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Description
FIELD

[0001] Embodiments generally relate to a high-frequency acceleration cavity core and a high-frequency acceleration
cavity in which the same is used.

BACKGROUND

[0002] An accelerator is a device that accelerates charged particles to generate a particle beam having high kinetic
energy. As one type of accelerator, there is a high-frequency acceleration cavity. The high-frequency acceleration cavity
is a device that efficiently accelerates charged particles using a high-frequency electric field. The high-frequency accel-
eration cavities are used in various fields such as industrial and medical. Examples of the high-frequency acceleration
cavity include a cyclotron type, a waveguide type, and a synchrotron type. The cyclotron type is a type in which a high-
output electron tube and a high-frequency acceleration cavity perform self-oscillation. The waveguide type is a type in
which the high-frequency acceleration cavity is as long as 100 m or more. The synchrotron type has a function of changing
a frequency of a high frequency in an acceleration process.

[0003] In the high-frequency acceleration cavity, a magnetic core is used to generate a high-frequency electric field.
In order to efficiently accelerate charged particles, itis necessary to keep an acceleration distance by arranging a plurality
of magnetic cores. In order to stabilize the acceleration, it is also necessary to stabilize the acceleration of the gap
between the magnetic cores. For this purpose, it is effective to set the acceleration gap voltage to a high voltage.
[0004] As a conventional high-frequency acceleration cavity core, a ferrite core has been used. In general, the relative
permeability of a magnetic core gradually increases with an increase in temperature, and rapidly decreases near the
Curie temperature. When a high voltage is applied, heat generation of the ferrite core is large, and thus it is necessary
to increase the size of a cooling facility. In addition, saturation of magnetic flux associated with the heat generation easily
occurs. In addition, since the initial permeability . is small, it is difficult to stably obtain a high acceleration gap voltage
in a low frequency region of several 100 kHz.

[0005] Instead of this, a magnetic core using an Fe-based magnetic alloy having a fine crystal structure has been
studied. Patent Literature 1 discloses a high-frequency acceleration cavity magnetic core obtained by winding an Fe-
based magnetic ribbon having a fine crystal structure with an average particle size of 100 nm or less. The magnetic core
using the Fe-based magnetic ribbon having a fine crystal structure is able to suppress heat generation as compared
with the ferrite core. In addition, since the initial permeability p. is large, the characteristics in the low-frequency region
are improved. However, further improvement of the characteristics has not been achieved.

CITATION LIST

Patent Literature

[0006] Patent Literature 1: JP 2000-138099 A
SUMMARY OF THE INVENTION

Problem to be Solved by the Invention

[0007] The space factor of the magnetic core of Patent Literature 1 is set to 60% to 80%. The space factor is the
occupancy of the magnetic material in the magnetic core, and is represented by a volume fraction (%) or an area ratio
(%). The Fe-based magnetic alloy having a fine crystal structure is produced by heat-treating an Fe-based amorphous
alloy. The Fe-based magnetic alloy having a fine crystal structure is a brittle material. Therefore, the Fe-based amorphous
alloy is wound in a toroidal shape and then heat-treated to impart a fine crystal structure. The magnetic ribbon is shrunk
when the fine crystal structure is imparted by the heat treatment. The magnetic ribbon is distorted with contraction, and
corrugated wrinkles are generated in the wound structure. It has been found that this wrinkle causes stress deterioration.

Means for Solving Problem
[0008] A high-frequency acceleration cavity core according to an embodiment is a toroidal core obtained by winding

an Fe-based magnetic ribbon having crystals with an average crystal grain size of 1 um or less, in which a space factor
of the Fe-based magnetic ribbon is 40% or more and 59% or less, and a p.Qf value at 1 MHz is 3 X 109 Hz or more.
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BRIEF DESCRIPTION OF DRAWINGS
[0009]

FIG. 1 is an external view illustrating an example of a high-frequency acceleration cavity core according to an
embodiment.

FIG. 2 is a cross-sectional view illustrating an example of the high-frequency acceleration cavity core according to
the embodiment.

FIG. 3 is a diagram illustrating an example of a corrugated portion.

FIG. 4 is a conceptual diagram illustrating an example of a high-frequency acceleration cavity.

FIG. 5 is a conceptual diagram illustrating an average plate thickness of a magnetic ribbon.

DETAILED DESCRIPTION

[0010] A high-frequency acceleration cavity core according to an embodiment is a toroidal core obtained by winding
an Fe-based magnetic ribbon having crystals with an average crystal grain size of 1 um or less, in which a space factor
of the Fe-based magnetic ribbon is 40% or more and 59% or less, and a pQf value at 1 MHz is 3 X 109 Hz or more.
[0011] FIG. 1 is an external view illustrating an example of the high-frequency acceleration cavity core according to
the embodiment. FIG. 2 is a cross-sectional view illustrating an example of the high-frequency acceleration cavity core
according to the embodiment. In the drawings, the reference numeral 1 denotes a high-frequency acceleration cavity
core, the reference numeral 2 denotes an Fe-based magnetic ribbon, the reference numeral 3 denotes an insulating
layer, and the reference numeral 4 denotes a gap portion. D1 is an outer diameter of the core, D2 is an inner diameter
ofthe core, and T is a width of the core. The high-frequency acceleration cavity core 1 may be simply referred to as a core 1.
[0012] The high-frequency acceleration cavity core 1 is a toroidal core around which the Fe-based magnetic ribbon 2
is wound.

[0013] The Fe-based magnetic ribbon 2 is made of an Fe-based magnetic alloy. The Fe-based magnetic alloy refers
to an Fe alloy containing Fe (iron) most in atomic ratio (at%) among constituent elements.

[0014] The Fe-based magnetic alloy preferably satisfies the following general formula.

