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Abstract: The article presents the results of an experimental study of the external magnetic field
orientation and magnitude influence on the rubidium atomic clock, simulating the influence of
the geomagnetic field on the onboard rubidium atomic clock of navigation satellites. The tensor
component value of the atomic clock frequency light shift on the rubidium cell was obtained,
and this value was ∼2 Hz. The comparability of the relative light shift (∼10−9) and the regular
gravitational correction

(
4 × 10−10) to the frequency of the rubidium atomic clock was shown. The

experimental results to determine the orientational shift influence on the rubidium atomic clock
frequency were presented. A significant effect on the relative frequency instability of a rubidium
atomic clock at a level of 10−12 (10−13) for rotating external magnetic field amplitudes of 1.5 A/m
and 3 A/m was demonstrated. This magnitude corresponds to the geomagnetic field in the orbit of
navigation satellites. The necessity of taking into account various factors (satellite orbit parameters
and atomic clock characteristics) is substantiated for correct comparison of corrections to the rubidium
onboard atomic clock frequency associated with the Earth’s gravitational field action and the satellite
orientation in the geomagnetic field.

Keywords: rubidium atomic clocks; light shift; navigation satellites

1. Introduction

The general theory of relativity (GTR) has found its confirmation in numerous experi-
ments, where a high-precision atomic clock plays a central role, in which the relative error
does not exceed 10−14. A typical example of such experiments are the results published
in Reference [1], where the atomic clock time shift (hydrogen maser clock) of two Galileo
system navigation satellites was investigated. The satellites were launched into elliptical
orbits with an eccentricity of ε ≈ 0.162 and an orbital period of ∼13 h. As a result, it was
found that the redshifts relative deviation between predicted by GTR and measured in
practice differs by no more than (0.19 ± 2.5) · 10−5. In this case, the gravitational shift in
time of the atomic clock relative to the reference analogue on Earth experienced up to
200 ns periodic variations.

Taking into account relativistic effects, according to GTR, the relative difference in
frequencies of atomic clocks installed in the navigation satellites onboard equipment and
installed on Earth can be estimated in accordance with the expression obtained using the
data of the article [2]:
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where v1 and v2 are the speeds of the atomic clock in a geocentric non-rotating coordinate
system in the orbit and on the Earth’s surface respectively, c is the speed of light, G is the
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gravitational constant, M is the Earth’s mass, R is the Earth average radius, and h is the
satellite height above the Earth’s surface.

Expression (1) can be used to calculate the regular correction to the time scale of
the atomic clock, which is automatically taken into account when tuning the onboard
frequency synthesizer. With R = 6400 km and a fixed altitude for navigation satellites
h = 20, 000 km, the relative frequency shift calculated by formula (1) is 4× 10−10. However,
in practice, the parameter h does not remain constant, as the orbits of satellites of various
navigation systems, as a rule, have the shape of an ellipse (with an eccentricity ε from 0.001
to 0.1), which inevitably leads to change the onboard atomic clock time scale and, therefore,
leads to the corresponding measurement error. The dependence of this time variation is
easy to obtain from (1) knowing the satellite altitude at perigee hP and apogee hA of the
elliptical orbit:

∆ f
f

=
GM(hA − hP)

2c2(R + hA)(R + hP)
. (2)

For satellites of the Galileo system with an average orbital altitude of 23,000 km with an
eccentricity of 0.16 and a difference hA − hP = 8500 km, the amplitude value of the atomic
clock time shift for 6 h of observation calculated by formula (2) is ±300 ns, which coincides
as order of magnitude with the results of work in Reference [1]. The calculated value of the
onboard atomic clock time shift is ~30 ns for navigational system GLONASS with satellite
orbits parameter of ε = 0.016 and the average satellite altitude of 19,100 km. The above
estimates show that the ephemeris error of navigation satellites systems associated with
this relativistic effects influence: it is directly dependent on the orbit eccentricity. This
dependence extends to all types of atomic clocks, among which small-sized versions based
on optically pumped rubidium vapor play an important role [3]. The main source of errors
in such devices is the so-called light shift of the resonance frequency, caused by the action
of the non-resonant pumping light components on the working substance atoms. This
light shift is due to the shift of the energy levels of the atom in the field of the light wave,
associated with the dynamic Stark effect [4]. For alkali metal atoms, the light shift value is
the sum of two components (scalar ∆ν0 and tensor ∆νT), a characteristic feature of which is
its dependence on the angle θ between the external magnetic field direction and the pump
light beam direction. This dependence is proportional to the α ×

