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ABSTRACT In this article, a quasi-elliptical geometry and the iris technique are applied to a multimode
cavity to manipulate the resonant mode in the desired direction for quantum memories. By applying
quasi-elliptical geometry, the characteristics of monotonically increasing, equally spaced, and monotonically
decreasing frequency intervals between the modes are realized. To manipulate a certain mode, an iris is
applied to the multimode storage cavity. As an example, the entire mode, including the readout cavity, is
implemented at equal intervals to minimize the interference and maximize the mode number from adjacent

modes for the 5-8 GHz frequency band.

INDEX TERMS Cavity, frequency spectrum, iris, multimode cavity, quantum memory.

I. INTRODUCTION

With the rise of technological domains such as cryptography
[1], machine learning [2], computational chemistry [3], and
database searching [4], which require processing massive
amounts of data or information, the need for new, more ef-
ficient computing methods that go beyond the capabilities
of existing computers is being felt. In this respect, quan-
tum computing is rapidly emerging as promising research
topic.

One way to implement quantum computing is to use quan-
tum memory (QM). Fig. 1 shows a conceptual diagram of
a multimode QM. As shown in the figure, a qubit is simul-
taneously coupled to several multimode storage and read-
out modes. Because the multimode cavity is simultaneously
coupled and controlled by a physical qubit, this could be
an efficient way to construct QMs. This method also has an
additional advantage in that it is ideal for reducing physical
lines while realizing multiqubit QMs, which is helpful in
dealing with complexity. The detailed process of conducting
quantum operations is described in [5], [6], and [7].

Various types of research have been conducted on QM
[81, [9], [10], [11], [12], [13], [14], [15]. In these studies,
QMs were implemented using coplanar waveguide line res-
onators coupled with a superconducting qubit in an on-chip
structure [8], [9] or 3-D cavity resonator [10], [11], [12],
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FIGURE 1. Conceptual diagram of multimode quantum memories.

[13], [14], [15]. Generally, the on-chip method occupies a
smaller volume than the 3-D cavity method but achieves a
lower Q-factor compared with the 3-D cavity. The Q-factor
is an important parameter that affects the coherence time of
QMs. In this article, a 3-D cavity-based method was chosen
because of its high Q-factor.

It has also been reported that applying multiple storage
resonators is advantageous over using a single resonator in
terms of qubit connectivity by implementing random-access
control [10], [14], [15], [16], [17], [18].
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Implementing a QM using a cavity involves storing, cal-
culating, and reading quantum information by using pho-
ton Fock states of |0) and |1) as qubits through interactions
and coupling with transmon qubits. Methods for realizing
QM s include sidebands [15], blue sidebands [16], selective
number-dependent arbitrary phase gates [17], and photon
blockades [18].

Fig. 2 shows a conceptual diagram of the frequency spec-
trum of a multimode QM. To realize QMs, the overall res-
onant frequencies of the component constituting the QMs
should be placed with a spacing of at least A, considering
the qubit-cavity coupling, signal bandwidth, thermal noise,
and other interference. A is the available bandwidth per stor-
age mode. In this article, the available bandwidth was set to
3 GHz, and the number of storage modes was 20; therefore,
A corresponds to 150 MHz.

Itis need to consider that the readout is placed as far as pos-
sible from the qubit frequency because the qubit should not
be affected when performing the measurement. Therefore,
the resonant frequencies of the storage cavity were placed
between the qubit and readout frequencies.

Moreover, unlike rectangular readout signals, Gaussian
pulses are generally used for qubit excitation owing to the
narrow bandwidth of Gaussian signals. However, to imple-
ment such a signal, a digital-to-analog converter (DAC) with
an extremely high sampling rate versus frequency is required.
Therefore, the qubit frequency was selected to be lower than
the frequency of the storage mode in order to reduce the
required sampling rate of the DAC in the case of direct digital
synthesis.

In addition, because the transmon itself is very fine and the
fabrication error is large compared with the readout cavity,
it is relatively difficult to realize the qubit frequency be-
tween the desired storage cavity mode frequencies. There-
fore, the qubit frequency was selected to be lower than the
frequency of the storage mode rather than the readout mode
frequency.