General Formula: Fe,CU M M'4M"SiB,

[0015] In the formula, M is at least one element selected from a group consisting of Group 4 elements, Group 5
elements, Group 6 elements, and rare earth elements in the periodic table, M’ is at least one element selected from a
group consisting of Mn, Al, and platinum group elements, M" is at least one element selected from a group consisting
of Coand Ni, ais a number satisfyinga+b+c+d+e +f+g=100atom%, b is a number satisfying 0.01 <b < 8 atom%,
¢ is a number satisfying 0.01 < ¢ < 10 atom%, d is a number satisfying 0 < d < 10, e is a number satisfying 0 < e <20
atom%, f is a number satisfying 10 < f < 25 atom%, and g is a number satisfying 3 < g < 12 atom%.

[0016] Cu enhances corrosion resistance, prevents coarsening of crystal grains, and is effective for improving soft
magnetic characteristics such as iron loss and magnetic permeability. The content of Cu is preferably 0.01 atom% or
more and 8 atom% or less (0.01 < b < 8). When the content is less than 0.01 atom%, the effect of addition is small, and
when the content exceeds 8 atom%, the magnetic characteristics are deteriorated.

[0017] M is at least one element selected from a group consisting of Group 4 elements, Group 5 elements, Group 6
elements, and rare earth elements in the periodic table. Examples of the Group 4 elements include titanium (Ti), zirconium
(Zr), and hafnium (Hf). Examples of the Group 5 elements include vanadium (V), niobium (Nb), and tantalum (Ta).
Examples of the Group 6 elements include chromium (Cr), molybdenum (Mo), and tungsten (W). Examples of the rare
earth elements include yttrium (Y), a lanthanoid element, and an actinoid element. The element M is effective for uni-
formizing the crystal grain size and stabilizing the magnetic characteristics against temperature change. The content of
the element M is preferably 0.01 atom% or more and 10 atom% or less (0.01 < ¢ < 10). The periodic table is shown in
the periodic table of Japan.

[0018] M’ is atleast one element selected from a group consisting of manganese (Mn), aluminum (Al), and a platinum
group element. Examples of the platinum group elements include ruthenium (Ru), rhodium (Rh), palladium (Pd), osmium
(Os), iridium (Ir), and platinum (Pt). The M’ element is effective for improving soft magnetic characteristics such as
saturation magnetic flux density. The content of the M’ element is preferably 0 atom% or more and 10 atom% or less (0
<d<10).

[0019] The M" element is at least one element selected from a group consisting of cobalt (Co) and nickel (Ni). The M"
element is effective for improving soft magnetic characteristics such as saturation magnetic flux density. The content of
the M" element is preferably 0 atom% or more and 20 atom% or less (0 < e < 20).

[0020] Silicon (Si) and boron (B) assist amorphization of the alloy or precipitation of microcrystals at the time of
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production. Si and B are effective for improvement of crystallization temperature and heat treatment for improvement of
magnetic characteristics. In particular, Si is solid-solved in Fe which is a main component of fine crystal grains, and is
effective for reducing magnetostriction and magnetic anisotropy. The content of Si is preferably 10 atom% or more and
25 atom% or less (10 < f < 25). The content of B is preferably 3 atom% or more and 12 atom% or less (3 < g < 12).
[0021] Among the M elements, Nb is most preferable. Therefore, the Fe-based magnetic alloy preferably contains Nb,
Cu, Si, and B.

[0022] The average crystal grain size is 1 um or less. If the average crystal grain size is larger than 1 um, soft magnetic
characteristics are deteriorated. Therefore, the average crystal grain size is preferably 1 um or less, and more preferably
0.1 wm or less. The average crystal grain size is more preferably 0.05 um (50 nm) or less.

[0023] The average crystal grain size is determined by the Scherrer equation from the half width of the diffraction peak
determined by X-ray diffraction (XRD) analysis. The Scherrer equation is expressed by D = (K-A)/(Bcos6). Here, D is an
average crystal grain size, K is a shape factor, A is a wavelength of an X-ray, B is a full width at half maximum (FWHM)
of a peak, and 0 is a Bragg angle. The shape factor K is 0.9. The Bragg angle is half the diffraction angle 26. The XRD
analysis is performed under the conditions of a Cu target, a tube voltage of 40 kV, a tube current of 40 mA, and a slit
width (RS) of 0.20 mm. The X-ray irradiation direction is perpendicular to the longitudinal direction of the magnetic ribbon.
The crystal peak is analyzed by changing the X-ray irradiation angle (26 = 5° to 140°).

[0024] In the high-frequency acceleration cavity core 1 according to the embodiment, the space factor of the Fe-based
magnetic ribbon 2 is 40% or more and 59% or less. The space factor is an occupancy of the magnetic material in the
magnetic core, and is represented by, for example, a volume fraction (%).

[0025] First, the volume of the core 1 is obtained. The volume of the core 1 is obtained by the equation, the volume
of the core 1 = [(outer diameter D1/2) 2 X 3.14 - (inner diameter D2/2)2 X 3.14] X the width T of the magnetic ribbon 2.
The volume obtained by this calculation is referred to as a reference volume of the core 1.

[0026] Next, the density of the magnetic ribbon 2 is measured. The density of the magnetic ribbon 2 is either a measured
value according to the Archimedes method or a theoretical value obtained from the composition. When the measurement
sample is small, it may be difficult to perform detection by the Archimedes method. When the measurement sample is
small, it is preferable to use a theoretical value obtained from the composition.

[0027] The reference mass of the core 1 can be obtained by the expression, the reference volume of the core 1 X the
density of the magnetic ribbon 2 = the reference mass of the core 1. The reference mass of the core 1 is a theoretical
mass when the space factor of the magnetic ribbon 2 is 100%.

