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Description
TECHNICAL FIELD

[0001] The present disclosure relates to a slow atomic
beam generation apparatus, a physical package, a phys-
ical package for an optical lattice clock, a physical pack-
age for an atomic clock, a physical package for an atomic
interferometer, a physical package for a quantum infor-
mation processing device, and a physical package sys-
tem.

BACKGROUND

[0002] An optical lattice clock is an atomic clock which
was proposed in the year 2001 by Hidetoshi Katori, one
of the inventors of the present disclosure. In the optical
lattice clock, atoms are entrapped within an optical lattice
formed by laser light, and a resonance frequency of a
visible light region is measured. Because of this, the op-
tical lattice clock enables measurement with a precision
of 18 digits, far exceeding precision of cesium clocks
which are presently available. The optical lattice clocks
are now eagerly being researched and developed by the
group of the present inventors, and also by various
groups in and out of Japan, and are now emerging as
next-generation atomic clocks.

[0003] Asrecenttechniques forthe opticallattice clock,
for example, Patent Literatures 1 to 3 described below
may be exemplified. Patent Literature 1 describes that a
one-dimensional moving optical lattice is formed inside
an optical waveguide having a hollow passageway. Pat-
ent Literature 2 describes a configuration in which an
effective magic frequency is set. In fact, a magic wave-
length is theoretically and experimentally determined for
strontium, ytterbium, mercury, cadmium, magnesium,
and the like. Patent Literature 3 describes a radiation
shield which reduces influences from black body radia-
tion emanating from the walls at the periphery.

[0004] In the optical lattice clock, in order to perform
time measurement with high precision, an altitude differ-
ence of 1 cm on the earth based on a general relatively
effect due to the force of gravity can be detected as a
deviation of progression of time. Thus, if the optical lattice
clock canbe made smaller and portable so that the optical
lattice clock may be used in fields outside of a research
laboratory, application possibilities can be widened for
new geodetic techniques such as search for underground
resources, underground openings, detection of magma
reservoirs, and the like. By producing the optical lattice
clocks on a massive scale and placing them in various
places to continuously monitor a variation in time of the
gravity potential, applications may be enabled such as
detection of crustal movement and spatial mapping of a
gravity field. In this manner, optical lattice clocks are ex-
pected to contribute to society as a new fundamental
technology, beyond a frame of highly precise time meas-
urement.
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[0005] In recent years, research has been carried out
for precision atomic measurement apparatuses using
slow atoms cooled to a temperature close to absolute
zero by laser light. In such precision measurement ap-
paratuses, it is important to efficiently generate a slow
atomic beam with a high flow rate.

[0006] Anexample of the apparatus that utilizes a slow
atom generator is the optical lattice clock described
above. In addition, neutral atoms cooled to a very low
temperature have attracted much attention as qubits for
abasic unit of quantum information. Quantum computers
that use cooled atomic gases as qubits are less affected
by the surrounding environment than quantum comput-
ers that use electron spins or nuclear spins in solids or
liquids. Because of this, it is possible to retain the quan-
tum information for a long period of time. Further, advan-
tages are expected such as that the number of qubits
can be increased using Bose-Einstein condensation
techniques.

[0007] In recent years, application of a magneto-opti-
cal trap method (MOT) has been attempted for a plurality
of different energy levels for the atoms.

[0008] Non-Patent Literature 1 describes an experi-
ment in which a magneto-optical trap using a transition
from a ground state 1S to an excited state 1P, for calcium
(Ca) atoms, and a magneto-optical trap using a transition
from 3P, to 3D, for the atoms relaxed from 1P, state to
3P2 metastable state, are used in combination. The tran-
sition from the 3P, level which is the metastable state to
the 3D3 level has a narrow linewidth, and long lifetime
and cooling to a low temperature can be expected.
[0009] Non-Patent Literature 2 describes an experi-
ment in which a magneto-optical trap using a transition
from the ground state 1S to an excited state P4, and a
magneto-optical trap using a transition from 1S; to 3P,
for ytterbium (Yb), are used in combination. The former
transition has a broad linewidth, and the latter transition
has a narrow linewidth. By using both transitions in com-
bination, it becomes possible to trap atoms with a rela-
tively low magnetic field gradient compared to the case
which uses a single transition, and simplification and cost
reduction of the apparatus can be expected.

[0010] Non-Patent Literature 3 describes a two-stage
laser cooling for strontium atoms, which can achieve a
large capture velocity and low cooling temperature. Since
the optimum magnetic fields is different for each magne-
to-optical trap, two-stage laser cooling at same space in
the apparatus needs to be conducted by sequentially tun-
ing both the magnetic field gradient and the laser param-
eters.

[0011] The two-stage cooling will now be described.
[0012] When atoms in each level are trapped in the
magneto-optical trap, deceleration a, of atoms which can
be trapped is described by the following Equation (1) ac-
cording to the adiabatic condition.
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[Equation 1]

Au dB

fhpy 22 o Py o e
D= "max gy

[0013] Here, Ap represents an effective magnetic mo-
ment of two levels between the upper state and the lower
state, and dB/dz represents a magnetic gradient. A Dop-
pler temperature Tp of the trapped atoms is described
by the following Equation (2).

[Equation 2]
iy
kgTp = 5

[0014] The deceleration a0 is described by the follow-
ing Equation (3).

[Equation 3]
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[0015] From Equations (1) and (3), the following Equa-
tion (4) is derived.

[Equation 4]
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[0016] When the transition to be used for the atomic
cooling or the atomic trapping is selected, the linewidth
(y) of the transition is determined. Based on the linewidth,
the Doppler temperature Tp is uniquely determined from
Equation (2), a maximum attainable deceleration is
uniquely determined from Equation (3), and the magnetic
field gradient is uniquely determined from Equation (1).
For example, when it is desired to increase the magnetic
field gradient and shorten a deceleration distance, a tran-
sition with a large linewidth is used, and as a conse-
quence, the Doppler temperature inevitably becomes
high. Further, for example, when it is desired to reduce
the Doppler temperature, a transition with a narrow linew-
idth is used, and the magnetic field gradient inevitably
becomes small.

[0017] In consideration of the fact that the maximum
attainable deceleration differs depending on the transi-
tion, if it is possible to realize the above-described (1)
and (2) in separate spaces and to apply an appropriate
magnetic field gradient according to the respective levels
of the atoms while applying the magnetic optical traps
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for a plurality of levels, efficient generation of atomic
beams in a further cooled state can be expected.

CITATION LIST
PATENT LITERATURE
[0018]

Patent Literature 1: JP 6206973 B
Patent Literature 2: JP 6635608 B
Patent Literature 3: JP 7189588 B

NON PATENT LITERATURE
[0019]

Non-Patent Literature 1: J. Griinert et al., "Sub-Dop-
pler magneto-optical trap for calcium", Phy. Rev. A
65(2002)041401

Non-Patent Literature 2: A. Kawasaki et al., "Two-
color magneto-optical trap with small magnetic field
for ytterbium", J. Phys. B Mol Opt. Phys.
48(2015)155302

Non-Patent Literature 3: Hidetoshi Katori, Tetsuya
Ido, Yoshitomo Isoya, and Makoto Kuwata-Gonoka-
mi, "Magneto-Optical Trapping and Cooling of Stron-
tium Atoms down to the Photon Recoil Tempera-
ture", Phys. Rev. Lett. 82.1116.1999

SUMMARY
TECHNICAL PROBLEM

[0020] As described in Non-Patent Literature 3 de-
scribed above, in the structure of the MOT apparatus of
the related art, it has been difficult to realize the two-stage
cooling with the same MOT apparatus.

