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Abstract We propose the use of superconducting

microwave cavities for the focusing and deceleration of

cold polar molecular beams. A superconducting cavity with

a high quality factor produces a large ac Stark shift in polar

molecules, which allow us to efficiently control molecular

motion. Our discussion is based on the experimental

characterization of a prototype cavity: a lead–tin-coated

cylindrical copper cavity, which has a quality factor of 106

and tolerates several watts of input power. Such a micro-

wave device provides a powerful way to control molecules

not only in low-field-seeking states, but also in high-field-

seeking states such as the ground rotational state.

1 Introduction

Control of the translational motion of molecular beams has

been a challenge in molecular physics and spectroscopy for

a long time since the historical Stern–Gerlach experiment

[1–3]. Recently, various methods have been rapidly

developed aiming for the generation of trapped ultracold

molecular gases. Helium buffer-gas cooling combined with

a superconducting magnetic trap allows one to confine

paramagnetic molecular gases at sub-Kelvin temperatures

[4]. So-called Stark decelerators decelerate polar molecules

and load them into various kinds of traps [5, 6]. Stark

velocity filters with bent multipole electrodes extract slow

molecules from an ensemble at high temperatures [7, 8].

Zeeman decelerators for paramagnetic atoms and mole-

cules have also been realized [9, 10]. These techniques

have been applied for studies on cold collisions of mole-

cules in well-defined internal states with atoms, molecules,

and ions [11, 12]. Cold molecules are also of great interest

for precision measurements of fundamental quantities in

particle physics. For example, the newest upper limit on the

magnitude of the permanent electric dipole moment of the

electron is given by a molecular-beam-based experiment

[13].

Most of the devices to confine molecules in free space

use static electric or magnetic fields, which is, in principle,

only applicable to low-field-seeking (LFS) states as pro-

vided by Earnshaw’s theorem. However, high-field seeking

(HFS) states are practically of more interest, as the lowest-

energy rotational state of molecules is the HFS state for

static fields. In addition, low-lying rotational states with

small rotational constants become HFS states at strong

static electric fields. Dynamical confinement using quasi-

static fields is one of the methods to control HFS states.

Guides [14, 15], decelerators [16–18], and traps [6] for

HFS state molecules using this technique have been dem-

onstrated, but the effective confinement potential of these

methods is typically tens of milli-Kelvins. Note that a static

field guide using a thin wire was also realized [19, 20].

Another method to control HFS states is the use of the

dipole force generated by high-intensity electromagnetic
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waves. Cooling and deceleration methods with near- and

mid-infrared optical fields have also been proposed and

demonstrated [21–26]. DeMille and co-workers have pro-

posed a trap for polar molecules using standing waves of

microwave fields enhanced in a cavity [27, 28]. In terms

of the size and depth of the trapping potential, the use of

standing microwave fields in a cavity has advantages over

shorter wavelength optical fields. The microwave trap may

reach a trap depth up to a few Kelvin with a size on the

order of the microwave wavelength. We have proposed a

deceleration method for polar molecules in HFS states

using time-varying microwave standing waves [29]. As

early as 1975, a molecular beam deflector using resonant

microwave fields was demonstrated for CsF molecules

[30]. Very recently, molecular beam focusing [31] and

deceleration [32] were achieved, in which a slow ammonia

beam of well-defined velocity and internal states was used.

Collision mechanisms in microwave traps have also been

investigated theoretically [33, 34].

In this paper, we discuss the control of translational

motion of molecules in a superconducting microwave

cavity. The recent experiments of the molecular beam

focusing [31] and deceleration [32] by the dipole force of

near-resonant microwave radiation used normal-conductor

copper cavities with a quality factor of about 104. The

degree of deceleration and focusing is much improved by

adopting a superconducting cavity because of its much

higher quality factor. As the superconductor cavity

requires a cryogenic environment, it may be natural to

combine it with cold molecular beam sources based on

helium buffer-gas cooling in the future [35]. So far, state-

of-the-art superconducting cavities have quality factors of

about 1010, which have been used for charged particle

accelerators [36] and cavity quantum electrodynamics

experiments [37, 38]. As we discuss in this paper, a high

quality factor on the order of 1010 is not required or even

not favored for the purpose of constructing a microwave

molecular decelerator, as it requires fast switching of the

microwaves, which is not possible with a very high

quality factor. Here, we discuss a prototype cylindrical

superconducting cavity with a moderately high quality

factor of about 106. The cavity was characterized by

applying microwaves of several watts on a sub-second

time scale. Based on the observed performance of the

cavity and theoretical simulations, we quantitatively dis-

cuss the efficiency of the deceleration and focusing of

molecules. Section 2 summarizes theories relevant to the

microwave cavity and control of translational motion of

molecules. Experimental procedures and results for the

characterization of the cavity are described in Sect. 3. The

efficiency of the deceleration and focusing is discussed in

Sect. 4.