[0028] Next, the mass of the core 1 is measured. This value is defined as a measured mass of the core 1.

[0029] A space factor (%) of the magnetic ribbon 2 can be obtained by the expression, the space factor (%) of the
magnetic ribbon 2 = (measured mass/theoretical mass) X 100. This method is a method that does not consider the
mass of the insulating layer. When a thin insulating layer as described later is used, there is no problem with this method.
[0030] The occupancy of the magnetic material in the magnetic core may be expressed by an area ratio (%) as follows.
[0031] In this case, the space factor is measured using an arbitrary cross section of the core. As the cross section, a
cross section perpendicular to the width direction of the core (the width direction of the Fe-based magnetic ribbon 2) is
used. An enlarged photograph of the cross section is taken. The magnification of the enlarged photograph is 50 times.
For the cross section, a scanning electron microscope (SEM) is used.

[0032] For the space factor, (outer diameter D1 - inner diameter D2) X width T of magnetic ribbon 2 is used as a
reference area (100%). The space factor is determined by the area ratio (%) of the Fe-based magnetic ribbon 2 present
in the reference area. The outer diameter D1 is a diameter at the outermost layer of the magnetic ribbon, and the inner
diameter D2 is a diameter at the innermost layer of the magnetic ribbon. Therefore, the bobbin and the storage case
are not included in the reference area.

[0033] As described above, the calculation of the space factor using the cross-sectional image is useful, for example,
in a case where the size of the core 1 is large and it is difficult to calculate the space factor by the volume fraction (%).
In both the case of using the volume fraction (%) and the case of using the area ratio (%) for calculation, the occupancy
of the magnetic material in the magnetic core is substantially the same value.

[0034] When the space factor is 40% or more and 59% or less, it is possible to suppress the occurrence of corrugated
wrinkles when heat treatment for imparting a fine crystal structure is performed. When the space factor is less than 40%,
the ratio of the magnetic ribbon is reduced, and thus the magnetic characteristics are deteriorated. When the space
factor exceeds 59%, there is a high possibility that corrugated wrinkles occur. Therefore, the space factor is preferably
40% or more and 59% or less, and more preferably 45% or more and 55% or less.

[0035] Inthe high-frequency acceleration cavity core 1 as described above, the pQf value at 1 MHzis 3 X 109 Hz or more.
[0036] The nQf value is calculated using a measured impedance value (Rs value, Xs value). The Rs value is a pure
resistance, and the Xs value is a value of a reactance portion. f is a measurement frequency (Hz), n0 is a vacuum
permeability (1.26 X 106N/A2), u is an initial permeability, D1 is an outer diameter of the core, D2 is an inner diameter
of the core, T is a width of the core, and In is an average magnetic path length.
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Ms'' = Rs/[f x u0 x T x 1n(D1/D2)]

us' = Xs/[f x w0 x T x 1n(D1/D2)]

Q = MS'/MSVV

w=us' x [1 + (1/0%)]

MOt = p x @ x f

[0037] The pQf value at 1 MHz is a wQf value when the frequency fis 1 MHz. The p.Qf value at 1 MHz of 3 X 109 Hz
or more indicates that the high-frequency acceleration cavity core is excellent in impedance characteristics. In a wide
frequency range of 100 kHz to 10 MHz, impedance matching between the high-frequency power source and the high-
frequency acceleration cavity core can be performed. As a result, the high-frequency power can be stably supplied, and
the acceleration gap voltage can be increased. In particular, it is possible to increase the voltage in a low frequency
range of 100 kHz to 1000 kHz.

[0038] The impedance is measured using an impedance measuring device. The impedance measuring device is
4285A manufactured by Hewlett-Packard Company. The measured impedance values Rs and Xs at 0.5V and 1 turn
are measured at frequencies of 0.5 MHz, 1 MHz, 5 MHz, and 10 MHz to calculate the pQf value.

[0039] The thickness of the Fe-based magnetic ribbon 2 is preferably 10 wm or more and 30 pm or less. When the
thickness of the magnetic ribbon 2 is less than 10 um, the strength of the magnetic ribbon may be reduced. Reduction
in strength leads to reduction in yield. When the thickness of the magnetic ribbon 2 exceeds 30 um, the loss increases
and the calorific value may increase. Therefore, the thickness of the magnetic ribbon 2 is preferably 10 um or more and
30 pwm or less, and more preferably 15 wm or more and 25 pum or less.

[0040] As the thickness of the magnetic ribbon 2, an average thickness Tv calculated from the mass and the density
is used. FIG. 5 is a conceptual diagram illustrating an average plate thickness of the magnetic ribbon.

[0041] The thickness of the magnetic ribbon 2 is measured using an enlarged photograph of a cross section of the
core 1. The thickness of an arbitrary portion of the magnetic ribbon 2 shown in the enlarged photograph is measured.
This operation is performed at five locations, and the average value is defined as the thickness of the magnetic ribbon
2. An enlarged photograph having a magnification of 2000 times is used.

[0042] The thickness (plate thickness) of the magnetic ribbon is expressed by the average plate thickness Tv illustrated
in FIG. 5. As illustrated in FIG. 5, the magnetic ribbon has irregularities on the surface. For this reason, even if the ribbons
are overlapped with each other, an air layer exists, and the space factor does not become 100%.

[0043] It is preferable that at least one of the surfaces of the Fe-based magnetic ribbon includes an insulating layer
having a thickness within a range of 5% or more and 20% or less of the plate thickness of the magnetic ribbon. The
insulating layer 3 is preferably provided on the surface of the magnetic ribbon 2. By providing the insulating layer 3,
interlayer insulation can be achieved.