[0021] An advantage of the present disclosure lies in
realizing, in the same apparatus, a magneto-optical trap
foran atom of a certain level and another magneto-optical
trap for an atom at a level different from the certain level.

SOLUTION TO PROBLEM

[0022] According to one aspect of the present disclo-
sure, there is provided a slow atomic beam generation
apparatus comprising: a high-temperature tank including
an atomic source, an optical window provided at one end
and which passes laser light, and a mirror provided at
the other end, which has an opening at an apex thereof,
and which reflects laser light incident through the optical
window toward the one end at portions other than the
opening; a heater that heats the high-temperature tank,
to generate an atomic gas in the high-temperature tank
from the atomic source; a magnetic field generation ap-
paratus that generates a magnetic field in a region where
laser light reflected by the mirror intersects; and a mag-
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netic field gradient attenuation module which locally at-
tenuates a magnetic field gradient generated by magnet-
ic field generator apparatus at the opening, wherein an
atomic beam is formed from an atomic gas using a mag-
neto-optical trap realized by laser light and a magnetic
field, and is emitted to an outside through the opening.
[0023] According to the structure described above, the
gradient of the magnetic field formed by the magnetic
field generation apparatus is locally attenuated by the
magnetic field gradient attenuation module at the open-
ing. With this structure, a strong magnetic field gradient
and a weak magnetic field gradient are formed, and dif-
ferent magneto-optical traps are formed by these mag-
netic field gradients. That is, a magneto-optical trap for
an atom at a certain level and another magneto-optical
trap for an atom at a level different from the certain level
are realized. According to the structure described above,
the traps can be realized by the same slow atomic beam
generation apparatus.

[0024] The magnetic field generation apparatus may
be an anti-Helmholtz coil which forms a magnetic field
gradient, and the attenuation module may be a coilhaving
a shape similar to the anti-Helmholtz coil, and in which
a current flows in a direction opposite to that of the anti-
Helmbholtz coil.

[0025] The magnetic field generation apparatus may
be a permanent magnet of a tubular shape which forms
a magnetic field gradient, and the attenuation module
may have a shape similar to the permanent magnet of
the tubular shape, and may be polarized in a direction
opposite to that of the permanent magnet of the tubular
shape.

[0026] The magnetic field generation apparatus may
form a magnetic field gradient, and the attenuation mod-
ule may be formed from a soft magnet with high perme-
ability, and may locally attenuates a magnetic field gra-
dient therein by absorbing a magnetic flux therein.
[0027] The opening may be formed at a location other
than a location on an axis of laser light.

[0028] The atomic source is, for example, strontium or
ytterbium. With the use of the structure described above,
it becomes possible to generate a slow atomic beam of
strontium or ytterbium. Strontium and ytterbium are only
exemplary, and, alternatively, even atoms with low vapor
pressure at room temperature can be used if the heater
temperature is set to a temperature at which sufficient
vapor can be obtained.

[0029] The high-temperature tank has a 2n-axis-sym-
metrical right-angled polygonal pyramidal shape (where-
in n is an integer greater than or equal to 2), or a right-
angle quadrangular pyramidal shape. That is, the high-
temperature tank may have a conical shape or a polyg-
onal conical shape.

[0030] According to one aspect of the present disclo-
sure, there is provided a physical package including the
slow atomic beam generation apparatus described
above, and a vacuum chamber surrounding a clock tran-
sition space in which the atom is placed.

10

15

20

25

30

35

40

45

50

55

[0031] According to one aspect of the present disclo-
sure, there is provided a physical package for an optical
lattice clock which includes the physical package.
[0032] According to one aspect of the present disclo-
sure, there is provided a physical package for an atomic
clock which includes the physical package.

[0033] According to one aspect of the present disclo-
sure, there is provided a physical package for an atomic
interferometer which includes the physical package.
[0034] According to one aspect of the present disclo-
sure, there is provided a physical package for a quantum
information processing device for atoms or for ionized
atoms, which includes the physical package.

[0035] According to one aspect of the present disclo-
sure, there is provided a physical package system which
includes the physical package, and a control apparatus
that controls an operation of the physical package.

ADVANTAGEOUS EFFECTS OF INVENTION

[0036] According to an aspect of the present disclo-
sure, a magneto-optical trap foran atom ata certain level,
and a magneto-optical trap for an atom at a level different
from the certain level, may be realized in the same ap-
paratus.

BRIEF DESCRIPTION OF DRAWINGS
[0037]

FIG. 1 is a block diagram showing an overall struc-
ture of an optical lattice clock according to an em-
bodiment of the present disclosure.

FIG. 2 is a diagram schematically showing a struc-
ture of a slow atomic beam generation apparatus
according to a first embodiment of the present dis-
closure.

FIG. 3 is a diagram schematically showing a struc-
ture of the slow atomic beam generation apparatus
according to the first embodiment of the present dis-
closure.

FIG. 4 is a perspective diagram showing a high-tem-
perature tank and a magnetic field gradient attenu-
ation module.

FIG. 5is a perspective diagram showing a high-tem-
perature tank and a magnetic field gradient attenu-
ation module.

FIG. 6 is a diagram showing calculation results of a
magnetic field distribution.

FIG. 7 is a diagram showing a magnetic field profile.
FIG. 8 is a diagram showing a magnetic field profile.
FIG. 9 is a diagram schematically showing a struc-
ture of the slow atomic beam generation apparatus
according to the first embodiment of the present dis-
closure.

FIG. 10 is a diagram showing an energy levels and
transitions in strontium atom.

FIG. 11 is a diagram schematically showing a struc-
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ture of a slow atomic beam generation apparatus
according to a second embodiment of the present
disclosure.

DESCRIPTION OF EMBODIMENTS
<Structure of Optical Lattice Clock>

[0038] A schematic structure of an optical lattice clock
10 for which a slow atomic beam generation apparatus
according to an embodiment of the present disclosure is
used will now be described with reference to FIG. 1. FIG.
1 is a block diagram showing an overall structure of the
optical lattice clock 10. Here, an optical lattice clock 10
willbe described as an example of an apparatus for which
the slow atomic beam generation apparatus is used, but
alternatively, the slow atomic beam generation appara-
tus according to the present embodiment may be used
for apparatuses other than the optical lattice clock 10.
[0039] The optical lattice clock 10 includes, for exam-
ple, a physical package 12, an optical system apparatus
14, a control apparatus 16, and a PC (Personal Compu-
ter) 18.