If each resonant frequency is randomly placed, it can
be clearly shown that only a few resonant frequencies
can be placed between the given bandwidth and readout
frequency.

Although it is impossible to place the frequencies equally
spaced because each resonant frequency of a storage cav-
ity has a dependent relationship, it is possible to arrange
the resonant frequency of the storage cavity close to equal
intervals using a parabolic-shaped cavity [18], [19], [20].
Nevertheless, the structure can be modified to enable an
equally spaced arrangement of the resonant frequency of the
storage cavity rather than a parabolic-shaped cavity.

If the number of memory modes is increased at equal
intervals, the specific memory mode and readout mode may
overlap. Just as qubits are coupled with the readout, they are
coupled with the memory modes. Therefore, when a pulse is
applied to the qubit, the frequency of the readout and memory
modes changes.
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FIGURE 2. Conceptual diagram of the frequency spectrum for multimode
quantum memories. (a) Case in which the resonant frequencies of the
components are randomly separated. (b) Case in which only the
resonant frequencies of the storage cavity are equally spaced. (c) Case in
which only the resonant frequencies of the storage space are evenly
spaced apart, and the resonant frequency interval between the readout
frequency and storage frequency is double compared with Fig. 2(b).

(d) Case in which the storage mode that overlaps with the readout
frequency is left unused. (e) Case in which overall resonant frequencies
of the quantum memories are equally spaced, with a missing mode at
the frequency of the readout cavity.

When using the memory mode adjacent to the readout
frequency, placing a pulse in the memory mode will affect
the readout frequency, which will also affect the qubits [see
Fig. 2(b)]. In other cases, it is assumed that only the readout
frequency and distant memory modes are used, leaving an
overlap between the readout frequency and memory modes.
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For the measurement, the readout frequency must be applied
[see Fig. 2(d)]. Then, photons are activated in the mem-
ory modes adjacent to the readout frequency, and qubits are
affected by these activated memory modes.

In summary, memory mode is turn ON and OFF only when
used, but because the qubit and coupling exist even in the off
state, the fidelity of the system can be increased by remov-
ing the memory modes adjacent to the readout frequency.
To reduce the OFF-resonant interactions, a mode spacing of
200-250 MHz was chosen in [19].

To solve this issue, the following case is considered. The
nth resonant frequencies were shifted to where the (n+1)th
resonant frequencies were originally, and the readout fre-
quency was shifted to where the nth resonant frequencies
were originally.

It is obvious that the overall resonant frequencies of QM
devices are equally spaced with an interval greater than A,
so that the maximum number of modes can be created in a
given bandwidth.

In this article, by applying a quasi-elliptical geometry, it
was possible to make the distance between the modes of
the storage cavity equidistant. Furthermore, by placing the
iris structure inside the storage cavity, it was shown that
each resonance frequency of the multimode cavity could be
manipulated into the desired form. As an example, it was
proposed that the entire mode, including the readout cavity,
be implemented at equal intervals to maximize the resonant
modes and minimize the interference from adjacent modes
in a given bandwidth.

Il. STORAGE CAVITY DESIGN

A. CAVITY GEOMETRY DESIGN

To realize a QM for 3-D cavity-based multimode QM, a
multimode storage cavity must be designed. Fig. 3 shows
the cavity geometry for various geometries. Generally, the
mode frequencies of a rectangular multimode cavity are rep-
resented by the following equation:

C Ir 2+<mn)2+<nn)2 0
2 H W L
where W, L, and H are the width, length, and height, respec-

tively, of the rectangular cavity. For L>H>>W and m = 1,
the equation can be expanded as follows:

fl,m,n =

c cH ,

= . 2
on " @)

f]0,n ~

From this equation, it can be seen that the interval between
modes gradually increases as the mode number increases;
therefore, the geometry of the cavity needs to be revised.