[0044] The thickness of the insulating layer 3 is preferably in a range of 5% or more and 25% or less of the plate
thickness of the magnetic ribbon 2. For example, when the thickness of the magnetic ribbon 2 is 20 wm, the thickness
of the insulating layer 3 is 1 um or more and 5 um or less. When the thickness of the insulating layer 3 is less than 5%,
there is a possibility that a portion where the insulating layer 3 is too thin and interlayer insulation is insufficient is formed.
When the thickness of the insulating layer 3 exceeds 25%, it is difficult to adjust the space factor as well as to obtain no
more insulating effect. Therefore, the thickness of the insulating layer 3 is preferably 5% or more and 25% or less, and
more preferably 8% or more and 20% or less of the thickness of the magnetic ribbon 2.

[0045] For the thickness of the insulating layer 3, an enlarged photograph of the cross section of the core 1 is used.
The thickness of an arbitrary portion of the insulating layer 3 shown in the enlarged photograph is measured. This
operation is performed at five locations, and the average value is defined as the thickness of the insulating layer 3. As
similar to the above, an enlarged photograph having a magnification of 2000 times is used.

[0046] Examples of the material of the insulating layer 3 include insulating fine particles and insulating resin. The
insulating layer 3 is preferably an insulating film formed by depositing insulating fine particles having an average particle
size 0of 0.001 wm or more (1 nm or more). The deposition of the insulating fine particles facilitates control of the thickness
of the insulating layer 3.

[0047] The insulating fine particles are preferably oxides, and examples of the insulating fine particles include oxides
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such as silicon oxide (SiO,), magnesium oxide (MgO), and aluminum oxide (Al,O5), and resin powders. It is particularly
preferable to use silicon oxide (SiO,). Since the oxide does not contract during drying, the generation of stress can be
suppressed. In particular, since silicon oxide is well compatible with the Fe-based magnetic ribbon 2, variations in
magnetic permeability can be reduced. This is effective when silicon oxide and the Fe-based magnetic ribbon 2 contain
silicon as an essential constituent element. The average particle size of the insulating fine particles is preferably 0.001
pm or more and 0.1 wm or less. With this range, it is easy to control the thickness of the insulating layer 3.

[0048] The toroidal core preferably has a portion having a gap portion from an inner diameter to an outer diameter.
The gap portion 4 is a space formed between the wound magnetic ribbons 2. When the space between the magnetic
ribbons 2 is filled with the insulating layer 3, it is not the gap portion 4. When the insulating layer 3 is provided on one
surface of the magnetic ribbon 2, the gap portion 4 is formed between the magnetic ribbon 2 and the insulating layer 3.
When the insulating layers 3 are provided on both surfaces of the magnetic ribbon 2, the gap portion 4 is formed between
the insulating layers 3. The gap portion 4 may be continuously present in the width T direction of the core, or may be
partially in contact in the core. The presence of the gap portion 4 makes it possible to suppress the formation of a
corrugated portion 5 even when the magnetic ribbon 2 contracts when the core 1 is heat-treated. The presence or
absence of the gap portion 4 can be checked by an optical microscope. The presence of the gap portion 4 is determined
when a gap of 10 um or more can be recognized with an optical microscope. When the core 1 is too large to be observed
with an optical microscope, the gap portion 4 may be observed by enlarging an image captured with a microscope, a
digital camera, or the like. When the corrugated portion 5 to be described later is formed, a method of observing the
vicinity of the corrugated portion 5 is efficient. The presence or absence of the gap portion 4 may be obtained by
calculation. When the result of the expression 100%-(space factor + volume of insulating layer) has a positive value, it
indicates that the gap portion 4 is present.

[0049] FIG. 3 illustrates an example of the corrugated portion. In the drawing, the reference numeral 2 denotes a
magnetic ribbon, and the reference numeral 5 denotes a corrugated portion. The corrugated portion 5 is a portion having
a corrugated wrinkle shape without having a clean toroidal shape. When the corrugated portion 5 is present, stress
deterioration occurs. The Fe-based magnetic ribbon having a fine crystal structure is a brittle material. For this reason,
itis preferable that the Fe-based amorphous ribbon is wound around the toroidal core and then heat-treated to precipitate
fine crystals. When fine crystals are precipitated, the magnetic ribbon 2 contracts. By providing the gap portion 4, it is
possible to suppress formation of the corrugated portion 5 accompanying contraction. The presence or absence of the
corrugated portion 5 can be visually checked.

[0050] The space factor of the gap portion 4 of the core 1 on which the insulating layer 3 is formed is preferably 5%
or more and 40% or less. The space factor of the gap portion 4 may be obtained by calculation as described above.
That is, the space factor of the gap portion 4 can be calculated by the above equation, 100% - (space factor + volume
of insulating layer).

[0051] Alternatively, the space factor of the gap portion 4 is measured using a cross-sectional photograph in the same
manner as in the measurement of the space factor of the magnetic ribbon 2. The space factor of the gap portion 4 is
preferably 5% or more and 40% or less, and more preferably 10% or more and 30% or less. By providing the gap portion
4 within this range, even if the corrugated portion 5 is formed, the width can be 5 mm or less (including 0). The size of
the corrugated portion 5 is measured by measuring a deviation from the toroidal shape. When the corrugated portion 5
is present, a portion in which the magnetic ribbon 2 is distorted is formed. The radial length of the core 1 in the distorted
portion is defined as the size of the corrugated portion 5. One in which the corrugated portion 5 is not formed has no
distorted portion and has a clean toroidal shape. The corrugated portion 5 is either convex inward in the radial direction
or convex outward in the radial direction. There is also a structure in which irregularities are repeated.

[0052] Whenthe corrugated portion5is5mm orless, stress deterioration can be suppressed. The number of corrugated
portions 5 having a size of 5 mm or less is preferably 5 or less in one core 1. Even in the case of the corrugated portion
5 having a size of 5 mm or less, a large number of the corrugated portions 5 causes stress deterioration. The size of
the corrugated portion 5 is preferably as small as 5 mm or less, and more preferably 3 mm or less. Most preferably, the
corrugated portion 5 is not formed.