[0040] The physical package 12 is an apparatus which
traps atoms, confines the atoms in an optical lattice, and
allows to interrogate of clock transition. The optical sys-
tem apparatus 14 is an apparatus having optical devices
such as a laser light source for trapping atoms, a laser
light source for exciting clock transition, a laser frequency
control apparatus, and the like. The optical system ap-
paratus 14 applies processes, in addition to sending laser
lightto the physical package 12, to receive afluorescence
signal emitted from the atoms in the physical package
12, to convert the received signal into an electrical signal,
and to feed back to the laser light source so that the
frequency matches the resonance frequency of the atom.
The control apparatus 16 is an apparatus which controls
the physical package 12 and the optical system appara-
tus 14. The control apparatus 16 applies, for example,
operation control of the physical package 12, operation
control of the optical system apparatus 14, and an anal-
ysis process such as frequency analysis of the clock tran-
sition obtained through measurement. The physical
package 12, the optical system apparatus 14, and the
control apparatus 16 cooperate with each other, to realize
the functions of the optical lattice clock 10.

[0041] The PC 18 is a general-purpose computer in-
cluding one or more processors and a memory. Software
is executed by hardware including the one or more proc-
essors and the memory, to realize the functions of the
PC 18. In the PC 18, an application program for control-
ling the optical lattice clock 10 is installed. The PC 18 is
connected to the control apparatus 16, and may control
not only the control apparatus 16, but also the entirety of
the optical lattice clock 10 including the physical package
12 and the optical system apparatus 14. In addition, the
PC 18 provides a Ul (User Interface) of the optical lattice
clock 10. A user can start the optical lattice clock 10,
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apply time measurement, and check results through the
PC 18.

[0042] Asystemincludingthe physical package 12and
a structure necessary for control of the physical package
12 may sometimes be called a "physical package sys-
tem". The structure necessary for the control may be in-
cluded in the control apparatus 16 or in the PC 18, or in
the physical package 12. Alternatively, a part or all of the
functions of the control apparatus 16 may be included in
the physical package 12.

[0043] A structure of a slow atomic beam generation
apparatus according to an embodiment of the present
disclosure will now be described

<Structure of Slow Atomic Beam Generation Apparatus
of First Embodiment>

[0044] A structure of a slow atomic beam generation
apparatus according to a first embodiment of the present
disclosure will now be described with reference to FIG.
2. FIG. 2 is a diagram schematically showing a structure
of a slow atomic beam generation apparatus 100 accord-
ing to the first embodiment of the present disclosure. In
the following, an axis parallel to a longitudinal direction
of the slow atomic beam generation apparatus 100 will
be called a "Z axis".

[0045] The slow atomic beam generation apparatus
100 generally includes a high-temperature part and a
room-temperature part, and is an apparatus in which
magnetic fields having different gradients are locally
formed so as to realize amagneto-optical trap foran atom
at a certain level, and another magneto-optical trap for
an atom at a level different from the certain level.
[0046] The high-temperature part includes a right-an-
gle conical mirror 102, an optical window 104, an opening
106, a heater 108, a sample 110, a magnetic field gen-
eration apparatus 112, a thermometer 114, and a high-
temperature tank 116.

[0047] The room-temperature part includes a flange
118, a thermal radiation shield 120, a thermal insulation
support bar 122, a cold filter window 124, a vacuum-re-
sistant window 126, and a vacuum-resistant electrical
connector 128.

[0048] The high-temperature part further includes a
magnetic field gradient attenuation module 130.

[0049] The high-temperature tank 116 has an axially
symmetric shape with respect to the Z axis. The high-
temperature tank 116 has, for example, a 2n-axially sym-
metric shape (wherein n is an integer greater than or
equal to 2) with respect to the Z axis. More specifically,
the high-temperature tank 116 has a 2n-axially symmet-
ric right-angle polygonal pyramidal shape (wherein n is
an integer greater than or equal to 2). Alternatively, the
high-temperature tank 116 may have a circular tubular
shape, or a polygonal conical shape.

[0050] The high-temperature tank 116 includes the
sample 110 whichis an atomic source, the optical window
104 provided at one end and which passes laser light,
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and the right-angle conical mirror 102 provided at the
other end. At an inside of the high-temperature tank 116,
a space which is axially symmetric with respect to the Z
axis is formed, and the right-angle circular conical mirror
102 is provided on an inner surface of the high-temper-
ature tank 116, opposing the optical window 104 provided
at the one end. When the high-temperature tank 116 has
a 4-fold axially symmetric shape with respect to the Z
axis, a right-angle quadrangular conical mirror is provid-
ed in place of the right-angle circular conical mirror 102.
The right-angle circular conical mirror 102 reflects the
laser light (laser light 132 to be described later) incident
through the optical window 104 into the space inside the
high-temperature tank 116 toward the optical window
104. The opening 106 is formed at an apex of the right-
angle circular conical mirror 102. The opening 106 is a
hole opened at the apex. Because the apex is placed on
the Z axis, the opening 106 is placed on the Z axis. As
will be described later, an atomic beam is emitted to the
outside of the high-temperature tank 116 through the
opening 106.

[0051] The thermometer 114 is provided on a side sur-
face of the high-temperature tank 116, and measures the
temperature of the high-temperature tank 116. The ther-
mometer 114 is, for example, a thermocouple thermom-
eter, a resistant thermometer using platinum or the like,
etc.

[0052] The heater 108 which heats the high-tempera-
ture tank, and the magnetic field generation apparatus
112 which generates a magnetic field, are provided on
an outer circumferential surface of the high-temperature
tank 116. The magnetic field gradient attenuation module
130 is provided at an inner side of the magnetic field
generation apparatus 112. The magnetic field gradient
attenuation module 130 will be described later in detail.
[0053] The magnetic field generation apparatus 112
generates a magnetic field for trapping atoms using the
magneto-optical trap (MOT) method, at an inside of the
high-temperature tank 116. The magnetic field genera-
tion apparatus 112 may be provided on the outer circum-
ferential surface of the high-temperature tank 116, or on
an inner surface of the thermal radiation shield 120.
[0054] The magnetic field generation apparatus 112
is, for example, a coil. The caoil is, for example, an anti-
Helmholtz coil having an axially symmetric shape with
respect to the Z axis, and in which a current flows anti-
symmetrically with respect to the center axis. When the
current flows in the coil, a uniform magnetic field gradient
is formed. In order to form a large gradient magnetic field,
it is necessary, for example, to wind a wire with a large
diameter and a large number of turns to allow a large
current. Alternatively, coils other than the above-de-
scribed coil may be used.

[0055] When a setting temperature of the high-temper-
ature tank 116 is lower than or equal to 250°C, a coated
copper wire or the like which can endure the temperature
is used as the coil.

[0056] When the slow atomic beam generation appa-
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ratus 100 is used in a high temperature environment,
such as with the temperature of the high-temperature
tank 116 setto 270°C, for example, a non-coated copper
wire is used as the coil. For example, a bobbin formed
from alumina ceramic or the like is used, grooves are
formed on the bobbin such that adjacent copper wires
do not contact each other, and the copper wires are
wound on the bobbin using the grooves as guides.
[0057] As another example configuration, the magnet-
ic field generation apparatus 112 may be a permanent
magnet. The permanent magnet is, for example, a pair
of permanent magnets having an axially symmetric ring
shape, and polarized anti-symmetrically with respect to
the center axis. As another example configuration, the
permanent magnet may be a permanent magnet having
an axially symmetric circular cylindrical shape covering
the high-temperature tank 116, and magnetized in a ra-
dial direction. Alternatively, permanent magnets other
than those described above may be employed. A uniform
magnetic field gradient is formed by the permanent mag-
net.