2 Principle and theory

Here, we describe the basics for the control of translational

motion of polar molecules by the use of the ac Stark shift

of near resonant microwave fields in a cylindrical cavity.

We consider two rotational states, jei and jgi, with the

energy of Ee and Eg, respectively (Ee [ Eg). The ac Stark

shift U of the ground rotational state (jgi) calculated under

the rotating wave approximation and two-level approxi-

mation is given by

U ¼ hðmeg � mÞ
2

�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

hðmeg � mÞ
2

� �2

þ
Eleg

2

� �2
s

; ð1Þ

where E is the electric field amplitude, h is the Planck

constant, m is the frequency of the microwave, meg ¼
ðEe � EgÞ=h is the transition frequency, and leg is the

transition dipole moment between the two states. The sign

in (1) depends on the sign of the detuning meg � m; the þ
sign is for m[ meg, and the � sign is for m\meg. For near-

resonant and high-power microwaves, namely hjmeg � mj �
Eleg, the ac Stark shift is linear in the electric field and

insensitive to the detuning jmeg � mj. More rigorous calcu-

lation for the ac Stark shift can be done by the dressed-state

formalism [27]. Figure 1 shows the ac Stark shift of the

ground state of acetonitrile (CH3CN). The J ¼ 1 and J ¼ 0

states correspond to the jei and jgi states, respectively.

Here, we ignore the hyperfine structure. The dressed state

formalism predicts an avoided crossing due to a

Fig. 1 Ac Stark shift of the acetonitrile molecule in the ground

rotational state (J ¼ 0) calculated by (1) (dashed line) and the

dressed-state treatment (solid line). The parameters used are

meg ¼ 18:4 GHz and m ¼ 18:3 GHz. The dipole moment of CH3CN

is 3.92 debye [39], and the transition dipole moment between

jJ;K;M ¼ 0; 0; 0i and j1; 0; 0i states is leg ¼ h1; 0; 0jlj0; 0; 0i ¼
3:92=

ffiffiffi

3
p
¼ 2:26 debye, where J is the rotational quantum number,

and K and M refer to the rotational angular-momentum projections on

the molecule-fixed and space-fixed axes, respectively. There is an

avoided crossing between the jJ;K;M; ni ¼ j0; 0; 0; n0i ground state

and the j2; 0; 0; n0 � 4i state (dotted line), where n is the dressed-state

photon number
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multiphoton transition. The magnitude of the electric field

discussed in this paper is in the range where this level

crossing does not occur, and therefore, the rest of the dis-

cussion is based on the ac Stark shift given by (1).

The principle of the microwave decelerator is similar to

that of the static Stark decelerator [5]. The space-varying

amplitude of the electric field of the microwave provides a

force on the molecules, and time-varying amplitude of the

electric field changes the kinetic energy of the molecules,

resulting in deceleration (or acceleration). The molecules

traveling along the axis of the cavity experience a series of

hills and troughs of ac Stark shift potentials due to the

standing waves. If the standing wave is repeatedly turned

on and off in accordance with the timing of the flight of a

specific molecule, called a synchronous molecule, a

molecular packet around the synchronous molecule in

phase space will be decelerated. The efficiency of the

deceleration is much improved using a cylindrical cavity,

instead of a Fabry–Perot cavity as in our original proposal

[29].

Here, the microwave frequency range of interest is

1–100 GHz, which covers the rotational transitions of most

simple molecules, K-doublet transitions of P electronic

states, as well as low frequency vibrational transitions such

as the inversion transition of ammonia. This frequency

range makes the size of cavity compatible with the size of

standard molecular beams. The cavity has a circular hole at

the center of each end to introduce a molecular beam into

the cavity. The size of the hole is much less than the

microwave wavelength in order to maintain a high quality

factor of the cavity.

An advantage of using a microwave field is that a field

maximum is obtained in free space, which is impossible for

a dc electric field (Earnshaw’s theorem). For example, the

TM010 mode has the maximum ac field amplitude on the

longitudinal cavity axis (see Table 1 for the details of

the electric field distribution). This field distribution pro-

vides a two-dimensional radial confinement harmonic

potential for HFS states. Since the TM010 mode does not

have a node along the longitudinal cavity axis and the field

pattern is axially symmetric, this mode is ideal for focusing

HFS states. Another useful mode of a cylindrical cavity

is the TE01p mode where p is the number of longitudinal

modes. This mode has zero ac electric field amplitude

along the longitudinal cavity axis, which provides two-

dimensional radial confinement potential for LFS states.

