
A scientific session of the Physical Sciences Division of the
Russian Academy of Sciences dedicated to the 70th anniver-
sary of the Pushkov Institute of Terrestrial Magnetism,
Ionosphere and Radio Wave Propagation of the Russian
Academy of Sciences (IZMIRAN) (Troitsk, Moscow region)
was held in the conference hall of IZMIRAN on 25 Novem-
ber 2009.

The following reports were put on the session agenda
posted on the web site www.gpad.ac.ru of the Physical
Sciences Division, RAS:

(1) Gurevich A V (Lebedev Physical Institute RAS,
Moscow) ``The role of cosmic rays and runaway electron
breakdown in atmospheric lightning discharges'';

(2) Aleksandrov E B ( Ioffe Physical Technical Institute,
RAS, St. Petersburg) ``Advances in quantum magnetometry
for geomagnetic research'';

(3) Dorman L I (IZMIRAN, Troitsk,Moscow region, CR
& SWC, Israel) ``Cosmic ray variations and space weather'';

(4) Mareev E A (Institute of Applied Physics, RAS,
Nizhnii Novgorod) ``Global electric circuit research: achieve-
ments and prospects'';

(5) Tereshchenko E D, Safargaleev V V (Polar Geophysi-
cal Institute, Kola Research Center, RAS, Murmansk)
``Geophysical research in Spitsbergen Archipelago: status
and prospects'';

(6) GulyaevYuV, ArmandNA ,EfimovAI,MatyugovSS,
Pavelyev A G, Savich N A, Samoznaev L N, Smirnov V V,
YakovlevO I (Kotel'nikov Institute ofRadioEngineering and
Electronics RAS, Fryazino Branch, Fryazino, Moscow
region) ``Results of solar wind and planetary ionosphere
research using radiophysical methods'';

(7) Kunitsyn V E (Lomonosov Moscow State University,
Moscow) ``Satellite radio probing and the radio tomography
of the ionosphere'';

(8) Kuznetsov V D (IZMIRAN, Troitsk, Moscow region)
``Space Research at the Pushkov Institute of Terrestrial
Magnetism, Ionosphere and Radio Wave Propagation,
Russian Academy of Sciences.''

Papers based on reports 2 ± 8 are published below. The
main contents of report 1 are reproduced in A V Gurevich's
review, ``Nonlinear effects in the ionosphere'' [Phys. Usp. 50
1091 (2007)] and in the paper by A V Gurevich et al.,
``Nonlinear phenomena in the ionospheric plasma. Effects
of cosmic rays and runaway breakdown on thunderstorm
discharges'' [Phys. Usp. 52 735 (2009)].
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Advances in quantum magnetometry
for geomagnetic research

E B Aleksandrov

The precision measurement of weak magnetic fields is a
rapidly advancing area of metrology, which enjoys a wealth
of applications in both fundamental and applied research.
Among the former are numerous investigations in the realm
of fundamental physics, geophysics, geology, cosmophysics,
and aeronomy (Fig. 1).

The most prominent example of such investigations in
fundamental physics in recent years is given by experiments in
the search for violation of basic symmetry laws, in particular,
the quest for the constant electric dipole moment of the
neutron: the precision of these experiments depends entirely
on the accuracy of the measurement and the stabilization of
the magnetic field.

Magnetometric methods are most intensively used in
geophysics, where the study of terrestrial magnetic field
(TMF) variations, ranging from millisecond oscillations to
secular drift, permits gathering information about the
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Figure 1.Main applications of quantum magnetometry.



evolution, structure, and current state of the earth. Vectorial
measurements of TMF variations are therefore a necessary
constituent of geophysical research. In particular, observa-
tions of the state of vector TMF components have been
performed for over 150 years at observatories of the Pushkov
Institute of Terrestrial Magnetism, Ionosphere and Radio
Wave Propagation (IZMIRAN) of the Russian Academy of
Sciences and at geomagnetic stations, which number about
forty on the territory of the Russian Federation, the CIS, and
in the Russian sector of Antarctica.

The TMF is permanently monitored by several interna-
tional observatory networks. The total number of geomag-
netic stations in the world amounts to over 200 in 70
countries. In particular, the International Real-Time Mag-
netic Observatory Network (INTERMAGNET) comprises
more than one hundred magnetometric stations located in
several dozen countries of the world; the Sub-Auroral
Magnetometer Network (SAMNET) numbers over 20 sta-
tions; the International Monitor for Auroral Geomagnetic
Effects (IMAGE) network contains 29 stations, and so on.
During recent decades, in connection with the development of
seismology and the transfer of a substantial part of funding to
the research area aimed at prevention of extreme situations,
including earthquakes, a rapid growth has occurred in the
number of geophysical observatories in seismically hazardous
areas, like the western coast of the USA and Southeast Asia;
the instruments for these measurements are being continu-
ously improved.

The data of magnetometric observatories, along with
those obtained beginning from 1964 using quantum magnet-
ometers on board artificial Earth satellites and explorer
spacecraft, are one of the main sources of our knowledge
about the internal structure of the earth, the processes
occurring in it, and the interaction of solar radiation with
the terrestrial atmosphere and magnetosphere.

The applications of magnetometry are primarily related
to diversified problems of navigation and magnetic survey,
including precision magnetic mapping for the purposes of
prospecting for all kinds of minerals, both magnetic and
nonmagnetic. For instance, prospecting for underwater
petroleum deposits by magnetometric techniques relies on
the fact that oil-bearing sedimentary rock has substantially
weaker magnetic properties than other geological structures.
Furthermore, magnetic mapping is widely used in arche-
ology in searching for and dating ancient artifacts, as well as
in defense, for the detection of underwater and underground
military objects and ammunition. During the last few
decades, precision measurements of magnetic fields in
seismic zones have found increasing application for the
detection of earthquake precursors. Magnetic measure-
ments are becoming increasingly important in medicine
and biology.