[0058] In addition, a permanent magnet having a suf-
ficiently large Curie temperature in comparison to the set-
ting temperature is used. For example, a samarium-co-
balt magnet, an Alnico magnet, a strontium-ceramic mag-
net, or the like is used as the permanent magnet of the
present embodiment.

[0059] The magnetic field generation apparatus 112
forms a quadrupole magnetic field distribution suited for
the right-angle conical mirror 102. The high-temperature
tank 116 may have a right-angle quadrangular pyramid
shape in place of the right-angle conical shape. That is,
a right-angle quadrangular pyramid mirror may be used
in place of the right-angle conical mirror 102.

[0060] As another example configuration, the magnet-
ic field generation apparatus 112 may be an assembly
of 2n rectangular- or saddle-shaped coils (wherein n is
an integer greater than or equal to 2) with same dimen-
sion, located on a side surface (outer circumferential sur-
face of the high-temperature tank 116) surrounding a 2n-
rotationally symmetric axis (wherein n is an integer great-
er than or equal to 2) of the high-temperature tank 116.
For example, the controller 16 generates a two-dimen-
sional quadrupole magnetic field from the magnetic field
generator 112 by applying the currents between the coils
facing each other across the 2n rotational symmetry axis
in opposite directions.

[0061] As yetanother example configuration, the mag-
netic field generation apparatus 112 may be 2n quadran-
gular prism-shape or circular arc prism-shape permanent
magnets (permanent magnets of a prism shape with a
cross section of a quadrangle or a circular arc) having
the same shape, provided on a side surface (outer cir-
cumferential surface of the high-temperature tank 116)
surrounding the 2n-rotational symmetry axis of the high-
temperature tank 116. The permanent magnet is mag-
netized in an angular direction (circumferential direction
surrounding the axis of symmetry) with respect to the
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axis of symmetry. In addition, the magnetization direc-
tions of permanent magnets facing each other with the
2n-rotational symmetry axis therebetween are opposite
to each other. In this manner, the quadrupole magnetic
field is formed.

[0062] The heater 108 heats the high-temperature tank
116 so that the high-temperature tank 116 reaches the
setting temperature. For example, the heater 108 heats
a part or the entirety of the high-temperature tank 116.
With the heating by the heater 108, the state of the atomic
source transitions from a solid phase to a gas phase, and
the atomic gas is thus generated, and is discharged to
the space inside the high-temperature tank 116. In addi-
tion, with the heating by the heater 108, it is possible to
prevent re-condensation of the atomic gas when the
atomic gas collides with an inner wall or the like of the
optical window 104 or the high-temperature tank 116.
The role of transitioning the state of the atomic source
from the solid phase to the gas phase may alternatively
be realized by laser ablation, in place of the heater 108.
[0063] The sample 110 includes the atomic source,
and is housed in a small chamber provided on a side
surface of an inner wall of the high-temperature tank 116.
The sample 110 may be introduced into and taken out
through the opening 106, or by disassembling the slow
atomic beam generation apparatus and removing the op-
tical window.

[0064] Foramaterial of the high-temperature tank 116,
a material is used so that the high-temperature tank 116
does not chemically react with the atomic gas at the set-
ting temperature, and which does not form an alloy with
the atomic gas.

[0065] The temperature of the high-temperature tank
116 is set so that a saturation vapor pressure of the sam-
ple 110 is sufficiently large in comparison to the degree
of vacuum of the environment in which the sample 110
is placed, and a saturation vapor pressure of a heated
site such as the high-temperature tank 116 is sufficiently
small. For example, when the atomic source is strontium
(Sr), the setting temperature of the high-temperature tank
116 is set at 270°C.

[0066] Materials of the right-angle conical mirror 102
and the high-temperature tank 116 are, for example, alu-
minum, a metal coated with aluminum, an insulator coat-
ed with aluminum, silver, a metal coated with silver, an
insulator coated with silver, SUS (stainless steel), or
glass with an optical multilayer film coating. The insulator
is, forexample, ceramic (for example, high-purity alumina
or the like), or glass.

[0067] A material of the right-angle conical mirror 102
may be the same material as that of the high-temperature
tank 116 or may be different therefrom. For example,
when the material of the right-angle conical mirror 102 is
the same as that of the high-temperature tank 116, a
surface which is to function as the right-angle conical
mirror 102 may be mechanically polished to finish the
surface into a mirror surface. When the material of the
right-angle conical mirror 102 differs from that of the high-
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temperature tank 116, a surface which is to function as
the right-angle circular conical mirror 102 may be coated
with aluminum plating, silver plating, or the like. Alterna-
tively, the surface which is to function as the right-angle
conical mirror 102 may be coated with optical multilayer
film.

[0068] As the materials of the right-angle circular con-
ical mirror 102 and the high-temperature tank 116, for
example, a material which has a low vapor pressure in
a state of being heated to the setting temperature and
which suppresses an amount of discharge gas under an
ultra-high vacuum is used. As the materials of the right-
angle conical mirror 102 and the high-temperature tank
116, a material may be employed such that the right-
angle conical mirror 102 has a sufficient reflectance with
respect to the laser light which is incident (laser light 132
to be described later) in the state of being heated to the
setting temperature, such that the surface of the right-
angle conical mirror 102 does not chemically react with
the atomic gas, such that the material does not form an
alloy with the atomic gas, and such that a sufficient re-
flectance can be maintained. In addition, the surface of
the right-angle circular conical mirror 102 is polished so
that a surface roughness of the right-angle circular con-
ical mirror 102 is sufficiently small with respect to a wave-
length of the incident laser light.

[0069] As a material of the optical window 104, a ma-
terial which maintains transparency at the setting tem-
perature (for example, sapphire) is used. Alternatively, a
film which can maintain the transparency at the setting
temperature may be formed over the optical window 104
formed from sapphire. For example, a titanium oxide al-
loy/silica-based multilayer layered film may be formed
over the optical window 104 through electron beam dep-
osition.

[0070] The thermal radiation shield 120 is placed to
prevent thermal radiation to components placed at a pe-
riphery of the slow atomic beam generation apparatus
100. The thermal radiation shield 120 is provided to cover
the heater 108, the magnetic field generation apparatus
112, and the high-temperature tank 116. Thatis, the heat-
er 108, the magnetic field generation apparatus 112, and
the high-temperature tank 116 are placed within a space
surrounded by the thermal radiation shield 120. For ex-
ample, materials with low surface emissivity (e.g. mirror-
finished aluminum, mirror-finished stainless steel) are
used. Alternatively, a plurality of thermal radiation shields
120 may be placed in an overlapped manner. For exam-
ple, when a double sheet is used, an outer sheet may be
formed from a material having a high magnetic permea-
bility such as permalloy, so as to realize both functions
of the thermal radiation shield and an electromagnetic
shield.

[0071] Windows are placed on the Z axis in the order
of the optical window 104, the cold filter window 124, and
the vacuum-resistant window 126. The optical window
104 is provided at the one end of the high-temperature
tank 116, opposing the right-angle circular conical mirror



13 EP 4 322 344 A1 14

102.

