):

(1,0,0,0)T, 21000 (l
sV Y Muy 27
W (0))o = o) =

R.(0,0,0,1)" 1
(0,0,0,1);, ———— (

where the subscript y denotes that the quantization axis for
spin projections was taken in the y direction (if no axis sub-
script appears it is implicitly assumed that the quantization
axis is in the z direction), T is the transpose operation, o is the
helicity of the pumping light pulse and R, is the rotation
matrix around the x-axis applied to the uncoupled basis (two
spins, each of spin 1/2):

1§\§.

> —185,.5 —
Ry=e "2®e (14)

The other half of the polarized H atoms are in the state:

T R (001,007 1
(0,0, I,O)M —_ (—57
W (0)),= 1) =

(0,1,0, O)T R.(0,1,0,0)"

For the observable dS. the contribution to signal of atoms initially
at state [(0)), is a factor of pB/w, smaller than the contribution of
atoms initially at |/(0));. In the case of yyB/w, < 1, the magneto-
meter signal is mainly determined by the atoms initially at [1/(0));.

For static magnetic field, Schrodinger equation can be
solved in a straightforward manner:

%W(m = Ay () = [¥ (1) = ey (0)) (16)

@, . [1.
V2yuBe' 4'sin [Ewt}

@

—%t(’f’(WTOJH”*B)’7 —10

W) =

T

! 1 1

y T A AT Ay T A
wy < 2272 2)u
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where |()) is the wavefunction at time ¢ after optical pumping. For
[(0)) = |y(0)), the wavefunction at time ¢ in the coupled basis is:
where: @ = \/wo? + 4y2 B
In the general case of a time varying magnetic field the
Schrédinger equation cannot be solved analytically, as
the Hamiltonian does not commute with itself at different
times. For an approximate analytical solution it is con-
venient to work in the interaction picture (denoted by the ~
symbol):
0 ~ [
(1) =~V (), (18)
where ¥V is the Hamiltonian describing the magnetic field
coupling to the atoms:

o I\T T (1 1 1 0 T )
R I LN -
27 27 2 " 2’ 27 27 C7 (2

; (13)
t N\ T 1 1 T
T AT T AY T AYA B Y _77770 ) o=—1
202 22/, 20227/,
f}(l) _ ell:lqt[gSHBBSwz]eﬂI:Igt
1 0 0 0
0 —cos(wot) 1sin(wgt) 0 (19)
= yuB(1) .
0 —r1sin(wot) cos(wpt) 0
0 0 0 -1
11 T T
LI Y (LY AL R
222/, 2 2V2).
(15)

T 1 1 1\" .
i’ 77707 AT T m , 0= -1
(30 3),

In the last equation ¥ is expressed in the uncoupled basis.

The solution of eqn (18) can be expressed in the form of the
Magnus series.>> For magnetic fields that change slowly with
respect to the hyperfine frequency so that:

ot t
J B(t")e' " di" < J B(1")d?’ (20)
0 0
e’%’ (lw sin {ld)t} + @ cos {ldn}) !
0 2 2
), 2 2
I \/id)
(17)

T
1L iag @, p.l- 0 el
~_ 513’4(”0+2“’)’ eft( ) +)HB+2w)r’ 0, eft( > —)HB+2{/))I’ 2o 7
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the solution of eqn (18) can be approximated by keeping only
the first term in Magnus expansion. In this case:

(D) ~ exp(ﬂj;mdf) (),

(21)

and the observable (taking into account the condition (20)) can be
written as:

(D (0)]e oS e Hor (1))
~ o—% X {%sin {VHJ;B(I/)(U/} COS(“)Oz)}

t
~ —a% X sin {VHJ B(t’)dz’} sin(wo?).
0

S

(22)

The last approximation holds for yuB < wy.

The condition stated in 20 implies that the magnetic field
does not induce hyperfine transitions and the magnetic
field can be treated as a perturbation to the energies of the
hyperfine levels. Then, for small magnetic fields (yuB < ,) the
Hamiltonian for H atoms (hyperfine levels with F= 0 and F= 1)
can be approximated to be (as before the magnetic field
direction is taken to be the quantization axis):

H ~ Hy + yuB(0)(S; + 1). (23)

This Hamiltonian commutes with itself at different times and
the Schrodinger equation can be solved analytically:

(1) = eSO 1y 0)) (24)

Decay

The evolution of spins is also affected by relaxation processes
leading to non-Hamiltonian dynamics. We model these by
introducing a decay term in the density matrix equation:

dp

L oo H) = 70— ) 3)

where 1/T, is the decay rate, and p.q corresponds to the state
towards which the decay processes drive the system. We take
this quantum state to be the completely unpolarized state,
written in the form:

1

peq = ZU4><4: (26)

where [, is the 4 x 4 identity matrix. For eqn (25) and (26) to
be valid the population decay (hydrogen atom losses due to
formation of molecules) should be significantly slower com-
pared to (atomic) hydrogen spin-decoherence processes. This
condition is justified in our case.
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The density matrix at ¢ = 0 is (z quantization axis the
direction of magnetic field and optical pumping in the y axis):

Z GZ O 0
11
I I ;3 ° 0
p(0) :EWO><%| +§|‘P1><‘P1‘ - .
1
0 0 Z O'Z
11
0 0 =g 3/,
1 1
1 — 0 —0——
0\/5 0\/5
1 1
—0— 1 o— 0
1 V2 V2
_>Z 1 1
0 —0—— 1 —0——
2 2
1 1
o—— 0 o—— 1
V2 V2 c
(27)

An analytical solution to the density matrix equation can be
found for a static magnetic field or for an arbitrary field when
the Hamiltonian can be approximated by eqn (23). In the
experimentally relevant limit of w, > (1/T,, yuB) the signal is
(keeping lowest order terms in the harmonic amplitudes):

dSe\ [l 1 p
<dt>(t)—Tr{dle}~ L€

X sin {yHJ;B(I’)dI’} sin(wo?).