The demanding requirements imposed on the precision
and sensitivity of magnetic measurement techniques are
determined by the fact that the magnetic fields of the objects
to be investigated or sought are measured in the background
of the TMF, which frequently exceeds them by five or more
orders of magnitude. Extracting such signals requires
improving the accuracy and sensitivity of magnetometric
devices to a level of 10ÿ7 ± 10ÿ9. Of course, this would have
hardly been possible without recourse to the means of atomic
and nuclear spectroscopy, which permits referencing mag-
netic field measurements directly to the values of atomic
constants. In this respect, quantum magnetometry is very

close to another branch of metrology, the metrology of time.
The difference betweenmodern quantummagnetometers and
quantum frequency standards consists only in the fact that
the principle of operation of the former involves frequency
measurements for magnetically dependent transitions, while
the principle of operation of the latter is based on frequency
measurements formagnetically independent transitions in the
same atomic structures. The relative precision attained due to
the use of quantum magnetometers in the metrology of weak
magnetic fields is second only to the precision of frequency
(time) measurements.

1. Quantum magnetometry: brief history
and current state of the art

Magnetometry as an area of high-precision investigations
began with the making and use of classical devices for the
measurement of magnetic fields, which recorded the action of
a field on permanent magnets, moving charges, etc. These
devices are typically characterized by considerable drifts and
do not permit combining a high variational sensitivity (i.e.,
the capability of recording a small increment of the quantity
being measured) and the absoluteness of measurements,
which implies the ability to perform measurements relying
only on fundamental and atomic constants.

The prerequisites to the advent of quantum magnetome-
try emerged in 1896, when P Zeeman discovered the effect of
spectral line splitting in a magnetic field. In the 1930s, Rabi
undertook several investigations tomeasure nuclearmagnetic
moments [1]. Quantum magnetometry had its genesis in the
1940s, when Bloch [2] and Varian and Packard [3] came up
with the idea of measuring magnetic field strength from the
frequency of free precession of the magnetic moment of a
proton. The first proton magnetometers were thus made,
which were the first devices for the inherently absolute
measurement of magnetic fields.

Since that time, magnetometers have been subdivided into
classical and quantum ones (Fig. 2); there are two main types
of quantum magnetometers: instruments with superconduct-
ing sensors, so-called SQUIDs (superconducting quantum
interference devices), which are not discussed in this review,
and devices that use the Zeeman effect in an atomic structure
in one way or another. Among these devices, the highest
performance characteristics are exhibited by optically
pumped quantum magnetometers (OPQMs) realized with
different, primarily alkali, atoms.

Overhauser
magnetometer

Superconducting
sensors (SQUIDs)

Quantum Quantum

Classical Classical

Optically pumped quantum
magnetometers (OPQMs)

Magnetometers

Ferroresonant

Mechanical

Inductive
(coils)

Faraday
effect

Hall
effect

He
Cs

K

Rb

Hg

Based on the effect of magnetic
resonance in atomic or nuclear structure

Proton
magnetometer

Josephson
effect

magnetometer

Figure 2. Classification of the main types of magnetometric devices.
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Despite the numerous virtues inherent in proton magnet-
ometers, their three main disadvantages limited their area of
application, namely: the cyclic mode of operation, which does
not allow continuous field measurements; a very low
magnitude of static nuclear susceptibility; and a relatively
low proton precession frequency, which necessitates no less
than several tenths of a second to precisely measure the
frequency.

The second of these disadvantages was largely overcome
due to Overhauser [4, 5] and Carver and Slichter [6], who
demonstrated the feasibility of more than a thousand-fold
increase in the proton spin polarization degree and therefore
in the proton magnetometer signal using the technique of
dynamic polarization of atomic nuclei. The magnetometer
based on this principle has come to be known as the
Overhauser magnetometer.

The beginning of radio±optical quantum techniques of
measuring a magnetic field was initiated by two events that
occurred almost simultaneously in the middle of the 20th
century:

(i) the invention by Bitter of the optical detection of
magnetic resonance [7], which allowed realizing a detection
sensitivity several orders of magnitude higher than that for
the direct electromagnetic technique;

(ii) Kastler's discovery [8, 9] of optical pumping, an effect
whereby the irradiation of atoms by specifically polarized
resonance light allows obtaining an extremely high degree of
magnetic moment orientation.

These events triggered a rapid development of quantum
magnetometry, which led to the making of a family of
quantum magnetometers with optical pumping and optical
detection of magnetic resonance and enabled attaining an
extraordinarily high absolute precision and sensitivity in the
measurement of magnetic fields [10 ± 14]. Being unrivaled in
absolute sensitivity, quantum magnetometers may even
exceed the magnetometers based on SQUIDs in variational
sensitivity [15]. However, the competition between these two
classes of devices is largely nominal: the physical principles of
their operation and, as a consequence, their areas of applica-
tion differ greatly. Quantummagnetometers are meters of the
absolute magnetic field strength, while magnetometers with
superconducting sensors are meters of the increment of the
magnetic flux through a superconducting circuit.

Due to their supersmall sensor size and high sensitivity,
SQUIDs occupy a prominent place in biology and medicine;
however, they are hardly employed in geology, geophysics,
and cosmophysics. In the subsequent discussion, in order to
avoid confusion, the term quantum magnetometer is used in
reference only to devices with optical pumping, thereby
excluding proton magnetometers and SQUIDs from our
consideration.