[0053] The outer diameter D1 of the toroidal core is preferably 280 mm or more. In order to improve acceleration
performance in a high-frequency acceleration cavity, it is necessary to keep an acceleration distance by arranging a
plurality of cores. In order to increase the acceleration gap voltages of the plurality of cores, it is effective to increase
the size of the core 1. By adjusting the space factor of the magnetic ribbon 2, the formation of the corrugated portion 5
can be suppressed even if the outer diameter D1 of the core 1 increases to 280 mm or more. The upper limit of the outer
diameter D1 of the core 1 is not particularly limited, but is preferably 1000 mm or less. If it exceeds 1000 mm, it may be
difficult to control the space factor of the magnetic ribbon and the space factor of the gap portion due to the core weight.
[0054] In the core 1 according to the embodiment, for example, when the difference between the outer diameter D1
and the inner diameter D2 is 50 mm or more, the action and effect thereof are more remarkably exhibited. When D1-
D2 > 50 mm, it means that the number of turns of the magnetic ribbon 2 is large, and corrugated wrinkles are likely to
occur. By applying the core 1 according to the embodiment, the number of turns of the magnetic ribbon 2 can be increased,



10

15

20

25

30

35

40

45

50

55

EP 4 044 773 A1

and for example, a core of D1-D2 > 50 mm can be achieved. As described above, even when the difference between
the outer diameter D1 and the inner diameter D2 is 50 mm or more, the core 1 according to the embodiment can maintain
or improve the performance by controlling the space factor.

[0055] When the corrugated portion 5 is formed, the magnetic permeability decreases as the stress deteriorates. In
order to prevent a decrease in magnetic permeability, it is effective to subject the core 1 to heat treatment in a magnetic
field. However, when the core size increases, heat treatment equipment also needs to be increased in size accordingly.
By controlling the space factor of the magnetic ribbon 2 as described above, suppressing the formation of the corrugated
portion 5 eliminates the need for heat treatment equipment in a magnetic field. Therefore, the effect of cost reduction is
also large.

[0056] The presence or absence of the heat treatment in the magnetic field can be determined by observing the
magnetic domain structure. When the magnetic field treatment is performed in the width direction, the magnetic domains
draw a uniform layer structure in the width direction. The determination can be made when the squareness ratio in the
DC magnetic characteristics (applied magnetic field Hm = 800 A/m) is 3% or less. Magnetic characteristics are improved
by performing heat treatment in a magnetic field. On the other hand, in order to heat-treat a large core having an outer
diameter D1 of 280 mm or more in a magnetic field, a large facility is required.

[0057] Since alarge corrugated portion is formed in the conventional core, magnetic characteristics are improved by
performing heat treatment in a magnetic field. Since the corrugated portion is suppressed, the core according to the
embodiment has the same magnetic characteristics even if heat treatment in a magnetic field is not performed. In other
words, by subjecting the core according to the embodiment to heat treatment in a magnetic field, the magnetic charac-
teristics are further improved.

[0058] Since the core 1 according to the embodiment suppresses stress deterioration due to the corrugated portion
5, the permeability is large. Therefore, the core according to the embodiment can be downsized as long as it has the
same magnetic characteristics as compared with the core having the corrugated portion 5. If the core size is the same,
it is possible to provide one having excellent magnetic characteristics.

[0059] A bobbin may be used as necessary at the time of winding in a toroidal shape. The toroidal core may be placed
in a storage case as necessary. The gap may not be provided in the core 1. Providing a gap makes it difficult to adjust
the space factor of the gap portion 4.

[0060] The high-frequency acceleration cavity core as described above is suitable for a high-frequency acceleration
cavity. It is preferable to include a plurality of the high-frequency acceleration cavity core according to the embodiment.
It is preferable to include a device that supplies high-frequency power to each of the high-frequency acceleration cavity
cores.

[0061] FIG. 4 is a conceptual diagram of the high-frequency acceleration cavity. In the drawing, the reference numeral
10 denotes a high-frequency acceleration cavity, the reference numeral 1-1 denotes a first high-frequency acceleration
cavity core, the reference numeral 1-2 denotes a second high-frequency acceleration cavity core, the reference numeral
1-3 denotes a third high-frequency acceleration cavity core, and the reference numeral 11 denotes a power supply.
Although FIG. 4 illustrates an example in which three high-frequency acceleration cavity cores are used, in the high-
frequency acceleration cavity according to the embodiment, the number of high-frequency acceleration cavity cores can
be increased as necessary. Some of the high-frequency acceleration cavities use 10 or more cores. The power supply
11 is connected to each core by wiring (not illustrated). The core 1 may be fixed to a mounting substrate or a heat sink
(not illustrated) as necessary. An adhesive, screwing, or the like may be used for fixing to the mounting substrate or the
heat sink. The core may be placed in a case as necessary. At this time, each of some numbers of cores may be placed
in the cases. It is possible to improve the assemblability by setting some numbers of them as one set.

[0062] The high-frequency acceleration cavity is a device that efficiently accelerates charged particles using a high-
frequency electric field. The frequency to be applied to each of the high-frequency acceleration cavity core 1 can also
be adjusted by connecting the power supply 11 to each of the high-frequency acceleration cavity cores 1. In other words,
in a case where itis not necessary to individually adjust the frequency, the power supply 11 may not be connected to each.
[0063] In the high-frequency acceleration cavity core according to the embodiment, the space factor of the toroidal
core using the Fe-based magnetic ribbon is controled. For this reason, stress deterioration is prevented while the calorific
value is suppressed. Accordingly, in a wide frequency range of 100 kHz to 10 MHz, impedance matching between the
high-frequency power source and the high-frequency acceleration cavity core can be performed. As a result, the high-
frequency power can be stably supplied, and the acceleration gap voltage can be increased. In particular, it is possible
to increase the voltage in a low frequency range of 100 kHz to 1000 kHz. Even if the frequency applied to each of the
high-frequency acceleration cavity cores 1 is changed, the acceleration gap voltage can be increased.