In [18], [19], and [20], it was realized that the effective
length of a cavity increases in proportion to /7 (Legt ~ k /7,
where k is a proportional constant, and that the resonant fre-
quency increases by equal intervals when the mode number
is increased. The interval between each mode was calculated
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FIGURE 3. Geometry of the cavity when applying various geometries. (a)
Rectangular case. (b) Parabolic case. (c) Quasi-elliptical case.

as follows:

fiom —f L 3
100 = 0.1 ~ 7 (3)

In the case of a parabolic geometry, the effective length
does not increase in proportion to /z on the order of two.
Because, it is difficult to realize precise equidistant intervals
for adjacent modes when designing a cavity using parabolic
geometry on the order of 2; in this article, quasi-elliptical
geometry is applied to precisely implement equidistant char-
acteristics.

Cavities using parabolic and quasi-elliptical geometries
were designed using

20 1) = (= 4
(G

x = Lsin(t)* ,
H
z=Ecos(t) O<t<m) 5)

where a, L, and H are selected as 0.6, 600, and 26 mm,
respectively. Fig. 4 shows the frequency interval between
adjacent modes when various geometries are applied.

In the case of a rectangular cavity, the frequency interval
increased from 0.0162-0.1661 MHz as the mode number
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FIGURE 4. Frequency interval between adjacent modes when applying
various geometries. (a) Rectangular and parabolic case. (b)
Quasi-elliptical case. The first mode frequency is fixed to approximately
5 GHz.

increased from 1-21. Because the ratio of the first inter-
val to the last interval is 10.25 (= 925% difference), most
frequencies are distributed in the low-frequency region in
a rectangular cavity. Therefore, it is difficult to use it as an
actual multimode QM.

If the parabolic geometry is applied for a multimode cavity
with order of 2, the frequency interval is decreased from
0.3217-0.2092 MHz as the mode number increases from
1-16, and the ratio of the interval corresponds to 1.53 (=53%
difference). If a parabolic geometry is applied to a multi-
mode cavity on the order of five, the frequency interval re-
mains almost stable. The interval with the largest difference
1s 0.1797 MHz in the first mode, the interval with the smallest
difference is 0.1406 MHz in the 9th mode, and the ratio of
the interval corresponds to 1.278 (= 27.8% difference). If
quasi-elliptical geometry is applied on the order of 1.25, the
frequency interval remains almost stable. The interval with
the largest difference was 0.2053 MHz in the first mode, the
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TABLE 1. Dimension of the Proposed Multimode Storage Cavity

Parameter Value (mm) Parameter Value (mm)
H. 29.7 Hr 60.1
Dc 6 Dy 4
Lc 568 Lotset 250

Piis.1 13.2 Piris2 37.4
Piris 3 61.6 Pisis4 84.7
Piis s 108.9 Pisis.6 133.1
Pisis 7 156.2 Piris s 181.5
Piris.o 206.8 Piris. 10 231
Pisis.11 255.2 Piris.12 280.5
Piis.13 306.9 Piis 14 331.1
Piris 15 357.5 Pisis 16 385
Piis.17 413.6 Piris 18 442.2
Pisis. 10 471.9 Pisis 20 504.9
Piris 21 541.2 Dg 2.9
Jod 1.25 Dig 3.2

* H.: Height of inner cavity, Hy: Total height of cavity, D¢: Diameter of
hole, Dy: Diameter of iris, L¢: Total length of cavity, Logse:: Original length
of the quasi ellipse - L¢, Piisn: The length from the starting point to the
center of the n'" iris, Dg: gap between the center of the hole to center of the
adjacent hole, and Dg;: gap between the center of the hole to center of the
iris.

interval with the smallest difference was 0.1887 MHz in the
6th mode, and the ratio of the interval corresponded to 1.086
(8.6% difference).

From This result, it is clear that it is advantageous to
use an elliptical cavity to realize equally spaced resonant
frequencies.

Moreover, the use of quasi-elliptical geometry has several
advantages.

1) It is possible to implement all the characteristics of
the frequency intervals, including monotonically in-
creasing, equal spacing, and monotonically decreas-
ing, without significant changes in the order.