1.1 Classification of quantum magnetometers
Quantum magnetometers may be classified by the character
of paramagnetism of the working substance (electronic or
nuclear) and the type of atomic transition in use (Zeeman,
hyperfine, multiphoton, and so on); by the method of
magnetic resonance excitation; by the way magnetic reso-
nance is detected (recording the variation of magnetic
sublevel populations in Mz magnetometers; recording the
coherence signal of atomic states in Mx magnetometers).
Furthermore, recent decades have seen the emergence of
many modifications of the idea of a quantum magnetometer
that go beyond the scope of the main classification.

Figure 3 shows an approximate classification of modular
magnetometric devices by the main metrological parameters:
short-term sensitivity, precision, and the speed of response.
Shown in Fig. 3 are the following resonance magnetometers:
cesium (Cs) and potassium (K) Mx magnetometers, a
potassium (K-HFS) hyperfine-structure Mz magnetometer,
a nuclear helium (3He) Mx magnetometer, and an alkali
helium (He±Me) Mz magnetometer. The arrow in the
diagram shows the general trend in the development of
magnetometric devices. A remark is in order: the data
depicted in Fig. 3 are not necessarily complete or perfectly
reliable. Direct measurement of the parameters of high-
precision devices is impossible when these devices outper-
form reference devices. Furthermore, some of the listed
magnetometers measure quantities that are different from
the magnetic induction modulus. The performance of
commercial magnetometers claimed by their manufacturers
is quite often higher than the results of independent tests,
which is especially characteristic of small private companies.
Therefore, Fig. 3 is intended to give no more than a general
impression about the current situation in magnetometry.

Quantum sensors are also used in the so-called vector, or
three-component, magnetometers, which measure the three
components of the TMF. The principle of operation of vector
magnetometers usually relies on the law of composition of
vectors: differently directed known vectors are successively
added to the unknown induction vector of the field under
measurement and the modulus of the resultant field vector is
measured, and the unknown vector is calculated in this way.

Quantum magnetometers may be validly used to measure
not only the modulus and components of the magnetic
induction vector but also vector components of the gradient
of the magnetic induction modulus. In the simplest config-
uration, a magnetic gradiometer consists of two (or, in
extended versions, of three or more) magnetometers spaced
at a fixed distance from each other.

It is also possible to configure devices for measuring the
second- and higher-order gradients of the magnetic field
modulus, as well as the gradients of magnetic vector
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components. However, these systems consist of a large
number of modular or vector sensors and are infrequently
used (an example is provided by the experiment in the search
for the electric dipole moment of the neutron mentioned
above).

Although the property of absoluteness of measurement is
immanent in quantummeters ofmagnetic fields, this property
may be largely lost in certain cases because of the presence of
additional magnetic fields in the sensor, the broadening, shift,
or shape distortion of the resonance line, and so on. Those
measuring devices that have a high short-term sensitivity but
no absolute precision belong to the class of variometers.

Table 1 gives the characteristics of the OPQM-based
vector magnetometric complex developed jointly by the
Ioffe Physical Technical Institute (PhTI) of the Russian
Academy of Sciences and the Vavilov State Optical Institute
(SOI). These characteristics are compared with those corre-
sponding to the specifications of the INTERMAGNET
international magnetic observatory network.

Quantum magnetometers are additionally classified by
their service conditions (stationary observatory devices,
vehicle-borne magnetometers, portable devices, and so on);
by the way information is extracted (analogue and digital); by
the class of accuracy; and so on.

2. Basic physical principles of quantum
magnetometry

2.1 Optical pumping and double radio±optical resonance
Proton magnetometers, which afford the absolute measure-
ment accuracy up to 1 nT for a resolution up to 0.1 nT, are
still used in magnetic field metrology and in many magnetic
observatories. But despite the obvious advantages of these
magnetometers, the following disadvantages must be over-
come:

1) the cyclic nature of operation, which does not allow
continuous field measurements;

2) low sensitivity, which is due to the low magnetic
susceptibility of a nuclear paramagnetic;

3) low proton precession frequency, which limits the speed
of the instrument response;

4) linear dependence of the sensitivity on themagnitude of
the field being measured, which hampers measurements of
weak fields;

5) substantial energy consumption arising from the
necessity of inducing a strong field.

These disadvantages were largely overcome in a substan-
tial proton magnetometer modification based on of the
Abragam±Overhauser effectÐ the effect of dynamic polar-
ization of nuclei, which permitted abandoning the polarizing
field and increasing the degree of proton polarization by 2 ± 3
orders of magnitude.

The further development of the idea of a magnetometer
reliant on the effect of magnetic moment precession was
possible along three main lines: (i) increasing the oscillation
frequency to improve the speed of response and sensitivity of
the instrument; (ii) increasing the degree of polarization of the
working paramagnetic; and (iii) abandoning the inductive
extraction of the precession signal. All these tasks were
solved, first, by passing from nuclear paramagnetism to
electron paramagnetism (with an increase in the gyromag-
netic ratio by 2 ± 3 orders of magnitude) and, second, by
applying the technique of optical pumping and double radio±
optical resonance.

The essence of optical pumping consists in the selective
optical population of magnetic and/or hyperfine sublevels of
an excited atomic state.

We consider a ground state with two sublevels, 1 and 2,
and an excited state (Fig. 4). By selective pumping of sublevel
1 of the ground state, it is possible to decrease the population
of sublevel 1 at the expense of increasing the population of
sublevel 2 if the probability of transitions between sublevels
1 and 2 is low in comparison with the optical excitation
probability.

The optical pumping that results in the emergence of a
nonzero dipole magnetic moment in a substance is referred to
as optical orientation. Optical methods also exist for inducing
a quadrupole magnetic moment (ordering) and higher-order
moments. The physical foundations of optical pumping are
set forth in several publications, beginning from the 1950s; we
note the prominent review Ref. [16].

The method of double radio±optical resonance (DRR) is
commonly used in combination with optical pumping. The

Table 1.