[0064] Examples of the high-frequency acceleration cavity include a cyclotron type, a waveguide type, and a synchro-
tron type. Since the core can be used in a wide frequency range, the core can be applied to various types of high
frequency acceleration cavities.

[0065] Next, a method for manufacturing the high-frequency acceleration cavity core according to the embodiment
will be described. The method for manufacturing the high-frequency acceleration cavity core according to the embodiment
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is not particularly limited as long as the core has the above configuration, but the following method can be mentioned
as a method for obtaining a high yield.

[0066] First, an Fe-based amorphous ribbon is manufactured. In the production of the Fe-based amorphous ribbon,
a long ribbon is manufactured using a rapid cooling roll method. As the rapid cooling roll method, various methods such
as a single roll method and a twin roll method can be applied. As the raw material of the Fe-based amorphous ribbon,
it is preferable to use a raw material molten metal mixed at a ratio satisfying the above general formula. The thickness
of the Fe-based amorphous ribbon is preferably in a range of 10 um or more and 30 um or less. When the width of the
long Fe-based amorphous ribbon is larger than the intended width T of the core, slit processing is performed.

[0067] Next, a process of providing an insulating layer is performed as necessary. The insulating layer is preferably
formed using, for example, insulating fine particles having an average particle diameter of 0.001 wm or more and 0.1
pm or less. A method of immersing the Fe-based amorphous ribbon in a solution containing insulating fine particles is
preferable. The thickness of the insulating layer can be adjusted by the average particle diameter of the insulating fine
particles, the concentration of the solution containing the insulating fine particles, the immersion time, and the number
of times of immersion. By immersing the long Fe-based amorphous ribbon, mass productivity can be improved.
[0068] Examples of the material of the insulating layer 3 include insulating fine particles and insulating resin. The
insulating fine particles are preferably oxides, and examples of the insulating fine particles include oxides such as silicon
oxide (SiO,), magnesium oxide (MgO), and aluminum oxide (Al,O5), and resin powders. It is particularly preferable to
use silicon oxide (SiO,). Since the oxide does not contract during drying, the generation of stress can be suppressed.
In particular, since silicon oxide is well compatible with the Fe-based magneticribbon 2, variations in magnetic permeability
can be reduced. This is effective when silicon oxide and the Fe-based magnetic ribbon 2 contain silicon as an essential
constituent element.

[0069] Next, a process of winding in a toroidal shape is performed. In the winding process, a bobbin is preferably used
as necessary. In particular, when the outer diameter D1 of the core 1 is increased to 280 mm or more, the winding is
preferably performed using a bobbin. The bobbin is a ring-shaped winding core. The bobbin is preferably made of a
nonmagnetic material. Examples of the nonmagnetic material include stainless steel (SUS 304 or the like).

[0070] In the winding process, the Fe-based amorphous ribbon is wound such that the space factor of the Fe-based
amorphous ribbon falls within the range of 40% or more and 59% or less. The gap portion 4 can also be formed by
adjusting the tension at the time of winding the long Fe-based amorphous ribbon. For adjusting the tension, a method
of loosening the tension when the number of windings increases is effective. The winding tension is controlled by the
voltage of the motor. Examples of the method include a method of, when the voltage at the initial stage of the winding
process is set to 100, decreasing the voltage by 5 to 20. There is also a method of gradually lowering the voltage at the
initial stage of the winding process. After winding, the outermost layer of the Fe-based amorphous ribbon is fixed. Through
this process, a toroidal core around which an Fe-based amorphous ribbon is wound is manufactured.

[0071] Thereafter, a heat treatment process forimparting a fine crystal structure may be further performed. Even when
the heat treatment process as below is performed, the space factor of the toroidal core before the heat treatment process
is maintained substantially equal.

[0072] The heattreatment temperature is preferably a temperature near or higher than the crystallization temperature.
A temperature higher than the crystallization temperature of -20°C is preferable. In the case of the Fe-based magnetic
ribbon 2 satisfying the general formula described above, the crystallization temperature is 500°C or more and 515°C or
less. Therefore, the heat treatment temperature is preferably 480°C or more and 600°C or less. The temperature is more
preferably 510°C or more and 560°C or less.

[0073] The heat treatment time is preferably 50 hours or less. The heat treatment time is a time when the temperature
of the magnetic core is 480°C or more and 600°C or less. If it exceeds 50 hours, the average grain size of the fine crystal
grains may exceed 1 pm. The heat treatment time is more preferably 20 minutes or more and 30 hours or less. With
this range, it is easy to control the average crystal grain size to 0.1 um or less.

[0074] Through the above processes, the high-frequency acceleration cavity core can be manufactured.

Examples
(Example 1 to 8, Comparative Example 1 to 3, Reference Example 1)

[0075] As the long Fe-based amorphous ribbon, an Fe-Nb-Cu-Si-B ribbon was prepared. The Fe-Nb-Cu-Si-B ribbon
had a composition formula Fe;3Nb,Cu,Si 5B, a plate thickness of 20 wm, and a width T of 30 mm.

