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Currently, circuits for quantum informatics, communications and measuring equipment containing superconducting flux qubits
in a planar design are being created by quantum engineering techniques. To function, such structures must be cooled in a refrigerator
down to about 10 mK. The flux qubits have linear size of superconducting circuit of some tens of micrometers and are very sensitive to
external magnetic fields and their variations. The qubit built in the gradiometer-like design has reduced sensitivity to external uniform
magnetic fields, but remains quite sensitive to their variations. To protect the qubit from unwanted external magnetic fields, which
include the Earth’s field, man-made fields, and residual magnetic fields of the cryostat parts, it is necessary to create efficient magnetic
shields. Earlier, we proposed a scheme for a single-photon microwave counter, in which a planar flux qubit in a gradiometer version
serves as the receiving element. To let it function properly, a 3-layer hybrid magnetic shield composed of two superconducting and one
ferromagnetic cylinders, has been designed for installation in a dilution refrigerator at 10 mK temperature. The effectiveness of such
a shield depends on the correct design of all three shells. This paper presents the results of calculation and magnetic measurements
of a cylindrical ferromagnetic screen made of low-temperature permalloy Cryoperm 10 in dc and low-frequency alternating magnetic
fields. Cryoperm 10 keeps high magnetic permeability at liquid helium temperatures and below. It is shown that this shield is able of
reducing the absolute value of the magnetic field and its variations by 55-70 dB. Together with superconducting lead magnetic shields,
this design will reduce the absolute value of the field by 70 dB, and the field variation by 200 dB, which will provide the necessary
conditions for the operation of a single-photon counter based on a flux qubit.

Keywords: magnetic shielding, ferromagnetic shield, low temperatures, permalloy, Cryoperm, flux qubit, electromagnetic
environment
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Hapa3i xBaHTOBiI cxeMum IJIsi KBaHTOBOI iH(OpPMarvKW, KOMYHIKalifHOTO Ta BHMIpPIOBAJBHOTO OONAJHAHHS, IO MICTHTh
HA/IMIPOBI/IHI MOTOKOBI KyOiTH B IJIAHAPHOMY JW3aifHi CTBOPIOIOTHCS METONAMH KBAaHTOBOI iHxkeHepii. [yt HopManbHOT poOoTH Taki
KOHCTPYKIii MaroTh OyTH OXOJIOIPKEHUMH Y pedprkepaTopax po3unHeHHs 10 Temneparypu onusbko 10 MK. [TotokoBi Ky6iTH MaroTh
JiHIMHI pO3MipH HAANIPOBIAHOTO KOHTYPY B KiJIbKa IECATKIB MIKPOMETPIB 1 Ty’Ke UyTJIMBi O 30BHIIIHIX MAarHITHUX IIOJIB 1 IX Bapiariil.
KyO0irT, o nobynoBanuii 3a rpaieHTOMETPUYHOIO CXEMOI0, MA€ 3HIKEHY 4y TIIUBICTh 10 30BHILIIHIX OHOPIIHMX MAarHiTHUX IOJIB, aJjie
30epeKy€e NOCUTh BEIHMKY UyTIMBICTh 10 1X Bapiarii. [s 3aXucTy Ky0OiTa Bij HeOakaHUX 30BHIIIHIX MArHITHHUX MOJIIB, BKIKOYAI0UN
riose 3emiti, pyKOTBOPHI ITOJISI 1 3aJIMIITKOBI MArHITHI IOJIS B KOHCTPYKIIi{ KpiocTara, HEOOXiTHO CTBOPUTH €()eKTUBHI MAaTHITHI eKpaHU.
PaHilie MU 3aIIpOINOHYBaJIM CXeMY OIXHO(OTOHHOrO JIUMJIBHHKA MIKPOXBHIIBOBOTO Jiara3oHy, B sKiil MPUAMaNbHUM EJIEMEHTOM €
IUTAHAPHUH TTOTOKOBHH KyOiIT B TpalieHTOMETPHYHOMY BHKOHaHHI. s 3a0e3medeHHs fioro pobotu OyB po3poOieHuid TpUIapoBHid
ribpumHUi MarHiTHA eKpaH, II0 CKIAJAa€ThCsl 3 JBOX HAAMPOBIIHHMX 1 OAHOrO (epoOMarHiTHOrO LMIIHAPIB Ta MPH3HAYCHHU IS
YCTaHOBKHU B pedprkeparopy po3drHEHHs pH Temieparypi 6mu3sko 10 MK. EQekTHBHICTS TAKOTO €KpaHy 3aJIeKUTh Bijl IPABUIILHOT
KOHCTpPYKIIT BCIX TPbOX 00OJOHOK. Y paHil poOOTi MpencTaBlieHi pe3yIbTaTH PO3paxyHKy i MarHITHUX BUMIipIOBaHb B MOCTIHHHX i
HU3BKOYACTOTHUX 3MIHHUX MarHITHHX ITOJISIX OMITHIPUIHOTO (PepOMarHiTHOTO eKpaHy 3 HU3bKOTeMITepaTypHoro nepmanoo Cryoperm
G10, sxuii maTpUMye BUCOKY MarHiTHY IPOHHUKHICTB TIPH TEMIIEpaTypax piiKoro refito i Hrkde. [lokazaHo, o0 BiH 3MaTHUA 3MEHIITNTH
abcoroTHE 3HaYEeHHSI IO 1 Horo Bapiamiid Ha 55-70 nb. Pa3zom 3 HaxmpoBiTHIMHU CBUHIIEBUMH MAarHITHAMH €KpaHAMU 1151 KOHCTPYKIIis
JIO3BOJINTD 3HU3UTH aOCONIOTHE 3HAaUYCHHs MarHiTHoro nosst Ha 70 1b, a Bapiauii monst va 200 1B, o 3a6e3neynts HEOOXiqHI YMOBU
JUIs1 poOOTH 0AHO(MOTOHHOTO JIIYHIFHHKA HA OCHOBI IIOTOKOBOT'O KYOITY.