The TE11p mode has the lowest cutoff frequency among

cylindrical cavity modes. This mode has maximum ac field

amplitude on the center axis, which radially confines

molecules in the HFS states. The field amplitude along the

cavity axis changes periodically from zero to the maxi-

mum. As a result, the TE11p mode provides a three-

dimensional trapping potential for HFS states at every

antinode. This periodic potential also allows deceleration

of molecules traveling along the axis by switching the field.

The radial confinement is an important advantage of the

microwave decelerator as it conserves phase-space density

of decelerated packets. Note that the radial confinement

potential of the microwave decelerator is ‘‘static’’. Another

method for the deceleration of HFS states is the alternate

gradient focusing decelerator [16], which uses a dynami-

cally alternating potential for the radial confinement of

Table 1 Basic formulae for the TE11p, TE01p, and TM01p modes of a cylindrical cavity [40, 41]

TE11p mode (p� 1) TE01p mode (p� 1) TM01p mode (p� 0)

mp
c

2a

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

x0
11

p

� �2

þ pa
d

	 
2

r

c
2a

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðx
0
01

p Þ
2 þ pa

d

	 
2
q

c
2a

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðx01

p Þ
2 þ ðpa

d Þ
2

q

Eq E0
J1ðx011

q=aÞ
x0

11
q=a sin h sin ppz

d
0 �E0

ppa
x01d J00ðx01q=aÞ sin ppz

d

Eh E0J01ðx011q=aÞ cos h sin ppz
d E0J00ðx001q=aÞ sin ppz

d 0

Ez 0 0 E0J0ðx01q=aÞ cos ppz
d

W �0E0
2pa2d
8

1� 1

x0
11

2

� �

J1
2ðx011Þ

�0E2
0
pa2d

4
J2

0ðx001Þ �0E0
2pa2d

2sp
1þ ppa

x01d

� �2
� �

J1
2ðx01Þ

’ 0:02984�0E0
2V ’ 0:04055�0E0

2V ’ 0:1348�0E0
2V ðp ¼ 0Þ

Qr cl0

2Rs

ðx0
11

2�1Þ½x0
11

2þðppa=dÞ2 �
3
2

x0
11

4þ2p2p2x0
11

2a3=d3þðppa=dÞ2ð1�2a=dÞ
cl0

2Rs

½x0
01

2þðppa=dÞ2 �
3
2

x0
01

2þ2p2p2a3=d3

cl0

2Rs

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

x01
2þðppa=dÞ2

p
1þspa=d

Resonant frequencies, mp, electric field component amplitudes, Eq;Eh;Ez, the total energy, W , stored in the cavity, and the quality factor due to

the surface resistance, Qr, for a closed cavity are listed, where fq; h; zg are radial, azimuthal, and axial components, respectively, of the

cylindrical coordinate system whose origin is at the center of one of the ends of the cavity. Jm and J0m refer respectively to the m-th order Bessel

function and its derivative. xmn and x0mn are respectively n-th roots of Jm and J0m, that is, x011 ¼ 1:8412, x001 ¼ 3:8317, and x01 ¼ 2:4048. a and d

are the radius and the length of the cavity, respectively, and V ¼ pa2d is the volume. �0 and l0 are permittivity and permeability of vacuum,

respectively. c is the speed of light in vacuum. sp ¼ 1 for p ¼ 0 and sp ¼ 2 for p 6¼ 0. Note that the maximum electric field amplitude is E0=2 for

the TE11p mode, 0:582E0 for the TE01p mode, and E0 for the TM010 mode
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molecules. In terms of the stability of the phase space

density, the ‘‘static’’ confinement potential of the micro-

wave decelerator is advantageous compared to the

‘‘dynamic’’ confinement potential, especially near zero

velocity.