[0072] A material of the vacuum-resistant window 126
is, for example, Pyrex (registered trademark) glass,
quartz glass, or the like. Alternatively, a film which can
maintain the transparency, such as an anti-reflective
coating, may be applied over the surface of the vacuum-
resistant window 126.

[0073] The cold filter window 124 is coated with a coat-
ing for increasing reflectivity at a center wavelength of a
spectrum of thermal radiation from the high-temperature
part, the cold filter window 124 is provided between the
optical window 104 and the vacuum-resistant window
126 on an optical path of the laser light incident through
the optical window 104, and the cold filter window 124
prevents thermal radiation heat transfer from the optical
window 104 to the vacuum-resistant window 126. Alter-
natively, a reflection prevention coating [with respect to
laser light incident through the optical window 104] may
be applied to the cold filter window 124. A material of the
cold filter window 124 is, for example, the same material
as that for the vacuum-resistant window 126. Alternative-
ly, a heat ray cutting filter may be used in place of the
cold filter window 124.

[0074] The thermal insulation support bar 122 is pro-
vided from the high-temperature tank 116 to the flange
118. As a material of the thermal insulation support bar
122, a material of a low heat conductivity is used in order
to prevent thermal conduction heat transferfrom the high-
temperature part to the room-temperature part, to im-
prove the thermal efficiency of the heater of the high-
temperature part, and to maintain stability of the temper-
ature of the room-temperature part. For example, mag-
nesia, steatite ceramic, or the like is used as the material
of the thermal insulation support bar 122.

[0075] The vacuum-resistant electrical connector 128
is a hermetic connector for transmitting and receiving
electrical signals between vacuum space and atmos-
pheric space. The vacuum-resistant electrical connector
128 is used, for example, for inputting and outputting sig-
nals of the thermometer 114, for supplying the current to
the heater 108, and for supplying the current to the mag-
netic field generation apparatus 112. For the conven-
ience of explanation, FIG. 2 does not show the wirings.
[0076] The flange 118 is a member for attaching the
slow atomic beam generation apparatus 100 onto a phys-
ical package of the atomic clock apparatus such as the
optical lattice clock 10, and an atomic interferometer ap-
paratus, or onto a physical package of a quantum com-
puter apparatus which uses atoms as qubits. The phys-
ical package includes a vacuum container, the high-tem-
perature tank 116 of the slow atomic beam generation
apparatus 100 is used under an ultra-high vacuum envi-
ronment, and the inside of the high-temperature tank 116
is maintained at the ultra-high vacuum. For this purpose,
the flange 118 has a sealing mechanism for sealing the
vacuum such as, for example, a metal gasket method.
There is a possibility that heat may be transferred from
the high-temperature part to the flange 118. In consider-
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ation of such a possibility, a water-cooling mechanism
may be provided on the flange 118.

[0077] The magneticfield gradient attenuation module
130 will now be described. The magnetic field gradient
attenuation module 130 is placed at a position further
inward than the magnetic field generation apparatus 112
(that is, at a position nearer to the opening 106 than the
magnetic field generation apparatus 112), and in a nar-
rower range in the Z-axis direction than the magnetic field
generation apparatus 112, and locally attenuates the gra-
dient of the magnetic field generated by the magnetic
field generation apparatus 112 at the opening 106 or a
periphery thereof. In addition, the magnetic field gradient
attenuation module 130 is not placed in a region sur-
rounded by the high-temperature tank 116, that is, in a
region in which the right-angle circular conical mirror 102
is formed, and is placed on the high-temperature tank
116. With such a configuration, the laser light 132 is in-
cident on the right-angle conical mirror 102 without being
blocked by the magnetic field gradient attenuation mod-
ule 130, and is reflected by the right-angle conical mirror
102.

[0078] At the inside of the high-temperature tank 116,
a space axially symmetric with respect to the Z axis is
formed. In the example configuration illustrated in FIG.
2, regions A and B shown with broken lines are formed.
The regions A and B are regions surrounded by the high-
temperature tank 116. The region B is a region nearer to
the opening 106 than the region A, and the region Ais a
region distanced from the opening 106 than the region B.
[0079] The magnetic field generation apparatus 112 is
designed to form a magnetic field gradient which is as
uniform as possible, in the inside space of the high-tem-
perature tank 116 (that is, a space including the regions
Aand B). The magnetic field gradient attenuation module
130 is designed to locally form the magnetic field gradient
in the region B without affecting the magnetic field in the
region A. That is, the magnetic field gradient attenuation
module 130 is designed to form the magnetic field gra-
dient in the region B which is narrower than the overall
region including the regions A and B in which the mag-
netic field is formed by the magnetic field generation ap-
paratus 112, and at an inside of the overall region. For
example, the magnetic field gradient attenuation module
130 is provided at a periphery of the opening 106 with
the Z axis as an axial center, and forms the magnetic
field gradient in the region B.

[0080] The magneticfield gradient attenuation module
130 has, for example, a shape similar to the magnetic
field generation apparatus 112, and is designed to realize
a magnetic pole having an opposite sign to the magnetic
pole formed by the magnetic field generation apparatus
112.

[0081] For example, when the magnetic field genera-
tion apparatus 112 is the anti-Helmholtz coil with the Z
axis as an axial center, the magnetic field gradient atten-
uation module 130 is an anti-Helmholtz coil having a
shape similar to the anti-Helmholtz coil, and is placed at
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the periphery of the opening 106, with the Z axis as an
axial center. Directions of current flowing in the coils are
set such that currents in opposite directions flow in the
anti-Helmholtz coil of the magnetic field generation ap-
paratus 112 and the anti-Helmholtz coil of the magnetic
field gradient attenuation module 130. That is, the direc-
tions of the currents of the coils are setsuch thata current
flows in a direction opposite to the direction of the current
flowing in the anti-Helmholtz coil of the magnetic field
generation apparatus 112 flows in the anti-Helmholtz coil
of the magnetic field gradient attenuation module 130.
[0082] As another example configuration, when the
magnetic field generation apparatus 112 is the tubular
permanent magnet magnetized in the radial direction,
the magnetic field gradient attenuation module 130 is a
tubular permanent magnet having a shape similar to the
tubular permanent magnet, and magnetized in an oppo-
site direction to the permanent magnet of the magnetic
field generation apparatus 112.

[0083] Asafurtherexample configuration, the magnet-
ic field gradient attenuation module is a soft magnet hav-
ing ahigh magnetic permeability, such as permalloy. FIG.
3 shows a slow atomic beam generation apparatus in
which the soft magnet is used. A magnetic field gradient
attenuation module 130a illustrated in FIG. 3 is the soft
magnet. The soft magnet having the high magnetic per-
meability absorbs the magnetic flux at the periphery
thereof. The magnetic flux of the absorbed portion is lo-
cally attenuated. Forexample, the magneticfield gradient
attenuation module 130a is formed from an annular soft
magnet, and is placed apart from the center of the quad-
rupole magnetic field formed by the magnetic field gen-
eration apparatus 112 by a distance that is almost the
same as the radius of the quadrupole magnetic field. The
magnetic field gradient attenuation module formed from
the annular soft magnet may be placed such that an axis
thereof is parallel to the center axis of the magnetic field
generation apparatus 112, and center points of the mag-
netic field gradient attenuation module and the magnetic
field generation apparatus 112 coincide with each other.
[0084] FIG. 4 shows a specific example structure in
which the magnetic field gradient attenuation module is
attached to the high-temperature tank 116. FIG. 4 is a
perspective diagram showing the high-temperature tank
116 and the magnetic field gradient attenuation module
130a formed from the soft magnet. A groove 116a sur-
rounding the opening 106 is formed on the high-temper-
ature tank 116, at the periphery of the opening 106. The
ring-shaped magnetic field gradient attenuation module
130a is fitted to the groove 116a. Alternatively, the mag-
netic field gradient attenuation module 130 formed from
the permanent magnet and having a ring shape may be
fitted to the groove 116a.