KorouoBi c1oBa: MarHiTHe ekpaHyBaHHS, (epOMArHITHUH eKpaH, HU3bKi TeMIleparypu, epmaioii, Cryoperm, HOTOKOBHH KyOiT,
eNIEKTPOMArHiTHe OTOYEHHS

INTRODUCTION This solution significantly reduces the influence of uniform

The rapid development of quantum informatics and
quantum engineering requires the creation, by means of
modern lithographic technologies, of the key elements of
quantum circuits - qubits [1] to provide their stable

operation. Superconducting qubits are often called
“artificial macroscopic atoms”, since they, having
macroscopic dimensions of tens and hundreds of

micrometers, obey quantum laws and have a discrete
energy spectrum. One of the most common types of
superconducting qubits is the flux qubit, which consists of
one or three Josephson junctions incorporated in a
superconducting loopt. A single-Josephson-contact qubit is
topologically similartoan RF SQUID loop (superconducting
quantum interferometer device). The state of such a qubit is
determined by the magnitude of the magnetic flux
penetrating the loop. The energy levels of the qubit are
extremely sensitive to changes in the external magnetic
flux at a level of 0.001®,, where

®,=h/2e~2.07-10"" Wb is the superconducting

magnetic flux quantum (% is Planck’s constant, e is the
electron charge). Thus, to let the qubit exhibit its quantum
behavior, it is necessary, in addition to low temperatures
~10 mK, to provide low enough and stable magnetic fields,
i.e. the question arises of the magnetic shielding and,
generally speaking, of the isolation of the qubit from the
electromagnetic environment [2].

Earlier, we proposed [3] a scheme for a single-photon
counter in the microwave range based on a flux qubit. In
this design, the qubit is manufactured in the form of a planar
gradiometer (Fig. 1) with the loop area of 80x(80+80) pm.

magnetic fields, but the suppression of spatial variations
(gradient) of the magnetic field remains an important issue.

The main methods of passive reduction of the magnetic
field in a certain space region are the use of ferromagnetic
and superconducting shields.

Fig. 1
superconducting flux qubit with one Josephson contact
(RF SQUID configuration), made in the form of a
gradiometer.

Configuration of a planar (thin film)

Theoretically, superconducting shields could have an
extremely high shielding factor of up to 10 (a completely
closed superconducting sphere) due to the Meissner-
Ochsenfeld effect (pushing out the magnetic flux from
the superconductor volume). However, in most cases,
they are cylindrical in shape, have holes for the input
electric lines and, when cooled, can capture and even
concentrate the magnetic flux due to inhomogeneities
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of the superconducting material and improper cooling
procedure. Therefore, the attenuation coefficients of the
longitudinal and transverse fields do not exceed 1000 and
several tens, correspondingly [5]. Superconducting shields
have no equal in unique experiments on obtaining the
ultimate magnetic vacuum [4], but in practical applications
[6] it is advisable to combine them [7] with shields made
of ferromagnetic materials that concentrate the magnetic
field in their volume. Coaxially located ferromagnetic and
superconducting screens not only have a higher magnetic
field attenuation coefficient than taken alone, but also
significantly reduce the spatial field variations. In subtle
experiments with superconducting interferometers and
qubits during quantum measurements, this is of decisive
importance, along with careful filtering of the input circuits,
and provide necessary isolation of the quantum object from
the electromagnetic environment [2].