Below, we discuss the quality factor of a cylindrical

microwave cavity in more detail. The electric field pattern

for each mode and the total energy W stored in the cavity

are summarized in Table 1. The quality factor of the cavity

is, in general, defined as Q ¼ 2pmW=P, where P is the

power loss of the cavity. The unloaded quality factor Q0 of

the cavity may be expressed as

1

Q0

¼ 1

Qr

þ 1

Qd

þ 1

Qothers

; ð2Þ

where Qr, Qd, and Qothers represent quality factors

corresponding to power loss due to a finite surface

resistance, loss due to the end holes, and other effects

such as the coupling to a monitoring antenna and contact

resistance among cavity parts, respectively. Each quality

factor Qi (i ¼ r; d; others) is defined as Qi ¼ 2pmW=Pi,

where Pi is the power loss due to each effect. The factor Qr

due to a finite surface resistance Rs is theoretically derived

by the equation listed in Table 1. Based on the Bardeen–

Cooper–Schrieffer theory, the temperature T and frequency

m dependences of Rs are approximated by [36]

Rs ¼ Rres þ RBCS;RBCS /
mb

T
exp � D

kBT

� �

; ð3Þ

where Rres is the residual surface resistance at zero tem-

perature, b is a frequency dependence factor, kB is the

Boltzmann constant, and 2D is the energy gap. The second

term, RBCS, represents the temperature dependence in Rs:

Here we ignore the temperature dependence of D, which is

valid for hm� D and T � Tc, where Tc is the critical

temperature. In the case of lead (Tc ¼ 7:2 K), Halbritter

[42] reported the values of D=kB ¼ 15 K, b ¼ 1:75 for

m\10 GHz, and RBCS ’ 11lX at 5 GHz and 4.17 K. If we

simply extrapolate these values to m ¼ 18 GHz, we obtain

the surface resistance of lead at 18 GHz to be RBCS =

0.10 mX at 4.17 K, and RBCS = 23 lX at 2.7 K. The first

term, Rres, depends on the surface condition, and is typi-

cally on the order of 0.1 lX if the surface is clean.

The two holes at both ends of the cylinder cause dif-

fraction loss Pd. We consider a cylindrical hole of radius ah

and length dh. It is known that the diffraction loss is pro-

portional to a6
h if ah is significantly smaller than the

wavelength [43, 44]. By extending the length of the hole

dh, the loss decreases exponentially as the evanescent mode

in the hole attenuates [40, 45]. Therefore, longer hole

length, dh, and smaller radius, ah, are better in order to

minimize the loss of the quality factor due to the holes.

However, shorter length, dh, and larger radius, ah, are

better for the microwave cavity decelerator in order to

increase the transmission of molecular beams through the

cavity. For small ah and long dh, the power loss for each

hole for the TE11p mode is approximated by [40]

Ph ¼
32�0p3m4

27c3
ah

6E0
2 1� cx011

2pma

� �2
" #

e�2cmdh ; ð4Þ

where cm ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðx011=ahÞ2 � ð2pm=cÞ2
q

. For the TM01p mode

it is given by

Ph ¼
32�0p3m4

27c3
ah

6E0
2e�2cedh ; ð5Þ

where ce ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðx01=ahÞ2 � ð2pm=cÞ2
q

. The diffraction loss

Pd is the sum of this power loss Ph due to each hole. For

our prototype cavity, whose hole radius ah is small and

length dh is long as will be described in Sect. 3, this dif-

fraction loss is negligibly small. The relevant quality factor

Qd is higher than 1010 for both TE11p and TM010 modes at

about m ¼ 18 GHz. Note that more rigorous analysis of

such diffraction problems for a sub-wavelength and finite-

thickness aperture can be discussed by considering the

modal matching at the entrance and the exit of the aperture

[46, 47].

The microwaves are fed through an antenna into the

cavity. The quality factor of the total system including this

input coupler is the observable. This quality factor is called

the loaded quality factor, QL, which is related to the

unloaded quality factor, Q0, as Q�1
L ¼ Q�1

0 þ Q�1
c , where

Qc is the quality factor due to the input coupler. The ratio

b ¼ Q0=Qc is called the coupling parameter. Note that

QL ¼
Q0

1þ b
: ð6Þ

When the microwave frequency is swept near a resonance

and the reflected power is measured, the full width at half

maximum dm of the resonant signal in the frequency

domain is related to QL as

QL ¼
mp

dm
; ð7Þ

where mp is the resonant frequency. The loaded quality

factor QL is also obtained from the time domain

measurement. The decay of the stored energy WðtÞ as a

function of time t after sudden turning off of the

microwave input is given by

WðtÞ ¼ Wð0Þe�2pmt=QL : ð8Þ

In the steady state and at resonance, the energy W is related

to the unloaded quality factor Q0 of the cavity and the input

power Pin as

152 K. Enomoto et al.
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2pmW ¼ PinQ0ð1� jCj2Þ

¼ PinQL
4b

1þ b
; ð9Þ

where C is the voltage reflection coefficient of the coupling

antenna. Here, the voltage reflection coefficient, C, is

related to the coupling parameter, b, as

jCj2 ¼ 1� b
1þ b

� �2

: ð10Þ

At critical coupling, all the microwave power goes into the

cavity and there is no reflection (C ¼ 0), b ¼ 1 and

QL ¼ Q0=2.