2) In contrast to the parabolic case, it is possible to im-
plement monotonically increasing frequency interval
characteristics.

3) In addition, in contrast to the parabolic case, it is ad-
vantageous to optimize the interval characteristics be-
cause the high-order mode frequency interval does not
change even after an order sweep.

Thus, in this article, a quasi-elliptical geometry was ap-
plied in the multimode cavity design.

B. IRIS-BASED SPECIFIC MODE MANIPULATED
MULTIMODE STORAGE CAVITY

As shown in Fig. 5(a), a multimode cavity is designed with
a quasi-elliptical geometry to form the maximum number of
resonant frequencies in a given bandwidth. Table 1 shows the
dimensions of the proposed multimode storage cavity.

A perfect electric conductor was assigned to the cavity to
assume a superconductivity condition, and this cavity was
simulated using the full-wave EM solver HFSS. This cavity
was fed by two input and output ports, and the strength of the
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FIGURE 5. Geometry and field distribution of the multimode storage cavity. (a) 21st mode of the multimode storage cavity without iris at 7.8646 GHz.
The multimode cavity with quasi-elliptical geometry, and quasi-elliptical multimode cavity with iris in (b) front view, (c) top view, and (d) 3-D perspective

view.

transmission coefficient and external Q-factor was controlled
by sweeping the signal pin length of each port.

In this article, a quasi-elliptical geometry for multimode
cavities was realized using this equation

X = (L¢ + Loffser) sin (t)a’ z

Hc
7cos(t) O<t<m).
(6)

This cavity is also designed in a flute-shape to realize a
seamless function and obtain a high Q-factor, as explained in
detail in [18], [19], and [20]. A conventional cavity was cre-
ated by connecting two cavities. However, the seam, which
is a mismatch between the connected boundaries, causes a
decrease in the Q-factor. A flute-shaped cavity was fabricated
by drilling holes alternately up and down, and the overlap-
ping part was used as the cavity. The diameter of the holes
is much smaller than the wavelengths of the target frequen-
cies (D << A); therefore, most of the electromagnetic field
is trapped in the cavity without escaping through the hole.
Furthermore, a Q-factor much higher than 10° is revealed,
such that the quantum information is almost unaffected by
the external environment.

To arrange all the resonant frequencies constituting the
QMs for multimode QMs equally, the resonant frequency of
the storage cavity corresponding to the potential readout fre-
quency should be moved upward by the frequency interval,
so that the readout frequency can be placed at the location
at which the shifted resonant frequency of the storage cavity
was originally placed.

Fig. 5(b) and (c) shows a multimode cavity with irises. An
iris, which is the ridge shape inside a cavity, a conducting
plate fitted transversally across the waveguide with a large
aperture, was used to implement a filter to cut off unnecessary
frequency bands, as in [21], [22], [23], [24], [25], and [26],
which is known as a ridged structure [27]. In this article, an
iris, which is created by drilling an additional hole drilled
OFF-center to the existing storage cavity was used to control
the specific mode of the cavity resonator to realize QMs with
maximized modes.
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Moreover, to shift the target mode frequencies, irises must
be placed at each center of the point at which the strength of
a mode is maximized to prevent the formation of a resonant
mode at the target frequency. In this article, 21 irises were
inserted at the locations along the cavity where the field
antinodes of the 21st mode would occur in the absence of
irises.

From the field distribution of the 21st mode, it is clear
that a field is not formed except around the ports if irises
are inserted into the multimode cavity. Therefore, it can be
concluded that the irises interfere with mode formation at a
specific frequency such that a specific frequency is shifted to
a nearby frequency.

According to [27], the periodic arrangement of an iris can
be easily approximated using an LC circuit (the gap between
the ridges is represented by capacitance C, and each side
section of the ridged waveguide can be represented by in-
ductance). From Fig. 5, the cavity can be analyzed by an LC
array, and this is summarized as the inductance of L/n and
capacitance nC, where n is the number of irises. Therefore,
the cutoff frequency that does not allow any wave to pass
through can be approximately calculated using the following
equation, and this formula is independent of the number of

' 20 ()]

(N
wherea = L /21,29 = a — D;,b = 1Dc + 1Dj + Dig, and
byg = Dc¢.