For the single microwave photon counter proposed
by us [3] which is based on a flux qubit, a hybrid shield
is developed [8], consisting of alternating layers of
superconducting and ferromagnetic cylindrical shells. This
paper presents the calculation and the data of magnetic
measurements of a low-temperature ferromagnetic shield,
which, in the design described above, is to be placed
between two superconducting lead shells.

SAMPLE AND MEASURING TECHNIQUES

The ferromagnetic shell-under-test was a cylinder
with a bottom, with the length of 115 mm, inner diameter
of 26.5 mm and the wall thickness of 1 mm, made
of low-temperature permalloy Cryoperm® 10 from
Vacuumschmelze (Germany). The choice of the material
is dictated by the fact that the magnetic permeability in
low-temperature permalloy (including Cryoperm® 10)
increases when lowering the temperature due to a special
heat treatment, while for ordinary permalloy 79NM, 8ONM
it drops sharply.

According to the information from website of
MuShield company [9], “Cryoperm is a soft magnetic
nickel-iron alloy with about 80 % nickel, 4.2 — 52 %
molybdenum, a saturation induction of approx. 8000
Gauss, the highest technically obtainable permeability,
(Max > 350,000) and a very low coercive force. Cryoperm
exhibits very high permeability at very low induction,
yielding superior magnetic shielding attenuation of low
flux density magnetic fields. In addition, Cryoperm is
the magnetic shielding alloy of choice for cryogenic
applications. Cryoperm exhibits very high permeability at
4.2 — 10 degrees Kelvin.”

The magnetic field was measured using an MF-20
fluxgate magnetometer with sensors of the longitudinal and
transverse field components. The maximum and minimum
measurement limits of the magnetometer were 20 G and 2
mG, correspondingly, with a measurement error of 0.2 mG.

The device has an analog voltage output, which was used to
control the field amplitude with an S1-83 oscilloscope when
measuring in low-frequency alternating fields. The dc and
ac fields were created by a 300 Oe/A solenoid, powered by
a direct current source or sinusoidal voltage from the 600-
ohm output of the G6-33 generator. Measurements with
the solenoid were made in a two-layer permalloy screen
with a diameter of 200 mm and a height of 740 mm and
attenuation factor for the Earth’s field of at least 1000 (the
measured residual field is less than the measurement error
of the magnetometer). The shield-under-test was oriented
vertically during measurements; the magnetometer sensor
was located on a nonmagnetic rod made of fiberglass and
moved using a screw feed with a graduation of 0.02 mm.

CALCULATIONS

The calculation procedure, based on the magnetostatic
approach, of a finite-length cylindrical ferromagnetic shell,
made of a high magnetic permeability material, is briefly
summarized in [10]. For a cylindrical shield of finite length
with a bottom, the attenuation coefficient S of the external
field H, perpendicular to the cylinder axis is expressed by
the formula

S=H,/H ~(4NS,+1)/(1+D/2L),

where H is the field intensity outside, H, is the field
intensity inside, at the center of the shield, S, is the shielding
factor for a cylinder of infinite length with axis perpendicular

to the field, S, =ud /D for u>>1, d << D, and
ud / D >>1 (dis thickness of the wall of the shield, D is

diameter of the shield, and N is the demagnetizing factor of

an ellipsoid with the dimensional ratio p=L/D (L is
length, D is diameter of the shield):
N=[1/(p*-Dl{p/(p*-1)"
{p+(p*-D"1-1;

Note that the attenuation factor S is calculated at the
center of the cylinder open at both ends. The field value
decreases exponentially inside the cylinder along its axis
[10, 11] with increasing distance from the open ends, until
it reaches a minimum value. Due to the bottom, the required
length of the cylindrical shell can be reduced by almost
half, but close to the bottom the field increases again.

Given the parameters of our shield D=26.5 mm,
L=115 mm, d=1 mm, the maximum permeability value for
permalloy [9] p=350000, we get:

p=L/D=115/26.5~434, D/2L ~0.23,

S, =350000-1/26.5~13200, N = 0.069
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and, thus, the upper estimate for the shielding factor for the
transverse field is S ~2960. According to the
nomographic chart [10], the shielding factor for the
longitudinal field should be 4 times less.

