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Abstract. In the paper, the results of a study of the influence of the magnetic shield mag-
netization on the relative frequency instability of small-sized rubidium atomic clocks have been
presented. The atomic clock was placed in a rotating magnetic field, simulating the magnetic
situation in the orbit of a navigation satellite, moving in orbit and rotating around its own axis.
The magnetization of the magnetic shield of the atomic clock was shown to increase its shield-
ing factor. This result makes it possible to significantly reduce the influence of geomagnetic
field variations on the frequency stability of onboard atomic clocks.

Keywords: atomic clock, magnetic field, magnetic shield, Allan deviation, navigation sat-
ellite

Funding: The reported study was funded by Russian Science Foundation (Grant No. 20-19-
00146, https://rscf.ru/en/project/20-19-00146/).

Citation: Ermak S. V., Semenov V. V., Baranov A. A., Rogatin M. A., Sergeeva M. V., Ef-
fect of shield magnetization on variations in the frequency of onboard rubidium atomic clocks,
St. Petersburg State Polytechnical University Journal. Physics and Mathematics. 17 (1) (2024)
56—63. DOI: https://doi.org/10.18721/JPM.17106

This is an open access article under the CC BY-NC 4.0 license (https://creativecommons.
org/licenses/by-nc/4.0/)

Hay4yHas ctatbs
YOK 53.098
DOI: https://doi.org/10.18721/IPM.17106

BIMAHUE HAMATHUYUBAHUA SKPAHA HA BAPUALIUU
YACTOTbI BOPTOBbIX ATOMHbIX YACOB

C. B. Epmak®, B. B. CemeH08, A. A. bapaHoG,
M. A. PoecamuH, M. B. CepeeeBa

CaHkT-lNeTepbyprckmin NoNUTEXHUYECKUIA YHUBEpPCUTET MNeTpa Benukoro,
CankT-lMeTepbypr, Poccus
H serge_ermak@mail.ru

Annoranug. B padote npencraBieHbl pe3yabTaThl UCCASAOBAHUS BIUSHUAS HAMarHUYMBaHUS
MarHUTHOTO 3KpaHa MaJlorabapUTHBIX PYOMAMEBBIX aTOMHBIX YaCOB Ha OTHOCHUTEJIbHYIO
HECTaOMJILHOCTb MX YaCTOThl. ATOMHBIE Yachl pa3MellaCh BO BpalllalolIeMCs] MarHUTHOM
MmoJjie, WMWTHUPYIOIIEM MAarHUTHYI0O OOCTaHOBKY Ha OpOWTe HABUTAlIMOHHOTO CIYTHUKA,
BO3HUKAIOIIYIO KaK IIPY €ro OpOMTAIBHOM IBUKCHUM, TaK 1 B pe3yIbTaTe BpallleHUS CITyTHUKA
BOKpPYT coOcCTBeHHOI ocu. [loka3zaHO, 4YTO HaMarHMYMBAaHWE MATHUTHOTIO 3KpaHa aTOMHBIX
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4YaCOB YBEJMYMBAET €ro KO3(POULMEHT 3SKpPaHMPOBAHUSI, UYTO II03BOJISIET CYLIECTBEHHO
CHU3UTh BIMSIHUE BapUalldii FTeOMAarHUTHOTO I0JIsI Ha CTaOMJIbHOCTh YaCTOThI aTOMHBIX YaCOB
0opTOBOro 0a3MpoOBaHMUS.
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Introduction

As a mobile charge carrier moves in a geomagnetic field (for example, a navigation satellite
in near-Earth orbit), the geomagnetic field vector changes its direction relative to the optical
axis of the onboard rubidium atomic clock (AC), which generates their orientation error due
to the difference in the longitudinal and transverse shielding factors of the magnetic shield [1].
The magnitude of this error is determined by the quadratic term in the dependence expressing
the relationship between the resonant frequency of the atoms of the working substance v and the
strength of the working magnetic field H inside the shield. This relationship is expressed as [2]:

v=yv, + pH? (1)

where v, is the frequency of the atomic transition, v, = 6.835-10° Hz; B is the scale factor,
B = 0.0905 Hz'm?/A? for rubidium-87 atoms.

It follows from expression (1) that relative instability of the AC frequency at the level of 1072
for H= 8 A/m and operation in a geomagnetic field on the Earth's surface (H, = 40 A/m) can
be achieved for a rubidium-87 AC with the shielding factor of the magnetic shield exceeding 10*.
However, as the direct experiment described in [3] shows, the longitudinal (directed along the
optical axis of the AC) shielding factor of the magnetic shield in rubidium AC is orders of
magnitude less than this value (due to the presence of seams and holes in the shields). For example,
according to [1], the ratio of the longitudinal to transverse shielding factors for miniature AC with
a volume of less than 3 cm? reaches 10%. The absolute values of these coefficients are determined
not only by the size and shape of the magnetic shield, but also by its magnetic permeability.
The value of this parameter, in turn, significantly depends on the external magnetic field, which
determines the change in the shielding properties of the magnetic shield during its magnetization.