By applying the value in Table 1, f. value was calculated
as being 8.4 GHz.

Fig. 6 shows the effective length of a multimode cavity
with a quasi-elliptical geometry along the mode numbers.
The effective length of a cavity is defined in the manuscript
as the length at which a field with an intensity of 1/10 of the
maximum field can exist in the cavity. Because the cavity
has a quasi-elliptical shape, a lower effective length is ob-
tained by lowering the frequency, which corresponds to a low

1 1
f. ~ =
¢ mJIC  2a e
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FIGURE 6. Effective length of the multimode cavity with quasi-elliptical
geometry along the mode numbers.

mode number because the electromagnetic field cannot pass
through an area lower than a certain height. Therefore, it is
clear that the effective length of the cavity is proportional to
JA.

Fig. 7 shows the simulated transmission coefficient of a
quasi-elliptical multimode cavity with and without an iris.
If the irises are placed in the field of the antinodes of the
21st mode, the gap between the 20th and 21st modes widens
the existing spacing by approximately two times. This was
because the iris was inserted to prevent any mode from oc-
curring at the frequency corresponding to the 21st mode of
the existing cavity.

In the case of a quasi-elliptical cavity without irises, the
interval between the first mode and the second mode was
143 MHz, and the interval between the 20th and 21st modes
was 157 MHz. In this case, if the resonance mode of the read-
out cavity is inserted between the 20th and 21st modes of the
storage cavity, the frequency difference between the mem-
ory cavity and readout can be maximized up to 157 MHz.
Because the spacings of all modes are not equal, this is inef-
ficient in terms of frequency utilization.

If the irises are equally spaced, because they shift not
only the target mode frequency but also the adjacent mode
frequencies, the intended characteristics cannot be expected.
Although the readout frequency was between the 20th and
21st modes, the entire mode could not be arranged at equal
intervals.

It is shown that the interval between the first mode and
the second mode is 133 MHz, and the interval between the
20th and 21st modes is 270 MHz, and hence, the modes are
maximally utilized in a given bandwidth when the irises are
placed at the field antinodes of the 21st mode.

Fig. 8 shows the E-field distribution of a multimode stor-
age cavity with and without an iris structure. If an iris is
added, then a shunt capacitor is added to the desired local
area in the cavity to change the impedance at the desired
point. The input impedance was originally infinite at the
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FIGURE 7. Simulated transmission coefficient of the quasi-elliptical
multimode cavity (a) without irises, (b) with equally-spaced irises, and
(c) with irises placed at the positions of the field antinodes of the 21st
mode.

FIGURE 8. E-field distribution of the 21st mode of the multimode
storage cavity with and without iris structure at 7.8646 GHz. (a) Without
irises. (b) With irises.

point where the intensity of the existing mode was maxi-
mized. When adding irises to the points at the field antinodes
of the mode, a parallel capacitor was added to lower the
impedance, and the mode was not formed at the desired fre-
quency. It was confirmed that only a few fields were formed
by placing the irises at the field antinodes of the 21st mode.
In addition, adjacent modes (21st and 20th modes) of the
corresponding frequency were formed at a point away from
the corresponding frequency.

Fig. 9 shows the simulated transmission coefficient of the
quasi-elliptical multimode cavity with the irises obtained by
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FIGURE 9. Simulated transmission coefficient of the quasi-elliptical
multimode cavity with irises by sweeping DI. (a) 3 mm case. (b) 4 mm
case. (c) 5 mm case.

sweeping Dy. It is shown that the cutoff frequency value is
observed around 7.8 GHz. The difference between the cal-
culated and simulated values was approximately 0.6 GHz.

This error occurred because (7) should have been applied
to the rectangular cavity, but was applied to the elliptical
cavity with a flute-shaped structure.

In the simulation, the transmission coefficient was ob-
served by tuning the iris diameter. The gap between the 20th
and 21st modes increases as the Dy increases.