Characteristic INTERMAGNET
speciécations

OPQM-based
magnetometric
complex

Gain

Variational
sensitivity
in the 0.2 Hz band

0.1 nT 0.002 nT 50 fold

Frequency band 0.2 Hz 5 Hz 25 fold

Speed of response 5 s 0.1 s 50 fold

Long-term
stability

5 nT yrÿ1 0.2 nT yrÿ1 25 fold

Measurement
accuracy

�10 nT 0.2 nT 50 fold

3

1
2

Figure 4. Optical pumping in a three-level scheme.
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heart of this method is that the optical resonance excitation of
atoms is combined with the induction of radio frequency
transitions between sublevels of the ground or excited states.
In this case, every event of absorption (or stimulated
emission) of a radio frequency photon is attended with the
absorption or spontaneous emission of an optical photon.
Detecting absorption (emission) in the optical range usually
permits increasing the sensitivity of magnetic resonance
detection by many orders of magnitude in comparison with
that in conventional radiospectroscopy methods, because the
energy of the optical photon exceeds the energy of the radio
frequency photon by many orders of magnitude.

In 1949, A Kastler proposed detecting magnetic reso-
nance from the variation of intensity and polarization of light
emitted by atoms. The success of this technique was primarily
predetermined by the possibility of ensuring a low relaxation
rate between sublevels 1 and 2. In his first experiment, Kastler
used the atomic beam technique to eliminate the relaxation of
atoms in the ground state, such that the atoms of the beam
experience practically no collisions along the entire trajectory
length. The atomic relaxation time, which amounted to the
atomic transit time, was of the order of 10ÿ4 s.

The next step involved passage to gas cells. It was
experimentally determined that the relaxation of angular
momentum caused by collisions with vessel walls may be
prevented by filling the vessel with a special buffer gas, which
moderates the diffusion of oriented atoms to the wall but does
not disrupt their orientation.

Similar results, and even better ones than with buffer
gas filling, may be obtained by depositing a paraffin or
polysiloxane coating on the inner cell surface. These coat-
ings are characterized by an anomalously low adsorption
energy for alkali atoms, with the result that the atomic
residence time on the walls (of the order of 10ÿ10 s) is so
short that an appreciable relaxation of electron spins has no
time to occur.

In the overwhelming majority of radio±optical magnet-
ometers, the magnetic resonance technique is used whereby
the transition frequency between the magnetic sublevels is
determined by irradiating the polarized specimen with a
probing monochromatic radio frequency field B1. The
magnetic resonance equations with the inclusion of relaxa-
tion processes were first written by Bloch [17]. It is easy to
derive their stationary solution for the three components of
themagneticmoment vector, which are denoted byMz, v, and
u (vkB1, u ? B1) in the reference frame rotating with the radio
frequency about the z axis (zkB).

According to the Bloch equations, the u component
vanishes at the exact resonance, and therefore the transverse
component of the angular momentum precesses with a 90�

shift relative to the field vector B1. The per-unit volume
absorption of the alternating field energy by the system is
defined by the v component, and the u component defines
dispersion.

Multiquantum transitions, which may also be validly
used in magnetometric devices, are possible in multilevel
systems. These processes, which were theoretically predicted
in 1929 [18], were experimentally observed for the first time
just in the radio frequency range, where it is much easier to
reach the requisite spectral power density of electromagnetic
radiation [19].

Recently, multiquantum resonances have been finding
progressively wider use in quantum magnetometry. These
are primarily (i) multiquantum higher-order nÿ 1 transitions

that link up a system of n quasiequidistant Zeeman levels of
one hyperfine state, and (ii) the so-calledL scheme (see Fig. 4),
in which two lower levels, 1 and 2, are linked to the common
excited level 3 by two coherent waves whose frequency
difference corresponds to the spacing of the lower levels.
Under resonance conditions, levels 1 and 2 turn out to be
linked together by a two-quantum transition, and coherence
emerges between them without populating the intermediate
level 3. This effect has been known under many names,
among which dark resonance [20], the effect of coherent
population trapping [21], and electromagnetically induced
transparency [22] are most frequently used.

3. Quantum magnetometers with optical
pumping

3.1 Types of magnetic resonance signals and the main
versions of quantum magnetometers
Magnetic resonance techniques involve two kinds of obser-
vable quantities proportional to the imaginary and real
components of the magnetic susceptibility. Accordingly,
there are two types of magnetic resonance signals, which are
related to the observation of (i) the longitudinal component of
the magnetic moment, i.e., permanent magnetization (Mz

signal), and (ii) its transverse component, which is described
by the variables u and v (Mx signal).

In the Mz-signal case, locking in to the resonance line
center requires introducing a low-frequency modulation of
the mismatch and using a conventional method of synchro-
nous detection for determining the frequency mismatch Do.

In the Mx-signal case, it is possible to record the v and u
components separately; in particular, it is possible to extract
the signal proportional to u, whose contour has a dispersion
shape as a function of Do. Just this form of the signal is most
convenient when the resonance is used as a frequency
discriminator: at exact resonance, the signal is equal to zero,
and in the case of a mismatch, the sign of the signal bears
information about the mismatch sign. However, careful
control over the phase of the whole signal path is required in
this case. Accordingly, magnetometers are distinguished by
the way of detecting the magnetic resonance:

1) relatively slow but typically more exact Mz magnet-
ometers;

2) fast-response Mx magnetometers.
In all commercially available radio±optical magnet-

ometers, electronic paramagnets (alkali atoms (Fig. 5) or the
metastable atoms of 4He orthohelium (23S1)) are used as the
working medium. Alkali metal vapor magnetometers are
encountered most frequently; among them are the histori-
cally first but now infrequently used rubidiummagnetometer,
the substantially more popular cesium magnetometer, and a
relatively new potassium one.