The goal of this paper was to experimentally study the effect of magnetization of a magnetic
shield by an external magnetic field on the relative short-term frequency instability of small-sized
rubidium atomic clocks under an alternating magnetic field simulating the geomagnetic situation
in the orbit of navigation satellites.

Experimental procedure and results

The experimental evaluation of AC frequency shifts under optical pumping of rubidium vapor
was carried out in a rotating magnetic field with a setup similar to the one whose block diagram
and measurement technique were described in detail in [3, 4].

The setup contained a magnetic system comprising three pairs of Helmholtz rings, with small-
sized rubidium AC placed in the center (their linear dimensions were 75 x 75 x 35 mm),
connected to a frequency detector. A working magnetic field with a strength of about 8 A/m was
generated inside the magnetic shield. A rotating magnetic field H was generated in the plane of
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the optical axis of the AC; its amplitude was selected in the range of geomagnetic field strengths
(in A/m) in the orbit of satellite navigation systems. Relative variations in the frequency of the
AC were measured using a frequency comparator; a stationary configuration of the rubidium AC
whose relative instability was 107" per 100 s was used as a reference. In addition to the relative
variations in the frequency of the AC, the dependence of the Allan deviation on the measurement
time was recorded.

At the preliminary stage, we obtained an experimental estimate of the longitudinal shielding
factor of the AC magnetic shield. For this purpose, compensation of the vertical component of
the Earth's magnetic field, amounting to approximately 36 A/m, was performed using a magnetic
system. The longitudinal factor of AC shielding was estimated in the presence of a residual
horizontal component of the Earth's magnetic field by measuring relative frequency shifts of
the AC at the strengths of the magnetic field of 40 and 56 A/m along the optical axis as well as
with a sequential change of its polarity. Fig. 1 shows the relative frequency shifts of the AC (the
difference Av between the frequency standard and the AC considered) measured in the presence
of an external magnetic field H.

The obtained values of the relative frequency shift of the AC (see Fig. 1) allowed to estimate
the weighted average longitudinal shielding factor, amounting to about 600. The small-sized
rubidium AC selected for the study, which, as measurements showed, had a low longitudinal
shielding factor, made it possible to better illustrate the influence of the external magnetizing field
H,_on the shielding properties of the magnetic shield.
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Fig. 1. Relative frequency shifts Av of the atomic clock under an external magnetic field H, A/m:
—40 (1), +40 (2), —56 (3), +56 (4). Corresponding shifts Av, 107'": +8 (1), —8 (2), +10 (3), —10 (4)

As noted above, the influence of the external magnetic field strength on the shielding properties
of magnetic shields is due to a change in the magnetic permeability of their material [5]. For this
reason, the choice of material for layers of multilayer magnetic shields (especially the material of
the outer layer) of the AC should take into account the magnetic environment where it is planned
to use the AC. For example, the magnetic field strength in the orbit of navigation satellites
(altitude is about 20,000 km) turns out to be an order of magnitude less than the magnetic field
strength on the Earth's surface [6].

As satellite navigation systems travel in orbit, a change in the orientation of the geomagnetic
field vector relative to the optical axis of the onboard AC occurs automatically every half-period
of the satellite's rotation in orbit, i.e., in the time instants when the orientation error of the AC is
manifested to the greatest extent. The half-life of the satellite's rotation lies in the range of values
from 5 to 7 hours for different satellite navigation systems, which does not exclude the inversion
of the geomagnetic field vector with respect to the optical axis of the AC in shorter time intervals.
A similar situation arises under rotation of the satellite relative to its own axis, which causes the
corresponding orientation error of the onboard AC.

This particular rotation case was investigated in experiments with AC under conditions
simulating the magnetic environment in the satellite orbit at a fixed angular rotation frequency
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J,, = 0.01 Hz. The variation in the field generated by the magnetic system was carried out by a
sinusoidal law with an amplitude # = 2.5 A/m in the plane of the optical axis of the AC. The
degree of influence of the rotating magnetic field on the frequency of the AC was determined due
to the Allan deviation property, which reaches a maximum value during the measurement time
equal to the half-period of the rotating magnetic field [1].

In the absence of an external rotating magnetic field (H, = 0), the Allan deviation decreased
in direct proportion to the square root of the measurement time (by the law t'/2), which is
characteristic for rubidium AC with stationary position.