3 Experiment and result

We have constructed a prototype superconducting cavity,

and examined its ability to retain a high quality factor at

high microwave powers of several watts. The cavity was

made from copper and the inner surface was electro-

chemically plated with an alloy of lead and tin, which has a

critical temperature Tc ¼ 7� 8 K [48]. The nominal cavity

dimensions were: inner length d ¼ 162:8 mm and inner

radius a ¼ 6:35 mm. The cavity was composed of a main

body and two end caps. The main body included most of

the cavity volume. Two circular holes of 2.3 mm diameter

were located at the middle of the side wall of the main

body to accept an input coupler antenna and monitoring

antenna. The end caps had a centered hole for the entrance

and exit of molecular beams. The radius of the entrance

hole was ah ¼ 1:0 mm and the exit hole was ah ¼ 1:5 mm.

The length of the hole was dh ¼ 6 mm for both ends. The

seam between the end cap and main body was located at

6.6 mm from each end of the cavity. The location of the

seam was chosen such that the longitudinal surface current

of the TE11p mode at about 18.4 GHz (p ¼ 13) was almost

minimum at the seam line. Corners of the inner surface

were slightly rounded to allow for efficient electroplating.

The cavity was thermally attached to the bottom of a liquid

helium bath cryostat via a copper block and indium sheets.

The two antennas inserted through the side holes were

custom made loop antennas (diameter ’ 1.5 mm) to

magnetically couple the standing wave into the cavity. The

loop was at the tip of a semi-rigid coaxial cable (Coax,

SC-219/50-SCN-CN). The cable had a diameter of

2.2 mm, and its conductive material was silver-plated

cupro-nickel, which has low thermal conductivity and low

transmission loss. These cables were thermally anchored to

the helium bath. To allow for the adjustment of the cou-

pling strength, the feedthrough of these cables had a

mechanical translational stage so that the position of the

loop antennas could be controlled from outside the cryo-

stat. The monitoring antenna was very weakly coupled to

the cavity in order to maintain a high quality factor.

The experimental setup for the characterization of the

cavity is illustrated in Fig. 2. Microwaves of about 18 GHz

were generated by a microwave signal generator (Anri-

tsu, MG3693C), and amplified by a solid-state power

amplifier (Cernex, CNP18183040-01) to 10 W. After

passing through a circulator, the microwaves were fed into

the cavity via the semi-rigid cable and loop antenna. Due to

the loss in the semi-rigid cable, about Pin ¼ 5 W power

was delivered to the cavity. Also, the reflected power from

the cavity to the circulator was about 2 W at non-resonant

frequency, due to the same loss. The reflection to the

Fig. 2 Experimental setup for the characterization of the supercon-

ducting cavity. a Bottom view of the cavity and the cryostat. The

cross section along the cavity axis is shown. b Block diagram for the

measurements of reflection and transmission signals

Fig. 3 Transmission and reflection signals of the superconducting

cavity at the critical coupling. The resonant mode was TM010. Dots
are the experimental data and the red line shows a Lorentzian fit for

the transmission signal

Superconducting microwave cavity towards controlling the motion of polar molecules 153
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circulator was attenuated and then monitored with a diode

detector (Agilent, 8473C). The same model detector

was also connected to the cable of the monitoring antenna,

and this transmission signal was amplified by a dc ampli-

fier. The position of the input coupler antenna was opti-

mized by minimizing the reflected power from the cavity at

resonance. The reduction of the reflection was simulta-

neously monitored by the increase of the transmission

signal. For experiments with high input power, pulsed

microwaves were applied with the duration between 1 and

100 ms in order to reduce the thermal load to the cavity. By

pumping the liquid helium, the cavity temperature was kept

to 2.7 K. The temperature was monitored with a sensor

attached outside of the cavity. The temperature of the

cavity increased by about 0.2 K when a 5 W, 100 ms pulse

was applied.