(
1–3 cos2 θ

)
, where α is

the scale coefficient of the tensor component [5]. The variations of θ for onboard atomic
clock can lead to orientation errors of the navigation satellites comparable to the errors
determined by formula (2). In this work, the above errors are compared on the basis of
experiments that simulate the movement of navigation satellites onboard equipment.

2. Orientational Frequency Shift Investigation

The experimental estimate of the frequency light shift of a rubidium atomic clock on a
gas cell was carried out with the laboratory setup described in Figure 1 and in the paper of
Reference [6] and according to the method of Reference [7]. In this paper, we confirmed
the results of the light shift tensor component study [7], carried out under the conditions,
corresponding to the onboard arrangement of a rubidium atomic clock.

A cylindrical cell (1 cm in diameter and 1.5 cm in length with an anti-relaxation
polyethylene wall coating) with a buffer gas (argon) from a rubidium atomic clock on a
gas cell was used as a resonance cell. A horn antenna was used to provide the microwave
field at the location of the gas cell. The antenna was oriented in such a way as to excite 0-0
resonant transitions in the variants of coaxial and orthogonal orientation of the external
magnetic field with respect to the pump beam. In this case, both π and σ transitions are
excited. While the magnitude of the π and σ transitions changed as the magnetic field
orientation varied, the overall spectrum of the π and σ transitions remained unaltered.
The optical path of the discriminator was placed at the center of three identical pairs of
Helmholtz coils (diameter each is 50 cm), which created a working magnetic field in the
gas cell area. Helmholtz coils were connected to AC power sources to create a rotating
magnetic field relative to the normal to the direction of the pumping light. To weaken
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external magnetic noise and inhomogeneities of the laboratory magnetic field, the entire
system was placed in a two-layer magnetic screen with a screening coefficient of ∼ 103.
When detecting the radio-optical resonance signal, the traditional method of synchronous
detection was used. The experiments were carried out at fixed intensities of the pump
source (∼100 µW/cm2) controlled by neutral filters, which made it possible to measure
the value of the light shift tensor component) [7]. The tensor component was determined
from the resonance frequency shift under the conditions of magnetic field vector rotation
(~0.8 A/m) relative to the optical axis normal. Separate experiments [7] showed that the
measured frequency shifts were proportional to the light intensity and independent of
the magnetic-field magnitude. An example of such a dependence is shown in Figure 2
(the tensor component magnitude of the light shift at rotation angles from 180◦ to 360◦

has values corresponding to the rotation angles from 0◦ to 180◦) [7]. In Figure 2, the
experimental value of the parameter α is ≈2 Hz.
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Figure 1. Laboratory setup used to study the frequency light shift in a rubidium atomic clock. 

The frequency counter is synchronized by rubidium atomic clock. 
Figure 1. Laboratory setup used to study the frequency light shift in a rubidium atomic clock. The frequency counter is
synchronized by rubidium atomic clock.
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Figure 2. Orientation dependences of the 0-0 resonance frequency on the angle θ at a light intensity
of 100 µW/cm2 (the dots indicate the experimental values of the orientational shift) [7].
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The data (obtained in the experiment) correspond to the relative frequency light shift
of atomic standards on rubidium vapor at a level of ∼ 10−9. Thus, in order to ensure the
relative frequency instability at the level of 10−13, it is necessary to ensure the stability of
the pump source intensity not worse than 0.01%, which corresponds to the conclusions
of [8–10]. In order of magnitude, the above value of the relative light shift