This is because, as D; increases, the ratio of the iris to
the entire cavity structure increases; thus, the bandwidth that
generates any mode near the 21st frequency gradually in-
creases. Therefore, the bandwidth near the 21st frequency,
which prevents the occurrence of any resonance frequency,
is widened by increasing D;. QM design with maximized
modes for 3-D cavities based on multimode QM is possible
by tuning the radius of the iris to form a gap between the
20th and 21st modes, which is twice the required minimum
spacing of the mode. Fig. 10 shows the simulated internal
Q-factor of the quasi-elliptical multimode cavity with and
without the irises. In the simulation, the conductivity of the
cavity was set to 103°S/m considering that the cavity was in
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a superconducting state. The Q-factor tends to deteriorate by
approximately 10 times because the field leaks more than that
of a cavity without an iris. Considering that T and T, were
measured at approximately 2 ms when experimenting with a
resonator with a Q-factor of less than 103 [19], it is expected
that Ty and T, can be achieved at least higher than 2 ms. In
addition, it is possible to further improve the Q-factor if the
size of the hole constituting the iris is small.

Fig. 11 shows the simulated transmission coefficient of the
quasi-elliptical multimode cavity with the iris obtained by
sweeping the mode number. It was confirmed that the desired
mode could be controlled by placing the field antinodes of
each mode.

Fig. 12 shows the geometry of the curved multimode stor-
age cavity. To conduct a quantum operation, QMs are embed-
ded in a dilution refrigerator, which maintains a temperature
of up to 10 mK to minimize thermal noise and prevent ther-
mal excitation of the qubit. However, because the length of
the entire multimode cavity is too long to be embedded in the
fridge, the length of the cavity should be reduced. Therefore,
the shape of the multimode should be transformed into a me-
andered shape to reduce the length and transform the shape
of the cavity into a form that fits the fridge. This cavity is
also intended to place 20 modes in the given frequency band
(5-8 GHz), and by placing the iris at the field antinode of
the 21st mode, it is designed for QM with maximized modes
as well. The curved multimode storage occupies a volume of
46 x 200 x 60 mm?.

Fig. 13 shows the fabricated flute-shaped multimode cav-
ity resonator. The cavity was designed using aluminum.
Fig. 14 shows the simulated and measured transmission co-
efficients of the proposed flute-shaped multimode cavity res-
onator. Because the cavity was measured at room tempera-
ture, the transmission coefficient was as low as 20 dB because
the total Q-factor decreased owing to deterioration in the
internal Q-factor. Compared with the simulated results, the
measured results show downshifted resonant frequencies as
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FIGURE 11. Simulated transmission coefficient of the quasi-elliptical
multimode cavity with irises by sweeping mode number. The magnitude
of the E-field is displayed on a color scale. (a) 21st mode, (b) 15th mode,
and (c) 10th mode.

low as 30 MHz. The shift is caused by a fabrication error, and
considering the first resonant frequency of 5 GHz, a 30 MHz
shift is only 0.6%.

I1l. QUANTUM MEMORIES WITH MAXIMIZED MODES
USING PROPOSED SPECIFIC MODE MANIPULATED
MULTIMODE CAVITY

In this article, it was proposed that the entire mode, includ-
ing the readout cavity, be implemented at equal intervals to
maximize the resonant modes and minimize the interference
from adjacent modes in a given bandwidth as an example for
multimode QMs.

Fig. 15 shows a QM with maximized modes using the
proposed specific mode-manipulated multimode storage cav-
ity. A QM with maximized modes is designed such that all
resonance modes, including the readout mode, are equally
spaced by placing the readout frequency between the 20th
and 21st resonance frequencies of the storage resonator.

3102610
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FIGURE 12. Geometry of the curved multimode storage cavity. (a) Side
view of multimode cavity with irises. (b) Top view of multimode cavity
with irises. (c) Field distribution of multimode storage cavity without
irises.
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FIGURE 13. Fabricated proposed flute-shaped multimode cavity
resonator. The unit spacing of the ruler is given in cm.