[0085] FIG. 5 shows another specific example struc-
ture. FIG. 5 is a perspective diagram showing the high-
temperature tank 116, and the magnetic field gradient
attenuation module 130a formed from the soft magnet.
On the high-temperature tank 116, a protrusion 116b sur-
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rounding the opening 106 is formed at the periphery of
the opening 106. The magnetic field gradient attenuation
module 130a of the ring shape is fitted to the protrusion
116b. Alternatively, the magnetic field gradient attenua-
tion module 130 formed from the permanent magnet and
having the ring shape may be fitted to the protrusion
116b.

[0086] FIG. 6 shows calculation results of a magnetic
field distribution formed by the magnetic field generation
apparatus 112 and the magnetic field gradient attenua-
tion module 130. Calculation results A1 and A2 are cal-
culation results of the magnetic field distribution formed
by the magnetic field generation apparatus 112. Calcu-
lation results B1 and B2 are calculation results when the
magnetic field gradient attenuation module 130 formed
from two aligned ring-shaped soft magnets is used, and
are calculation results of the magnetic field distribution
formed by the magnetic field generation apparatus 112
and the magnetic field gradient attenuation module 130.
Calculation results C1 and C2 are calculation results
when the magnetic field gradient attenuation module 130
formed from the tubular soft magnet is used, and are
calculation results of the magnetic field distribution
formed by the magnetic field generation apparatus 112
and the magnetic field gradient attenuation module 130.
[0087] The calculation results A1, B1, and C1 show
magnetic field maps representing a strength of the mag-
netic field in a gray scale. The calculation results A2, B2,
and C2 show contour lines of the magnetic field.

[0088] In the calculation results A1 and A2, for exam-
ple, contour lines with a uniform spacing are formed in a
radial direction (horizontal axis) at Z=0 (vertical axis), and
it can be understood that a uniform magnetic field gradi-
entis formed. On the other hand, in the calculation results
B1,B2, C1,and C2, it can be understood that, while con-
tour lines which are not different to the calculation results
A1 and A2 are formed at positions distanced from the
center, at positions near the center a region of sparse
contour lines is formed, that is, aregion in which the mag-
netic field gradient is locally attenuated is formed.
[0089] FIG. 7 shows magnetic field profiles corre-
sponding to the calculation results B1 and B2. FIG. 8
shows magnetic field profiles corresponding to the cal-
culation results C1 and C2. In (a) and (c) in FIGs. 7 and
8, the vertical axis represents the magnetic field, and, in
(b) and (d), the vertical axis represents the gradient of
the magnetic field. In (a) and (b) in FIGs. 7 and 8, the
horizontal axis represents a distance in the radial direc-
tion, and in (c) and (d), the horizontal axis represents a
distance in the Z-axis direction.

[0090] A profile D1 in FIGs. 7 and 8 is a magnetic field
profile formed by the magnetic field generation apparatus
112 and the magnetic field gradient attenuation module
130. A profile D2 is a magnetic field profile formed solely
by the magnetic field generation apparatus 112 without
the use of the magnetic field gradient attenuation module
130. It can be understood that the magnetic field gradient
is locally attenuated with the use of the magnetic field
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gradient attenuation module 130.

[0091] As described, by providing the magnetic field
generation apparatus 112 and the magneticfield gradient
attenuation module 130, a strong magnetic field gradient
is formed in the region A and a weak magnetic field gra-
dient is formed in the region B. That is, in the region B,
a locally weak magnetic field gradient is formed by the
strong magnetic field gradient formed by the magnetic
field generation apparatus 112 being locally attenuated
by the magnetic field gradient attenuation module 130.

[0092] An operation of the slow atomic beam genera-
tion apparatus 100 will now be described with reference
to FIGs. 2, 9, and 10. FIG. 9 is a diagram schematically
showing a structure of the slow atomic beam generation
apparatus according to the first embodiment of the
present disclosure. FIG. 10 is a diagram showing an en-
ergy levels and transitions in strontium atom.

[0093] As shown in FIGs. 2 and 9, the laser light 132
transmits from outside of the slow atomic beam genera-
tion apparatus 100 through the vacuum-resistant window
126, and enters the slow atomic beam generation appa-
ratus 100. The laser light 132 has a circular polarization
(for example, o+). The laser light 132 entering the slow
atomic beam generation apparatus 100 transmits
through the cold filter window 124 and the optical window
104, and is twice reflected by the right-angle conical mir-
ror 102 in the high-temperature tank 116 (refer to arrows
136). The reflected laser light 132 has a circular polari-
zation opposite from the incoming path (for example, c-),
transmits through the optical window 104, the cold filter
window 124, and the vacuum-resistant window 126, and
is emitted to the outside of the slow atomic beam gener-
ation apparatus 100.

[0094] The laser light 134 shown in FIG. 2 is a push
laser light, transmits along an X axis from the outside of
the slow atomic beam generation apparatus 100 through
the vacuum-resistant window 126, and enters the slow
atomic beam generation apparatus 100.

[0095] With the high-temperature tank 116 being heat-
ed by the heater 108, the atomic source is heated, and,
as a consequence, atoms are evaporated and dis-
charged into the inside space of the high-temperature
tank 116. The atomic gas is trapped in the high-temper-
ature tank 116 using the magneto-optical trap, and is
cooled.

[0096] A gradient magnetic field is formed in the inside
space (region including the regions A and B) of the high-
temperature tank 116 by the magnetic field generation
apparatus 112, and the magnetic field gradient in the
region B is locally attenuated by the magnetic field gra-
dient attenuation module 130. For example, a magnetic
field and a magnetic field gradient as shown by the mag-
netic field profile D1 in FIG. 7 or 8 are formed.

[0097] A trap space for trapping the atoms is formed
inside the high-temperature tank 116 by the reflected la-
ser light 132 and the magnetic field formed by the mag-
netic field generation apparatus 112 and the magnetic
field gradient attenuation module 130, and a magneto-
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optical trap (MOT) for trapping the atoms is thus realized.
[0098] With reference to FIG. 10, the magneto-optical
trap will be described in detail. First, with a magneto-
optical trap using the energy transition shown with arrow
140, atoms are trapped in radial direction in the region A
shown in FIG. 2. A part of the atoms trapped in the region
A reaches the region B by laser light 134 which is a push
laser light, and is trapped by the magneto-optical trap
using the energy transition shown with reference numeral
142 in FIG. 10, and is cooled to a further lower temper-
ature.