(
∼ 10−9) is

comparable to the regular correction
(
4 × 10−10) associated with the gravity influence in

accordance with formula (1). However, such a shift does not take into account the change of
the onboard atomic clock frequency associated with the variation angle θ when the satellite
moves in orbit. Under the operating conditions of the onboard rubidium atomic clock,
the presence of a magnetic screen significantly reduces the angle variation θ between the
atomic clock optical axis and the operating magnetic field direction. These variations are
caused not only by a change in the magnitude and direction of the external geomagnetic
field when the satellite moves in orbit, but also by a significant difference in the axial
and transverse screening coefficients of the magnetic screen [11]. On the other hand, the
absolute value of the geomagnetic field at the satellite orbit (with a strength of less than
0.6 A/m) is almost two magnitude orders less than the field strength on the planet’s surface,
which significantly reduces the efficiency of magnetic screening due to the weakening of
the screen material magnetic permeability as the external magnetic field decreases. As
in the experiments shown with a laboratory rubidium atomic clock, the orientational
frequency shift value does not depend on the strength of the external magnetic field but
is determined by the pumping rate and the atomic clock orientation in the geomagnetic
field [7]. This orientation change when the satellite moves in orbit should inevitably lead
to orientation errors in real onboard atomic clocks. To verify this statement in authors
experiments, authors used two commercial small-sized atomic clocks on rubidium vapor
(No. 1 and No. 2), manufactured by Frequency Electronics (model FE-5650A). The Allan
deviation value of these devices during the averaging time of 100 s is less than 1.4 × 10−12.
The laboratory setup used to investigate the orientational frequency shift of the rubidium
atomic clock is represented in Figure 3.
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Figure 3. Laboratory setup used to study the orientational frequency shift of the rubidium atomic clock.

The atomic clock was placed in the center of three pairs of Helmholtz coils, which
were used to geomagnetic field components compensation and create an artificial magnetic
field, the direction of which could be varied relative to the atomic clock optical axis. To
estimate the static screening coefficient of their magnetic screen, the current direction
periodic switching in the Helmholtz coils was used, and the frequency of atomic clocks
no. 1 and no. 2 was registrated. As an example, Figure 4 shows the records of the atomic
clock frequency variations for the case of current inversion in the Helmholtz coils, which
created an artificial magnetic field HEXT (75 A/m and zero field) along the atomic clock
optical axis.
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Figure 4. Recording of the atomic clock frequency variations in an external magnetic field created along their optical axis.
Time sections 1, 2, 3, 4, and 5 correspond to the external magnetic field intensity HEXT equal to 0, +75 A/m, 0, -75 A/m,
0: (a) atomic clock no. 1; (b) atomic clock no. 2.

The dependencies shown in Figure 4 allow to estimate the static screening coefficient
along the axis of the atomic clock screen and the operating magnetic field magnitude inside
the screen. By the well-known 0-0 resonance frequency dependence on the magnetic field
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(with a coefficient at a quadratic term in the field of 0.09 Hz
(A/m)2 ) for rubidium atoms [12], it

is easy to determine the static screening coefficient k and the value of the operating magnetic
field strength HIN inside atomic clock screen. For example, for an external magnetic field
of 75 A/m, these parameters are estimated as follows: k ≈ 90 and HIN ≈ 2.64 A/m (for
atomic clock No. 1); k ≈ 70, HIN ≈ 2.16 A/m (for atomic clock No. 2). The discrepancy
between the obtained values of k and HIN can be explained by the difference in the remnant
magnetization degree of the atomic clock magnetic screens.