A QM with maximized modes consists of a storage cavity
that stores quantum information, a qubit that performs quan-
tum operations, and a readout cavity that reads the performed
quantum computation. The cavity is modeled as a perfect
electric conductor because it exhibits superconductivity at
10 mK (cryogenic temperature). A qubit is implemented
using a device called a transmon [28], which consists of
an open-ended stub that acts as a capacitor and a Joseph-
son junction (JJ) that acts as a nonlinear inductance. The JJ
was modeled in a simulator with the inductance and port
impedance connected in parallel. In addition, to obtain a
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FIGURE 14. Simulated and measured transmission coefficient of the
flute-shaped proposed multimode cavity resonator.

Storage Cavity

FIGURE 15. Quantum memory with maximized modes using proposed
specific mode manipulated multimode storage cavity.

high quality factor, a transmon was fabricated on a sapphire
substrate (¢; = 10) with high purity.

It is important to design the components of a QM so that
the mode is generated at the desired frequency, and that the
photon can be stored/removed in the desired mode through
transmon-cavity coupling.

Fig. 16 shows the simulated imaginary admittance (Y1)
obtained from the qubit for the proposed QMs. The qubit is
embedded in the cavity and operates at a cryogenic tempera-
ture (~10 mK), and the qubit cannot be connected to any port
that can be measured; therefore, the only option for verify-
ing the overall QM is simulation. The resonant frequencies
were obtained from the admittance plot, where the imagi-
nary impedance was zero. In the case without an iris, the
gap between the readout frequency and the 21st resonance
frequency of the storage resonator or the 20th resonance
frequency of the storage resonator is half the gap between
the first and second resonance frequency. This means that
the spacing of all resonance modes for QMs is not equal
and that there is room for improvement in utilizing the given
bandwidth. However, in the presence of an iris, the resonance
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FIGURE 16. Simulated imaginary admittance (Y;;) seen from the qubit
for the proposed quantum memories. (a) Without irises. (b) With irises.
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FIGURE 17. Simulated frequency spacing of the resonant frequencies of
the quantum memories for with and without iris.

modes of all components are placed with equal spacing such
that a mode-maximized design for QMs is possible.

Fig. 17 shows the simulated frequency spacing of the res-
onant frequencies of the QMs for cases with and without
an iris. Compared with the case without an iris, it is clearly
shown that the frequency spacing of the resonant frequency
of the QM is in the range of 0.125-0.1514 GHz. The average
spacing was 0.138 GHz and the distribution of the spacing
was within 10.5% of the average. Fig. 18 shows the simulated
g and x values for the first 20 modes of the multimode storage
cavity. The g and x values were extracted from black-box
superconducting circuit quantization, as described in [29].
In this case, the qubit frequency was set as 4.7193 GHz to
obtain reasonable g and x values. In the presence of irises,
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FIGURE 18. Simulated g and x value for the first 20 modes and readout
mode of the multimode storage cavity. The g and x values were extracted
from the black-box superconducting circuit quantization, which is
described in [28].

compared with the case without irises, as the mode number
increased, the absolute value of x and the g value tended to
decrease. This is because the higher the mode number, the
greater is the effect of the irises. Nevertheless, it is predicted
that quantum operation is possible because all the modes
exist in the dispersive regime.

IV. CONCLUSION

A mode-manipulated multimode cavity QMs using several
microwave techniques is proposed. First, by adjusting the
geometry of the cavity to a quasi-elliptical shape, the overall
interval characteristics could be adjusted to decrease mono-
tonically, have equal intervals, or increase monotonically.
Second, an iris structure was inserted into the multimode
cavity to regulate a certain mode so that it was possible to
insert the readout frequency to where the mode was origi-
nally placed.

The proposed QM devices were designed for the 5-8 GHz
frequency band. The average spacing was 0.138 GHz and the
distribution of the spacing was within 10.5% of the average.
By demonstrating a mode-manipulated multimode cavity, it
was possible to improve the performance of the QM by con-
trolling the desired mode.
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