(28)

Eqn (25) and (26) implies spin-damping occurs (at equal
rate) for both electron and nuclear spin of H. However, the
results derived here are general for the relevant approximations
(wo > (1/T,, yuB)) and condition (20). For instance, eqn (28) is
reproduced also for decay mechanisms that relax only the
electronic spin:

dp 4

__Az. _A
L g )-8 -8 (29)

Appendix B: spin-projection noise

In the following we will need to know the multi-time correlation

dsS,, ds,,
< Ut >>, (30)
where we take
d . A 1.
an = lIiI'I7 SY} — ES\ (31)

The last term (not derived from first principles) was introduced
to account for the spin decay. We assume that the evolution of

This journal is © the Owner Societies 2021
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the density matrix p is given by eqn (25) (though the results
are the same - within the relevant approximations - for the
evolution described in eqn (29)).

The multi-time correlation can be written operationally in

the form:
<di‘<z>d§‘<z'>> =Tr{dj‘ 0,1 (dcf,““pu')ﬂ } 2)

where U(¢, t') is the evolution operator of the density matrix
from time ¢’ to ¢ (¢ > t’), and p(¢’) is the density matrix at time ¢’
p(t)=U(t', 0)p(0). The evolution operator U cannot be written in
the form of a matrix and is not associative. The evolved state

U1, 1) <d(ftxp(t’)> can be found from the general solution of

d(ixp(l’) as the initial condition for the density

matrix. For quantum noise analysis we can take the magnetic
field to be zero in the calculation of the multi-time correlation,
since quantum noise affects considerably magnetometry only at
low fields. When wyT, > 1, it can be found that:

eqn (25) taking

<d<§"<z>d£‘<z'>> = goe U cosfon(i— ). (33)

In order to find what is the magnetic field uncertainty due
to spin-projection noise, we have to specify a method for

ds,
—(7).
a0
Taking into account eqn (28), one way to do this (appropriate
for arbitrary magnetic waveforms) is from considering the

“quasi-instantaneous” amplitude of the frequency component
at the hyperfine frequency:

estimating the magnetic field from the detected signal

E(nTye) =

1 (n+1) Tye dSv
- (34)

ot dt‘(t) sin(wo?)dt,
where Ty = 2m/w, is the period of hyperfine oscillation and 7 is
an integer number. We assume that the magnetic field can be
written in the form: B(r) = ByK(z), where K is a known (but
other than this an arbitrary), time-dependent function. Spin-
projection noise creates an uncertainty in the estimation of By

We consider the case where the functions K(¢) and e /"
evolve in time much slower compared to sin(wyt) and can
therefore be considered constant during the hyperfine period.
Effectively this is the situation for w,T, > 1 and the condition
stated in 20. Then, the quasi-amplitude of the sine wave at
hyperfine frequency is (we ignore the - irrelevant for noise
purposes - —¢ factor in the signal in eqn (28)):

1 (+DTweg s, 1 1Ty
T J 3 - (t)sin(a)ot)dtmgu)()e:_”Thf/T2 sin |:VHBOJ K(t’)dt’}
hf J n Ty t 0

nThe

1
zg(uoef”T“/szHBoJ K(t)de,

0
(35)

where the last approximation holds for small magnetic fields.
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The magnetic field B, can be estimated by minimizing with
respect to the parameter B, the y* function:

2

My n Ty
v = Z —wge "ot/ T2 By Khde' — EnTy)| ,  (36)
n=0 8 J0

where MTy is the total measurement time. The above equation
can be viewed as a curve fitting problem with unknown para-
meter B, for a noisy signal. The solution to the curve fitting
problem is:

M
Z f(nThf)e—nThf/Tz J"gTth(t/)dt/
n=0
N (37)
=0

BO = )
1 nThe 2
ey gwoe*Z’lThr/Tz (JOTM K(t’)dl’)

and the estimation uncertainty in B, due to the spin-projection
noise is:

3By =

M M /
Z Z <§('1Thf)é(n/Thf)>e—(n+,,/)Thf/T2J"gThf’C(t/)dt/J"g Thflc(l//)dt//
/=0 n=0

K 1 212
VE2 ['Eogwoe*Z"Thr/Tz (jgrhflC(t’)dt’> }

(38)

From eqn (33) and (34) we find (in the limit of w, > y):

1 P
<é(nThf)§(n’Thf)> = ﬁa)oze*\(”*” )\Tm/Tz7 (39)

so that:
2 2“[0'“ L)T"'dtdl e*(t+t’)/Tze*\/—/’\/TzJSK(x/)dx/J"(f)’K(x)dx

5B, -
[yH Jomdre=20T2 ([ K(x)dx) }

I

(40)

where T, is the measurement time for a single run of the
experiment.

The above derivation applies to a measurement a single
H atom. For Ngpy independent (absence of spin-squeezing)
H atoms the uncertainty in magnetic field estimation is:

g2 [T e U, ()Y Ky
_ ‘ ,
Nspn [ die=20m (1K (x)dx)°]

(41)
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