3. Magnetic Field Influence on the Atomic Clock Frequency Stability

The experiments simulating the geomagnetic field influence on the atomic clock read-
ings when a satellite moves in orbit were carried out with laboratory setup (Figure 3) under
conditions of a slowly varying external magnetic field (circular rotation of the magnetic
field vector in the horizontal plane, where the atomic clock optical axis is located, with a
frequency of 10.9 mHz and a sinusoidal waveform of a modulating signal). Figure 5 shows
examples of time dependencies of the Allan deviation for atomic clock No. 1 at the rotating
field amplitude values of 1.5 A/m (Figure 5a) and 3 A/m (Figure 5b), corresponding in
order of magnitude to the value of the geomagnetic field at the satellite orbit. It should be
noted that the rotating external magnetic field was chosen to demonstrate the influence of
the geomagnetic field orientation on the onboard atomic clock. In the absence of external
magnetic field modulation, the relative frequency instability of atomic clock No. 1 with
averaging time up to 1000 s is well described by the dependence 5.9 × 10−12/τ1/2 (Figure 5,
dotted lines, τ is averaging time).
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with an amplitude of 3 A/m along the Z (phase shift 0
◦
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◦
) axes.

As follows from the dependencies shown in Figure 5, a periodic change in the external
magnetic field direction corresponding to the geomagnetic field value at the orbit of
navigation satellites leads to an increase in the relative frequency instability of the atomic
clock by 1.1 × 10−12 (for the dependence in Figure 5a), by 2.15 × 10−12 (for the dependence
in Figure 5b at 50 s averaging), and by 2.3× 10−13 (for the dependence in Figure 5b at 1000 s
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averaging), that can significantly affect positioning accuracy. The dependences presented in
Figure 5 demonstrate the influence of magnetic fields varying in magnitude and direction
on the frequency of the rubidium atomic clock. This result allows us to make a preliminary
conclusion about the influence of the geomagnetic field on the onboard rubidium atomic
clock of navigation satellites.

4. Conclusions

A correct comparison of the influence of gravitational and geomagnetic fields on
the atomic clock accuracy requires the elimination of third-party factors associated, for
example, with solar activity. On the other hand, in a calm magnetic environment, when
the unpredictable influence of geomagnetic field strong fluctuations is excluded, when
gravitational and geomagnetic components of the atomic clock time shift are analyzed, it is
necessary to take into account the correlation of their readings due to the external factors
recurrence during the period of satellite movement in orbit. In this case, the reliability of the
result of such analysis depends on the exact knowledge of the satellite orbit eccentricity, the
screening properties of the used atomic clock magnetic screen and the operating magnetic
field magnitude inside it, the intensity and spectral composition of the pumping source,
and the parameters of the gas cell and the filter cell. The indicated difficulties in obtaining
a reliable analysis result force us to resort to a qualitative assessment of such an influence.
Nevertheless, the estimates obtained make it possible to predict the conditions under
which there is an approximate measured frequency variations balance associated with
the gravitational and orientation dependences of the atomic clock readings at the satellite
orbit. For example, the experimental data obtained with a laboratory rubidium atomic
clock, a variation of the angle θ within 1

◦
during the satellite flight within 100 s leads to an

atomic onboard clock time shift at a level of 0.01 ns, which coincides in order of magnitude
with the time shift for of the atomic clock on the GLONASS satellite with the parameter
ε = 0.0016.

The experiments performed allow us to make a preliminary conclusion about the in-
fluence of a periodic external magnetic field orientation change (similar to the geomagnetic
field at the orbit of a navigation satellite) on the frequency of an atomic clock with a rubid-
ium cell. The experimentally measured value of the tensor component ∆νT corresponds to
the relative shift of the rubidium atoms resonance frequency at a level of ∼ 10−9, which
necessitates taking into account the orientational error of the onboard atomic clock. The
experiments with commercial frequency standards have shown that geomagnetic field
variations in satellite orbit limit the relative stability of the onboard atomic clock to values of
10−12 for averaging times up to 1000 s. The results obtained can be used in the development
of methods for improving the accuracy of satellite positioning systems [13–20].
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