[0099] In other words, a magneto-optical trap using a
transition from the ground state 1S, to the excited state
1P, and a magneto-optical trap using a transition from
3P, to 3D for atoms transitioned from 1P, to 3P,, which
is a metastable state, are realized in the same slow atom-
ic beam generation apparatus 100. The transition from
the 3P, level which is a metastable state to the 3D, level
has a narrow linewidth , and long lifetime and cooling to
a low temperature can be expected.

[0100] The atoms trapped and cooled using the mag-
neto-optical trap in this manner are output from the open-
ing 106 to the outside of the high-temperature tank 116
by the laser light 134 which is the push laser light. A slow
atomic beam is formed by the atoms which are output in
this manner. In addition, on the thermal radiation shield
120, an opening is formed on the Z axis, and the slow
atomic beam emitted from the high-temperature tank 116
to the outside is emitted to the outside of the thermal
radiation shield 120 through the opening formed on the
thermal radiation shield 120.

[0101] According to the slow atomic beam generation
apparatus 100, in addition to the sample 110, the entirety
of the high-temperature tank 116 including the optical
window 104 is heated. Because of this, even for elements
which have a low saturation vapor pressure at the room
temperature and for which sufficient atomic gas cannot
be obtained, the saturation vapor pressure can be in-
creased by the heating, and sufficient atomic gas can
thus be obtained. For example, strontium may be used
as the atomic source. Even when strontium is used as
the atomic source, by the high-temperature tank 116 be-
ing heated to about 270°C, sufficient atomic gas can be
obtained. In addition, using the magneto-optical trap, a
cooled atomic beam of a high flow rate can be generated.
Alternatively, as the element having a low saturation va-
por pressure at the room temperature, elements other
than strontium may be used. For example, ytterbium may
be used as the atomic source.

[0102] In addition, because the periphery of the high-
temperature tank 116 which is heated is covered by the
thermal radiation shield 120 and the cold filter window
124 except for the opening 106 through which the slow
atomic beam is output, the thermal radiation emanating
from the high-temperature part can be suppressed.
[0103] For reducing the size of the slow atomic beam
generation apparatus, a length of the thermal insulation
support bar 122, which is primarily responsible for the
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heat conduction between the high-temperature part and
the room-temperature part, is an important parameter.
As a material of the thermal insulation support bar 122,
magnesia (MgO) is suitable, in consideration of a small
amount of out gas under the UHV environment. Anumber
of thermal insulation support bars 122 is desirably 3, from
the viewpoint of heat discharge. However, the number is
only exemplary, and the number of the thermal insulation
support bars 122 may be other than 3. As a material of
the high-temperature tank 116, aluminum is desirably
used, which has a high reflectance and which does not
tend to chemically react with the atomic gas. With the
use of aluminum, which is a light metal, as the material,
the weight of the slow atomic beam generation apparatus
can be reduced, and a risk of deformation of the support
can be reduced.

<Structure of Slow Atomic Beam Generation Apparatus
according to Second Embodiment>

[0104] With reference to FIG. 11, a structure of a slow
atomic beam generation apparatus according to a sec-
ond embodiment of the present disclosure will now be
described. FIG. 11 is a diagram schematically showing
a structure of a slow atomic beam generation apparatus
200 according to the second embodiment.

[0105] The slow atomic beam generation apparatus
200 according to the second embodiment of the present
disclosure includes a high-temperature tank 202 in place
ofthe high-temperature tank 116 of the slow atomic beam
generation apparatus 100 according to the first embod-
iment of the present disclosure. The structures of the
slow atomic beam generation apparatus 200 other than
the high-temperature tank 202 are identical to those of
the slow atomic beam generation apparatus 100. Thus,
in the following, the structure of the high-temperature
tank 202 will be described, and the description of struc-
tures other than the high-temperature tank 202 will be
omitted. FIG. 11 shows, as the magnetic field gradient
attenuation module, a magnetic field gradient attenuation
module 130a formed from a soft magnet, but alternative-
ly, the magnetic field gradient attenuation module 130
may be used.

[0106] On an inner surface of the high-temperature
tank 202, the right-angle conical mirror 102 is provided,
similar to the first embodiment. In the second embodi-
ment of the present disclosure, the opening 106 is not
formed at the apex of the right-angle conical mirror 102,
and a passageway 204 extending along the X axis or-
thogonal to the Z axis is formed near the apex. The pas-
sageway 204 extends along the X axis, and passes
through the high-temperature tank 202.

[0107] Similarto the firstembodiment, a gradient mag-
netic field is formed in the inside space (region including
the regions A and B) of the high-temperature tank 202
by the magnetic field generation apparatus 112, and the
magnetic field gradient in the region B is locally attenu-
ated by the magnetic field gradient attenuation module
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130a (or the magnetic field gradient attenuation module
130).

[0108] An optical lattice light beam is illuminated in the
passageway 204, and by changing the wavelength of the
optical lattice light beam slightly, it is possible to set the
optical lattice to a direction of propagation of the optical
lattice light beam. With a moving means of the moving
optical lattice, the atoms trapped in the region B can be
moved in the passageway 204. The atoms moved in the
passageway 204 are output to the outside through an
opening 206. A slow atomic beam is formed by the atoms
which are output in this manner.

[0109] According to the second embodiment, similar
to the slow atomic beam generation apparatus 100 of the
first embodiment, the two-stage cooling can be realized
in the same slow atomic beam generation apparatus 200.
In addition, according to the second embodiment, there
is an advantage that the laser light 132 used for the mag-
neto-optical trap does not leak to the outside through the
opening 106.

<Structure of Physical Package 12>

[0110] The physical package 12 of the optical lattice
clock according to the present embodiment will now be
described. The physical package 12 includes the slow
atomic beam generation apparatus 100 according to the
first embodiment of the present disclosure, a vacuum
chamber surrounding a clock transition space in which
atoms are placed, and a mechanism which realizes the
magneto-optical trap and the clock transition within the
vacuum chamber 6. An operation of the physical package
12 will now be described.

[0111] Inthe physical package 12, aninside of the vac-
uum chamber is made into vacuum. A slow atomic beam
sufficiently decelerated by the slow atomic beam gener-
ation apparatus 100 is emitted from the slow atomicbeam
generation apparatus 100, and reaches the magneto-
optical trap apparatus (MOT apparatus) in the vacuum
chamber. In the MOT apparatus, a magnetic field having
a linear spatial gradient is formed, centered at the trap-
ping space where the atoms are trapped, and MOT light
is illuminated. With this configuration, the atoms are
trapped in the trapping space. The slow atomic beam
reaching the MOT apparatus is decelerated in the trap-
ping space, and the atoms are trapped in the trapping
space. In addition, the optical lattice light beam is incident
to the trapping space, and is reflected by an optical res-
onator provided in the vacuum chamber, so that an op-
tical lattice potential in which standing waves are com-
bined is formed in the direction of propagation of the op-
tical lattice light beam. The atoms are trapped in the op-
tical lattice potential.

[0112] By changing the wavelength slightly, the optical
lattice may be moved in the direction of propagation of
the optical lattice light beam. With this moving means by
the moving optical lattice, the trapped atoms moved to a
clock transition spectral region. As aresult, the clock tran-
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sition space is set off the beam axis of the slow atomic
beam.