[0076] A bobbin made of SUS304 was prepared. The bobbin had an outer diameter of 310 mm, an inner diameter of
280 mm, and a width of 30 mm. Silicon oxide (SiO,) and magnesium oxide (MgO) were prepared as insulating fine
particles for forming an insulating layer. The average particle diameter of the insulating fine particles was 0.01 uwm. For
providing aninsulating layer, a process ofimmersing along Fe-based amorphous ribbonin a solution containing insulating
fine particles, and drying the long Fe-based amorphous ribbon was performed.
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[0077] A long Fe-based amorphous ribbon was wound around a bobbin to produce a toroidal core having an outer
diameter D1 0f440 mm and aninner diameter D2 of 310 mm. Inthe toroidal cores according to Examples and Comparative
Examples, the corrugated portion was not formed before the heat treatment. In Comparative Example 3, a resin film
having a thickness of 12 um was used as the insulating layer. For the toroidal cores according to Examples, winding
was performed while adjusting the tension in the winding step.

[0078] Next, the toroidal core was subjected to a heattreatment process at 550°C for two hours in an argon atmosphere.
Of the Fe-based magnetic toroidal core, the space factor, the presence or absence of the gap portion, the thickness of
the insulating layer, and the size of the corrugated portion are as shown in Table 1. The space factor and the thickness
are calculated from the material density obtained by observing the cross section of the core with an enlarged photograph
(SEM photograph). The presence or absence of the gap portion was checked with a microscope. A sample in which a
gap of 10 wm or more was observed was rated "Present".

[0079] The size of the corrugated portion was measured by measuring a deviation from the toroidal shape. The size
of irregularities, when observed in the radial direction, out of a clear toroidal circle was measured. Example 8 is obtained
by subjecting Example 2 to a heat treatmentin a magneticfield, and various characteristics in Table 1 below are equivalent
to those of Example 2.

Table 1
Size of
Insulating layer corrugated
Space factor of Presence/ portion
- — magnetic absence of -
Thickness Thicknessratiowith ribbon (%) gap portion Size and
Material ( um) respectto magnetic number of
# ribbon (%) irregularities
Example 1 None - - 58 Present Absent
Example 2 SiO, 1 5 51 Present Absent
Example 3 SiO, 2 10 45 Present Absent
Example 4 MgO 4 20 55 Present Absent
Example 5 MgO 5 25 45 Present Absent
Example 6 Si0, 2 10 44 Present 2 mm, One
position
Example 7 Sio, 2 10 44 Present 4 mm, One
position
Comparative None i i 82 Absent 8 mm, Entire
example 1 circumference
Comparative | o 1 5 73 Present 6 mm, Two
example 2 positions
Comparative | Resin 12 60 38 Absent Absent
example 3 film

[0080] As shown in the table 1, in Comparative Example 1 and Comparative Example 2, a corrugated portion was
formed when heat treatment for precipitating fine crystals was performed. No corrugated portion was formed in the cores
according to Examples. It was confirmed that Examples and Comparative Examples had a fine crystal structure having
an average crystal grain size of 0.1 pum or less.

[0081] Next, the nQf value of each core was measured. The nQf value was measured using an impedance measuring
device. The impedance measuring device was 4285A manufactured by Hewlett-Packard Company. The measured
impedance values Rs and Xs at 1 MHz, 0.5V, and 1 turn were measured to calculate the wQf value. The calculation
method is as described above. The impedance at the measurement frequencies of 0.5 MHz, 5 MHz, and 10 MHz was
also measured by the same method.

[0082] The core of Comparative Example 2 subjected to heat treatment in a magnetic field was used as Reference
Example 1. The same measurement was performed for Reference Example 1.

[0083] Thesquarenessratio of each core was measured. The squareness ratio was measured with the applied magnetic
field Hm set to 800 A/m. The results are shown in Tables 2 and 3.
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Table 2
u Qf value (X 109 Hz)
0.5MHz | 1 MHz | 5MHz | 10 MHz
Example 1 3.26 3.58 4.00 4.58
Example 2 3.39 3.72 417 4.76
Example 3 2.89 3.32 3.74 4.31
Example 4 2.66 3.02 3.41 3.91
Example 5 2.83 3.22 4.03 4.93
Example 6 2.90 3.26 3.66 4.29
Example 7 2.88 3.20 3.58 417
Example 8 4.93 5.66 8.96 9.25
Comparative example 1 1.21 1.59 2.18 2.97
Comparative example 2 1.56 2.05 2.56 3.21
Comparative example 3 1.20 142 2.1 2.88
Reference example 1 4.82 545 8.65 8.75
Table 3
Squareness ratio Br/Bm [%]

Example 1 74.5

Example 2 69.1

Example 3 70.4

Example 4 711

Example 5 70.6

Example 6 70.3

Example 7 71.8

Example 8 2.5

Comparative example 1 86.0

Comparative example 2 82.6

Comparative example 3 73.2

Reference example 1 2.3

[0084] As described above, in the cores according to Examples, the nQf value at 1 MHz was 3 X 10° Hz or more.
The pQf value at 0.5 MHz was 2.5 X 109 Hz or more. The p.Qf value at 5 MHz was 3.3 X 109 Hz or more. The p.Qf
value at 10 MHz was 2.8 X 109 Hz or more. As described above, it was confirmed that the cores according to Examples
have a high p.Qf value in a wide frequency range of 100 kHz to 10 MHz.

[0085] On the other hand, in Comparative Example 1 to 3, the pnQf values were all low. When heat treatment in a
magnetic field was performed as in Example 8 and Reference Example 1, wQf values higher than those in Examples
were obtained. The core of Example 1 to 7 can also be used as a high-frequency acceleration cavity. Therefore, the
core according to the embodiment does not need to be subjected to heat treatment in a magnetic field.

[0086] The sample subjected to the heat treatment in a magnetic field had a squareness ratio of 3% or less. Therefore,
the presence or absence of the heat treatment in the magnetic field can be determined by examining the squareness ratio.