The loaded quality factor QL was measured via two

methods; the resonance linewidth measurement of a

microwave frequency scan and the transient signal mea-

surement for a microwave pulse. For the measurement of

the resonance linewidth, we applied cw microwaves of

0.02 W. The result of a frequency scan near the TM010

mode resonance is shown in Fig. 3. The linewidth was

dm ¼ 32 kHz at the resonance frequency of mp ¼ 17994:7

MHz. Near this resonance we observed other resonances of

TE11p¼12 and TM011 modes at about 17.8 and 18.05 GHz,

respectively. The overlap of the resonance signal tails with

these neighboring resonances was negligible because of the

very narrow linewidths. From (7) we found the loaded

quality factor of QL ¼ 5:7� 105. This value was obtained

almost at the critical coupling condition as the reflected

power was null at resonance, and therefore we estimated

the unloaded quality factor of Q0 ¼ 1� 106. At 77 K, the

quality factor was found to be QL ¼ 3� 103, which was

considerably lower than that of a bare copper cavity due to

the lead–tin coating.

As for the time domain measurement, there are four

transient signals to be observed: the build-up and the decay of

the standing wave in the cavity measured through either

transmission or reflection antenna. We applied microwave

pulses with the power of Pin ¼ 5 W. The transient signals for

the decay of the standing wave for the TM010 mode are shown

in Fig. 4. The pulse duration was 1, 10, and 100 ms. The

decay constant, s, which is defined as WðtÞ / expð�t=sÞ,
was obtained from Fig. 4 to be 4.5 ls (1 ms pulse), 3.9 ls

(10 ms), and 3.1 ls (100 ms) for the reflection signal, and

4.6 ls (1 ms), 4.2 ls (10 ms), and 3.5 ls (100 ms) for the

transmission signals. From (8) we obtained the loaded

quality factors of QL ¼ 2pmps ¼ 4–5 �105, which is almost

consistent with the value obtained by the frequency domain

measurement (QL ¼ 5:7� 105). Note that even for

Pin ¼ 5 W input and 100 ms pulse duration, the quality

factor maintained almost the same value. We also tested the

cavity with applying 5 W microwave and passing a pulsed

beam of CH3CN with a nitrogen carrier gas through the

cavity. The CH3CN beam passing the cavity was detected

with a residual gas analyzer. We did not see decrease of the

quality factor even after applying 104 beam pulses. We also

did not see any discharge due to the intense microwave field.

4 Discussion

4.1 Quality factor

In Sect. 2, we have divided the microwave power loss of

the cavity into three factors: the ohmic loss Pr, the dif-

fraction loss Pd, and others Pother. Here, we estimate the

values of Pr and Pd by the equations in section 2. As dis-

cussed in Sect. 2, the surface resistance of pure lead is

estimated to be Rs ’ 23 lX at 2.7 K and at 18 GHz. If we

assume that the surface resistance of the lead-tin coating is

the same as that of the pure lead, and also the residual

surface resistance Rres is negligibly small, the correspond-

ing quality factor becomes Qr ¼ 2� 107 for both the

TE11p ¼ 13 and TM010 modes. On the other hand, the

diffraction loss due to the end holes is negligibly small

(Qd [ 1010). Therefore, the maximum quality factor of the

cavity we would expect is Q0 ¼ 2� 107 at 2.7 K.

The observed value of the unloaded quality factor,

Qobs
0 ¼ 106, for the TM010 mode is about one order of

magnitude smaller than the predicted value of

Q0 ’ 2� 107. The difference between the observed and

predicted quality factors may be attributed to a larger

residual surface resistance, Rres, than we estimated due to

Fig. 4 Decay of the reflection and transmission signals for the pulses

of 1, 10, and 100 ms. The time zero is at the end of each microwave

pulse. The reflection signals are shown as solid lines with a label (r),

and the transmission signals are shown as dashed lines with a label (t).

Due to the drift of the resonance frequency during the 100 ms pulse,

the stored energy at 0 ls for the 100 ms pulse was slightly less than

that for the 1 and 10 ms pulses
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imperfect lead-tin plating. Another origin of the loss could

be due to contact resistances among parts of the cavity and

antennas. Both of these losses can be technically improved

in the future.

In order to obtain a higher quality factor, the simplest

method is to lower the temperature of the cavity. If the

RBCS term of (3) limits the quality factor, we expect an

increase by a factor of about 40 by lowering the tempera-

ture to 1.5 K. It is also noted that a high quality factor

would be obtained using niobium, which is also commonly

used as superconducting cavity material and has a higher

critical temperature (Tc ¼ 9:25 K) than lead.

In the decay measurements, we have observed that the

resonance frequency shifted towards lower frequency by

about 20 kHz when a 100-ms microwave pulse with a

power of 5 W was applied. As a result, the stored energy

was less for the 100 ms pulse than that with shorter pulses.