RESULTS AND DISCUSSION

Fig. 2 shows the axial (vertical) and transverse
(horizontal) components of the Earth’s magnetic field,
weakened by the shield-under-test, vs. the depth coordinate
of the sensor inside the shield. The coordinate is measured
from the edge at the open end. The inclination of the Earth’s
magnetic field in this place was about 55°. If not taking into
account the strong field distortion near the open end, due
to which the field at the opening is approximately 2 times
greater than the external one, the field attenuates by an
exponential law with the depth in accordance with [10,11].
The plateau is due to two reasons, the sensitivity limit of
the magnetometer and a small residual magnetization of the
shield (about 0.2-0.3 Oe).
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Fig. 2. Axial and transverse components of the magnetic
field inside a cylindrical shield with a bottom vs. the
distance from the open end. The bottom is at a distance
of 115 mm. The details are in the text.

Since the cryostat, into which the shield should be
placed, may have some residual magnetization of structural
materials, we checked the attenuation of the external field
as a function of its value H_,. Fig. 3 shows the attenuation
of the external longitudinal (axial) field K, =H /H,,

vs. the immersion depth x into the shield, normalized to the
cylinder diameter 2r. It can be seen that these values are the
same within the specified fields. The discrepancy in the
plateau region is caused by the sensitivity limitation of the
magnetometer. Note that there is a strong distortion and
concentration of the external magnetic field close to the
opening, so the “attenuation” is greater than unity.

To check the operation of the shield at low
temperatures, the same dependence of the field attenuation
at room temperature and at liquid nitrogen temperature
was measured (Fig. 4). The magnetometer sensor was
protected by non-magnetic thermal insulation. It can be
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Fig. 3. Attenuation K, of the axial component of the
magnetic field inside a cylindrical shield with a bottom
vs. the distance from the open end x normalized to the
diameter 27 in various external fields. The external field
is created by a solenoid. The details are in the text.

seen from Fig. 4 that the shielding properties improve by
about a factor of 2 when cooled to 77 K deep inside the
screen, which is in good agreement with the increase in the
magnetic permeability of Cryoperm® 10 from 25,000 to
50,000 at 77 K [9] (Fig. 5).
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Fig. 4. Attenuation K, of the axial component of the
magnetic field inside the shield vs. the distance from the
open end for various temperatures.

Although the fluxgate magnetometer is designed
to measure dc and slowly changing fields, we made an
attempt to evaluate the change in the shielding properties
of the tested permalloy cylinder when it is placed in a low-
frequency ac magnetic field. Fig. 6 shows comparison of
the attenuation factors of the amplitude of an external ac
sinusoidal field for “almost” stationary field (frequency
1 Hz) and industrial frequency (55 Hz) field in a shield
cooled down to the temperature of liquid nitrogen. Despite
the low measurement accuracy, the tendency of improving
the shielding with frequency rise is well pronounced. This
trend is consistent with the results of measurements on
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Fig. 5. Magnetic permeability of Cryoperm® 10 vs.
temperature. Adapted from the site [9].

another permalloy, Mumetall, at higher frequencies [11].
We will continue frequency measurements of the shield in
further works at higher frequencies using another method.
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Fig. 6. Attenuation of the amplitude of the longitudinal
component of the ac magnetic field inside the shield vs.
the distance from the open end at various low frequencies
and temperature 77 K.

Summarizing, we can say that the measured shielding
factors 1/ K, ~600—-4000, which corresponds in

logarithmic units to ~55-70 dB, are consistent with the
estimation, taking into account the large spread and
temperature dependence of the magnetic permeability of
the cryogenic permalloy. These values are quite acceptable
for constructing a hybrid three-layer screen, including two
more superconducting shells, and for creating the necessary
attenuation of the absolute value of the magnetic field and
its variations in the region where the superconducting flux
qubit is to be placed.

CONCLUSIONS
1. The attenuation factors for external dc and ac low-
frequency magnetic fields of various magnitudes were
experimentally measured inside a cylindrical shield with a
bottom, made of cryogenic permalloy Cryoperm 10, at room
and liquid nitrogen temperatures. The Cryoperm shell will

be the part of a hybrid three-layer shield to protect (isolate)
the superconducting flux qubit from the electromagnetic
environment during quantum measurements in order to
build a single microwave photon counter.

2. The maximum attenuation factors deep inside the
shield for an external longitudinal field of 0.3-20 Oe are
in the range of 600—4000, or 55-70 dB, which is quite
sufficient for solving the indicated problem.
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