The vapors of all alkali metals permit an efficient optical
orientation: their strongest lines of the first resonance doublet
fall into a convenient optical region, from the visible light to
the near infrared.

Resonance transitions between the Zeeman sublevels of
one hyperfine structure (HFS) level are commonly used in
OPQMs; however, OPQMs exist that use transitions between
the Zeeman sublevels of different HFS levels (so-called HFS
magnetometers) and of multiphoton transitions.

All presently existing commercially available alkali metal
vapor magnetometers use radio frequency transitions. HFS
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magnetometers are mostly known as laboratory and pilot
facilities, although they offer certain advantages: in particu-
lar, they are characterized by exceptionally high absolute
accuracy.

Basically, a resonance quantum magnetometer is a radio
spectroscope that automatically tunes to the magnetic
resonance line center, which permits determining the mag-
netic field strength from the resonance frequency. At present,
the majority of alkali metal vapor magnetometers are
designed according to the Mx scheme, because this magnet-
ometer type is attractive for its inertialess response to
magnetic field variations.

3.2 Main metrological characteristics of quantum
magnetometric devices
The main metrological characteristics of an OPQM are
precision, variational sensitivity (or resolving power), and
the speed of response. These parameters are fundamentally
limited by the magnetic resonance parameters: the width and
the symmetry of the resonance line, the magnitudes of
parametric resonance shifts, and the signal-to-noise ratio. A
model that allows optimizing the sensitivity of the atomic
discriminator to the first approximation was constructed in
Ref. [23].

The smaller the width of atomic resonances is, the greater
their attractiveness for quantum metrology. But a narrow
resonance poses a problem arising from its inertia. Although
the Mx magnetometer scheme is not limited by the resonance
linewidth as regards the speed of response, this statement is
perfectly true as long as the measurement period is not much
shorter than the inverse linewidth. On the other hand, for long

measurement periods, which characterize precision and long-
term magnetometer stability, different drifts and ageings
prevail, which are statistically described by the dependences
of the variance of readings on the measurement time such as
s�t� � t 1=2, s�t� � t, and so on. It is significant that the scale
of errors generated by all these factors is proportional to the
resonance width G.

Apart from the variational sensitivity and the speed of
response, a highly important metrological characteristic of
magnetic field meters is their absolute accuracy, or the
accuracy with which the measured induction value can be
expressed in terms of the fundamental constants. In
particular, the limiting absolute accuracy of a resonance
magnetometer utilizing a narrow isolated potassium line
(potassium magnetometer) is determined by the uncertainty
in the electron g-factor gj (which relates the projection of the
electron magnetic moment expressed in terms of the Bohr
magneton mB to the magnetic quantum number mj), mB, and
�h: in a typical TMF, the limiting absolute accuracy of a
potassium magnetometer may in principle be about 10 pT.
In a potassium magnetometer, the systematic measurement
errors of the magnetic resonance frequency may also be
reduced to � 10 pT because such are the characteristic shifts
and uncertainties in measurements of the magnetic reso-
nance frequency in the spectrum of potassium.

3.3 Self-oscillating magnetometer with cesium vapor
At present, a self-oscillatingmagnetometer with cesium vapor
is probably the simplest and most widespread of all quantum
devices. The ground state of 133Cs consists of two hyperfine
levels with total angular momenta F � 3 and F � 4, which in
a magnetic field respectively split into 7 and 9 sublevels. The
magnetic resonance frequencies between adjacent magnetic
sublevels of one hyperfine cesium level differ by only � 7 Hz
in the average TMF. That is why the set of resonances
virtually merge into one common asymmetric contour
approximately 50 Hz in width, which corresponds to
� 15 nT on the magnetic field scale. This line of resonance
between the sublevels of the F � 4 state is schematically
depicted in Fig. 6 for the TMF.

Because the contribution of different partial resonances to
the common line depends heavily on the light and radio field
strengths, the direction of the pump light relative to the
permanent field direction, the cesium vapor density, and
other factors, variations of these parameters introduce
uncertainty in the readings. As a result, the cesium magnet-
ometer accuracy does not typically exceed several nT. The
dashed line in Fig. 6 shows the line shape variation under the
variation of themutual orientation of themagnetic vector and
the direction of the pump light. As is evident from Fig. 6, the
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Figure 5. Energy level diagram of an alkali atom with the nuclear spin 3=2
(7Li, 23Na, 39K, 41K, 87Rb isotopes).
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Figure 6. Shape of the magnetic resonance line of Cs in the TMF.
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greatest orientation error is close to the spacing of the extreme
lines in the resonance spectrum, i.e., � 15 nT in the average
TMF.

To suppress orientation shifts and drifts, several tricks are
used to symmetrize the resonance (multicell and multizone
systems [24 ± 26]), which permit decreasing the orientation
shifts to several tenths of an nT.

A cesium magnetometer remains the simplest, most
reliable, and most widespread device among quantum
magnetometers, and the field of its application is progres-
sively widening. To an extent, this is due to the emergence of
available laser pump sources for Cs. An example is provided
by a cardiogradiometer with laser-pumped Cs-Mx sensors,
which exhibits the sensitivity about 100 fT Hzÿ1=2 for the cell
size 20 mm [27].

3.4 Nuclear helium magnetometer
In special cases where a high speed of response is not required,
nuclear paramagnetic vapor magnetometers, which are
characterized by very long relaxation times, may be the
magnetometers of choice. In particular, the optically polar-
ized 3He parahelium nuclei 11S0 in a gas cell whose walls are
coated with a monolayer of cesium exhibit the relaxation time
up to 1 day. This permitsmaking a uniquemagnetometer with
an inductive readout of the signal of freely precessing helium
nuclei, which consumes virtually no energy in the interval
between infrequent cycles of optical pumping.