The shift of the resonant frequency may be attributed to the

change of the cavity condition due to heating by the

microwaves. The temperature of the cavity increased by

0.2 K after the 100 ms pulse. The thermal expansion of the

cavity length or diameter are negligibly small since the

thermal expansion coefficient of copper is 1� 10�9 K�1 at

2.7 K [49]. One possible cause of the shift of the resonant

frequency may be the expansion of the semi-rigid cable

input antenna, resulting in the change of the position of the

antenna relative to the cavity. In fact, it was observed that

the resonance shifted towards lower frequency for the

TM010 mode by pushing the loop antenna into the cavity

manually. Another origin of the frequency shift may be the

change in the London penetration depth of the lead–tin

coating due to the heating of the inner surface [50].

For a 10 ms pulse, the shift was about 5 kHz, while the

shift was negligibly small for a 1 ms pulse. The shift of the

resonant frequency due to the thermal effect becomes

significant only when pulse lengths are longer than 10 ms.

For the application of the cavity to the microwave decel-

erator, the accumulated duration of the microwave pulse

train during a deceleration sequence is expected to be about

10 ms as will be described in Sect. 4.3, and therefore the

thermal effect will not be significant. However, the effect

has to be taken into account for the trapping application, as

it requires a much longer pulse. The shift of the frequency

must be compensated by shifting the microwave frequency

to follow the drift of the resonance frequency.

In Sects. 4.2 and 4.3, we discuss the efficiency of the

focusing and deceleration of molecules. For this discus-

sion, we consider longer cavities with larger holes: (a)

d ¼ 0:3 m for the focusing with the TM010 mode and (b)

d ¼ 1:0 m for the deceleration with the TE11p mode, with

the hole dimension of ah ¼ 2:5 mm and dh ¼ 4:5 mm. For

these cavities, we expect the quality factor of Q0 ’ 107 for

cavity (a) and Q0 ’ 4� 106 for cavity (b), based on the

estimation of Qd and Qr for these cavities at 2.7 K and at

18 GHz. In the following sections, we assume these quality

factors.

4.2 Molecular focusing

Here, we consider the focusing of molecular beams in a

HFS state with the TM010 mode. The TM010 mode is ideal

for the focusing, since the TM010 standing wave does not

have any node that causes non-adiabatic state changes

among degenerate internal states at zero electric field [31].

We discuss the transfer matrix for the motion of a molecule

with this mode. From (1) and an expansion of

J0ðxÞ	 1� x2=4þ Oðx4Þ, the radial confinement potential

is approximated to be harmonic for hjmeg � mj � jE0legj.
We consider the two-dimensional motion of a molecule

with no azimuthal velocity. We write the axial velocity as

vz, and express the radial position and velocity at the

entrance and the exit of the cavity as fqin; vqing and

fqout; vqoutg, respectively. They are connected by the

transfer matrix as

qout

vqout

� �

¼
cos ad

vz

1
a sin ad

vz

�a sin ad
vz

cos ad
vz

 !

qin

vqin

� �

; ð11Þ

where a ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

E0legx01
2=4a2m

q

with m being the mass of the

molecule.

As an example, we consider the use of the cavity (a) in

section 4.1 for the focusing of a supersonic molecular

beam of acetonitrile in the ground rotational state. We

assume the input power of Pin ¼ 1 W (i.e. PinQ0 ¼ 1�
107 W), whose maximum amplitude of the electric field is

E0 ¼ 14 kV/cm at the central axis of the cavity. With such

an electric field, the ac Stark shift is almost linear as seen in

Fig. 1. The parameter a becomes 2:4� 103 s�1 for aceto-

nitrile whose transition dipole moment is leg ¼ 2:26

debye. Under such a condition, a supersonic molecular beam

of acetonitrile becomes parallel, when the beam is emitted

from a nozzle located 7 cm from the entrance hole of the

cavity and the longitudinal velocity of the beam is

vz ’ 550 m/s, which corresponds to a beam seeded in argon.

4.3 Molecular deceleration

Here, we consider the deceleration of a molecular beam in

a HFS state with the TE11p mode. The maximum kinetic

energy, Wtot, to be removed by the decelerator is the

product of the number of antinodes of the standing wave

and the maximum ac Stark shift. We consider the use

of cavity (b) in Sect. 4.1 with Pin ¼ 5 W (PinQ0 ¼ 2�
107 W) and m ¼ 18:3 GHz, in order to decelerate

Superconducting microwave cavity towards controlling the motion of polar molecules 155

123



acetonitrile molecules. The resonance mode in the cavity is

the TE11p¼ 80 mode. The maximum electric field is

E0=2 ¼ 11 kV/cm, and Wtot=kB ’ pE0leg=4kB ¼ 25 K for

acetonitrile. In order to decelerate a molecular packet with

a finite phase-space volume, there has to be a delay

between the microwave switching time and the arrival of

the synchronous molecule at the field maxima and minima

[5]. By choosing an appropriate switching delay time,

acetonitrile molecules with a kinetic energy of about 20 K

will be completely stopped.