[0113] Inthe clock transition space, laser light in which
the light frequency is controlled is illuminated to the at-
oms, high-precision spectroscopy of the clock transition
(that is, resonance transition of the atom which forms a
basis of the clock) is performed, and a frequency which
is unique for the atom and which is unchanging is meas-
ured. With this process, an accurate atomic clock is re-
alized. When it is not necessary to move the atoms from
the trapping space to the clock transition space, the spec-
troscopy may be performed in the trapping space.
[0114] In order to improve the precision of the atomic
clock, it is necessary to remove perturbation around the
atom, and to accurately read the frequency. Particularly
important is removal of the frequency shift caused by a
Doppler effect due to thermal motion of the atom. In the
optical lattice clock, the motion of the atoms is frozen by
entrapping the atoms with the optical lattice created by
interference of the laser light, in a space which is suffi-
ciently smallin comparison to the wavelength of the clock
laser. On the other hand, in the optical lattice, the fre-
quency of the atom is shifted by the laser light forming
the optical lattice. Thus, a particular wavelength and a
particular frequency which are respectively called a
"magic wavelength" and a "magic frequency" are select-
ed for the optical lattice light beam, to remove the influ-
ences of the optical lattice on the resonance frequency.
[0115] The light emitted as a result of the clock transi-
tion is received by the optical system apparatus 14, a
spectroscopy process or the like is applied by the control
apparatus 16, and the frequency is determined.

[0116] Alternatively, the slow atomic beam generation
apparatus 200 according to the second embodiment may
be used in place of the slow atomic beam generation
apparatus 100 according to the first embodiment.
[0117] Inthe above description, the optical lattice clock
has been exemplified. However, those skilled in the art
can apply the techniques of the embodiments to appli-
cations other than the optical lattice clock. More specifi-
cally, the technique may be applied to atomic clocks other
than the optical lattice clock, or to an atomic interferom-
eter which is an interferometer which uses atoms. For
example, a physical package for an atomic clock may be
constructed including the slow atomic beam generation
apparatus according to the embodiments of the present
disclosure, and a vacuum chamber, or a physical pack-
age for an atomic interferometer may be constructed. In
addition, the present embodiment may be applied to var-
ious quantum information processing devices for atoms
orionized atoms. A quantum information processing de-
vice refers to an apparatus which applies measurement,
sensing, and information processes using quantum
states of atoms and light, and examples thereof include,
in addition to the atomic clock and the atomic interferom-
eter, a magnetic field meter, an electric field meter, a
quantum computer, a quantum simulator, and a quantum
relay. In the physical package of the quantum information
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processing device, a size reduction or transportability
may be realized similar to the physical package for the
optical lattice clock, by utilizing the techniques of the em-
bodiments of the present disclosure. It should be noted
that, in these devices, the clock transition space may
sometimes be handled simply as a space in which the
clock transition spectral separation occurs, and not as a
space targeted to the time measurement.

[0118] Inthese devices, with the use of the slow atomic
beam generation apparatuses according to the embod-
iments of the present disclosure, elements which have a
low saturation vapor pressure at room temperature and
for which sufficient atomic gas cannot be obtained may
be used. In addition, size reduction and transportability
may be realized for these devices.

[0119] In the above description, a specific configura-
tion is shown in order to facilitate understanding. The
specific configuration, however, is only exemplary for the
embodiment, and various other embodiments may be
employed.

REFERENCE SIGNS LIST

[0120] 10 optical lattice clock, 12 physical package, 14
optical system apparatus, 16 control apparatus, 100, 200
slow atomic beam generation apparatus, 102 right-angle
conical mirror, 104 optical window, 106 opening, 108
heater, 110 sample, 112 magnetic field generation ap-
paratus, 116 high-temperature tank, 120 thermal radia-
tion shield, 130, 130a magnetic field gradient attenuation
module, 132, 134 laser light

Claims

1. A slow atomic beam generation apparatus compris-
ing:

a high-temperature tank including an atomic
source, an optical window provided at one end
and which passes laser light, and a mirror pro-
vided at the other end, which has an opening at
an apex thereof, and which reflects laser light
incident through the optical window toward the
one end at portions other than the opening;

a heater that heats the high-temperature tank,
to generate an atomic gas in the high-tempera-
ture tank from the atomic source;

a magnetic field generation apparatus that gen-
erates a magnetic field in a region where laser
light reflected by the mirror intersects; and

a magnetic field gradient attenuation module
which locally attenuates a magnetic field gradi-
ent generated by magnetic field generator ap-
paratus at the opening,wherein

an atomic beam is formed from an atomic gas
using a magneto-optical trap realized by laser
light and a magnetic field, and is emitted to an



23

outside through the opening.

2. Theslowatomicbeam generation apparatus accord-

ing to claim 1, wherein

the magnetic field generation apparatus is an
anti-Helmholtz coil which forms a magnetic field
gradient, and

the attenuation module is a coil having a shape
similar to the anti-Helmholtz coil, and in which a
current flows in a direction opposite to that of
the anti-Helmholtz coil.

3. Theslowatomicbeam generation apparatus accord-

ing to claim 1, wherein

the magnetic field generation apparatus is a per-
manent magnet of a tubular shape which forms
a magnetic field gradient, and

the attenuation module has a shape similar to
the permanent magnet of the tubular shape, and
is polarized in a direction opposite to that of the
permanent magnet of the tubular shape.

4. Theslowatomicbeam generation apparatus accord-

ing to claim 1, wherein

the magnetic field generation apparatus forms
a magnetic field gradient, and

the attenuation module is formed from a soft
magnet with high magnetic permeability, and lo-
cally attenuates a magneticfield gradient therein
by absorbing a magnetic flux therein.

The slow atomic beam generation apparatus accord-
ing to any one of claims 1 to 4, wherein

the opening is formed at a location other than a lo-
cation on an axis of laser light.

The slow atomic beam generation apparatus accord-
ing to any one of claims 1 to 5, wherein
the atomic source is strontium.

The slow atomic beam generation apparatus accord-
ing to any one of claims 1 to 5, wherein
the atomic source is ytterbium.

The slow atomic beam generation apparatus accord-
ing to any one of claims 1 to 7, wherein

the high-temperature tank has a 2n-axis-symmetri-
calright-angled polygonal pyramidal shape, wherein
n is an integer greater than or equal to 2.

The slow atomic beam generation apparatus accord-
ing to any one of claims 1 to 7, wherein

the high-temperature tank has a right-angle quad-
rangular pyramid shape.
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10.

1.

12.

13.

14.

15.

24
A physical package comprising:

the slow atomic bean generation apparatus ac-
cording to any one of claims 1 to 9; and

a vacuum chamber surrounding a clock transi-
tion space in which atoms are placed.

A physical package for an optical lattice clock, com-
prising:
the physical package according to claim 10.

A physical package for an atomic clock, comprising:
the physical package according to claim 10.

A physical package for an atomic interferometer,
comprising:
the physical package according to claim 10.

A physical package for a quantum information
processing device for atoms or ionized atoms, the
physical package comprising:

the physical package according to claim 10.

A physical package system comprising:
the physical package according to claim 10; and

a control apparatus that controls an operation
of the physical package.
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