10
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(Examples 9 to 11)
[0087] As the long Fe-based amorphous ribbon, an Fe-Nb-Cu-Si-B ribbon was prepared. The Fe-Nb-Cu-Si-B ribbon

had a composition formula of Fe;3Nb,Cu,Si; 5B+, a plate thickness of 18 wm, and a width T of 20 mm. Cores with different
outer diameters D1 and inner diameters D2 were prepared. The finished cores are as shown in Tables 4 and 5.
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Table 4
Outerdiameter D1 (mm) | Inner diameter D2 (mm) | Outer diameter - inner diameter
Example 9 240 150 20
Example 10 310 200 110
Example 11 555 310 245
Example 12 700 310 390
Table 5
Size of
Insulating layer corrugated
Space factor of Presence/ portion
- — magnetic ribbon | absence of gap .
. Thickness Thickness I'atIOWII.:h (%) portion Size and
Material (M) respecttomagnetic number of
“ ribbon (%) irregularities
Exagnple SiO, 1 6 58 Present None
Example .

10 SiO, 1 6 57 Present None
Exaﬂ‘p'e S0, 2 11 47 Present None
Exagp'e S0, 2 11 43 Present None

[0088] Magnetic characteristics of the cores according to the respective Examples were measured in a similar manner
to that in Example 1. The results are shown in Tables 6 and 7.
Table 6
w Qf value (X 109 Hz)
0.5MHz | 1MHz | 5MHz | 10 MHz
Example 9 3.19 3.42 3.97 4.51
Example 10 3.56 3.76 4.27 4.96
Example 11 3.31 3.43 4.03 4.77
Example 12 2.98 3.15 3.48 3.99
Table 7
Squareness ratio Br/Bm [%]
Example 9 63.2
Example 10 67.8
Example 11 61.8

1"
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(continued)

Squareness ratio Br/Bm [%]

Example 12 60.5

[0089] As can be seen from the table, the magnetic characteristics of the cores according to Examples were improved
even when the sizes of the outer diameter and the inner diameter were changed. Even when the difference between
the outer diameter D1 and the inner diameter D2 was 50 mm or more, the magnetic characteristics were improved. This
is because the space factor and the like were controlled.

[0090] Although some embodiments of the present invention have been illustrated above, these embodiments have
been presented as examples, and are not intended to limit the scope of the invention. These novel embodiments can
be implemented in various other forms, and various omissions, substitutions, changes, and the like can be made without
departing from the gist of the invention. These embodiments and modifications thereof are included in the scope and
gist of the invention, and are included in the invention described in the claims and the equivalent scope thereof. The
above-described embodiments can be implemented in combination with each other.

REFERENCE SIGNS LIST

[0091]

1

HIGH-FREQUENCY ACCELERATION CAVITY CORE

1-1  FIRST HIGH-FREQUENCY ACCELERATION CAVITY CORE
1-2  SECOND HIGH-FREQUENCY ACCELERATION CAVITY CORE
1-3  THIRD HIGH-FREQUENCY ACCELERATION CAVITY CORE

2 Fe-BASED MAGNETIC RIBBON

3 INSULATING LAYER

4 GAP PORTION

5 CORRUGATED PORTION

10 HIGH-FREQUENCY ACCELERATION CAVITY

11 POWER SOURCE

D1 OUTER DIAMETER OF CORE

D2 INNER DIAMETER OF CORE

T WIDTH OF CORE

Claims

1. A high-frequency acceleration cavity core that is a toroidal core obtained by winding an Fe-based magnetic ribbon

having crystals with an average crystal grain size of 1 um or less, wherein a space factor of the Fe-based magnetic
ribbon is 40% or more and 59% or less.

The high-frequency acceleration cavity core according to claim 1, wherein a wQf value at 1 MHzis 3 X 10% Hz or more.

The high-frequency acceleration cavity core according to claim 1, wherein the average crystal grain size is 0.1 um
or less.

The high-frequency acceleration cavity core according to claim 1, wherein the space factor is 45% or more and 55%
or less.

The high-frequency acceleration cavity core according to claim 1, wherein the Fe-based magnetic ribbon contains
Nb, Cu, Si, and B.

The high-frequency acceleration cavity core according to claim 1, wherein at least one of surfaces of the Fe-based
magnetic ribbon includes an insulating layer having a thickness within a range of 5% or more and 25% or less of a

plate thickness of the magnetic ribbon.

The high-frequency acceleration cavity core according to claim 1, wherein a thickness of the Fe-based magnetic

12



10

15

20

25

30

35

40

45

50

55

10.

1.

12.

13.

14.

EP 4 044 773 A1
ribbon is 10 wm or more and 30 pum or less.

The high-frequency acceleration cavity core according to claim 1, wherein the toroidal core has a portion having a
gap portion from an inner diameter to an outer diameter.

The high-frequency acceleration cavity core according to claim 1, wherein
in the Fe-based magnetic ribbon, a thickness is 10 um or more and 30 um or less, and the average crystal
grain size is 0.1 um or less, and
at least one of surfaces of the Fe-based magnetic ribbon includes an insulating layer having a thickness within

a range of 5% or more and 25% or less of a plate thickness of the magnetic ribbon.

The high-frequency acceleration cavity core according to claim 1, wherein an outer diameter of the toroidal core is
280 mm or more.

The high-frequency acceleration cavity core according to claim 1, wherein the Fe-based magnetic ribbon does not
have a corrugated portion exceeding 5 mm in the toroidal core.

A high-frequency acceleration cavity comprising the high-frequency acceleration cavity core according to any one
of claims 1 to 11.

The high-frequency acceleration cavity according to claim 12, comprising a plurality of the high-frequency acceler-
ation cavity core.

The high-frequency acceleration cavity according to claim 13, further comprising a device that supplies high-fre-
quency power to each of the high-frequency acceleration cavity core.

13
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Fig. 1

Fig. 2
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