In order to decelerate molecules, the standing wave has to

be switched on and off much faster than the flight time of a

molecule per each potential well. The flight time is obtained

from kg=2vz where kg ¼ ½ðm=cÞ2 � ðx011=2paÞ2��1=2
is the

guide wavelength. From the decay of the standing wave in

the cavity given in (8), it is required that QL � pmkg=vz ¼
1:6� 107 for acetonitrile with a kinetic energy of 20 K,

corresponding to a translational velocity of 90 m/s. This

requirement is satisfied in the present case where

QL ’ Q0=2 ¼ 2� 106.

Figure 5 shows a result of the Monte-Carlo simulation

of the deceleration of acetonitrile in the ground rotational

state with cavity (b). Acetonitrile molecules are assumed to

be initially distributed randomly in a six-dimensional cube

with a phase space of jxj; jyj\1:5 mm, �6\z\� 3 mm,

jvxj; jvyj\4 m/s, and 89\vz\91 m/s. The x; y Cartesian

coordinate axes lie perpendicular to the direction of the

molecular beam (the z axis). The initial condition of the

synchronous molecule is x; y ¼ 0 mm, z ¼ �5 mm,

vx; vy ¼ 0 m/s, and vz ¼ 90 m/s. The timing of the

switching of the standing wave is determined such that the

synchronous molecule loses its kinetic energy by 0.27 K at

each potential well. Trajectories of other molecules are

calculated with these switching times. A packet of mole-

cules whose initial phase-space distribution is shown in

Fig. 5, which amounts to about 5% of the total molecules

in the phase-space cube, is decelerated and eventually

trapped in an antinode located at z ¼ 0:94 m. The decel-

eration time from 90 m/s to jvzj\5 m/s is about 20 ms,

and the accumulated duration of the microwave pulses is

about 10 ms. As described in Sect. 3, we have observed

that our superconducting cavity retains its quality factor of

Q0 ’ 106 even for a 100 ms pulse of Pin ¼ 5 W. Our

cavity already satisfies the condition for efficient deceler-

ation of acetonitrile molecules.

5 Conclusions

We have discussed the use of a superconducting cylindrical

cavity for the control of translational motion of polar

molecules. We have constructed a lead-tin plated copper

cavity and examined its performance at 2.7 K and at

18 GHz. It is confirmed that the cavity can accept at least

5 W microwave power for 100 ms while keeping the high

quality factor of Q0 ’ 106. The efficiency of the focusing

and deceleration of molecular beams is quantitatively

estimated for a cavity with practical cavity parameters. The

focusing of HFS states becomes possible by using the

TM010 mode. The TM010 mode is ideal for focusing

because no nodes exist in the cavity and the field pattern

provides an axially symmetric harmonic potential. This

focusing method will be useful for various applications, as

it provides highly collimated beams of polar molecules.

One potential application lies in molecule-based precision

measurements such as the measurement of the electron

electric dipole moment [13]. The deceleration of molecules

in HFS states can be performed using the TE11p mode. The

energy removal of the deceleration is about 20 K for 5 W

microwave power for a molecule with a permanent dipole

moment of about 4 debye. The main limitation of this

deceleration method is the switching speed of the standing

wave in a high-quality-factor cavity, but a combination

with an appropriate precooling method such as buffer-gas

cooling can overcome this issue. An advantage of the

present method is that the radial confinement of this

microwave decelerator is static, which is more stable than

the dynamic confinement of the alternate gradient focusing

decelerator [16]. The microwave decelerator will establish

the radial confinement and axial deceleration simulta-

neously as in the case of the Stark decelerator for LFS

states. The microwave deceleration technique is suited to

the deceleration of pre-cooled molecules in HFS states

down to zero velocity.

Fig. 5 Initial phase space plot of decelerated molecules obtained by the

simulation. Each dot represents the position (z) and velocity (vz) of a

molecule at the nozzle position, which is successfully slowed down to

|vz|\5 m/s by the microwave decelerator, where z is along the axis of the

cavity. Molecules whose velocity is |vz|\5 m/s are eventually trapped in

an antinode of the microwave standing wave inside the cavity. The z=0

point is taken at the inner surface of the entrance end cap

156 K. Enomoto et al.
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