Nuclear helium magnetometers have not gained wide
acceptance, first, because of their low speed of response and,
second, due to their large weight and size (picking up the
signal requires induction coils weighing many kilograms),
and, third, owing to the vulnerability of the detecting coils to
radio frequency noise. Furthermore, because of the low
frequency of nuclear precession, the magnetometer turned
out to be sensitive to gyroscopic errors.

Among the virtues of a nuclear helium magnetometer are
its practically infinitely narrow line and the capability of
operating independently under nonperturbing conditions for
a day or more upon completion of a pumping cycle. A
semiconductor laser-pumped magnetometer with the sensi-
tivity about 50 pT in the 70 Hz band was described in [28]. In
the design of optically pumped nuclear magnetometers,
apart from 3He, the 199Hg and 201Hg mercury isotopes were
used.

3.5 4He magnetometer with optical pumping
The optical pumping of atomic 4He in the metastable state
was first described in Ref. [30]; since then, a start has been
made on the development of atomic 4He magnetometers
[31 ± 33]. The principle of their operation involves excitation
of atoms to a metastable state, direct optical pumping
(polarization) of the 23S1 metastable helium atoms, excita-
tion of the Mz resonance, and optical detection of the Mz

signal.
In the most modern modification of the helium magnet-

ometer [34], which used laser pumping of the 23S1 ± 23P0

transition and the frequency modulation of laser radiation
in the optical detection of the signal, a sensitivity of the order
of 1 ± 4 pT Hzÿ1=2 was reached.

3.6 Alkali±helium magnetometer
An alkali±heliummagnetometer is an instrument that may be
realized only in the form of an Mz scheme. This instrument
uses the effect of spin polarization transfer from oriented

alkali atoms to helium in the metastable 23S1 state (orthohe-
lium) in collisions of particles under alkali±helium gas-
discharge plasma conditions [35].

The leading role in the development and making of the
alkali±helium magnetometer was played by R A Zhitnikov's
group (PhTI). Nowadays, the alkali±helium magnetometer is
significantly exceeded by potassium magnetometers in sensi-
tivity, precision, and speed of response.

3.7 Isolated narrow-line potassium magnetometer
In the TMF, potassium, unlike cesium and other alkali
metals, has an almost completely resolved system of mag-
netic resonances in the ground state, which permits separating
one isolated line and largely ignoring other lines of the
spectrum.

The spectrum of magnetic resonances of a natural
potassium isotope mixture is schematically shown in Fig. 7.
The location of the peak of the strongest and most isolated
line is barely dependent on the pumping conditions; the
frequency shift of the leading resonance under the influence
of the neighboring one does not exceed 0.3 pT in the average
TMF, which is four orders of magnitude lower than the
systematic error of a cesium magnetometer.

Although the first attempts of using potassium in the
OPQM scheme were undertaken back in the 1960s [36], they
did not meet with success because of the complexity of
working with a structure containing several resonance lines.
The firstMx-version magnetometer using the isolated narrow
line of potassium was made at SOI [37, 38]; this research is
presently being continued at PhTI.

It was in the potassium vapor scheme with a cell 15 cm in
diameter with laser pumping that the variational sensitivity
1.8 fT Hzÿ1=2 was reached, which is record-breaking for
OPQMs.

3.8 HFS magnetometer
An OPQM based on microwave resonance in the hyperfine
structure of the ground state of an alkali metal atom (an HFS
magnetometer) was proposed in the 1970s [39]. These schemes
offer a number of advantages over the traditional OPQM
scheme. First, the Zeeman structure of the majority of HFS
transitions turns out to be resolved even in hyperweak fields
(of the order of 10ÿ7 T). Second, with anHFSmagnetometer,
it is possible to realize a magnetometer without `blind zones.'
Third, the systematic errors of such a magnetometer may be
suppressed to � 1 pT by realizing the so-called balance

� 1Hz

350,000 f, Hz

� 1500Hz

Figure 7.Magnetic resonance spectrum of K in the TMF.

May 2010 Conferences and symposia 493



magnetometer version, which measures the frequency differ-
ence for transitions between two symmetric pairs of magnetic
levels. For optical pumping by unpolarized light, this
difference is virtually free from light shifts.

The project of a 39K vapor HFS magnetometer was
comprehensively investigated in the 1970s [40]. A sensitivity
about 1 pT Hzÿ1=2 was demonstrated in the course of its
tests.

It was suggested that 87Rb HFS magnetometers would
enable attaining a substantially higher sensitivity: the HFS
splitting of the ground state of 87Rb is approximately 15 times
that in 39K, which permits effecting a high-efficiency pumping
of the hyperfine sublevels of the ground state. But it turned
out that an additional source of noise arising from the
insufficiently high frequency stability of the reference micro-
wave generator emerges in this case [41]. This problem is
solved by replacing reference quartz generators by higher-Q
ones, in particular, masers and lasers.

In the case of a balance HFS magnetometer, the necessity
of simultaneously measuring the frequencies of two micro-
wave transitions results in a substantial complication of the
electronic part of the instrument. Only recently has it been
possible to completely overcome this drawback using modern
methods of frequency synthesis [42].

3.9 Mz ±Mx tandem
In metrology, the requirements of response speed and high
measurement accuracy quite often contradict each other,
which is resolved by combining two measuring devices into
an integrated system, where the readings of the fast device are
corrected with the help of the second device, which is slower
but more precise [43]. The corresponding device, which is
frequently referred to as a tandem, may be a combination of
two OPQMs: one of them is based on the spin generator
scheme (Mx OPQM), whose output frequency automatically
follows the induction of an external field, and the other (Mz

OPQM) operates according to the scheme of a passive
radiospectrometer locked in to the frequency of the selected
magnetic resonance line by means of a feedback loop. In this
case, the Mz OPQM uses the magnetic resonance spectrum
with a resolved line structure, which affords a high precision
of frequency measurements.