Fig. 2 shows the dependences of Allan deviations of the atomic clock frequency on the
measurement time in the range of 1—100 s. This time range was chosen to reduce the influence
of flicker processes on the measurement results. In this case, the Allan deviation was 1.6-107'? at
a measurement time of 50 s.
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Fig. 2. Experimental dependences of Allan deviations (symbols) on the measurement time, with
varying values of the external rotating (/) and constant magnetizing (H,) fields (in A/m):
H = H, =0 (black curve); H = 2.5 (all other curves) H,_ =0 (black and blue curves) 4.2 (red curve),
8.5 (green), 12.8 (brown) (see Table)

The introduction of an external rotating magnetic field led to a significant change in the nature
of the dependence of the Allan deviation on the measurement time: the deviation increased
to the level of 1.9-107'! at T = 50 s. All three components of the Earth's magnetic field were
pre-compensated to preserve experimental validity. A rotating field H was applied in the first
experiment, and there was no constant magnetizing field H,_ oriented along the optical axis of the
AC (see Fig. 2, crosses and blue lines).

Fig. 2 also shows the results of subsequent experiments: the dependence of the Allan deviation
of the AC frequency on the measurement time in the presence of two magnetic fields: # and H,,
with the latter amounting to 4.2, 8.5 and 12.8 A/m, marked with different symbols and lines of
different colors. The Allan devratron for the averaging time of 50 seconds was (107'2): 17.0, 5.7
and 2.5, respectively. A certain increase in the value of the Allan deviation for a measurement
time of 20 s is due to the peculiarities of the operation of the AC thermostat.
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Table

Dependences of Allan deviation on range of measurement time T
at fixed amplitude of external rotating magnetic field and different
values of constant magnetizing field Hex (see Fig. 2)

Allan deviation, 1072, for H, (in A/m)

oS 0.0 42 8.5 12.8
6.0 5.9 6.1 6.8

4.3 4.5 4.8 5.0

5 34 3.0 3.3 3.5

10 3.5 3.2 3.2 3.7
20 4.2 3.6 3.7 4.1
50 19.0 17.0 5.7 2.5
100 13.0 14.0 3.3 1.4

Note. The amplitude of the rotating external magnetic field H = 2.5 A/m.

Table compares the obtained values of the Allan deviation for the dependences shown in Fig. 2.

As follows from the above experimental data, magnetization of the magnetic shield can
significantly increase the shielding factor of the AC, while the suppression of magnetic variations
is manifested to a greater extent with a decrease in the intensity of the alternating magnetic
field H, simulating the magnetic situation in the orbit of a navigation satellite. According to
the data given in Table, the variations in the external magnetic field were suppressed by about
8 times in the magnetized shield of small-sized rubidium AC at an averaging time of 50 s and
at H = 2.5 A/m.

If the magnetization field is oriented perpendicular to the optical axis of the AC, the order of
Allan deviations and the dynamics of their variations with increasing averaging time are similar to
the case of longitudinal orientation of the magnetizing field.

The dependence of the Allan deviation on the strength of the magnetizing field H,_is notable
in that it is similar to the initial segment of the curve expressing the dependence of magnetic
permeability of the ferromagnetic material (permalloy) used in the magnetic shield on H,_[5].
Interestingly, the magnetic field strength H, = 12.8 A/m, at which the stability of the AC
can be increased by about 8 times, corresponds to a region where the magnetic permeability
u is significantly (by orders of magnitude) higher than its initial value corresponding to zero
magnetic field H, .

Conclusion

Analysis of the results obtained in the experimental study allows to draw the following
conclusions:

1. The shielding factor of the magnetic shield significantly depends on the magnitude of the
external magnetic field where the small-sized rubidium AC is located. The obtained value of
the longitudinal shielding factor increased by about 8 times for the magnetizing field strength of
12.8 A/m and the amplitude of the external rotating magnetic field of 2.5 A/m, corresponding to
the geomagnetic field in the orbit of the navigation satellite.

2. The effect of increasing the shielding factor of the magnetic shield is practically independent
of the direction of the applied constant magnetizing field Hex (relative to the optical axis of the
AC), suggesting an isotropic nature of the influence of this field on the stability of the measured
frequency.

3. Exceeding the threshold value of the external magnetic field strength (several to tens of A
/m) corresponding to the maximum value of the magnetic permeability of the magnetic shield
material may lead to a decrease in its shielding factor, and, consequently, to a deterioration in
the stability of the AC frequency.
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The experience accumulated in experiments with industrial small-sized rubidium AC can be
valuable for developing rubidium AC for small satellites [7] as well as for a wide class of AC using
magnetic shielding from an external magnetic field. Such devices include small-sized hydrogen
masers [8], miniature AC based on the effect of coherent population trapping [9] as well as
atomic-beam quantum frequency standards [10].

Predicting the optimal value of the magnetizing field strength in these devices is a rather
complex problem, sing a number of factors have to be taken into account (type of AC, working
magnetic field, material, shape and size of the shield).

Therefore, it is preferable to select the strength of the constant magnetizing field Hex empirically
for each specific case, which was accomplished in this paper.
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