In the first tandem [43], rubidium 87Rb isotopes were
used; the next version [44] involved cesium in the Mx scheme
and potassium in the Mz scheme: unlike the spectrum of
rubidium, the magnetic resonance spectrum of potassium is
reliably resolved throughout the TMF range. The magnet-
ometer was characterized by the response time 1 ms, resolu-
tion 10 pT, and the absolute accuracy � 0:1 nT.

In [45], a Cs ±K tandemwas described that differed in two
parameters simultaneously: first, instead of two sensors, only
one sensor containing a Cs ±K vapor mixture in a paraffin-
coated flask was used, which completely eliminated the
problems related to the gradient of the magnetic field.
Second, for an Mz resonance, the authors used a four-
quantum resonance mF � ÿ2$ mF � 2 of the F � 2 sub-
level of the ground state of K. This was the first use of the
special properties of the higher (for the F � 2 level) multi-
plicity resonance n � 4, which is hardly shifted by the
alternating field [46]. The unique properties of this resonance
were investigated in Refs [47, 48]. The readings of the tandem
were shown to be stable to within 10 pT under changes in the
main parameters by values that were known to exceed their
reasonable operational variations.

3.10 Potassium magnetometer utilizing a narrow line with
suppressed spin-exchange broadening
One of the main factors responsible for the broadening of
resonance lines is the spin-exchange broadening, which is
proportional to the density of atoms in the working cell. This
limits the possibility of improving the sensitivity of a
quantum magnetometer by increasing the optical cell
density. However, in 1973, Happer and Tang [49] discov-
ered experimentally that the spin-exchange broadening may
be decreased by increasing the atomic density in hyperweak
magnetic fields. Four years later, this effect was substan-
tiated theoretically [50].

Since 2002, this effect has been studied by a Princeton
University group headed by M Romalis [51 ± 54]. In hyper-
weak magnetic fields (of the order of 10 nT) in a potassium
vapor cell at the temperature 170 �C, it was possible to record
a resonance width of only a few Hertz, and a sensitivity of the
order of 1 fT Hzÿ1=2 was obtained; meanwhile, even for the
magnetic field strength of 300 nT, the resonance width
amounted to 350 Hz.

3.11 Magnetometer projects using the effect
of coherent population trapping
An attempt to use the effect of coherent population trapping
(CPT) in the microwave region in quantum magnetometry
was first undertaken in [55]. The first reports about the
implementation of a magnetometer reliant on a purely
optical CPT effect (see [56]) date back to 1998. In Ref. [56],
cesium atoms were simultaneously irradiated by the light of
two lasers with frequencies spaced at 9.2 GHz, i.e., at the
frequency of the CPT splitting of the ground state of Cs. The
authors concluded that the magnetometer resolution was
equal to � 500 fT.

In the scheme investigated in [57], two independent lasers
were replaced by one laser with the radiationmodulated at the
frequency 4.6 GHz. The authors noted that although the
`dark' optical CPT resonance did not experience broadening
by the power of laser radiation, it turned out to be broadened
due to an inhomogeneous Stark shift, which radically
impaired the sensitivity. Proceeding from the signal-to-noise
ratio and the resonance width, the authors of Ref. [57]
estimated the sensitivity of their magnetometer to be 4 pT
for the measurement period 1 s and longer. The research is
being pursued in parallel in the National Institute of
Standards and Technology (NIST), USA [58, 59], the
Lebedev Physical Institute (FIAN) of the Russian Academy
of Sciences, and the Institute of Laser Physics (ILPh) of the
Siberian Branch of the Russian Academy of Sciences [60].

Magnetometer based on the effect of nonlinear magneto±
optical rotation. The nonlinear effect of magneto±optical
rotation (the nonlinear Faraday effect) consists in the fact
that the polarization rotation angle of quasiresonance light
depends on both the magnetic field and the light intensity.
The idea of using the effect of polarization rotation emerging
in the resonance frequency modulation of a pump light was
proposed in [61, 62].

This effect is close to the effect of parametric resonance,
which occurs when a harmonic system is irradiated by light at
a frequency that is a multiple of the resonance frequency of
the system: the light tuned to resonance with the optical
transition aligns magnetic moments along the field. When the
light frequency is modulated with a frequency Om, the
resonance condition is satisfied twice during the modulation
period; therefore, the properties of the medium vary with the
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frequency 2Om. When this frequency coincides with the
Larmor frequency o � gB, where g is the gyromagnetic
frequency (the ratio of the magnetic moment of the atom to
its mechanical moment), a parametric resonance occurs.

In their experiments, the authors of [61, 62] observed
1.3 Hz wide resonances, which according to the estimates of
the authors, should furnish a sensitivity of the order of
10ÿ11 G Hzÿ1=2 (or 1 fT Hzÿ1=2) in hyperweak magnetic
fields (5 100 nT).

3.12 Vector magnetometry with the use of quantum
sensors
Quantummagnetometers are scalar, or modulus, instruments
that offer a considerable advantage over all other instruments
for measuring magnetic fields: their readings are barely
dependent on the direction of the magnetic field. Never-
theless, it is due to precisely this property that quantum
magnetometers are used for the measurement of the mag-
netic vector components.

The feasibility of using a scalar sensor in vector magneto-
metry relies on the dependence of the modulation phase of a
probe beam on its direction relative to the magnetic field. A
version of this measuring scheme was considered in Ref. [63].
Two beams are used in the scheme: beam L1, which is parallel
to the field being measured, and beam L2, which is
perpendicular to the first one. Beam L1 effects the optical
pumping of alkali metal atoms and beam L2 is used as the
probing one.

When beam L1 is exactly parallel to the magnetic field, its
modulation is absent. When the magnetic field deflects from
the beam direction by an angle Y, a modulation signal
emerges with the amplitude proportional to sinY and the
phase depending on the direction of the magnetic field
deflection. Therefore, this scheme permits measuring the
field modulus and two of its transverse components. Accord-
ing to the authors' estimates, the device is characterized by the
variational sensitivity about 0.1 nT in 1 s in the measurement
of transverse field components and by drifts of the order of
2 ± 3 nT per day.

Numerous systems based on the methods of calibrated
magnetic field perturbation involve scalar sensors placed in a
three-dimensional system of magnetic rings producing a
sequence of artificial fields perpendicular to the field being
measured; these methods are reviewed in Ref. [64].

Among the successful realizations of vector magnet-
ometers that use alkali metal vapor sensors, we note
Refs [65, 66]. Their main distinction, apart from the use of
an optically pumped sensor, is the continuous fast rotation of
an auxiliary transverse magnetic field. As a result, at the
center of the system, a magnetic field forms whose vector
rotates in a cone relative to the TMF vector.

In the measurement of transverse TMF components, the
axis of the total magnetic vector at the center of the system
deflects from the TMF vector, resulting in the modulation of
the modulus of the vector at a frequency f. The signal at the
modulation frequency f is used to produce fields that
completely cancel the corresponding transverse TMF com-
ponents. The instrument version described in Ref. [66] also
compensates 90 ± 95% of the TMF, which permits increasing
the sensitivity of measuring the transverse field components
by almost an order ofmagnitude. An instrument based on this
principle exhibited an rms intrinsic noise at the level of
0.010 ± 0.015 nT for the measurement period 0.1 s.

These instruments belong to the class of variometers: their
measurements are not inherently absolute because additional
fields induced by the systems of magnetic rings are added to
the field under measurement. A way of simultaneously
measuring three TMF vector components was proposed in
[67] based on an optically pumped Mx magnetometer, which
is characterized by a high absolute accuracy; the short-term
sensitivity of measurements is then determined by the
sensitivity of the Mx magnetometer.

The essence of the method is as follows. In the sensor
region, a system of compensating fields is produced, which
alternate harmonically such that the total magnetic vector in
the sensor rotates, with its length conserved, about the initial
direction of the magnetic field. In each rotation cycle, the
vector passes through three positions in which two compo-
nents of the magnetic field are compensated with a high
precision, while the third component, by contrast, is not
compensated at all and may be measured. It is shown that
using an optically pumped Mx magnetometer and a three-
component symmetric system of magnetic rings for a sensor
allows simultaneously measuring the three components of the
TMF vector with the absolute precision �0:1 nT for the
measurement period 0.1 s, which may not be accomplished
by any presently existing techniques.

3.13 Summary
Quantum magnetometers with the optical pumping of alkali
metal vapor may be used to advantage in a variety of
geophysical problems that require measurement of the
modulus and gradients of a magnetic field, as well as of the
components of a magnetic vector. Tasks that simultaneously
require a high accuracy and a high speed of response may be
carried out by combining quantum measuring devices of
various types. For all the diversity of the methods for exciting
and detecting magnetic resonance, the major avenue of
development of the systems for magnetic field measurements
involves narrowing the magnetic resonance line. In the range
of TMFs, this implies the use of atomic structures having a
well-resolved spectrum like the HFS alkali metal spectrum in
the microwave range or the Zeeman spectrum of potassium
atoms in the radio frequency range.
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Cosmic ray variations and space weather

L I Dorman

1. Introduction

In my report at the Scientific Session of the Russian Academy
of Sciences on 25 November 2009 at the Pushkov Institute of
Terrestrial Magnetism, Ionosphere, and Radio Wave Propa-
gation (IZMIRAN), the following issues were considered:

1. Short history of cosmic ray (CR) variation investigations
at the Research Institute of Terrestrial Magnetism (IZMIR)
and at IZMIRAN: the role of N V Pushkov; E S Glokova's
counter telescope; the government project of S N Vernov,
N V Pushkov, and Yu G Shafer (1950 ± 1951) on the
development and production of a series of big ionization
chambers, and involvement of students who graduated with
nuclear specialities (but without the permission from the
KGB to work at nuclear sites) into the organization of the
first Soviet network of CR stations; development of the
theory of CR meteorological effects and the method of
coupling functions; the publication in 1957 of the world's
first monograph on CR variations in Moscow and its English
translation in the USA; the mistake made ten times by
government officials regarding financing the new govern-
ment project in 1960 ± 1961 and the great development of
the experimental basis for CR variations and all other areas of
solar±terrestrial physics in the USSR; and the importance of
the CR variation research for fundamental science and
practical applications.

2. CR variations as an element of space weather: the
influence of Earth's atmosphere on CR and the reverse
influence of CR variations on processes in Earth's atmo-
sphere and on global climate change; radiation hazards from
galactic CRs, from solar CRs, and from energetic particles
precipitated from radiation belts.

3. CR variations as a tool for space weather monitoring and
forecasting: forecasting the part of global climate change
caused by galactic CR intensity variations; forecasting the
radiation hazard for people and electronics on aircraft,
satellites, and spacecraft caused by variations of the galactic
CR intensity; forecasting the radiation hazard from solar CR
events by using an online one-minute ground neutron
monitor network and satellite data; forecasting great mag-
netic storm hazards by using an online one-hour CR intensity
data from a ground-based worldwide network of neutron
monitors and muon telescopes

Below, I consider the principles of the science of CR
variations and the connection with space weather issues.
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